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1. Introduction

A crucial feature of the Standard Model of particle physics is the chiral nature of fermion quantum numbers and
interactions. According to the modern understanding of the electroweak interactions, the fundamental degrees of freedom
for quarks and leptons are two-component Weyl-van der Waerden fermions [1], i.e. two-component Lorentz spinors
that transform as irreducible representations under the gauge group SU(2); x U(1)y. Furthermore, within the context
of supersymmetric field theories, two-component spinors enter naturally, due to the spinorial nature of the symmetry
generators themselves, and the holomorphic structure of the superpotential. Despite this, most pedagogical treatments and
practical calculations in high energy physics continue to use the four-component Dirac spinor notation, which combines
distinct irreducible representations of the Lorentz symmetry algebra. Parity-conserving theories such as QED and QCD are
well suited to the four-component fermion methods. There is also a certain perceived advantage to familiarity. However,
as we progress to phenomena at and above the scale of electroweak symmetry breaking, it seems increasingly natural
to employ two-component fermion notation, in harmony with the irreducible transformation properties dictated by the
physics.

One occasionally encounters the misconception that two-component fermion notations are somehow inherently ill-
suited or unwieldy for practical use. Perhaps this is due in part to a lack of examples of calculations using two-component
language in the pedagogical literature. In this review, we seek to dispel this idea by presenting Feynman rules for
fermions using two-component spinor notation, intended for practical calculations of cross-sections, decays, and radiative
corrections. This formalism employs a unified framework that applies equally well to Dirac fermions [2] such as the
Standard Model quarks and charged leptons, and to Majorana fermions [3] such as the light neutrinos of the seesaw
extension of the Standard Model [4,5] or the neutralinos of the minimal supersymmetric extension of the Standard Model
(MSSM) [6-10].

Spinors were introduced by Cartan in 1913 as projective representations of the rotation group [11,12], and entered into
physics via the Dirac equation in 1928 [2]. In the same year, Weyl discussed the representations of the Lorentz group [13],
including the two-component spinor representations, in terms of stereographic projective coordinates [14]. The extension
of the tensor calculus (or tensor analysis) to spinor calculus (or spinor analysis) was given by van der Waerden [1], upon
the instigation of Ehrenfest. It is in this paper that van der Waerden (not Weyl as often claimed in the literature) first
introduced the notation of dotted and undotted indices for the irreducible (%, 0) and (0, %) representations of the Lorentz
group. Both Weyl [15] and van der Waerden independently considered the decomposition of the Dirac equation into two
coupled differential equations for two-component spinors. In the 1930s, more pedagogical presentations of two-component
spinors were given in Refs. [16-18]. In particular, Ref. [16] was the first paper in English to employ the dotted and undotted
index notation. Ref. [17] also presents the first two-component spinor analysis for general relativity. In the early 1950s,
comprehensive reviews of two-component spinor techniques were published in English by Bade and Jehle [19] and in
German by Cap [20]. Shortly thereafter, Bergmann reintroduced two-component spinors into the formalism of general
relativity [21], which was followed by significant developments by Penrose [22].! Two-component spinor techniques in
curved space are reviewed in Refs. [23,24], with an extensive bibliography given in Ref. [25]. A recent mathematical
treatment of two-component spinors and their geometry can be found in Ref. [26]. Two-component spinors also play a
central role in the covariant formulation of relativistic wave equations [27].

The formalism of two-component spinors has also been discussed in many textbooks on relativistic quantum
mechanics, quantum field theory, elementary particle physics, group theoretical methods in physics, general relativity,
and supersymmetry. For a guide to the non-supersymmetric literature, see for example, Refs. [14,28-67]. Among the
early books, we would like to draw attention to Ref. [28], which has an extensive discussion of two-component spinor
methods. Scheck [41] includes a short discussion of the field theory of two-component spinors, including the propagator. A
more extensive field theoretic treatment, including Feynman rules and applications, is given by Ticciati [49]. A modern
textbook on quantum field theory by Srednicki [65] includes a comprehensive treatment of two-component fermions

1 For typographical reasons, Penrose replaced the dotted indices with primed indices, a notation still employed by most general relativists today.
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and their quantization. Most textbooks and introductory reviews of supersymmetry [6-9,68-89] include a discussion of
two-component spinors on some level, with a treatment of dotted and undotted indices and a collection of identities
involving two-component spinors and the sigma matrices. Particularly extensive and useful sets of identities can be found
in Refs. [68,72,74,77,83,85]. Finally, some mathematically sophisticated textbook treatments of spinors can be found in
Refs. [90-92].

The standard technique for computing scattering cross-sections with initial and final state fermions involves squaring the
quantum S-matrix amplitude, summing over the spin states and then computing the traces of products of gamma matrices
(in the four-component spinor formalism), or products of sigma matrices (in the two-component spinor formalism). We
employ this latter technique throughout this paper (with a translation to the four-component formalism provided in an
appendix). However, the computational effort rises rapidly as the number of interfering diagrams increases. The standard
techniques typically become impractical with four or more particles in the final state. One approach to make such extensive
calculations manageable is the helicity amplitude technique. Here the scattering process is decomposed into the scattering
of helicity eigenstates. Then the individual amplitudes are computed analytically in terms of Lorentz scalar invariants, i.e. a
complex number that can be readily computed. It is then a simple numerical task to sum all the contributing amplitudes
and compute the square of the complex magnitude of the resulting sum. Such methods were first explored in Refs. [93-96],
using four-component spinors (see also Refs. [97-101]). Spinor techniques in the helicity formalism were also developed
in Ref. [102]. In fact, the natural spinor formalism for the helicity amplitude techniques makes use of the two-component
Weyl-van der Waerden spinors, which we discuss in detail in this review. They were implemented in the helicity amplitude
technique in Refs. [103-109). Recently, the two-component formalism has been implemented in a computer program for
the numerical computation of amplitudes and cross-sections for event generators multi-particle processes [110].

This review is outlined as follows. In Section 2, we present our conventions and notation (with some additional discussion
of our conventions in Appendix A). We also establish numerous identities involving sigma matrices, epsilon symbols and
two-component spinors. In Section 3, we derive the basic properties of the quantized two-component fermion fields. For a
generic collection of N two-component fermion fields with identical conserved quantum numbers, the corresponding mass
matrix isan N x N complex symmetric matrix. To identify the corresponding mass eigenstates, one must perform a fermion
mass diagonalization that differs from the usual unitary similarity transformation of an hermitian matrix that is employed
for a collection of scalar fields. In Section 4, we derive the Feynman rules for two-component spinors and describe how to
write down amplitudes in our formalism. We demonstrate how to employ the two-component formalism for both tree-level
and loop-level processes. In Section 5, we establish a naming convention for fermion and antifermion particle states and the
corresponding fields. This is important as it provides an unambiguous procedure for obtaining the amplitudes for a given
physical process, and for comparing these computations in the two-component and four-component spinor formalisms. In
Section 6 we provide an extensive number of examples of computations using the two-component spinor formalism. This
is the central part of our review.

We have relegated many details to a set of twelve appendices. In Appendix A, we summarize our metric and sigma matrix
conventions and indicate how to translate between conventions with opposite metric signature. With our definition of the
sigma matrices, one can switch easily between the two conventions by computing one overall sign factor. In Appendix B,
we provide a comprehensive list of sigma matrix identities, and indicate which of these identities can be generalized to
d # 4 dimensions required for loop computations that employ dimensional regularization. Explicit forms for the two-
component spinor wave functions are given in Appendix C (where we exhibit two of the most common phase conventions
employed in the literature). The mathematics of fermion mass diagonalization is discussed in Appendix D. In contrast to
the unitary similarity transformation of the scalar squared-mass matrix, fermion mass diagonalization involves the Takagi
diagonalization[111] of a complex symmetric matrix (for neutral fermions) or the singular value decomposition of a complex
matrix (for charged fermions). In Appendix E, we review some of the basic facts of Lie groups and Lie algebras needed in
the treatment of gauge theories. The two-component fermion propagators (derived in Section 4 using canonical field theory
techniques) can also be obtained by path integral methods, as exhibited in Appendix F.

As most textbooks on quantum field theory and elementary particle physics employ the four-component spinor
formalism for fermions, we provide in Appendix G a dictionary that allows one to translate between the two-component
and four-component spinor techniques. We use the two-component spinor methods developed in this review to establish a
generalization of the standard four-component spinor Feynman rules that incorporate Majorana fermions in a natural way.
In Appendix H, we develop a method for computing helicity amplitudes in terms of Lorentz-invariant scalar quantities.
This method, which makes use of the Bouchiat-Michel formulae [112] (originally established in the four-component
spinor formalism) is developed in the language of two-component spinors. However, these methods are somewhat limited
in scope and must be generalized in the case of multi-particle final states. This was accomplished by Hagiwara and
Zeppenfeld (HZ) based on a two-component spinor treatment [105]. In Appendix I, we provide a translation between
the HZ formalism and the two-component spinor formalism of this review. We also demonstrate that the spinor helicity
method that is now commonly used in obtaining compact expressions for helicity amplitudes of multi-particle processed
has a very simple development within the two-component spinor formalism. Finally, the two-component spinor Feynman
rules for the Standard Model, the seesaw-extended Standard Model (which incorporates massive neutrinos), the minimal
supersymmetric extension of the Standard Model (MSSM), and the R-parity-violating extension of the MSSM are given in
Appendices J-L.
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2. Essential conventions, notations and two-component spinor identities

We begin with a discussion of necessary conventions. The metric tensor is taken to be?:
g = g"" =diag(+1, -1, -1, 1), (2.1)

where 1, v = 0, 1, 2, 3 are spacetime vector indices. Contravariant four-vectors (e.g. positions and momenta) are defined
with raised indices, and covariant four-vectors (e.g. derivatives) with lowered indices:

* = (t; %), (2.2)
p* = (E:p),
b= 50 =0/ V). (2.4)

in units with ¢ = 1. The totally antisymmetric pseudo-tensor €""*? is defined such that

60123 = —€0123 = +1. (25)
More details on our conventions can be found in Appendix A.
The irreducible building blocks for spin-1/2 fermions are fields that transform either under the left-handed (1, 0) or the

right-handed (0, 1) representation of the Lorentz group. Hermitian conjugation interchanges these two representations.
A Majorana fermion field can be constructed from either representation; this is the spin-1/2 analogue of a real scalar
field. A Dirac fermion field combines two equal mass two-component fields into a reducible representation of the form
(%, 0) & (0, %); this is the spin-1/2 analogue of a complex scalar field. It is also possible to use four-component notation
to describe a Majorana fermion by imposing a reality condition on the spinor in order to reduce the number of degrees of
freedom in half. Details of this construction are given in Appendix G.1. However, in this review, we shall focus primarily on
two-component spinor notation for all fermions. In the following, (%, 0) spinors carry undotted indices o, 8, ... = 1, 2,and
(0, %) spinors carry dotted indices ¢, /3 .=1,2.

We first provide a brief introduction to the Lorentz group and its two-dimensional spinor representations. Under a
Lorentz transformation, a contravariant four-vector x* transforms as

Xt — Xt = AF XY, (2.6)
where A € SO(3, 1) satisfies A*,g,,,A”, = g,. It then follows that the transformation of the corresponding covariant
four-vector x,, = g,,,x" satisfies:

Xy, = X;LA“,,. 2.7)
The most general proper orthochronous Lorentz transformation (which is continuously connected to the identity),

corresponding to a rotation by an angle 6 about an axis 7 [# = 67] and a boost vector Z = ¥ tanh™' 8 [where ¥ = v/|v| and
B = |v|],is a4 x 4 matrix given by:

i S IR
A = exp (—59'”5/)0> = exp (—i0'5—i§'e7€), (2.8)
where ' = 1e¥g;, o' = 6° = —0%, 8" = lelkgy, K= 8% = — 50 and

(Jpa)ﬂu = i(g,o“ 8ov — gaﬂgpu)~ (29)
Here, the indices i, j, k = 1, 2,3 and €' = +1.
It follows from Egs. (2. 8) and (2.9) that an infinitesimal orthochronous Lorentz transformatlon isgiven by AP, >~ §R 401,
(after noting that 6#, = —6,"*). Moreover, the infinitesimal boost parameter is ; =vtanh ' B = BV = ﬂ since 8 < 1 for
an infinitesimal boost. Hence, the actions of the infinitesimal boosts and rotations on the spacetime coordinates are

- -/ - - -
. —> >~
Rotations: X X, X+ (0 x %), (2.10)
t—>1t >~t,
- -/ - -
X—>X >~Xx t,
Boosts: , +~‘Bﬂ (2.11)
t—>t' ~t+ Bx,
with exactly analogous transformations for any contravariant four-vector.
2 The published version of this paper employs the (+, —, —, —) Minkowski space metric. An otherwise identical version, using the (—, 4, +, 4+) metric

favored by one of the authors (SPM), may be found at http://zippy.physics.niu.edu/spinors.html. It can also be constructed by changing a single macro at
the beginning of the BIgX source file [113], in an obvious way. You can tell which version you are presently reading from Eq. (2.1). See Appendix A for
further details and rules for translating between metric conventions.
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With respect to the Lorentz transformation A, a general n-component field @ transforms according to a representation
R of the Lorentz group as @ (x*) — ®'(xX'*) = Mg(A) @ (x*), where Mg(A) is the corresponding (finite) dg-dimensional
matrix representation. Equivalently, the functional form of the transformed field @ obeys

O'(x*) = Mp(A)P([A']*,x"), (2.12)
after using Eq. (2.6). For proper orthochronous Lorentz transformations,
i 5 e 5 -
Mg = exp (—5 HU]‘“’) > Lgoxay — 10 -] — 18- K, (2.13)
where 14,4, is the dr x dg identity matrix and 6,, parameterizes the Lorentz transformation A [Eq. (2.8)]. The six

independent components of the matrix-valued antisymmetric tensor J*" are the dgz-dimensional generators of the Lorentz
group and satisfy the commutation relations:

[]/LU,J}LK] — l'(g[l.l(]v)\ _l_gvk]/uc _ g;LAva _ gl)K]/l.)\)' (214)

We identifyf and K as the generators of rotations parameterized by 0 and boosts parameterized by Z‘ respectively, where

J'=1eMy,  Ki=)% (2.15)

Here we focus on the simplest non-trivial irreducible representations of the Lorentz algebra. Theseﬁ are the two-

dimensional (inequivalent) representations: (1, 0) and (0, 1). In the (%, 0) representation, J = ¢/2 and K = —io/2 in
Eq. (2.13), which yields

Mg =M=1aa —i0-6/2-¢-5/2, (2.16)

where s = (0!, 02, o3) are the Pauli matrices [cf. Eq. (2.27)]. By definition M carries undotted spinor indices, as indicated by

M,?. A two-component (%, 0) spinor is denoted by v, and transforms as v, — M,? Vg, omitting the coordinate arguments
of the fields, which are as in Eq. (2.12). In our conventions for the location of the spinor indices, we sum implicitly over a
repeated mdex pair in which one index is lowered and one index is raised.

In the (O, ) representation, ] —6*/2 and K = —ig*/2 in Eq. (2.13), so that its representation matrix is M*, the
complex conjugate of Eq.(2.16). By definition, the indices carried by M* are dotted, as indicated by (M *)dﬁ .Atwo-component
(0, %) spinor is denoted by 1//,;5 and transforms as 1//5 — (M%), I/Ig, again suppressing the coordinate arguments of the
fields, which are as in Eq. (2.12). We distinguish between the undotted and dotted spinor index types because they cannot
be directly contracted with each other to form a Lorentz invariant quantity.

It follows that the (1, 0) and (0, 1) representations are related by hermitian conjugation. That is, if ¥, is a (%, 0) fermion,
then ()" transforms as a (0, %) fermion. This means that we can, and will, describe all fermion degrees of freedom using
only fields defined as left-handed (%, 0) fermions v, and their conjugates. In combining spinors to make Lorentz tensors

[as in Eq. (2.39)], it is useful to regard wo.t as a row vector, and v, as a column vector, with?:

¥i= W)l (217)
The Lorentz transformation property of 1//T then follows from ()t — (wﬂ)T(MT)ﬁa [with coordinate arguments of the
fields again suppressed], where (M T)ﬂ = WM *)aﬂ reflects the definition of the hermitian adjoint matrix as the complex

conjugate transpose of the matrix. Again the coordinate arguments of the fields have been suppressed, and are asin Eq. (2.12).

In this review, we shall employ the dotted-index notation in association with the dagger to denote hermitian conjugation,
as specified in Eq. (2.17). This is the notation for hermitian conjugation of spinors found in most field theory textbooks
(e.g., see Refs. [65,88,114]). However, it should be noted that many references in the supersymmetry literature (e.g., see
Refs. [68-87]) employ the bar notation made popular by Wess and Bagger [68] where v/, = w; = (o)t

Spinors labeled with one undotted or one dotted index are sometimes called spinors of rank one [or more precisely,
spinors of rank (1,0) or (0, 1), respectively]. One can also define spinors of higher rank, which possess more than
one spinor index, with Lorentz transformation properties that depend on the number of undotted and dotted spinor
indices [16,19,20,23,27-39,50,52,60,78,115]. In particular, for a spinor of rank (m, n) denoted by Serraty--cimpifo-fus each low-
ered undotted «-index transforms separately according to Mai/"‘f in Eq. (2.16) and each lowered dotted B—index transforms

according to (M*)B;Bf.
1

3 In the early literature that employed the van der Waerden spinor index notation (surveyed in Section 1), no dagger was used in conjunction with
the dotted index. The advantage to attaching the dagger to the dotted spinor field is that it permits the development of a spinor-index-free notation for
Lorentz-covariant spinor products [see Egs. (2.36)-(2.40) and the accompanying text].
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There are two additional spin-1/2 irreducible representations of the Lorentz group, (M~1)" and (M~")*, but these are
equivalent representations to the (%, 0) and the (0, %) representations, respectively. The spinors that transform under

these representations have raised spinor indices, ¥® and ¢, with transformation laws ¥* — [(M‘l)T]"‘,ng/6 and
Yl — [(M—HTe BWTB, respectively (with coordinate arguments of the fields again suppressed). It is convenient to rewrite
the transformation law for the undotted spinor as % — ¥#(M~")4%. In combining spinors to make Lorentz tensors [as in
Eq. (2.40)], it is useful to regard ¢ as a row vector, and v ¢ as a column vector, with:

yie = ()l (2.18)
The Lorentz transformation property of ¥ ¢ then follows from (y*)f — [(M~)]* 5 (y#)F.
The spinor indices are raised and lowered with the two-index antisymmetric epsilon symbol with non-zero components,*

612 = —621 = €31 = —€12 = ], (2]9)
and the same set of sign conventions for the corresponding dotted spinor indices. In particular, we formally define € =

(e*fy* and €y5 = (€qp)™. Viewed as a 2 x 2 matrix, the epsilon symbol with lowered undotted [dotted] indices is the inverse

of the epsilon symbol with raised undotted [dotted] indices. Thus, consistent with Eqgs. (2.17) and (2.18), one can write>:®:
Vo = €ap¥? Y =Py, Yl=epy Yl =€yl (2.20)

which respects Lorentz covariance due to the properties of M given in Egs. (2.102) and (2.103). The epsilon symbols €p
(eqp) and €% (¢, 4 ) first introduced in this context in Ref. [1], are also called the spinor metric tensors, as they raise (lower)
the undotted and dotted spinor indices, respectively. Note that in raising or lowering an index of a spinor quantity, adjacent
spinor indices are summed over when multiplied on the left by the appropriate epsilon symbol.

The epsilon symbols can also be used to raise or lower undotted or dotted indices of spinors of higher rank. For example,
for an object with two undotted indices it is natural to define

A = 7P As,  Ays = €,q€spA%P. (2.21)

In the special case that A*# = 1/* x # is a product of rank-one spinors, Eq. (2.21) is not just natural but necessary, as it follows
directly from Eq. (2.20). However, in other cases there can be a different sign associated (by convention) with raising and
lowering spinor indices, because of the antisymmetry of the epsilon symbols (in contrast to the symmetry of the spacetime
metric used to raise and lower spacetime indices). This sign convention can be defined independently for distinct higher-
rank spinors (even in the case where the higher-rank spinors possess the same index structure). Indeed, as a consequence
of our epsilon symbol conventions of Eq. (2.19), the epsilon symbols themselves satisfy:

e = —ey"‘e‘sﬂeaﬁ, €5 = —Eyaégﬁéaﬂ, (2.22)

in contrast to Eq. (2.21). The above results (and similar ones with dotted indices) show that some care is required [33],
since the extra overall minus signs of Eq. (2.22) in comparison to Eq. (2.21) might otherwise have been unexpected [e.g., see
Egs.(2.41) and (2.42) below].” This reflects an awkwardness imposed by the epsilon symbol conventions of Eq. (2.19), rather
than an inconsistency. Practitioners of spinor algebra in the conventions used in this review should be wary of this sign issue

4 For related earlier work on the epsilon symbol and its properties, see Refs. [16,17,19,116]. Various subsets of the subsequent identities in this section
involving commuting and anticommuting two-component spinors, as well as the ¢ symbol and the sigma matrices appear in many books and reviews
(e.g., see Refs. [18,68-83,85-88]) and in papers (e.g., see Refs. [103-109]).

5 In the general relativity literature (see e.g., Refs. [22,23,37,42,43,46,52,60,62,64]), the more common convention for the epsilon symbol (also adopted
in Refs. [19,28,30,36,45,47,92,109]) is €*# = €45 with €1> = —e?! = 1, and similarly for the epsilon symbol with dotted spinor indices. In this convention,
one writes ¢ = ¢*# Y as above, but in contrast to Eq. (2.20), ¥, = l//ﬂGﬁa, and similarly for the corresponding equations with dotted spinor indices.
That is, in raising [lowering] an index of a spinor quantity, adjacent spinor indices are summed over when multiplied on the left [right] by the appropriate
epsilon symbol. The various identities involving the epsilon symbols given in this review must then be modified by a minus sign for every epsilon symbol
with lowered spinor indices. There are some benefits for this alternative convention; e.g., the minus signs appearing in Eq. (2.22) are absent. However, one
must keep track of other minus signs that arise because €4 is the negative of the inverse of €*P In this review, we have adopted the convention of Eq.
(2.19), which is consistent with most of the supersymmetry literature.

6 In Refs. [50,69], one finds yet another convention in which the spinor indices are raised and lowered by a two-index antisymmetric quantity,

Cop = —C¥ = Cp = —céh = (? _(;) which play the role of the epsilon symbols. As in footnote 5, Cyp is the negative inverse of C*# in which
case ¢ = C*F Y whereas ¥, = i Cpa» and similarly for the corresponding equations with dotted spinor indices. However, in this convention where C
is pure imaginary, if w“‘ = (y*)" asin Eq. (2.18), then 1//; = — ()T in contrast to Eq. (2.17). We choose not to pursue the alternative epsilon symbol

conventions of footnotes 5 or 6 in this review.

7 It would be perhaps more transparent to simply replace the symbol €,5 with e;ﬂ', in which case €%? is used to raise spinor indices and e;ﬂl is used to
lower spinor indices (cf. Ref. [38]). Although this convention avoids an apparent conflict between Egs. (2.21) and (2.22), it doubles the number of distinct
epsilon symbols. We shall not adopt such an approach in this review.
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when using the epsilon symbols to explicitly raise or lower two or more spinor indices of higher-rank spinors.® Fortunately,
such manipulations are quite rare in practical calculations.
We also introduce the two-index symmetric Kronecker delta symbol,

s1=682=1, §8]=6,=0, (2.23)

and 85 = (65)*. Eq. (2.23) implies that the numerical values of the undotted and dotted Kronecker delta symbols coincide.
The epsilon symbols with undotted and with dotted indices respectively satisfy:

cupe’® = =885+ 838),  eape’t = —s8) + 8367, (2.24)
from which it follows that:

€ap€’’ = €"Peg, =87, ed,z,eiﬁ’ = ef”éei,d = 8;’ (2.25)

€uf€ys T €ay€sp + €xs€py, =0, €ap€s T €ap€ip T €4s€p; = 0. (2.26)

In the literature, Eq. (2.26) is often referred to as the Schouten identities.’
To construct Lorentz invariant Lagrangians and observables, one needs to first combine products of spinors to make
objects that transform as Lorentz tensors. In particular, Lorentz vectors are obtained by introducing the sigma matrices 05 5

and 4 %# defined by [1,14,17,18]

o_—o_ (1 O 1 —1_ (0 1
o =0 —<0 1), o =-—0 —<1 0), (2.27)

2 —2 _ 0 —l 3 —3 _ 1 0
0" =—0 _<i K o =10 _1/)- (2.28)

The sigma matrices are hermitian, and have been defined above with an upper (contravariant) index. We denote the 2 x 2
identity matrix by 1, and the three-vector of Pauli matrices by & = (¢!, 02, o3). Hence, Eq. (2.27) is equivalent to:

ol = (12x2: 0), 7" = (I2x2; —0). (2.29)
We also define the corresponding quantities with lower (covariant) indices:

Oy = guuau = (12><2; _6)» E}L = g;wav = (]]-2><2; a) (230)
The relations between o* and o* are

ol = eaﬂedﬁﬁ“ﬁﬁ, gra — e“ﬁed‘éa;ﬁ, (2.31)

e"’sag& = edﬁﬁ“‘éa, ed‘Ba:/-S = e,p0"P, (2.32)

w1cta...cmfhy ..+ 111€ ODject obtained by multiplying S by o1 Prar . gn Pron
has the transformation properties of an nth rank contravariant Lorentz tensor [29,32,115]. For example, there is a one-to-one
correspondence between each bi-spinor V,,; and the associated Lorentz four-vector V* [1,17,19,20,28,29],1°

Consider a spinor of rank (n, n) denoted by S

_ 1—pp
V=35, Vg = VE0,, (2.33)
In particular, if V# is a real four-vector then V, 4 is hermitian (and vice versa). To clarify this last remark, consider the bi-
spinor V,,; regarded as a 2 x 2 matrix. Then,'" 12

Vs =Vaa  (VOap = (Vp)'s (VD = (Vga)* = (VH)g,. (2.34)
An hermitian bi-spinor satisfies V = V1, or equivalently Vop = (V) g

8 In the alternative convention mentioned in footnote 5, this particular awkwardness is absent; the minus signs in the analogue of Eq. (2.22) do not occur,
in which case the rules for raising and lowering the spinor indices in Eqs. (2.21) and (2.22) are identical. More generally, in the convention of footnote 5,
the indices of all higher-rank spinors can be raised [lowered] via multiplication on the left [right] by the appropriate epsilon symbol, including the epsilon
symbols themselves, with no extra signs.

9 The Schouten identities also follow from the observation that a rank-four spinor must vanish if it is antisymmetric with respect to more than two
undotted or dotted two-component spinor indices.

10 1n the general relativity literature [42,46,60,92], the more common normalization is V#* = %E‘“’a“ v Which yields Vop = % V”UWB. In this context,

the %a:ﬁ are often called the Infeld-van der Waerden symbols.

11 As stressed in Ref. [19], taking the transpose of V,,; interchanges its rows and columns without altering the fact that the first spinor index is undotted
and the second spinor index is dotted. Moreover, it is often useful to further simplify the notation by defining Vis = (V,,3)* [i.e., omitting the asterisk in
(V*)4p]. In this notation, an hermitian bi-spinor satisfies Vop = Vap-

12 The reader is cautioned that some authors do not attach a significance to the relative placement of undotted and dotted indices [16], and thus adopt
a notational style for higher-rank spinors in which all undotted spinor indices appear before the dotted indices (see, e.g., Refs. [50,69]). In this latter
convention, one would define (V*)g; = (V,;)*. However, we choose not to adopt this approach, as it is not particularly convenient for the matrix
interpretation of a bi-spinor where the row index traditionally precedes the column index.
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Rank-two spinors (with two undotted or with two dotted indices) can also be interpreted as 2 x 2 matrices. In the case
of the rank-two spinor W, #, it is convenient to define:

WHLE =Wl w9f = WPy, Wh, = W) = Wl (2.35)

Note that the matrix transposition of W, # interchanges the rows and columns of W without altering the relative heights of
the & and B indices. Similar results hold for W,s and W*# by either lowering or raising the relevant spinor indices with the
appropriate epsilon symbol.

When constructing Lorentz tensors from fermion fields, the heights of spinor indices must be consistent in the sense that
lowered indices must only be contracted with raised indices. As a convention, descending contracted undotted indices and
ascending contracted dotted indices,

“ and 4°, (2.36)
can be suppressed. In all spinor products given in this paper, contracted indices always have heights that conform to
Eq. (2.36). For example, in an index-free notation, we define:

En=§E"nq, (2.37)
Elpt =&ln™, (2.38)
gfotn = g]"%Py,, (2.39)
gotnt = éaa:BnTﬁ. (2.40)

All the spinor-index-contracted products above have natural interpretations as products of matrices and vectors by
regarding 7, and 11 as column vectors and ég and £¢ as row vectors of the two-dimensional spinor space. However, the
reader is cautioned that in the index-free notation (with undotted and dotted indices suppressed), the undaggered and
daggered spinors cannot be uniquely identified as column or row vectors until their locations within the spinor product are
specified. Nevertheless, the proper identifications are straightforward, as any spinor on the left end of a spinor product can
be identified as a row vector and any spinor on the right end of a spinor product can be identified as a column vector.

For an anticommuting two-component spinor v, the product ¥®y# is antisymmetric with respect to the interchange
of the spinor indices & and 8. Hence, this product of spinors must be proportional to €*#, Similar conclusions hold for the
corresponding spinor products with raised undotted indices and with lowered and raised dotted indices, respectively. Thus,

Vol = 1Py, Yavs = teapVy, (2.41)
wwaTB — %EdﬁwTwT, wlw; — _%Ed/él/ﬁw’r’ (2.42)

where Yy = Y%y, and iyt = 1//(;[1#“5‘ as in Egs. (2.37) and (2.38). Note that the minus signs above can be understood
to be a consequence of the extra minus sign that arises when the indices of the epsilon symbol are lowered or raised
[cf. Egs. (2.21) and (2.22)].

The behavior of the spinor products under hermitian conjugation (for quantum field operators) or complex conjugation
(for classical fields) is as follows:

Em' =n'el, (243)

o'yt =not'gl, (2.44)

ETatnt =o', (2.45)

Eo"a"m" =n'co"E", (2.46)
where we have used the hermiticity properties, (6/)! = o* and (6"*)" = 5*. More generally,

Eznt=n'5g  EDH =0zl (2:47)

where in each case X' stands for any sequence of alternating o and o matrices, and X, is obtained from X' by reversing
the order of all of the o and o matrices, since the sigma matrices are hermitian. Eqs. (2.43)-(2.47) are applicable both to
anticommuting and to commuting spinors.

The properties of the two-component spinor fields under the discrete C, P and T transformations are elucidated
in Refs. [39,117]. The corresponding behaviors of the spinor products under C, P and T are easily obtained (and are left
as an exercise for the reader).
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The following identities can be used to systematically simplify expressions involving products of o and & matrices'3:
ol oﬁﬁ =28,P8%,, (2.48)
aadouﬁ/g = 2e€4p€4p, (2.49)
Ep,daaﬁﬁ _ 2€aﬂ€c‘v[3, (2.50)
[T + 0”5“]5 — Zg“”cﬁaﬂ, (2.51)
[60" +5 0"%; = 2889, (2:52)
c"c’c’ =go” — gho’ +g"Po" +ie" " oy, (2.53)
Fo Ve = VP _ ghog | gl ik (2.54)

In the literature, one sometimes sees Eqs. (2.49) and (2.50) rewritten using the identity €,,€cq = 8ac8pd — SadSpc. HOwever, as
this latter result does not formally respect covariance with respect to the dotted and undotted indices, we shall not employ
it here.

Computations of cross-sections and decay rates generally require traces of alternating products of o and o matrices
(e.g., see Ref. [104]):

Trlo*5"] = Tr[c"c"’] = 2g"", (2.55)
Trlo*5 0”c*] = 2 (8"’ — ghP g™  + g g"P + ieh Py (2.56)
Trlo"0"0"0"] =2 (g""g™ — g"’g™ +g"*g"" —ie"""™). (2.57)

Traces involving a larger even number of o and o matrices can be systematically obtained from Eqs. (2.55)-(2.57) by repeated
use of Eqs. (2.51) and (2.52) and the cyclic property of the trace. Traces involving an odd number of o and o matrices cannot
arise, since there is no way to connect the spinor indices consistently.

In addition to manipulating expressions containing anticommuting fermion quantum fields, we often must deal with
products of commuting spinor wave functions that arise when evaluating the Feynman rules. In the following expressions
we denote the generic spinor by z;. In the various identities listed below, an extra minus sign arises when interchanging the
order of two anticommuting fermion fields of a given spinor index height. It is convenient to introduce the notation:

S R (258
The following identities hold for the z;:
72z = —(=1'2z2, (2.59)
ziz) = —(=1)zlZ], (2.60)
720"z} = (—1)'zl5" 2, (2.61)
216162, = —(=1)* 250521, (2.62)
zfo o z2 =—(-1* z o OMZI, (2.63)
zIE"a"E”zZ =(-1) 220“5”0"21, (2.64)

and so on.'* The hermiticity properties of the spinor products given in Egs. (2.43)-(2.47) hold for both commuting and
anticommuting spinors, with no additional sign factor.

Two-component spinor products can often be simplified by using Fierz identities. Due to the antisymmetry of the
suppressed two-index epsilon symbol [or equivalently, using the Schouten identities given in Eq. (2.26)], the following
identities are obtained:

(2122)(2324) = —(2123)(2422) — (2124)(2223), (2.65)

@@z = —@d2) @z — @z @z, (2.66)

13 Since the Kronecker delta symbol is symmetric under the interchange of its two indices, naively there is nothing gained in writing 8P and 8# 4, with
the spinor indices staggered as shown, instead of 8{3 and 8{; , respectively. Nevertheless, we often prefer to employ the former rather than the latter as it
provides some insight into the spinor index structure of the equation. For example, in Eq. (2.51), « labels the row and S labels the column of the product of
sigma matrices. Neither #&" nor 0" is symmetric under the interchange of the (suppressed) spinor indices (although the sum of the two is symmetric).
By writing 8,# on the right-hand side of Eq. (2.51), one formally maintains the index structure of each of the separate terms of the equation.

14 1y particular, if z is a commuting spinor, then zz = zz" = 0, as emphasized in Refs. [16,19].



H.K. Dreiner et al. / Physics Reports 494 (2010) 1-196 11

where we have used Egs. (2.59) and (2.60) to eliminate any residual factors of (—1)*. Similarly, Eqgs. (2.48)-(2.50) can be
used to derive additional Fierz identities,

(21012 (235 124) = —2(z124) (20 2)), (2.67)
(216"2,))(2)7 1 24) = 2(2]2]) (2422), (2.68)
(210“22)(23%2:[) = 2(2123)(2125). (2.69)

Having eliminated all factors of (—1)%, Eqgs. (2.65)—(2.69) hold for both commuting and anticommuting spinors.
From the sigma matrices, one can construct the antisymmetrized products’>:

i

(@) = " (07607 — 0"y 7" 7P), (2.70)
— UV & i —ua v —va
@)%, = 2 (o’ yoyB -5 ya}lfﬁ). (2.71)

Equivalently, we can use Eqs. (2.51) and (2.52) to write:

(@) = g""8." —2i(0"")e”, (272)

(5"0”)‘5‘3 _ g’“’édlg _ 2i(5’”)d/'3. (2.73)
The components of o** and o*" are easily evaluated:

ol =57 = %eijkak, o0 =_—¢%=_50=35%= %ioi. (2.74)
The matrices o** and " satisfy self-duality relations,

otV = —%ie"‘“/”‘a,,,(, ot = %ie’“’”"EpK. (2.75)
The self-duality relations can be used to obtain the following two identities:

gL — glPo i 4 ghP Ve — iV, oM = 0, (2.76)

LT — glPo ™ 4 gl i, 5 = 0. (2.77)

A number of useful properties and identities involving o#* and ¢*” can be derived. For example, Eq. (2.24) implies that:

(@) = €€ (6"), 7, @) = ey @) 1, (2.78)
(0" =P (0", @) = €y, (@), (2.79)
50" = e (0™), ", P, = ) (2.80)

Using Eqs. (2.48)-(2.54), the following identities can be obtained:

(0" (00)," = €ay €7 +8,78,F =28,78,F —8,°8,7, (2.81)
@) (@) e = € €p +89: 87 =26%: 875 — 89587, (2.82)
(0"’ @)+ =0, (2.83)
ool = li(g"ot — g'lo" + i o), (2.84)
oot = 1i(g" T — g’ — i T,) (2.85)
Gl = li(g"e’ — gt — i€ T, (2.86)
ol = 1i(g"o" — g'to" + i a,) (2.87)
oMV P — _% (g"Pgh* — ghPg 4 jehvPey 4+ %i (8"PoHe 4 ghkghP — ghPgVe — gV ghPy (2.88)
THVEPK — _% (g"Pgh* — ghPg — jehvPey %i (8"PTHK  ghkGVP — ghPG  — gV kGhe) (2.89)

15 The reader is cautioned that ¥ and " are sometimes defined in the literature without the factor of i in Egs. (2.70) and (2.71) (as in Ref. [77]), or
with an overall factor of i (as in Ref. [71]) instead of }i.
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Egs. (2.88) and (2.89) and the antisymmetry of ¢** and a*" yield the following trace formulae:

Tro™ =Tra"’ =0, (2.90)
Tro" o] = [g"°g" — g"g"" —ie"*], (291
o5 ] = 1 [g""g"™ — g"*g" +ie"""]. (2.92)

The properties of spinor products involving 6#” and " are easily derived. Under hermitian conjugation (for quantum
field operators) or complex conjugation (for classical fields),

(o't =nleiel, (2.93)
due to the hermiticity relation, (c#”)f = ", Next, we use Eqs. (2.62) and (2.63) to obtain:

216"z, = (=D)z0" 74, (2.94)

zle"zl = (—1)zlemzl. (2.95)

One can also derive additional Fierz identities, which follow from Egs. (2.81)-(2.83),

(210"725) (2301024) = —2(2124)(2223) — (2122) (2324), (2.96)
(zi&“"zg)(zgﬁwzb = —2(2121)(252;5 — (zfzg)(z;zl), (2.97)
(216"'2,) (2} 7)) = 0, (2.98)

where we have again used Eqgs. (2.59) and (2.60) to eliminate any residual factors of (—1)". Thus, Eqgs. (2.96)-(2.98) hold
for both commuting and anticommuting spinors. A more comprehensive list of sigma matrix identities and their associated
Fierz identities are given in Appendix B.1 (see also Appendix B of Ref. [77]).

The o*¥ and " satisfy the commutation relations of the J*¥ [cf. Eq. (2.14)], and thus can be identified as the generators of
the Lorentz group in the (1, 0) and (0, 1) representations, respectively. That is, for the (1, 0) representation with a lowered
undotted index (e.g. ¥, ), J** = o**, while for the (0, 1) representation with a raised dotted index (e.g. %), J** = &"".
In particular, the infinitesimal forms for the 4 x 4 Lorentz transformation matrix A and the corresponding matrices M and
(M~1) that transform the (1, 0) and (0, 1) spinors, respectively, are given by:

Ay > 8+ 3 (g™ — O,p8"") (2.99)
M > 1p,5 — 5i0,,0"", (2.100)
(M) > 1555 — 16,5 (2.101)

The inverses of these quantities are obtained (to first order in #) by replacing & — —6 in the above formulae. Using
Eqgs. (2.78), (2.100) and (2.101), it follows that:

M), = €M, eg,, (2.102)
M) = erg (MY 5 PP (2.103)

These results can be used to demonstrate the covariance (with respect to Lorentz transformations) of the spinor index raising
and lowering properties of the epsilon symbols defined in Eq. (2.20). The infinitesimal forms given by Eqs. (2.99)-(2.101)
can also be used [with the assistance of Eqs. (2.84)-(2.86)] to establish the following two results:

Me"M = A*, 5", (2.104)

M~ o M = A%, 0", (2.105)

Using the Lorentz transformation properties of the undotted and dotted two-component spinor fields, Egs. (2.104) and
(2.105) can be used, respectively, to prove that the spinor products £ '6*# and £6#n' transform as Lorentz four-vectors.

As an example, consider a pure boost from the rest frame to a frame where p* = (E,, p), which corresponds to 6; = 0

and ¢’ = 0" = —9% We assume that the mass-shell condition is satisfied, i.e. p® = E5 = (|p|*> + m?)"/2. The matrices M, ”

and [(M~1)T]¥ j that govern the Lorentz transformations of spinor fields with a lowered undotted index and spinor fields
with a raised dotted index, respectively, are given by:

i
exp (—2%]’“) = _ (2.106)
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where

(Ep‘f'm)]leZ_a"ii

— 2.107
=T Rt o
Jr o= (Ep +m) 112x2+0-p. (2.108)

V2(Ep +m)

These matrix square roots are defined to be the unique non-negative definite hermitian matrices (i.e., with non-negative
eigenvalues) whose squares are equal to the non-negative definite hermitian matrices p - o and p - &, respectively.'®

According to Eq. (2.106), the spinor index structure of ,/p- ¢ and /p - & corresponds to that of M,* and [(Mfl)T]dB,
respectively. In this case, we can rewrite Egs. (2.107) and (2.108) as:

~ (P 00a)T°" + mof
. B = . 07 B — o
[vp-o ]/ =[yp-oa’], e R (2.109)

—day 0 @
[Vp-a]5=[Vp-50°] = - UFz(Zai:q)m%
since 0° = &% = 1,,,. Using Egs. (2.53) and (2.54), one can easily verify that:
[W]ay[m]yﬂ = 03", (2.111)
V-5 [Vpa]s=® 5%, (2.112)

where implicit factors of 3° and o° inside the square roots of Eq. (2.111) have been suppressed.

Due to the fact that p - o and p - o are hermitian, we could have defined their hermitian matrix square roots by the
hermitian conjugate of Eq. (2.106). In this case, the spinor index structure of ,/p - o and +/p - & would correspond to that
of [Mf]‘i‘/;3 and [M~'],#, respectively. That is, instead of Eqs. (2.109) and (2.110), we would now rewrite Eqs. (2.107) and
(2.108) in the following form:

. oy + msd
Jolp-o s = £ 2.113
[ o°p 0] B \/Z(E,,—+m) ’ ( )

a0 (p-5P) + mst
=18 0p.5]1 8 _% “«
[Vp-7] =[Veop-7], R (2.114)

Using Eqs. (2.53) and (2.54), one can again confirm that:
(Voo [vp o] s=@"p -0, (2.115)
[Vp-a],[Vp-5]f=0©"p-3)r, (2.116)

where implicit factors of 3° and o° inside the square roots of Eq. (2.115) have been suppressed.

The proper choice of the spinor index structure for ,/p-o and /p - ¢ can always be determined for any covariant
expression. That is, if we employ the spinor index-free notation (and suppress the factors of ¢® and &°), it will always
be clear from the context which spinor index structure for ,/p- o and 4/p - & is implicit.

As an example that will prove valuable later on, consider an arbitrary four-vector S*, defined in a reference frame where
p* = (E; p), whose rest frame value is S%, i.e.

(2.110)

[VPo ]

E/m p/m
St = A%Sg, with A = p/m 55+ p'p . (2.117)
m(E 4+ m)
Then, using Egs. (2.7), (2.105) and (2.106), it follows that:
Jp-0S-T./p-0c=mS-7T, (2.118)
Vp-oS-o+p-6d =mSg-o0. (2.119)

16 Note that p - o and p - o are non-negative matrices due to the implicit mass-shell condition satisfied by p**.
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The spinor index structure of Egs. (2.118) and (2.119) is easily established:
[Vp-o]’ss-a"[Vp-o]f =msk-a, (2.120)
[Vp-7],7S 0alvp-T] s = mSg- 0. (2.121)

Using Eqgs. (2.109)-(2.117) and (2.53)-(2.54), one can directly verify the above results.

The two-component spinor formalism established in this section will be applied to the quantum field theory of fermions
in Minkowski space of one time and three space dimensions in this review. We also direct the reader’s attention to
Appendices G.1 and G.2, which provide details of the correspondence between the two-component and four-component
spinor notation.

For certain applications, the spinor formalism in four-dimensional Minkowski space is not sufficient. For example, in
order to obtain instanton solutions [118-120], it is necessary to formulate quantum field theory in Euclidean space. One
also needs the Euclidean space formalism for a rigorous definition of the path integral [121,122]. The Green functions
derived from the Euclidean path integral can be related to the Green functions of the Minkowski space theory by a Wick
rotation [123]. In addition, to evaluate the loop-corrected Green functions of the theory, it is often most convenient to apply
a regularization scheme that involves dimensional continuation away from d = 4 spacetime dimensions [124]. Thus, we
also need to generalize the spinor results of this section to d # 4.

The treatment of fermions in Euclidean space is subtle [ 125-127]. Here, we focus briefly on the mathematics of fermions
in d = 4 Euclidean dimensions, where the relevant spacetime symmetry group is SO(4) rather than SO(3,1). The two-
dimensional representations of SO(3, 1) = SL(2, C), denoted in this section by (%, 0) and (0, 1), respectively, are complex
representations that are related by hermitian conjugation. In contrast, the two-dimensional representations of SO(4) =
SU(2) xSU(2), also denoted by (%, 0) and (0, %), respectively,'” are independent pseudo-real representations, i.e. not related
by hermitian conjugation. A two-component spinor notation can be formulated for fields that transform respectively under
the (%, 0) and (0, %) representations of SO(4). Details can be found in Refs. [119,128,129].

In Feynman diagram calculations, one can adopt the standard procedure for the Wick rotation in order to evaluate the
loop integrals in Euclidean space. We shall employ the standard Euclidean metric ¥ in computing scalar products of four-
vectors. Moreover, one can define Euclidean sigma matrices, o} = (—ig, o;) and o} = (i3, o), where o = 5 = Ly.2.
In this convention, the Wick-rotated versions of Egs. (2.51)-(2.57) are preserved [after making the replacements g"*¥ — §*V
and i€ — €I with €124 = €153, = +1].'8 Further details of our Euclidean space conventions are provided at the end
of Appendix A.

The generalization of the spinor results of this section to d # 4, useful for dimensional continuation regularization
schemes, is discussed in Appendix B.2. In particular, the identities of Appendix B.1 used to derive Fierz identities [cf. Egs.
(2.65)-(2.69) and (2.96)—(2.98)] and any identities involving the four-dimensional Levi-Civita e-tensor are not valid unless
W is a Lorentz vector index in exactly four dimensions. In d # 4 dimensions, as used for loop amplitudes in dimensional
regularization and dimensional.

In our treatment of two-component spinor identities in d # 4 dimensions given in Appendix B.2, we take the Lorentz
vector indices to formally run over d values, whereas the undotted and dotted spinor indices continue to take on two possible
values. This is sufficient when used as a regularization procedure for divergent integrals that arise in loop computations.
However in generic d-dimensional field theories (where d is a positive integer), where d is an integer greater than 4, the
two-component spinor formalism of this review is no longer applicable. Suitable methods for treating spinors in diverse
spacetime dimensions and signatures [90,91,130-142] are briefly presented in Appendix G.3.

3. Properties of fermion fields

In this review, we refer to spin-1/2 particles as Majorana or Dirac fermions depending on the nature of the global
symmetry'® that governs the fermion Lagrangian and dictates the form of the fermion mass terms. A Majorana fermion is a
two-component massive field that is completely neutral (i.e. a singlet with respect to the symmetry group) or transforms as
anon-trivial real representation of the symmetry group (cf. footnote 31). A Dirac fermion consists of a pair of two-component
massive fields that are oppositely charged with respect to a conserved O(2) symmetry. As shown in Section 3.2, Dirac
fermions arise when a multiplet of two-component fermions transforms as a complex or pseudo-real representation of
the symmetry group.?°

17 These SO(4) representations transform as a doublet under one of the SU(2) groups and as a singlet under the other SU(2) group.

18 1 practical computations of one-loop matrix elements, one can carry out all the sigma matrix algebra in Minkowski space before Wick-rotating to
Euclidean space in order to perform the loop integrals.

19 subgroup of the global symmetry group may be gauged (and hence promoted to a local symmetry). Degrees of freedom not associated with the
gauged subgroup are typically referred to as flavor degrees of freedom.

20 Majorana and Dirac fermions can also be described in terms of four-component Majorana and Dirac spinor fields, as in Appendix G. However, keep in
mind that the terms Majorana spinor and Dirac spinor are defined strictly in the context of the four-component spinor formalism as in Appendix G.1, or in
the more general context of a d-dimensional spacetime as in Appendix G.3.
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The case of a massless fermion is special, as the absence of mass terms leads to an enhanced global symmetry group.
Each physical spin-1/2 zero mass eigenstate is fundamentally a two-component spinor. Thus, following the standard
nomenclature used for massless neutrinos, it is common to employ the term massless Weyl fermion to describe any massless
spin-1/2 particle.?!

3.1. The two-component fermion field and spinor wave functions

We begin by describing the properties of a free neutral massive anticommuting spin-1/2 field, denoted &, (x), which
transforms as (%, 0) under the Lorentz group. The field &, therefore describes a Majorana fermion [3]. The free-field
Lagrangian density is [16]:

L = iETE“B,Lé-‘ — %m(i—‘é +&£TeT), (3.1.1)
On-shell, & satisfies the free-field Dirac equation [1,2,14,143,144],
ichPy, 5 = mete, (3.1.2)

Consequently after quantization, &, can be expanded in a Fourier series [143]:

-

d*p ; .
= = —ip-x = tra ip-X
fu¥) = Zf G2y [x B, )a®, )™ + yu (B, s)a' @, 5)e”*], (3.13)
where E, = (| P|? + m?)'/2, and the creation and annihilation operators a' and a satisfy anticommutation relations:

{a(iiv S)v an (I”? S,)} = 83(1_5 - ﬁ/)ass’» (314)

and all other anticommutators vanish. It follows that
El0 = () = Z[ (271)3/2(2E,,)1/2 [x @. 9)a' @, )e”* + y,@. s)a@, s)e P ] (3.1.5)

We employ covariant normalization of the one-particle states, i.e., we act with one creation operator on the vacuum with
the following convention

p.s) = @7)*?(2E,) " *d (@, 5) 10) (3.1.6)
so that (p, s|p’, s') = (27)*(2Ep)8° (p — p')8sy. Therefore,

(01 &) [P, ) = %, (@. 9)e™P*,  (0]E](X) |, s) =yl (@. 5)e™ "™, (3.1.7)

(P, 5| £ (%) 10) = Yo (@, )€™, (p. 5| €10 10) = x} (@, s)e”™. (3.1.8)

It should be emphasized that &, (x) is an anticommuting spinor field, whereas x, and y, are commuting two-component
spinor wave functions. The anticommuting properties of the fields are carried by the creation and annihilation operators.

Applying Eq. (3.1.2) to Eq. (3.1.3), we find that the x, and y,, satisfy momentum space Dirac equations. These conditions
can be written down in a number of equivalent ways:

(- )"¥xp = my'?, P 0)opy? = mxa, (3.1.9)
P-0)px? = —mya,  0-3)Pys = —mx'4, (3.1.10)
Xp-0)y =—myl, i) = —mf, (3.1.11)
XL - =my, Y (p-0)yjp = mx}. (3.1.12)

Using the identities [(p - o)(p - )],” = p?8,” and [(p - 5)(p - 0)]*; = p? 8%, one can check that both x, and y, must
satisfy the mass—shell condition, p?> = m? (or equivalently, p° = E,). We will later see that Eqgs. (3.1.9)—(3.1.12) are often
useful for simplifying matrix elements.

The quantum number s labels the spin or helicity of the spin-1/2 fermion. We shall examine two approaches for
constructing the spin-1/2 states. In the first approach, we consider the particle in its rest frame and quantize the spin
along a fixed axis specified by the unit vector § = (sin6 cos ¢, sin 9 sin ¢, cos 8) with polar angle # and azimuthal angle

21 Two-component fermions are often called Weyl fermions, due to their association with the two-dimensional spinor representations of the Lorentz
group introduced by Weyl in Refs. [14,15]. It is now common practice to define a Weyl spinor as the left- or right-handed projection of a four-component
spinor [as in Eq. (G.1.8)]. Of course, there is a one-to-one correspondence between these two definitions.
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¢ with respect to a fixed z-axis.?? The corresponding spin states will be called fixed-axis spin states. The relevant basis of
two-component spinors y; are eigenstates of %6 -8, ie,

368X =5Xs, S=%3. (3.1.13)

Explicit forms for the two-component spinors y, and their properties are given in Appendix C.

The fixed-axis spin states described above are not very convenient for particles in relativistic motion. Moreover, these
states cannot be employed for massless particles since no rest frame exists. Thus, a second approach is to consider helicity
states and the corresponding basis of two-component helicity spinors x; that are eigenstates of %3 -p,ie,

16D =Ax., Ar==£1 (3.1.14)

Here p is the unit vector in the direction of the three-momentum, with polar angle 6 and azimuthal angle ¢ with respect to
a fixed z-axis. That is, the two-component helicity spinors can be obtained from the fixed-axis spinors by replacing § by p
and identifying 6 and ¢ as the polar and azimuthal angles of p.

For fermions of mass m # 0, it is possible to define the spin four-vector S#, which is specified in the rest frame by (0; ).
The unit three-vector § corresponds to the axis of spin quantization in the case of fixed-axis spin states. In an arbitrary

reference frame, the spin four-vector satisfies S - p = 0and S - S = —1. After boosting from the rest frame to a frame in
which p* = (E, p) [cf. Eq. (2.117)], one finds:
p-§ . n-8)D
si— (PS5, 9P ) (3.1.15)
m m(E + m)

If necessary, we shall write S#(S) to emphasize the dependence of S* on s.
The spin four-vector for helicity states is defined by taking § = p. Eq. (3.1.15) then reduces to

|
= (Ipl; ED) . (3.1.16)

In the non-relativistic limit, the spin four-vector for helicity states is S* ~ (0; p), as expected.?® In the high energy limit
(E > m), S* = p*/m + O(m/E). For a massless fermion, the spin four-vector does not exist (as there is no rest frame).
Nevertheless, one can obtain consistent results by working with massive helicity states and taking the m — 0 limit at the
end of the computation. In this case, one can simply use S* = p*/m + @ (m/E); in practical computations the final result
will be well defined in the zero mass limit. In contrast, for massive fermions at rest, the helicity state does not exist without
reference to some particular boost direction as noted in footnote 23.

Using Egs. (2.118) and (2.119) with 5:‘; = (0; §), two important formulae are obtained:

JP-0S-5.p-0=mac-§, (3.1.17)
Vp-5S-0+/p mao - § (3.1.18)

These results can also be derived directly by employing the explicit form for the spin vector S* [Eq. (3.1.15)] and the results
of Egs. (2.107) and (2.108).

The two-component spinor wave functions x and y can now be given explicitly in terms of the yx; defined in Eq. (C.1.11).
First, we note that Eq. (3.1.9) when evaluated in the rest frame yields x; = y!! and x, = y'2. That is, as column vectors,
X, (p = 0) = y'*(p = 0) can be expressed in general as some linear combination of the x; (s = :t%). Hence, we may choose
X (P = 0,5) =y = 0, s) = /mys, where the factor of \/m reflects the standard relativistic normalization of the rest
frame spin states. These wave functions can be boosted to an arbitrary frame using Eq. (2.106). The resulting undotted spinor
wave functions are given by:

Xa(D.5) = /PO xs. X(P.s) = —2sx"\/p o, (3.1.19)
«@,5) = 25D 0 xoss V(B9 = xIVp T, (3.1.20)

and the dotted spinor wave functions are given by
XP.s)=—25/p T x5, X,@.9)=x{Vp 0. (3.121)
Y@,5) =P 5 xs, yi@.s) =2sx /o, (3.1.22)

22 1 the literature, it is a common practice to choose § = 2. However in order to be somewhat more general, we shall not assume this convention here.

23 Strictly speaking, p is not defined in the rest frame. In practice, helicity states are defined in some moving frame with momentum p. The rest frame is
achieved by boosting in the direction of —p.
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where ./p -0 and +/p - o are defined either by Eqgs. (2.109) and (2.110) or by Egs. (2.113) and (2.114), respectively (as
mandated by the spinor index structure).?* Note that Egs. (3.1.19)-(3.1.22) imply that the x and y spinors are related:

y(@, s) = 2sx(p, —s),  y'(@,s) = 2sx' (P, —s). (3.1.23)

The phase choices in Eqs. (3.1.19)-(3.1.22) are consistent with those employed for four-component spinor wave functions
[see Appendix G]. We again emphasize that in Egs. (3.1.19)-(3.1.22), one may either choose ¥; to be an eigenstate of ¢ - §,
where the spin is measured in the rest frame along the quantization axis 8, or choose x; to be an eigenstate of o - p (in this
case we shall write s = 1), which yields the helicity spinor wave functions.

The following equations can now be derived:

(S -3)*x4(p,s) = 25y" (P, 5), (S - 0)opy P (B, 5) = —25% (B, 5), (3.1.24)
S-0)upXPB,5) = ~25v.B,5),  (S-5)Pys(B, ) = 25x' (B, 5), (3.1.25)
@SS 0)ap = =259, B.5), VB, 9)(S- ) =258 B,), (3.1.26)
xh@.5)(S - ) = 259" B, 9), Y B.)(S - 0)gp = —25X[(P. 5). (3.127)

For example, using Egs. (3.1.17) and (3.1.18) and the definitions above for x, (p, s) and y'(p, s), we find (suppressing spinor
indices),

DS - Tx(D,S) =D 0S-TD 0 xs=ma-§xs = 25m xs. (3.1.28)
Multiplying both sides of Eq. (3.1.28) by 4/p - & and noting that \/p - 5./p - ¢ = m, we end up with
S-Tx(P,s) =2s/p-7 xs = 2sy' (D, s). (3.1.29)

All the results of Eqs. (3.1.24)-(3.1.27) can be derived in this manner.
The consistency of Egs. (3.1.24)-(3.1.27) can also be checked as follows. First, each of these equations yields

S 0)aa(S ) ==80, (S-S 0)yp = —5;}, (3.1.30)

after noting that 4s> = 1 (for s = :I:%). From Egs. (2.51) and (2.52) it follows that S - S = —1, as required. Second, if one
applies

(p-0S-T+S-0p-0)” =2p-568,°, (3.1.31)
p.E -0+ Epo‘: D - .-’ R
(p-TS S )5 =2p-S8% (3.1.32)

to Egs. (3.1.9)-(3.1.12) and Eqs. (3.1.24)-(3.1.27), it follows that p - S = 0.
It is useful to combine the results of Egs. (3.1.9)-(3.1.12) and Egs. (3.1.24)-(3.1.27) as follows:

(" — 25mS" )5 x5 (B,5) =0,  (p. — 2smsﬂ)a;‘3xfﬁ(ﬁ, s) =0, (3.1.33)
(" +25mS")5ys(p.s) =0,  (p + 2smSM)a:ByTB(13, s) =0, (3.1.34)
x*(p, s)cr;‘/-g(pﬂ —2smS,) =0, xl(f), S)Eﬁﬂ(p“ — 2smS*) =0, (3.1.35)
¥ (p, s)a:B(p,L +2sms,) =0,  y.(®, )5 (p* + 2sms") = 0. (3.1.36)

Egs. (3.1.19)—(3.1.36) also apply to the helicity wave functions x(p, A) and y(p, A) simply by replacing s with A and S*(5)
[Eq. (3.1.15)] with S*(p) [Eq. (3.1.16)].

The above results are applicable only for massive fermions (where the spin four-vector S* exists). We may treat the case
of massless fermions directly by employing helicity spinors in Egs. (3.1.19)-(3.1.22). Putting E = |p| and m = 0, we easily
obtain:

X, 1) = V2E (1 = 1) x1, X, 1) = ~2E (3 =) 11, (3.1.37)
Ya@.2) =~V2E (3 +2) xone  YB. M) =V2E (3 +2)x), (3.1.38)

24 Explicit forms for two-component spinor wave functions have been exhibited a number of times in the literature. For example, see Refs. [104,105] and
Appendix I.1.
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or equivalently,

X@, ) =V2E (3 -2) xo xL@.2) =V2E (3 -2) . (3.1.39)

VB, =vV2E (3 +2) 0, yi®.o) =v2E (3 +2) (. (3.1.40)
It follows that:

G +0)x@ =0 (3+1)x'®.21 =0, (3.1.41)

(3=1)y®. » =0, 3=1y'® 1 =0. (3.1.42)
The significance of Egs. (3.1.41) and (3.1.42) is clear; for massless fermions, only one helicity component of x and y is non-
zero. Applying this result to neutrinos, we find that massless neutrinos are left-handed (. = —1/2), while antineutrinos are

right-handed (A = +1/2).

Egs. (3.1.41) and (3.1.42) can also be derived by carefully taking the m — 0 limit of Egs. (3.1.33) and (3.1.34) applied to
the helicity wave functions x(p, A) and y(p, 1) [i.e., replacing s with A]. We then replace mS* with p*, which is the leading
term in the limit of E > m. Using the results of Egs. (3.1.9) and (3.1.10) and dividing out by an overall factor of m (before
finally taking the m — 0 limit) reproduces Eqgs. (3.1.41) and (3.1.42).

Having defined explicit forms for the two-component spinor wave functions, we can now write down the spin projection
matrices. Noting that 3(1+ 256 - §) x¢ = 3 (1 +4ss') xy = i Xy (sinces, s’ = 1), one can write:

o

where at the second step, we have employed the completeness relation given in Eq. (C.1.21). Making use of Eq. (3.1.17) for
g - §, it follows that

2s .
Xs)(f:;(1+m4/p~05'04/7p~0). (3.1.44)
Hence, with both spinor indices in the lowered position,

XD, )x'(P.s) = /p-o xsxJ VDO
= ;a/p-a[l—l—:Jp~05-aJp-ai|\/p-o

1 2s _
=5|p-o+—p-oS-op-o
m

1
=1p-o—2smS-o]. (3.1.45)

In the final step above, we simplified the product of three dot products by noting that p - S = 0 impliesthatS - p-o =
—p - o S - 0. The other spin projection formulae for massive fermions can be similarly derived. The complete set of such
formulae is given below?’:

Xo (B, X, (B, $) = 5 (P — 25mS, )0, (3.1.46)
Y@, 9y’ ®.5) = 1" + 2sms*)5 P, (3.1.47)
Xa(®. )Y’ (@.5) = 5 (m8” — 2s[S - o p-71.7). (3.1.48)
Y@, XL, 5) = 5 (s +25[S-Tp-01). (3.1.49)
By taking the hermitian conjugate of the above results, one obtains an equivalent set of formulae,
X@, )X B, 5) = 3 (" — 25ms")7y (3.150)
Ya @, SV B. ) = 5y + 25mS,)0 ), (3.151)
Ya®@. X’ (P, 5) = —1 (m8,” +2s[S- o p-71"), (3.1.52)
XY@, )y @, 5) = —3 (md%; —2s[S-Tp-0]%). (3.153)

25 similar formulae for the products of two-component spinor wave functions are given in Ref. [104].
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For the case of massless spin-1/2 fermions, we must use helicity spinor wave functions. The corresponding massless
projection operators can be obtained directly from the explicit forms for the two-component spinor wave functions given
in Egs. (3.1.37)-(3.1.40):

X (P, /\)XTB(ﬁ, M= (1-2)p oy X@ X @, 0) = (3 —1)p- 7%, (3.1.54)
Y@ B0 = (3+1)p-T @Y B ) = (5 +2)p- oy (3.1.55)
X (D, MYP (P, 1) = 0, Yo @, MXP (D, 1) =0, (3.1.56)
yi @, x)xg(ﬁ, 1) =0, x4 (p, A)y;(ﬁ, A) =0. (3.1.57)

As a check, one can verify that the above results follow from Egs. (3.1.46)-(3.1.53), by replacing s with A, setting mS* = p*,
and taking the m — 0 limit at the end of the computation.

Having listed the projection operators for definite spin projection or helicity, we may now sum over spins to derive the
spin-sum identities. These arise when computing squared matrix elements for unpolarized scattering and decay. There are
only four basic identities, but for convenience we list each of them with the two-index height permutations that can occur in
squared amplitudes by following the rules given in this paper. The results can be derived by inspection of the spin projection
operators, since summing over s = :I:% simply removes all terms linear in the spin four-vector S*.

Y X @ KBS =p-op D X @O B =p-TY, (3.158)
S S
55 b @ s) = p . 5 p. S\ (B.5) =p -0,
Y V@Y B =p-T Y v W B ) =D 0, (3.159)
S S
Y %@ 9y B, 5) = ms,”, Y Ve® X B, 5) = —ms,”, (3.1.60)
S S
Y VB B =mshy, Y XK@ Sy B.s) = —ms%. (3.1.61)
S N

These results are applicable both to spin sums and helicity sums, and hold for both massive and massless spin-1/2 fermions.

One can generalize the above massive and massless projection operators by considering products of two-component
spinor wave functions, where the spin or helicity of each spinor can be different. These are the Bouchiat-Michel
formulae [112], which are derived in Appendix H.3.

3.2. Fermion mass diagonalization in a general theory

Consider a collection of free anticommuting two-component spin-1/2 fields, ém-(x), which transform as (%, 0) fields
under the Lorentz group. Here, « is the spinor index, and i labels the distinct fields of the collection. The free-field Lagrangian
is given by (e.g., see Ref. [5]):

# = itlG1y, & — %Mijéiéj - %Mijéﬁéﬁv (3.2.1)
where
M = (MY)*. (32.2)

Note that M is a complex symmetric matrix, since the product of anticommuting two-component fields satisfies éiéj = z},é,
[with the spinor contraction rule according to Eq. (2.36)].

In Eq. (3.2.1), we have employed the U(N)-covariant tensor calculus [44,145] for “flavor-tensors” labeled by the flavor
indices i and j. Each left-handed (%, 0) fermion always has an index with the opposite height of the corresponding right-
handed (0, %) fermion. Raised indices can only be contracted with lowered indices and vice versa. Flipping the heights of
all ﬂavc;gindices of an object corresponds to complex conjugation, as in Eq. (3.2.2). In particular, we generalize Eq. (2.17) as
follows~":

vi'= Wa)'. (32.3)

26 I the case at hand, we have more specifically chosen all of the left-handed fermions to have lowered flavor indices, which implies that all of the
right-handed fermions have raised flavor indices. However, in cases where a subset of left-handed fermions transform according to some representation R
of a (global) symmetry and a different subset of left-handed fermions transform according to the conjugate representation R*, it is often more convenient
to employ a raised flavor index for the latter subset of left-handed fields.
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IfM = 0, then the free-field Lagrangian is invariant under a global U(N) symmetry. That is, for a unitary matrix U, with
matrix elements U/, and its hermitian conjugate defined by:

uh! = uhH* =, (3.2.4)
with U*UT)/ = 8{ , the massless free-field Lagrangian is invariant under the transformations:

& — UJE, EM— UEY, (3.255)
For M # 0, Eq. (3.2.1) remains formally invariant under the global U(N)-symmetry if M acts as a spurion field [146] with
the appropriate tensorial transformation law, M — U, U/, M*¢,

Expressions consisting of flavor-vectors and second-rank flavor-tensors have natural interpretations as products of
vectors and matrices. As a result, the flavor indices can be suppressed, and the resulting expressions can be written in an
index-free matrix notation. To accomplish this, one must first assign a particular flavor index structure to the matrices that
will appear in the index-free expression. For example, given the second-rank flavor-tensors introduced above, we define the
matrix elements of M to be MY and the matrix elements of U to be Uy. Note that (U);/ has the same flavor index structure
asU.”

As a simple example, in an index-free notation Eq. (3.2.5) reads: é — Ué‘ and §* — éTU‘L. A slightly more complicated
example is exhibited below:

UMK = Ut MK = UM, (3.2.6)

where we have used (U')™ = U* in obtaining the final result. That is, in matrix notation with suppressed indices, U, M*¢
corresponds to the matrix U*M. Thus, in an index-free notation, the tensorial transformation law for the spurion field M is
given by M — U*MU'".

We can diagonalize the mass matrix M and rewrite the Lagrangian in terms of mass eigenstates &,; and (real non-negative)
masses m;. To do this, we introduce a unitary matrix £2,

& = 2, (32.7)

and demand that MV2,}2; = m8* (no sum over k), where the my are real and non-negative. Equivalently, in matrix
notation with suppressed indices, £ = £2£ and®®

2™ 2 =m = diag(my, my, ...). (3.2.8)

This is the Takagi diagonalization [111,147] of an arbitrary complex symmetric matrix, which is discussed in more detail in
Appendix D.2. To compute the values of the diagonal elements of m, note that

MM = m?. (3.2.9)

Indeed MM is hermitian and thus it can be diagonalized by a unitary matrix. Hence, the elements of the diagonal matrix m
are the non-negative square roots of the corresponding eigenvalues of MM. However, in cases where MM has degenerate
eigenvalues, Eq. (3.2.9) cannot be employed to determine the unitary matrix {2 that satisfies Eq. (3.2.8). A more general
technique for determining £2 that works in all cases is given in Appendix D.2.

In terms of the mass eigenstates,

2 =150, & — Imy(&& + ETED), (3.2.10)

where the sum over i is implicit. If the m; # 0 are non-degenerate, then the corresponding field &; describes a neutral
Majorana fermion consisting of two on-shell real degrees of freedom. The case of mass degeneracies will be treated explicitly
below. If m; = 0, then we shall denote the corresponding field &; as a massless Weyl fermion [15].

Each &,; can now be expanded in a Fourier series, exactly as in Eq. (3.1.3):

d3p - . . . . )
Ei() =) f m [xa<p, )@, s)e"P* + y, (B, 5)a] B, s)e"“‘] : (32.11)
s p

where Ejp = (| P>+ mf)l/ 2 and the creation and annihilation operators, aj and g; satisfy anticommutation relations:

{a:(B,5),al @',5)) = 8@ — P)os 8. (3.2.12)

27 The reader should not be tempted to substitute UT for U in Eq. (3.2.4), as the resulting flavor index structure for U and Ut would then disagree with
the original flavor index assignments.

28 1y general, the m; are not the eigenvalues of M. Rather, they are the singular values of the matrix M, which are defined to be the non-negative square
roots of the eigenvalues of MTM. See Appendix D for further details.
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We employ covariant normalization of the one-particle states, i.e., we act with one creation operator on the vacuum with
the following convention

p.i.s) = (2m)*?2Ep) a] (. 5) 10) . (3.2.13)

sothat (p,i,s | p’,j.s') = 27)3(2Ep)8> (B — p')8;8ss.

In the case of two mass-degenerate massive fermion fields, m; = m, # 0, Eq. (3.2.10) possesses a global internal O(2)
flavor symmetry, & — (9,f.§j (i = 1,2), where @O = 1,,,. Corresponding to this symmetry is a conserved hermitian
Noether current:

JE =Mo", — 1251y, (32.14)

with a corresponding conserved charge, Q = [ J°d*x. In the &;-£&; basis, the Noether current is off-diagonal. However, it is
convenient to define a new basis of fields:

1 1
X = E(&] + i), n= E(El —i&). (3.2.15)

With respect to the y -7 basis, the Noether current is diagonal:

J* = xtety —niety. (3.2.16)
That is, the fermions y and n are eigenstates of the charge operator Q with corresponding eigenvalues +1. In terms of the
fermion fields of definite charge, the free-field fermion Lagrangian [Eq. (3.2.10) withi = 1, 2 and my = m; = m] is given
by [16]%°:

=ix'5" 9, x +inTo"d,m —m(xn + x'n’). (3.2.17)

On-shell, x and n satisfy the free-field Dirac equations:

ic"d,x —mn' =0, i5"d,n—my'=0. (3.2.18)

In the x-n basis, the global internal SO( ) symmetry (which is continuously connected to the identity) is realized as the
U(1) symmetry x — e x and 5 — e~5, where @ is the rotation angle that defines the SO(2) rotation matrix.
Together, x and nt constitute a single Dirac fermion. We can then write:

-

d*p .
Xa(X) = Z/ (271)3/2(2E NE [x« (P, $)a(p, s)e "X +y, (D, s)b' (P, s)eP], (3.2.19)

o (X X (D, b, $)e™P* + vy, (P, s)a' (P, 5)eP*¥], 3.2.20
Te®) = Z/(2n)3/2(2E)1,2[(p)<p> Va(, 9)a (B, )] (3:2.20)
where E, = (|p|> + m?)"/2, the creation and annihilation operators, a, b', a and b satisfy anticommutation relations:

{a(ﬁ’ S)v aT(ﬁ,7 S/)} = {b(ﬁa 5)7 bT(ii/’ S,)} = 83(5 - i’/)SS,S/v (3221)

and all other anticommutators vanish. We now must distinguish between two types of one-particle states, which we can
call fermion (F) and antifermion (F):

B, s: F) = 2m)**(2Ep)a’ (B, 5) |0) ,

p.s; F) = (2m)*?(2E,) b (9, 5) |0) . (3.2.22)

Note that both 1(x) and x f (x) can create
wave functions are given by:

p. s; F) from the vacuum, while n(x) and x (x) can create |p, s; F). The one-particle

(0 Xa®) . 5: F) = X (. )e™P*, (0] nf(x) [p. s F) =y, (. 5)e™P*, (3.2.23)
(F; D, s| 1a () 10) = yo (@, 5)eP™, (F: . s| xJ ) 10) = xL (. 5)e™*, (3.2.24)
(0l e (®) |, 5: F) = %, (@. )e™P*, (0| x} ) |P. 5 F) =y}, 5)e P, (3.2.25)
(Fip.s| xa®) 10) = yu . 9)€P*,  (Fip.s|n}(x)10) = x} (. 5)e"*, (3.2.26)

and the eight other single-particle matrix elements vanish.

9 Although the fermion mass matrix is not diagonal in the y-» basis, this is not an obstacle to the subsequent analysis, as one only needs a diagonal
squared-mass matrix, MM, to ensure that the denominators of propagators are diagonal. Eq. (3.2.15) provides the explicit Takagi diagonalization of the

Dirac fermion matrix (? ;) See Appendix D.3 for the mathematical interpretation of this special case.
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More generally, consider a collection of free anticommuting charged Dirac fermions, which can be represented by pairs
of two-component fields Xqi(x), ﬁjx (x). These fields transform in (possibly reducible) representations of the unbroken
symmetry group that are conjugates of each other. This accounts for the opposite flavor index heights of ¥; and 7'
[cf. footnote 26]. The free-field Lagrangian is given by

2 =i3"G" 8, fu + i 5" 90" — MYzl — MIR ] (3.2.27)
where M is an arbitrary complex matrix with matrix elements M ij, and

M{ = (M)*. (3.2.28)

If M = 0, then the free-field Lagrangian is invariant under a global U(N)xU(N) symmetry. That is, for a pair of unitary
matrices U; and Ug, with matrix elements given respectively by (U;);/ and (Ug)';, and the corresponding hermitian conjugates
defined by:

UDH =[O = W)Y, Ui = [WUT* = (Up)d, (3.2.29)

the massless free-field Lagrangian is invariant under the transformations:
i — U7, 11— URY, 7 — (Up)iY, ﬁ;r — (UR)ljﬁjT' (3.2.30)
For M # 0, Eq. (3.2.27) remains formally invariant under the U(N)xU(N) symmetry if M acts as a spurion field [146] with
the appropriate tensorial transformation law, M'; — (UL)lk(UR)jZng (or equivalently, in an index-free matrix notation with
suppressed flavor indices, M —> UL*MUE ).
In order to diagonalize the mass matrix, we introduce the mass eigenstates x; and n' and unitary matrices L and R, with
matrix elements given respectively by L;* and R, such that

Xi = L X 7' =Rk, (3.2.31)

and demand that M ;L*R';, = my8¥ (no sum over k), where the my are real and non-negative. Equivalently, in matrix notation
with suppressed indices, x = Ly, 7 = Rn and

L'MR = m = diag(m;, my, ...), (3.2.32)

with the m; real and non-negative (cf. footnote 28). The singular value decomposition of linear algebra, discussed more fully
in Appendix D.1, states that for any complex matrix M, unitary matrices L and R exist such that Eq. (3.2.32) is satisfied. It
then follows that:

L"(MMHL* = RT(MTM)R = m?. (3.2.33)

That is, since MM ' and MM are both hermitian, they can be diagonalized by unitary matrices. The diagonal elements of m
are therefore the non-negative square roots of the corresponding eigenvalues of MM* (or equivalently, MtM). In terms of
the mass eigenstates,

£ =ix"e"d, i +in) e, — miGn' + xTn). (32.34)

The mass matrix now consists of 2 x 2 blocks (n?i "(1)1') along the diagonal. More importantly, the squared-mass matrix

is diagonal with doubly degenerate entries mi2 that will appear in the denominators of the propagators of the theory. For
m; # 0, each y;-n' pair describes a charged Dirac fermion consisting of four on-shell real degrees of freedom.*® In addition,
Eq. (3.2.34) yields an even number of massless Weyl fermions.

Given an arbitrary collection of two-component left-handed (%, 0) fermions, the distinction between Majorana and Dirac
fermions depends on whether the Lagrangian is invariant under a global (or local) continuous symmetry group G, and the
corresponding multiplet structure of the fermion fields [ 148]. If no such continuous symmetry exist, then the fermion mass
eigenstates will consist of Majorana fermions. If the Lagrangian is invariant under a symmetry group G, then the collection
of two-component fermions will break up into a sum of multiplets that transform irreducibly under G. As described in
Appendix E, a representation R can be either a real, pseudo-real, or complex representation of G. If a multiplet transforms
under a real representation of G, then the corresponding fermion mass eigenstates are Majorana fermions.3! If a multiplet
transforms under a complex representation of G, then the corresponding fermion mass eigenstates are Dirac fermions. In

30 of course, one could always choose instead to treat the Dirac fermions in a non-charge-eigenstate basis with a fully diagonalized mass matrix, as in
Eq. (3.2.10). Inverting Eq. (3.2.15) for each Dirac fermion yields &;_; = (x; + 7')/~/2 and &; = i(n; — x')/~/2. However, it is rarely, if ever, convenient
to do so; practical calculations only require that the squared-mass matrix MM is diagonal, and it is of course more convenient to employ fields that carry
well-defined charges.

31 This is a slight generalization of the more restrictive definition that requires Majorana fermions to transform trivially under the group G. Gluinos, which
transform under the (real) adjoint representation of the color SU(3) group, are Majorana fermions according to our more general definition.
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particular [as noted above Eq. (3.2.27)], if the x; transform under the representation R, then the n' transform under the
conjugate representation R*.

The case where a multiplet of two-component left-handed fermions transform under a pseudo-real representation of G
has not been explicitly treated above. The simplest example of this kind is a model of 2n multiplets (or “flavors”) of two-
component SU(2)-doublet®? fermions, fp,'a (wherei = 1, 2,...,2n labels the flavor index and a labels the SU(2) doublet
index). The free-field Lagrangian is given by:

2 = i1, i — 1 (M"fe“bx/}m@jb + h.c.) , (3.2.35)

where € is the antisymmetric SU(2)-invariant tensor, defined such that €' = —e?! = +1. As ® fﬁiafpjb is antisymmetric
under the interchange of flavor indices i and j, it follows that M is a complex antisymmetric matrix. To identify the fermion
mass eigenstates vj,, we introduce a unitary matrix U (with matrix elements U/) such that v;, = U/ Yj, and demand that:

T _ L 0 my 0 my 0 my
UMU =N =d1ag{<_m1 0) \zm o) \om, o , (3.2.36)

where N is written in block diagonal form consisting of 2 x 2 matrix blocks appearing along the diagonal, and the m; are real
and non-negative. Eq. (3.2.36) corresponds to the reduction of a complex antisymmetric matrix to its real normal form [149],
which is discussed in more detail in Appendix D.4. In order to compute the my, we first note that

UTMTMU = diag(m?, m}, m3, m3, ..., m2, m2). (3.2.37)

Hence, the m; are the non-negative square roots of the corresponding eigenvalues of MTM. Since the dimension of the doublet
representation of SU(2) provides an additional degeneracy factor of 2, Eq. (3.2.37) implies that the mass spectrum consists
of 2n pairs of mass-degenerate two-component fermions, which are equivalent to 2n Dirac fermions. In particular,

2n n
£ =Y iy, i — Y (mie™Yaio1.aVais + hoc) . (3.2.38)
i=1 i=1
In the general case of a pseudo-real representation R (of dimension dg), the SU(2)-invariant e-tensor is replaced by a more
general dg x d unitary antisymmetric matrix, C [defined in Eq. (E.1.9)]. Thus, the analysis above can be repeated virtually
unchanged. By defining

Xia = Y2i-1.05 N =C%p, i=1,2,...,ma=1,2,...,dg, (3.2.39)

with an implicit sum over the repeated index b, the resulting Lagrangian given by

n
2 =" ixMG" 0 xia + iy 0™ — my (x,-an"“ + x*"“nfa) : (3.2.40)

i=1
describes a free-field theory of ndg Dirac fermions [cf. Eq. (3.2.34)]. Therefore, if a multiplet of two-component left-handed
fermions transforms under a pseudo-real representation of G, then the corresponding fermion mass eigenstates are Dirac
fermions [148]. If Eq. (3.2.35) contains an odd number of pseudo-real fermion multiplets, then the (antisymmetric) mass
matrix M is odd dimensional and thus has an odd number of zero eigenvalues [according to Eq. (D.4.1)]. But as dg must be

even, it follows that the pseudo-real fermion multiplet contains an even number of massless Weyl fermions.

In conclusion, the mass diagonalization procedure of an arbitrary field theory of fermions yields (in general) a set of
massless Weyl fermions, a set of massive neutral Majorana fermions [as in Eq. (3.2.10)], and a set of massive charged
Dirac fermions [as in Eq. (3.2.34)]. The Feynman rules for these mass-eigenstate two-component fermion fields are given in
Section 4.

For completeness, we review the squared-mass matrix diagonalization procedure for scalar fields. First, consider a
collection of free commuting real spin-0 fields, ¢;(x), where the flavor index i labels the distinct scalar fields of the collection.
The free-field Lagrangian is given by >3

L = 50,i0" P — 3M; P, (3.2.41)

where M? is a real symmetric matrix. We diagonalize the scalar squared-mass matrix by introducing mass eigenstates g;
and the orthogonal matrix Q such that §; = Q;¢;, with M;Q,—kQﬂ = mﬁskl (no sum over k). In matrix form,

Q'M?*Q = m* = diag(m?, m3, .. ), (3.2.42)

32 The doublet representation of SU(2) is pseudo-real.
33 Since the scalar fields are real, there is no need to distinguish between raised and lowered flavor indices.
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where the squared-mass eigenvalues mﬁ are real.>* This is the standard diagonalization problem for a real symmetric matrix.

Next, consider a collection of free commuting complex spin-0 fields, @,»(x). For complex fields, we follow the conventions
for flavor indices enunciated below Eq. (3.2.2) [e.g. @ = (®;)1]. The free-field Lagrangian is given by

£ =0,0'9"®; — (M) ;&' (3.2.43)

where M? is an hermitian matrix [i.e., (M?)|; = (M?);' in the notation of Eq. (3.2.29)].
We diagonalize the scalar squared-mass matrix by introducing mass eigenstates @; and the unitary matrix W such that
@; = Wi*@ (and @' = Wi d*), with (M?); WKW/, = m28¥ (no sum over k). In matrix form,

WIM*W = m* = diag(m}, m3, .. .). (3.2.44)
where the squared-mass eigenvalues mﬁ are real (cf. footnote 34). This is the standard diagonalization problem for an
hermitian matrix.

4. Feynman rules with two-component spinors

In order to systematically perform perturbative calculations using two-component spinors, we present the basic Feynman
rules. The Feynman rules for the Standard Model (and its seesaw extension) and the MSSM (including possible R-parity-
violating interactions) are given in Appendix |, K and L. Feynman rules for two-component spinors have also been treated
in Refs. [49,106,109].

4.1. External fermion and boson rules

Consider a general theory, for which we may assume that the mass matrix for fermions has been diagonalized as discussed
in Section 3.2. The rules for assigning two-component external state spinors are then as follows:

For an initial state (incoming) left-handed (%, 0) fermion: x

e For an initial state (incoming) right-handed (0, 1) fermion: y'
e For a final state (outgoing) left-handed (%, 0) fermion: x

e For a final state (outgoing) right-handed (0, 1) fermion: y

where we have suppressed the momentum and spin arguments of the spinor wave functions. These rules are summarized
in the mnemonic diagram of Fig. 4.1.1.

L (3,0) fermion

Initial State Final State

R (0,3) fermion

Fig. 4.1.1. The external wave function spinors should be assigned as indicated here, for initial state and final state left-handed (%, 0) and right-handed
(0, 1) fermions.

In general, the two-component external state fermion wave functions are distinguished by their Lorentz group
transformation properties, rather than by their particle or antiparticle status as in four-component Feynman rules. This
helps to explain why two-component notation is especially convenient for (i) theories with Majorana particles, in which
there is no fundamental distinction between particles and antiparticles, and (ii) theories like the Standard Model and MSSM
in which the left- and right-handed fermions transform under different representations of the gauge group and (iii) problems
with polarized particle beams.

34 If the vacuum corresponds to a local minimum (or flat direction) of the scalar potential, then the squared-mass eigenvalues of M? are real and non-
negative.
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In contrast to four-component Feynman rules (given in Appendix G.5), the direction of the arrows do not correspond to
the flow of charge or fermion number. The two-component Feynman rules for external fermion lines simply correspond to
the formulae for the one-particle wave functions exhibited in Eqs. (3.1.7) and (3.1.8) [with the convention that |p, s) is an
initial state fermion and (f) s| is a final state fermion]. In particular, the arrows indicate the spinor index structure, with
fields of undotted indices flowing into any vertex and fields of dotted indices flowing out of any vertex.

The rules above apply to any mass-eigenstate two-component fermion external wave functions. It is noteworthy that the
same rules apply for the two-component fermions governed by the Lagrangians of Eq. (3.2.10) [Majorana] and Egs. (3.2.34)
or (3.2.40) [Dirac].

The corresponding rules for external boson lines are well known (see, e.g. Ref. [114]).

e For an initial state (incoming) or final state (outgoing) spin-0 boson: 1
e For an initial state (incoming) spin-1 boson of momentum k and helicity A: e# (l;, A)
o For a final state (outgoing) spin-1 boson of momentum k and helicity A: 8“(’;, A)*.

The explicit form of the helicity +1 (massless or massive) spin-1 polarization vector ¢ is given in Eq. (1.2.41). The helicity
zero massive spin-1 polarization vector is given in Eq. (1.2.43).

4.2. Propagators

Next we turn to the subject of fermion propagators for two-component fermions. A derivation of the two-component
fermion propagators using path integral techniques is given in Appendix F. Here, we will follow the more elementary
approach typically given in an initial textbook treatment of quantum field theory.

Fermion propagators are the Fourier transforms of the free-field vacuum expectation values of time-ordered products
of two fermion fields. They are obtained by inserting the free-field expansion of the two-component fermion field and
evaluating the spin sums using the formulae given in Egs. (3.1.58) and (3.1.61). For the case of a single neutral two-
component fermion field £ (x) of mass m, Egs. (3.2.11) and (3.2.12) yield [49,106,108,109,143,150]:

t _ i = Al (B 5) = i .
{01 T& ()&, 1) 10)er m Z X (P, $)x; (P, S) = mp “Oups (4.2.1)
6 ()£ _ 165 o)y i -
OITE (08" ) 0k = m2+l€ Zy @9V B.5) = o p T, (42.2)
o (1 _ ta i i Q.
OITE" (8 0) 0 = _m2 s Zy B9 3.9 = o M. (42.3)

i - -
(0| T, (X)fﬁ()’) O)r = m Z X @, 9y’ B, 5) = ms,”, (4.2.4)

p?—m? +ie

where FT indicates the Fourier transform from position to momentum space.> These results have a clear diagrammatic
representation, as shown in Fig. 4.2.1. Note that the direction of the momentum flow p* here is determined by the creation
operator that appears in the evaluation of the free-field propagator. Arrows on fermion lines always run away from dotted
indices at a vertex and toward undotted indices at a vertex.

There are clearly two types of fermion propagators. The first type preserves the direction of arrows, so it has one dotted
and one undotted index. For this type of propagator, it is convenient to establish a convention where p* in the diagram is
defined to be the momentum flowing in the direction of the arrow on the fermion propagator. With this convention, the
two rules above for propagators of the first type can be summarized by one rule, as shown in Fig. 4.2.2. Here the choice of
the o or the & version of the rule is uniquely determined by the height of the indices on the vertex to which the propagator
is connected.*® These heights should always be chosen so that they are contracted as in Eq. (2.36). It should be noted that in

5 The Fourier transform of a translationally invariant function f (x, y) = f(x — y) is given by

4
fy) = / (sn‘; F(pye ™, wheref(p) = f d*xf (x)eP™.

In the notation of the text above, f (X, y)ir = f(p).

36 The second form of the rule in Fig. 4.2.2 arises when one flips diagram (b) of Fig. 4.2.1 around by a 180° rotation (about an axis perpendicular to the
plane of the diagram), and then relabelsp - —p,& — B and § — «.
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4p> 41)»
(a) /34>—O‘ (b) ﬁ
ip-o, 3 ip- a8
P2 —m?2 % —m?2
m . m
. 7t s B
p2 —m2 5a5 p2 —m?2 da

Fig. 4.2.1. Feynman rules for propagator lines of a neutral two-component fermion with mass m. (For simplicity, the +ie terms in the denominators are
omitted in all propagator rules.)

_r, P04 o —ip-57*
J or
B o p? —m?2 p2 —m?2

Fig. 4.2.2. This rule summarizes the results of both Fig. 4.2.1(a) and (b) for a neutral two-component fermion with mass m.

g o 8 Q
LANEEVEEDE L=

fim,&aﬁ f'i’mﬁo"g
Fig. 4.2.3. Fermion mass insertions (indicated by the crosses) can be treated as a type of interaction vertex, using the Feynman rules shown here.

diagrams (a) and (b) of Fig. 4.2.1 as drawn, the indices on the o and ¢ read from right to left. In particular, the Feynman rules
for the propagator can be employed with the spinor indices suppressed provided that the arrow-preserving propagator lines
are traversed in the direction parallel [antiparallel] to the arrowed line segment for the o [0 ] version of the rule, respectively.

The second type of propagator shown in diagrams (c) and (d) of Fig. 4.2.1 does not preserve the direction of arrows, and
corresponds to an odd number of mass insertions. The indices on §%; and 8P are staggered as shown to indicate that ¢

and « are to be contracted with expressions to the left, while ﬁ and B are to be contracted with expressions to the right, in
accord with Eq. (2.36).%7

Starting with massless fermion propagators, one can also derive the massive fermion propagators by employing mass
insertions as interaction vertices, as shown in Fig. 4.2.3. By summing up an infinite chain of such mass insertions between
massless fermion propagators, one can reproduce the massive fermion propagators of both types.

The above results for the propagator of a Majorana fermion can be generalized to a multiplet of mass-eigenstate Majorana
fermions, £,,(x) [such as a color octet of gluinos], which transforms as a real representation R of a (gauge or flavor) group G
(wherea = 1, 2, ..., dg for a representation of dimension dg). In this case, the Feynman graphs given in Figs. 4.2.1-4.2.3
are modified simply by specifying a group index a and b at either end of the propagator line. The corresponding Feynman
rules then includes an additional Kronecker delta factor in the group indices. In particular, if we associate the index a with
the spinor indices «, & and the index b with the spinor indices 8, 8, then the rules exhibited in Fig. 4.2.1(a) and (b) would
include the following Kronecker delta factors:

@@ o, (b) 8, (4.2.5)
and the factors of m in the rules exhibited in Fig. 4.2.1(c) and (d) would be replaced by

(©) 8msh =mus®,  (d) 8medf = mySap, (4.2.6)

(with no sum over the repeated index a), where m® and my4 = m are diagonal matrices with real non-negative diagonal
elements m.. Here, we have introduced the separate symbol m.; in order to maintain the convention that two repeated group
indices are summed when one index is raised and one index is lowered. Of course, if the Lagrangian is invariant under the
symmetry group G, then a multiplet of Majorana fermions corresponding to an irreducible representation R has a common
mass m = ms.

It is convenient to treat separately the case of charged massive fermions. Consider a charged Dirac fermion of mass
m, which is described by a pair of two-component fields x (x) and n(x) [cf. Eq. (3.2.17)]. Using the free-field expansions

37 Asin Fig. 4.2.2, alternative and equivalent versions of the rules corresponding to diagrams (c) and (d) of Fig. 4.2.1 can be given for which the indices on
the Kronecker deltas are staggered as ”; and 8p“. These versions correspond to flipping the two respective diagrams by 180° and relabeling the indices
& — Band B — a.
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P P
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X——>—X b N7
a - -
@ X3 - OIS -
ip-0y4 or 777[)-?’30‘ ip-o,s or 7711)-3’90‘
p? —m? = p? —m? p? —m? - p? —m?
X—p—a—r X —a—>—17
© ~ @ X -
imo im 5.8
p2—m2 P p2—m?2 *

Fig. 4.2.4. Feynman rules for propagator lines of a pair of charged two-component fermions with a Dirac mass m. As in Fig. 4.2.2, the direction of the
momentum is taken to flow from the dotted to the undotted index in diagrams (a) and (b).

72 —m?
—i pt'p” b
[ VAVAVAVAVAV —  _|g™ — (1 - ———— | ¥°
1, G v,b p? —m? g ( é)172 —&m?

Fig.4.2.5. Feynman rules for the (neutral or charged) scalar and gauge boson propagators, in the R; gauge, where p* is the propagating four-momentum.
In the gauge boson propagator, £ = 1 defines the 't Hooft-Feynman gauge, £ = 0 defines the Landau gauge, and £ — oo defines the unitary gauge. For
the propagation of a non-abelian gauge boson, one must also specify the adjoint representation indices a, b.

[Egs. (3.2.19) and (3.2.20)] and the spin sums [Egs. (3.1.58)-(3.1.61)], the two-component free-field propagators are
obtained:

O X)) O)sr = O T GINLO) 100t = 5P~ 0 (42.7)
OITX (X" ) 00 = (O Tn 0" D) 0)r = 5 -5, (4.28)
OIT 07" ) 007 = (O Tn X’ D) O = 5 m (4.29)
(01 T Gon} ) 10)er = (O Tn™ ) xS ) [0)r = ﬁ may. (4.2.10)

For all other combinations of fermion bilinears, the corresponding two-point functions vanish. These results again have a
simple diagrammatic representation, as shown in Fig. 4.2.4. Note that for Dirac fermions, the propagators with opposing
arrows (proportional to a mass) necessarily change the identity (x or n) of the two-component fermion, while the single-
arrow propagators are diagonal in the fields. In processes involving such a charged fermion, one must of course distinguish
between the x and 5 fields.

The above results for the propagator of a Dirac fermion can be generalized to a multiplet of mass-eigenstate Dirac
fermions, X4, r/fx, which transform under a (gauge or flavor) group G. In this case, the Feynman graphs given in Fig. 4.2.4 are
modified simply by specifying a group index i and j at either end of the propagator line. The corresponding Feynman rules
then include an additional Kronecker delta factor in the group indices. In particular, if we associate the group index i with
the spinor indices «, & and the index j with the spinor indices 3, 8, then the rules exhibited in Fig. 4.2.4(a) and (b) would
include the following Kronecker delta factors:

@ & (b &, (4.2.11)
and the factors of m in the rules exhibited in Fig. 4.2.4(c) and (d) would be replaced by

© &m"sl=ms, (d) sim‘" =ms., (4.2.12)

where m®, and m;" = m¢, are diagonal matrices with real non-negative diagonal elements m,, and there is no sum over the
repeated index i. (Here, we have introduced the separate symbol m," in order to maintain the convention that two repeated
group indices are summed when one index is raised and one index is lowered.) As before, if the Lagrangian is invariant under
the symmetry group G, then an irreducible multiplet of Dirac fermions has a common mass m = m;.

For completeness, we exhibit in Fig. 4.2.5 the Feynman rules for the propagators of the (neutral or charged) scalar boson
and gauge boson in the R¢ gauge, with gauge parameter & [151].
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4.3. Fermion interactions with bosons

We next discuss the interaction vertices for fermions with bosons. Renormalizable Lorentz-invariant interactions
involving fermions must consist of bilinears in the fermion fields, which transform as a Lorentz scalar or vector, coupled
to the appropriate bosonic scalar or vector field to make an overall Lorentz scalar quantity.

Let us write all of the two-component left-handed (1, 0) fermions of the theory as fm, where i runs over all of the gauge
group representation and flavor degrees of freedom. In general, the (1, 0)-fermion fields &i consist of Majorana fermions
éi, and Dirac fermion pairs ¥; and 7' after mass terms (both explicit and coming from spontaneous symmetry breaking) are
taken into account. Likewise, consider a multiplet of scalar fields é),, where I runs over all of the gauge group representation
and flavor degrees of freedom. In general, the scalar fields (}b, consist of real scalar fields ¢; and pairs of complex scalar fields
@, and &' = (&;). In matrix form,

- (E . (2
v=|z]. o=|2 (43.1)
U o'

By dividing up the fermions into Majorana and Dirac fermions and the spin-zero fields into real and complex scalars, we are
assuming implicitly that some of the indices I and i correspond to states of a definite (global) U(1)-charge (denoted in the
following by q; and q;, respectively).

The most general set of Yukawa interactions of the scalar fields with a pair of fermion fields is then given by:

Line = =3V Gggn — 1V Y Ig T, (4.32)
where ?Uk = (f/’j")*. We have suppressed the spinor indices here; the product of two-component spinors is always

performed according to the index convention indicated in Eq. (2.36). The Yukawa Lagrangian [Eq. (4.3.2)] must be invariant
under:

& — &, X — €1 %, i — e R i = @i &) — e, @' — e, (4.3.3)

where the g; are the U(1)-charges of the corresponding Dirac fermions and the g; are the U(1)-charges of the corresponding
complex scalars. Consequently, the form of the Y is constrained:

Y =0, unless q + g +q=0. (4.3.4)
Of course, any other conserved symmetries will impose additional selection rules on the Yukawa couplings Y.

The hatted fields are the interaction-eigenstate fields. However, in general the mass eigenstates can be different, as
discussed in Section 3.2. The computation of matrix elements for physical processes is more conveniently done in terms
of the propagating mass-eigenstate fields. The mass-eigenstate basis  is related to the interaction-eigenstate basis 1Zf by a
unitary rotation U/ on the flavor indices. In matrix form:

R 3 Q) 0 0\ (g
v=|x|=Uy=10 L O0f[|x]. (4.3.5)
ik 0o o R} \7

where £2, L, and R are constructed as described previously in Section 3.2 [see Eqs. (3.2.8) and (3.2.32)]. Likewise, the mass-

eigenstate basis ¢ is related to the interaction-eigenstate basis ¢A> by a unitary rotation V;/ on the flavor indices. In matrix
form,

. <Z)1 o o 0 7
po=|d|=Ve=|l0 W o @, (4.3.6)
@' o o w,)\&

where W’] = (W/)* and Q and W are constructed according to Eqs. (3.2.42) and (3.2.44).
Thus, we may rewrite Eq. (4.3.2) in terms of mass-eigenstate fields:

Line = — 3V v — 3 Vid Y Iy, (4.3.7)
where
ylik — VJIUijnkf/]mn. (4.3.8)

Note that Eq. (4.3.4) implies that Y%* = 0 unless q; + g; + qx = 0. The corresponding Feynman rules that arise from the
Yukawa interaction Lagrangian are shown in Fig. 4.3.1. If the scalar ¢, is complex, then one can associate an arrow with the
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J,a

(a) *I* »— - —iyliks B or — iYIjk(SgD‘
k.8
j.

(b) e —iV0ty or —iVirds

Fig. 4.3.1. Feynman rules for Yukawa couplings of scalars to two-component fermions in a general field theory. The choice of which rule to use depends
on how the vertex connects to the rest of the amplitude. When indices are suppressed, the spinor index part is always just proportional to the identity
matrix.

flow of analyticity, which would point into the vertex in (a) and would point out of the vertex in (b). That is, the arrow on
the scalar line keeps track of the height of the scalar flavor index entering or leaving the vertex.

In Fig. 4.3.1, two versions are given for each Feynman rule. The choice of which rule to use is dictated by the height of the
indices on the fermion lines that connect to the vertex. These heights should always be chosen so that they are contracted
as in Eq. (2.36). However, when all spinor indices are suppressed, the scalar-fermion-fermion rules will have an identical
appearance for both cases, since they are just proportional to the identity matrix of the 2 x 2 spinor space.

To provide a more concrete example of the above results, consider a real neutral scalar field ¢ and a (possibly) complex
charged scalar field @ (with U(1)-charge q4 ) that interact with a multiplet of Majorana fermions &; and Dirac fermion pairs
x; and ' (with U(1)-charges g; and —g;, respectively). We assume that all fields are given in the mass-eigenstate basis. The
Yukawa interaction Lagrangian is given by:

Lt = —3OI&E + 1ETEN) g — iy @ + ki x n] @
— L) & + (e2)E X 1 — [2) &5 + (1) &) 10T, (4.3.9)

where A is a complex symmetric matrix, and «, k1 and «, are complex matrices such that Kij = Ounless g = q; — g; and
(K])ij = (k2);j = Ounless g = g; [flavor index conventions are specified in Eqgs. (3.2.2) and (3.2.28)]. The corresponding
Feynman rules of Fig. 4.3.1(a) are obtained by identifying YV = AU, ', (k1)'; and (x2)? for the undotted fermion vertices
BEE;, D xir, PEN and DTEy;, respectively.®® The corresponding Feynman rules of Fig. 4.3.1(b) for the dotted fermion
vertices are governed by the complex-conjugated Yukawa couplings, Yjx = (YUky*,

The renormalizable interactions of vector bosons with fermions and scalars arise from gauge interactions. These
interaction terms of the Lagrangian derive from the respective kinetic energy terms of the fermions and scalars when the
derivative is promoted to the covariant derivative:

(D) = 879, + ig AL (T, (4.3.10)

where the index a labels the real (interaction-eigenstate) vector bosons A and is summed over. The index a runs over the
adjoint representation of the gauge group,® and the (T%)/ are hermitian representation matrices of the generators of the
Lie algebra of the gauge group acting on the left-handed fermions (for further details, see Appendix E). For a U(1) gauge
group, the T® are replaced by real numbers corresponding to the U(1) charges of the left-handed (2, 0) fermions. There is a

separate coupling g, for each simple group or U(1) factor of the gauge group G.*°
In the gauge-interaction basis for the left-handed (%, 0) two-component fermions the corresponding interaction
Lagrangian is given by

Line = —g AT T, (TH ;. (4.3.11)

In the case of spontaneously broken gauge theories, one must diagonalize the vector boson squared-mass matrix. The form
of Eq. (4.3.11) still applies where A‘; are gauge boson fields of definite mass, although in this case for a fixed value of a, g,T®

38 For the cbfs,-xj vertex, we should reverse the direction of the arrow on the scalar line in Fig. 4.3.1(a) [and likewise for the corresponding hermitian-
conjugated vertex of Fig. 4.3.1(b)], in which case all arrows on the charged scalar and fermion lines would represent the direction of flow of the conserved
U(1)-charge.

39 Since the adjoint representation is a real representation, the height of the adjoint index a is not significant. The choice of a subscript or superscript
adjoint index is based solely on typographical considerations.

40 That is, the generators T separate out into distinct classes, each of which is associated with a simple group or one of the U(1) factors contained in the
direct product that defines G. In particular, g, = g if T® and T are in the same class. If G is simple, then g, = g for all a.
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—i(G) 77 or  i(GY) ousa

Fig. 4.3.2. The Feynman rules for two-component fermion interactions with gauge bosons. The choice of which rule to use depends on how the vertex
connects to the rest of the amplitude. The G* are defined in Eq. (4.3.14). The index a runs over both neutral and charged (mass-eigenstate) gauge bosons,
consistent with charge conservation at the vertex.

[which multiplies A}, in Eq. (4.3.11)] is some linear combination of the original g,T? of the unbroken theory. That is, the
hermitian matrix gauge field (A,) J = A, (T*)/ appearing in Eq. (4.3.11) can always be re-expressed in terms of the physical
mass-eigenstate gauge boson fields.

If an unbroken U(1) (global or local) symmetry exists, then the physical gauge bosons will be eigenstates of the conserved
U(1)-charge.! If the U(1) symmetry group is orthogonal to the gauge group under which the A% transform, then all the
gauge bosons are neutral with respect to the U(1)-charge. For example, in the case of the interaction of a gluon with a pair of
Majorana fermion gluinos, the gluon is a gauge boson that transforms under the SU(3) color group, which is orthogonal to the
conserved U(1)gy. That is, gluinos are color octet, electrically neutral fermions. In contrast, in the case of the interaction of
a Z° with pair of Majorana neutralinos, U(1)gy is not orthogonal to the electroweak SU(2)xU(1) gauge group. Nevertheless,
the Z%-gauge boson interactions of the neutralinos are allowed as they conserve electric charge.

To obtain the desired Feynman rule, we rewrite Eq. (4.3.11) in terms of mass-eigenstate fermion fields. The resulting
interaction Lagrangian can be rewritten as

Lt = =AY, (G, (43.13)
where the A% are the mass-eigenstate gauge fields (of definite U(1)-charge, if relevant), and
(G = gU*i(T*), " Uyl (4.3.14)

or in matrix form, G* = g,UTT®U (no sum over a). For values of a corresponding to the neutral gauge fields, the G are
hermitian matrices. The corresponding Feynman rule is shown in Fig. 4.3.2.

The above treatment of the gauge interactions of (two-component) fermions is general. Nevertheless, it is useful to
consider separately three cases where the gauge bosons couple to a pair of Majorana fermions, a pair of Dirac fermions,
and a fermion pair consisting of one Majorana and one Dirac fermion.

First, consider the gauge interactions of neutral Majorana fermions. The Majorana fermions consist of left-handed (%, 0)

interaction-eigenstate fermions §,— that transform under a real representation of the gauge group. After converting from the

interaction eigenstates é,' to the mass eigenstates &; using Eq. (3.2.7), the Lagrangian for the gauge interactions of Majorana
fermions is given by:

Ly = —ALET TG/, (4.3.15)

where the AZ are neutral (real) mass-eigenstate gauge fields, and

(G = g 28(T")" 2/, (4.3.16)

or in matrix form, G* = g,2TT*$£2 (no sum over a). Note that the G® are hermitian matrices. The corresponding Feynman
rule takes the same form as the generalized rule shown in Fig. 4.3.2, with a restricted to values corresponding to the neutral
mass-eigenstate gauge bosons.

Next, consider the gauge interactions of charged Dirac fermions. The Dirac fermions consist of pairs of left-handed
(%, 0) interaction-eigenstate fermions ¥; and #' that transform as conjugate representations of the gauge group (hence
the opposite flavor index heights). The fermion mass matrix couples x and 7 type fields as in Eq. (3.2.27). In the coupling
to the interaction-eigenstate gauge fields, if the (T®);/ are matrix elements of the hermitian representation matrices of the
generators acting on the ¥;, then the 7' transform in the complex conjugate representation with the corresponding generator

41 Iy terms of the physical gauge boson fields, AZT“ consists of a sum over real neutral gauge fields multiplied by hermitian generators, and complex
charged gauge fields multiplied by non-hermitian generators. For example, in the electroweak Standard Model, G = SU(2) x U(1) with gauge bosons and
generators Wy and T = %r” for SU(2)and B,, and Y for U(1), where the t¢ are the usual Pauli matrices. After diagonalizing the gauge boson squared-mass
matrix[151]:

£
V2

where Q = T3+Y is the generator of the unbroken U(1)gy, T* = T'+iT? and e = g sinfy, = g’ cos 6y,. The massive gauge boson charge-eigenstate fields
of the broken theory consist of a charged massive gauge boson pair, W* = (W' iWZ)/ﬁ, a neutral massive gauge boson, Z = W3 cos 6y, — Bsin 6y,
and the massless photon, A = W3 sin 6y, + B cos .

g
Cos Oy

QWIT* +g'B,Y = — (W, TT + W, T") + (T® — Qsin® 6w) Z, + eQA,, (4.3.12)
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Fig.4.3.3. The Feynman rules for the interaction of a gauge boson and a pair of Dirac fermions (each formed by x and n of the appropriate flavor index). The
fermion lines are labeled by the corresponding two-component left-handed (%, 0) fermion fields. The matrices G} and Gg depend on the group generators
for the representation carried by the y; according to Eqs. (4.3.19) and (4.3.20). The index a runs over both neutral and charged (mass-eigenstate) gauge
bosons, consistent with charge conservation at the vertex.

matrices —(T*)* = —(T%T, i.e. with matrix elements —(T”)ji. Hence, the Lagrangian for the gauge interactions of Dirac
fermions can be written in the form:

Lt = —aAL 3 1 T  (T 35 + 87 7, (T'H. (4.3.17)

We now rewrite Eq. (4.3.17) in terms of mass-eigenstate fermion fields using Eq. (3.2.31), and express the hermitian
matrix gauge field A* = A, T? in terms of mass-eigenstate gauge fields (of definite U(1)-charge, if relevant). The resulting
interaction Lagrangian is then given by:

Lo = —AY [x“ﬂ G x — 0l 7,y #] (4.3.18)
where A3 G and A7 G2 are hermitian matrix-valued gauge fields, with:

(D7 = gl (T Ll (4.3.19)

(G = ZaR™j(T"m R (4.3.20)

In matrix form, Eqgs. (4.3.19) and (4.3.20) read: G} = g.L'T Land Gy = g.RTT"R (no sum over a). For values of a corresponding
to the neutral gauge fields, G] and Gy, are hermitian matrices. The corresponding Feynman rules for the gauge interactions of
Dirac fermions are shown in Fig. 4.3.3. Note that x; with its arrow pointing out of the vertex and 5’ with its arrow pointing
into the vertex represent the same Dirac fermion.

Finally, consider the interaction of a charged vector boson W (with U(1)-charge qy ) with a fermion pair consisting of
one Majorana and one Dirac fermion. As before, we denote the Majorana fermion by &; and the Dirac fermion pair by x; and
7 (with U(1)-charges q; and —gqj, respectively). All fields are assumed to be in the mass-eigenstate basis. The interaction
Lagrangian is given by*

Line = =W, [(G); x T5"& — (G 5+ 1] — WG £15% 4 — (Go)'nf o &), (4.3.21)

where G; and G, are arbitrary complex matrices, with (G1)] [(G1)71* and (Gy)¥ = [(G2);]*, such that (Gl)ji =(Gy);j=0
unless qw = gj. The interactions of Eq. (4.3.21) yield the Feynman rules exhibited in Fig. 4.3.4. Note that rules (c) and (d) are
the complex conjugates of rules (a) and (b), respectively, corresponding to a reversal of the flow of the U(1)-charge through
the interaction vertex.

In Figs. 4.3.2-4.3.4, two versions are given for each of the boson-fermion-fermion Feynman rules. The correct version
to use depends in a unique way on the heights of indices used to connect each fermion line to the rest of the diagram.
For example, the way of writing the vector-fermion-fermion interaction rule depends on whether we used v fig* Y, or its
equivalent form —1/fja“1/f“, in Eq. (4.3.11). Note the different heights of the undotted and dotted spinor indices that adorn
o* and *. The choice of which rule to use is thus dictated by the height of the indices on the lines that connect to the
vertex. These heights should always be chosen so that they are contracted as in Eq. (2.36).

The application of the rules of this subsection will be exhibited in Section 4.5. Many additional examples involving
Standard Model and MSSM processes can be found in Section 6.

2 The sign in front of G is conventionally chosen to match the sign of the term proportional to Gg in Eq. (4.3.18).
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Fig.4.3.4. The Feynman rules for the interactions of a charged vector boson (with U(1)-charge gy ) with a fermion pair consisting of one Majorana fermion
&; and one Dirac fermion formed by x; and 7 (with corresponding U(1)-charges g; and —g;). The fermion lines are labeled by the corresponding two-
component left-handed (%, 0) fermion fields. The matrix couplings G; and G, are defined in Eq. (4.3.21). Note that (G, )ji = (G2);j = O unless qw = qj. The
arrows indicate the direction of flow of the U(1)-charges of the fermion and boson fields.

4.4. General structure and rules for Feynman graphs

When computing an amplitude for a given process, all possible diagrams should be drawn that conform with the rules
given in Sections 4.1-4.3 for external wave functions, propagators, and interactions, respectively. Starting from any external
wave function spinor (or from any vertex on a fermion loop), factors corresponding to each propagator and vertex should
be written down from left to right, following the line until it ends at another external state wave function (or at the original
point on the fermion loop). If one starts a fermion line at an x or y external state spinor, it should have a raised undotted
index in accord with Eq. (2.36). Or, if one starts with an x" or y', it should have a lowered dotted spinor index. Then, all spinor
indices should always be contracted as in Eq. (2.36). If one ends with an x or y external state spinor, it will have a lowered
undotted index, while if one ends with an x' or y* spinor, it will have a raised dotted index. For arrow-preserving fermion
propagators and gauge vertices, the preceding determines whether the o or & rule should be used.

With only a little practice, one can write down amplitudes immediately with all spinor indices suppressed. In particular,
the following must be satisfied:

e For any scattering matrix amplitude, factors of o and o must alternate. If one or
more factors of o and/or o are present, then x and y must be followed [preceded]

by a o [7], and x' and y" must be followed [preceded] by a & [o]. (4.4.1)

These requirements automatically dictate whether the o or o version of the rule for arrow-preserving fermion
propagators and gauge vertices are employed in any tree-level Feynman diagram. In loop diagrams, we must add one further
requirement that governs the order of the o and & factors as one traverses around the loop.

e Arrow-preserving propagator lines must be traversed in a direction parallel [anti-
parallel] to the arrowed line segment for the & [o'] version of the propagator rule.*? (4.4.2)

For fermion lines that are not closed loops, this last requirement is realized automatically provided that the requirements
of Eq. (4.4.1) are satisfied. However, for closed fermion loops, one must use the correct fermion propagator corresponding
to the direction around the loop one has chosen to follow in writing down the spinor trace with suppressed indices. For
example, having employed a o [o ] rule at one vertex attached to the loop, one must then traverse the loop from that vertex
point in a direction parallel [antiparallel] to the arrow-preserving propagator lines in the loop. Indeed, this rule is crucial for
obtaining the correct sign for the triangle anomaly calculation in Section 6.26.

Symmetry factors for identical particles are implemented in the usual way. Fermi-Dirac statistics are implemented by
the following rules:

e Each closed fermion loop gets a factor of —1.
e A relative minus sign is imposed between terms contributing to a given amplitude whenever the ordering of external
state spinors (written left-to-right in a formula) differs by an odd permutation.

Amplitudes generated according to these rules will contain objects of the form:

a=z1X2 (4.4.3)

43 This rule is simply a consequence of the order of the spinor indices in Fig. 4.2.2, as noted in Section 4.2.
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&i(p2,82) &(p2, 52)

&(p1, 1) &i(p1,s1)

Fig. 4.5.1. The two tree-level Feynman diagrams contributing to the decay of a neutral scalar into a pair of Majorana fermions.

where z; and z, are each commuting external spinor wave functions x, x, y, or y', and X is a sequence of alternating o and
o matrices. The complex conjugate of this quantity is obtained by applying the results of Eqs. (2.43)-(2.47), and is given
by44

0" =2} %z} (4.4.4)

where X, is obtained from X by reversing the order of all the o and & matrices, and using the same rule for suppressed
spinor indices. [Notice that this rule for taking complex conjugates has the same form as for anticommuting spinors; cf. Egs.
(2.43)-(2.47).] We emphasize that in principle, it does not matter in what direction a diagram is traversed while applying the
rules. However, for each diagram one must include a sign that depends on the ordering of the external fermions. This sign can
be fixed by first choosing some canonical ordering of the external fermions. Then for any graph that contributes to the process
of interest, the corresponding sign is positive (negative) if the ordering of external fermions is an even (odd) permutation
with respect to the canonical ordering. If one chooses a different canonical ordering, then the resulting amplitude changes
by an overall phase (is unchanged) if this ordering is an odd (even) permutation of the original canonical ordering.*> This is
consistent with the fact that the S-matrix element is only defined up to an overall sign, which is not physically observable.*®

Note that different graphs contributing to the same process will often have different external state wave function spinors,
with different arrow directions, for the same external fermion. Furthermore, there are no arbitrary choices to be made for
arrow directions, as there are in some four-component Feynman rules for Majorana fermions (as discussed in Appendix G).
Instead, one must add together all Feynman graphs that obey the rules.

4.5. Basic examples of writing down diagrams and amplitudes

Some simple examples will help clarify the rules of Section 4.4. In the tree-level Feynman graphs of this subsection, we
label all two-component fermion lines by their corresponding left-handed (%, 0) fields. (We shall propose a slightly different
labeling convention in Section 5.) A larger number of examples, drawn from practical calculations, are given in Section 6.

4.5.1. Scalar boson decay to fermion pairs
Let us first consider a theory with a multiplet of uncharged, massive (2, 0) fermions &;, and a real scalar ¢, with interaction

Line = —3 (V&L + 13ETEY) ¢, (45.1)

where A; = (AY)* and AV = A", Consider the decay ¢ — & (P, $1)&(P,, s2) [for a fixed choice of i and j], where by & (P, s)
we mean the one-particle state given by Eq. (3.2.13).
Two diagrams contribute to this process, as shown in Fig. 4.5.1. The matrix element is:

Y@y, 51 (—irT86P )y By, 52)p + X1 (B1. 51)a (—ir8% X By, 52)"
= =My, )Yy, 52) — ihgx! (B, 5K (B 52). (45.2)

The second line could be written down directly by recalling that the sum over suppressed spinor indices is taken according
to Eq. (2.36). Note that if we reverse the ordering for the external fermions, the overall sign of the amplitude changes sign.
This is easily checked, since for the commuting spinor wave functions (x and y), the spinor products in Eq. (4.5.2) change

iM

44 Eor Lorentz scalar quantities of the form given by Eq. (4.4.3), there is no distinction between complex conjugation and hermitian conjugation.

45 Fora process with exactly two external fermions, it is convenient to apply the Feynman rules by starting from the same fermion external state in all
diagrams. That way, all terms in the amplitude have the same canonical ordering of fermions and there are no additional minus signs between diagrams.
However, if there are four or more external fermions, it often happens that there is no way to choose the same ordering of external state spinors for
all graphs when the amplitude is written down. Then the relative signs between different graphs must be chosen according to the relative sign of the
permutation of the corresponding external fermion spinors. This guarantees that the total amplitude is antisymmetric under the interchange of any pair
of external fermions.

46 The S-matrix element is related to the invariant matrix element Mg by S = 8 + (2m)4s@ (ps — pi) iMg, where py (p;) is the total four-momentum
of the final (initial) state. If f # i (i.e. the final and initial states are distinct), then 85 = 0 in which case the invariant matrix element is only defined up to
an overall (unphysical) sign. However, if f = i, the most convenient choice for the canonical ordering of external fermions is the one that yields (f|i) = &5
(with no extra minus sign), which then fixes the absolute sign of the invariant matrix element.
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n*(p1, $1) xi(p1, 51)

Fig.4.5.2. The two tree-level Feynman diagrams contributing to the decay of a neutral scalar into a pair of Dirac fermions. The ;-7 and Xj—T/‘i pairs, each
with oppositely directed arrows, comprise Dirac fermion states with flavor indices i and j, respectively.

sign when the order is reversed [see Egs. (2.59) and (2.60)]. This overall sign is not significant and depends on the order used
in constructing the two-particle state. One could even make the choice of starting the first diagram from fermion 1, and the
second diagram from fermion 2:

iM = —iAly(By, s1)y®,, 52) — (= Dikgx! (B, $2)x" By, 51). (45.3)

Here, the first term establishes the canonical ordering of fermions (12), and the contribution from the second diagram
therefore includes the relative minus sign in parentheses. Indeed, Eqs. (4.5.2) and (4.5.3) are equal. In the computation
of the total decay rate for the case of i = j, one must multiply the integral over the total phase space by 1/2 to account for
the identical particles.

Next, we consider a theory of a massive neutral scalar boson that couples to a multiplet of Dirac fermions. We denote
the corresponding two-component fields by x; and #'. For simplicity, we take all the U(1)-charges of the x; to be equal (and
opposite to the charges of the ). The corresponding U(1)-invariant interaction is:

Fine = —('jxi + ki xn))g, (4.5.4)

where k/ = («';)*. Consider the decay ¢ — fi(p;, 51)fj(132, s) [for a fixed choice of i and j], where by f (p, s) and f (D, s) we
mean the one-particle states given by Eq. (3.2.22). Two diagrams contribute to this process, as shown in Fig. 4.5.2. Note that
the outgoing fermion lines are distinguished by their U(1)-charges. The matrix element is then given by

iM = —ik!y(®y, 1)y, 52) — ik{x By, 51X (D, 52). (45.5)

The matrix element for ¢ — f(p;, sl)fj (P, 52) is identical to that of ¢ — &:(Py, s1)&(P,, S2) after replacing A7 with «';.

However for fixed i = j, the rate for scalar boson decay to fif "is twice that of &i&; due to the final state identical particles in
the latter case, as noted above. One also arrives at the same conclusion if one treats a single Dirac fermion as a pair of mass-
degenerate two-component fields &; and &, [cf. Eq. (3.2.15)]. Due to the U(1)-symmetry, the scalar Yukawa interactions are
diagonal in the £-&, basis, so the rate for scalar decay into the Dirac fermion pair is equal to the incoherent sum of the rate
for decay into £1&; and &;&,.

4.5.2. Fermion pair annihilation into a scalar boson

It is also instructive to consider the corresponding 2 — 1 scattering (annihilation) processes & (p;, s1)& (P, $2) — ¢
and f(py, s1)f (P, $2) — ¢, respectively. The corresponding amplitudes are given by Egs. (4.5.2) and (4.5.5) withy — x
and x' — y' (for simplicity, we neglect flavor). In the computation of the cross-sections, there is no extra factor required to
account for the case of identical particles in the initial state. That is, the cross-section for f (p;, s1)f (5, 52) — ¢ is equal to
the cross-section for & (p;, $1)& (P,, S2) — ¢ after replacing A with «.

This may at first seem puzzling given that a Dirac fermion can be represented by a pair of mass-degenerate two-
component fields x; and x». But, recall the standard procedure for the calculation of decay rates and cross-sections in field
theory—average over unobserved degrees of freedom of the initial state and sum over unobserved degrees of freedom of the final
state. This mantra is well known for dealing with spin and color degrees of freedom, but it is also applicable to degrees
of freedom associated with global internal symmetries. Thus, the cross-section for the annihilation of a Dirac fermion pair
into a neutral scalar boson can be obtained by computing the average of the cross-sections for &;(p;, $1)&1 (D5, S2) — ¢
and & (pq, $1)&2(P,, s2) — ¢. Since the annihilation cross-sections for £;£; and &£, are equal, we confirm the annihilation
cross-section for the Dirac fermion pair obtained above in the y -7 basis. Since the latter is conceptually simpler, subsequent
computations involving Dirac fermions will be performed in the x -7 basis.

The annihilation rate of fermions enters in the analysis of the event flux due to the annihilation of dark matter in the
halo of our galaxy. Let us compare the rates in the case that the dark matter is either a Majorana or a Dirac fermion. Suppose
the annihilation involves two fermions whose number densities are n; and n, respectively. Then the observer on Earth who
integrates along the line of sight to the annihilation events that are detected sees a flux of events proportional to [152]

dNEVthS
dAdt

where v, is the relative velocity of the annihilating initial state particles, oaq, is the annihilation cross-section and (- - - )
refers to a thermal average [153] over the velocity distribution of dark matter particles in the halo. We now compare the

~ / nin; (Gannvrel> de, (456)
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&(p1,51) &(p1, 51)

&(p2,s2) &i(p2, s2)

Fig.4.5.3. The two tree-level Feynman diagrams contributing to the decay of a massive neutral vector boson A, into a pair of Majorana fermions.

case of the annihilation of a single species of Majorana particles and the annihilation of a Dirac fermion-antifermion pair
(assumed to have the same mass and couplings). We assume that the number density of Dirac fermions and antifermions
and the corresponding number density of Majorana fermions are all the same (and denoted by n). Above, we showed that
Oann i the same for the annihilation of a single species of Majorana and Dirac fermions. For the Dirac case, nyn, = n?. For
the Majorana case, because the Majorana fermions are identical particles, given N initial state fermions in a volume V, there
are N(N — 1)/2 possible scatterings. In the thermodynamic limit where N, V — oo at fixed n = N/V, we conclude that
nin; = %nz for a single species of annihilating Majorana fermions.*” Hence the event flux rate for the annihilation of a
Dirac fermion-antifermion pair is double that of a single species of Majorana fermions.*® The extra factor of 1/2 can also
be understood by noting that in the case of annihilating dark matter particles (in the large N limit), all possible scattering
axes occur and are implicitly integrated over. But, integrating over 4t steradians double counts the annihilation of identical
particles (in the same way it does in the computation of the decay rate of a scalar into identical fermions discussed above).
Hence, one must include a factor of% in this case by replacing nyn, = n? by %nz in Eq. (4.5.6).

The relic abundance of primordial dark matter particles in the universe is inversely proportional to (oannvrer) [155]. By
similar arguments to the ones just presented, it follows that the relic abundance of a single species of Majorana fermions
would be twice that of a single species of Dirac fermions.

4.5.3. Vector boson decay into fermion pairs
Consider next the decay of a massive neutral vector boson A, into a pair of Majorana fermions, A, — &(B;, s1)& (P2, S2),
following from the interaction,

Lt = _GIJAHETiE/LEj, (4.5.7)
where G is an hermitian coupling matrix. The two diagrams shown in Fig. 4.5.3 contribute.

We start from the fermion with momentum p; and spin vector s; and end at the fermion with momentum p, and spin
vector s,, using the rules of Fig. 4.3.2. The resulting amplitude for the decay is

iM=e" [—iGzJXT 28 Sl)E;J(I;z, S2) + iGjly(i’w Sl)UuXT(i’2’ 52)] ) (4.5.8)
where & is the vector boson polarization vector. We have used the o-version of the vector-fermion-fermion rule [see
Fig. 4.3.2] for the first diagram of Fig. 4.5.3 and the o -version for the second diagram of Fig. 4.5.3, as dictated by the implicit
spinor indices, which we have suppressed. However, we could have chosen to evaluate the second diagram of Fig. 4.5.3 using
the o-version of the vector-fermion-fermion rule by starting from the fermion with momentum p, and spin vector s,. In
that case, the term iG;'y(p;, s1)0,.x" (D, s2) in Eq. (4.5.8) is replaced by

(—=D[—iGx" By, $2)7 .y By 51)]. (4.5.9)

In Eq. (4.5.9), the factor of —iGji arises from the use of the o-version of the vector-fermion-fermion rule, and the overall
factor of —1 appears because the order of the fermion wave functions has been reversed; i.e. (21) is an odd permutation of
(12). This is in accord with the ordering rule stated at the end of Section 4.4. Thus, the resulting amplitude for the decay of
the vector boson into the pair of Majorana fermions now takes the form:

iM = e [—iGIx By, $1)0,5 Dy, 52) + IG'XT (By, )T,y (By. 51)] (4.5.10)

which coincides with Eq. (4.5.8) after using yo“x! = xTa*y [cf. Eq. (2.61) with commuting spinors]. Eq. (4.5.10) explicitly
exhibits the property that the amplitude is antisymmetric under the interchange of the two external identical fermions.
Again, the absolute sign of the total amplitude is not significant and depends on the choice of ordering of the outgoing
states.

Next, we consider the decay of a massive neutral vector boson into a pair of Dirac fermions. Each Dirac fermion
is described by the two-component fields x; and #, which possess equal and opposite U(1)-charges, respectively. The
corresponding interaction Lagrangian is given by:

L = —A* LG x5 — (Go)f nfT ], (45.11)
where G; and Gy are hermitian. There are two contributing graphs, as shown in Fig. 4.5.4.

47 The factor of 1/2, which has been erroneously omitted in many papers in the literature, was correctly employed and explained in Ref. [154].
48 This is also consistent with the interpretation of a Dirac fermion as a pair of mass-degenerate Majorana fermions.
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xi(p1, 51) n'(p1,51)
A, Ay

Xj (P2, 52) 7’ (pa. s2)

Fig. 4.5.4. The two tree-level Feynman diagrams contributing to the decay of a massive neutral vector boson A, into a pair of Dirac fermions. The Xi-n'
and x;-»’ pairs, each with oppositely directed arrows, comprise Dirac fermion states with flavor indices i and j, respectively.

N k s N k s
N e , ~ —_— P
N . N .
N s N s
N s N s
N s N s

Fig. 4.5.5. Tree-level Feynman diagrams contributing to the elastic scattering of a neutral scalar and a Majorana fermion. There are four more diagrams,
obtained from these by crossing the initial and final scalar lines.

To evaluate the amplitude, we start with the fermion of momentum p; and spin vector sy, and end at the fermion with
momentum p, and spin vector s,. Note that the outgoing y; with the arrow pointing outward from the vertex and the
outgoing n' with the arrow pointing inward to the vertex both correspond to the same outgoing Dirac fermion. The amplitude
for the decay is given by:

gt [_i(GL)szT(I_ih $1)7 YB3, $2) — i(GR){Y(D1, $1)0,X (B, 52)]
= gt [_i(GL)zij(ﬁ]v 5107, YDy, $2) — I(GR)IX (B, $2)7 .y (D1, s1)]. (4.5.12)

As in the case of the decay to a pair of Majorana fermions, we have exhibited a second form for the amplitude in Eq. (4.5.12)
in which the o -version of the vertex Feynman rule has been employed in both diagrams. Of course, the resulting amplitude
must be the same in each method (up to a possible overall sign of the total amplitude that is not determined).

The computation of the amplitude for the decay of a charged vector boson to a fermion pair consisting of one Majorana
fermion and one Dirac fermion, due to the interactions given in Eq. (4.3.21), is straightforward and will not be given explicitly
here.

iM

4.5.4. Two-body scattering of a boson and a neutral fermion

The next level of complexity consists of diagrams that involve fermion propagators. In the examples that follow in this
and in the next subsection, we shall ignore the flavor index and consider scattering processes that involve a single flavor of
Majorana or Dirac fermion. For our first example of this type, consider the tree-level matrix element for the scattering of a
neutral scalar and a two-component neutral massive fermion (¢p& — ¢&), with the interaction Lagrangian given above in
Eq. (4.5.1). Using the corresponding Feynman rules, there are eight contributing diagrams. Four are depicted in Fig. 4.5.5;
there are another four diagrams (not shown) where the initial and final state scalars are crossed (i.e., the initial state scalar
is attached to the same vertex as the final state fermion).

We shall write down the amplitudes for the four diagrams shown in Fig. 4.5.5, starting with the final state fermion line
and moving toward the initial state fermion line. Then,

iM = ﬁ {(=i)(=in%) [X By, 525 - kx(Bys 1) + ¥(Bas 52) 0 - ky! (B, 51)]
&
+ mg [(—iM)2y @y, s2)X(By. 51) + (—iX*)°XT (B, s2)y" By, 51) ]} + (crossed), (4.5.13)

where k* is the sum of the two incoming (or outgoing) four-momenta, (p1, s;) are the momentum and spin four-vectors of
the incoming fermion, and (p,, S2) are those of the outgoing fermion. The notation “(crossed)” refers to the contribution to
the amplitude from diagrams which have the initial and final scalars interchanged. Note that we could have evaluated the
diagrams above by starting with the initial vertex and moving toward the final vertex. It is easy to check that the resulting
amplitude is the negative of the one obtained in Eq. (4.5.13); the overall sign change simply corresponds to swapping the
order of the two fermions and has no physical consequence. The overall minus sign is a consequence of Egs. (2.59)-(2.61)
and the minus sign difference between the two ways of evaluating the propagator that preserves the arrow direction.
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Fig. 4.5.6. Tree-level Feynman diagrams contributing to the elastic scattering of a neutral vector boson and a Majorana fermion. There are four more
diagrams, obtained from these by crossing the initial and final scalar lines.
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N e N e
n X X U
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Fig. 4.5.7. Tree-level Feynman diagrams contributing to the elastic scattering of a neutral scalar and a charged fermion. There are four more diagrams,
obtained from these by crossing the initial and final scalar lines.

Next, we compute the tree-level matrix element for the scattering of a neutral vector boson and a neutral massive two-
component fermion & with the interaction Lagrangian of Eq. (4.5.7). Again there are eight diagrams: the four diagrams
depicted in Fig. 4.5.6 plus another four (not shown) where the initial and final state vector bosons are crossed.

Starting with the final state fermion line and moving toward the initial state, we obtain

. i . - _ _ . ) . _ -
IM = e {(—iG)°XT (By, 52) T - &5 0 - kT - £1x(By, $1) + ((G)°Y(By, $2) 0 - €55 - ko - ey’ (By, 51)
- e

+ (—iG) (iG)mg [y(Py, S2) 0 - €55 - €1X(By, $1) + X (D5, 52) T - €50 - £y (B, 51) ]} + (crossed),  (45.14)

where &1 and &, are the initial and final vector boson polarization four-vectors, respectively. As before, k* is the sum of the
two incoming (or outgoing) four-momenta, (p1, s;) and (p,, s») are the momentum and spin four-vectors of the incoming
and outgoing fermions, respectively, and “(crossed)” indicates the terms from diagrams in which the initial and final vector
bosons are interchanged. Alternatively, if one starts with an initial state fermion and moves toward the final state, the
resulting amplitude is the negative of the one obtained in Eq. (4.5.14), as expected.

The computation of the amplitude for the scattering of a charged scalar or vector boson and a Majorana fermion is
straightforward and will not be given explicitly here.

4.5.5. Two-body scattering of a boson and a charged fermion

We first consider the scattering of a Dirac fermion with a neutral scalar. We denote the Dirac mass of the fermion by mp.
The left-handed fields x and n have opposite charges (which we take to be Q = +1 and —1 respectively), and interact with
the scalar ¢ according to

Lo = —lexn +k*x '], (4.5.15)

where k is a coupling parameter. Then, for the elastic scattering of the Q = +1 fermion and a scalar, the diagrams of Fig. 4.5.7
contribute at tree level plus another four diagrams (not shown) where the initial and final state scalars are crossed. Now,
these diagrams match precisely those of Fig. 4.5.5. Thus, applying the Feynman rules yields the same matrix element, Eq.
(4.5.13), previously obtained for the scattering of a neutral scalar and neutral two-component fermion, with the replacement
of A with « and m; with mp.

We next examine the scattering of a Dirac fermion and a charged scalar, where both the scalar and fermion have the same
absolute value of the charge. As above, we denote the charged Q = £1 fermion by the pair of two-component fermions x
and 7 and the (intermediate state) neutral two-component fermion by &. The charged Q = +1 scalar is represented by the
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Fig. 4.5.8. Tree-level Feynman diagrams contributing to the scattering of an initial charged scalar and a charged fermion into its charge-conjugated final
state. The unlabeled intermediate state is a neutral fermion. There are four more diagrams, obtained from these by crossing the initial and final scalar lines.

X n Ul X

Fig.4.5.9. Tree-level Feynman diagrams contributing to the elastic scattering of a neutral vector boson and a Dirac fermion. There are four more diagrams,
obtained from these by crossing the initial and final vector lines.

complex scalar field @ and its hermitian conjugate. The interaction Lagrangian takes the form:

L = —P[kinE +15 xTETT — @[k xE + kinTET. (4.5.16)

Consider the scattering of an initial boson-fermion state into its charge-conjugated final state via the exchange of a neutral
fermion. The relevant diagrams are shown in Fig. 4.5.8 plus the corresponding diagrams with the initial and final scalars
crossed. We define the four-momentum k to be the sum of the two initial state four-momenta as shown in Fig. 4.5.8. The
derivation of the amplitude is similar to the ones given previously, and we end up with

: —1 * = — = > >
M = m {K] KZ[XT(p25 SZ)U N kx(plv sl) +y(p25 SZ)U : kyT(plv Sl)]
%
+ me [kK3Y (B, $2)%(B1, 51) + (})°X By, 52)y" (1, 51) ]} + (crossed). (4.5.17)

The scattering of a charged fermion and a neutral spin-1 vector boson can be similarly treated. For example, consider the
amplitude for the elastic scattering of a charged fermion of mass mp and a neutral vector boson. Again taking the interactions
as given in Eq. (4.5.11), the relevant diagrams are those shown in Fig. 4.5.9, plus four diagrams (not shown) obtained from
these by crossing the initial and final state vector bosons. Applying the Feynman rules of Fig. 4.3.3, one obtains the following
matrix element:

. —i - _ _ . - _ -
M= k2 — m? {GzXT(Pz,Sz)G &30 kT - e1X(By, $1) + Gry(Dy. 2) 0 - 655 - ko - &1y (By, 51)
—'p
+mpGGr [y(By, $2) 0 - €55 - €1 x(Py, 51) + X' (D), )T - &5 0 - €1y By, 51)]} + (crossed), (4.5.18)

and the assignments of momenta and spins are as before.
The computation of the amplitude for the scattering of a charged fermion and a charged vector boson is straightforward
and will not be given explicitly here.

4.5.6. Two-body fermion-fermion scattering

Finally, let us work out an example with four external state fermions. Consider the case of elastic scattering of two
identical Majorana fermions due to scalar exchange, governed by the interaction of Eq. (4.5.1). The diagrams for scattering
initial fermions labeled 1, 2 into final state fermions labeled 3, 4 are shown in Fig. 4.5.10.
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Fig. 4.5.10. Tree-level Feynman diagrams contributing to the elastic scattering of identical Majorana fermions via scalar exchange in the s-channel (top
row), t-channel (middle row), and u-channel (bottom row).

The resulting invariant matrix element is:

iM = (—1)

- :n; {20 0aya) + GO e + P [ i) ) + 0lvh oy |
—i
+

— {200 0ax) + (YD) + 11 [ yD o) + G 6y |}
¢

+ (=D R0 + 092 hedyh + 12 [ e sx) + vanedid ]| (45.19)

u—m¢

where x; = x(P;, 5i), ¥i = Y(P;, Si), My is the mass of the exchanged scalar, s = (p; +p2)? t = (p1 —p3)* and u = (py — pa)*.
We have chosen the canonical ordering of external fermions to be 3142 (corresponding to the t-channel contribution). For
elastic scattering, this choice of canonical ordering guarantees that if no scattering occurs then the S-matrix is just equal to
the unit operator with no extraneous minus sign (cf. footnote 46). The relative minus signs between the t-channel diagram
and the s and u-channel diagrams [shown in parentheses in Eq. (4.5.19)] are obtained by observing that both 1234 and 4132
are both odd permutations of 3142. Note that we would have obtained the same relative signs for the u-channel diagrams
had we crossed the initial state fermion lines instead of the final state fermion lines.
Eq. (4.5.19) can be factorized with respect to the scalar line:

o L x ot bty —i e .
IM = s m2 ()LXIXZ + A Y1yZ)()‘-y3Y4 +A X3X4) + t mz ()\.V3xl +A X3.V1)()\Y4X2 + A X4.V2)
' e

i

+ (Wyaxs 4+ XXy (ysxa + 2 xdyd). (4.5.20)

2
u—my
This is a common feature of Feynman graphs with a virtual boson. This example also illustrates that in contrast to the four-

component fermion formalism, the two-component fermion Feynman rules typically yield many more diagrams, but the
contribution of each of the diagrams is correspondingly simpler.

4.5.7. Non-relativistic potential due to scalar or pseudoscalar exchange

Consider two distinguishable fermions, and a scalar-fermion-fermion Yukawa interaction given by Eq. (4.3.9). We can
compute the force law that the fermions experience due to exchange of a spinless boson. That is, we shall derive the Yukawa
potential as a function of the separation distance of the two fermions in the static limit.

To carry out this computation, we compute the invariant matrix element for two-body fermion-fermion elastic scattering
in the non-relativistic limit. The relevant diagrams are shown in Fig. 4.5.10. As our two fermions are distinguishable, only
the t-channel graphs (shown in the middle row of Fig. 4.5.10) are relevant. As a result, the matrix element for the elastic
scattering of two Majorana fermions is given by the t-channel contribution of Eq. (4.5.20),

i

iM= (Ay3xq; + )»*xgy”;)()»y‘;xz + A*x};y;). (4.5.21)

2 _
my t
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The choice of the overall sign is fixed by the canonical ordering of the external fermions.*°> Although the two fermions are
distinguishable, we have assumed for simplicity that their (complex) Yukawa coupling strengths are the same and given by
M. For the scattering of two distinguishable Dirac fermions, the resulting expression for the scattering amplitude is identical
to Eq. (4.5.21), with A replaced by the appropriate complex Yukawa coupling «.
We denote the masses of the distinguishable fermions by m; and m,. In the non-relativistic limit, p; >~ (m;; p;) and
p3 = (my; P3), so that
Mg, — t 2 [Py — B3l +mg = G| + mg, (45.22)
where
4=Pp; — P =P, — Ps4 (45.23)
is the momentum-transfer three-vector. Two separate cases will be considered.
In the first case, X is a real coupling. This corresponds to the exchange of a J*° = 0"+ scalar. Using the non-relativistic
forms of Egs. (C.2.16) and (C.2.22) for the spinor bilinears, it is only necessary to keep the leading term. We then find:
4i|A|?mym
iag = A2, ¥
lq|? + mj
in agreement with Eq. (4.123) of Ref. [114].
In the second case, A is purely imaginary, and we will write A = i|A| (the overall sign is not significant). This corresponds
to the exchange of a J°© = 0~ pseudoscalar. Again, we use the non-relativistic forms of Eqs. (C.2.16) and (C.2.22) for the

spinor bilinears. However, in this case the leading term cancels and we must retain the @ (|p|/m) terms appearing in the
non-relativistic limit of the spinor bilinears. In this case, we find

515305554 5 (4.5.24)

12
= Ifllgﬂmi(a S ) @G ). (45.25)
We choose the spin quantization axis to lie along the z-direction. That is, according to Eq. (C.1.27), we choose
¢.8,8) =*3,2), (4.5.26)
in which case one can rewrite Eq. (4.5.25) in the more traditional way,
a2 .. I
= m(q “Os35,) (G - Osys,), (4.5.27)

where ¢ = &t! + y72 + 273 are the usual spin-1/2 Pauli matrices.’® Thus, pseudoscalar exchange yields a spin-dependent
force law.

The non-relativistic potential that arises from the t-channel scalar or pseudoscalar exchange is obtained by comparing
the relativistic scattering amplitude M with the Born approximation for scattering off a potential V(%) in non-relativistic
quantum mechanics. Taking into account the difference between the conventions for the normalization of relativistic and
non-relativistic single-particle states, one finds that the static potential is given by [156]

1 d3q
4mym, | (2mw)3

in a convention where the invariant amplitude is defined as in footnote 46. Inserting the scattering amplitude for scalar (S)
exchange, one obtains the well-known attractive spin-independent Yukawa potential

V@R = — M(@)eT*, (45.28)

> — |)\’|2 —Mgr
V(x)s = ~amr C Os15505p54» (4.5.29)
where r = |X]. For the case of pseudoscalar (PS) exchange, one can easily evaluate the integral in Eq. (4.5.28) by writing
qjqre'’* = —V;Ve'*. The end result is [157]:
. |)\‘|2 . o N —mgr
V(X)ps = m(%m - V) (05,5, - V) -
|A12m3 L
= towmm, || amg? @ S P
1 1 173 (Osys; - X)(Gsys, - %) - e M’
+ | —+ + - — Gy, Oy, | —— ¢ s 45.30
[(m¢r)2 (mgr) 3i| [ r2 S35 TS r ( )

49 As noted in Section 4.5.6, the canonical ordering of the external fermions in two-body elastic scattering is determined by the requirement that
(fli) = +1for f = i(cf. footnote 46).

50 The subscripted spin labels on ¢ should be interpreted in the same way as outlined in footnote 95.



H.K. Dreiner et al. / Physics Reports 494 (2010) 1-196 41

where we have used [158]:

1 47 Lo 3xx — 12
W%<;>:—§Jﬁ@Q%kJiﬁ—l. (45.31)

4.6. Self-energy functions and pole masses for two-component fermions

In this section, we discuss the self-energy functions for fermions in two-component notation, taking into account the
possibilities of loop-induced mixing and absorptive parts corresponding to decays to intermediate states. This formalism is
useful in the computation of loop-corrected physical pole masses.

Consider a theory with left-handed fermion degrees of freedom @,- labeled by an indexi = 1, 2,..., N. Associated
with each 1@,- is a right-handed fermion @Tf, where the flavor labels are treated as described below Eq. (3.2.2). The theory
is assumed to contain arbitrary interactions, which we will not need to refer to explicitly. As discussed in Section 3.2, we
diagonalize the fermion mass matrix and identify the fermion mass eigenstates v; as indicated in Eq. (4.3.5). In general, the
mass eigenstates consist of Majorana fermions & (k = 1, ...N — 2n) and Dirac fermion pairs x; and n, (£ = 1, ..., n).>!
With respect to this basis, the symmetric N x N tree-level fermion mass matrix, m?, is made up of diagonal elements m; and

2 x 2 blocks ( n?[ "(’)‘ ) along the diagonal, where the m; and m;, are real and non-negative. Since m is real, the height of the
flavor indices is not significant. Nevertheless, it is useful to define m; = m? in order to maintain the convention that two
repeated flavor indices are summed when one index is raised and the other is lowered.>? Note that fym" = m**my; = m?s!
is a diagonal matrix.

The full, loop-corrected Feynman propagators with four-momentum p* are defined by the Fourier transforms of

vacuum expectation values of time-ordered products of bilinears of the fully interacting two-component fermion fields
[cf. footnote 35]. Following Eqs. (4.2.1)-(4.2.4), we define:

(O TYai V] ) 10)r = ip - 0, €7 (5), (46.1)

©OITY )y ) 10)r = ip - & (€15, (46.2)

O TY ¥ 0y 1) [0)er = i6% 5 DI (s), (46.3)

(Ol TYai )] 1) 0)gr = 8. Dy(s), (4.6.4)
where s = p? and

€ =qgh (4.6.5)
One can derive Eq. (4.6.2) from Eq. (4.6.1) by first writing

VY 1) = =€ Py (Y], (4.6.6)

where the minus sign arises due to the anticommutativity of the fields, and then using Eq. (2.31); the interchange of x and
y (after FT) simply changes p to —p*. _

In general, D and D are complex symmetric matrices, and D = D*. The matrix C satisfies the hermiticity condition
[CT]* = C. Here, we have introduced the star symbol to mean that a quantity Q* is obtained from Q by taking the
complex conjugate of all Lagrangian parameters appearing in its calculation, but not taking the complex conjugates of
Euclideanized loop integral functions, whose imaginary (absorptive) parts correspond to fermion decay widths to multi-
particle intermediate states. That is, the dispersive part of C is hermitian and the absorptive part of C is anti-hermitian.

The diagrammatic representations of the full propagators are displayed in Fig. 4.6.1, where C/, DY, and Dj; defined above
are each N x N matrix functions. Note that the second diagram of Fig. 4.6.1, when flipped by 180° about the axis that bisects
the diagram, is equivalent to the first diagram of Fig. 4.6.1 (withp — —p,a — B, 8 — «& andi < j). In analogy with
Fig. 4.2.2, one could replace the first two diagrammatic rules of Fig. 4.6.1 with a single rule shown in Fig. 4.6.2, where we
have used Eq. (4.6.5) to rewrite the second version of the rule in terms of C'. Indeed, by using the &-version of the rule
shown in Fig. 4.6.2 and flipping the corresponding diagram by 180° as described above, one reproduces the rule of the
second diagram of Fig. 4.6.1.

In what follows, we prefer to keep the first two rules of Fig. 4.6.1 as separate entities. This will permit us to conveniently
assemble the four diagrams of Fig. 4.6.1 into a 2 x 2 block matrix of two-component propagators [cf. Eq. (G.5.2)]. In addition,

5T In order to have a unified description, we shall take the flavor index of all left-handed fields (including ) in the lowered position in this subsection,
in contrast to the convention adopted in Sections 3.2 and 4.3.

52 we will soon be suppressing the indices, so it is convenient to employ the bar on m;; to indicate its lowered index structure.
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Fig. 4.6.1. The full, loop-corrected propagators for two-component fermions are associated with functions C(p?){ [and its matrix transpose], D(p®)¥, and
D(p?);, as shown. The shaded boxes represent the sum of all connected Feynman diagrams, with external legs included. The four-momentum p flows from
right to left.

P
-
o A , . .
——] ———— ip-o,z3CJ or —ip-aP (CT);
i j

Fig.4.6.2. The first two diagrammatic rules of Fig. 4.6.1 can be summarized by a single diagram. Here, the choice of the o or & version of the rule is uniquely
determined by the height of the spinor indices on the vertex to which the full loop-corrected propagator is connected (cf. Fig. 4.2.2 and the accompanying
text).

P p
-— -—
a 4 a B a O s i 3
i J i J i J i J
—ip- 7B —ip-0,5ET) —i6,5Q —i% ;9

Fig. 4.6.3. The self-energy functions for two-component fermions are associated with functions Z(s);/ [and its matrix transpose], 2(s)?, and ﬁ(s),-j, as
shown. The shaded circles represent the sum of all one-particle irreducible, connected Feynman diagrams, and the external legs are amputated. The four-
momentum p flows from right to left.

by choosing the momentum flow in the two-component propagators from right to left, the left-to-right orderings of the
spinor labels of the diagrams coincide with the ordering of spinor indices that appear in the corresponding algebraic
representations. Thus, we can multiply diagrams together and interpret them as the product of the respective algebraic
quantities taken from left to right in the normal fashion.

Given the tree-level propagators of Fig. 4.2.1, the full propagator functions are given by:

Cl=68//(s— mlz) 4. (4.6.7)
D — mij/(s _ mlz) 4. (4.6.8)
Dy =my/(s—m?) +---, (4.6.9)

with no sum on i in each case. They are functions of the external momentum invariant s and of the masses and couplings of
the theory. Inserting the leading terms [Eqs. (4.6.7)-(4.6.9)] into Fig. 4.6.1 and organizing the result in a 2 x 2 block matrix
of two-component propagators reproduces the usual four-component fermion tree-level propagator given in Eq. (G.5.2).

The computation of the full propagators can be organized, as usual in quantum field theory, in terms of one-particle
irreducible (1PI) self-energy functions. These are formally defined to be the sum of Feynman diagrams to all orders in
perturbation theory (with the corresponding tree-level graph excluded) that contribute to the 1PI two-point Green function.
Diagrammatically, the 1PI self-energy functions are defined in Fig. 4.6.3. As in the case of the full loop-corrected propagators,
[ET]* = & and 2 = 2*, where the star symbol was defined in the paragraph following Eq. (4.6.6), and (E‘T)"j = E.'j".

We illustrate the computation of the full propagator by considering first the following diagrammatic identity (with
momentum p flowing from right to left):

a 8 a 8
= _————
i J i J
a A d 64
+ +
i k l J
a ! g 8 a gl 0 63
+ +

i k ¢ j i k 0 j (4.6.10)
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Similar diagrammatic identities can be constructed for the three other full loop-corrected propagators of Fig. 4.6.1. The
resulting four equations can be neatly summarized by:

F =T + TSF, (46.11)

where F is the matrix of full loop-corrected propagators, T is the matrix of tree-level propagators and S is the matrix of
self-energy functions. Expressing Eq. (4.6.11) in terms of diagrams,

= +

~ O SO o 1 ~O= O/ \+T ~~ (4.6.12)

which, when expanded out, yields Eq. (4.6.10) and the corresponding identities for the three other full loop-corrected
propagators of Fig. 4.6.1. Note that we have chosen the labeling and momentum flow in Figs. 4.6.1 and 4.6.3 such that
the spinor and flavor labels of the diagrams appear in the appropriate left-to-right order to permit the interpretation of
Eq. (4.6.12) as a matrix equation. To solve for F,>> we multiply Eq. (4.6.11) on the left by T~! and on the right by F~! to
obtain T~! = F~! 4+ S.Thus, F = [T~! — S]~'. In pictures:

-1

B B T O O (4.6.13)

We evaluate the tree-level propagator matrix and its inverse using Eqs. (4.6.7)-(4.6.9), keeping in mind that the direction
of momentum flow is from right to left:

- 1 im;s,” ip-o,u8f
= B B CT Al I 46.14
2 (1p~6""s 8 im' 8%, ( )

> e S—m;

-1

-~ im's,?  —ip-o,;8
_ o ap 0 46.1
(—ip-ﬂa i imyst, ) (46.15)

—— -

where we follow the index structure defined in Figs. 4.6.1 and 4.6.3. Inserting Eq. (4.6.15) into Eq. (4.6.13), one obtains a
4N x 4N matrix equation for the full propagator functions:

iD ip-oC i(m+ 2) —ip-o(1— &N\
A =( VT ~ U , (4.6.16)
ip-aC iD —ip-o(1—E) i(m+ 2)

where 1is the N x N identity matrix. The right-hand side of Eq. (4.6.16) can be evaluated by employing the following identity
for the inverse of a block-partitioned matrix [159]:

- —1py-1 —1py—1
PQ P-QS'R)™" (R-SQ7'P)
<R 5) - ((Q —PR7'S)T (S— RP”Q)”) ’ (4.6.17)

under the assumption that all inverses appearing in Eq. (4.6.17) exist. Applying this result to Eq. (4.6.16), we obtain

CCl=s1-5-m+2)1-5)""m+ 2), (4.6.18)
D l=s1—-5)Ym+2) " '1-E")— (m+ ), (4.6.19)
p'= sA—ENm+2)"'1—-5)— (m+ 2). (4.6.20)

Note that Eq. (4.6.20) is consistent with Eq. (4.6.19)as £* = E".

The pole mass can be found most easily by considering the rest frame of the (off-shell) fermion, in which the space
components of p# vanish. This reduces the spinor index dependence to a triviality. Setting p* = (/s; 0), we search for
values of s where the inverse of the full propagator has a zero eigenvalue. This is equivalent to setting the determinant of the
inverse of the full propagator to zero. Here we shall use the well-known formula for the determinant of a block-partitioned

53 Alternatively, one can solve Eq. (4.6.12) by iteration and summing the resulting geometric series. This yields:

F=T+TS(T+TS(T+TS(---))) =T +TST + TSTST + - = T[1+ ST + (ST)?> + - - -]
=TI =STI '=T"H ' 1=STI '=[1=SDT '] ' =[T"" =57},

which is equivalent to Eq. (4.6.13).
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Fig. 4.6.4. The full, loop-corrected propagators for Dirac fermions, represented by pairs of two-component (oppositely charged) fermion fields x; and »;,

are associated with functions Sg (s)/, SI(s)i-, Sp(s)¥, and §,T,(s),j, as shown. The shaded boxes represent the sum of all connected Feynman diagrams, with
external legs included. The four-momentum p and the charge of x flow from right to left.

matrix [159]:

det <Z %) = det P det (S — RP™1Q). (46.21)
The end result is that the poles of the full propagator (which are in general complex),

Spolej = M} — iI3M;, (4.6.22)
are formally the solutions to the non-linear equation®*

det [s1-(1—-EN) '"(m+2)(1—-5)"'m+ )] =0. (4.6.23)

Some care is required in using Eq. (4.6.23), since the pole squared mass always has a non-positive imaginary part, while the
loop integrals used to find the self-energy functions are complex functions of a real variable s that is given an infinitesimal
positive imaginary part. Therefore, Eq. (4.6.23) should be solved iteratively by first expanding the self-energy function
matrices E, £ and £ in a series in s about either m]2 + i€ or sz +ie. The complex quantities spoe j, Which can be identified as
the complex pole squared masses, are renormalization group and gauge invariant physical observables. Examples are given
in Sections 6.24 and 6.25.

The results of this section can be applied to an arbitrary collection of fermions (both Majorana or Dirac). However, it is
convenient to treat separately the case where all fermions are Dirac fermions (consisting of pairs of two-component fields
xi and ). As discussed in Section 3.2, the Dirac fermion mass eigenstates are defined in Eq. (3.2.31) and are determined by
the singular value decomposition of the Dirac fermion mass matrix. With respect to the mass basis, we denote the diagonal
Dirac fermion mass matrix by MY. The elements of this matrix are real and non-negative. Nevertheless, it will be convenient
as before to define Mj; = M" to maintain covariance when manipulating tensors with flavor indices.

At tree level, there are four propagators for each pair of x and n fields as shown in Fig. 4.2.4. The corresponding full,
loop-corrected propagators are shown in Fig. 4.6.4. The naming and sign conventions employed for the full, loop-corrected
Dirac fermion propagator functions in Fig. 4.6.4 derives from the corresponding functions used in the more traditional four-
component treatment presented in Appendix G [cf. Eq. (G.7.2)].

In general, the complex matrices Sg and S; satisfy hermiticity conditions [S,E]* = Sk and [SI]* = S, whereas the
complex matrices Sp and Sp are related by Sp = Sj;, where the star symbol is defined in the paragraph below Eq. (4.6.6). In
contrast to the general case of an arbitrary collection of fermions treated earlier, Sg and S; are unrelated and Sp is a complex
matrix (not necessarily symmetric).

Instead of working in a x -7 basis for the two-component Dirac fermion fields, one can Takagi diagonalize the fermion
mass matrix. In the new yr-basis, the loop-corrected propagators of Fig. 4.6.1 are applicable. It is easy to check that the
number of independent functions is the same in both methods for treating Dirac fermions. In particular, the loop-corrected
propagator functions in the v-basis are given in terms of the corresponding functions in the x -7 basis by>>:

Sg 0 0 ST — (0 s&
c= . D= o), bp=(Y 3»o).
(0 SL) <So 0) (sn 0

We similarly introduce the 1PI self-energy matrix functions for the Dirac fermions in the y-n basis, where the
corresponding self-energy functions are defined in Fig. 4.6.5. As before, the naming and sign conventions employed for
the Dirac fermion self-energy functions above derives from the corresponding functions used in the more traditional four-
component treatment of Appendix G [cf. Eq. (G.7.3)].

Once again, the complex matrices Xy and X satisfy hermiticity conditions [¥]]* = ¥ and [¥}]* = X, whereas the
complex matrices Xp and X are related by X = X7, where the star symbol is defined in the paragraph below Eq. (4.6.6).
Likewise, X and X are unrelated and Xp is a complex matrix (not necessarily symmetric). The self-energy functions in

(4.6.24)

54 The determinant of the inverse of the full propagator [the inverse of Eq. (4.6.16)] is equal to Eq. (4.6.23) multiplied by det[—(1 — £)(1 — ET)]. We

assume that the latter does not vanish. This must be true perturbatively since the eigenvalues of = are one-loop (or higher) quantities, which one assumes
cannot be as large as 1.

55 The simple forms of C in Eq. (4.6.24) and £ in Eq. (4.6.25) motivate our definitions of §; and X with the transpose as indicated in Figs. 4.6.4 and 4.6.5,
respectively.
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Fig. 4.6.5. The self-energy functions for two-component Dirac fermions, represented by pairs of two-component (oppositely charged) fermion fields x;

and 7);, are associated with functions Xy (s)/, Z,Tz (s)ij, >p(s)¥, and f;(s),-j' as shown. The shaded circles represent the sum of all one-particle irreducible,
connected Feynman diagrams, and the external legs are amputated. The four-momentum p flows from right to left.

the vy-basis are given in terms of the corresponding functions in the x - basis by:%°

g= (%L EOR>’ 2= (zo,, EJ)), 2= (fo,, EOIT>>. (4.6.25)
In the case of Dirac fermions fields, Eq. (4.6.13) still holds in the y -n basis, which yields:
S, ipoosg)_( IM+3Zp)  —ip-o(1-Xp)
(ip TS, iSp ) B (—ip TA-%) M+ Zp) ) ' (46.26)
Using Eq. (4.6.17), it follows that:
S =51—Zp) — (M + Zp)(1 - Z)) 7' (M + Zp), (4627)
Se ' =s(1— %) — (M +Zp)(1— Zp) " (M + Ep), (46.28)
Sp' =s(1— )M + Xp)"'(1— Ep) — (M + Zp). (4.6.29)
Sy =s(1— XM+ Zp)"'(1— Zg) — (M + X} (46.30)

Note that Eq. (4.6.30) is consistent with Eq. (4.6.29) as X} p = ] p.
The pole mass is now easily computed using the technique previously outlined. In particular, Eq. (4.6.23) becomes:

det [s1— (1 Zp) 7'M+ Zp)(1— X)) '(M + Zp)] =0, (4.6.31)

which determines the complex pole squared masses, Sy, Of the corresponding Dirac fermions. Again, the self-energy
functions should be expanded in a series in s about a point with an infinitesimal positive imaginary part.

Finally, we examine the special case of a parity-conserving vectorlike theory of Dirac fermions (such as QED or
QCD). In this case, the following relations hold among the loop-corrected propagator functions and self-energy functions,
respectively®®:

_ ‘ .

Skl = (8D, Sp = Spi (4.6.32)
. , o

=R Zp=(Zpi. (4.6.33)

By imposing Eq. (4.6.33) on Egs. (4.6.27)-(4.6.30) and recalling that M,j = MY, it is straightforward to verify that Eq. (4.6.32)
is satisfied.

5. Conventions for fermion and antifermion names and fields

In this section, we establish conventions for labeling Feynman diagrams that contain two-component fermion fields of
the Standard Model (SM) and its minimal supersymmetric extension (MSSM). In the case of Majorana fermions, there is
a one-to-one correspondence between the particle names and the undaggered (%, 0) [left-handed] fields. In contrast, for
Dirac fermions there are always two distinct two-component fields that correspond to each particle name. For a quark or
lepton generically denoted by f, we employ the two-component undaggered (%, 0) [left-handed] fields f and f (where the
bar is part of the field name and does not refer to complex conjugation of any kind). This is illustrated in Table 5.1, which
lists the SM and MSSM fermion particle names together with the corresponding two-component fields. For each particle,
we list the two-component field with the same quantum numbers, i.e., the field that contains the annihilation operator for
that one-particle state (which creates the one-particle state when acting to the left on the vacuum (0|).

There is an option of labeling fermion lines in Feynman diagrams by particle names or by field names; each choice has
advantages and disadvantages.®” In all of the examples that follow, we have chosen to eliminate the possibility of ambiguity

56 These relations are derived using four-component spinor methods in Appendix G [cf. Egs. (G.7.10) and (G.7.11)].

57 Unfortunately, the notation for fermion names can be ambiguous because some of the symbols used also appear as names for one of the two-component
fermion fields. In practice, it should be clear from the context which set of names are being employed.
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Table 5.1

Fermion and antifermion names and two-component fields in the Standard Model and the MSSM. In the listing of two-component fields, the first is an
undaggered (%, 0) [left-handed] field and the second is a daggered (0, %) [right-handed] field. The bars on the two-component (antifermion) fields are part
of their names, and do not denote some form of complex conjugation. (In this table, neutrinos are considered to be exactly massless and the left-handed
antineutrino v is absent from the spectrum.)

Fermion name Two-component fields
£~ (lepton) ¢, et

£* (anti-lepton) ¢, ¢t

v (neutrino) v, —

v (antineutrino) — v

q (quark) q.q"

g (anti-quark) a.q"

f (quark or lepton) £ F

f (anti-quark or anti-lepton) f,flf

ﬁ,- (neutralino) X XiOT
C* (chargino) Xt x
Ef (anti-chargino) Xi » )(,-Jr;r
% (gluino) g8t

Initial-state e™:

Final-state e¢™:

Final-state e*:

e ef
Initial-state e™: 4>_© H_Q
: e : et
: e : ef

Fig. 5.1. The two-component field labeling conventions for external Dirac fermion lines in a Feynman diagram for a physical process. The top row
corresponds to an initial state electron, the second row to an initial state positron, the third row to a final state electron, and the fourth row to a final
state positron. The labels above each line are the two-component field names. The corresponding conventions for a massless neutrino are obtained by
deleting the diagrams with & or &f, and changing e and e to v and v, respectively.

as follows. We always label fermion lines with two-component fields (rather than particle names), and adopt the following
conventions:

e In the Feynman rules for interaction vertices, the external lines are always labeled by the undaggered (%, 0) [left-
handed] field, regardless of whether the corresponding arrow is pointed in or out of the vertex. Two-component fermion
lines with arrows pointing away from the vertex correspond to dotted indices, and two-component fermion lines with
arrows pointing toward the vertex always correspond to undotted indices. This also applies to Feynman diagrams where
the roles of the initial state and the final state are ambiguous (such as self-energy diagrams).

o Internal fermion lines in Feynman diagrams are also always labeled by the undaggered (%, 0) [left-handed] field(s).
Internal fermion lines containing a propagator with opposing arrows can carry two labels (e.g., see Fig. 4.5.7).

o [nitial state external fermion lines (which always have physical three-momenta pointing into the vertex) in Feynman
diagrams for complete processes are labeled by the corresponding undaggered (%, 0) [left-handed] field if the arrow is into

the vertex, and by the daggered (0, %) [right-handed] field if the arrow is away from the vertex.
o Final state external fermion lines (which always have physical three-momenta pointing out of the vertex) in Feynman
diagrams for complete processes are labeled by the corresponding daggered (0, %) [right-handed] field if the arrow is into

the vertex, and by the undaggered (%, 0) [left-handed] field if the arrow is away from the vertex.

The rules for labeling external Dirac fermions are summarized in Fig. 5.1. These labeling conventions differ slightly from
the ones employed in Section 4.5, where all internal and external initial state and final state fermion lines were labeled
by the corresponding undaggered (%, 0) left-handed fields. In this latter convention, the conserved quantities (charges,
lepton numbers, baryon numbers, etc.) of the labeled fields follow the direction of the arrow that adorns the corresponding
fermion line in the diagram. In contrast, in the convention of Fig. 5.1, the field labels used for external fermion lines always
correspond to the physical particle, and the corresponding conserved quantities of the labeled fields follow the direction
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0 of
~ Xi X;
Initial-state N;: 41_@ %
. - % X!
Final-state N;: % ©_<7

Fig. 5.2. The two-component field labeling conventions for external Majorana fermion lines in a Feynman diagram for a physical process. The top row
corresponds to an initial state neutralino, and the second row to a final state neutralino. The labels above each line are the two-component field names.
(The neutralino is its own antiparticle.)

. e
&
(a) ieﬁfjﬁ or  —ierga
e
e

(b)

e i .
—ieTy or ieogs

Fig. 5.3. The two-component Feynman rules for the QED vertex. Following the conventions outlined in Section 5, we label these rules with the (%, 0)
[left-handed] fields e and e, which comprise the Dirac electron. Note that Q. = —1, and the electromagnetic coupling constant e (not to be confused with
the two-component electron field that is denoted by the same letter) is conventionally defined such that e > 0 [cf. Fig. ].1.2].

Fig. 5.4. Tree-level s-channel Feynman diagrams for e“e* — e~e™, with the external lines labeled according to the particle names. The initial state is
on the left, and the final state is on the right. Thus, the physical momentum flow of the external particles, as well as the flow of the labeled charges, are
indicated by the arrows adjacent to the corresponding fermion lines in the upper left diagram.

of the particle three-momentum. As an example, for either initial or final states, the two-component fields e and e both
represent a negatively charged electron, conventionally denoted by e~, whereas both € and ef represent a positively charged
positron, conventionally denoted by e™ (cf. Table 5.1).

The application of our labeling conventions to processes involving Majorana fermions is completely straightforward. For
example, the conventions for employing the neutralino states as external particles are summarized in Fig. 5.2.

As a simple example, consider Bhabha scattering (e"e™ — e~e™)[160]. We require the two-component Feynman rules
for the QED coupling of electrons and positrons to the photon, which are exhibited in Fig. 5.3. Consider the s-channel tree-
level Feynman diagrams that contribute to the invariant amplitude for e"et — e~e™. If we were to label the external
fermion lines according to the corresponding particle names (which does not conform to the conventions introduced above),
the result is shown in Fig. 5.4. One can find the identity of the external two-component fermion fields by carefully observing
the direction of the arrow of each fermion line. For contrast, the same diagrams, relabeled with two-component fields
following the conventions established in this section (cf. Fig. 5.1), are shown in Fig. 5.5. An explicit computation of the
invariant amplitude is given in Section 6.3.
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e il el et

el et el

)

Fig. 5.5. Tree-level s-channel Feynman diagrams for e"e~ — e*e™. These diagrams are the same as in Fig. 5.4, but with the external lines relabeled by
the two-component fermion fields according to the conventions of Fig. 5.1.

6. Practical examples from the Standard Model and its supersymmetric extension

In this section we will present some examples to illustrate the use of the rules presented in this paper. These examples
are chosen from the Standard Model [161] and the MSSM [6-10], in order to provide an unambiguous point of reference. In
all cases, the fermion lines in Feynman diagrams are labeled by two-component field names, rather than the particle names,
as explained in Section 5.

6.1. Top quark decay: t — bW™

We begin by calculating the decay width of a top quark into a bottom quark and W™ vector boson. For simplicity, we
treat this as a one-generation problem and ignore Cabibbo-Kobayashi-Maskawa (CKM) [ 162] mixing among the three quark
generations [see Eq. (J.1.16) and the surrounding text]. Let the four-momenta and helicities of these particle be (p;, ),
(kp, Ap) and (kw, Aw), respectively. Then p? = m?, k2 = m? and k2, = mZ, and

2p; - kw = mZ — mj + my,, (6.1.1)
Pe - ky = mZ +mp —my,, (6.1.2)
2kw - ky = m? —m? —m},. (6.1.3)

Because only left-handed top quarks couple to the W boson, the only Feynman diagram for t — bW™ is the one shown in
Fig. 6.1.1. The corresponding amplitude can be read off of the Feynman rule of Fig. J.1.2 in Appendix J. Here the initial state
top quark is a two-component field t going into the vertex and the final state bottom quark is created by a two-component
field b'. Therefore the amplitude is given by:

iM = —i-Se x5x,, (6.1.4)

V2

where el’j = ¢, (kw, Aw)* is the polarization vector of the W™, and xZ = x' (l;b, Ap) and x, = x(P,, A,) are the external state
wave function factors for the bottom and top quark. Squaring this amplitude using Eq. (2.45) yields:
g2

|M)? = ?8 av(xb o"x;) (x[a Xp). (6.1.5)
Next, we can average over the top quark spin polarizations using Eq. (3.1.58):

72|M| —e e xbo P - 0T Xy (6.1.6)
Summmg over the bottom quark spin polarizations in the same way yields a trace over spinor indices:

= Z M2 = —s 1 Ev Tr[c"p; -0 G kp - 0]

)\[ Ap
2

g . K
= ?8;8,,( piky + ki py — 8"V pe - ky — i€ peoki) (6.1.7)

where we have used Eq. (2.57). Finally we can sum over the W™ polarizations according to:

28;8\) = —8uwv + (kW)/L(kW)v/m\z/v' (618)
A
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VV+ (k‘W, /\W)
t(pe, M)
b(kp, Ap)
Fig. 6.1.1. The Feynman diagram for t — bW at tree level.

The end result is:

1 2
5 D2 IME = S [pe ko + 2000 ) (ks - )/ ). (6.1.9)

spins

After performing the phase space integration, one obtains:

1 1
I - DI S SR N 2
r't—bwh = 1671m?k (mg, my,, my) (2 Z [ M| )
spins

2

g

= m)ﬂ/z(m?, my,, mp) [((mf + 2m3,)(mf — my,) + my(my, — 2m7) + m}] (6.1.10)

wme

where the kinematical triangle function 1'/? is defined by [163]:

Ax,y,2) =X+ Y + 22 — 2xy — 2xz — 2yz. (6.1.11)
In the approximation m, < my, m;, one ends up with the well-known result [164]
2y m2 m2 2
rie—bowh =" (24 ) (1= 2w ) (6.1.12)
64w myy, mg

which exhibits the Nambu-Goldstone enhancement factor (m? /mg,) for the longitudinal W contribution compared to the
two transverse W contributions [164].

6.2. Z° vector boson decay: Z° — ff

Consider the partial decay width of the Z° boson into a Standard Model fermion-antifermion pair. As in the generic
example of Fig. 4.5.4, there are two contributing Feynman diagrams, shown in Fig. 6.2.1. In diagram (a), the fermion particle
f in the final state is created by a two-component field f in the Feynman rule, and the antifermion particle f by a two-
component field fT. In diagram (b), the fermion particle f in the final state is created by a two-component field f, and the
antifermion particle f by a two-component field f . Denote the initial 79 four-momentum and helicity (p, Az) and the final
state fermion (f) and antifermion (f) momentum and helicities (kr, Af) and (kz, A), respectively. Then, kj% = kf2 = mf and

p®> = m2,and

k k——lmz—m2 (6.2.1)
f =50 £ 2.
p-kp =p-ki = imj. (6.2.2)
According to the rules of Fig. ].1.2, the matrix elements for the two Feynman graphs are:
; _ _-é f 2 =,
iMg = lC (T3 — s Q) eux;o"yy, (6.2.3)
w
S2
iMy = ig -2 Qs e, yp0txL, (6.2.4)
w

where x; = x(l?,-, M) andy; = y(l?,-, X, fori=f,f, and en = eu(p, Az).

Using the Bouchiat-Michel formulae developed in Appendix H.3, one can explicitly evaluate .M, and M}, as a function
of the final state fermion helicities. The result of this computation is given in Egs. (H.3.40) and (H.3.41). If the final state
helicities are not measured, then it is simpler to square the amplitude and sum over the final state spins.

It is convenient to define:

=T, —Qs%., b =—Qs. (6.2.5)



50 H.K. Dreiner et al. / Physics Reports 494 (2010) 1-196

fkg, Ag) Fi(ksAp)
Z%p, Az) Z%(p, Az)

Ty Flks A7
(a) Ii( 7 f) ) (f f)

Fig. 6.2.1. The Feynman diagrams for Z° decay into a fermion-antifermion pair. Fermion lines are labeled according to the two-component fermion field
labeling convention established in Section 5.

Then the squared matrix element for the decay is, using Eqs. (2.44) and (2.45),
g2
|M* = e (afxfo Y7 + bryrot'x ) (afyfo X + byxio yf> (6.2.6)
w
Summing over the antifermion helicity using Eqs. (3.1.58)-(3.1.61) gives:
g2
Z |M|* = CTEME: (afx}&“kf -00" X + bfyfa“kf 'Ea”y; - mfafbfxfTE“a”y; - mfafbfyfa“E“xf). (6.2.7)
e w
Next, we sum over the fermion helicity:

3w = —gﬂ H(@THT kg - 0Tk - o]+ B Trlo ks - Ty - )
)\.f)\.

—miasbTr[o"o"] — mfzafbfTr[a”E“]>. (6.2.8)

Averaging over the Z° polarization using

Pup
Zsu = (g,w+ 1‘1‘12> (6.2.9)

A

and applymg Eqgs. (2.55)—(2.57), one gets:

2
- Z |M|? = 3 3 [(a} + b}) (2ks - ki + 4k; - pk; - p/m3) + 12a:bym? ]

spms

2g2
=3 [(@? + b})(m2 — m?) + 6asbm?] (6.2.10)

where we have used Eqs. (6.2.1) and (6.2.2). After the standard phase space integration, we obtain the well-known result
for the partial width of the Z°:

_ N 4m?
re® - ff T (1 - me> ( > imP? )
VA

spins

f o 2\ 1/2 2 2
Nig’m 4m m m
247 cy, my m; mgz

Here we have also included a factor of N{ (equal to 1 for leptons and 3 for quarks) for the sum over colors. Since the Z° is a
color singlet, the color factor is simply equal to the dimension of the color representation of the outgoing fermions.

6.3. Bhabha scattering: e"e™ — e~ et

In our next example, we consider the computation of Bhabha scattering in QED (that is, we consider photon exchange but
neglect Z%-exchange) [ 160]. Bhabha scattering has also been computed using two-component spinors in [104]. We denote
the initial state electron and positron momenta and helicities by (p1, A1) and (p,, A, ) and the final state electron and positron
momenta and helicities by (ps, A3) and (p4, A4), respectively. Neglecting the electron mass, we have in terms of the usual
Mandelstam variables s, t, u:

P1-D2=D3 Ps= 35S, (6.3.1)
P1-P3s =Dz Pa = —;t, (6.3.2)
P1-Pa=Dp2-P3=—3U, (6.3.3)
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Fig. 6.3.1. Tree-level t-channel Feynman diagrams for e"e* — e~e", with the external lines labeled according to the two-component field names. The
momentum flow of the external particles is from left to right.

and pi2 =0fori=1,...,4. There are eight distinct Feynman diagrams. First, there are four s-channel diagrams, as shown
in Fig. 5.5 with amplitudes that follow from the Feynman rules of Fig. 5.3 (more generally, see Fig.].1.2 in Appendix ]):

. —igh” ) . L a )
iMg = ( . ) [(—1exlouy§)(1ey3avxfl) + (—leyzauxz)(leyw,,xfl)

+ (—iex10,y}) (ie X}F,ya) + (—iey|,x,)(ie X;T;Evy4)], (6.3.4)

where x; = x(p;, A;) andy; = y(p;, i), fori = 1, 4. The photon propagator in Feynman gauge is —ig"”/(p1+p2)? = —igh"/s.
Here, we have chosen to write the external fermion spinors in the order 1, 2, 3, 4. This dictates in each term the use of either
the o or o forms of the Feynman rules of Fig. 5.3. One can group the terms of Eq. (6.3.4) together more compactly:

. —igh” _ _
iMg =e? ( - ) <x1auy; +yJ{aMx2) (y3aux1 +x;a,,y4) . (6.3.5)

There are also four t-channel diagrams, as shown in Fig. 6.3.1. The corresponding amplitudes for these four diagrams
can be written:

—jghv

iM, = (=1)€? ( ) (xlaﬂx; —|—y1;6uy3) (xza,,x:rl +y;E,,y4) . (6.3.6)

Here, the overall factor of (—1) comes from Fermi-Dirac statistics, since the external fermion wave functions are written in

an odd permutation (1, 3, 2, 4) of the original order (1, 2, 3, 4) established by the first term in Eq. (6.3.4).
Fierzing each term using Eqgs. (2.67)-(2.69), and using Eqgs. (2.59) and (2.60), the total amplitude can be written as:

M= Mot M =262 X+ T D i
- s + t = 2€ (X1y3)(Y2X4) + (V1X3)(XZJ’4) + + (y1x4)(x2y3)
N N N t

(21 D) oot — Lo eiad) — Lotyhmaye (637)
s t 1Y4 2143 t 142 34 t 12 3Ya) |- .J.

Squaring this amplitude and summing over spins, all of the cross terms will vanish in the m, — 0 limit. This is because
each cross term will have an x or an x' for some electron or positron combined with a y or a y' for the same particle, and
the corresponding spin sum is proportional to m, [see Egs. (3.1.60) and (3.1.61)]. Hence, summing over final state spins and
averaging over initial state spins, the end result contains only the sum of the squares of the six terms in Eq. (6.3.7):

1 1
DTS {5—2 [y 0D ) xay2) + Gl Gy oy 03 |

spins A1,A2,A3,A4

11y’
+ (E + ?> [0 &y oy 0 + Gy 0D 0ixd v |

1
+ 5 [ ) (D ) axa) + Gy 0 Gy 0 | } (638)
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Here we have used Eq. (2.43) to get the complex square of the fermion bilinears. Performing these spin sums using
Eqgs. (3.1.58) and (3.1.59) and using the trace identities Eq. (B.2.5):

1 P2-PaP1-DP3 | P1°D2D3"Da 1 1\?
4Z|M|2=8€4[ 2 + 2 + §+? P1D4D2 - D3
spins

= 2¢* t2+sz+<u+u)2 (6.3.9)
- s2 t2 S t ’ o

Thus, the differential cross-section for Bhabha scattering is given by:

do 1 1 2ra?[t? s u o u\2
o (Y] = —+—+(—+f) . 6.3.10
dt  16ms? (4;}5| | ) s? [sz t? st ( )

This agrees with the result given in problem 5.2 of Ref. [114].

6.4. Polarized muon decay

So far we have only treated cases where the initial state fermion spins are averaged and the final state spins are summed.
In the case of the polarized decay of a particle or polarized scattering we must project out the appropriate polarization of the
particles in the spin sums. This is achieved by replacing the spin sums given in Eqgs. (3.1.58)-(3.1.61) by the corresponding
polarized spin projections Egs. (3.1.33)-(3.1.36). As an example, we consider the decay of a polarized muon. Polarized
muon decay has also been computed using two-component spinors in Ref. [104], however with an effective four-fermion
interaction.

In Fig. 6.4.1, we show the single leading order Feynman diagram for muon decay, including the definition of the momenta.
We denote the mass of the muon by m,,, and neglect the electron mass. We shall measure the spin of the muon in its rest
frame with respect to a fixed z-axis. Assume that the muon at rest is polarized such that its spin component along the
z-direction is s = +1.

The decay amplitude is given by>®

. —ig _ - —ig”
iM = <$> <xi“a,,x,l) (xITy5.) < D > , (6.4.1)

where Dy = (p — k\m)z — mév is the denominator of the W-boson propagator. In Eq. (6.4.1), x,, = x(p,s = %) for the

spin-polarized initial state muon, and xiﬂ = X(';v“»)"v“)v x} = x'(ke, 1), and Vi, = y(l;ae, X5,)- Squaring the amplitude
using Eq. (2.45), we obtain
4
M| = AlgF (xiﬂ&”xu) (x77xy,) (xiT o5 (yf-)eaxe) ) (6.4.2)
w
Sumgning over the neutrino and electron spins using Eqs. (3.1.58)—(3.1.59), and using Eq. (3.1.46) for the muon spin (with
s = ) yields:

4

3 M = E Tk, 057 (0 —m,S - 0) 5 Tilke - 0 5 ks, - 0 5]
}\yu )»g)»ge 8DW ‘
2g4
= — ke - kvu ks, - (0 —m,S), (6.4.3)
DW

where S# in an arbitrary frame is given by Eq. (3.1.15) [with § = Z]. To obtain the second line we have used the trace identity
Eq. (2.56) twice; note that the resulting terms linear in the antisymmetric tensor do not contribute, but the term quadratic
in the antisymmetric tensor does.

The differential decay amplitude is now given by

1

Sk, bk,  dk
= : e M 2r)*st(p — ke — ks
2m,

dr .
(2m)32E, (27)32E;, (27m)32E,,

2
M|

— ki), (6.4.4)

58 Throughout this subsection p and v are particle labels. Hence, we employ p and t as Lorentz vector indices.
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Fig. 6.4.1. Feynman diagram for electroweak muon decay.
where E;, i = e, v, v, are the energies of the final state particles in the muon rest frame. In the following we shall neglect

both the electron mass and the momentum in the W-propagator compared to the W-boson mass, so D‘Z,v — m(,‘v. We can
now use the following identity to integrate over the neutrino momenta [165]

d3iéf)e dar‘”u 404 L 1T 1 2 50T P 4T
@m)32E.. @m)2E, (2m)"8°(q — ks — ko k5 Ky, = S— (078" +24"7). (6.45)
e wn
where g = p — k.. It follows that
gt 2
n

In the muon rest frame, k. = E.(1; cos¢ sin6, sing sinf, cosf) and S = (0; 0, 0, 1), so that ¢ = m? — 2E.m,, and
ke - (p —m,S) = m,E.(14+cos®)andq-k. = m,E.andq- (p —m,S) = m,(m, — E. — E. cos ). Noting that the maximum
energy of the electron is m, /2 (when the neutrino and antineutrino both recoil in the opposite direction), we obtain

dr g'm? Myef2 4E 4E
dcosd) — 7687 / dEcE: [3 Tt (1 N m79> COSG}
w J0 1% 3

4.,,5
& my 1
in agreement with Ref. [165]. Introducing the Fermi constant, Gy = +/2g2/ (8m},), we can rewrite Eq. (6.4.7) as:
ar _ Gm;
d(cos6)  384n3

Integrating over cos 6 reproduces the well-known total muon decay width,

(1— 5 cos6). (6.4.8)

_ Gimj,
19273°

(6.4.9)

6.5. Neutral MSSM Higgs boson decays ¢° — ff, for ¢° = h°, H®, A°

In this subsection, we consider the decays of the neutral Higgs scalar bosons ¢° = h° H°, and A° of the MSSM into
Standard Model fermion-antifermion pairs. The relevant tree-level Feynman diagrams are shown in Fig. 6.5.1. The final
state fermion is assigned four-momentum p; and polarization A, and the antifermion is assigned four-momentum p, and
polarization A,. We will first work out the case that f is a charge —1/3 quark or a charged lepton, and later note the simple
change needed for charge +2/3 quarks. The Feynman rules of Fig. K.1.1 of Appendix K tell us that the amplitudes are:

i
V2

, i
My = —E Yf kdd)o yiy2. (652)

iMq = ——= Yy K0 X]XS, (6.5.1)

Here Yy is the Yukawa coupling of the fermion, k,40 is the Higgs mixing parameter from Eq. (K.1.8), and the external wave
functions are denoted x; = x(p;, A1), y1 = y(P;, A1) for the fermion and x; = x(P,, 1), y2 = y(P,, 1) for the antifermion.
Squaring the total amplitude iM = iM, + i.M}, using Eq. (2.43) results in:

1
12 = SI1? [ Ikago P01y Y¥! + i xa1) + (g0 iyl + (kago) iy | (653)
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Fig. 6.5.1. The Feynman diagrams for the decays ¢° — ff, where ¢° = h°, H%, A° are the neutral Higgs scalar bosons of the MSSM, and f is a Standard
Model quark or lepton, and f is the corresponding antiparticle. We have labeled the external fermions according to the two-component field names.

Summing over the final state antifermion spin using Eqs. (3.1.58)-(3.1.61) gives:
1 _ .
DM =yl [|kd¢o|2<y1pz coy] +xips - Tx1) — (K 0) mpxly} — (kd¢o>2mfy1x1] : (6.5.4)
A2

Summing over the fermion spins in the same way yields:

> P

A1,A2

1 _ — *
S W2 {Ikago PCTrlpz - oy - 31+ Trlps - 31 - o) = 2(Kj0)mF — 2(kggo)*m? ]

= |Y;1* {2[kgpo*P1 - P2 — 2Re[(kggp0)*Im} }
= |y, {|kd¢o|2(m;0 —om}) — 2Re[(kd¢o)2]mf} , (65.5)

where we have used the trace identity Eq. (2.55) to obtain the second equality. The corresponding expression for charge
+2/3 quarks can be obtained by simply replacing kq40 with k0. The total decay rates now follow from integration over
phase space [166]

- N 12
r@ > f=-—— (1-4ami/m) " > M (65.6)

167 m¢0 ponre

The factor of N{ = 3 for quarks and 1 for leptons comes from the sum over colors.
Results for special cases are obtained by putting in the relevant values for the couplings and the mixing parameters from
Egs. (K.1.7) and (K.1.8). In particular, for the CP-even Higgs bosons h° and H°, kqpo and k40 are real, so one obtains:

- 3
r(H° — bb) = Tor Y2 sin? amy (1 — 4m?/m?)*?, (6.5.7)
T
0 = 3 2 2 2,.21\3/2
r'(h® — cc) = o Y2 cos® amyo (1 —4mZ/m?)"", (6.5.8)
T
0 +..— 1 2 2 2, 2\3/2
r(h® — ) = WYI sin® o myo (1 — 4m3 /mig )™, (6.5.9)
T
0 - 3 2 2 2,2 \3/2
I'(H® — tf) = Fyf sin o myo (1 —4mg /m2,)™"" (6.5.10)
b4
0 r 3 2 2 2,2 \3/2
I'(H® — bb) = o Y} cos® amyo (1 —4my/m?o)"" (6.5.11)
b4

etc., which check with the expressions in Appendix C of Ref. [ 167]. For the CP-odd Higgs boson A, the mixing parameters
k,q0 = icos By and ky40 = isin By are purely imaginary, so

3
rA° = tf) = o Y2 cos? Bo myo (1 — 4mZ/m2) ", (6.5.12)
T
0 N 3 2 2 2,,.2\1/2
I'(A° — bb) = Tor Y7 sin® B muo (1 — 4my/m3,) "~ (6.5.13)
T
1
@A - ¢ty = o Y2 sin? Bo myo (1 — 4m? /m2) "2 (6.5.14)
T

Note that the differing kinematic factors for the CP-odd Higgs decays came about because of the different relative sign
between the two Feynman diagrams. For example, in the case of h® — bb, the matrix element is

i

V2

iM = —=Yysina (y1y2 + xxD), (6.5.15)
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Fig. 6.6.1. The Feynman diagram for %, — C;"e~ in the MSSM.
while for A — bb, it is

1
iM = —Y,sin By (1, — xIxD). (6.5.16)

NG

The differing relative sign between y,y, and x{xg follows from the imaginary pseudoscalar Lagrangian coupling, which is
complex conjugated in the second diagram.

6.6. Sneutrino decay 7, — C;fe~

Next we consider the process of sneutrino decay v, — Ef e~ in the MSSM. Because only the left-handed electron can
couple to the chargino and sneutrino (with the excellent approximation that the electron Yukawa coupling vanishes), there
is just one Feynman diagram, shown in Fig. 6.6.1. The external wave functions of the electron and chargino are denoted as
Xe = x(k, A.), and xz = x(kg, L), respectively. From the corresponding Feynman rule given in Fig. K.4.1 of Appendix K,
the amplitude is:

iM = —igVin xlx], (6.6.1)

where V;; is one of the two matrices used to diagonalize the chargino masses [cf. Eq. (K.2.6)]. Squaring this using Eq. (2.43)
yields:

| M = g°1Via > (Ex)) (). (6.6.2)
Summing over the electron and chargino spin polarizations using Eq. (3.1.58) yields

DM =g Vi PTrlke - 5 ke - o] = 28°|Via [P ke - ke = g°[Via |*(m2, — m2), (6.63)

Ao

where we have used 2k, - kz = m%e — mg neglecting the electron mass. Therefore, after integrating over phase space in the
1
standard way, the decay width is:

2 2\ 2
1 mz. g2 m.
1— — MP | = =—|ValPm;, [1- =1 6.6.4
167 mg, < m2 ) Z l 167'(| nltms, m?2 (6.64)

Ve Ae,ké Ve

r@ — Cre) =

N

which agrees with Ref. [168] and Eq. (3.8) in Ref. [7].
6.7. Chargino decay El.* — Dot

Here again, there is just one Feynman diagram (neglecting the electron mass in the Yukawa coupling) shown in Fig.6.7.1.
The external wave functions for the chargino and the positron are denoted by xz = x(ﬁf, Arg) and y. = y(ke, Ae),
respectively. The fermion momenta and helicities are denoted as in Fig. 6.7.1. As in the previous example, the amplitude
can be directly determined using the Feynman rule given in Fig. K.4.1 in Appendix K:

M = —igV]3 Xz Ye. (6.7.1)
Squaring this using Eq. (2.43) yields:
| M = g2 Varl® (xeye) (ixD). (6.7.2)

Summing over the electron helicity and averaging over the chargino helicity using Egs. (3.1.58) and (3.1.59) we obtain:

2
_ g
IS IMP = 18 \ViaPTrlke - 0 pe - &) = g2 |Via ke - e = ?|Vi1|2(mé —m2). (6.7.3)
Aok
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el (ke, Ae)

Fig. 6.7.1. The Feynman diagram for Ef — VeeT in the MSSM.

So the decay width is, neglecting the electron mass:

2
1 g2 mge
) 3 Z IMP* | = %|Vi1|2mﬁi (1 - m; , (6.7.4)
e

2

~ - 1 m:
rct —vet) = 1-— —=
i 2
16mmg, me

which agrees with Ref. [168].

6.8. Neutralino decays N; — ¢°Nj, for ¢° = h°, HO, A°

Next we consider the decay of a neutralino to a lighter neutralino and neutral Higgs boson ¢° = h°, H®, or A°. The two
tree-level Feynman graphs are shown in Fig. 6.8.1, where we have also labeled the momenta and helicities. We denote the
masses for the neutralinos and the Higgs boson as Mg, My, and mo. Using the Feynman rules of Fig. K.3.1, the amplitudes

are respectively given by
iMg = —iY XiYj, (681)
iMy = —iY* yx], (6.8.2)
0,0 - -
where the coupling Y = Y¢0Xf %" is defined in Eq. (K.3.1), and the external wave functions are x; = x(p;, )Ll-),yiT =y (P;, M),
¥ = y(kj, &), and x| = xF (i, &).
Taking the square of the total matrix element using Eq. (2.43) gives:
IMIP = |Y Pyl + yixIxyn + Y2xyixy: + Y2y xlylx] (6.8.3)
Summing over the final state neutralino spins using Egs. (3.1.58)-(3.1.61) yields

Z |M|? = |Y|2(x,-kj . axiT +lekj -0y — Yzm,:;jx,»yi - Y*zm;,jy;rxj. (6.8.4)

Aj

Averaging over the initial state neutralino spins in the same way gives

1 1 _ _
3 D oIMP = 5|Y|2(Tr[kj ~opi - 31+ Trlk; - 5pi - 1) + Re[Y2Jmy, my Tr[ 12,2
Aj,Aj

= 2|Y’p; - ki + 2Re[Y2]m,7,im,7,j
= |Y|2(m127,i + m,%j - mjﬂ) + ZRE[YZ]mﬁ[_mﬁj, (6.8.5)

where we have used Eq. (2.55) to obtain the second equality. The total decay rate is therefore

~ ~ 1 1
T'(Ni = ¢°N) = ——2AV2(m2 ,m2,, m2) | = M2
(N = 9N = g o, ) 2§| |
my. 0.,0,0 0,0.,0
= A2 [V P 41— 1)+ 2Re[ (V) . (6.8.6)
T

where the triangle function A'/? is defined in Eq. (6.1.11), ; = m%v/m%_ andry = mio/m%_. The results for ¢° = h°, HO, A°
J i i

can now be obtained by using Egs. (K.1.7) and (K.1.8) in Eq. (K.3.1). In comparing Eq. (6.8.6) with the original calculation in
Ref. [169], it is helpful to employ Egs. (4.51) and (4.53) of [170]. The results agree.
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Fig. 6.8.1. The Feynman diagrams for ﬁ,- — N}(bo in the MSSM.
6.9. N; — Z°N;

For this two-body decay there are two tree-level Feynman diagrams, shown in Fig. 6.9.1 with the definitions of the
helicities and the momenta. Using the Feynman rules of Fig. K.2.1, the two amplitudes are given by>®

. _ . & /L " *
iM; = —16(9]41- xiotx; e, (6.9.1)

My =i~ £ (9{,“yf oy, (6.9.2)

where the external wave functions are x; = x(p;, k,-),yiT =yt @, M), ij = xt (l;j, ALy = y(k;, %j),and g% = slt(l?z, Az)*.
Noting that (9]-/1.“ = (9,-’JfL* [see Eq. (K.2.5)], and applying Egs. (2.44) and (2.45), we find that the squared matrix element is:

|M|2 = Cg‘;a 8v[|(9”L| (xicr"x;xja”xi —|—yiT ﬁuyjyfﬁ”yi) — (0 ”L) yl ahyxio" xJr — ((Di’]fL*) xjoMx! y]a yl] (6.9.3)
Summing over the final state neutralino spin using Egs. (3.1.58)-(3.1.61) yields:
Z |M|? = is eu[|(9”| (xio"k; - To X! +y! Gk - 05 y;)
+ ((9{]-“) my, yiote'xl + (0 ”L*) mﬁjx,-a"E“y,}. (6.9.4)
Averaging over the initial state neutralino spins in the same way gives
72|M| 2g22 ¢ gv[|@”| (Tr[a“kj 5o"p; - 7] +Tr[5"kj-aﬁ"pi-a])

A

- (Oi;{L)z mg,mg, Tr[g"o"] — ((9,-}“*)2 m,t,im,r,jTr[o"o"]i|

2 2
= cig s,,{|(9”L| (KD} + pi'k) — pi - kigh") — Re[(@”) ]m,r,im,r,jg““}, (6.9.5)
w
where in the last equality we have applied Egs. (2.55)-(2.57). Using
D etet = —gh + KKy /m, (6.9.6)
we obtain
1 g 2
Ex; |M|* = ‘ZN{WL 2 (pi - kj + 2p; - kzk; - kz/m3) + 3mymy Re[ (07" ]}. (6.9.7)
isAj,Az

; — m2 2 2 — 2 2 2 - m2 2 2 ; idth-
Using 2k; - k; = mg, —my, —mz, 2p;i-kj = m3. + my, —mz, and 2p; - k; = my, — My, + mj3, we obtain the total decay width:

- - 1 1
) 0Ny — 1/2 (11,2 2 2 - 2
I'(N; — Z°N) = SP—; A (mﬁi,mz,mﬁj) 5 § | M| (6.9.8)
N; Aivhj Az
g°my, 2
= 1o i )\1/2(1 rz,rj)[w > (141 —2rz + (1 —17)*/rz) + 6Re[(0]") ]ﬁ], (6.9.9)

59 When comparing with the four-component Feynman rule in Ref. [7] note that (‘)i’j’L = —(9,-’1-’R* [cf. Eq. (K.2.5)].
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Fig. 6.9.1. The Feynman diagrams for ﬁ,- — I'\VljZ0 in the MSSM.

where
r= m’%j/ml%i, r; = m%/m%i, (6.9.10)

and the triangle function 1/? is defined in Eq. (6.1.11). The result obtained in Eq. (6.9.9) agrees with the original calculation
in Ref. [169].

6.10. Selectron pair production in electron—electron collisions

6.10.1. e"e~ — ¢ €y

Here there are two Feynman graphs (neglecting the electron mass and Yukawa couplings), shown in Fig. 6.10.1. Note that
these two graphs are related by interchange of the identical initial state electrons Let the electrons have momenta p; and
p2 and the selectrons have momenta kg, and kg, so that pl = p2 = 0; kl = m~ ; k2 = m~ 15 = (p1 +p2)? = (ki + k)%
t = (ki —p1)® = (kg — p2)* u = (ky — p2)* = (ko — p1)*.

Using the Feynman rules of Fig. K.4.2, the matrix element for the first graph, for each neutralino N exchanged in the t
channel, is:

) g v SW oy i(ki —p1)-o t
M = |i— ( N: —N: - N; _ . 6.10.1
IM¢ I:lﬁ ( 12+ w 11)] |: l[g ll:| |:(k] _pl)z_mlzvi|y2 ( )

We employ the notation for the external wave functions x; = (p;, A;),i = 1, 2 and analogously for y;, xiT , y,T. The matrix
elements for the second (u-channel) graph are the same with the two incoming electrons exchanged, e; <> e,:

. . 8 SW . . Sw i(ki —p2) -0 t
My = (—1)|i— [ N: —N: —iv2g8—N; _ . 6.10.2
1My ( )[lﬁ< 12+CW 11)i| |: lfgcw 1]]x2|:(k1 _pz)z_ml%[‘ .V1 ( )

Note that since we have written the fermion wave function spinors in the opposite order in M, compared to .M, there is
a factor (—1) for Fermi-Dirac statistics. Alternatively, starting at the electron with momentum p; and using the Feynman
rules as above, we can directly write:

, . g e SWo s ) Sw t| —iki —p2) -0
iMy, =|i— [ N5 + —N; —iv2g22N; —— [ x2. 6.10.3
u |: \/i ( 2 cw 11)i| |: gCW l]]yl |:(k1 _p2)2 — mlzvi 2 ( )

This has no Fermi-Dirac factor (—1) because the wave function spinors are written in the same order as in M;. However,
now the Feynman rule for the propagator has an extra minus sign, as can be seen in Fig. 4.2.2. We can also obtain Eq. (6.10.3)
from Eq. (6.10.2) by using Eq. (2.61). So we can write for the total amplitude:

M= M + My =x10-0y5 +yib-Txy, (6.10.4)
where
2 4
g°sw Sw 1
at = K —p™) Ni (N.* + N-*) _—, (6.10.5)
cw 1 1 ; 1 i2 cw il t_mzﬁl_
g Sw * * 1
b”’ = I/" — )ZN” (le Nl]) m. (6.10.6)

Hence, using Eqs. (2.44) and (2.45):

|M|? = <x1a . ayﬁ) (yza* -axI) + <y¥b~Ex2) (xgb* -Ey1)

+ (xla . oyg) (xgb* ~Ey1) + (y{b . Ex2> (yza* . oﬂ) . (6.10.7)
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e(p1, M) e; (k1) e p1, A1) e (k1)
—»— ______ \ _____
A X? X?
&l (p2, A2) ep (ko) eq (ko)
SRy | ___ R’V o N ____°%
€ (p27 )\2)

Fig. 6.10.1. Feynman diagrams for e"e™ — €, ;.

Averaging over the initial state electron spins using Egs. (3.1.58)-(3.1.61), the a, b* and a*, b cross terms are proportional to
m, and can thus be neglected in our approximation. We get:

1
- Z M2 = fTr[a opy-oa-op-ol+-=-Trlb-Tpy-0b*-7p;-0ol (6.10.8)
)\.1 Ao 4
These terms can be simplified using the identities:
Tr[(ky —p1) o p2-0 (ki —p1) -0 pr-0] =Tr[(ky —p2) -0 pa- 0 (k1 —p2) -0 p1 - 0]
= tu—mim, (6.10.9)
which follow from Egs. (2.56) and (2.57), resulting in:
s s
_ Z |M| (tu — m meR) ZN]]N;; <N;§ + ﬂMj> <Ni2 + ﬂNn)
)»1 ) ij=1 Cw Cw

1 1

+ (6.10.10)
2 2 2 2
(t_mfv,-)(t_mﬂ:j) (u—mNi)(u—mI.Vj)
To get the differential cross-section do /dt, multiply this by 1/(165s?):
do ma? [tu— m;Lm;R ( > ( Sw >
— = N;i1N;* N-* Nip + —N;
dt  4si,c?, ( 1; 7150 i1 CREPYL
1 1
(6.10.11)

€= mye—md) " w—my—m)

To compare with the original calculation in Ref. [171] and with Eq. (E26), p. 244 in Ref. [7], note that for a pure photino
exchange, N;; — cwd;; and Nip — sy d;1, so that

42 P |N11| |N12+ - 11| (610]2)
Sw Cw

Also note that in Ref. [171] polarized electron beams are assumed. The result checks.

6.10.2. e"e” — e ey
For this process, there are again two Feynman graphs, which are related by the exchange of identical electrons in the
initial state or equivalently by exchange of the identical selectrons in the final state, as shown in Fig. 6.10.2. (We again
neglect the electron mass and thus the higgsino coupling to the electron.) Let the electrons have momenta p; and p, and the
selectrons have momenta k; and k, so that p3 = pZ = 0; k3 = k3 = m%R; s=(p1 +p2)? t =k —p)?u= (ki — p2)°.
Using the Feynman rules of Fig. K.4.2, the amplitude for the first graph is:

2 img.
iM, = —lfg Nl) — N |ylyl, (6.10.13)
t ( V) [t —p? —mE |7

for each exchanged neutralino. The amplitudes for the second graph are the same, but with the electrons interchanged:

2 r .

. . Sw lmﬁ,‘

iM, = (—lﬁgN,»1> —— |yl (6.10.14)
Cw _(kl —Pp2)* — m,r,i_
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e (p1,Ar)  eg(k) e (p1, M) ____ eg(k)
Y
Xi Xi
e (p2, Ag) “_ Y o)) 1 )
e (p2, A2)

Fig. 6.10.2. The two Feynman diagrams for e"e™ — €, ¢y in the limit where m, — 0.

e(p1, M) e ep (k1) e(p1, A1) o _ep (k)
A \
XV 0
¢ ¢
e (p2; A2) "_ e e (k) o e (k)
e(p2, A2)

Fig. 6.10.3. The two Feynman diagrams for e"e~ — ¢, ¢, in the limit of vanishing electron mass.

Since we have chosen to write the external state wave function spinors in the same order in .M; and M, there is no factor
of (—1) for Fermi-Dirac statistics. So, applying Eq. (2.43), the total amplitude squared is:

2

4g 1 1
M= =26y 6y Z(Nn) mg, ( -+ , ) (6.10.15)
t—ms  u—ms
i=1 N; N;
The sum over the electron spins is obtained from
> @iyD@ay) =Trlpy - Gp1 - 0] = 2py - pr =>s. (6.10.16)
A1,A
So, using Eq. (3.1.59), the spin-averaged differential cross-section is:
do 1
—_ = = M
- () (i z )
2
2
) 1 1
= Z(Nn) my, -+ : (6.10.17)
2cW —my o u—my

The first factor of (1/2) in Eq. (6.10.17) comes from the fact that there are identical sleptons in the final state and thus the
phase space is degenerate.
To compare with [171] and also with Eq. (E27) of Ref. [7], note that for a pure photino exchange, N;; — cw i1, so it checks.

6.10.3. e"e” — ¢ €,

Again, in the limit of vanishing electron mass, there are two Feynman graphs, which are related by the exchange of
identical electrons in the initial state or equivalently by exchange of the identical selectrons in the final state. As shown in
Fig. 6.10.3, they are exactly like the previous example, but with all arrows reversed.

Using the Feynman rules of Fig. K.4.2, the amplitude for the first graph is:

2 .
g L SWo 1My,
M = N3 + —N; ——— | X1xa, 6.10.18
t ( \/E |: i2 cw ll:|> [(p] _ k1)2 _ m%i 112 ( )
for each exchanged neutralino. The amplitudes for the second graph are the same, but with p; <> p,:
2 .
. 8 * Sw * lmﬁi
My = |i— [N5 + —N: —— [ x1x2. 6.10.19
u ( \/j |: i2 Cw l]]) |:(p2_k1)2_mzﬁi 142 ( )

Since we have chosen to write the external state wave function spinors in the same order in .M and M>, there is no factor
of (—1) for Fermi-Dirac statistics. The total amplitude squared is:

4 2
Sw 1 1
E N3 + —N | my +
— ( 27w ”) N (t —m:  u—m3

Ni N;

2

4
|M* = f(xl><z)(x2x1) (6.10.20)
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The average over the electron spins follows from Eq. (3.1.58):

Z (xlxz)(x;xx) =Tr[p, -op1-0]=2p,-p1 =5s. (6.10.21)
AR

So the spin-averaged differential cross-section is:

do 1 1 1
)y — = M2
det (2) 16752 <4 Z M )

A,k

4 2

Sw 1 1
z : (NE + 7N1>§> mﬁj 2 + 2
i— Cw t— mﬁv u— mﬁ_

i=1

2
72'0{2

32s,s

, (6.10.22)

where the first factor of (1/2) in Eq. (6.10.22) comes from the fact that there are identical sleptons in the final state. To
compare with [171] and also with Eq. (E27) of Ref. [7], note that for a pure photino exchange, Nj; — cwd;1 and Ni; — sw i1,
so it checks.

6.11. e"et — PV*

Consider now the pair production of sneutrinos in electron-positron collisions. There are two graphs featuring the
s-channel exchange of the Z°. We will neglect the electron mass and Yukawa coupling, so there is only one graph involving
the t-channel exchange of the charginos. These three Feynman diagrams are shown in Fig. 6.11.1, where we have also defined
the helicities and momenta of the particles. The Mandelstam variables can be expressed in terms of the external momenta
and the sneutrino mass:

2p1-pa=s,  2ki-ky=s—2mZ, (6.11.1)
2p1 k1 =2py - ky =m} —t, 2p1 -k =2py -k =m} —u. (6.11.2)
Using the Feynman rules of Fig. ].1.2, the amplitudes for the two s-channel Z boson exchange diagrams are®°:
. . & g™ .8 2 1 i
iMi=|—i— (ki —k — | |i—= — o) |x s 6.11.3
1 |: 2CW( 1 2)u:| |: D, i| |: w ( w 2) 10vY, ( )
iM 5k — k), | | 25 S iz (6.11.4)
iMy = | —i—(k — i— [yj0.%2, 1.
2 20w 1 2)u D, cw Y10.vX2

where the first factor in each case is the Feynman rule from the Z boson coupling to the sneutrinos (see Fig. 72c, Ref. [7]),

andD; = s — m% + iI'ymy is the denominator of the Z boson propagator.®! The t-channel diagram due to each chargino
gives a contribution

) . . itk —p1) -0 s

iMs = (—igVl) (—igVi) x| ————— , 6.115

3 ( gn)( gVin) 1|:(k1—p1)2—m%_ \) ( )

using the rules of Fig. K.4.1. Therefore, the total amplitude can be rewritten as:

M = crxi (ki — ky) - oY) + Gy} (ki — ko) - TX + sxa (ky — p1) - o, (6.11.6)
where
2 2 2.2 2 2
g°(1—2sy,) gs [Vitl
6 =W =W a=gt) (6.11.7)
4cy, Dz 2¢y, Dz = me —t
J

60 Because we neglect the electron mass, we may drop the Q”*Q" term of the Z propagator, where Q = p; + p; is the propagating four-momentum in
the s-channel [cf. Fig. 4.2.5].

61 The explicit inclusion of the finite decay width in the propagator of an unstable particle involves subtle issues of gauge invariance and unitarity,
particularly in higher loop computations. The authors of Ref. [172] recommend the complex-mass scheme for perturbative calculations with unstable
particles, first introduced in Ref. [173].
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Fig. 6.11.1. The Feynman diagrams for e~e™ — 7v*.

Squaring the amplitude and summing over the electron and positron spins, the interference terms involving ¢, will vanish
in the massless electron limit due to Egs. (3.1.60) and (3.1.61). Therefore, we obtain

DM =) {|c1|2x1<k1 — ko) - oy ya (ki — ko) - ox} + 2P yiki — ko) - Txa X (ky — k2) - Ty
A1, W

+c2x1(ky — p1) - oYy ya (ki — p1) - ox} + 2Re[crc3 %1 (ki — ky) - oY) ya (ki — p1) ~oxh}

= |12 Trl(ky — ko) - opy - G (ki — ko) - op1 - &1 + |2 * Trl(ky — ko) - @pa - 0 (ki — ka) - &py - 0]

+ 3 Trl(ky — p1) - opy - 0 (ki — p1) - op1 - 0] + 2Re[ciles Tr[(ky — ko) - ops -G (ki —p1) -opy -5, (6.11.8)
where we have used Egs. (3.1.58) and (3.1.59) to perform the spin sums. Applying the trace identities Eqs. (2.56) and (2.57)
and simplifying the results using Egs. (6.11.1)-(6.11.2)and u = 2m§ — s —t,weget
D IMPP = —[st + (£ — m2)*] (4]cr|* + 4lcal® + ¢ + 4Re[cy]cs) - (6.11.9)
A1,A

When me = mg,, this agrees with Eqs. (E46)-(E48) of Ref. [7]%% and with Ref. [174]. The differential cross-section follows
in the standard way by averaging over the initial state spins:

do
= M 6.11.10
& = o (3 2 47) @110

Note that

t =m?—1(1—Bcosh)s 5=< 4m%>]/2 (6.11.11)
— ] 2 ) = ) s

N

where 0 is the angle between the initial state electron and the final state sneutrino in the center-of-momentum frame. The
upper and lower limits ¢, and t_ are obtained by inserting cos & = +1 above, respectively.
Performing the integration over t to obtain the total cross-section, one obtains

Y do
o= /[, 5= <sz + Zsu + Zsz,) (6.11.12)

ij=1
where
,33 2
S; = 8st — 4s? 1 s 6.11.13
g 24c4( w ™ Sw )IDIZ ( )
Sii = Vi [(1 = 2y)Li — 2], (6.11.14)
X (m? +sy2 )Ly — (m? +5V1 L1
S12 = S21 = V1 Va2l 5 By (6.11.15)
m2 —m?2
G C1
2s s —m?
Sz = MWMZ [(m + sy9)Li +sB(yi — l/2)] %, (6.11.16)
Z 7

62 Thereisa typographical error in Eq. (E48) of [7]; the right-hand side should be multiplied by 1/cos? 6.
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with
m2 — m? m2 —t_
v G G
i=——  L=h(S5—). (6.11.17)
mz — Ly
1

This agrees with Eqs. (E49)-(E52) of Ref. [7] in the limit of degenerate charginos, or of a single wino chargino with |V;;| = 1
and Vq; = 0. It also agrees with [174].

6.12. e"et — NiN;

Next we consider the pair production of neutralinos via e~ e™ annihilation. There are four Feynman graphs for s-channel
Z° exchange, shown in Fig. 6.12.1, and four for t/u-channel selectron exchange, shown in Fig. 6.12.2. The momenta and
polarizations are as labeled in the graphs. We denote the neutralino masses as mg;» My and the selectron masses as mz, and

mg,. The electron mass will again be neglected. The kinematic variables are then given by

s=2p;-pp =mj + m,%j + 2k; - kj, (6.12.1)
t= m%i — 2p1 . k,’ = ml%j — sz . kj, (6.12.2)
u=mg —2p; ki =my —2p; - k. (6.12.3)

By applying the Feynman rules of Figs. ].1.2 and K.2.1, we obtain for the sum of the s-channel diagrams in Fig. 6.12.1
[cf. footnote 60],

—igh" [ig(s‘z/v —3)

iMz =
z D,

igs _ ig _ ig ,
X105 + CWyI X 2][ Ofxl &y; — —O/Lylo—v *] (6.12.4)
w

where Og isgiveninEq.(K.2.5),and D; = s—m%—i—il’zmz. The fermion spinors are denoted by x; = x(p;, )\.1),}/; = y'(P,, 12),

x,T = xt (fci, ALY = y(I;j, Aj), etc. Note that we have combined the matrix elements of the four diagrams by factorizing with
respect to the common boson propagator. For the four t /u-channel diagrams, we obtain, by applying the rules of Fig. K.4.2:

i * ig
iy, = (_I)L —m2 [ (N,z + Nn)] [ﬁ( 2 + )}xlylyz X, (6.12.5)
) i g ig
Mg, = ] == (s *N*> (N ) xyix!, 6.12.6
“ |:u - m~L |:f " NN + Cw % ( )
1 N
My, = (—1)[ > ](—iﬁgﬂNn)(—lfg— ) X%y, (6.12.7)
t— mER Cw
N
i = | —— |(~iv2g Ml)(—iﬁg—wa’;)nyTXzyf. (6.12.8)
R u— meR w !

The first factors of (—1) in each of Egs. (6.12.5) and (6.12.7) are present because the order of the spinors in each case is an
odd permutation of the ordering (1, 2, i, j) established by the s-channel contribution. The other contributions have spinors
in an even permutation of that ordering.

The s-channel diagram contribution of Eq. (6.12.4) can be profitably rearranged using the Fierz identities of Eqs. (2.67)
and (2.68). Then, combining the result with the t /u-channel and s-channel contributions, we have for the total:

M = crxayyixl + cxyyixl + cyixxy; + ayixxy, (6.12.9)
where
2
g
= [(1 253,)0;" /D7 — 5 (cwNiz + swNi) (cwN}5 + swN;y) / (u — mél)] , (6.12.10)
Cw
2
g
= oy [(25‘2,‘/ — l)ONL/Dz + 3 (cwN5 + swNj) (cwNia + swNjp) /(t — mé)] ) (6.12.11)
w
2g%s? .
=" [=05t/Dz + Naj /€ = m2))]. (6.12.12)
28255 T
e =0 [0 /D2 = Ny /(= m2)]. (6.12.13)
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Fig. 6.12.1. The four Feynman diagrams for e"e™ — ITI,JTIJ- via s-channel Z° exchange.

e (1’1«,)\1L | < Xo (ki M) el (1)17)\1; , X7 (Kis Ai)
|
er + € :
(P2 Aa) I g XY (kj, A7) 5(1’2»A2)= | X X5 Tk Ag)
e (p1. M) X0 (ki Ao) et (p1, M) X3 T (ki Ao)
~ | .

X?T(k}j,/\j) é(pQ-,)‘Q) X? (kj7/\j)

Fig. 6.12.2. The four Feynman diagrams fore"e™ — lﬂ\yl,»lp\wlj via t /u-channel selectron exchange.

Squaring the amplitude and averaging over electron and positron spins, only terms involving x1x;r oryq yI, and xzxz or yzy;
survive in the massless electron limit. Thus,

2 2,10 fof 2,10
doAmMP=Y" (|C1| yixxayyayixl + ey xixayxyayix
SEs Ash2

2 FalyT o 2 oty Tl
+1C31°%iy1Y 1%, Y X XaYj + [Cal “Xy1Y 1%, Y Xy XaYi

+ 2Re[c1c3y xlxiyxyayixl | + 2Re[cscixyryixly! xixm])

2 —, 2 —
= |c1l’y}p1 - Gy xip2 - 0X] + |2l*Y{p1 - TYixip2 - 0]

+ lcs|*xipy 'GX,'TJ’;PZ -TY; + lcal*xip1 - UX;)’,TI’z $OYi
+2Re[c1c3y!p1 - Ty xip2 - ox!| + 2Re[cscixipy - oxl yips - Ty, (6.12.14)

after employing the results of Egs. (3.1.58)—(3.1.61).
We now perform the remaining spin sums using Eqs. (3.1.58)-(3.1.61) again, obtaining:

S IMP = [’Trpy - 5k - o Trlps - ok - &) + |eal*Trlpy - ki - o Telpz - ok - 7]
A1,A2, A4
+ |es*Trlpy - oki - &ITr[p; - ok; - o] + |cal*Tr[py - ok; - 1Tr[p; - ok; - 0]
+2Re[clc;‘]mﬁim,var[p2 -op1-0]+ 2Re[cgcj]mﬁim,7,jTr[p1 -opy - 0. (6.12.15)
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Applying the trace identity of Eq. (2.55) to this yields
D IMP = (i + [cal?)dps - kipa - ki + (6 + les*)4py - kips - k; + 4Relc1¢} + csciImymy s - p
spins

= (lar? + leal®) (@ = mE) (@ — m2) + (e + [es*) (¢ = mZ ) (¢ — m3.)
i j 1 J
+ 2Re[c1¢5 + 3¢z Imy, mys. (6.12.16)

The differential cross-section then follows:

do 5
o= 167'[52 ( > M| ) (6.12.17)

spins

This agrees with the first complete calculation presented in Ref. [175]. For the case of pure photino pair production, i.e.
Ni7 = cwéip and N — sy d;1 and for degenerate selectron masses this also agrees with Eq. (E9) of the erratum of [7]. Other
earlier calculations with some simplifications are given in Refs. [176,177].

Defining cosd = p, - lAc,- (the cosine of the angle between the initial state electron and one of the neutralinos in the
center-of-momentum frame), the Mandelstam variables ¢, u are given by

11 2 20 12 2

t = > [mﬁf + my - s+ AV (s, my mﬁj) cos@] , (6.12.18)
1

= [m’%i + m%j —s— A2, m[%i, ml%,j) cos 9] , (6.12.19)

where the triangle function 1/?

i = j, the total cross-section is

1 td
_ / 99 4e. (6.12.20)
1+ 5,‘1' . dt

where t_ and ¢, are obtained by inserting cos # = 1 in Eq. (6.12.18), respectively.

is defined in Eq. (6.1.11). Taking into account the identical fermions in the final state when

6.13. N\N; — ff

In this section, we compute the annihilation rate for N1N1 — ff, where f is any kinematically allowed quark, charged
lepton or neutrino. The case of f = e~ is the reversed reaction of the process examined in Section 6.12 (withi =j = 1).In
R-parity-conserving supersymmetric models in which Nl is the lightest supersymmetric particle (and hence is stable), the
N1 N, annihilation process is relevant for the computation of the neutralino relic density [178]. In particular, NlNl — ff can
be an important contribution to cold dark matter annihilation [178-181]. Neutralino dark matter is typically heavier than
about 6 GeV [182]; for lighter neutralinos see Ref. [183].

In the computation of the relic density, one computes ve|Gann, Where oy, is the NlNl annihilation cross-section and vy
is the relative velocity of the two neutralinos in the center-of-momentum frame. The square of the relative velocity is taken
to be its thermal average, vrel ~ 6kgT/ mg, [178], which is typically non-relativistic when the temperature is of order the
freeze-out temperature [180] (where the neutralmo falls out of thermal equilibrium). Hence, it is sufficient to compute the
annihilation cross-section for NyN; — ff in the non-relativistic limit.

As in Section 6.12, there are four Feynman graphs for s-channel Z° exchange, shown in Fig. 6.13.1. In addition, there
are s-channel neutral Higgs exchange graphs, shown in Fig. 6.13.2, that yield contributions to the annihilation amplitude
proportional to the fermion mass, my 83 Likewise, as in Section 6.12, there are four Feynman graphs for t/u-channel f; and fi
exchange, shown in Fig. 6.13.3. However, because we do not set my to zero, four additional t/u-channel graphs contribute,
shown in Fig. 6.13.4, that are sensitive to the higgsino components of the neutralino.

The neutralino and the final state fermion four-momenta and polarizations are as labeled in the Feynman graphs. In the
center-of-momentum (CM) frame, the four-momenta are

Pt = (E;p), pi=(E—p), K =EQ;Bk), Kk =EQ1;—pk), (6.13.1)
where

p= 1" (6.13.2)

63 In regions of parameter space where my, =~ 3mz or my, =~ ymgo (where ¢° = h°, H® or A°), the resonant 2 — 1 annihilation NN, — Z%or
N;N; — ¢° dominates the 2 — 2 annihilation processes considered here.
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A (1, M) f (k1 A1) X (prs A1) I (k1, Af1)
Z() Z()
Of
X1 (p2,A2) I k2, A2) X1 (P2, A2) f1 (k2 Ap2)
x4 (1, M) ST (k1 A1) X3 (p1s M) FT (k1. Ap)
70 70
Of a *
X1 (p2:A2) f(k2, Ag2) XY (p2; A2) I (k2, Ag2)

Fig. 6.13.1. The four Feynman diagrams for ITJ] ﬁl — ff via s-channel Z° exchange, where f is a quark or lepton.

XY (p1. A1) f (k1 Af1) X (p1, A1) STk, Ap)
> ’ > .
XY (P2, Aa) F (k2 Apo) X3 (p2. Ao) £ (k2 Apo)
X (pr A1) f (k1 Af1) X (p1, A1) fr(k1, Ap1)
> &0 > @0
X1 (p2,A2) F (k2 Apa) X3 (p2, A2) ST (k2. A2)

Fig. 6.13.2. Feynman diagrams for ﬁ1 1\71 — ff via s-channel Higgs exchange. There are four diagrams for each possible neutral Higgs state ¢% = h°, H°
and A°.

In the non-relativistic limit where |p| < mg,,

E >~ ~—I—ﬂ (6.13.3)
>~ mg, . 13,
1

and the kinematic invariants are given by

s= (p1+p2)” = 4E* = 4mg +4lp)%, (6.13.4)
t=(p1—k)? =m% +mi—2p; -k = —m +mf +2Bmy, [B| cos6 — 2|, (6.13.5)
u= ({1 —k)?= mzﬁl + mfz —2p1 - ky —mzﬁl + mf2 — 2pmyg, |p| cos 6 — 2p)?, (6.13.6)

where 6 is the CM scattering angle. Subsequently, we shall neglect the subdominant @ (|p|) terms in the t and u-channel
propagator denominators by setting t ~ u >~ —m% + mf2

By applying the Feynman rules of Figs. ].1.2 and I( 2.1, and using the unitary gauge for the Z-boson propagator, we obtain
for the sum of the s-channel Z-exchange dlagrams of Fig. 6.13.1,

i _gu.v + Q[LQU/mZ —lg B o
( 5 ) — O’{l 10,95 = Vi@ || (T — s,Q0xL 5.y — st Qyponxl, | (6.13.7)
2 w

iMz =

where O’l’lL isgivenin Eq. (K.2.5),D; =s— m% +ily;myz,and Q = p; + p» = k1 + ky. The spinor wave functions are denoted

by x; = x(P;, A1), yg = y'(py, A2), x;l = xt(k;, A1) Y = y(ks, Af2), etc. In obtaining Eq. (6.13.7), we have combined
the matrix elements of the four diagrams by factorizing with respect to the common Z-boson propagator. Note that all four
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X (Pr ) . f (k1 Ap) X3 (1 Ay | SR Al (GRPYZY
|
fi + f}’é +
|
| | -t wa d >
X3 (p2 A2) (k2 Ap2) X1 (P2, Ao) F (b2, Ag2)
x4 (p1, A1) I (k1 Ap1) X (1, A) I (k1 Ap)
-
| \
X3 (02, 22) I (K2, Ap2) XY (P2, A2) [ (ka, Afa)

Fig. 6.13.3. The four Feynman diagrams for ITJ,-ITIJ — ff via t/u—channelﬂ and}} exchange, whereﬂ and}} couple to the gaugino components of the
neutralino.

X (21, 2) SR A VY W) L Sl
i ; Tiy

T Fean A2 (P2 Ao) — 1 (s Aga)

oA JT (k1 A p1) X1 (p1, M) f (k1 Ap1)

XY (p2. A2) F (ko A po) X1 (P2, A2) IT (ka2, Af2)

Fig. 6.13.4. The four Feynman diagrams for ITJ,ITJJ — ff via t/u—channelﬁ ande exchange, whereﬁ andﬁg couple to the higgsino components of the
neutralino.

terms in Eq. (6.13.7) have the same order of spinor wave functions (1, 2, f1, f2). Thus, no additional relative signs arise
(beyond the sign associated with the choice of the o or o version of the vertex Feynman rules). One can simplify the terms
that originate from the Q#Q" part of the Z-boson propagator by writing Q" = (p; + p2)* and Q" = (k; + k;)". Contracting
the 1 and v indices with the help of Egs. (3.1.9)-(3.1.12) yields:

(p1 +p2)* [xlow% — yﬁﬁm] = 2mg, (Xlxz ~ yﬁyi) : (6.13.8)

(ki +I)” | (T = 53,001 F oz — sty Qo | = Timy (v — Xy ) (6.13.9)
Hence, we shall write

My = M + M2, (6.13.10)
where

-l A - f 2 ot = 2 t

iM, = Tz E 011 X100y, — Y10 uX2 || (T3 — sy Qr)Xp100Yr2 — Sy Qr¥r10uXp, |, (6.13.11)

. . 2
. imymy, (—ig
M = szzl (Cw) ot 2r1s) <x1xz —ny;) (YfU’fz - XfT1XfT2> . (6.13.12)
Z

Next, we apply the Feynman rules of Figs. K.1.1 and K.3.1 to obtain the sum of the four s-channel Higgs exchange diagrams
(for ° = h° H® and A®) of Fig. 6.13.2,

) _ i —my #0500 PN N v bt
iMy = Y b \ o [(y X0 )xyx, + (YO 1100 y]yz] [kMOyﬂyﬁ+kf¢0xf1xf2], (6.13.13)
$O=hO HO A0 "¢ f
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where Y"1 1 i given by Eq. (K.3.1),and Dyo = s — m o +il,0myo. In addition, we have introduced the following notation

kipo, forf =d, e, _ -
kego = | kygo, forf =u, v = {:f ?g;; - z’ ° (6.13.14)
0, forf=v, u- s

where vy, vq are the neutral Higgs vacuum expectation values [cf. Eq. (K.1.9)] and k40 and kyyo are defined in Egs. (K.1.7)
and (K.1.8). As the order of the spinor wave functions is (1, 2, f1, f2) for all four terms of My, no extra minus signs appear.

A good check of the above calculations is to repeat the analysis in the 't Hooft-Feynman gauge (where the gauge
parameter & = 1). In this gauge, M; = ,M?), since the term proportional to Q#Q" is absent from the gauge boson
propagator. However, we must now include the diagrams of Fig. 6.13.2 with ¢° = G°. In the 't Hooft-Feynman gauge,
mgo = mz and Do = Dz. Moreover, using Egs. (K.1.7) and (K.1.8),

kqco 21T,
S (6.13.15)
Uf v
Hence, using Eq. (6 13.13) with ¢° = G°,
iMg = fv (Ty) Y& rixd <x1x2 J’b’;) (yf]yfz - xlexjfz) , (6.13.16)
Z

where we have noted that i %171 is real. In particular, using Eq. (K.3.14) and recalling that mW = chW = 2g V2, we

confirm that Mg = Mé ) as expected from gauge invariance.

We next evaluate the t/u-channel exchange diagrams shown in Figs. 6.13.3 and 6.13.4. We neglectﬁ—ﬁg mixing. Eight
Feynman graphs contribute, and we denote the total invariant amplitude by:

2
R () (uj) ) (uj)
My = Z(Mﬁ TMT A M M), (6.13.17)

where j = 1,2 labels the contributions of Figs. 6.13.3 and 6.13.4, respectively, and the other superscripts (¢t or u) and
subscripts (fL or fR) indicate the exchange channel and the exchanged particle, respectively. These matrix elements are
evaluated by applying the rules of Fig. K.4.2.

The graphs of Fig. 6.13.3 are sensitive to the gaugino components of Nl, and yield

. o2 i s g
szS[” =(-1) (—zgfz) (tmz> TSNy, + Cﬂ(of — THNu| ¢ixf) (x2yr2), (6.13.18)
— Mz w
i3
L) . 2| Sw i | i tot
in" = (~ig/2)" [TINiz + (@ = TNy - ) ) ). (6.13.19)
L Cw u— me
Sw 2 1
. 1 .
ir" = (1) (zﬁg—qf) ——— | INnl® Gayp) (v3x)). (6.13.20)
R cw t— mfR
Sw 2 i
coan) oo SW 2 bt
M = (zﬁgCW Qf) (u e ) INul® ¢/ix5) (xay51). (6.13.21)
R

The explicit factors of (—1) in Egs. (6.13.18) and (6.13.20) are present because the order of the spinor wave functions in
these cases is an odd permutation of the ordering (1, 2, f1, f2) established in the computation of the s-channel amplitudes.
The graphs of Fig. 6.13.4 are sensitive to the higgsino components of Ny, and yield

im i 2
s = (= ”( f) (t_m2>|N1f| (x50 (%f). (6.13.22)
f i
. 2
) —lmf
My —< u ) (u mjg)\”lf’ VX)) (ays1), (6.13.23)
. 2 .
. —im 1 2
inf? = (=1 (—~ 7 | [Ny " i) o). (6.13.24)
fr Uf [—_mf
R

m2 ) Ny | Gy i), (6.13.25)
e
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where vy is defined in Eq. (6.13.14), and

Nis,
Ny = { Nig,
0»

forf =d, e,
forf = u,
forf =v.

69

(6.13.26)

As before, the explicit factors of (—1) are due to the ordermg of the spinor wave functions.

It is convenient to write the total matrix element for N1N1 — ff as the sum of products of separate neutralino and
final state fermionic currents. The contributions of the s-channel diagrams are already in this form. The contributions of the
t- and u-channel diagrams given in Egs. (6.13.18)-(6.13.25) can be rearranged using the Fierz identities of Eqs. (2.67)-(2.69),

Yixlixyp = 110" %) (15 ,372). (6.13.27)
XiYpysxh = —3 (0" y)) ()15 ,512). (6.13.28)
XYYaxly = =3 (x10"y)) (yp10uxfy). (6.13.29)
Yixhxyn = —101e" %) 5r10,x)). (6.13.30)

Combining the result of the s, t, and u-channel contributions, we have for the total amplitude:

mfm
M= (X1X2 —nyE) <J’flJ’f2 - X}1X}z)
Z

+ a1 (V15" %) (%}, 5 wyr2) + 2 (a0 YD K15 u¥52) + (10" YD) p10,.x]) + 4 (ViT %) Yp10,x],)

+my [cs(xlxzxyflyfz) + 6 (x1x2) (X 1x5,) + ¢ (VYD p1yp2) + cs(yiyb(x}lx}z)] , (6.13.31)
where the coefficients cq, c1, ..., c4 are given by
f AL
2T,0
o =—g" =1, (6.13.32)
CWDZ
(T — 2,000 TNy + 2£(Q — TNy 2 |N1f|
¢ = —g? + 3 aEw | (6.13.33)
CWDZ t— mf vf - fR
f 2 /L f Sw. f 2 2
L —s 0 IT3Nw2 + 5 (Q — T3)Nu| m Nyf |?
o =gt | WOt () (6.13.34)
CwDz u— me 2vf —mg
2 //L 2 2
s 0} N m N
6 =—g3Y [D“ ?H_ ul } ~ 5 (tl—]fn|12 ) : (6.13.35)
‘w z fR f It
2 /L 2 2 2
S 0 N m N
C4=g27WQf |:D“+Qf| “i :|+2f2< | lf'z)' (6.13.36)
Cy 7 u—me v \u—ms
The coefficients cs, . . ., cg are obtained from Eq. (6.13.13) and represent the s-channel Higgs exchange contributions to the
annihilation matrix element.
In the non-relativistic limit, |p| < my,. Thent ~ u >~ —m%] + mfz, and we can approximate® ¢; = —¢, and ¢; = —cs.

Hence, the total amplitude, Eq. (6.13.31), can be written as

mfm
M= L Co (X1X2 —}’41[)’;) (J/f1Yf2 - X;1X;2)
m;
+ [yﬁﬁ“Xz — xla“yi] [61 &5 u3r2) — Q(Vflcw}z)] + My, (6.13.37)

64 particular, we assume thatﬁ ande are significantly heavier than all other particles in the annihilation process. Consequently, we can ignore all
(9(|f)|/meR) terms in ¢; + ¢; and ¢3 + ¢4.
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where the s-channel Higgs exchange contributions, My, will be neglected for simplicity in the subsequent analysis. The
spin-averaged squared matrix element for NNy — ff then takes the following form:

2 2
My
Y M+ M = N,w[|c1|2F{‘“ +les’F” —2Re(c1c;:)F{;“] + ——"lcol*NF
$1,52:5F1,5f2 Z
2mymg, . "
Re[cq (c1 + ¢3)IN,F¥, (6.13.38)
Z

where N,,, N, and N are spin-averaged tensor, vector and scalar quantities that depend on the initial state neutralino
kinematics and F{", ,,, F* and F are spin-summed tensor, vector and scalar quantities that depend on the final state
fermion kinematics. These quantities are easily computed using the projection operators of Egs. (3.1.58)-(3.1.61) and
the standard trace techniques to perform the spin averages and sums. Explicitly, the spin-averaged neutralino quantities
are

N=3) (xo = yiyD X —yay) = pr - po +m3, = 2E%, (6.13.39)
51,52
N =4 Y 0lete — oty )= —my, 1)t = | e AT (6.1340)
=12 10 X X10 yZ X2X1 Y2y1) = le D1 D2 - 0’ m =i, -1
51,52
and a symmetric second-rank tensor,
N = 3 015" % = 10"y (K5 1 — y20'x}) = pip} + phpY — " (p1 - p2 — M )
51,52
2m§1, w=v=0,
= nw=0,v=jorp=1i v=0, (6.13.41)

2[1P 87 —p'p], w=iv=j

where the final results given in Egs. (6.13.39)-(6.13.41) have been evaluated in the CM frame. Similarly, the spin-summed
final state fermion quantities are

F= ) 0 — XX O] — Xax01) = 4ky - kp +m}) = 8E?, (6.13.42)
Sf1,5f2
Flo= 3 (T ) Oy — X% = — ) 07107 %),) 0yl — Xpaxgr)
SflA,sz Sflysz
. [4ameE, =0,
= 2my (k1 + ky)’ :{ of, Z: i (6.13.43)
after evaluating the above quantities in the CM frame, and
FiY = 3 (16" y2) 01,0 %71) = kipkos Tr(0 %075, (6.13.44)
Sf].sz
nw ot vty =P s UA LV
FY = 3 010"y (%20"Y])) = kipka Tr (@ 05 0), (6.13.45)
Sf],sz
Fiy = Y o)) 055 %1 = Y 15"y (xp20'y)y) = —mITr(o"5"). (6.13.46)
Sf].sz Sf],sz

Since N* is symmetric, the antisymmetric parts of F;"” and F;"" do not contribute in Eq. (6.13.38). The symmetric parts of
F;"” and F,”" are equal and given by:
[F{w]symm = [Féw]symm = z(k‘:k; + k‘fkg - kl . kzgw)
2mg, w=v=0,
-lo N p=0,v=jor u=iv=0, (6.13.47)
2 Aaptn) ij 2 il ij . _
2m? 2K — 8%) — 42 (k'K — 57, w=i v=j
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and Ffz” = —meg‘“’. The spin-averaged squared matrix element for N1N1 — ff given by Eq. (6.13.38) can now be fully
evaluated, resulting in
1

= Y M+ M = AP P [m%1 m? + 2[BI? (E*(1 + cos” 6) — m? cos 9)]
51,52,5F1,5f2

2.2
16mf mﬁ1 5
— E

+8m? Re(cic3) [m[%] - 2|f;|2] + [152|c0|2 — mZRe[ci(c; + c3)]], (6.13.48)

V4

where cos 6 = p - k/|p|. In the non-relativistic limit, we use Eq. (6.13.3) and drop terms of @ (|p|*).
To compute v 010, We make use of the following result for the differential annihilation cross-section in the CM frame:

do v (4 AN M2 6.13.49
Vel | —= ) == [1-— , .13
rel d.Q o 327_[25 S | |ave ( )

where | M |§ve is the squared matrix element for the annihilation process, averaged over initial spins and summed over final
spins, and the relative velocity of the initial state neutralinos in the CM frame is given by vy = 4|p|/+/s == 2|P|/ my,, after

noting that /s ~ 2my;, in the non-relativistic limit. Inserting the squared matrix element obtained above into Eq. (6.13.49)
and integrating over solid angles, we end up with:

1/2 o
_ 1 1 mf2 2 2 ;5 2P am2 2
UrelOann = @ - ﬁ (lcll + |C3| ) mﬁ1mf + 3 mﬁl - mf

Amp 2 2 S22 202 | =0
+ m‘Z‘][le (mg +2[p|7)|col” — mz(mg + p|")Relcg(cr + Ca)]]
+2mj Re(cc3) [mzﬁl - 2|13|2] + 0(|ﬁ|“)}, (6.13.50)

where the effects of the s-channel Higgs boson exchanges have been omitted.

The momentum dependence of Eq. (6.13.50) reflects the famous p-wave suppression of the annihilation cross-section
in the my = 0 limit noted in Ref. [178].% In general, the annihilation cross-section in the non-relativistic limit behaves as
Vrel Oann & |P|%¢. Applying this result to Eq. (6.13.50) in the m; = 0 limit implies that £ = 1. This is a consequence of the

Majorana nature of the neutralino. In particular, in the limit of mf = 0, the ff pairisinaj = 1angular momentum state.
However, Fermi statistics dictates that at threshold, a pair of identical Majorana fermions in aJ = 1 state must have relative
orbital angular momentum ¢ = 1 (corresponding to p-wave annihilation). The s-wave annihilation (corresponding to the
Majorana fermion pair in a J = 0 state) is suppressed by a factor of m)%, as is evident from Eq. (6.13.50).

We have checked that Eq. (6.13.50) corresponds to a result first obtained in Ref. [ 179] (although the latter reference omits
the terms in Eq. (6.13.50) proportional to cg). However, we emphasize that this formula neglects the effects of s-channel
Higgs boson exchanges. We invite the reader to complete the computation of the annihilation cross-section by including
these terms (along with the effects of interference between the neglected contributions and the ones computed above).

The annihilation of N{N; into heavy quarks (c, b and t), followed by the decay of the heavy quarks, can yield observable
signatures suitable for indirect dark matter detection. For example, the annihilation of neutralinos in the galaxy provides
a possible source of indirect dark matter detection via the observation of positrons in cosmic rays [184]. Neutralino dark
matter can also be captured in the sun [185]. The neutrinos that arise (either directly or indirectly) from the neutralino
annihilation in the sun can be detected on Earth (see, e.g., Ref. [186]).

6.14. e"e* — C; ;'
Next we consider the pair production of charginos in electron-positron collisions. The s-channel Feynman diagrams

are shown in Fig. 6.14.1, where we have also introduced the notation for the fermion momenta and polarizations. The
Mandelstam variables are given by

s=2p1-p2 = m% + m% + 2k; - kj, (6.14.1)
i j

t = m»é_ —2p1 - ki= mé_ —2p; - ki, (6.14.2)

u= m%{ —2py - ki = m%_ —2p1 - kj. (6.14.3)
i ]

65 In Ref. [178], the annihilation rate for photinos is computed, corresponding to Ny; = ¢y, N; = sw and N;3 = Ny4 = 0. In this case, the Z boson
and Higgs boson s-channel exchange diagrams are absent. The result presented in Ref. [178] should be multiplied by a factor of two (H. Goldberg, private
communication)—the corrected expression then agrees with Eq. (6.13.50).
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e(p1, A1) X; (ki Ai) el (p1, M) x; (kis Mi)
7, 2" v, 2°

- K

¢! (b2, 22) ) & (p2: A2) X; (ki A)

e (p1, A1) X; T (ki A) e (p1, M) X1 (ki 2)
7,2’ v, 2°

el (p2, Ao) X5 (K5, A) € (p2: A2) X; (kj, )

Fig. 6.14.1. Feynman diagrams for e"e™ — Ef Efr via s-channel y and Z° exchange.

e(p1, M) X1 (i )

A

el (p2, Ag) | X k)

Fig. 6.14.2. The Feynman diagram for e"e* — Ei’ Ef via the t-channel exchange of a sneutrino.
Note that the negatively charged chargino carries momentum and polarization (k;, A;), while the positively charged one

carries (k;j, A;).
Using the Feynman rules of Figs. ].1.2 and K.2.1, the sum of the photon-exchange diagrams is given by:

—jghv , .
iM, = <—iexlauy; - ieyxﬁuxz) (ie Sijyiavx} + ie §x] E,,yj) ) (6.14.4)
The Z-exchange diagrams yields [cf. footnote 60]:
—igh'rig igsw i~ ig ig
iMg = o [C— sy — 3) xiouyh + =W i y{ sz] [——O/Ly1 Ux - —O’Rx ovyj] (6.14.5)
z w

where D; = s — m% + iI';my. The t-channel Feynman diagram via sneutrino exchange is shown in Fig. 6.14.2. Applying the
rules of Fig. K.4.1, we find:

iMs, = (— 1) mz (—igViix1yi) (—ig\/ﬂy;xj) ) (6.14.6)
The Fermi-Dirac factor (—1) in this equation arises because the spinors appear an order which is an odd permutation of the
order used in all of the s-channel diagram results.

One can now apply the Fierz transformation identities Eqs. (2.67)-(2.69) to Egs. (6.14.4) and (6.14.5) to remove the o and
o matrices. The result can be combined with the t-channel contribution to obtain a total matrix element M with exactly the
same form as Eq. (6.12.9), but now with:

628” 2
o8 a-ag2)0, (6.14.7)
Cwlz
2% g L, 8V
0= — (1—253)0}f + =—11%, (6.14.8)
N CW 7 — mﬁe
2e%8;  2g%s?
o= i g’ w O]/:Q’ (6.14.9)
s ctyDz
2e%8;  2g%s
€4 = LA ngL (6.14.10)

s ctyDz
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The rest of this calculation is identical in form to Egs. (6.12.9)-(6.12.16), so that the result is:
DM = (el + leal) = md) = md) + (eal® + lesP) (€ — ) (e — m2)

spins
+ 2Re[cic + cgcj‘[]mamgjs. (6.14.11)
The differential cross-section then follows:
do 1 1
—=—1- M2 ). 6.14.12
= o (1 2 ) 61412

As in the previous subsection, we define cos 6 = p; - léi (where 6 is the angle between the initial state electron and 6,._ in
the center-of-momentum frame). The Mandelstam variables t, u are given by

1
t=— [mg +m& — s+ AV?(s, m, m&) cos 0] , (6.14.13)
2L G G i’ G
1
u=- [m%} +m%j —s— AV, m%,mé)cose]. (6.14.14)
The total cross-section can now be computed as
“ do
o =f —dt, (6.14.15)
. dt
where t_ and t, are obtained with cos & = —1 and +1 in Eq. (6.14.13), respectively. Our results agree with the original first

complete calculation in Ref. [ 187]. Earlier work with simplifying assumptions is given in Ref. [188]. An extended calculation
for the production of polarized charginos is given in [189].
6.15. ud — C;'N;

Next we consider the associated production of a chargino and a neutralino in quark, anti-quark collisions. The leading
order Feynman diagrams are shown in Fig. 6.15.1, where we have also defined the momenta and the helicities. The
corresponding Mandelstam variables are

s =2py - pp = mi +m% +2k; - kj, (6.15.1)
i j

t = mé_ —2p1 - ki = m,%}_ —2p, - k, (6.15.2)

u= m%i —2py - ki = ml%j —2p; - k. (6.15.3)

The matrix elements for the s-channel diagrams are obtained by applying the Feynman rules of Figs. ].1.2 and K.2.2:
i, = 5 (L] (ig0% ] Fuy; + i80S o] ) (6.154)
s—m, \V2 j J j

The external spinors are denoted by x; = x(p;, )q),y; = y'(P,, 12), xiT = xt(k;, )y = y(k;, )j), etc. The matrix elements
for the t and u channel graphs follow from the rules of Figs. K.4.1 and K.4.2:

. i . ig Sw tot

iM = (—1)—— (—igU* (— Ny — YN, )x yixt, 6.155
t ( )t_mgl ( g 11) \/5[ J e ]1] 1}’0’2, ( )

; i ; ig Sw tot

M, = —igV, ( CNE = W )x yixd, 6.15.6
w =T mgL (—igVin) \fZ[ 2 e ]1] 1YiY2X; ( )

The first factor of (—1) in Eq. (6.15.5) is required because the order of the spinors (1, i, 2, j) is in an odd permutation of the
order (1, 2, i, j) used in the s-channel and u-channel results.

Now we can use the Fierz relations Egs. (2.67) and (2.69) to rewrite the s-channel amplitude in a form without ¢ or o
matrices. Combining the result with the t-channel and u-channel contributions yields a total M with exactly the same form
as Eq. (6.12.9), but now with

o5 1 Sw Via
¢ = _ﬁgz N <7N»* + —N*) , (6.15.7)
s —mi, 27 6o M) u—my,
oR* 1 S U*
SRV, v [ B (VS U2 ) R ) (6.15.8)
s—my, 2 6cw t—my

c3 =4 =0. (6159)
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u(p1, A1) X (ki Ai) u (p1, A1) X; (ki N)
w+ w+
d" (pa, A) X9 (k. A) d' (p2, M) X5 (kj, A7)
u(p1, A1) L X RN w(pr ) Xi (ki M)
> | <
~ | ~ |
dr, Y uy, Y
) | . | \
d" (pa, Aa) X (kj, Ag) dt (p2, 1a) X5 T (ks 0)

Fig. 6.15.1. The four tree-level Feynman diagrams for ud — Efﬁl

The rest of this calculation is identical in form to that of Egs. (6.12.9)-(6.12.16), leading to:
Z M = o P (u — m ) (u — m%j) + a2t — md ) (e — m’%j) + 2Re[c1¢; Img mys. (6.15.10)
spins

From this, one can obtain:

do 1 1

—=—[— MI*], 6.15.11

dt 16752 (3-42| l) ( )
spins

where we have included a factor of 1/3 from the color average for the incoming quarks. As in the previous two subsections,

Eq. (6.15.11) can be expressed in terms of the angle between the u quark and the chargino in the center-of-momentum

frame, using

Ir, 2 1/2 2 2

t = 72 [ma_ + mﬁj — s+ A4, m~i, mﬁj) cos 6’] s (6.15.12)
r , 2 1/2 2 2

u= 3 [ma + mﬁ,- —s—A'“(s, mz, mﬁ,-) cos 6‘] . (6.15.13)

This process occurs in proton-antiproton and proton-proton collisions, where +/s is not fixed, and the angle 6 is different
than the lab frame angle. The observable cross-section depends crucially on experimental cuts. Our result in Eq. (6.15.11)
agrees with the complete computation in Ref. [190]. Earlier calculations in special supersymmetric scenarios, e.g. with
photino mass eigenstates, are given in Refs. [177,191].

6.16. N; — N;NiN;

Next we consider the decay of a neutralino IVI- to three lighter neutralinos: I?J]-, Nk, M. To the best of our knowledge, this
process has not been computed in the literature. This decay is not likely to be phenomenologically relevant, because a variety
of two-body decay modes will always be available. Furthermore, the calculation itself is quite complicated because of the
large number of Feynman diagrams involved. Therefore, we consider this only as a matter-of-principle example of a process
with four external state Majorana fermions, and will restrict ourselves to writing down the contributing matrix element
amplitudes.

At tree level, the decay can proceed via a virtual Z° boson; the Feynman graphs are shown in Fig. 6.16.1. In addition, it
can proceed via the exchange of any of the neutral scalar Higgs bosons of the MSSM, ¢° = h°, H°, A°, as shown in Fig. 6.16.2.

Since any of the final state neutralinos can directly couple to the initial state neutralino there are two more diagrams for
each one shown in Figs. 6.16.1 and 6.16.2, for a total of 48 tree-level diagrams (counting each intermediate Higgs boson state
as distinct). In all cases, the four-momenta of the neutralinos N;, Nj, Ni, N are denoted p;, k;, ki, k, respectively.

We obtain the sum of the four diagrams in Fig. 6.16.1 by implementing the rules of Fig. K.2.1, and using the
't Hooft-Feynman gauge :

. (1) —igz/Cav /1L t Lt — LT —, 7L T

iM,’ = 72(% xi0,X; — Oy O'Myj) (O,dxka“yg - Olkyko"xe). (6.16.1)
(pi — k)2 —m3
The external wave functions are x; = x(p;, A;), Xj ke = x(lch,k,g, Aj.k,¢), and analogously for xij,u, and y; j ¢ and J’Zj,k,z- Note
that we have factorized the sum of the four diagrams, taking advantage of the common virtual boson line propagator. By a
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Fig. 6.16.2. Four Feynman diagrams for N; — N;N,N, in the MSSM via ¢° = h°, H°, A® exchange. There are four more where N; <> Ny and another four
where N; <> N.

=
=0
—

judicious use of the o or & version of the vertex rule, we have ensured that the order of the four spinor wave functions is
the same for each of the four diagrams. Hence, no additional relative minus signs are required.

The contributions from the diagrams related to these by permutations can now be obtained from the appropriate
substitutions (j <> k) and (j <> £):

52 /2
—1g /C /
iM? = (- 1)72W(O,;1Lxlauxk Oyl & Myk)(ozx o'y, — Opyjo “x}) (6.16.2)
(pi — ki) — m3
2
(3) 1 —ng/CW O//L o 7L T— O//L t—u o//L oyt 6.16.3
=(= )7( k)2 — m2 (i — Oty Ty kX0 Vi — O Yko ™ X (6.16.3)
Di — ke)® —

The first factors of (—1) in iMéz) and LM? are present because the order of the spinors in each case appear in an odd
permutation of the canonical order set by iMé”. Note that if we were to proceed to a computation of the decay rate, the very
first step would be to apply the Fierz relations of Eqs. (2.67)-(2.69) to eliminate all of the o and o matrices in the above
amplitudes.

The diagrams in Fig. 6.16.2 combine to give a contribution:

—i
M(]) = m(Y”x,y] + yyl T)(Ykz}’kyé + YkzX;];XZ), (6.16.4)
i N - 0
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. 0,0,0
where we have used the Feynman rules of Fig. K.3.1, and adopted the shorthand notation YV = (Yy)* = y® iy, Again
we have factored the amplitude using the common virtual boson propagator. As in the Z-exchange diagrams, the other
contributions can be obtained by the appropriate substitutions:

far(2) ik T, (vl 1T
My =(—1)——————— (Y xivi + Yy ) (Y yive + Yiex: X)), 6.16.5
#0 ( )(pi — kk)z — m;o ( iVk ikY; k)( YiVe jeRj z) ( )
. —i ) )
MG = (= 1) —————— (Vxye + Yy [xD (Y + Yigelx)). (6.16.6)
(i — ke)? — 2

The first factors of (—1) in iM;zo) and iMfo) are needed because the spinors in each case are in an odd permutation of the

canonical order established earlier.
The total matrix element is obtained by adding all the contributing diagrams:

3 3
M= MP+Y N M{j}'}f. (6.16.7)
n=1

¢0 n=1

Squaring the matrix element, dividing by 2Mp , and integrating over phase space yields the total decay rate. Note that final
states differing by the interchange of identical particles must be considered as a single state, counted once [38]. Given an
N-body final state made up of v, particles of type r (where r < N), we define a statistical factor S,

S = Hvr!, where Z v, = N. (6.16.8)
r T

Then, in computing the total decay rate, the integration over the total phase space must be divided by S to avoid over-
counting. In the present example, N = 3 with S = 2 [or S = 6] in the case of two [or three] identical neutralinos in the final
state, respectively

6.17. Three-body slepton decaysz,; —> T fort =e p

We next consider the three-body decays of sleptons through a virtual neutralino. The usual assumption in
supersymmetric phenomenology is that these decays will have a very small branching fraction, because a two-body decay
to a lighter neutralino and lepton is always open. However, in Gauge Mediated Supersymmetry Breaking models with a
non-minimal messenger sector, the sleptons can be lighter than the lightest neutralino [192,193]. In that case, the mostly
R-type smuon and selectron, fig and ég, will decay by £, — E*ri?f. The lightest stau mass eigenstate, ?f, is a mixture of
the weak eigenstates 7" and 7y, as described in Appendix K.4:

o R LILE (6.17.1)

and T;" = (7,)*, while the ji and &g are taken to be unmixed.

First consider the decay ¢; — ¢t "7, which proceed by the diagrams in the top row of Fig. 6.17.1. The momenta
and polarizations of the particles are also indicated on the diagram. Using the Feynman rules of Fig. K.4.4, we find that the
amplitudes of these two diagrams, for each neutralino N; exchanged, are:

) 7 .z —i(P—k1)'U:|T
iM; = (—ia")(—ia — X, 6.17.2
1= (—ig;")( ])y1|:(p—k1)2—m2- 2 ( )
Nj
by (—ib? s 6.17.3
iMy = (—ia™)(—ib] [7] 17.
2 = (—iag;") (—ib; ) y1 b= —m2 V2 ( )
J
where
a = v2g'Ny, (6.17.4)
al = Y,Nsl% + 28 NaR:, (6.17.5)
. 1
bj = Y. N5R: — —=(gN}, +g'Nj)L; . (6.17.6)

V2

The spinor wave function factors are y; = y(fq, X1), Y2 = y(lzz, Az), and x; =x' (ﬁz, A2).
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Fig. 6.17.1. Feynman diagrams for the three-body slepton decays Zg — £~ t*7] (top row) and Z,{ — Z’r"ﬂ* (bottom row) in the MSSM.

In the following, we will use the kinematic variables

zo=2p - ky /ng =2E/my, z=2p-k /m%R = 2E./my,, (6.17.7)
Ty = M/ Mg re = mz /my,, (6.17.8)
= m,/mzR, Ty = mg/mzR. (6.17.9)

The total amplitude then can be written as

4
M= Z [cjyl(p —kq) - crx; + djy1y2] , (6.17.10)
=1
where :
G = —af*af/[m%R(rI%j —14+2)], (6.17.11)
dj = af*bfmﬁj/[mﬁR(réj —1+2)]. (6.17.12)

We consistently neglect the electron and muon masses and Yukawa couplings (so r; = 0) in the matrix elements, but not
below in the kinematic integration over phase space, where the muon mass can be important.
Using Egs. (2.43) and (2.44), we find

M = Z[cjc;‘ Y1 — ki) - oxhxa(p — ka) - oy} + didy1y2 yay)
ik
+Gdiyi(p — ki) - oxbyhyl + o (p — ki) - anym]. (6.17.13)
Summing over the lepton spins using Eqs. (3.1.58)-(3.1.61) gives

3P = Z[cjc;n[(p —ky) - oky - TP — ki) - oky - T + didTrlk; - ok - 7]
A2 jk

— ¢dgm, Tr[(p — k1) - oky - 01 — ¢ dkm Tr[(p — k1) - okq - E]]. (6.17.14)
Taking the traces using Eqgs. (2.55) and (2.56) yields

> ImP? = Z{cjc,’:[étkl (p—kka - (p— k1) — 2ks - ka(p — ko)?] + 2didi ks - ko
spins J.k

— 4Re[qid} Tmeks - (p — Iq)}

= Z{cjc,’jm‘Z}R[(l —20)(1 —z;) = +17]
ik

+ddim? (2 +20 — 1412 —12) — 2Re[cjd,’:]m,m%R2g]. (6.17.15)
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The differential decay rate for ZE — £~ t7] then follows:

& > P (6.17.16)
dz,dz, 256713 o o

The total decay rate in that channel can be found by integrating over z;, z,, with the limits (see for example Ref. [164]):

2r <z < 1+717 — (10 +712)% (6.17.17)
(zr)min <Z; < (Zr)mam (6.17.18)

where

[(2 —z)A+12 12 =12 —2) F @ —ar)HPAVPA 1 — 7,12, r?)], (6.17.19)

(Ze ) min, max =

21—z +71})

and the triangle function A'/? is defined in Eq. (6.1.11).
Now we turn to the competing decay ¢; — €~ t~7;, with diagrams appearing in the bottom row of Fig. 6.17.1. By
appealing again to the Feynman rules of Fig. I(.4.3, we find that the amplitude has exactly the same form asin Egs. (6.17.2) and

(6.17.3), except now with ajf <~ bf*. Therefore, the entire previous calculation goes through precisely as before, but now with

—ajz*bf*
G= 55—, (6.17.20)
mzR(rN_ —14z)

%
aamN

di=—51>—7—. (6.17.21)
mL,R (rNj —1+2z)
The differential decay widths found above can be integrated to find the total decay widths. The results agree with Ref. [ 194],

except that the signs of the coefficient C§3) and c(4) in the published version of that paper are incorrect; the arXiv eprint

version has been corrected. (Also, the notations for the sfermion mixing angle are different in that paper.) If mg, — Mg — My
is not too large, the resulting decays can have a macroscopic length in a detector, and the ratio of the two decay modes can
provide an interesting probe of the supersymmetric Lagrangian.

6.18. Neutralino decay to photon and Goldstino: ﬁ,- — yE

The Goldstino G is a massless Weyl fermion that couples to the neutralino and photon fields according to the non-
renormalizable Lagrangian term [195]:

a; ~
7 = —EI(X,QU“E'DUVBMGT) (8,A, — 3,A,) + h.c. (6.18.1)

Here Xio is the left-handed two-component fermion field that corresponds to the neutralino ﬁi particle, G is the two-
component fermion field corresponding to the (nearly) massless Goldstino, and the effective coupling is

(Nj; cos By + N7 sinHy), (6.18.2)

1
BTG

where Nj the mixing matrix for the neutralmos [see Eq. (K 2.8)], and (F) is the F-term expectation value associated with
supersymmetry breaking. Therefore N, can decay to y plus G through the diagrams shown in Fig. 6.18.1, with amplitudes:

& ke Tk k, -Ge* - o)xl

m{]_zsz c-o(e ok, -0~k -5 -0)x, (6.18.3)
ar

iMy = —iéy}vké G (c* ok, -o—k, 0" -T)yz. (6.18.4)

Here x; = x(p, )L,;,),y[tv = y'(p, Aj), and xg = xT(l;@ re) ye = y(fca, Ag), and g* = 8*(?@, %) are the external wave
function factors for the neutralino, Goldstino, and photon, respectively. Using the on-shell condition k,, - €* = 0, we have

k,-oe*-0 = —¢*-0k,-ocandk,-ce*-0 = —&*-0k, -0 fromEqs.(2.51)and (2.52). So we can rewrite the total amplitude as
M = My + My = xgAXL + y! Byz, (6.18.5)
where
A=akz-0¢* -0k, -0, (6.18.6)

B=—dajkz-oc&* -0k, 0. (6.18.7)
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Fig. 6.18.1. The two Feynman diagrams for ﬁi — yE in supersymmetric models with a light Goldstino.

The complex square of the matrix element is therefore
| M| = x,;,AxngAx};l + y;;’Byéygl?y,;, + XNAnggéyN + ygBy(-;x(-;Ax}V, (6.18.8)

where A and B are obtained from A and B by reversing the order of the o and & matrices and taking the complex conjugates
of g; and ¢ [cf. Eq. (4.4.4) and the associated text].
Summing over the Goldstino spins using Eqs. (3.1.58)-(3.1.61) now yields:
D IMP = xgAks - TAXE +ylBks - oByy. (6.18.9)
e
(TheA, Band A, B cross terms vanish because of mg = 0.) Averaging over the neutralino spins using Egs. (3.1.58) and (3.1.59),
we find

1 1 ~ 1 .
5 Do IMP = STrlAk; - TAp - & + —TriBk - oBp - o

Ajre
= %|a,-|2Tr[a* Gk, okz-Tk,-0c-Tkz-op-Tk; ol+ (0 < o). (6.18.10)

We now use

k,-okz-ok, -0 =2k k,k, -0, (6.18.11)

kz-op-okz-o =2k -pk:-o, (6.18.12)
which follow from Eq. (2.53), and the corresponding identities with o <> @, to obtain:

1 2 2 * = _ _

3 ANZ% [M|” = 2|a;|“ (kg - k) (kg - p)Tr[e* -0k, -0€-Tkz - 0]+ (0 < 0). (6.18.13)

Applying the photon spin-sum identity

D etett = —gh, (6.18.14)
Ay
and the trace identities Eqgs. (2.56) and (2.57), we get
1
5 > M =16lal’ (kg - k) (kg - p) = 2lai*m . (6.18.15)
)"V’)‘N’)‘é

So, the decay rate is [192,196]:

5
! > IMP ]| = INi cosby + Nisin6 |zi
- il w i2 w 167‘[|(F)|2'
NG

I'(N; > yGC) = (6.18.16)

16wmy, \ 2,

6.19. Gluino pair production from gluon fusion: gg — g8

In this subsection we will compute the cross-section for the process gg — gg. The relevant Feynman diagrams are
shown in Fig. 6.19.1. The initial state gluons have SU (3). adjoint representation indices a and b, with momenta p; and p, and
polarization vectors 8’1‘ = gh(p,, A1) and eé‘ = g1 (p,, Ay), respectively. The final state gluinos carry adjoint representation
indices ¢ a£1d d, with momenta k; and k, and wave function spinors xi = x' (121, ApDory; = y(E1, A7) and xi = xf (fcz, A5)
ory; = y(ky, A%), respectively.

The Feynman rules for the gluino couplings in the supersymmetric extension of QCD are given in Fig. K.5.1. For the two
s-channel amplitudes, we obtain:

. —ig’” y
iMs = (—gS ™[0 (P1 — P2)p + &op(P1 + 2D2) — up (2P1 + D2)0]) (T) eye;

X [(—g ey Xz ys + (g "“’)ylcmx;]. (6.19.1)
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Fig. 6.19.1. The ten Feynman diagrams for gg — g g. The momentum and spin polarization assignments are indicated on the first diagram.

The first factor is the Feynman rule for the three-gluon interaction of standard QCD, and the second factor is the gluon
propagator. The next four (t-channel) diagrams have a total amplitude:

itki —p1) - o

: _ (_o fcea M\ (_ , fedb v\ T—
e = (8 (8 82)x1”“[<k1—p1>2—m§

AP
:|va2+(gsfecag¢)(gsfdeb8§)Y1au|: o —p) o :| W

e X
(ky —p)? —mZ | °

+ (_gsfceaglll-)(gsfdebg;) XJlrgll- |:m1§i| O'UX;

_ 2 _m2
(k1 = p1)? —mz

img _
4 (gsfecagél)(_gsfedbg;)‘)/lo—”’ |:(k1—p1;’2—rngi| 0,Y2. (6192)
g



H.K. Dreiner et al. / Physics Reports 494 (2010) 1-196 81

Finally, the u-channel Feynman diagrams result in:

: _ eda 1t ceb = iky —=p2) - 0 —
My = (_gsf & )(_gsf 8;) X100y |:(k1_p2)2_m§ O uy2

(ke — =
+ (g&fdeagxlt)(ggfecb‘?;)y]ou |: i(ki —p2) -0 :| i

o)
(ki — p2)? —m}

+ (g&fdeagl{b)(_g&fcebeg) x’]fgv |:lmg:| UILX;

— 2 _m2
(k1 — p2)? —mg

(ki — p2)? —m}
We choose to work with real transverse polarization vectors &1, €;. These vectors must both be orthogonal to the initial
state collision axis in the center-of-momentum frame. Hence,

+ (—g&fedasf)(g&f“bs;)ylov |:lmgi| T Y- (6.19.3)

181 =8y & = -1, (6194)
g1 p1=& -p1=€&-pp=6& -pp=0, (6.19.5)
&1 kz = —&1 - kl, (6196)
&y -+ kz = —&) - kl, (6197)
for each choice of A1, A,. The sums over gluon polarizations will be performed using [cf. Eq. (1.2.61)]:
2 M v + Ho v
D oetey =) efey = —g" + 2 (e +P2P) (6.19.8)
X1 A s

Note that in QCD processes with two or more external gluons, the term 2 (p‘]‘ py +py pﬁ) /s in Eq. (6.19.8) cannot in general
be dropped [197]. This is to be contrasted to the photon polarization sum [cf. Eq. (6.18.14)], where this latter term can always
be neglected (due to a Ward identity of quantum electrodynamics).

Before taking the complex square of the amplitude, it is convenient to rewrite the last two terms in each of Egs. (6.19.2)
and (6.19.3) by using the identities [see Eq. (3.1.12)]:

mg-xi =yi1(k; - 0), mgy1 = xJ{(lq -0). (6.19.9)
Using Egs. (2.53) and (2.54), the resulting total matrix element is then reduced to a sum of terms that each contain exactly
one ¢ or o matrix. We define convenient factors:

Gs = g2f " f s, (6.19.10)

Ge = g2f*f"*/(t — m2), (6.19.11)

Gy = g2 “F*¢/ (u — m3) (6.19.12)
where the usual Mandelstam variables are:

s = (p1+p2)* = (ki + ka)?, (6.19.13)

t = (ky —p1)* = (kp — p2)°, (6.19.14)

u= (k; — p2)* = (ko — p1)°. (6.19.15)
Then the total amplitude is (noting that the gluon polarizations ¢, &, were chosen real):

M= Ms+ M + My, =xla -Gy, +y,0° - oxl, (6.19.16)
where

a* = —(Gr + Gy)er - &2p) — (Gy — Gy)ey - 2Py — 2Geky - €165 — 2Gyky - &2 6l

— i€ 1,825 (Gtp1 — GuP2)rc- (6.19.17)
Squaring the amplitude using Eqs. (2.44) and (2.45), we get:
|M|? = xIa . Eyzy;a* - oX1 +yat - axgxza . ayI + x{a - TY2X20 - oyI + ya* - ox;y;a* - OX1. (6.19.18)
Summing over the gluino spins using Egs. (3.1.58)-(3.1.61), we find:
Z IM|? = Tr[a -Gk, - oa* - Gky - o] + Tr[a* - ok, - 5a - oky - T)
Mpa

- mgTr[a .oa-0]— mgTr[a* -oa* - o). (6.19.19)
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Performing the traces with Egs. (2.55)-(2.57) then yields:
Z |M|> = 8Re[a- kia* - ky] —4a - a*ky -k, — 4ie"VP kq, kova,al — 4m§Re[a2]. (6.19.20)
VA

Inserting the explicit form for a* [Eq. (6.19.17)] into the above result, we obtain:

D IMPP = 2t = mH) U — m)(Gr + ) + 4(Gs + G (Gs — Gu) (g1 - £2)°]
VA

+16(G; + G[Gs(t — u) + G (t — mg) + Gy(u — mﬁ)](ﬁ - &) (k1 - e1)(ky - &2)
—32(G; + G (ky - £1)° (ky - £2)°. (6.19.21)

The sums over gluon polarizations can be done using Eq. (6.19.8), which implies:

Z 1=4, Z(s] cg)? =2, (6.19.22)

A1,h2 AaAo
Y (1 ek - e ks - £2) =mE — (t — m2)(u—m2)/s, (6.19.23)
A,A2
2
Z (ky - £1)° (k1 - £2)* = (mg —(t- mfg)(u - mé)/s) . (6.19.24)
A2
Summing over colors usingfabefcdefabe fcde — zfabefcdeface fbde — ch (ch _ ]) — 72'
72g4 7204
>a="g Y= (6.19.25)
colors § Colots (t— mg)
7284 36g4
Y= > GG = (6.19.26)
colors (- mg) colors st — mg)
36g4 3604
D GGu= - > GGy = et ey (6.19.27)
colors s(u— m§) colors (t - mg)(u o mg)

Putting all the factors together, and averaging over the initial state colors and spins, we have:
do 1 1 1
P Z M2
ot = vor (o1 20 1 )
colors ~ spins

9o
454

s%(s + 2m?)? 4mist
£ £ } (6.19.28)

—m?)(u —m?) — 3s* — 4m? -
[Z(t mg)(u — mgz) — 3s” — 4mzs + (t—mfg)(u—mfg) (t—mé)z(u—mfg)z

which agrees with the result of [177,198] (after some rearrangement). Note that in the center-of-momentum frame, the
Mandelstam variable ¢ is related to the scattering angle & between an initial state gluon and a final state gluino by:

S
r:m§+5(cose /1~ am2/s — 1). (6.19.29)

Since the final state has identical particles, the total cross-section can now be obtained by:

1 % do
o=- [ =t (6.19.30)
2 ), dt

where t.. are obtained by inserting cos & = 41 into Eq. (6.19.29).
6.20. R-parity-violating stau decay: ?,j — ety

In an R-parity-violating extension of the MSSM (denoted henceforth by RPV-MSSM), new Yukawa couplings can arise
[see Egs. (L.1)—(L.3)] that violate either a global U(1) lepton number L or baryon number B. The corresponding Feynman
rules are derived in Appendix L. Consider the decay of a right-handed scalar tau via an L-violating LLe coupling governed by
Eq. (L.1). This is particularly relevant when the scalar tau is the lightest supersymmetric particle (LSP) [199,200] and in the
case of resonant slepton production [201,202]. Note that in R-parity violation the LSP need not be the lightest neutralino
and in a minimal supergravity embedding often it is not [203,204]. The Feynman diagram is shown in Fig. 6.20.1, where we
have also defined the momenta and the helicities of the fermions.
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Fig. 6.20.1. Feynman diagram for the R-parity-violating decay T, — e*,,.
The amplitude for the R-parity-violating fR+ decay is given by:
M= —i)»yey;,u. (6.20.1)

Here we have defined A = A3, and the external wave functions are denoted by y, = y(ﬁe, Le), and y;, = y(I;gM, Ay
respectively. Using Eq. (2.43), the amplitude squared is

|MP = 2Pyeys, yh i (6.20.2)
Summing over the fermion spins using Eq. (3.1.59) gives:
> AMP = MPTrik, - o ks, - 5] = [A*mZ,, (6.20.3)

where in the last step we have used the trace formula Eq. (2.55), and neglected the mass of the electron and the neutrino.
The total decay rate is then given by

1 [A[2
r= M| —m;,, 6.20.4
167 ms, ( 2 1Ml ) 167 ® ( )

)Le;)tﬁﬂ

which agrees with the computation in Refs. [205-207]. Completely analogously we can obtain the total rate for the decays
v, — et and’e, — t7¥,, which proceed via the same operator, by replacing mg, — (Mg, m;, ), respectively.

_ Ingeneral the two-body decay rate of a sfermion f via the L-violating LQd coupling governed by Eq. (L.2) or the B-violating
udd coupling governed by Eq. (L.3) is given by:

A 2
rg - fy = Som, (6:205)

where we have neglected the masses m , of the final state fermions. The factor C denotes the color factor. For the slepton
decays via the LQd coupling which are summed over the final state quark colors, C = 8’76,7 = 3,wherei,j =1, 2,3 and §;
is the symmetric invariant tensor of color SU(3). For the squark decays via the LQ_E.’_ where the initial state color is averaged
over and the final state color is summed, C = 1. For the squark decays via the udd coupling, C = %Eijkeijk = 2, where the
Levi-Civita tensor, e/ = €ijk, 1s the antisymmetric invariant tensor of color SU(3). In realistic cases, one must also include
the effects of mixing for the third-family sfermions, which we have omitted here for simplicity.

6.21. R-parity-violating neutralino decay: ﬁ,- — uud

Next we consider the R-parity-violating three-body decay of a neutralino N,- — u~ud, which arises due to the L-violating
LQd coupling governed by Eq. (L.2). This is of particular interest when the neutralino is the LSP, since it determines the final
state signatures [208-210]. The three Feynman diagrams are shown in Fig. 6.21.1, including the definitions of the momenta
and helicities. We have neglected sfermion mixing, i.e. we assume Ji;, U;, and dg are mass eigenstates. Using the Feynman
rules given in Figs. L.2 and K.4.2 (or K.4.4), we obtain the corresponding contributions to the decay amplitude,

iMy = (i) \%(gNiz +g’Nf1)] |:(p,—kﬂ)2

i i
iMy = (i)*) —ig ] |:} yixlxlxd, (6.21.2)
R

:|y,xTxTxd, (6.21.1)

(pl - kd)z

iM3 = (i) —\sz(gNiz +g,Ni1/3):| |:(—k)2:| yix XdXT' (6.21.3)
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Fig. 6.21.1. Feynman diagrams for the R-parity-violating decay ﬁ,- — pud.

Here we have defined A’ = 1),,, and the external wave functions are denoted by y,T = y'(@;, M), XL = xt (I;M, A,

x:f, = xt (Eu, Ay), and ng = xT(Ed, Aq), respectively. In the following, we will neglect all of the final state fermion masses. The

results will be expressed in terms of the kinematic variables

z, =2p;i - ky, /mfvi = 2E, /myg,, (6.21.4)
24 = 2pi - ka/my, = 2Eq/my,, (6.21.5)
2, =2p; - ky/mYy = 2E,/my,, (6.21.6)

which satisfy z, 4 z4 + z, = 2. Then we can rewrite the total matrix element as:

M = crylxixlx] + coylxixt xf + caylxixixt (6.21.7)
where

1

€1 = Ek/*(gsz +g'Nu)/[m3, — mfm_(l -zl (6.21.8)
ﬁ 1k ! 2 2

= —?A *g Nn/[maR — m&_(l —z)], (6.21.9)

1
A +g'Nu/3)/mg, —mg (1—2z)]. (6.21.10)

Before squaring the amplitude, it is convenient to use the Fierz identity [Eq. (2.66)] to reduce the number of terms:

= (c1 — &3y, xT Xixh 4+ (ca — ca)ylx xJr Xl (6.21.11)
Using Eq. (2.43), we obtain
(M = o — s Pyl xyixdxlixax, + ez — e Pyl xixayixi xixux,,
— 2Re[(c; — ¢3)(c) — c;‘)yiTxLxﬂxuxedxdyi], (6.21.12)

where Eq. (2.59) was used on the last term. Summing over the fermion spins using Egs. (3.1.58)-(3.1.61), we obtain:

Z |M[* = |c1 — c3|*Tr[k, - Op; - o1Tr[kg - Tky - 0] + |cz — c3|*Tr[kg - op; - o' ]Tr[ky - Tk, - 0]

spins

—2Re[ (¢ — €3)(c5 — ¢)Trlk,, - Tky - okg - Tp; - 0]]. (6.21.13)
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Applying the trace formulae, Egs. (2.55) and (2.57), we obtain
D M = 4ler — csPpi - kyka - ky + 4l — cspi - kaky - Ky

spins
—4Re[(c1 — 3)(c5 — c)(ky - kuDi - kg + i - Ky ka - ky — Ky - kg Dy - ky)

mé [16122,(1 = 20 + leaP2a(1 = 20) + les P2u(1 = 2,)

—2Re[c1651(1 — 2,) (1 — zg) — 2Re[c1¢51(1 — 2,)(1 — z,) — 2Re[c2c51(1 — z4) (1 — zu)], (6.21.14)
where in the last equality we have used Eqs. (6.21.4)-(6.21.6) and
2 ka=(1—z)my, 2k, ke = —zg)mi,  2ka- kg = (1—2z,)m3 . (6.21.15)

The differential decay rate follows:

o ZIMIZ (6.21.16)
dz,dzg 28713 o

spms

where a factor of N, = 3 has been included for the sum over colors, a factor of 1/2 to average over the neutralino spin, and
the kinematic limits are

0<z, <1, (6.21.17)
1—z, <z4< 1. (6.21.18)

In the limit of heavy sfermions, the integrations over z; and then z,, are simple, with the result for the total decay width:

N, m~
r= ﬁ (I 1% + I3 1” + [c3]* — Re[ch ey + ches* + c5eT) (6.21.19)

where the ¢/ are obtained from c; of Egs. (6.21.8)-(6.21.10) by neglecting m~ in the denominators. Our results agree with the

complete computation (which includes mixing) given in Refs. [206,207,21 1] Earlier calculations with some simplifications
are given in Refs. [209,212].

6.22. Top quark condensation from a Nambu-Jona-Lasinio model gap equation

The previous examples have involved renormalizable field theories. However, there are cases in which it is preferable
to use effective four-fermion interactions. The obvious historical example is the four-fermion Fermi theory of weak decays.
This has been superseded by a more complete and accurate theory of the weak interactions but is still useful for leading order
calculations of low energy processes. Another case of some interest is the use of strong coupling four-fermion interactions
to drive symmetry breaking via a Nambu-Jona-Lasinio model [213], as in the top quark condensate approach [214-218] to
electroweak symmetry breaking.

Consider an effective four-fermion Lagrangian involving the top quark [216], written in two-component fermion form
as:

Cd T G .,
£ =it'o"d,t +it'o"d,t + F(tt)(tTtT). (6.22.1)

Here the Standard Model gauge interactions have been suppressed; the quantities within parentheses are color singlets. Note
also that there is no top quark Yukawa coupling to a Higgs scalar boson, nor a top quark mass term, which would normally
appear in the form —m, (tf + t't!). Instead, the effective top quark mass is supposed to be driven by a non-perturbatively
large and positive dimensionless coupling G, with A the cutoff scale at which G arises from some more fundamental physics
such as topcolor [218].

The Feynman rule for the four-fermion interaction can be derived from the mode expansion results of Section 3, and
is given in Fig. 6.22.1. The resulting gap equation for the dynamically generated top quark mass is shown in Fig. 6.22.2.
Evaluating this using the Feynman rules of Figs. 4.2.3 and 4.2.4, one finds:

A 4 .
—im,sisf = (—1)[ (i siskopst ) (smoe— M (6.22.2)
i%a )t \\ 4200 % Bl —m2 + ie

Here1, j, k, n are color indices of the fundamental representation of SU(3), and , B, ¢, j3 are two-component spinor indices.
The factor of (—1) on the right-hand side is due to the presence of a fermion loop.




86 H.K. Dreiner et al. / Physics Reports 494 (2010) 1-196

t, i, « t, k, &
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zﬁ(sja’“agéj

t,j. B t,n, B

Fig.6.22.1. Feynman rule for the four-fermion intgraction in the top quark condensate model. The indices i, j, k, n = 1, 2, 3 are for color in the fundamental
representation of SU(3), and the indices «, S, &, B are two-component spinor indices.

—>— < =

Fig. 6.22.2. The Nambu-Jona-Lasinio gap equation for a possible dynamically generated top quark mass m,.

Euclideanizing the loop integration over k* by k* — —k? and [ d*k — i [ d*kg, and then rewriting the integration in
terms of x = kﬁ, this amounts to [216]:

2
2N.Gm, (4 )
m= g, /C+mE
3Gm, 2/ 42 2,2
= Sz 11— (/A% In(A/m) + ], (6.22.3)

where N, = 3 is the number of colors, and a factor of two arises from the sum over dotted spinor indices of Sﬂ 80‘

For small or negative G, only the trivial solution m; = 0 is possible. However, for G > Gitca = 872/3 ~ 26, there is
a positive solution for m?/A? [216]. It is now known that this minimal version of the model cannot explain the top quark
mass and the observed features of electroweak symmetry breaking, but extensions of it may be viable [219].

6.23. Electroweak vector boson self-energies from fermion loops

In this subsection, we consider the contributions to the self-energy functions of the Standard Model electroweak
vector bosons coming from quark and lepton loops. (For a derivation of equivalent results in the four-component fermion
formalism, see for example Section 21.3 of [114].) The independent self-energies are given by I'[l‘fl’jw, HEZV, H,Zf = 1"[,“, ,and
H,]ff,’, as shown in Figs. 6.23.1 and 6.23.2. In each case, iI1,,, is equal to the sum of Feynman diagrams for two-point functions
with amputated external legs, and is implicitly a function of the external momentum p*.

First consider the self-energy function for the W boson, shown in Fig. 6.23.1. The W boson only couples to left-handed
fermions, so there is only one Feynman diagram for each Standard model weak isodoublet. Taking the external momentum
flowing from left to right to be p, and the loop momentum flowing counterclockwise in the upper fermion line (f) to be k,
we have from the Feynman rules of Fig. J.1.2:

ww e [ dik N ik - o 8 ik+p) -0
ln;w =C-Du r )d Z T [(—l—ou) <k2—m?> (—IEUU) <(k+p)2—mf2,)i| (6.23.1)

()

Here w is a regularization scale for dimensional regularization in d = 4 — 2¢ dimensions. The sum in Eq. (6.23.1) is over the
six isodoublet pairs (f, f") = (e, ve), (1, ), (T, V1), (d, ), (s, ), and (b, t) with CKM mixing neglected, and

f_ J3, f =quarks,
Ne = {1, f = leptons. (6.23.2)

The first factor of (—1) in Eq. (6.23.1) is due to the presence of a closed fermion loop. The trace is taken over the two-
component dotted spinor indices. Using Eq. (B.2.27), it follows that

2
ww g 2 .2
mt = o § N1 (mf, m?)), (6.23.3)
7

where we have defined

dik 4k, k, + 2k,p, + 2k,p, — 2k - (k+ p) g0

6.23.4
(2m)d (k2 —x)[(k+p)? -yl ( )

L (X, y) = i(167%) pu*
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g (p) =

Fig. 6.23.1. Contributions to the self-energy function for the W boson in the Standard Model, from loops involving the left-handed quark and lepton pairs
(. f") = (e, ve), (u, vy, (T, v7), (d, ), (s, ¢), and (b, t). The momentum of the positively charged W+ flows from left to right.

] ] I oy
, 14 vV vV v v v’
il = + + +
1% v H v M . -V H - . v
(i i I I f I
Fig. 6.23.2. Contributions to the diagonal and off-diagonal self-energy functions for the neutral vector bosons V, V' = y, Z in the Standard Model, from
loops involving the three generations of leptons and quarks: f = e, ve, i, v, T, v, d, u, s, ¢, b, t.

This integral can be evaluated by the standard dimensional regularization methods [114,220]:

Lw(®.y) = (0*8uv — Pub) i (0% X, ) + g (0% %, ¥), (6.23.5)
where, after neglecting terms that vanish as € — 0,

Ii(s;x,y) = —i + 2{(2)( — 2y — 9HAX) + 2y — 2x — 5)A(Y)
3¢ 352
+ [Z(X — y)2 —s(x+y) — SZ]B(S; x,y)—sx+y + 52/3}, (6.23.6)
1
s =22 = N pfaco - am] + [ - st o | (6237)
The functions
A(x) = xIn(x/Q?) — x, (6.23.8)
1 _ _ _ i
B(s: x, y) = —/ de In (tx +a-oy ta(l Ds 18) , (6.23.9)
0

are the finite parts of one-loop Passarino-Veltman functions [221], with the renormalization scale Q related to the
regularization scale u by the modified minimal subtraction relation

w? = Q% /4m, (6.23.10)

where y = 0.577216. . . is Euler’s constant.
The photon and Z boson have mixed self-energy functions, defined in Fig. 6.23.2. Applying the pertinent Feynman rules
from Fig. ]J.1.2, we obtain:

e f )dzw{ ) () o) (5
+ (—iG{/EH) (k2 inmfz ) (icf,,av> (M)
+(~i6,7,) <k2 inmfz ) (i6,0) (M) } 6311

where V and V' can each be either y or Z, and Zf is taken over the 12 Standard Model fermions. The corresponding Vff and

Vff couplings are®®
G, =G|, =eq, (6.23.12)
=Ll d =L 6.23.13
7 = — (T3 — s Qp), 7= —Sw. (6.23.13)
Cw Cw

66 Note that there is no contribution from the left-handed two-component antineutrino fields, v, v,, v, which do not exist in the Standard Model.
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The four terms in Eq. (6.23.11) correspond to the four diagrams in Fig. 6.23.2, in the same order.

The first two terms in Eq. (6.23.11) are computed exactly as for HW. while in the last two terms we use Eq. (B.2.5) to
compute the trace. It follows that the neutral electroweak vector boson self-energy function matrix, after dropping terms
that vanish as € — 0, is given by

! ]
nov =
T )

SN [(G{,G{,, + GG (m?, m2) + £, (GG, + 6,6, ym2ls(m2, m})], (6.23.14)
f

where I, (x, y) was defined in Egs. (6.23.5)-(6.23.7), and we have defined the function
d9k 2
@m)* (k* =0k +p)* —y]
The photon self-energy function is a simple special case of Eq. (6.23.14):
1

— f 2 2 2 2 2 2
my =162 Xf:ch (eQ)* (10 (mf, mf) — guym?ls(mf, mp)). (6.23.16)

2
I(x,y) = —i(167%)u* =_+ 2B(p%; X, y). (6.23.15)

Evaluating the integrals I,,, and I5 yields

o 1 1 2 2m?
ny = o ;N{sz (P*Z0 — Pupy) {_6 +3- 7 [A(m}) +m}] — (1 + T;)BQ)Z; my, mfz)}, (6.23.17)
in agreement with the result given in, for example, Eq. (7.90) of [114]. This formula satisfies p"l‘[}j,’f = p”IY}{&’ = 0as
required by the Ward identity of QED, and is regular in the limit p> — 0. L

In each of Eqgs. (6.23.3), (6.23.14) and (6.23.17), there are 1/¢ poles, contained in the loop integral functions. In the MS
renormalization scheme, these poles are simply removed by counterterms, which have no other effect.

In Egs. (6.23.1) and (6.23.11), we chose to write a &, for the left vertex in the Feynman diagram in each case. This is an
arbitrary choice; we could also have chosen to use instead —o,, for the left vertex in any given diagram, as mentioned in
the caption for Fig. ].1.2. This would have dictated the replacements ¢ <> —o throughout the expression for the diagram,
including for the fermion propagators, as was indicated in Fig. 4.2.4. It is not hard to check that the result after computing
the spinor index traces is unaffected. Note that the contribution proportional to €,,,. from Eq. (B.2.26) or Eq. (B.2.27)
vanishes; this is clear because the self-energy function is symmetric under interchange of vector indices, and there is only
one independent momentum in the problem.

6.24. Self-energy and pole mass of the top quark

We next consider the one-loop calculation of the self-energy and the pole mass of the top quark in the Standard Model,
including the effects of the gauge interactions and the top and bottom quark Yukawa couplings. As in Section 6.1, we treat
this as a one-generation problem, neglecting CKM mixing. Consequently, the corresponding Yukawa couplings Y; and Y}, are
real and positive (by a suitable phase redefinition of the Higgs field®”). Using the formalism of Section 4.6 for Dirac fermions,
the independent 1PI self-energy functions are given by®® X;;, X and Xp, (defined in Fig. 4.6.5) as shown in Fig. 6.24.1.
Note that in these diagrams, the physical top quark moves from right to left, carrying momentum p*. Then according to the
general formula obtained in Eq. (4.6.31), the complex pole squared mass of the top quark is given by:

m; + Zp)?
M? — ilTM; = (ome + Zef” (6.24.1)
(1= Z1)(1 — Zge)
where m; is the tree-level mass. Working consistently to one-loop order, this yields
M{ —ilMe = [mi(1+ i + Sp) + 2me S| - (6.24.2)

(It would be just as valid to substitute in s = Mt2 + ie here, as two-loop order effects are being neglected.)

It remains to calculate the self-energy functions X, Xk and Xp,. Two regularization procedures will be used
simultaneously—the MS scheme [222] based on dimensional regularization [124] and the DR scheme based on dimensional
reduction [223]. This is accomplished by integrating over the loop momentum in

d=4-2¢ (6.24.3)

67 As shown in Section 3.2, after the fermion mass matrix diagonalization procedure, the tree-level fermion masses are real and non-negative. If CKM
mixing is neglected, it follows from Eq. (J.1.9) that the corresponding diagonal Yukawa couplings are real and positive if the phase of the Higgs field is
chosen such that the neutral Higgs vacuum expectation value v > 0.

68 Since the Yukawa couplings can be chosen real (in the one-generation model), ¥, = X;,. Note that after suppressing the color degrees of freedom,
X1, Xre and X, are one-dimensional matrices, so we do not employ boldface letters in this case.
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Fig. 6.24.1. One-loop contributions to the 1PI self-energy functions for the top quark in the Standard Model. The external momentum of the physical top
quark, p*, flows from the right to the left. The loop momentum k* in the text is taken to flow clockwise. Spinor and color indices are suppressed. The
external legs are amputated. The last diagram contains one-loop tadpole contributions.
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Fig. 6.24.2. The tree-level Higgs tadpole cancels against the one-loop Higgs tadpole, provided that one expands around a Higgs vacuum expectation value
that minimizes the one-loop effective potential (rather than the tree-level Higgs potential, which would yield no tree-level tadpole).

dimensions, but with the vector bosons possessing
D =4 — 2ebyg (6.24.4)
components, where

1 for MS,
VS { 0 for DR, (6.24.5)
In other words, the metric g/*” appearing explicitly in the vector propagator is treated as four dimensional in DR, but as
d-dimensional in MS. The renormalization scale Q is related to the regularization scale w in both cases by the modified
minimal subtraction relation of Eq. (6.23.10).
The calculation of the non-tadpole contributions to the self-energy functions will be performed below in a general
R: gauge, with a vector boson propagator as in Fig. 4.2.5. There are different ways to treat the tadpole contributions,
corresponding to different choices for the Higgs vacuum expectation value around which the tree-level Lagrangian is
expanded. If one chooses to expand around the minimum of the tree-level Higgs potential, then there are no tree-level
tadpoles, but there will be non-zero contributions from the last diagram shown in Fig. 6.24.1. (This corresponds to the
treatment given, for example, in Ref. [224].) Alternatively, one can choose to expand around the Higgs vacuum expectation
value v that minimizes the one-loop Landau gauge®® effective potential. In that case, the one-loop tadpole contribution is
precisely canceled by the tree-level Higgs tadpole, as shown in Fig. 6.24.2. Here, we have in mind the latter prescription;
the calculation for the pole mass is therefore complete without tadpole contributions provided that the tree-level top quark
mass is taken to be
my = Y[U, (6.24.6)
where Y, is the MS or DR Yukawa coupling, and v is the Higgs vacuum expectation value at the minimum of the one-loop
effective potential in Landau gauge. To be consistent with this choice, £ = 0 should be taken in all formulae below that
involve electroweak gauge bosons or Goldstone bosons. (The gluon contribution is naturally independent of £ because the
gauge symmetry is unbroken, providing a check of gauge-fixing invariance.) Nevertheless, for the sake of generality we will
keep the dependence on £ in the computation of the individual non-tadpole self-energy diagrams below.
Consider the one-loop calculation of the self-energy X, which is the sum of individual diagram contributions X, =
[Zielg + [ 2]y + [ Zielz + [ Zielw 4+ [Zrelngy + [Zielgo + [Z1e]c+. First, consider the diagrams involving exchanges of the
scalars ¢ = hgy, G°, G*. These contributions all have the same form

ddi i(k . i
—ip -7 [Zily = pn* - (—iY*)<w>(— )(ﬁ) (6.24.7)
—m

(2m)d (k + p)?

9 This procedure is considerably more involved outside of Landau gauge, because the propagators mix the longitudinal components of the vector boson
with the Nambu-Goldstone bosons for & # 0 if one expands around a Higgs vacuum expectation value that does not minimize the tree-level potential.
This is the same reason the effective potential is traditionally calculated specifically in Landau gauge.
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where the loop momentum k* flows clockwise, and the couplings and propagator masses are, using the Feynman rules of
Figs.]J.1.3 and J.1.4,

forg =hsu: Y =Y/v2; mp=mg; omy =m . (6.24.8)
forgp = G- Y = th/ﬁ; my = my; mé = émé, (6.24.9)
forg =G": Y=V mp=my; mg = §my,. (6.24.10)

Multiplying both sides by p - o and taking the trace over spinor indices using Eq. (B.2.5), one finds
n* d’k p-(k+p)
p?> J @)t [(k+p)? —m7llk? —m3]

Performing the loop momentum integration in the standard way [114,220], and expanding in € up to constant terms, one
finds that in each case

[Ziely = ilYP (6.24.11)

[Suly = ¥ 2 s s; m?, m). (624.12)

1672

Here we have introduced some notation for the loop integral:

1 B A0 — A
IFS(S;Xay)EZ-}—(S_I—X J/) (S,Xz,i/)‘l' (X) (‘y)’

where the Passarino-Veltman functions A(x) and B(s; x, y) were defined in Egs. (6.23.8) and (6.23.9). These functions depend
on the renormalization scale Q, which is related to u via Eq. (6.23.10). It can be checked that I (s; X, ¥) has a smooth limit
ass — 0.

Next, let us consider the contributions to X} involving the vector bosons V = g, v, Z, W. These have the common form:

L A% it(k+p) - o L
—ip 5[ Tl = 1’ / @i (716 <(k+p>2—mf> (=iGT,)

) (e €0
X (kz_m5><g + e—em ) (6.24.14)

where again the loop momentum k flows clockwise, and, using the rules of Figs. ].1.2 and K.5.1:

(6.24.13)

forV=g: G=gT" mp = m, (6.24.15)
forV=y: G = eQy, my = m, (6.24.16)
forvV=2: G = g(T} —sp,Q0) /cw, my = my, (6.24.17)
forVv=w: G=g/v2, mp = my. (6.24.18)

In the case of gluon exchange (V = g), the T“ are the SU(3)¢ generators (with color indices suppressed). The adjoint
representation index a is summed over, producing a factor of the Casimir invariant (T°T%); = Cgé; = %6,}'. We now use

G,0,0,8" = —(D—2)5, [see Eq.(B.2.11)]; note that this introduces a difference between the MS and DR schemes. Also,
weusek - o(k+p)-ok-o = (k* +2k-p)k-o — k*p - &, which follows from Eq. (2.54). One therefore obtains, after
multiplying by p - o and taking the trace over spinor indices:

e [ dik 1

Zyly = —iG?
Sl P2 ) @) [k+p)? — mAI[k2 — m?]
2 2 20y E-D
x|[@=D)p- (k+p)+ (Kk-p+2(k-p?*—kp*) —=| (6.24.19)
k? — &my,
Performing the loop momentum integration, one finds that
T 5 2 2
[Zuly = ——— Gl (s; mf, my,), (6.24.20)

1672
where we have introduced the notation

Irv (3%, y) = % + [(s +x — Y)B(s; x,y) + AX) — AW)]/s — Sys + {(s — O[AQY) — AEY)]

+[(s =% = y(s + 01B(s: x.y) — [(s — x)* — &y (s + X)1B(s; x, £) } /2ys, (6.24.21)
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after dropping terms that vanish as ¢ — 0. Combining the results of Egs. (6.24.12) and (6.24.20):

2y =

1
< | (82 + €202 ) (ml: m 0) + [T} — 3,Q0)/cw Pl m?. )
1 1 1
" 5gzlﬂ,(mf; m2, my,) + 5y[ZIFS(mf; mg, m )+ 5Y[ZIFS(mf; mZ, Em2) + Y2 lgs(m2; mp, Em‘z,v)], (6.24.22)
where we have now substituted s = mf. It is useful to note that for massless gauge bosons,
1
I (x; %, 0) = g[ —In(x/Q%) + 2] +1— . (6.24.23)
€
The contributions to Xg; = [Xrele + [Zrely + [Zrelz + [Zrelney + [Zrelco + [Zrelc+ are obtained similarly. [Note that
g 14 SM G

there is no W boson contribution, since the right-handed top quark is an SU(2); singlet.] For the scalar exchange diagrams
with ¢ = hgy, G°, G*, the general form is:

d% itk+p) o i
—ip - o[ Zrelp = u* —iY —iY) | —— 6.24.24
- otznly = [ oo ')<(k+p>2—mf2>( e-m ) 02420
which yields
[Zrelp = — Y12 Irs (s; mﬁ mi)- (6.24.25)

1672

Here the couplings and propagator masses for hsy and G° are the same as in Eqgs. (6.24.8), (6.24.9), but now instead of Eq.
(6.24.10),

forg =G*: Y==Y., mp=my, mj=Emy, (6.24.26)

from Fig. J.1.4. For the contributions due to exchanges of vectors v = g, y, Z, the general form is given by

. ddk . i(k + .o ) i — DkMkY
—ip- o[ Zrly = ,U«ZG/ Gy (1Gaﬂ) (W) (iGaoy) <k2 _lm‘2/> <g/w + (iz_;mg> , (6.24.27)

where
forV=g: G=—gT" (6.24.28)
forV=y: G = —eQ, (6.24.29)
forV =2: G = gs5,Qc/cw, (6.24.30)
after using the rules of Figs. ].1.2 and K.5.1 with m; = m; in each case. We then make use of 6,0, 0, g"" = —(D — 2) 0,

[cf.Eq.(B.2.10)]and k- o (k+p) - ok -0 = (K* +2k - p)k - 0 — k?p - o [cf. Eq. (2.53)]. After multiplying by p - & and taking
the trace over spinor indices [using Eq. (B.2.5)], we obtain

[Zrely = — Gl (s; m?, my), (6.24.31)

1672

in terms of the same function appearing in Egs. (6.24.21) and (6.24.23). Adding up these contributions and taking s = m?
yields

re =

1
T [(gch + efo)IFv(mf; my, 0) + (°Q/ sy /) (m; mg, m3)

1 1
2 Y2l (i i)+ =Y Pys (mEs m?, m2) + Y2l (m?: gmﬁv)]. (6.24.32)

Next, consider the contributions to Xp; = [Zp¢lg +[ Xy + [ Zpelz + [ Zpelngy + [ Zpelgo + [ Xt 1o+, ignoring the tadpole
contribution for now. The diagrams involving the exchange of scalars ¢ = hgy, G°, G* have the form:

d . .
[ Spd = ,ﬁ/ Ak vy <L> (—iYy) <;> (6.24.33)
(2m)d (k+p)? —m; k2 —mg

dk 1
@) [(k + p)? — mF][k? — m3]

so that

[Zpelp = impYiYou®

1
Tnszy] Yolgs(s: mf, mj), (6.24.34)
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where we have introduced the notation:
1
Is(s;%,y) = —— — B(s; %, ¥), (6.24.35)
€

after dropping terms that vanish as € — 0. The relevant couplings and masses are, from Figs. ].1.3 and ].1.4:

for ¢ = hsw: Yi=Y, = Y/V2, my = my, mé = mﬁSM, (6.24.36)
forp = G°: Yi=Y, = th/\/E, my = my, mé = Emﬁ, (6.24.37)
forg =G":  YVi=Yp.Yo=-Y, mp=m, mj=Emj,. (6.24.38)

The contributions from vector boson exchanges are of the form

i[Zply = / ( iy )—'G)<_i )( (g_l)kuku) (6.24.39)
pelv = H Qr )d (k+p)? — (G k? —m3 & gmz ) o

Using 0,,0,8"" = D [see Eq.(B.2.8)]and k - ok - & = k? [from Eq. (2.51)] yields

[Znely = impG Gy d'k ! |:D + (5—1)k2]
Qm)d [(k+ p)? — mF][k? — my] k2 —gm?
= 161 meG1G21FV(s mf,mv) (6.24.40)
where
(s x,y) = —%S — 3B(s; X, y) — &B(s; x, £y) + 2633, (6.24.41)

after dropping terms that vanish as € — 0. It is useful to note that for massless gauge bosons

Iry (x: %, 0) = —%S + 34 8)[In(x/Q?) — 2] + 25y (6.24.42)

The relevant couplings are obtained from the rules of Figs. J.1.2 and K.5.1:

forV=g: G = —G, = gT", (6.24.43)
forV=y: G =-G=eQ, (6.24.44)
forV=2: G =g(—s;,Q)/cw, G»=gspQ/cw, (6.24.45)

and my = m, in each case. Adding up these contributions and taking s = m?, we have:

m
o = m};z{gz [(T% — s2,Q0)5%,Qc /2 gy (m2; m2, m2) — (g2Ce + €2Q)5, (m?; m?, 0)

+ 3 Vel (g mg, my ) — 5 VP Ips (s me, §m3) — Yikgs (mg; my, »;fmév)}, (6.24.46)

where Y; = m,Y,/m;, was used on the last term.

In each of the self-energy functions above, there are poles in 1/¢, contained within the functions Iy, Ifs, Iz, and Iz. In
the MS or DR schemes, these poles are simply canceled by counterterms, which have no other effect at one-loop order. The
one-loop top quark pole mass can now be obtained by plugging Eq. (6.24.22), (6.24.32), and (6.24.46) into Eq. (6.24.2) with
& = 0, as discussed earlier. It is not hard to check that the terms from massless Nambu-Goldstone boson exchange just
cancel against the terms from the vector exchange diagrams that came from éma, and Sm%.

As a simple example, consider the one-loop pole mass with only QCD effects included. Then the result of Eq. (6.24.2) has
no imaginary part. Taking the square root (and dropping a two-loop order part) yields the well-known result [225]:

Mt pote = Me(1+ 3 1 + 3 Zre) + Zpe

G 2
mt<1 — ]gisz [IFV(mf; mZ, 0) + Iz, (m?; m?, 0)])

mt<1 + Z—;CF [5 B S ln(mf/Qz)]). (6.24.47)



H.K. Dreiner et al. / Physics Reports 494 (2010) 1-196 93

a - N
g 4z qz

Il
_l’_
N

I

7/
Jr
N

I

7/

Il
+
N

I

7/
Jr
N

I

7/

Fig. 6.25.1. Self-energy functions for the gluino in supersymmetry. The external momentum p* flows from the right to the left. The loop momentum k*
in the text is taken to flow clockwise. Spinor and color indices are suppressed. The index x = 1, 2 labels the two squark mass eigenstates of a given flavor
q=u,d,s,c,b, t.Bothx and ¢ must be summed over. The external legs are amputated.

As another check, consider the imaginary part of the pole squared mass of the top quark. At leading order, Eq. (6.24.2)
implies:

It = —Im[m (X + Zge) +22p]

2
m g
[ St (m2s mi )+ (4 YD)ls(mEs mi, 6m3,) + 2¥ 155 mF; i, 6 |

1672 2
1
= 5o (@ + Y2 +Y)(mf +mp —my,) — 4Yym?} Im[B(m?; mj, my,)]. (6.24.48)
t

The fact that the £ dependence canceled here is a successful check of gauge-fixing invariance, since the tadpole diagram
in Fig. 6.24.1 does not contribute to the absorptive part of the self-energy. One can express Im[B(s; x, y)] in terms of the
triangle function [cf. Eq. (6.1.11)],

Im[B(s; X, y)] = {0 fors < (VX+/9)’, (6.24.49)

a Vs, x,y) /s fors > (Vx+ ﬁ)Z_
Eq. (6.24.48) then reproduces the result of Eq. (6.1.10) for the top quark width at leading order.

6.25. Self-energy and pole mass of the gluino

The Feynman diagrams for the gluino self-energy are shown in Fig. 6.25.1. Since the gluino is a Majorana fermion, we
can use the general formalism of Section 4.6. We will compute the self-energy functions Z; = 53 and £2; = £2%¢ defined
in Fig. 4.6.3, and infer §§ = Egg from the latter by replacing all Lagrangian parameters by their complex conjugates.”® At
one-loop order, it follows from the general result of Eq. (4.6.23) that the complex pole squared mass of the gluino is related
to the tree-level mass mz by

M — iMg Iy = [mg(l +255) + mz(25 + §§)]

(6.25.1)

s:m§+is ’
It is convenient to split the self-energy functions into gluon/gluino loop and squark/quark loop contributions, as
Br=[5g)g+ > ) [5gls. and 25 =1[2)+> Y [l (6.25.2)
q x=1,2 q x=1,2

where the sum over g runs over the six squark flavors u, d, s, ¢, b, t, and x = 1, 2 corresponds to the two squark mass
eigenstates [i.e., the two appropriate linear combinations (for fixed squark flavor) of §; and Gg]. The gluon exchange
contributions, following from the Feynman rules of Fig. K.5.1, are:

o ddk o i(k+p) o -
_in . - ab _ 2 _ o faec _ o febc
o5y 8 = m /(2n)d( 8 ”“)<(k+p>2—m§)( &%7)
—i " kikY
)8 +(‘f§—1)k—2 , (6.25.3)
ddk ims —i ki kY
—i[82], 8% = u* (2n;d (&f**0.) (Mﬁ) (—&f"o,) (é) (g““ +(E-1 <k; ) (6.25.4)
g

70 Suppressing the color degrees of freedom, =, £2 and §2 are one-dimensional matrices, so we do not employ boldface letters in this case.
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The internal gluon and gluino lines carry SU (3). adjoint representation index indices ¢ and e respectively, while the external
gluinos on the left and right carry indices a and b respectively. The gluino external momentum p* flows from right to left,
and the loop momentum k* flows clockwise. Comparing with the derivations of Egs. (6.24.20) and (6.24.40) in the previous
subsection, and using —fcfebc = feacfebe — sabc, [with C4 = 3 for SU(3).], we can immediately conclude that

(5l = —ECAIFV(S mZ,0), (6.25.5)

(2] = — ncAmg Fy(sim2, 0), (6.25.6)

4

where the loop integral functions Iry and I, were defined in Eqs. (6.24.21) and (6.24.41).
Next consider the virtual squark exchange diagrams contributing to &;. Labeling the quark and squark with color indices
Jj, k respectively, we have for each squark mass eigenstate:

o dik , | i(k+p)-o ) i
— lp -0 [E-]ax 8ab = M2€/ (—lﬁgsTjaqux) (rr12 (_lﬁgSTl?]sz) <k2 _ mZ )
q q

(2m) (k+p)* —

X

d ik+p) - & i
2e I aj pk Wk p)-o . by b
+1 / oy (ivasTiR: ) ((k g (iv2s1*R;,) (k2 - méx)' (625.7)

This uses the Feynman rules shown in Fig. K.5.3, given in terms of the squark mixing parameters Lz, and R;, defined in
Eq. (K.4.1). Using Tr[T*T"] = 5% and |L,|* + [Rg,|* = 1, and comparing to the derivation of Eq. (6.24.12) of the previous
subsection, we obtain:

o
[Ezls = _ﬁIFS(SQ mz, m? ). (6.25.8)

Similarly, for the last two diagrams of Fig. 6.25.1, we obtain:

im i
T s — f ajy *) 7 ( 20 . TH*R- ) B —
i[ g]qx Qn )d 1[ s k (7 (k +p)2 _ m£2] l[gs JoTx K — mgx

d% im i
2 iv/2, TR ) MM (—'ﬁ T’”L*) _ 6.25.9
T ./ (2m)d (l 8N\ ke py2 = m? WeETh ) e mZ )’ ( )

again using the Feynman rules shown in Fig. K.5.3. As before, j and k are the color indices for the quark and the squark,
respectively. Comparing to the derivation of Eq. (6.24.34) of the previous subsection, we obtain:

s
= — L Ramalss s; mz, mz ). (6.25.10)

Summing up the results obtained above, and taking s = mg, we have:

[£2; 15,

B = _4[CA1FV(mg, m2,0)+ > Y Is(mZml, m] )] (6.25.11)
q x=1,2
2 = [CAmgzﬂ,(mg, m2,0)+2) Y L: Rymylps(mZ; m2, m )] (6.25.12)
q x=1,2

As previously noted, we can now write down §g by replacing the Lagrangian parameters of Eq. (6.25.12) by their complex
conjugates:

Pg=— [cAmglﬂ,(mg, m2,0)+2) Y LgR: mylp(mZ; m2, m? )] (6.25.13)
q x=1,2

Inserting the results of Egs. (6.25.11)-(6.25.13) into Eq. (6.25.1), one obtains the result [226,227]:

M —iMzI; = m; |:1 + —[CA[ — O — 3ln(m§/Q2)]

= 20 > [irmzsm2, m2) + 2Rel; qu]—qIFs(mg, 2, mgx)]}], (6.25.14)

q x=1,2
with &y defined in Eq. (6.24.5).
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Fig. 6.26.1. Feynman rule for the coupling of a current carrying vector index p and corresponding to the symmetry generator T* acting on (%, 0) [left-
handed] fermions. Spinor indices are suppressed.

Fig. 6.26.2. Triangle Feynman diagrams leading to the chiral fermion anomaly. Fermion spinor and flavor indices are suppressed. The fermion momenta,
as labeled, flow in the arrow directions.

6.26. Triangle anomaly from chiral fermion loops

As our final example, we consider the anomaly in chiral symmetries for fermions, arising from the triangle diagram
involving three currents carrying vector indices.”! Since the anomaly is independent of the fermion masses, we simplify
the computation by setting all fermion masses to zero. In four-component notation,’> the treatment of the anomaly
requires care because of the difficulty in defining a consistent and unambiguous y5 and the epsilon tensor in dimensional
regularization [230,231]. The same subtleties arise in two-component language, of course, but in a slightly different form
since y5 does not appear explicitly.

We shall assemble all the (1, 0) [left-handed] two-component fermion fields of the theory into a multiplet Y. For

example, the fermions of the Standard Model are: v; = (¢, Ly Vi Qic, Gic), wherek = 1,2,3andi = 1,2,...,6 are
flavor labels and £ = 1, 2, 3 are color labels [see Table 5.1]. The two-component spinor indices are suppressed here. Let the
symmetry generators be given by hermitian matrices T¢ so that the v; transform as:

8y = i0°(T") Y, (6.26.1)

for infinitesimal parameters 6°. The matrices T® form a representation R of the generators of the Lie algebra of the symmetry
group. In general R will be reducible, in which case the T have a block diagonal structure, where each block separately
transforms (irreducibly) the corresponding field of v; according to its symmetry transformation properties. Some or all of
these symmetries may be gauged. The Feynman rule for the corresponding currents is the same as for external gauge bosons,
as in Fig. 4.3.2 (but without the gauge couplings), and is shown in Fig. 6.26.1.

Fig. 6.26.2 exhibits the two Feynman diagrams that contribute at one-loop to the three-point function of the symmetry
currents. Applying the o -version of the Feynman rule for the currents given in Fig. 6.26.1, and employing the Feynman rules
of Fig. 4.2.1 (with m = 0) for the propagators [traversing the loop in the direction dictated by Eq. (4.4.2)], the sum of the
two triangle diagrams shown in Fig. 6.26.2 can be evaluated.

The resulting sum of loop integrals is

abe e o ik—=p+A) -0 P ilk+A) -0 e ilk+q+A) -0
Fiap = = 1)/a g { I T ey T TG A
_ wik—q+B)-o i i(k+B) -0 I i(k+p+B)-o
+ (—io T)i( 11 B? ( mpT)i(k—i—B)z ( mvT)i(k%—p%-B)z } (6.26.2)

where the overall factor of (—1) is due to the presence of a closed fermion loop. The trace is taken over fermion flavor/group
and spinor indices, both of which are suppressed. Because the individual integrals are linearly divergent, we must allow for
arbitrary constant four-vectors A* and B* as offsets for the loop momentum when defining the loop integrations for the two
diagrams [232,233].

71 The discussion here parallels that given in Ref. [228], Section 22.3.
72 For an excellent review of the computation of the chiral anomaly via four-component massless and massive spinor triangle loops, see Ref. [229].
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k+gq

Fig. 6.26.3. The one-loop contribution to the current-current two-point function. The fermion momenta, as labeled, flow along the corresponding arrow
directions.

The persistence of the symmetry in the quantum theory for the currents labeled by u, a and v, b and p, ¢ implies the
naive Ward identities’>

P+ Q" il (—p — q,p. q) = f™ 155 (q) + f*IT% (p), (6.26.3)
pY il (—=p — q.p, q) = f*UT1% (p + q) + f* 115, (), (6.26.4)
Pir® (—p —q.p. q) = f1I® (p) + fT (p + g, (6.26.5)

where iﬂﬂl,’} (p) is the one-loop current-current two-point function shown in Fig. 6.26.3.

By Lorentz covariance, I7 I‘f; (p) is a rank-two symmetric tensor that is an even function of the four-momentum p [cf.
Eq. (6.26.41)]. In Egs. (6.26.3)-(6.26.5), we have employed a convention in which the arguments of iI" correspond to the
outgoing momentum of the external legs of the corresponding one-loop Feynman diagrams, and the order of the momentum
arguments matches the order of the indices.

It is convenient to define the symmetrized three-point function by symmetrizing over the indices a, b and c:

A% — llF“bc + [five permutations of a, b, c] (6.26.6)
wp = gt wp p » el &0

In terms of the symmetrized three-point function, the naive Ward identities imply
P+@rAl =0, —p Al =0, and —q Al =0. (6.26.7)

We now perform the explicit diagrammatic computation to show that the naive Ward identities exhibited in Eq. (6.26.7)
are violated due to a quantum anomaly. Although the symmetrized three-point function is ultraviolet finite, the individual
loop momentum integrals are divergent, and must be defined with care. We do not regularize them by the usual procedure
of continuing to d = 4 — 2¢ dimensions, because the trace over sigma matrices crucially involves the antisymmetric tensor
with four indices, brought in by Egs. (B.2.26) and (B.2.27), for which there is no consistent and unambiguous generalization
outside of four dimensions. (This is related to the difficulty of defining y5 in the four-component spinor formalism.) The
existence of the vectors A and B corresponds to an ambiguity in the regulation procedure, which can be fixed to preserve
some of the symmetries, as we will see below.

Starting from Eq. (6.26.2), it follows from Eq. (E.2.8) that the symmetrized three-point function is proportional to the
group theory factor (often called the anomaly coefficient),

bc __ 1 b
D% = ITr[(T", T*)T°), (6.26.8)

where the numerical values of the D®¢ depend on the representation R. As discussed in Appendix E, D vanishes for all
simple Lie groups, with the exception of SU(N) for N > 3.The D are also non-vanishing in general for any non-semisimple
compact Lie group, which contains at least one U(1) factor.

First, consider the result for (p 4+ q)*4%%¢ . This can be simplified by rewriting

nop*
P+ " = k+q+A" — (k—p+AF, (6.26.9)
P+o" =k+p+B*—(k—q+B"~, (6.26.10)

in the first and second diagram terms, respectively, and then applying the formulae
v-ov-T =0 vV-TUV-o =17, (6.26.11)
which follow from Egs. (B.2.1) and (B.2.2). After rearranging the terms using the cyclic property of the trace, we obtain:

(P + " ALy, = =D Tr[0,5,0,0 ,] X",

—2D™ [Xp + Xpy — 80pXo" + i€cuno X, (6.26.12)

73 The derivation of the Ward identities is most easily achieved by writing the three-point function in position space as a vacuum expectation value of
the time-ordered product of three currents. After taking the divergence (with respect to the position of any one of the three currents) of the time-ordered
product and using the fact that the currents are conserved (9,j** = 0), the surviving terms can be evaluated using the equal-time commutation relations,
S0 — YO, P ()] = if™j (x)8*(x — y). Fourier transforming the result yields the terms on the right-hand side of Eqs. (6.26.3)-(6.26.5). See
Refs. [234,235] for further details.
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after applying Eq. (B.2.26). (In our conventions, €p123 = —1.) The integral X** is given by:

x“—/ d*k [(k—p+A)K (k+A*  (k+q+A)* (k+A}*
T @Al k—p+A2 (k+A? (k4 q+A)? (k+ A)2

(k+B)¢ (k—q+B» (k+B)* (k+p+B)A:|

(k+B)2(k—q+B? (k+B)?2 (k+p+B)?

Naively, this integral appears to vanish, because the first term is equal to the negative of the fourth term after a
momentum shift k — k — p + A — B, and the second term is equal to the negative of the third term afterk —- k+q+A —B.
However, these momentum shifts are not valid for the individually divergent integrals. Instead, X** can be evaluated by a
Wick rotation to Euclidean space, followed by isolating the terms that contribute for large k? and are responsible for the
integral not vanishing, and then employing the divergence (Gauss’) theorem in four dimensions to rewrite X“* as an angular
integral over a three-sphere with radius tending to infinity. This integral is initially evaluated at large but finite Euclidean
k, with the limit k — oo taken at the end of the computation. For example, consider a smooth function f (k) of the four-
momentum k with the property that the integral

(6.26.13)

/ d*kf (k) (6.26.14)
is at worst quadratically divergent. We define the even and odd parts of f (k), respectively, by:

RO =10 +F=0],  fitk=1fk —f(=h]. (6.26.15)
It then follows that [234,236,237]

d*k i ad
! —f] = 27%a, lim kK2 fy (h 2 lim k“k* —f.(k 6.26.16
/ Gyt U+ @) =10] (ZW[ wa, lim KIS0 + 7a,a, fim KUK fo) (6.26.16)
has a finite limit.”# In deriving this result, we have expanded f (k-+a) in a Taylor expansion and follow the procedure outlined
above Eq. (6.26.14). Note that the angular integration removes the even parts of f (k) and 9f /dk” = 2k, 3f /dk* from the
right-hand side of Eq. (6.26.16). The “limits” in Eq. (6.26.16) actually correspond to an average over the three-sphere at large
Euclidean k, and thus should be interpreted by the use of:
lim K _ 1 (6.26.17)
fim, T = .
Kk kv kP 1
li — _ (gHV P P VA HA VP . 6.26.18
Jim ey 5 (&8 +8"e +8"g") ( )

For example, if

(k—p+A)*(k+ A
(k —p + A2k + A2’
then in evaluating Eq. (6.26.16), it is sufficient to write:

2k - (p — 2A)
(k?)? (k?)3

k<A —kK*(p — A 2Kk k- (p — 2A)
(k?)? (k?)* ’

where we have dropped terms that do not contribute to Eq. (6.26.16) in the limit of k — oo. Similarly,

f(k) = (6.26.19)

folk) =~ 1(k —p + A (k + A)* [ ] — (k > —k)

1

(6.26.20)

fe _ gVK +gMke AkKK
ok, — (k?)2 (k?)3
The evaluation of X** is now straightforward [after using Eqs. (6.26.17) and (6.26.18)]:

(6.26.21)

i

XK)L —
9672

[g"" O+ - A+B) +A—2B @+ +@+q)*B— 2A)A]. (6.2622)

74 f Eq. (6.26.14) is linearly divergent, then the second term on the right-hand side of Eq. (6.26.16) is zero. If Eq. (6.26.14) is logarithmically divergent or
finite, then the right-hand side of Eq. (6.26.16) vanishes.
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Hence, Eq. (6.26.12) yields the result for the anomaly in the current labeled by ., a:

1

P+ @Al = @D”’”[(p +0)v(A+B), + (A+B)(p+q, +&pP+q) - (A+B)

— i€y (P + @ (A — B)*]- (6.26.23)
Repeating all of the steps starting with Eq. (6.26.9), we similarly obtain’:
v 4abc i abc . K A

—pUAL, = — oD [p,, (A+B), +pu(A+B), +uop - (A+B) — 3ic uerp (A — B +29) ] (6.26.24)
i

—qP AL = — 282 D¢ [qu (A+B), +q,(A+B), +gu,q - (A+B) — i€, q (A — B — 2p)k]. (6.26.25)

Non-chiral anomalies will arise for all three of the currents (assuming D?° is non-vanishing), unless we choose the
arbitrary constant vectors A and B such that

A+B=0, (6.26.26)
with the result:

1

P+ QrAl, = @D"b“evm(p + )< A%, (6.26.27)
1

—PUAL, = — 53D P A+ ), (6.26.28)
1

—qP AN = —@D“”‘eﬂmqk A-p’ (6.26.29)

If D% is non-vanishing, it is not possible to avoid an anomaly simultaneously in all three symmetries, but one can still
arrange for two of the symmetries to be non-anomalous. If one wants an anomaly to arise only in the current labeled by i, a
(for example, if the symmetries labeled by b, ¢ are gauged), one must now choose A = p — q. The standard result follows:

1

P+ QrAls, = —QD“’”evmp“ql, (6.26.30)
bc  _

prate — o, (6.26.31)

_qP‘Aijp —0. (6.26.32)

In particular, one cannot gauge all three symmetries labeled by a, b, ¢ unless D®¢ = 0.
If all three currents are identical, then by Bose symmetry the anomalies of the three currents must coincide. This can be
achieved by choosing A = %(p — @), in which case,

1

P+ rAl, = — 12ﬂZDC’b‘eu,muJ”cf, (6.26.33)
1

=P A, = = 55D €, (6.26.34)
1

—q" A, = — D P " (6.26.35)

Returning briefly to the original naive Ward identities given in Eqs. (6.26.3)-(6.26.5), the analysis above shows that these
identities must be modified by an additional additive contribution given by the right-hand side of Eqgs. (6.26.27)-(6.26.29).
In particular, there is no anomalous contribution proportional to f%¢. This can be checked explicitly by a diagrammatic
computation of the two-point and three-point functions that appear in Eqgs. (6.26.3) and (6.26.5). We use Egs. (E.2.12) and
(E.2.16) to write

i
Tr(T*TPT¢) = D*(R) + 512 (R)f°be, (6.26.36)

where I, (R) is the index defined in Eq. (E.2.1) and R is the representation of the generators T®. For example, inserting this
result in Eq. (6.26.2), it follows that:

i
P+@rirg =— [D"”C X+ 512 (R)f ¢ Y"’\:| Tr[0,0,0,5 ], (6.26.37)

75 Alternatively, one can simply note that Eq. (6.26.24) follows from Eq. (6.26.23) by making the replacements u — v,v — p,p —> u,A - A+gq,
B — B—gq,p — q,and ¢ — —p — q, while Eq. (6.26.25) follows from Eq. (6.26.23) by making the replacements u — p,v — u,p — v,A —> A —p,
B—B+p,p— —p—¢qandq — p.



H.K. Dreiner et al. / Physics Reports 494 (2010) 1-196 99

where the integral Y** is given by’®:

yor _ [ 4% [(k—pv (k@ Kk (k—gt K <k+p>*]
) @n) '

— — 6.26.38

(k—p)2 k2 (k+q?2k* k*(k-q? k®(k+p)? ( )
By letting k — —k in the third and fourth term in the integrand of Eq. (6.26.38), we see that Y** = Y** and hence by
Eq. (B.2.26),

i
- Sh® b Y T0,5,035 o] = —iL(Rf™ [2Y,, — 80, V3] (6.26.39)

Since no e-tensor appears, we can evaluate this integral in d ## 4 dimensions using the standard techniques of dimensional
regularization.

One can check that this result matches the diagrammatic calculation of the right-hand side of Eq. (6.26.27). In particular,
Fig. 6.26.3 yields

.
=2 (i, Th)

, d*k _ itk+q) -0
ab _ (_ _ a
i (q) = (—1) / (Zn)ﬂr[( 7, T~ ]

(k + q)?
d*k k°(k + q)*

Qm)4 K2k + q)?’

where we have used Eq. (E.2.1). Lorentz covariance implies that

i (q) = 8 [C1(g)guw + C2(6°)q,a0 ] - (6.26.41)

for some scalar functions C; and G,. It follows that 1T (q) = I1(—q) and IT%5(q) = 1% (q). Consequently, we can write:

—L(R)$™Tr(0,0,5,03) / (6.26.40)

i d*k kP (k + q)*
% (q) = L, (R)§™Tr(5 ,0,6,0; + 7,0, 40 /—7 6.26.42
W(Q) 2 2( ) ( uYpv A+ vPptpu k) (271_)4 I<2(1<+q)2 ( )
and so no e-tensor appears in the evaluation of the trace. As above, we are now free to evaluate the integral in d # 4
dimensions. Comparing Eqs. (6.26.37) and (6.26.38) to Eq. (6.26.42), and using Eq. (6.26.27), the end result is

. 1
@+ * IFES; (-=p—4q,p,q) = IZ(R)fabc [Hup (@) — 1,, (p)] + QDabC(R)evpkk(p + q)KAAv (6.26.43)

where we have written Hﬁﬂ = L(R)8% 11, - Indeed the terms on the right-hand side proportional to f ¢ match those of the
naive Ward identity given in Eq. (6.26.3). As previously asserted, the anomaly only resides in the contributions to the Ward
identity proportional to D?°,

In writing down Eq. (6.26.2), we chose to use the rules with ¢ matrices for the current vertices and o matrices for the
massless fermion propagators. If we had chosen the opposite prescription (i.e., o matrices for the current vertices and o
matrices for the massless fermion propagators), then the order of the factors inside the trace of Eq. (6.26.2) would have been
reversed.”” Instead of Eq. (6.26.12), we would have obtained

(P + )" Ay, = =D T1[5,0,5,0,]X" = —2D" [X,, 4+ X,» — 8, X" — i€, X] (6.26.44)

after applying Eq. (B.2.27). The integral X** is simply related to X** by:
X = x*, (6.26.45)

Inserting Eq. (6.26.45) into Eq. (6.26.44), we immediately reproduce the result of Eq. (6.26.12), as expected.
It is instructive to examine the case of massless QED. The terms of the Lagrangian involving the electron fields is given
by

< =ix'e"D,x +in'a"D,n, (6.26.46)

where D,, = 9, +iQA,, is the covariant derivative, and Q is the charge operator. Here, we identify x as the two-component
(left-handed) electron field and 7 as the two-component (left-handed) positron field. The corresponding eigenvalues of

76 Here Y** is obtained from X** by setting A = B = 0, since we can use dimensional regularization for this part of the computation as explained below
Eq. (6.26.38).

77 The arrowed fermion lines in the loop must be traversed in the direction parallel [antiparallel] to the arrow directions when the & [o | versions of the
propagator rule are employed, as indicated in Eq. (4.4.2) [and in the discussion that follows]. This rule determines the order of the factors inside the spinor
trace.
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the charge operator are: Qx = —ex and Qn = +en (where e > 0 is the electromagnetic gauge coupling constant, or
equivalently the electric charge of the positron).
At the classical level, the massless QED Lagrangian [Eq. (6.26.46)] is invariant under a U(1)y x U(1)4 global symmetry.
Under a U(1)y x U(1)4 transformation specified by the infinitesimal parameters 6y and 6y,
U(l)y: ox = ieby x, §n = —iebyn, (6.26.47)
U(1)a: Sx = i6ax, 8n = i6an. (6.26.48)

We can combine these equations into a two-dimensional matrix equation,

8 = —i0,(Ta)i Yy, where ¢ = ();; ) , (6.26.49)
and the index a takes on two values, a = V, A. It follows that the U(1)y x U(1), generators are given by
-1 0
Ty, =e 0o 1) for U(1)y, (6.26.50)
-1 0
Ty = 0o -1} for U(1),. (6.26.51)

The classically conserved Noether currents corresponding to the U(1)y x U(1)4 global symmetry are the vector and axial
currents’S:

= —e(x'a"x —n'a"y), (6.26.52)

I = —x"a"x — nforn. (6.26.53)

Since the U(1)y symmetry is gauged, we demand that this symmetry should be anomaly free. Thus, we make use of Egs.
(6.26.30)—(6.26.32), where we identify the index pair w, a with the axial vector current and the index pairs v, b and p, c with
the vector current. Thus, we compute:

D" =Tr (TyTyTy) = —2¢. (6.26.54)

Moreover, for an abelian symmetry group, f®¢ = 0. Hence, using Eq. (6.26.30) [which also applies in this case to the
unsymmetrized three-point function], the U(1) axial vector anomaly equation reads:

2
. e
P+oriry) = ﬁeumpkqﬁ (6.26.55)

in agreement with the well-known result.”®
We now convert Eq. (6.26.55) into an operator equation. Consider the process of two photon production by an axial vector
current source [239]. First, we note that 9, /’“ (x) = i[P*, Ja, (x)], where P* is the momentum operator. It follows that:

(p. q10,J5 (0)10) = i(p. qI[P". Jau(0)]I0) = i(p + )" (p. qU.(0)]0). (6.26.56)

We identify the S-matrix amplitude for the two photon production as:

irny € (p)e” (@) = (p, ql — 4.(0)] 0), (6.26.57)

where ¢(p) and e(q) are the polarization vectors for the final state photons. Note that the factor of —i on the right-hand
side of Eq. (6.26.57) has been inserted to be consistent with the Feynman rule for the axial vector current insertion given in
Fig. 6.26.1. Thus, using Egs. (6.26.55)-(6.26.57), we end up with [114]:

2
e
761}0)()»8\) * (P)Sp * (q)pK q)L

(p, gl9,J (0)|0)

27
€2
= — —— (D, qléc,F*'F*(0) |0), (6.26.58)
167
78 Note that the interaction Lagrangian for massless QED is % = —Ji A, as expected. This accounts for the factor of e in the definition of the vector

current. The axial vector current does not couple to the photon field; hence no coupling constant is included in its definition.

79 This result was first obtained by Adler [238]. In comparing Eq. (6.26.55) with Adler’s result, note that the normalization of the triangle amplitude in
Ref. [238] differs by a factor of (27)* and the opposite sign convention for €y;,3 is employed.
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where e,ﬂ,MF’(”F“’ = 4ew,\p(8’(A“)(8)‘Ap) has been used to eliminate the photon fields in favor of a product of
electromagnetic field strength tensors. In deriving Eq. (6.26.58), an additional factor of two arises due to two possible
contractions of the photon fields with the external states. We thus obtain the operator form for the axial vector anomaly®°:

2
o e PR
b == gF"Fp. (6.26.59)

where the dual electromagnetic field strength tensor is defined by F,\p = %qmpF’“’.

As a final example, we examine the anomalous baryon number and lepton number currents in the theory of electroweak
interactions [240-242]. For simplicity of notation, we consider a one-generation model. The baryon number current is a
vector current given by:

1 - _
]él — 3 [uTE“u +derd — iferan — dTE"d] ) (6.26.60)

following the particle naming conventions of Table 5.1. Consider the process of gauge boson pair production by a baryon
number current source. It is convenient to work in the interaction basis of gauge fields, {W*“, B*}, where W% is an SU(2)-
triplet of gauge fields and B* is a U(1)y hypercharge gauge field. We consider triangle diagrams where one generation of
quarks runs in the loop. The external vertices consist of the baryon number current source and the two gauge bosons.

The generators corresponding to the SU(2) gauge boson vertices are given in block diagonal form by:

Tb
Tb = gdlag (? ® 13)(37 07 0) ’ (6.26.6])

where the t? are the Pauli matrices, 15,3 is the identity matrix in color space, and ® is the Kronecker product.’! We have
included a factor of the weak SU(2) coupling g in the definition of T?, since the Feynman rule given by Fig. 6.26.1 does not
explicitly include the gauge coupling. Likewise, the generators corresponding to the U(1)y gauge boson vertices are given
in block diagonal form by (cf. Table J.1):

1 2 1
Y = g’ diag <€]]-2><2 ® 133, _§ﬂ3><3, 51]-3><3> ) (6.26.62)

where 1,,; is the identity matrix in weak isospin space, and g’ is the U(1)y hypercharge gauge coupling. Finally, the
generator corresponding to the baryon number current source is given in block diagonal form by:

B = 1diag (1.2 ® I3x3, —13x3, —13x3). (6.26.63)

Consider first the production of two SU(2)-triplet gauge fields. We put T* = B and associate the indices b and ¢ with the
SU(2)-triplet gauge bosons. A simple calculation yields

D — g2Tr(BTPT) = %gzsbc, (6.26.64)

where the superscript index B refers to the baryon number current. Since the gauged weak SU(2) and hypercharge
U(1)y currents must be anomaly free for the mathematical consistency of the electroweak theory, it follows that
Eqgs. (6.26.30)-(6.26.32) apply. That is, the symmetrized amplitude for the production of SU(2) gauge boson pairs by a baryon
number source is anomalous:

2
g «
P+ " A, = — 58" €0p"d", (6.26.65)

pvp T
Next, consider the production of two U(1)y hypercharge gauge fields. A simple calculation yields
DM = g"’Tr(BY?) = —1g"°. (6.26.66)
That is, the symmetrized amplitude for the production of U(1)y gauge boson pairs by a baryon number source is anomalous:
g'?
P+t A, = @eump“qA. (6.26.67)

Finally, the symmetrized amplitude for the associated production of an SU(2)-triplet and U(1)y hypercharge gauge field
exhibits no anomaly as the corresponding D?¥¢ = gg'Tr(BY T¢) = 0.

80 In the literature, Eq. (6.26.59) often occurs with the opposite sign due to a sign convention for the Levi-Civita e-tensor that is opposite to the one
employed in this review. Here, we have reproduced the form given in Ref. [114].

81 The Kronecker product of an n x n matrix and an m x m matrix is an nm x nm matrix. In addition, the following two properties of the Kronecker
product are noteworthy [159,243]: (i) (A ® B)(C ® D) = AC ® BD, and (ii) Tr(A ® B) = TrATrB.



102 H.K. Dreiner et al. / Physics Reports 494 (2010) 1-196

The symmetrized amplitudes of the triangle diagrams involving a baryon number current source and a pair of SU(2) or
U(1)y gauge bosons are anomalous. Since the baryon number current is a vector current, we conclude that the source of the
anomaly is a VVA triangle diagram in which one of the gauge boson currents is vector (V) and the other gauge boson current
is axial vector (A). Nevertheless, the gauge boson axial vector current must be conserved, as noted above. Hence, the baryon
number vector current must be anomalous [240]. In Egs. (6.26.55)-(6.26.58), we showed how to derive the operator form
of the anomaly equation from the anomalous non-conservation of the symmetrized triangle amplitude. Following the same
set of steps starting with Egs. (6.26.65) and (6.26.67), one obtains the anomalous non-conservation of the baryon number
vector current, in a model with Ny quark generations [55,241,242]:

2 /2
w_ & Ne sobrin & Ng s,
s = 555 W" Wi, = 55,58 B (6.26.68)
where B;, and
Wy, = ,W? — 9,W) — g™ Wiwg, (6.26.69)

are the field strength tensors for the hypercharge U(1)y gauge boson and SU(2) gauge boson fields, respectively.®? Note that
for the non-abelian SU(2) gauge fields Wﬁ,

WP WP = 2 [(9 WD) (WD) — ge™ (B WHWIW(]
= 26420, [W) (0 W)) — 1ge™ Wiwywe]. (6.26.70)
Strictly speaking, the triangle graphs yield only the terms on the right-hand side of Eq. (6.26.68) that are quadratic in the
gauge fields. To obtain the corresponding terms that are cubic in the gauge terms, one must compute the anomalies that
arise from VVVA and VAAA box diagrams [234,244].

For completeness, we re-express the anomalous non-conservation of the baryon number current in terms of the mass-
eigenstate SU(2) x U(1)y gauge fields:

2 2

8°Ng 5ot &Ny 503 egN, DT AT
9 Jt = = wrtw- — M7, — ZMF, +F*7,,], 6.26.71
Wy = J6x2 o 3p2t T 3am2ey [27Fs o] ( )

where ¢y = cos 6y, and Wfp, Z,, and F,, are the W, Z and the electromagnetic field strength tensors, respectively.

By a similar analysis, one can also compute the anomalous non-conservation of the lepton number vector current,
JE =5 e +vighy — Toe, (6.26.72)
due to triangle diagrams with N, generations of leptons running in the loop. In the one-generation calculation, the relevant
generators are:

b
T® = g diag (% 0) , Y =g'diag (—312x2, 1), L =diag(lz.2, —1). (6.26.73)

Thus, we end up with:

D = 1g2sb  pM=_1g? DM =o. (6.26.74)

Thus, in the Standard Model with N, generations of quarks and leptons,

Ol = 9uJp - (6.26.75)

In particular, the B — L current is conserved and anomaly free.
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Appendix A. Metric and sigma matrix conventions

In this review, the metric tensor of four-dimensional Minkowski space is taken to be%3:
gy = g"" =diag(+1, -1, -1, 1), (A1)

where u, v = 0, 1, 2, 3 are spacetime vector indices. Contravariant four-vectors (e.g. positions, momenta, gauge fields and
currents) are defined with raised indices, and covariant four-vectors (e.g. derivatives) with lowered indices:

x* = (t; %), (A2)

P = (E; B), (A.3)

AL(x) = (D (R, 1); AR, 1)), (A4)

JE®) = (@R 0); J &, 1), (A5)
3 -

b= =@/06:V), (A.6)

in units with ¢ = 1. The totally antisymmetric pseudo-tensor €/"?? is defined such that

60123 = —€p123 = +1. (A7)

Egs. (A.2)-(A.7) are taken to be independent of the metric signature convention.
The sigma matrices are defined with a raised (contravariant) index to be independent of the metric signature convention,

ol = (13x2: 0), " = (13x2; —0), (A.8)

where the three-vector of Pauli matrices is given by 6 = (¢!, 62, ¢%) [cf. Eq. (2.27)] and 1,5 is the 2 x 2 identity matrix.
The corresponding quantities with lower (covariant) index are:

oy = guvau = (]]-2><2; _a)’ EH = guuau = (12><2; 6') (AQ)
Various identities involving products of sigma matrices are given in Appendix B. The generators of the (%, 0) and (0, %)
representations of the Lorentz group are, respectively, given by:
i i
o = Z(o“?" —o'c"), ot = Z(ﬁ"o“ —ao'o"). (A.10)

In adopting the above definition of the sigma matrices, we differ from the corresponding conventions of Wess and
Bagger [68] and Bilal [82]. The Wess/Bagger and Bilal (WBB) definition of the sigma matrices can be written (with lowered
index ) as®:

(0"*®) 1ap = 00030 0053 = (Lax2: 0), (A11)

— ; - _$ -

(GWBF“)‘;‘L’3 = O'OyO'M/SO'Oﬂ = (13x2; —0). (A.12)
One consequence of the WBB definition of o and & is that ys = diag(l,x2, —12x2) in the chiral representation

[cf. Eq. (G.1.2)]. This associates a lowered undotted [raised dotted] two-component spinor with a right-handed [left-

83 An otherwise identical version of this paper with the opposite metric signature is also available; see footnote 2.

84 Although Wess/Bagger and Bilal employ opposite metric signatures of gog = —1 and goo = +1, respectively, their definitions of o, and o, (with
covariant index p) coincide. Note that the spinor structure of the o and & matrices and the definitions of the various (two-index and four-index) epsilon
tensors [cf. Eqs. (2.19) and (A.7)] are identical in both the WBB conventions and in our conventions.
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handed] four-component spinor [cf. Egs. (G.1.6) and (G.1.8)]. Indeed, this was the common convention in the older literature
(e.g., see Refs. [35,36,38,39,41,58]).8% However, in the modern formulation of electroweak theory in terms of left-handed
fermions, it is now more common to associate a lower undotted [raised dotted] two-component spinor with a left-
handed [right-handed] four-component spinor. This is the motivation for our conventions for the sigma matrices given
in Eqs. (A.8) and (A.9).

In order to facilitate the comparison with the metric signature with goo = —1, we provide the key ingredients needed for
translating between Minkowski metrics of opposite signature. In our conventions [cf. Egs. (A.2)-(A.9)], each of the following
objects (with the Lorentz index heights as shown) is defined independently of the metric signature:

xﬂspusau.v OuaﬁuvsﬂvjﬂsA'usDﬂscuvs V“» yssagaeﬂvposeuvpo'v [no Slgn ChangeL (A'13)
but the following objects change sign when the Minkowski metric signature is reversed:
8uv> 8" X, Py, 3, 00,0, Sps Sy A, DY, G Gy, v, [sign changel]. (A14)

Here, the spin four-vector S* is defined in Eq. (3.1.15), J* is any conserved current, A* is any gauge vector potential, and
D, and G, are the corresponding covariant derivative and antisymmetric tensor field strength, respectively. The Dirac
gamma matrices are defined in Eq. (G.1.2). The list of Eq. (A.14) can be deduced from Eq. (A.13) by using the metric tensor
and its inverse to lower and raise Lorentz indices, simply because each metric or inverse metric changes sign when the
metric signature is reversed. Given any other object not included in Egs. (A.13) and (A.14), it is straightforward to make the
appropriate assignment by considering how the object is defined. For example, we must assign o,,,, 0., " and o*" to
the list of Eq. (A.13), based on the definitions given in Egs. (2.70) and (2.71). In general, objects that do not carry Lorentz
vector indices (including all fermion spinor fields and spinor wave functions) are defined to be the same in the two metric
signatures, with the obvious exception of scalar quantities formed from an odd number of objects from the list of Eq. (A.14).
For example, the dot product of two four-vectors may or may not change sign when the Minkowski metric signature is
reversed. By writing out the dot product explicitly using the metric tensor to contract the indices, one can use Egs. (A.13)
and (A.14) to determine the behavior of a dot product under the reversal of the metric signature. In particular, p - A changes
sign whereas p - o does not change sign, when the Minkowski metric signature is reversed.

The translation between Minkowski metrics of opposite signatures is now straightforward. Given any relativistic
covariant quantity or equation in the convention where goo = +1, one need only employ Egs. (A.13) and (A.14) to obtain
the same quantity or equation in the convention where goy = —1, and vice versa.’®

As an example, let us verify that under the reversal of the Minkowski metric signature the gauge covariant derivative D,
does not change sign and the gauge field strength tensor G*” changes sign. In the metric signature with goo = +1, we define

Dp. = IdRa;L + igApu (gOO = +1)7 (A15)

where A, = A%T* is the matrix gauge field for a representation R of dimension dg, and I, is the dr x dg identity matrix.
Since under the reversal of the metric signature, d,, does not change sign [according to Eq. (A.13)] whereas A,, changes sign
[according to Eq. (A.14)], it follows that the quantity defined in the metric signature where goo = —1,

D, = IdRau - igA;u (80 = —1) (A.16)

has the same overall sign as Eq. (A.15). It follows that when the metric signature is reversed, D,, does not change sign whereas
D* = g''D, does change sign, as indicated in Eqs. (A.13) and (A.14). Next, consider the matrix gauge field strength tensor
Guv = G}, T defined by

—i
G"=—[D",D"]=0"A" — 9"A" +ig[A",A"], (800 = +1), (A17)
g

where the commutator [D*, D"] is an operator that acts on fields that transform with respect to an arbitrary representation
R.In the metric signature with goo = —1, we define the gauge field strength tensor as a commutator of covariant derivatives
with the opposite overall sign:
i

G"*Y = — [D*, D"] = 3"AY — 0VA* —ig[A*,A"], (800 = —1). (A.18)
g
where D" is now defined as in Eq. (A.16). Since under a reversal of the metric signature, A* does not change sign [according
to Eq. (A.13)] whereas 9" changes sign [according to Eq. (A.14)], it follows that G*” and G,,, = g,,,8,-G"’ do indeed change
sign when the metric signature is reversed, as stated in Eq. (A.14).

85 This convention persists in the literature of the spinor helicity method (cf. footnote 156 in Appendix L.2).

86 Note that for any relativistic covariant term appearing additively in a valid equation, the relative sign that results from changing between Minkowski
metrics of opposite signature is simply given by § = (—1)*", where & = N,; + Ny + Ng + - - - . Here N, is the number of metric tensors appearing either
explicitly or implicitly through contracted upper and lower indices, Ny is the number of spacetime and/or covariant derivatives, N; is the number of gauge
field strength tensors, and the ellipsis (. . .) accounts for any additional quantities whose contravariant forms (with all Lorentz indices raised) appear in the
list of Eq. (A.14).
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As another simple illustration, consider the o -matrix identity,
a0’ =g’ —g"s" + 8" — i T, (g0 = +1), (A.19)

In the opposite metric signature with goo = —1, we apply the results of Egs. (A.13) and (A.14) and then multiply both sides
of the equation by —1 to obtain:

0"0"0"” = —g"'c” +g"’e" — g"’o" +ie""" o, (g0 = —1). (A.20)

Finally, in the sigma matrix conventions of Wess/Bagger [68] and Bilal [82], both Egs. (A.19) and (A.20) are modified by
changing the overall sign of ie*"*“& .. In general, to convert the identities of Appendix B to the conventions of WBB, one must
first convert (if necessary) to the appropriate metric signature, and then interchange o <> o [cf. Eqs. (A.11) and (A.12)].

We end this appendix with a brief summary of our conventions for four-dimensional Euclidean space. The Euclidean
components of the coordinates [represented in Minkowski space by the contravariant four-vector, x* = (x°; %), for
u =0,1,2, 3], are defined as

Xp=xe,= @R,  X=xa=i’ (u=1234). (A21)

The four-momentum operator in Minkowski space is p* = i0* = i(d/0t, —6). Following the conventions of Ref. [245], the
Euclidean counterpart of the momentum operator is

P = Pe = (B, pp) = —i0f = —i(V,9/0x), P} = pea = ip°. (A22)
The Minkowski space Green functions are obtained from Euclidean space Green functions by means of a Wick
rotation [123,245,246] of xg = ix? in a counterclockwise sense.®” Scalar products of Euclidean four-vectors are carried
out by employing the Euclidean metric tensor §,, = §*” = diag(1, 1, 1, 1). For example, the Euclidean counterpart of
—p-x=—p°% +p-Rispix; = p - X+ ppx;, etc. Given any tensorial equation in Euclidean space, the heights of the
indices is irrelevant. Consequently, one can simply place all indices at the same height (either all raised or all lowered), with
an implied sum over a pair of repeated indices.

One can also introduce Euclidean sigma matrices [247]:

ol = (—io, o), o =(io,0,), whereo, =07, = Ly, (A.23)
which satisfy®3:
0yoy +ogoy =28,  GLof + 0,0, =28, (A24)

The four-dimensional rotation group in Euclidean space is SO(4), which is locally equivalent to SU(2)x SU(2). It possesses two
independent pseudo-real two-dimensional spinor representations (%, 0) and (0, 1) [not related by hermitian conjugation

— Ly

in contrast to the Lorentz group], with corresponding hermitian generators crbf” and oy, respectively:

i _ _ _ i .
UEW =1 (JEMU‘E’ - O'EO’?) , GIEW =3 (UgaE” - U‘EcrE”) . (A.25)
These tensors are anti-self-dual and self-dual, respectively [120],
o' = 1ol T = 1My, (A.26)

where the totally antisymmetric Levi-Civita tensor is defined in Euclidean space such that €234

express oy’ and o in terms of the 't Hooft eta symbols [248],

= €12334 = +1.0ne can

Mmoo 1—=kpv _k —uv 1 kpv _k
op =—3n """, o =—yn """, (A.27)

where u, v = 1, 2, 3, 4 and there is an implicit sum over k = 1, 2, 3. Equivalently,

ofop =8+ i ok, oroy =8 + ik, (A.28)
The 't Hooft symbols n and 7 satisfy self-duality and anti-self-duality properties, respectively:

nkuv — %euupknkp)\7 ﬁkuv — —%EHV’OAﬁkp)L, (A29)
and are explicitly given by:

nkij — 7 = Ik 4 = _nk4j — 4 = gkt — gl k4 — ﬁk44 —0. (A30)

For a more comprehensive treatment of two-component spinors in Euclidean space, see Ref. [128].

87 Expressing the corresponding Green functions as Fourier transforms of momentum space Green functions, one must simultaneously Wick-rotate
pp = ip® in a clockwise sense to avoid singularities in the complex p°-plane.

83 It is seemingly more natural to define o}’ = (7, o) and &} = (—0, ) where 0 = o3 = ilx2, in which case one must replace §** with —§*” in
Eq. (A.24). Nevertheless we prefer Eq. (A.23), which avoids an overall minus sign in the respective anticommutation relations of the Euclidean sigma and
gamma matrices [cf. footnote 133].
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Appendix B. Sigma matrix identities and Fierz identities

In Section 2, we derived a number of identities involving o#, ", o*" and c"". When considering a theory regularized
by dimensional continuation [124], one must give meaning to the sigma matrices and their respective identities in d # 4
dimensions. In many cases, it is possible to reinterpret the sigma matrix identities for d # 4. However, the Fierz identities,
which depend on the completeness of {1,», o'} in the vector space of 2 x 2 matrices, do not have a consistent, unambiguous
meaning outside of four dimensions (e.g., see Refs. [249-252] and references therein). In Appendix B.1, we exhibit a
comprehensive list of identities from which many generalized Fierz identities can be derived. In Appendix B.2, we examine
the class of sigma matrix identities that can unambiguously be extended to d # 4 dimension and thus can be employed in
the context of dimensional regularization.

B.1. Two-component spinor Fierz identities

We begin with the basic identity for 2 x 2 matrices [77],

Sabbcd = % [aadscb + O’éddcib] s (B.1.1)

where there is an implicit sum over the repeated superscripti = 1, 2, 3. Eq. (B.1.1) is a consequence of the completeness
of {1542, o'} in the four-dimensional vector space of 2 x 2 matrices. In particular, we denote the four-dimensional vector
spaces of 2 x 2 matrices labeled by undotted and dotted spinor indices, respectively, by V and V. It is also useful to consider
matrices with one undotted and one dotted index. Hence, we construct the Kronecker product 'V ® V, which is a sixteen-
dimensional vector space. The sixteen linearly independent matrices taken from the set,5°

r= isaﬂ,a‘fﬁ, o B §4B Gndb aﬂ“dﬁ] , (B.1.2)
serve as a complete basis set for V ® V. Elements of I” will be denoted by '™ (n =1, 2, ..., 6).
Starting from Eq. (B.1.1), one can establish a set of 21 identities of the following form:
(1-(/())23(1—'(11))] Z (Ckn gL F(p))ﬁD(r(Q))éB, (B.1.3)
p.q.K.L

where each label I, J, K and L can represent zero, one or two Lorentz spacetime indices, and A, B, C and D represent
two-component spinor indices, each of which may be undotted or dotted and in the lowered or raised position as
appropriate. The sum in Eq. (B.1.3) is taken over the matrices specified in Eq. (B.1.2), and the CI’J‘g are numerical coefficients
[cf. Egs. (B.1.5)-(B.1.25)].

Let us multiply Eq. (B.1.3) by four (commuting or anticommuting) two-component spinors Z14Z,Z3cZ4p, Where Z; stands
for either the undaggered or daggered spinor z; or z , depending on whether the corresponding spinor index is undotted or
dotted. This procedure yields generalized Fierz 1dent1t1es of the form [74,77,85,88]:

@GrYn)@r™z) = (D" ) (GG 2z 'z, (B.14)
p.q.K,L

where (—1)* = +1 [—1] for commuting [anticommuting] spinors.>®
The explicit expressions for the 21 identities represented by Eq. (B.1.3) are as follows

8,08k, = %%afffiﬁa (B.1.5)
8.78," = 1[8.78," + (""" (0,), "] (B.1.6)
8587 = 5 [6%:87 5 + @)+ (@) 5] (B.17)
8P 0ly = 300458,F —ioyaa(c"™),”, (B.1.8)
8PP = 18,751 1 i(oh), PP, (B.1.9)
89 Due to the self- duality relations of Eq. (2.75), o/* and "’ are completely determined by the six matrices 0% and &% (i = 1, 2, 3). However, for

convenience we keep all c*¥ and " matrices in the set I".

90 |t is often convenient to reverse the order of the spinors Z, and Z; on the right-hand side of Eq. (B.1.4) by using Egs. (2.59)-(2.61) and (2.94)-(2.95) to
eliminate the factor of (—1)* [cf. Eq. (2.67)].
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(B.1.10)

(B.1.11)

(B.1.12)

(B.1.13)

(B.1.14)

(B.1.15)

(B.1.16)

(B.1.17)

(B.1.18)

(B.1.19)

(B.1.20)

(B.1.21)

(B.1.22)

(B.1.23)
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@) @) ¢ = 5@ @)+ 567187 (108" — g g +ie")
+ %iadi (8T + g oHP — gVPGe — ghkguPyY 5
_ %l’SVB (g5 + gV ah — gUret — g;ucgvp)d :
+3 (@)@ ) 5+ @) @) j = @) (@) 5 — @) @) 4]
+ 380 [ @) @M+ 87 @) @)
—g" @) @)y — g @) @) ], (B.1.24)
@) @) = [ @"g" — gl L
+ie"Pro, 4aT© pB _ i€V 4O bB _ ie“p“a’;dﬁfﬂ + ie”"“cffdﬁfﬁ
—gh? (G‘;(dgv BB aoljdgk ﬂﬂ) +g"° (nggu BB G:D,lgk ﬂﬁ)
+g" (05" BB 4 a;dﬁpﬁ’g) —g (a(fdﬁ’“éﬂ + o(ffdﬁpﬁ’g)] . (B.1.25)
From Egs. (B.1.5)-(B.1.25), one immediately obtains the corresponding 21 Fierz identities represented by Eq. (B.1.4).
Eleven of these identities also appear in Appendix B of Ref. [77].91
The derivation of the 21 identities listed above is straightforward. Eqs. (B.1.5)—(B.1.7) are equivalent to the completeness

relation of Eq. (B.1.1). The next eight identities [Eqgs. (B.1.8)-(B.1.15)] are easily derived starting from Eqs. (B.1.5)-(B.1.7). As
a simple example, using the results of Eqs. (B.1.6) and (B.2.20), it follows that

8. ol = 8.8,7 0ty = 1[8.78,F + (07" (0,0), "] ok,

ya
= 1[0l:8,” + (00" aa(0p)y" ]

2
Hotes,? + 3ig"o? — g™ 0" + i 0,)ai(0pc), "]
= 3877 i) TP, (B.1.26)

where Eq. (2.75) was employed in the final step. We can now use Egs. (B.1.8)-(B.1.11) to derive Eqgs. (B.1.16)-(B.1.22) by a
similar technique. Finally, starting from Eqgs. (B.1.12)-(B.1.15) we may employ the same technique once more to derive Egs.
(B.1.23)-(B.1.25).%2 A useful check of the last three identities can be carried out by multiplying these results by 8up&uic and
summing over the two repeated Lorentz index pairs. We then find:

(@)’ (010)y" = =2(0")o" (00)y" + 28.78,°, (B.1.27)
@) @)+ = =3 @) @) j + 38%:87 5, (B.1.28)
(@")o? @)+ = 0. (B.1.29)

Eq. (B.1.29) has already been recorded in Eq. (2.83). To verify Eqgs. (B.1.27) and (B.1.28), we first rewrite these equations with
the interchange of 8 <> 7 and B <> 7. Inserting the resulting equations back into Eqs. (B.1.27) and (B.1.28) then yields the
previously obtained Egs. (2.81) and (2.82) [or equivalently, Egs. (B.1.6) and (B.1.7)].

A similar check can be performed on Egs. (B.1.16)-(B.1.18) by multiplying these results by g,, and summing over the
repeated Lorentz index pair [with assistance from Eq. (B.1.29)]:

i Oy pp = —0 O pi- (B.1.30)

Eudagﬁﬂ _ _gudﬁafol, (B.1.31)

oliah? = 25,585 (B.1.32)
It follows that:

OaiOupp = 2 €apaps (B.1.33)

G (B.1.34)

91 Note that in Ref, [77], €*'** has the opposite sign with respect to our conventions, and o*¥ is defined without an overall factor of i. Taking these
differences into account, we have confirmed that the results of Appendix B of Ref. [77] match the corresponding results obtained here.

92 1y particular, the identities given in Eqs. (B.2.18) and (B.2.19) are especially useful in the evaluation of Eqs. (B.1.19)-(B.1.24).
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since Egs. (B.1.30) and (B.1.31) are antisymmetric under the separate interchanges of« <>  and & < ,B The coefficients in
Eqs. (B.1.33) and (B.1.34) are determined by substituting« = & = 1and 8§ = B = 2. Thus, we have confirmed the results
previously obtained in Egs. (2.48)-(2.50).

Eqs. (B.1.5)-(B.1.7) can also be used to derive four additional identities, which yield Fierz identities of a different form.
Simply multiply each of these equations by two ¢ symbols (with appropriately chosen undotted and/or dotted spinor
indices), and use Eqgs. (2.31) and (2.78). Two of the resulting identities coincide with Egs. (B.1.33) and (B.1.34), while the
other two are:

€ap€’’ = —1[8.785" — (0")o" (0,)7 ] (B.1.35)

“Peje=—1 [Sd‘yﬁﬂf - (E‘”)%(Fﬂu)’gf] : (B.1.36)

One can check that Egs. (B.1.35) and (B.1.36) are equivalent to the previously obtained Egs. (2.81) and (2.82). Multiplying
Egs. (B.1.33)-(B.1.36) by four (commuting or anticommuting) two-component spinors Z14Z>pZ3cZ4p yields the corresponding
Fierz identities of the form:

@I @r™z) = (0" Y G @I Yz 2 @ z,), (B.137)
p.q.K,L

which differs from Eq. (B.1.4) in the ordering of the spinors on the right-hand side.
Finally, we note that the Schouten identities,

€ap€ys T €ay€sp + €as€py =0, €up€ys T €ap€ip + €a5€py = 0, (B.1.38)

are the basis for Fierz identities given by Egs. (2.65) and (2.66), which do not assume the simple forms of either Egs. (B.1.4)
or (B.1.37).

B.2. Sigma matrix identities in d # 4 dimensions

When considering a theory regularized by dimensional continuation [124], one must be careful in treating cases
with contracted spacetime vector indices u, v, k, p, . ... Instead of taking on four possible values, these vector indices
formally run over d values, where d is infinitesimally different from 4. This means that some identities that would hold in
unregularized four-dimensional theories are inconsistent and must not be used; other identities remain valid if d replaces
4 in the appropriate spots; and still other identities hold without modification.

Two important identities that do hold in d # 4 dimensions are:

(015" + 0"F P = 2g"8,°, (B.2.1)

[ o’ + EVO'H]O.(B _ 2g”"8‘5‘3. (B.2.2)
Equivalently,

(0"T")o? = g"V8,% — 2i(6"")o ", (B.2.3)

(g,lau)dﬁ _ g"“éd‘/g _ 21'(6’“’)6‘/-3, (B.2.4)

where ¢”*¥ and " are defined in Eq. (A.10). The trace identities,
Tr[c*T"] = Tr[c"c"] = 2g"", (B.2.5)
Tro*’ = Tro™’ =0,

then follow. We also note that the spinor index trace identity,

Tr{1] = 8% = 8¢ =2, (B.2.7)

& =

continues to hold in dimensional continuation regularization methods. In contrast, the Fierz identities of Appendix B.1 do
not have a consistent, unambiguous meaning outside of four dimensions [249-252]. However, the following identities that
are implied by Eq. (B.1.5) do consistently generalize to d # 4 spacetime dimensions:

(015, = dsP, (B.2.8)
[6"0.]% = dag'. (B.2.9)
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Using Eqgs. (B.2.8) and (B.2.9) along with the repeated use of Egs. (B.2.1) and (B.2.2) then yields:

0" oul,p = —(d — 2)0‘:’%, (B.2.10)
[6"0,5,1%F = —(d — 2)5%F, (B.2.11)
[0'6 05 ,]." = 4g" 8¢ — (4 — d)[0"5"1.”, (B.2.12)
640" 0,1 = 4g”ﬂ5g —(A-d[c0"1%, (B.2.13)
[0"0"0 0" 0y lep = —2[0"5 0" )3 + (4= D)0 0" ],3, (B.2.14)
[6"0"5 0“0, = —2[6“0"5 1%’ + (4 — d)[c 0T 1. (B.2.15)

Identities that involve the (explicitly and inextricably four-dimensional) e*"#* symbol

Gho'er = gheP — g’ 4 g Gt — ie"Ph G, (B.2.16)
oclc'o? =gto” — go’ +g"Pot +ie"P oy, (B.2.17)
MK, oM = —i(gPo — g"P ot 4 gk (B.2.18)
MG =i (g — g T + g v, (B.2.19)
ool = %i (g"Pot — g'Pa” +ie"' o), (B.2.20)
" = 1i(g" " — g5 —ie"P*G,), (B.2.21)
ho" = li(g"e’ — g5’ — i T,), (B.2.22)
05" = 1i(g"o" —g'e" + " o), (B.2.23)
oMV Pk — _%(gvpguk _ gwgw + ie"vPey %i(g”pa‘“‘ _,_gukgvp _ gupgvk _gwaup)’ (B.2.24)
THGPK — _%(gwgw« — ghPgVk _ jehvrry 4 %i(gvpg/w 4 gheGIP — ghPGVk — gVkGhe), (B.2.25)

are also only meaningful in exactly four dimensions. This applies as well to the trace identities which follow from them.??
For example,

Trlc#5"c”c"“] = 2 (g"'g’* — ghPg"™ + g g"’ + ie""P¥), (B.2.26)
Trloc*c 6 0] = 2 (g"'gh* — g'Pg’ + g g’? — iehVr ). (B.2.27)

This could lead to ambiguities in loop computations where it is necessary to perform the computation in d # 4 dimensions
(until the end of the calculation where the limit d — 4 is taken). However, in practice one typically finds that the above
expressions appear multiplied by the metric and/or other external tensors (such as four-momenta appropriate to the
problem at hand). In almost all such cases, two of the indices appearing in Eqs. (B.2.26) and (B.2.27) are symmetrized which
eliminates the €"*"?* term, rendering the resulting expressions unambiguous. Similarly, the sum of the above trace identities
can be assigned an unambiguous meaning in d # 4 dimensions:

Trlo"5 0”5 | + Tr[c 05 0 | = 4 (g"Vg"* — ghPg"™ + g g"’) . (B.2.28)

One can recursively derive trace formulae for products of six or more ¢/ o matrices by using the results of Egs. (B.2.16) and
(B.2.17) to reduce the number of o /o matrices by two. For example,

Trlo"5 0”5 c?c?] = gh'Tr[o”5"0*5°] — g*°Tr[6"c¥ 675’ ] + g" Tr[o "5 675"
+ i€ rlocc”o"c”], 2.
i Tr[o. 5% 075" (B.2.29)
Tr[c*0'c 6 5" 0?] = g’ Tr[6o"c 0%] — g’ Tr[c 0“5 0°] + g"°Tr[6 0“5 0 ’]
— ie"PeTr[G .0 5 0 ’]. (B.2.30)

We then use Eqgs. (B.2.26) and (B.2.27) to evaluate the remaining traces over four o [c matrices.

93 This is analogous to the statement that Tr (ysy#y"y?y*) = —4ie*"* [in our convention where €°12* = +1, and s is defined by Eq. (G.1.2)] is only
meaningful in d = 4 dimensions. In two-component notation, the equivalent result is Tr[c*c" 0”5 — " 06" 0"]| = 4ie*”P*. In the literature various
schemes have been proposed for defining the properties of y5 in d # 4 dimensions [231,252]. In two-component notation, this would translate into a
procedure for dealing with general traces involving four or more o /o matrices.
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Appendix C. Explicit forms for the two-component spinor wave functions

In this Appendix, we construct the explicit forms for the eigenstates of the spin operator %& - §, and examine their
properties. For massive fermions, it is possible to transform to the rest frame, and quantize the spin along a fixed axis in
space. The corresponding spinor wave functions will be called fixed-axis spinors. For either massive or massive fermions,
one can quantize the spin along the direction of momentum. The corresponding spinor wave functions are helicity spinors.
Helicity spinor wave functions are most conveniently applied to massless fermions or fermions in the relativistic limit of
high energy E > m. Fixed-axis spinors are most conveniently applied to massive fermions in the non-relativistic limit.

C.1. Fixed-axis spinor wave functions

Consider a spin-1/2 fermion in its rest frame and quantize the spin along a fixed axis specified by the unit vector

§ = (sinf cos ¢, sinf sin ¢, cos ), (C.1.1)

with polar angle 6 and azimuthal angle ¢ with respect to a fixed z-axis. The relevant basis of two-component fixed-axis
spinors xs are eigenstates of %6 -§,ie,

1

10 -8 xs=5xss S=H1. (C.1.2)

In order to construct the eigenstates of %6 -8, we first consider the case where § = Z. In this case, we define the eigenstates
of 262 to be:

X12(2) = (é) ; X-12(2) = (?) . (C.1.3)

By convention, we have set an arbitrary overall multiplicative phase factor for each spinor of Eq. (C.1.3) to unity. We then
determine x,(§) from x,(Z) by employing the spin-1/2 rotation operator that corresponds to a rotation from 2 to §. This
rotation is represented by a 3 x 3 matrix R such that § = RZ. However, this rotation operator is not unique. In its most
general form, the rotation operator can be parameterized in terms of three Euler angles (e.g., see Refs. [44,45]):

R($,0,y) =REZ, )R, O REZ, y). (C.1.4)

The Euler angles can be chosen to lie in therange 0 < 6 < w and 0 < ¢, y < 2m.Here, R(#1, ) is a 3 x 3 orthogonal matrix
that represents a rotation by an angle 6 about a fixed axis n,

RV(h, 0) = exp(—iff - 8) = n'n + (87 — n'n') cos @ — €™*n*sing, (C.1.5)

where the 8 = (81, 82, 83) are three 3 x 3 matrices whose matrix elements are given by (8 Y% = —ie¥* [cf. Eq. (2.9)].
However, the angle y is arbitrary, since R(Z, y)Z = z. Thus,

§ = RZ = (sinf cos ¢, sin O sin ¢, cos 9), (C.1.6)

independently of the choice of y. For = 0 or § = 7, where § is parallel to the z-axis, the azimuthal angle ¢ is undefined.
Since § — —Ss corresponds in generalto§ — 7 — @ and ¢ — ¢ + 7w (mod 27), we shall adopt a convention whereby:

_Jo, fors=2z, (0=0),
¢ = {n, fors =-z, (0 =m). (C1.7)
Using the spin-1/2 rotation operator corresponding to R (¢, 8, ), one can compute x;(8),
xs(8) = D, 0,y) x:@), (C.1.8)
where D is the spin-1/2 unitary representation matrix [253]
D(¢,0,y)=D(E,¢)DF,0)D(Z, y), (C19)
and D is the 2 x 2 unitary matrix
n n o .. .. 0
D(#, 0) = exp (—iffi - 6/2) = cos S - Gsin . (C.1.10)
Eq. (C.1.8) yields explicit forms for the eigenstates of %& -8
i , 0 ; 0
e~ i@+1)/2 (g Z _e i @-N/2gip
x128) = o ocn®= 2. (C111)

. ; 0
=112 6in > e @t1/2 cos 2
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The well-known two-to-one mapping between SU(2) and SO(3) implies that for a given rotation matrix R there are two
corresponding spin-1/2 rotation matrices . In particular,

D(p+27,0,y)=—D(@,0,y), (C.1.12)

which implies that a rotation of a spinor by 277 yields an overall change of sign in the spinor wave function (an effect that
can be observed in quantum interference experiments!). Strictly speaking, we should take the range of the Euler angles to
be0 < ¢ < 47,0 <6 <mand0 < y < 2x. However, when constructing the spinor wave function of a spin-1/2 particle
whose spin quantization axis is given by Eq. (C.1.6), we will fix the overall sign of the spinor wave function by convention.

More generally, the overall phase of the spinor wave function is unphysical. Noting that D(Z, y) xs(2) = e~ xs(2), the
choice of y is also a matter of convention. First, we will require that when § = 2, Eq. (C.1.8) should reproduce the spinor
wave functions given in Eq. (C.1.3). This implies that:

y =0, for§=2, (0=¢=0). (C.1.13)
For § = —z, we use Eq. (C.1.7) to obtain:
Xs(=2) = i7" y (@), s=+£1, (C.1.14)

where the notation y (—2) has been employed to allow the possibility that the convention for y depends on the direction
indicated by its argument.

Two different conventions are commonly employed in the literature. In the first convention, one chooses y = —¢. This
choice has the good feature that R(¢, 0, —¢) = 13,3, independently of the angle ¢, which is undefined when § = 0.%
Moreover, the rotation matrix R (¢, 6, —¢) and the corresponding spin-1/2 rotation matrix D (¢, 6, —¢) can be expressed
simply as a single rotation by an angle 6 about a fixed axis that points along a unit vector in the azimuthal direction:

& = (—sing, cos ¢, 0). (C.1.15)
In particular,
D(9,0) = D(¢,0, —¢). (C.1.17)

Hence, in this convention x;(§) = D(, 0) xs(2), which is the most common choice for the spinor wave function [36,254,255].
In the second convention, one chooses y = 0. One motivation for this choice is that the corresponding rotation matrix
is somewhat simpler:

(C.1.18)

cosfcos¢p —sing sindcos </>)
—sin6 0 cos@ .

R(p,0,0) =R(Z,P)RG,0) = (cos@ sin¢g cos¢ sin@sing

Employing the corresponding spin-1/2 rotation operator D (¢, 6, 0) in Eq. (C.1.8) yields a slightly more symmetrical form
for the spinor wave function [256].

Explicit forms for the spinor wave functions in the two conventions are obtained from Eq. (C.1.11) by taking y (§) = —¢
and y (§) = 0, respectively. For example, Eq. (C.1.14) reduces to:

A | —2sx_5z) fory(-2)=—-¢p=—-m,
Xs(—2) = {ix_s(i) for y(—3) = 0, s==1 (C.1.19)

in the convention specified by Eq. (C.1.7).
Many of the properties of the spinor wave functions are independent of the choice of the Euler angle y. The spinor wave
functions x defined by Eq. (C.1.8) are normalized such that

X3 @) xs 8) = Sy, (C.1.20)
and satisfy the following completeness relation:
A ~ 1 0
Zm®ﬂ®=Q J. (C.121)
N
The spinor wave functions x,(8) and x_(8) are connected by the following relation:
X—s(8) = —2sic? x 1 (8). (C.122)
Consider a spin-1/2 fermion with four-momentum p* = (E, p), with E = (|p|> + m?)'/2, and the direction of p given by
P = (sin B, cos ¢y, sin 6, sin ¢, cos 6,). (C.1.23)

Using Egs. (2.107) and (2.108), one can employ Eqs. (3.1.19)-(3.1.22) to obtain explicit expressions for the two-component
spinor wave functions x(p, s), y(@, s), x' (p, s) and y' (p, s).

94 However, R (¢, w, —¢) # 1343 even though ¢ is also undefined when 6 = .
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Additional properties of the x, can be derived by introducing an orthonormal set of unit three-vectors 8 that provide a
basis for a right-handed coordinate system. Explicitly,

§ . 8P =5, (C.1.24)

§% x 87 = eabes”, (C.1.25)
We shall identify

£=3 (C.1.26)

as the quantization axis used in defining the third component of the spin of the fermion in its rest frame. The unit vectors

§' and § are then chosen such that Egs. (C.1.24) and (C.1.25) are satisfied. To explicitly construct the §%, we begin with the
orthonormal set {X, y, Z}, and employ the same rotation operator R used to define y(8). That is,

$', 8%, 8% = (R&, Ry, R2),  where R = R(¢, 6, ), (C.1.27)

and ¢, 0 and y are the Euler angles used to define the spinor wave function in Eq. (C.1.8). From Eq. (C.1.27), one can
immediately derive the completeness relation (as a consequence of RRT = 1),

§gW — sl (C.1.28)

where i and j label the space components of the three-vector §°.
We can use the §” to extend the defining equation of x, [Eq. (C.1.2)]:

>

o §aXs’(§) =1

% jl';;/ %5(8), (C.1.29)

where the z3, are the matrix elements of the Pauli matrices.? That is, %3 - (s' £ is?) serve as ladder operators that connect
the spinor wave functions y1,, and x_1,,. Using Eq. (C.1.20), it follows that Eq. (C.1.29) is equivalent to:

X1 ®0 8% =18 (C.1.30)
It is instructive to prove Eq. (C.1.30) directly. Employing Eq. (C.1.8) and using the fact that O is a unitary matrix,

X ® -8 x @) =xl @ [D(9.0,)]7'6 5" D(¢.0,y)xs ). (C.1.31)
The above result can be simplified by a repeated use of the following identity,

eié)ﬁﬁ/z O_] e—f@ﬁ-a/z — R]k(ﬁ, 0)0',(, (C.1.32)
which is valid for any fixed-axis f1, where R(#, 0) is the rotation matrix defined in Eq. (C.1.5). It follows that

[D($,0, )] o' D(,0,y) = R, 6,y) 0", (€1.33)
where R(¢, 0, y) is defined in Eq. (C.1.4). Since RT = R,

x® 36 8 =xl @3 [R7$] X0 @) (C.1.34)
Eq. (C.1.27) implies that (R~1§", R~1§%, #-18%) = (&, J, %), and it follows that

o-[R7s"]=0" (C.1.35)
Consequently, we end up with

X ®F 8 %@ = 1l @)% @) = 78, (C.1.36)

which defines the matrix elements of the Pauli matrices, and our proof of Eq. (C.1.30) is complete.
Using the completeness relation given by Eq. (C.1.28), we can rewrite Eq. (C.1.30) as

x{ ® o'y (3) = 785" (C.1.37)

Taking the hermitian conjugate of Eq. (C.1.37) is equivalent to interchanging s <> §/, since the ¢’ are hermitian matrices
and (z)* = tJ.. To evaluate expressions similar to Eq. (C.1.37) that contain products of o -matrices, it is sufficient to use

95 We use the symbol t rather than o to emphasize that the indices of the Pauli matrices 7¢ are spin labels s, s’ and not spinor indices «, ¢. The first
(second) row and column of the r-matrices correspond tos = 1/2 (—1/2). For example, rfs, = 2585y (no sum over s).
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the relation o'o? = 871 + ie’* o* as many times as needed to reduce the final expression to terms containing at most one

o-matrix. For example, using Egs. (C.1.20) and (C.1.37), it follows that
X1 §) 0'o xy (8) = 8,87 + i€ 7,57, (C.1.38)

It is sometimes useful to have a more explicit representation of the $°. In the convention where y = —¢, Eq. (C.1.27)
yields:

A1 2 . 29 . . 29 .
s =|1—2cos” ¢ sin 5,—sm2¢> sin 5,—sm9cos¢ ,

A2 . ) 0 ) ) 0 . .
s" = [ —sin2¢ sin 5,1—251n ¢ sin 5,—sm951n¢) s
§® = (sinf cos ¢, sin B sin ¢, cos 6). (C.1.39)

The explicit forms for the § are somewhat simpler in the convention where y = 0. In this case, Egs. (C.1.18) and (C.1.27)
yield:

§ = (cos 6 cos ¢, cosf sin ¢, —sin6),
§° = (—sing, cos ¢, 0),
§® = (sinf cos ¢, sin 6 sin ¢, cos 6). (C.1.40)

C.2. Fixed-axis spinors in the non-relativistic limit

Consider an on-shell massive fermion of three-momentum p, mass m and spin quantum number s, where s = i% are the
possible projections of the spin vector (in units of fi) along the fixed § direction [cf. Eq. (C.1.2)]. The spinor wave functions,
X, ¥, and their hermitian conjugates are given by Egs. (3.1.19)—(3.1.22). In the non-relativistic limit,

4/p-a:\/ﬁ(]l—2—p>, JVp-o~ <1+—p>, (C2.1)
m 2m
where we keep terms only up to @ (|p|/m). Inserting the above results into Eqs. (3.1.19)-(3.1.22) yields:
o G-p .
Xo (P, 5) =~ /m (Il - J) xs(8), (C2.2)
2m
X (B,s) = —2svm ¢ ®) (11 + —mp> (C2.3)
- o-p .
Ya (D, 5) = 253/m (11 - W) X—s(8), (C2.4)
o R o-p
Y B.s) = imxi ) (1 + z—m") , (C2.5)
for the undotted spinor wave functions and
x4, s) >~ —2s¢/m (11 + 2—") x—s(8), (C.2.6)
m
- R g-p
xLB,s) = Vmxl®) (11 - —) , (C2.7)
2m
ta 2 8 13 A
Y@, s) ~vm (Jl + Zm) xs(8), (C2.8)
- R G-p
YL@, ) = 2sv/m x (8 <11 - W) , (C2.9)

for the dotted spinor wave functions.
In the computation of the S-matrix amplitudes for scattering and decay processes, one typically must evaluate a bilinear
product of spinors, i.e. quantities of the form

21(P1, 1) T 22(Py. 52). (C.2.10)
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where z; and z, represent one of the two-component spinor wave functions x, y, x' or y*, and I" is a 2 x 2 matrix (in spinor

space) that is either the identity matrix, or is made up of alternating products of o and &. In the non-relativistic limit, these
bilinears take on rather simple forms. In what follows, we work to first order in |p;|/m;. For example,

n - . G-p G-p .
YD1, s1)X (D, S2) =2 /mimy X:l ) (31 + S 7) Xs, (S)
1

2m2
~ I_il ﬁz A0 _q
~ mimy |:851,52 + <2rn] — 2rnz> -8 T51‘521| N (CZ]])
where we have used the results of Egs. (C.1.20) and (C.1.37). Similarly,
o ; a a ) i’ g- i’ A
Y @1, 510y (B2, 52) = mima 1] §) [a“ + Wla” +ot 2} Xs,(8)
1 2
~ Jmimy Zl o (y, Pa), (C.2.12)
where®
Ser + Dy + ] . s’iz.rslzh foru =0,
w,- o 2m1 2m2
ZyP1P) = P o\ (C2.13)
st Sss —= — L ]ie¥s" %, foru=i=1,2,3,
5 + (Zml + 2m2> s 2m2 2m1 € s H

is obtained after using the results of Egs. (C.1.37) and (C.1.38).
In summary, we list the non-relativistic forms of the spinor bilinears. Referring to Eq. (C.2.10), if I = 1, then

N = ~ i’l 1_52 Ad__a
X (D1, 51X (D, S2) = 255/mim, [8_32’51 + (2"11 — 2712) -8 1_52,51] , (C.2.14)
a2 - i’l 1_52 A0 _qa
Y P1,51)Ya Py, $2) = 250/Mumy |85y s, + | s— —o— | - ST, _, | (C.2.15)
2my 2m, !

X2 (D1, 51)Va Dy, S2) = S/mimy | =6, 5, + E—i’—z - §%78 (C.2.16)
15 51)Ya (P2, S2) = 1182 52,51 2m1 2m2 52,51 | ? L
YD1, 51)Xa By, 52) = /mymy | 8,5, + P P 8% | (C.2.17)

122 2m1 Zmz 5152
where we have used
o= —4ss't . 5.8 =43, (C.2.18)

to arrive at the final forms given in Eqgs. (C.2.14) and (C.2.16). However, in using the above results, one must now pay close
attention to the ordering of the subscript indices of the t®. The corresponding formulae for dotted spinor wave function
bilinears are obtained by taking the hermitian conjugates of Egs. (C.2.14)-(C.2.17), which complex conjugates the 7¢ that

appear on the right-hand side of these equations. Since (7g,)* = 7 , we obtain

. . p p .

XL By, sOXT By, 52) = 251/mym; [852,51 - <27n11 - ﬁ) ~s“rs"2,31:| , (C2.19)
t oo ta ~2 S ﬁ] i’Z of__a C2.20
Y, 01, 50)Y" (Do, $2) = 2514/mym; —s1.5p 72m1 - 72m2 ST s (C.2.20)
(P fé (P ~—/ s Pr_ P\ g c2.21
yd(pla SDX'(Py, $2) = —/mymy sy,51 T R - E S T | (C2.21)

t oo ta o ~ I_i] 1_52 Al _a
X, (D1, $1)Y" (P2, $2) > /mumy | 8, 5, — 2  2m, ST |- (C2.22)

96 We also define Zly (P, Py) as the expression given by Eq. (C.2.13) with the interchange of {s, py, m1} and {s', py, m,}.
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Likewise, if I" = o*, then

X*(py, s])GfBX*B (D3, 52) = 4si5o/mumy ZY o (Py, Pa), (C2.23)
ya(PhSl)U:Bny(Pz,Sz) = x/mzﬁ,sz(ﬁ;vﬁz)» (C.2.24)
X*(py, 51)6;‘35/*3 (P2, 52) = —2s1/mimy Z o, (Py. Pa)- (C.2.25)
¥ (p1s sl)UfbxfB (D3, 52) > =255 /mumy Zi; _, (P, P2). (C.2.26)

where ZS‘;, (P, P») is defined in Eq. (C.2.13). If I" = *, one can use 210“22T = ZZTE“Z] [i.e. Eq. (2.61) for commuting spinors]

to obtain the corresponding formulae for the spinor wave function bilinears (cf. footnote 96):

X, (D1, 515" X5 (D)., 52) = Asis2/mimy 22, (B, P), (€2.27)
Yo @1 50T Py (D5, 52) = mimy ZE | (B, Py, (C2.28)
V@1, 505" x5 (. 52) =~ =25,/ mimy 2%, | (B, ). (C.2.29)
X, 01, 505" Py (. 52) ~ —251/mimy 2Ly (B, Py)- (€.2.30)

These results can also be derived directly from Eqgs. (C.2.2)-(C.2.9), after employing Eq. (C.2.18).
It is straightforward to evaluate the spinor wave function bilinears when I" is a product of two or more ¢ /o matrices.
As the corresponding expressions are considerably more complicated, we shall not write them out explicitly here.

C.3. Helicity spinor wave functions

All the results of Appendix C.1 apply to the helicity spinors y;, which are defined to be eigenstates of %6 -p,ie,

36 P = Ao, A==, (C3.1)
where p = (sin 6, cos ¢y, sin 6, sin ¢, cos 6,). It follows that:

VP o 0@ = 0u® u®.  VpTud = 0@ nd) (C3.2)
where

w.(B) = E+22D"Y?,  E=I[pl> +m2. (€33)
As a result, the explicit forms for the two-component helicity spinor wave functions [cf. Eqs. (3.1.19)-(3.1.22)] simplify:

X (B, A) = 0 x5 (D), XP, ) = —2r 0 x' @), (C.3.4)

Ya(®,3) = 24 @, x5 (P). Y@, 3) = o x| (D). (C3.5)

X4B,2) = 200 @), XB A = 0o 1l B), (C.3.6)

Y@ L) = o0 D), Y@ 0 = 20w x1, @), (€3.7)

where w1, = w4, (P).

In analogy with the §*, it is convenient to introduce an orthonormal set of unit three-vectors p* such that f)3 = p. Then,
Egs. (C.1.24)-(C.1.30) apply as well to the two-component helicity spinors after taking 8" = p”.

In scattering processes, it is often convenient to work in the rest frame of the incoming particles, in which the
corresponding incoming fermion three-momenta are denoted by p and —p, respectively. The helicity spinor wave function
of the second fermion depends on the definition of x, (—p). In this review, we follow a convention®’ in which x, (—p) is
defined to be the spinor wave function obtained from y; (Z) via a rotation by a polar angle = — 6, and an azimuthal angle
¢p + 7 with respect to the z-direction. Then,

(=) = D(@p + 7, 7w — O, ¥ (—P)) X.(2), (C.3.8)

97 An alternative convention (called the second-particle convention) advocated by Jacob and Wick [257] is to define y; (—p) by starting with x_; (Z) and
then rotating the spinor by polar and azimuthal angles 6, and ¢,. In this case, x.(—P) = x_»(P), and the extra phase factors of Eq. (C.3.11) is absent,
i.e.&.(p) = 1inEq. (C.3.11). However, this convention is less suited to scattering processes involving final states with more than two fermions. Hence, we
do not adopt the second-particle convention in this review.
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where we have exhibited the possible dependence of y on the direction —p. Using the properties of the spin-1/2 rotation
matrices, one can derive

D(pp + 7, — 6, y(=P)) = —D(¢p, 6, y(0) DE, —y (P) — v (—P)) DR, 7). (C3.9)
Inserting this result in Eq. (C.3.8) and using the relation

D@, ) x5 (2) = —io ' 5. (2) = —ix-.(@), (€3.10)
we obtain

X.(=P) = E-5,(D) x-1(D), (C3.11)
where the phase factor &, (p) is given by

£.(p) = ey @TERl 5 — 41 (C3.12)
Since y is a real angle, it follows that:

1
&M = ——=—-6,0. (C3.13)
P T E®) ’

Using Eq. (C.3.12), we note that y; (p) possesses the peculiar property that:

X (=(=P)) = —x2 (D). (C.3.14)

This is a consequence of the fact that the result of two successive inversions is equivalent to ¢, — ¢, + 27, which yields
an overall change of sign of a spinor wave function [cf. Eq. (C.1.12)].%8
For example, corresponding to the two conventional choices for y,

1 .
; —D2 e fory(P) = —¢p, y(—B)=-7+¢
£.(p) = {? p 0. > (C.3.15)
’ i for y (p) = v (—p) = 0,
with the proviso that for p = +2, we define ¢, according to Eq. (C.1.7).
Suppose that the two fermions considered above have equal mass. In the center-of-mass frame, if the four-momentum
of one of the fermions is p* = (E, p), then the four-momentum of the other fermion is

p" = (E. —p). (C.3.16)

The following numerical identities are then satisfied: o -p = & - pand & - = o - p. However, in order to maintain covariance
with respect to the undotted and dotted spinor indices, we shall write these identities as:

. — 0 —afy -0
p- Uaﬂ - Gad(p Y )Uﬂﬁv (C3]7)

5 .o — EOdlDl(p . Uaﬁ)goﬁﬁ' (C.3.18)

Taking the matrix square root of both sides of Egs. (C.3.17) and (C.3.18) removes one of the factors of ¢® and &°, respectively
[cf. Egs. (2.109)-(2.115)]. Thus, using Egs. (3.1.19) and (C.3.11),

Xa(=P, —2) = /D - 0 x_1(=P) = 0°V/p - T ED) .(P) = O?f; £® " . 1). (C3.19)
In this way, we can derive all relations of this kind for the helicity spinor wave functions:
Xo(=B. —1) = £, VP (B, ) = 0,6, 6.B). (€3.20)
Ya(=P. —1) = 6504, 2P (B, 3) = =21 w36 X1 (D). (C321)
X(=p, —1) = 655 Y, 4) = 21 026 X2 (B), (€3.22)
Y (=p, —1) = £ x5 (D, 1) = w_1& x.(P). (C.3.23)
where w1, = w4, (p) and &, = &, (p). Raising the undotted index and lowering the dotted index yields:
X4 (=p, —A) = yf-g @, 2) 0 = 2 w6, xT, @), (C.3.24)
Y (=B =) =X, (B. 1) 657 = w8 x| (D), (C.3.25)
X, (=P, —2) =y’ (3. M) &i05; = w16 1) B). (C.3.26)
Y=, =1 =xP @, 2) £ 08, = =20 w35 x1, (). (€.3.27)

Egs. (C.3.20)-(C.3.27) can also be obtained directly from Egs. (C.3.4)-(C.3.7).

98 A slightly modified procedure (not adopted in this review) is to take the azimuthal angle of —p to be ¢p = 7, where the £ sign is chosen according to
which of the two conditions 0 < ¢, = 7 < 27 is true. This procedure would yield an extra minus sign in the definition of &, (p) when 7 < ¢, < 27.In
this convention, two successive inversions are equivalent to the identity rotation so that x; (—(—p)) = x;.(p).
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Appendix D. Matrix decompositions for mass matrix diagonalization

In scalar field theory, the diagonalization of the scalar squared-mass matrix M? is straightforward. For a theory of n
complex scalar fields, M? is an hermitian n x n matrix, which can be diagonalized by a unitary matrix W:

WIM2W = m? = diag(m?, m3, ..., m>). (D.1)
For a theory of n real scalar fields, M? is a real symmetric n x n matrix, which can be diagonalized by an orthogonal matrix Q :

Q'™M?Q = m® = diag(mj, m3, ..., m2). (D.2)

n

In both cases, the eigenvalues m? of M? are real. These are the standard matrix diagonalization problems that are treated in
all elementary linear algebra textbooks.

In spin-1/2 fermion field theory, the most general fermion mass matrix, obtained from the Lagrangian, written in terms
of two-component spinors, is complex and symmetric [cf. Section 3.2]. If the Lagrangian exhibits a U(1) symmetry, then a
basis can be found such that fields that are charged under the U(1) pair up into Dirac fermions. The fermion mass matrix
then decomposes into the direct sum of a complex Dirac fermion mass matrix and a complex symmetric neutral fermion
mass matrix. In this Appendix, we review the linear algebra theory relevant for the matrix decompositions associated with
the general charged and neutral spin-1/2 fermion mass matrix diagonalizations. The diagonalization of the Dirac fermion
mass matrix is governed by the singular value decomposition of a complex matrix, as shown in Appendix D.1. In contrast, the
diagonalization of a neutral fermion mass matrix is governed by the Takagi diagonalization of a complex symmetric matrix,
which is treated in Appendix D.2.%° These two techniques are compared and contrasted in Appendix D.3. Dirac fermions
can also arise in the case of a pseudo-real representation of fermion fields. As shown in Section 3.2, this latter case requires
the reduction of a complex antisymmetric fermion mass matrix to real normal form. The relevant theorem and its proof are
given in Appendix D.4.

D.1. Singular value decomposition

The diagonalization of the charged (Dirac) fermion mass matrix requires the singular value decomposition of an arbitrary
complex matrix M.

Theorem. For any complex [or real] n x n matrix M, unitary [or real orthogonal] matrices L and R exist such that
L"MR = Mp = diag(mq, my, ..., my), (D.1.1)
where the my are real and non-negative. This is called the singular value decomposition of the matrix M (e.g., see Refs. [147,258]).

In general, the my, are not the eigenvalues of M. Rather, the my, are the singular values of the general complex matrix
M, which are defined to be the non-negative square roots of the eigenvalues of MM (or equivalently of MM*). An
equivalent definition of the singular values can be established as follows. Since MM is an hermitian non-negative matrix,
its eigenvalues are real and non-negative and its eigenvectors, vy, defined by MMy, = mﬁvk, can be chosen to be
orthonormal.’® Consider first the eigenvectors corresponding to the non-zero eigenvalues of MTM. Then, we define the
vectors wy such that Mv, = myw. It follows that mZvy = MMy, = mMTw}, which yields: MTw} = myuvy. Note that
these equations also imply that MMTw,’: = mi wj. The orthonormality of the vy implies the orthonormality of the wy, and
vice versa. For example,

L oMt Mt 1 Py = T %
Sjk = (vjlve) = (MTw/ M wy) = (WilMMTwy) = — (w/'|wy), (D.1.2)
m;my m;my m;
which yields (wi|wj) = . If M is a real matrix, then the eigenvectors v, can be chosen to be real, in which case the

corresponding wy, are also real.

If v; is an eigenvector of MTM with zero eigenvalue, then 0 = viTMTMvi = (Mv;|Mv;), which implies that Mv; = 0.
Likewise, if w;" is an eigenvector of MM with zero eigenvalue, then 0 = wiTMMTw;" = (MTw;|M w;)*, which implies
that MTw; = 0. Because the eigenvectors of MTM [MM?1] can be chosen orthonormal, the eigenvectors corresponding to
the zero eigenvalues of M [M'] can be taken to be orthonormal.’®! Finally, these eigenvectors are also orthogonal to the

99 One may choose not to work in a basis where the fermion fields are eigenstates of the U(1) charge operator. In this case, all fermions are governed by
a complex symmetric mass matrix, which can be Takagi diagonalized according to the procedure described in Appendix D.2.

100 \we define the inner product of two vectors to be (v|w) = vfw. Then, v and w are orthonormal if {(v|w) = 0. The norm of a vector is defined by
o]l = (vjv)/2.

10T pis analysis shows that the number of linearly independent zero eigenvectors of MM [MMT] with zero eigenvalue, coincides with the number of
linearly independent eigenvectors of M [MT] with zero eigenvalue.
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eigenvectors corresponding to the non-zero eigenvalues of MM [MM]. That s, if the indices i and j run over the eigenvectors
corresponding to the zero and non-zero eigenvalues of MM [MM?], respectively, then

1 To,,% 1 *
(M'wj|vi) = —(w;'|[Mv;) =0, (D.1.3)

(vjlvi) = —
m; m;

and similarly (w;|w;) = 0.
Thus, we can define the singular values of a general complex n x n matrix M to be the simultaneous solutions (with real
non-negative my) of'%%:

My, = mawy,  wiM = m}. (D.1.4)

The corresponding vy, (wy), normalized to have unit norm, are called the right (left) singular vectors of M. In particular, the
number of linearly independent v coincides with the number of linearly independent wy and is equal to n.

Proof of the singular value decomposition theorem. Eqs. (D.1.2) and (D.1.3) imply that the right [left] singular vectors
can be chosen to be orthonormal. Consequently, the unitary matrix R [L] can be constructed such that its kth column is given
by the right [left] singular vector vy [w]. It then follows from Eq. (D.1.4) that:

wiMv, = mdye,  (no sum over k). (D.1.5)

In matrix form, Eq. (D.1.5) coincides with Eq. (D.1.1), and the singular value decomposition is established. If M is real, then
the right and left singular vectors, v, and wy, can be chosen to be real, in which case Eq. (D.1.1) holds for real orthogonal
matrices L and R.

The singular values of a complex matrix M are unique (up to ordering), as they correspond to the eigenvalues of MTM
(or equivalently the eigenvalues of MMT). The unitary matrices L and R are not unique. The matrix R must satisfy

R'MTMR = M3, (D.1.6)

which follows directly from Eq. (D.1.1) by computing MBMD = M,%. That is, R is a unitary matrix that diagonalizes the non-
negative definite matrix M M. Since the eigenvectors of MTM are orthonormal, each v, corresponding to a non-degenerate
eigenvalue of MTM can be multiplied by an arbitrary phase e%. For the case of degenerate eigenvalues, any orthonormal
linear combination of the corresponding eigenvectors is also an eigenvector of MTM. It follows that within the subspace
spanned by the eigenvectors corresponding to non-degenerate eigenvalues, R is uniquely determined up to multiplication
on the right by an arbitrary diagonal unitary matrix. Within the subspace spanned by the eigenvectors of MM corresponding
to a degenerate eigenvalue, R is determined up to multiplication on the right by an arbitrary unitary matrix.
Once R is fixed, L is obtained from Eq. (D.1.1):

L=M""'R*Mp. (D.1.7)

However, if some of the diagonal elements of Mp are zero, then L is not uniquely defined. Writing Mp in 2 x 2 block form
such that the upper left block is a diagonal matrix with positive diagonal elements and the other three blocks are equal to
the zero matrix of the appropriate dimensions, it follows that, Mp = MpW, where

() i Wo (D.1.8)

W is an arbitrary unitary matrix whose dimension is equal to the number of zeros that appear in the diagonal elements of
Mp, and 1 and O are respectively the identity matrix and zero matrix of the appropriate size. Hence, we can multiply both
sides of Eq. (D.1.7) on the right by W, which means that L is only determined up to multiplication on the right by an arbitrary
unitary matrix whose form is given by Eq. (D.1.8).1%3

If M is a real matrix, then the derivation of the singular value decomposition of M is given by Eq. (D.1.1), where L and
R are real orthogonal matrices. This result is easily established by replacing “phase” with “sign” and replacing “unitary” by
“real orthogonal” in the above proof.

102 ope can always find a solution to Eq. (D.1.4) such that the my are real and non-negative. Given a solution where my is complex, we simply write
my = |mg|e? and redefine w, — wye® to remove the phase 6.

103 0f course, one can reverse the above procedure by first determining the unitary matrix L. Eq. (D.1.1) implies that L'MML* = M3, in which case L is
determined up to multiplication on the right by an arbitrary [diagonal] unitary matrix within the subspace spanned by the eigenvectors corresponding to
the degenerate [non-degenerate] eigenvalues of MM . Having fixed L, one can obtain R = M~ 'L*M), from Eq. (D.1.1). As above, R is only determined up to
multiplication on the right by a unitary matrix whose form is given by Eq. (D.1.8).
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D.2. Takagi diagonalization

The mass matrix of neutral fermions (or a system of two-component fermions in a generic basis) is complex and
symmetric. This mass matrix must be diagonalized in order to identify the physical fermion mass eigenstates and to compute
their masses. However, the fermion mass matrix is not diagonalized by the standard unitary similarity transformation.
Instead a diggcirent diagonalization equation is employed that was discovered by Takagi [111], and rediscovered many times
since [147].

Theorem. For any complex symmetric n x n matrix M, there exists a unitary matrix $2 such that:

2™ 2 = Mp = diag(mq, ma, ..., my,), (D.2.1)

105

where the my, are real and non-negative. This is the Takagi diagonalization'"> of the complex symmetric matrix M.

In general, the my are not the eigenvalues of M. Rather, the m; are the singular values of the symmetric matrix M. From
Eq. (D.2.1) it follows that:
QTMMQ = M} = diag(m3, m3, ..., m2). (D.2.2)

n

If all of the singular values m; are non-degenerate, then one can find a solution to Eq. (D.2.1) for £2 from Eq. (D.2.2). This

,?1 Tg ). then the singular value

is no longer true if some of the singular values are degenerate. For example, if M = (
|m| is doubly degenerate, but Eq. (D.2.2) yields 272 = 1,,,, which does not specify £2. That is, in the degenerate case,
the physical fermion states cannot be determined by the diagonalization of MTM. Instead, one must make direct use of
Eq. (D.2.1). Below, we shall present a constructive method for determining 2 that is applicable in both the non-degenerate
and the degenerate cases.

Eq. (D.2.1) can be rewritten as M§2 = §£2*Mp, where the columns of §2 are orthonormal. If we denote the kth column of

£2 by vy, then,
Mvy, = mkv*, (D23)
k

where the my, are the singular values and the vectors vy, are normalized to have unit norm. Following Ref. [261], the v are
called the Takagi vectors of the complex symmetric n x n matrix M. The Takagi vectors corresponding to non-degenerate non-
zero [zero] singular values are unique up to an overall sign [phase]. Any orthogonal [unitary] linear combination of Takagi
vectors corresponding to a set of degenerate non-zero [zero] singular values is also a Takagi vector corresponding to the
same singular value. Using these results, one can determine the degree of non-uniqueness of the matrix £2. For definiteness,
we fix an ordering of the diagonal elements of Mp.'% If the singular values of M are distinct, then the matrix £2 is uniquely
determined up to multiplication by a diagonal matrix whose entries are either +1 (i.e., a diagonal orthogonal matrix). If
there are degeneracies corresponding to non-zero singular values, then within the degenerate subspace, £2 is unique up to
multiplication on the right by an arbitrary orthogonal matrix. Finally, in the subspace corresponding to zero singular values,
£2 is unique up to multiplication on the right by an arbitrary unitary matrix.

For a real symmetric matrix M, the Takagi diagonalization [Eq. (D.2.1)] still holds for a unitary matrix §2, which is easily
determined as follows. Any real symmetric matrix M can be diagonalized by a real orthogonal matrix Z,

Z™MZ = diag(eimy, g3ms, ..., €a1y), (D.2.4)

where the my are real and non-negative and the g,my, are the real eigenvalues of M with corresponding signs &, = +1.1%

Then, the Takagi diagonalization of M is achieved by taking:

25 = e:/ZZij, No sum over i. (D.2.5)

Proof of the Takagi diagonalization. To prove the existence of the Takagi diagonalization of a complex symmetric matrix,
it is sufficient to provide an algorithm for constructing the orthonormal Takagi vectors v, that make up the columns of £2.

104 Subsequently, it was recognized in Ref. [258] that the Takagi diagonalization was first established for nonsingular complex symmetric matrices by
Autonne [259]. In the physics literature, the first proof of Eq. (D.2.1) was given in Ref. [ 149]. Applications of Takagi diagonalization to the study of neutrino
mass matrices can be found in Refs. [5,260].

105 | Ref. [147], Eq. (D.2.1) is called the Takagi factorization of a complex symmetric matrix. We choose to refer to this as Takagi diagonalization to
emphasize and contrast this with the more standard diagonalization of normal matrices by a unitary similarity transformation. In particular, not all complex
symmetric matrices are diagonalizable by a similarity transformation, whereas complex symmetric matrices are always Takagi diagonalizable.

106 Permuting the order of the singular values is equivalent to permuting the order of the columns of £2.

107 15 the case of my, = 0, we conventionally choose the corresponding g, = +1.
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This is achieved by rewriting the n x n complex matrix equation Mv = mv* [with m real and non-negative] as a 2n x 2n
real matrix equation [262,263]:

M Rev) ReM —ImM Rev
B\lmv) = \-ImM —ReM ) \Imv
Since M = MT, the 2n x 2n matrix My = (_l];el% ::{:,’\‘4/1 )is a real symmetric matrix.'® In particular, My is diagonalizable

by a real orthogonal similarity transformation, and its eigenvalues are real. Moreover, if m is an eigenvalue of My with
eigenvector (Re v, Imv), then —m is an eigenvalue of My with (orthogonal) eigenvector (—Im v, Re v). This observation
implies that My has an equal number of positive and negative eigenvalues and an even number of zero eigenvalues.'% Thus,
Eq. (D.2.3) has been converted into an ordinary eigenvalue problem for a real symmetric matrix. Since m > 0, we solve the
eigenvalue problem Mzu = mu for the real eigenvectors u = (Re v, Im v) corresponding to the non-negative eigenvalues of
Mg, "0 which then immediately yields the complex Takagi vectors, v. It is straightforward to prove that the total number of
linearly independent Takagi vectors is equal to n. Simply note that the orthogonality of (Re vy, Im v;) and (—Imvq, Re v)
with (Re v, Im vy) implies that vIvz =0.

Thus, we have derived a constructive method for obtaining the Takagi vectors vy. If there are degeneracies, one can always
choose the vy in the degenerate subspace to be orthonormal. The Takagi vectors then make up the columns of the matrix $2
in Eq. (D.2.1). A numerical package for performing the Takagi diagonalization of a complex symmetric matrix has recently
been presented in Ref. [264] (see also Refs. [261,265] for previous numerical approaches to Takagi diagonalization).

=m (lRe v) ,  wherem > 0. (D.2.6)
muv

D.3. Relation between Takagi diagonalization and singular value decomposition

The Takagi diagonalization is a special case of the singular value decomposition. If the complex matrix M in Eq. (D.1.1)
is symmetric, M = MT, then the Takagi diagonalization corresponds to £2 = L = R. In this case, the right and left singular
vectors coincide (v, = wy) and are identified with the Takagi vectors defined in Eq. (D.2.3). However as previously noted,
the matrix £2 cannot be determined from Eq. (D.2.2) in cases where there is a degeneracy among the singular values.'!! For

example, one possible singular value decomposition of the matrix M = ( 31 '3 ) [with m assumed real and positive] can be

obtained by choosing R = ((1) (1)) andL = (? (1)) in which case L'TMR = (' ,?1) = Mp. Of course, this is not a Takagi

diagonalization because L # R. Since R is only defined modulo the multiplication on the right by an arbitrary 2 x 2 unitary
matrix (@, then at least one singular value decomposition exists that is also a Takagi diagonalization. For the example under
consideration, it is not difficult to deduce the Takagi diagonalization: 2TM £ = Mp, where

1 /1 i
Q= % (1 _i> o, (D.3.1)

and O is any 2 x 2 orthogonal matrix.

Since the Takagi diagonalization is a special case of the singular value decomposition, it seems plausible that one can
prove the former from the latter. This turns out to be correct; for completeness, we provide the proof below. Our second
proof depends on the following lemma:

Lemma. For any symmetric unitary matrix V, there exists a unitary matrix U such that V = UU.

Proof of the Lemma: For any n x n unitary matrix V, there exists an hermitian matrix H such that V = exp(iH) (this is the
polar decomposition of V). If V. = VT then H = HT = H* (since H is hermitian); therefore H is real symmetric. But, any
real symmetric matrix can be diagonalized by an orthogonal transformation. It follows that V can also be diagonalized by
an orthogonal transformation. Since the eigenvalues of any unitary matrix are pure phases, there exists a real orthogonal
matrix Q such that Q"VQ = diag (¢'1, %2, ..., e!). Thus, the unitary matrix,

U = diag (e®1/2, %2/2 ... /%) QT, (D.3.2)

satisfies V = UTU and the lemma is proved. Note that U is unique modulo multiplication on the left by an arbitrary real
orthogonal matrix.

108 The 2n x 2n matrix My is a real representation of the n x n complex matrix M.

109 Note that (—Im v, Re v) corresponds to replacing vy in Eq. (D.2.3) by ivy. However, for m < 0 these solutions are not relevant for Takagi diagonalization
(where the my, are by definition non-negative). The case of m = 0 is considered in footnote 110.

110 porm = 0, the corresponding vectors (Re v, Imv) and (—Imuv, Rev) are two linearly independent eigenvectors of Mg; but these yield only one
independent Takagi vector v (since v and iv are linearly dependent).

111 This is in contrast to the singular value decomposition, where R can be determined from Eq. (D.1.6) modulo right multiplication by a [diagonal] unitary
matrix in the [non-]degenerate subspace and L is then determined by Eq. (D.1.7) modulo multiplication on the right by Eq. (D.1.8).
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Second Proof of the Takagi diagonalization. Starting from the singular value decomposition of M, there exist unitary
matrices L and R such that M = L*MpR', where Mp is the diagonal matrix of singular values. Since M = M' = R*MpLT,
we have two different singular value decompositions for M. However, as noted below Eq. (D.1.6), R is unique modulo
multiplication on the right by an arbitrary [diagonal] unitary matrix, V, within the [non-]degenerate subspace. Thus, it
follows that a [diagonal] unitary matrix V exists such that L = RV. Moreover, V = V. This is manifestly true within the
non-degenerate subspace where V is diagonal. Within the degenerate subspace, Mp is proportional to the identity matrix
so that L*Rt = R*L'. Inserting L = RV then yields V' = V. Using the lemma proved above, there exists a unitary matrix U
such that V = UTU. That is,

L=RU"U, (D.3.3)
for some unitary matrix U. Moreover, it is now straightforward to show that
MpU* = U*Mp. (D.3.4)

To see this, note that within the degenerate subspace, Eq. (D.3.4) is trivially true since Mp is proportional to the identity
matrix. Within the non-degenerate subspace V is diagonal; hence we may choose U = UT = V'/2, so that Eq. (D.3.4) is
true since diagonal matrices commute. Using Eqs. (D.3.3) and (D.3.4), we can write the singular value decomposition of M
as follows

M = L*MpR! = R*UTU*MpR' = (RUT*MpU*R' = 2*Mp 21, (D.3.5)
where £2 = RUT is a unitary matrix. Thus the existence of the Takagi diagonalization of an arbitrary complex symmetric
matrix [Eq. (D.2.1)] is once again proved.

In the diagonalization of the two-component fermion mass matrix, M, the eigenvalues of MM typically fall into
two classes—non-degenerate eigenvalues corresponding to neutral fermion mass eigenstates and degenerate pairs
corresponding to charged (Dirac) mass eigenstates. In this case, the sector of the neutral fermions corresponds to a non-
degenerate subspace of the space of fermion fields. Hence, in order to identify the neutral fermion mass eigenstates, it is
sufficient to diagonalize MM with a unitary matrix R [as in Eq. (D.1.6)], and then adjust the overall phase of each column of
R so that the resulting matrix §2 satisfies 2TM£2 = M), where M is a diagonal matrix of the non-negative fermion masses.
This last result is a consequence of Egs. (D.3.3)-(D.3.5), where £2 = RV!/? and V is a diagonal matrix of phases.

D.4. Reduction of a complex antisymmetric matrix to the real normal form

In the case of two-component fermions that transform under a pseudo-real representation of a compact Lie group
[cf. Eq. (3.2.35)], the corresponding mass matrix is in general complex and antisymmetric. In this case, one needs the
antisymmetric analogue of the Takagi diagonalization of a complex symmetric matrix [147].

Theorem. For any complex [or real] antisymmetric n x n matrix M, there exists a unitary [or real orthogonal] matrix U such

that:
Tapr N A 0 m 0 m 0 my
U MU = N = diag { (—m1 o) \om o) om0 s Onap s (D4.1)

where N is written in block diagonal form with 2 x 2 matrices appearing along the diagonal, followed by an (n — 2p) x (n — 2p)
block of zeros (denoted by On_5p), and the m; are real and positive. N is called the real normal form of an antisymmetric
matrix [ 149,266,267].

Proof. A number of proofs can be found in the literature [ 148,149,266-268]. Here we provide a proof inspired by Ref. [266].
Following Appendix D.1, we first consider the eigenvalue equation for MTM:

MMy, = mivy,, mg >0, and M'Mu, =0, (D.4.2)
where we have distinguished the eigenvectors corresponding to positive eigenvalues and zero eigenvalues, respectively.
The quantities my are the positive singular values of M. Noting that u,TCM TMuy, = (Muy | Mu,) = 0, it follows that

Mu, =0, (D.4.3)

so that the uy are the eigenvectors corresponding to the zero eigenvalues of M. For each eigenvector of MM with my, # 0,
we define a new vector

N
K = vy (D.4.4)
my

It follows that m2vy = MtMv, = mMTw}, which yields Mfw}: = myvy.. Comparing with Eq. (D.1.4), we identify v and wy as
the right and left singular vectors, respectively, corresponding to the non-zero singular values of M. For any antisymmetric
matrix, Mt = —M*. Hence,

Muv, = mkw;f, Mwy = —mkv,’:, (D.4.5)
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and
M Mwy, = —mMTvf = mM*vf = miwy, my > 0. (D.4.6)

That is, the wy, are also eigenvectors of MTM.
The key observation is that for fixed k the vectors v, and wy are orthogonal, since Eq. (D.4.5) implies that:

1 1
(wielve) = (vlwie)* = —— (Mw M) = —— (Wil MTMu) = — (wilvi) (D.A4.7)

my my
which yields (wi|vg) = 0. Thus, if all the my, are distinct, it follows that mi is a doubly degenerate eigenvalue of MTM,
with corresponding linearly independent eigenvectors v, and wy, wherek = 1,2,...,p(andp < %n). The remaining zero
eigenvalues are (n—2p)-fold degenerate, with corresponding eigenvectors uy, (fork = 1, 2, ..., n — 2p). If some of the my,

are degenerate, these conclusions still apply. For example, suppose that m; = my for j # k, which means that mﬁ is at least
a three-fold degenerate eigenvalue of MTM. Then, there must exist an eigenvector v; that is orthogonal to v, and wy such
that MTMvj = mﬁ v;. We now construct w; = M*vj*/mk according to Eq. (D.4.4). According to Eq. (D.4.7), wj is orthogonal to
vj. But, we still must show that wj is also orthogonal to v, and wy. But this is straightforward:

1 1
(wilwi) = (wilwy)" = — (Mu M) = —5 (WM M) = (velv;) = 0, (D.4.8)
my 1,
1 1
(wilu) = (Uk|wj>* = —— (Mw[Mv)) = —— (wMTMyy) = — (wilv;) = 0, (D.4.9)
2 2
L my

where we have used the assumed orthogonality of v; with v, and wy, respectively. If follows that v;, wj, vy and wy are
linearly independent eigenvectors corresponding to a four-fold degenerate eigenvalue mZ of MM. Additional degeneracies
are treated in the same way.

Thus, the number of non-zero eigenvalues of MM must be an even number, denoted by 2p above. Moreover, one can
always choose the complete set of eigenvectors {uy, v, wi} of MM to be orthonormal. These orthonormal vectors can be
used to construct a unitary matrix U with matrix elements:

Ueok—1 = (wi)e, Uk = (m)e, k=1,2,...,p,
Upkyop = (U)e, k=1,2,...,n—2p, (D.4.10)

for¢ =1,2,...,n, wheree.g., (vy), is the £th component of the vector v, with respect to the standard orthonormal basis.
The orthonormality of {uy, vy, wi} implies that (UTU)g, = 8¢ as required. Egs. (D.4.3) and (D.4.5) are thus equivalent to the
matrix equation MU = U*N, which immediately yields Eq. (D.4.1), and the theorem is proven. If M is a real antisymmetric
matrix, then all the eigenvectors of MTM can be chosen to be real, in which case U is a real orthogonal matrix.

Finally, we address the non-uniqueness of the matrix U. For definiteness, we fix an ordering of the 2 x 2 blocks containing
the my in the matrix N. In the subspace corresponding to a non-zero singular value of degeneracy d, U is unique up to
multiplication on the right by a 2d x 2d unitary matrix S that satisfies:

STs =, (D.4.11)
where the 2d x 2d matrix J, defined by

pan(2 (20 (2 D) D

is a block diagonal matrix with d blocks of 2 x 2 matrices. A unitary matrix S that satisfies Eq. (D.4.11) is an element of
the unitary symplectic group, Sp(d). If there are no degeneracies among the my, then d = 1. Identifying Sp(1) = SU(2), it
follows that within the subspace corresponding to a non-degenerate singular value, U is unique up to multiplication on the
right by an arbitrary SU(2) matrix. Finally, in the subspace corresponding to the zero eigenvalues of M, U is unique up to
multiplication on the right by an arbitrary unitary matrix.

Appendix E. Lie group theoretical techniques for gauge theories

E.1. Basic facts about Lie groups, Lie algebras and their representations

Consider a compact connected Lie Group G [269]. The most general form for G is a direct product of compact simple
groups and U(1) groups. If no U(1) factors are present, then G is semisimple. For any U € G,

U = exp(—i0°T?), (E.1.1)
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where the T® are called the generators of G, and the #? are real numbers that parameterize the elements of G. The
corresponding real Lie algebra g consists of arbitrary real linear combinations of the generators, 0°T®. The Lie group
generators T satisfy the commutation relations:

[T, T"] = if™*T°, (E1.2)

where the real structure constants fc"b define the compact Lie algebra. The generator indices run overa,b,c = 1,2, ..., dg,
where d; is the dimension of the Lie algebra. For compact Lie algebras, the Killing form g = Tr(T*T®) is positive definite,
so one can always choose a basis for the Lie algebra in which g% o §% (where the proportionality constant is a positive real
number). With respect to this new basis, the structure constants f%¢ = g% fdbc are totally antisymmetric with respect to the
interchange of the indices a, b and c. Henceforth, we shall always assume that such a preferred basis of generators has been
chosen.

The elements of the compact Lie group G act on a multiplet of fields that transform under some dg-dimensional
representation R of G. The group elements U € G are represented by dg x dg unitary matrices, Dg(U) = exp(—if*Tg), where
the Ty are dg x dg hermitian matrices that satisfy Eq. (E.1.2) and thus provide a representation of the Lie group generators.
For any representation R of a semisimple group, Tr Tz = 0 for all a. A representation R’ is unitarily equivalent to R if there
exists a fixed unitary matrix S such that Dy (U) = S™!Dg(U)S for all U € G. Similarly, the corresponding generators satisfy
Ty =S 'TgSforalla=1,2,...,dc.

For compact semisimple Lie groups, two representations are noteworthy. If G is one of the classical groups, SU(N)
[for N > 2], SO(N) [for N > 3] or Sp(N/2) [the latter is defined by Eqs. (D.4.11) and (D.4.12) for even N > 2], then
the N x N matrices that define these groups comprise the fundamental (or defining) representation F, with dp = N. For
example, the fundamental representation of SU(N) consists of N x N unitary matrices with determinant equal to one, and
the corresponding generators comprise a suitably chosen basis for the N x N traceless hermitian matrices. Every Lie group G
also possesses an adjoint representation A, with d4 = dg. The matrix elements of the generators in the adjoint representation
are given by''?

(TH" = —if ™. (E.1.3)

Given the unitary representation matrices Dg(U) of the representation R of G, the matrices [Dg(U)]* constitute the
conjugate representation R*. Equivalently, if the T comprise a representation of the Lie algebra g, then the —(Tg)* =
—(Tg)" comprise a representation R* of g of the same dimension d. If R and R* are unitarily equivalent representations,
then we say that the representation R is self-conjugate. Otherwise, we say that the representation R is complex, or “strictly
complex” in the language of Ref. [270]. However, the representation matrices Dg(U) of a self-conjugate representation can
also be complex. We can then define two classes of self-conjugate representations. If R and R* are unitarily equivalent to
a representation R’ that satisfies the reality property [Dg' (U)]* = [Dgr(U)] for all U € G (equivalently, the matrices iT;,
are real for all a), then R is said to be real, or “strictly real” in the language of Ref. [270]. If R and R* are unitarily equivalent
representations, but neither is unitarily equivalent to a representation that satisfies the reality property above, then R is said
to be pseudo-real.

Henceforth, we drop the adjective “strictly” and simply refer to real, pseudo-real and complex representations.
Self-conjugate representations are either real or pseudo-real. An important theorem states that for self-conjugate
representations, there exists a constant unitary matrix W such that [270]

[Dr(U)]* = WDR(U)W ™!, or equivalently, (iT%)* = W(iTpW ™', (E.1.4)
where

WW* =1, wh=w, for real representations, (E.1.5)

WW* = —1, wl=—-w, for pseudo-real representations, (E.1.6)

and 1 is the dg x dg identity matrix. Taking the determinant of Eq. (E.1.6), and using the fact that W is unitary (and hence
invertible), it follows that 1 = (—1)%. Therefore, a pseudo-real representation must be even-dimensional.

If we redefine the basis for the Lie group generators by T — V‘1T;‘a V, where V is unitary, then W — VTWV. We
can make use of this change of basis to transform W to a canonical form. Since W is unitary, its singular values (i.e. the
positive square roots of the eigenvalues of WTW) are all equal to 1. Hence, in the two cases corresponding to WT = +W,
respectively, Egs. (D.2.1) and (D.4.1) yield the following canonical forms (for an appropriately chosen V),

W =1, forareal representationR, withe, = +1, (E.1.7)
W =], forapseudo-real representation R, withe, = —1, (E.1.8)
where | = diag { (_? (1)) , (_(1) (])) ey ( _(1) (1))} isadg x dg matrix (and dp is even).

112 ince the f4b¢ are real, the iT§ are real antisymmetric matrices. The heights of the adjoint labels a, b and ¢ are not significant, as they can be lowered
by the inverse Killing form given by g,, o 45 in the preferred basis.
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There are many examples of complex, real and pseudo-real representations in mathematical physics. For example, the
fundamental representation of SU(N) is complex for N > 3. The adjoint representation of any compact Lie group is real
[cf. footnote 112]. The simplest example of a pseudo-real representation is the two-dimensional representation of SU(2),'"3
where T® = 17 (and the ¢ are the usual Pauli matrices). More generally, the generators of a pseudo-real representation

2
must satisfy

(iTR)* = CT1(TR)C, (E.1.9)

for some fixed unitary antisymmetric matrix C [previously denoted by W~ in Egs. (E.1.4) and (E.1.6)]. For the doublet
representation of SU(2) just given, C®® = (it?)® = €% is the familiar SU(2)-invariant tensor.

Finally, we note that for U(1), all irreducible representations are one-dimensional. The structure constants vanish
and any d-dimensional representation of the U(1)-generator is given by the d x d identity matrix multiplied by the
corresponding U(1)-charge. For a Lie group that is a direct product of a semisimple group and U(1) groups, Tr Tg is non-
zero when a corresponds to one of the U(1)-generators, unless the sum of the corresponding U(1)-charges of the states of

the representation R vanishes.

E.2. The quadratic and cubic index and Casimir operator

In this section, we define the index and Casimir operator of a representation of a compact semisimple Lie algebra g. The
index I, (R) of the representation R is defined by [269,271-273]

Tr(T&TE) = I,(R)8®, (E2.1)

where I, (R) is a positive real number that depends on R. Once I, (R) is defined for one representation, its value is uniquely
fixed for any other representation. In the case of a simple compact Lie algebra g, it is traditional to normalize the generators
of the fundamental (or defining) representation F according to!'4

Tr(T§TY) = 18%. (E2.2)

If the representation R is reducible, it can be decomposed into the direct sum of irreducible representations, R = ), Ry.
In this case, the index of R is given by

LR) =) L(Ry). (E.2.3)
k
The index of a tensor product of two representations Ry and R; is given by [271]
LRy ® Ry) = dg,[2(Rz) + dg,[2(R1). (E.2.4)
Finally, we note that if R* is the complex conjugate of the representation R, then
LR*) = L(R). (E2.5)

A Casimir operator of a Lie algebra g is an operator that commutes with all the generators T*®. If the representation of
the T® is irreducible, then Schur’s lemma implies that the Casimir operator is a multiple of the identity. The proportionality
constant depends on the representation R. The quadratic Casimir operator of an irreducible representation R is given by

(T2 = (TR)H (TR = CrdY, (E.2.6)

where the sum over the repeated indices are implicitandi,j, k = 1, 2. .. dg. A simple computation then yields the eigenvalue
of the quadratic Casimir operator, Cg,

L (R)d,
o= z(d) G
R

For a simple Lie algebra (where the adjoint representation is irreducible), it immediately follows that C4 = I,(A). For a
reducible representation, T2 is a block diagonal matrix consisting of dg, X dg, blocks given by Cg, 1 for each irreducible
component Ry of R.

The example of the simple Lie algebra su(N) is well known. The dimension of this Lie algebra (equal to the number of
generators) is given by N> — 1. As previously noted, dr = N and L,(F) = % It then follows that C; = (N?> — 1)/(2N). One
can also check that C4 = I,(A) = N.

(E2.7)

113 N unitary matrix W exists such that the Wit®W ! are real for all a = 1, 2, 3. Thus, the two-dimensional representation of SU(2) is not real. However,
(it%* = (it?)(it%)(ir?)~! for a = 1, 2, 3, which proves that the two-dimensional representation of SU(2) is pseudo-real.

114 1y the literature, the index is often defined as the ratio I (R) /I, (F), where I, (F) is fixed by some convention. This has the advantage that the index of R
is independent of the normalization convention of the generators. In this Appendix, we will simply refer to I, (R) as the index.
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The Lie algebras su(N) [N > 3] are the only simple Lie algebra that possesses a cubic Casimir operator. First, we define
the symmetrized trace of three generators [273,274]:

1
DY = Str (T*TPT®) = gTr(T“T"TC + perm.), (E.2.8)

where “perm.” indicates five other terms obtained by permuting the indices a, b and c in all possible ways. Due to the
properties of the trace, it follows that for a given representation R,

D™ (R) = 3Tr[{T§, THITg]. (E.2.9)
For the N-dimensional defining representation of su(N), it is conventional to define

d™ = 2Tr [{T§, THITE]. (E2.10)
One important property of the d* is [275,276]:

(N> = 1)(N? — 4)
B —

In general, D®¢(R) is proportional to d®°. In particular, the cubic index I;(R) of a representation R is defined such
that [273,275,277],

dabegabe — (E2.11)

D™ (R) = I5(R)d™*. (E.2.12)

Having fixed I3(F) = %, the cubic index is uniquely determined for all representations of su(N) [275,277-279]. As in the
case of the quadratic index I, (R), we have:

BR) =Ry, (E2.13)
k

for a reducible representation R = ), Ry. The cubic index of a tensor product of two representations Ry and R; is given
by [277]

I(Ry ® Ry) = dg,[3(Ry) + dr,I3(Ry). (E.2.14)

If the generators of the representation R are T%, then the generators of the complex conjugate representation R* are —TﬂT.
It then follows that

L(R*) = —I3(R). (E.2.15)

In particular, the cubic index of a self-conjugate representation vanishes. Note that the converse is not true. That is, it is
possible for the cubic index of a complex representation of su(N) to vanish in special circumstances [279].

One can show that among the simple Lie groups, D% = 0 except for the case of SU(N), when N > 3 [275]. For any
non-semisimple Lie group (i.e., a Lie group that is a direct product of simple Lie groups and at least one U(1) factor), D%¢
is generally non-vanishing. For example, suppose that the T constitute an irreducible representation of the generators of
GxU(1), where G is a semisimple Lie group. Then the U(1) generator (which we denote by settinga = Q) is Tg = q1, where
q is the corresponding U(1)-charge. It then follows that D%? = qI,(R)8%. More generally, for a compact non-semisimple Lie
group, D% can be non-zero when either one or three of its indices corresponds to a U(1) generator.

In the computation of the anomaly [cf. Section 6.26], the quantity Tr(szT}’zT};) appears. We can evaluate this trace using
Eqgs. (E.1.2) and (E.2.12):

i
Tr(T&TETS) = I3(R)d™ + 5b(R)f‘“’C. (E2.16)
The cubic Casimir operator of an irreducible representation R is given by

(T3){ = d™(TRTATR)! = Cxdi. (E2.17)

Using Egs. (E.2.11) and (E.2.12), we obtain a relation between the eigenvalue of the cubic Casimir operator, Csz and the cubic
index [275]:

(N? — 1)(N* — HI3(R)
Ndg '

Again, we provide two examples. For the fundamental representation of su(N), I3 (F) = i and Gz = (N2 —1)(N?>—4)/(4N?).

For the adjoint representation, I3(A) = C34 = 0, since the adjoint representation is self-conjugate. A general formula for the

eigenvalue of the cubic Casimir operator in an arbitrary su(N) representation [or equivalently the cubic index I5(R), which
is related to Csg by Eq. (E.2.18)] can be found in Refs. [275,277-279].

Cr = (E.2.18)
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Appendix F. Path integral treatment of two-component fermion propagators

In Section 4.2 we derived the two-component fermion propagators in momentum space, which are the Fourier transforms
of the free-field expectation values of time-ordered products of two two-component fermion fields, for example,

(01 T6a (0EL () 10)er = / d'w (0| T (05} (1) 0) ™", w=x—y, (E.1)

where the (translationally invariant) expectation values such as (0| T&, (X)Eg (y) |0) are functions of the coordinate difference

w = x — Y. In Section 4.2, the Fourier transforms of these quantities were computed by using the free-field expansion
obtained from the canonical quantization procedure, and then evaluating the resulting spin sums. In this Appendix, we
provide a derivation of the same result by employing path integral techniques. We follow the analysis given in Appendix
C of Ref. [280] (with a few minor changes in notation). For a similar textbook treatment of two-component fermion
propagators see for example Ref. [220]. For the analogous treatment of the four-component fermion propagator, see for
example Ref. [114].

We first consider the action for a single massive neutral two-component fermion &, (x), coupled to an anticommuting
two-component fermionic source term J, (x) [cf. Eq. (3.1.1)]:

5= [ aixcz+sg ) = [ |30 0, + g0 a6 - mee +£1E0] 405 +£77). (F2)
where we have split the kinetic energy term symmetrically into two terms. The generating functional is given by

Wi = N/:D?;‘ Det SN (F3)
where N is a normalization factor chosen such that W[0, 0] = 1 and D& D& is the integration measure. It is convenient

to Fourier transform the fields £(x), £¥(x) and sources J(x), ] (x) in Eq. (F.3), and rewrite the action in terms of the
corresponding Fourier coefficients £ (p), £'(p), J(p) and ] T (p):

d4 PR dp . o~

£ (x) = / (ZH‘;e—’P"‘sa(p), gl = / ﬁews&*@), (F4)
d* PN d* ;

Je) = / (zﬂ’;4e-'P‘*a(p), Jew = / #e’”"‘ﬂ@). (F:5)

Furthermore, we introduce the integral representation of the delta function:

d* . /
5D —x) = / P pip ), (F6)
@m)*
In order to rewrite Eq. (F.3) in a more convenient matrix form, we introduce the following definitions:
= ~ . B
S*“(—zﬂ) Ju (D) ) p-oyy —mb,
2 = ~ s X = |~4 s M . . . E.7
® ( 50 ® = 7ip) R B N 7

Note that .M is an hermitian matrix. We can then rewrite the action [Eq. (F.2)] in the following matrix form [after using
Eqgs. (2.59) and (2.60) to write the product of the spinor field and the source in a symmetrical fashion]:

s L[ (2TM2 + 2'X +X0). (F.8)
2J) @2n)4
The linear term in the field £2 can be removed by a field redefinition
2 =2+ MX. (F.9)
In terms of £2’, the action now takes the convenient form:
1 d*
s=- | =L (@tme — X' MX), (F.10)
2J) @2n)4
where the inverse of the matrix .M is given by
1 7 &,
p:—m mé, P Oup
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The Jacobian of the field transformation given in Eq. (F.9) is unity. Hence, one can insert the new action, Eq. (F.10), in the
generating functional, Eq. (F.3) to obtain (after dropping the primes on the two-component fermion fields):

; 4p
wii.J1 = N/i)é :osTexp{' (; . (2 Mg —xuﬂx)} (F.12)
: 4p
= [/ Dt Det exp{ waz” exp{—i (;1 i xw—lx} (F.13)
_ i d*p R
= exp {—2 2n ) XM X} , (F.14)

where we have defined the normalization constant N such that W[0, 0] = 1. Inserting the explicit forms for X and M into
Eq. (F.14), we obtain

~ 1 [ d* -0y,
W(J.JT] = ex p{ / P (] (—) “’JW —p)+J; (p)

an )4 Jﬁ(P)

+J(— p) ]ﬂ(P)+J (p) J*ﬁ( p))} (F.15)

Using Eq. (2.61), it is convenient to rewrite the first two terms of the integrand on the right-hand side of Eq. (F.15) in two
different ways:

1 [ d .o,
5 (2;;4 [J (-p ) ST n T J,ﬂp)]
/ (Zﬂ)u <—) S () = f Gyt (p) Jﬁ(m (F.16)

where we have changed mtegratlon variables fromp — —pin relatmg the two terms above. The vacuum expectation value
of the time-ordered product of two spinor fields in configuration space is obtained by taking two functional derivatives of
the generating functional with respect to the sources J and J! and then setting ] = J = 0 at the end of the computation
(e.g., see Ref. [114]). For example,

— <—
—i ) wiJ, gt =i )
8] (x1) ’ 8J1 (x2)
= (0IT& (x5} (x2)10), (F.17)

where the functional derivatives act in the indicated direction (which ensures that no extra minus signs are generated
due to the anticommutativity properties of the sources and their functional derivatives). To obtain the two-point functions
involving the product of two spinor fields with different combinations of dotted and undotted spinors, it may be more
convenient to write J€ = £ and/or £TJT = JT&1 in Eq. (F.3). One can then easily verify the following expressions for the four
possible two-point functions:

= N/:os DEf Sa(xoég(xz)exp (i/d“x.z)

J=/t=0

<«
3
0|TE, (x1)EL (x2)|0) = wp, | —i——— , F.18
(01T, ()&} (x2)10) ( Sja(xl)) UJ]( ’ajw(XZ))J_ﬁ_o (F.18)
s
(0T (x1)&” (%,)|0) = Wi, J1 | i , (F.19)
x1) st )| i,
S
0|TEM (x))&] (x,)]0) = —i— , (F.20)
(OITE ™ ()5 (x2)10) 7)),
5
0|T&, Fxp)10) = . F.21
(0IT&4 (187 (x2)|0) ( W(x])) UJ]( 5fﬁ<xz>>,_,f_o (F21)
As an example, we provide details for the evaluation of Eq. (F.18). Using Eqs. (F.15) and (F.16), we obtain:
5 d*p Oy S
_ “CaB iR
(0T, (x1)E] (x2)10) = S0 ( / (Zn)u( ) — T p)) T (F.22)
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The chain rule for functional differentiation and the inverse Fourier transforms of Eq. (F.5) yield:
8 8JP (— 5 . 5
_ /d4p1 J” (—=p1) _ _ /d4p1 e~ __ , (F.23)
8J%(x1) 8J%(x1) 8JF(=p1) 3] (=p1)

B 8] % (— 8 ‘
o = / d4 J ( pZ) = = / 4p2 1P2:X2 B a—— (F24)
8P (x2) 8P (x2) 8] 1% (—p2) 8] B (=p2)
Applying Eqs. (F.23) and (F.24) to Eq. (F.22), we obtain:

dp _ ip-o,;
0|TE, (x)El (x)|0) = | —— e i) = _@F
(0[T&, (x1)&] (22)10) /(ZW "
whichis equivalent to Eq. (4.2.1) of Section 4.2. With the same methods applied to Eqs. (F.19)-(F.21), one can easily reproduce
the results of Egs. (4.2.2)-(4.2.4).
We next consider the action for a single massive Dirac two-component fermion. We shall work in a basis of fields where
the action, including external anticommuting sources, is given by

SO xment L Jh s I3 = /d4X|:iXTEuauX +in'a"8,m — m(xn + x"n")

(F.25)

+ Lo+ X+ I+ n*JJ]. (F.26)
Following the techniques employed above, we introduce Fourier coefficients for all the fields and sources and define
2:(p) = <’7£((;)p)> . X = (J?‘OL (_p;)) _ (F.27)
The action functional, Eq. (F.26), can then rewritten in matrix form as before (but with no overall factor of 1/2):
_ d’p t t t
= | Gy (2IM2 + olX +XI2.), (F.28)

where M is again given by Eq. (F.7). The remaining calculation proceeds as before with few modifications, and yields the
Dirac two-component fermion free-field propagators given in Egs. (4.2.7)-(4.2.10).

Appendix G. Correspondence to four-component spinor notation

G.1. Dirac gamma matrices and four-component spinors

In four-dimensional Minkowski space, four-component spinor notation employs four-component Dirac spinor fields and
the 4 x 4 Dirac gamma matrices, whose defining property is:

{y",y"} =2g""1, (G.1.1)

where 1 is the 4 x 4 identity matrix.

The correspondence between the two-component spinor notation and the four-component Dirac spinor notation is most
easily exhibited in the basis in which ys is diagonal (this is called the chiral representation''). In 2 x 2 blocks, the gamma
matrices are given by!16:

0 o~ -8 0
Bo— ) ap = iy0,,1,,2,,3 — o :
Vo= (O_uaﬂ 0 )’ Vs yyvvy ( 0 Baﬁ) ) (G.1.2)
and the 4 x 4 identity matrix that appears in Eq. (G.1.1) can be written as:
8P 0
L= ( 0 5%)' (G.1.3)
In addition, we identify the generators of the Lorentz group in the (%, 0) & (0, %) representation!!’:
i ohv,p 0
1Iyuv — " 1a,M V] — o .
220 =y ( 0 O,MB> , (G.1.4)

115 For a review of other representations of the Dirac gamma matrices and their properties, see e.g. Refs. [281,282].

116 Employing the conventions for the sigma matrices described in Appendix A, it follows that the definition of y* is independent of the choice of metric
signature, whereas y, = g,,y" changes sign under a reversal of the metric signature. In the metric signature convention with goo = +1, our gamma
matrix conventions follow those of Ref. [114], whereas in the convention with goo = —1, our gamma matrix conventions follow those of Ref. [65].

17 10 most textbooks, X/ is called o*”. Here, we use the former symbol so that there is no confusion with definition of /", # given in Eq. (2.70).
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where X* satisfies the duality relation,
)/SEHU — %ifp.u,or Epr (G.1.5)

A four-component Dirac spinor field, ¥ (x), is made up of two mass-degenerate two-component spinor fields, x, (x) and
N (x), of opposite U(1)-charge as follows:

(X
W(x) = (Xm( )> . (G.16)
N X)
We next introduce the chiral projections operators,
B 0 0
_1 _ (9 0 _1 _ _
PL=50—-y) = ( ‘6 0) , and Pr=5;(1+ys) = (O 80{[3) ; (G.1.7)

and the (left- and right-handed) Weyl spinor fields, ¥; (x) and W (x), which are defined by'8:

lI/L(X) = P]_lI/(X) — (XQO(X)) , lI/R(X) = PRW(X) = (HTB(X)) . (G]S)

Equivalently, one can define the Weyl spinors ¥, and ¥ as the four-component spinor eigenstates of y5 with corresponding
eigenvalues —1 and +1, respectively (i.e., ys¥ r = F¥Lr).
The Dirac conjugate field ¥ (x) and the charge conjugate field ¥ ¢ (x) are defined by:

T =via= (100 1), (619)
_ T _ Ua,(X)
vex) =C¥ (x) = (x*”‘(x)>’ (G.1.10)

where the Dirac conjugation matrix A and the charge conjugation matrix C satisfy [283-285]:
Av AT =yl Tyl = -y (G.1.11)

It is convenient to introduce a notation for left- and right-handed charge-conjugated fields (which are also Weyl spinor
fields) following the conventions of Refs. [67,286],1°

Wl (x) = P (x) = CWh(x) = [T, (G.1.12)
—T
UE(x) = R (x) = C¥, (x) = [W1(%)]°. (G.1.13)
To fix the properties of A and C, it is conventional to impose two additional conditions:
v=A"0, W =y, (G.1.14)

The first of these conditions together with Eq. (G.1.9) is equivalent to the statement that ¥ ¥ is hermitian. The second
condition corresponds to the statement that the (discrete) charge conjugation transformation applied twice is equal to the
identity operator. Using Eqs. (G.1.11) and (G.1.14) and the defining property of the gamma matrices [Eq. (G.1.1)], one can
show (independently of the gamma matrix representation) that the matrices A and C must satisfy:

AT =4, CT=-C, (AO)~'= (AO)*. (G.1.15)
Following Ref. [135], it is convenient to introduce a matrix D such that
D=CA", D 'y,D=-y;, (G.1.16)

and D*D = DD* = 1. The charge-conjugated four-component spinor is then given by:

wC(x) = DU*(x). (G.1.17)

118 11 the earlier literature, a different set of conventions for the sigma matrices in which the roles of o and o were reversed [e.g., as in Egs. (A.11) and
(A.12)] resulted in 5 = diag(1,x2, —12x2) in the chiral representation, which differs from our convention by an overall sign [cf. Eq. (G.1.2)]. As a result,
in this latter convention, P; [Pr] projects out the raised dotted [lowered undotted] two-component spinor field. This latter convention is still prevalent in
the literature of the spinor helicity method (see footnote 156 in Appendix I.2).

119 The reader is warned that the opposite convention is often employed in the literature (e.g., see Ref. [287]) in which lI/LC is a right-handed field and lI/RC
is a left-handed field.
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A four-component Majorana spinor field, ¥ (x), is defined by imposing the constraint ¥ (x) = ¥ (x) on a four-component
Dirac spinor, which sets n = x. That is, the Majorana condition is

T b 1¢)
Yy (x) = Dy (x) = ()U“(X)) . (G.1.18)
For a review of the Majorana field and its properties, see e.g. Refs. [143,144].
For completeness, we also introduce a matrix B that satisfies [283-285,288]:
B=—C"ys, ByB ' =y,. (G.1.19)

The matrix B arises in the study of time reversal invariance of the Dirac equation. In the chiral representation, A, B, C and D
are explicitly given by

0 5d' €up 0
A= b C= g
(50,/3 o)’ (0 )’
af 0
(€ 0 _ €
(o 2) ee(@ %)

Note the numerical equalities, A = y° B = y1y3, C = iy°y? and D = —iy?. However these identifications do not respect
either the structure of the undotted and dotted spinor indices specified in Egs. (G.1.20) and (G.1.21), or the four-component
spinor index structure introduced below [cf. Egs. (G.1.46) and (G.1.47)].'%° In translating between two-component and
four-component spinor notation, Egs. (G.1.20) and (G.1.21) should always be used. In practical four-component spinor
calculations, there is often no harm in employing the numerical values for A, B, C and D.

Using Egs. (G.1.11)-(G.1.19), the following results are easily derived:

(G.1.20)

(G.1.21)

arat =, =[] B 5 6122
BrB'=nbr’, b= {J_r} ?8?? _ ihi” );u Sy (G.1.23)
CrC=nSrT, = {“_L} o (G.124)
D7D = n2r*, P = {J_’} for " = iﬂ”;;@;i'ys (G.1.25)

The Lorentz transformation properties of the four-component spinor field can be determined from those of the two-
component spinor fields given in Section 2. The 4 x 4 representation matrices of the Lorentz group in the (1, 0) @ (0, %
representation are given by

M 0 i .
M = (0 UVFI)T) = exp (—ZQWE“”) ~ yug — 5100 2",

where the infinitesimal forms of M and (M ~!)T are given in Eqgs. (2.100) and (2.101). Two useful identities that follow from
Egs. (G.1.22), (G.1.24) and (G.1.26) are'?!:

(G.1.26)

AMA™' = (M HT,
c'MC =M Y.

(G.1.27)
(G.1.28)

The four-component Dirac or Majorana spinor, ¥, , is assigned a lowered spinor index a, and is defined in terms of two-
component spinors by Eq. (G.1.6) or (G.1.18), respectively. Four-component spinor indices, which will be chosen in general
from the beginning of the lower case Roman alphabet, a, b, c, ..., can assume integer values 1, 2, 3, 4. Under a Lorentz
transformation, ¥, transforms as

v, — M,” . (G.1.29)

120 \when treated as ordinary 4 x 4 matrices A, B, C and D are unitary. But when written in 2 x 2 block form [noting that 8"*)-3 = (6%p)* and b = (e*P)*, as

indicated below Eqgs. (2.19) and (2.23)], the products AAT, BB, CCT and DD are not covariant with respect to the dotted and undotted two-component spinor
indices. Similarly, these matrix products are not covariant with respect to the four-component spinor indices. In practice, only covariant combinations of
A, B, C, D and the four-component spinor fields arise in typical calculations.

121 Note that Eq. (G.1.28) is a direct consequence of the identities in two-component spinor notation given in Egs. (2.102) and (2.103).
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In analogy with the conventions for two-component spinor indices, we sum implicitly over a pair of repeated indices
consisting of a raised and a lowered spinor index. The transformation law for the Dirac conjugate spinor (often called the
Dirac adjoint spinor), ¥ = 1A, is obtained from Eq. (G.1.29) after employing A" = A and Eq. (G.1.27),

[N Y el ) (G.1.30)

In particular, ¢ ¥ = ¥y, is a Lorentz scalar, which justifies the assignment of a raised spinor index for the Dirac conjugate
spinor ¥*.

It is convenient to introduce barred four-component spinor indices [289] in the transformation laws of the hermitian-

conjugated four-component spinors,'??

vl — wl (v, (G.1.31)

(2R (Ve 7 (G.1.32)
where there is an implicit sum over the repeated lowered and raised barred spinor indices, and

71-_

vl =wt, =@ (G.1.33)
The spinor index structure of the Dirac conjugation matrix A is then fixed by noting that the Dirac conjugate spinor,
v = lI/JA‘_”’, has a raised unbarred spinor index, whereas the hermitian-conjugated spinor has a lowered barred spinor
index.

The charge conjugation matrix can be used to raise and lower four-component spinor indices [289], which we shall
employ in defining the spinors ¥% w1 ¥, and W;, 123

Wy = Cap¥”, = ("W, (G.1.34)

'I/aT _ CaB‘I’TB’ gt — (C—l)aquET’ (G.1.35)
where

G = (Cap)*,  (CHP =[(C7H™T, (G.1.36)

Egs. (G.1.34) and (G.1.35) also apply to 2 W, and their hermitian conjugates. In particular, one can identify the Dirac
conjugate spinor with a lowered spinor index (¥,) as the charge-conjugated spinor, ¥¢ = CWT, and the Dirac spinor with
araised spinor index (¥%) as the Dirac conjugate of the charged-conjugated spinor, ¢ = —wT C~!, That is,'?*

W=, =CpW’, WO =yt = ()%, (G.1.37)

The rules for raising and lowering spinor indices are consistent with the Lorentz transformation properties of Eqs.
(G.1.29)-(G.1.32), as a consequence of Eq. (G.1.28). In particular, the condition for a self-conjugate four-component
(Majorana) spinor, ¥, = II/aC = Y, is Lorentz covariant.

Using Eq. (G.1.15), (G.1.34), (G.1.35), and the definition of the Dirac conjugate spinor, it then follows that:

Vo= @A hHge't, v = A Ab, (G.1.38)

AN/ S TR AL L7 (G.1.39)

One can check that Egs. (G.1.38) and (G.1.39) are consistent with the Lorentz transformation properties of Egs.
(G.1.29)-(G.1.32),as a consequenceﬁof Eq. (2.1.27).

In addition to the Lorentz scalar ¥ = ¥ all/a, one can construct two additional independent Lorentz scalar quantities, '?

— Ty = —yg (CHPy, = vy, (G.1.40)

and its hermitian conjugate,

VW =Tl ='W, = wlwtt = (o), (G.1.41)

122 of course, Egs. (G.1.29)-(G.1.32) can also be derived directly from the corresponding two-component spinor transformation laws of Section 2.

123 | contrast to the epsilon symbols of the two-component spinor formalism, here we prefer to explicitly exhibit the inverse symbols in (C~1)% and
(€~ [cf. footnote 7].

124 gor a Dirac spinor field defined in Eq. (G.1.6), ¥, (x) = lI/aC (x) is given in terms of two-component spinors by Eq. (G.1.10), and ¥%(x) = Fa(x) =
(x"(X), n} (X)>.

125 A fourth possible Lorentz scalar, ¥, = (C")®C, ¥ = —w ¥ = W Y, is not independent. Here, we have used CT = —C and the
anticommutativity of the spinors. Equivalently, ¥ Cw¢ = Uy,
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after using C~! and C to raise and lower the appropriate spinor indices, respectively. The penultimate equality in Eq. (G.1.41)
is a consequence of Eq. (G.1.39). The Lorentz invariance of 7% v, ¥, and 11/; gta :Eafa is manifest and demonstrates the
power of the four-component spinor index notation developed above. After invoking Eq. (G.1.37), we note that [analogous to
Eq. (2.36)] descending contracted unbarred spinor indices and ascending contracted barred spinor indices can be suppressed
in spinor-index-contracted products. For example,

—a

Ty, =ow v, =uCy, =y U, = =g, (G.1.42)

where the suppression of barred spinor indices is implicit in the definition of ¥ = wlA®,

The charge-conjugated spinor can also be written as lI/aC = DaElI/ET [cf. Eq. (G.1.17)]. The spinor index structure of D (and
its inverse) derives from:

Dof = Cap(AN) = CpA®, (D7) = (C*A) = CA™, (G.1.43)
where we have used D~! = D*. Combining the results of Egs. (G.1.34), (G.1.35), (G.1.38) and (G.1.39) then yields:
U, =DS ¥/, vl =D ., (G.1.44)
a —C

= _—wi¢p e,  wli=_yprl (G.1.45)

In summary, a four-component spinor ¥, and its charge-conjugated spinor g/af possess a lowered unbarred spinor index,

whereas the corresponding Dirac conjugates, ¥ and lI/Ca, possess a raised unbarred spinor index. The corresponding
hermitian-conjugated spinors exhibit barred spinor indices (with the height of each spinor index unchanged). Following
Eqgs. (G.1.34) and (G.1.35), one can also lower or raise a four-component unbarred or barred spinor index by multiplying by
the appropriate matrix C, C~!, C* or (C™1)*, respectively.

The identity matrix, the gamma matrices and their products are denoted collectively by I". The spinor index structure of
these matrices and their inverses is given by:

80, I, (5 e, (G.1.46)

where the 83 are the matrix elements of the identity matrix 1. In this case, the rows are labeled by the lowered index and the

L . — — —b
columns are labeled by the raised index. Note that the quantities ¥ ¢ LPw, wer,b e, and v ‘ I,’ ¥ transform as Lorentz
tensors, whose rank is equal to the number of (suppressed) spacetime indices of I'".

For the matrices A, B, C, D and their inverses, the spinor index structure is given by:

A™ (A g5y B, B Naby Caps (€™, D,P, (D715 . (G.1.47)

The corresponding complex-conjugated matrices exhibit the analogous spinor index structure with unbarred spinor indices
changed to barred spinor indices and vice versa. Matrix transposition interchanges rows and columns. For example,

(% = Iy’ (AN = A%, (CNab = Cpas (D", = Dy". (G.1.48)
Hermitian conjugation is complex conjugation followed by matrix transposition. For example,
(Y% ={D*  @AHP =@, [ g=Gd*,  OH% =Dy (G.1.49)

Using the above results, it is straightforward to identify the four-component spinor index structure of Egs. (G.1.1)-(G.1.28).
For example, specifying the four-component spinor indices of Eq. (G.1.28) yields:

(CTHPM Cog = [(M)T1% = (M 4" (G.1.50)

To complete the spinor index formalism, we introduce hybrid quantities L, L, R and R that contain an unbarred four-
component spinor index and a two-component undotted or dotted spinor index [290]:

Ls® = (Laxa Orx2), RPY = (O2x2 1ax2). (G.1.51)
- 1 5 (0)

L/ = [ 22 Ry =1 .%*?). G.1.52
b <@2x2 ’ bp 12x2 ( )

These quantities satisfy:

LaaLab = (PL)ab7 Laazaﬂ = Saﬂ» (G153)
RuaR*® = (Pr)e’,  R*Ryy = 6%, (G.1.54)
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where P; and Py are the chiral projection operators defined in Eq. (G.1.7). It then follows that:
LAP)S =L",  (PD/L” =L, (G.1.55)
RY(Pr)” =R*",  (Pr)a"Ryp = Ryp. (G.1.56)

The hybrid quantities L, L, R and R connect objects with four-component and two-component spinor indices. For the Dirac
spinor defined in Eq. (G.1.6), it follows that:

o= LW, 0" =TI, (G.1.57)
N =Ry, xl = T Ry (G.1.58)
The corresponding inverse relations are:
(P W = L x5, (P, = nPLg’, (G.1.59)
(PR W =Rygn'?, (P = ng“. (G.1.60)
One can use Egs. (G.1.2), (G.1.4) and (G.1.20) to identify:
oy = La"(y")a"Rop, FHP = RYA(y 1) PLP, (G.1.61)
oM B =1,° (%Elw)abzbﬂ, E’”&f; — Ra (%Elw)a bibﬁa (G.1.62)
8o’ = —L"(15)a"Ly" 85 = R*(y5)a"Ryp» (G.1.63)
€up = La"CaLy", €% — R¥ac, REY, (G.1.64)
€ = L,9(C~)®LP, €ap = Rug (Cq)abﬁbﬁ' (G.1.65)
Inverting these results yields:
(7"P0c" = Reao" P LY, (v"Pe)e! = L0t RPY, (G.1.66)
HEPPY = L% Lt 1(Z"P) = Rega™ ¥ 3R, (G.1.67)
(P! = RPLy", (APR)! = L;R™, (G.1.68)
(PLC)ed = €apLcLdP, (PRC)ed = fdﬁﬁcdﬁdﬂ, (G.1.69)
(€'Y = ePL Ly, (€ PR = €, sRERM. (G.1.70)

Likewise, one can introduce LT, IT, R and ET, which are hybrid quantities that contain a barred four-component spinor
index and a two-component undotted or dotted spinor index:

Wiy ="', R = ®), (G1.71)
CYa=@PH" ®)p= Ry (G.1.72)
In particular, using Egs. (G.1.59) and (G.1.60), one can relate the quantities L, L, R and R and their hermitian conjugates:
(L) = A"Ryp. (RN = A"L,7, (G.1.73)
CYa=RPA N, ®R)pa =L A s, (G.1.74)

after employing AP, = PgA [cf. Eq. (G.1.22)] and AT = A. The set of equations analogous to Egs. (G.1.53)-(G.1.70) involving
the corresponding hermitian-conjugated quantities can also be obtained. However, such formulae will rarely be needed in
practice.

Egs. (G.1.53)—(G.1.70) [and their hermitian conjugates]| can be employed to translate any expression involving two-
component spinors into the corresponding expression involving four-component spinors, and vice versa. With a little
practice, both two-component and four-component spinor indices can be suppressed, which greatly simplifies the
manipulation of the spinor quantities. In particular, by treating the four-component spinors ¥, and ll/ac as column vectors

—_ —a
and their hermitian (Dirac) conjugates lI/aJr and lI/aCT (lI/a and ¢ ) as row vectors, all equations in the four-component
spinor formalism have a natural interpretation as products of matrices and vectors. Henceforth, we shall suppress all four-
component spinor indices.
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Multiple species of fermions are indicated with a flavor index such as i and j. Dirac fermions are constructed from two-
component fields of opposite charge, x; and n' (hence the opposite flavor index heights). Thus, we establish the following
conventions for the flavor indices of four-component Dirac fermions:

ai(x) —i i i i ;
i(x) = Ko , U'(x) = (n“’(x), X (x)), wCitx) = "Tdfx) . (G.1.75)
n; (X XX

Note that xt/ = ()t and n,.T = (n")' following the conventions established in Section 3.2. Raised flavor indices can only be
contracted with lowered flavor indices and vice versa. In contrast, Majorana fermions are neutral so that there is no a priori
distinction between raised and lowered flavor indices. That is,

g:v:ot.i (X)
E19(x)

In this case, the contraction of two repeated flavor indices is allowed in all cases, irrespective of the heights of the two
indices. In the convention adopted in Section 3.2, in which all neutral left-handed (%, 0) [right-handed (O, %)] fermions have
lowered [raised] flavor indices, the height of the flavor index of a four-component Majorana fermion field is meaningful
when multiplied by a left-handed or right-handed projection operator. Thus, the height of the flavor index for Majorana
fermions can be consistently chosen according to one of the following four cases:

Wini(%) = Wy (1) = ¥ (x) = ¥ (x) = ( ) LT = T = (570, 6] ). (G.1.76)

P, W yiPL, PRy, WIf/,PR- (G.1.77)

Bilinear covariants are quantities that are quadratic in the spinor fields and transform irreducibly as Lorentz tensors.
We first construct a translation table between the two-component form and the four-component form for the bilinear
covariants made up of a pair of Dirac fields. Using Egs. (G.1.59) and (G.1.60) to convert the four-component spinor fields
into the corresponding two-component spinor fields, and employing the appropriate identities involving products of the
hybrid quantities L, L, R and R, the following results are then obtained:

TPw =n'y;, (G.1.78)

VP = i, (G.1.79)

Tyrpw = ety (G.1.80)

Ty Py = oty (G.1.81)

TSP w = 2pic"y, (G.1.82)
] J

U smpys = 2 ytighyt (G.1.83)
J J

The first two results above follow immediately after using Eqs. (G.1.53) and (G.1.54), respectively, and the last four results
are a consequence of Egs. (G.1.61) and (G.1.62).

Eqgs. (G.1.78)-(G.1.83) apply to both commuting and anticommuting fermion fields.'?® These results can then be used to
express the standard four-component spinor bilinear covariants in terms of two-component spinor bilinears:

T =0y + 1 (G.1.84)
Tyswy = —n'x;+ x''nf (G.1.85)
Ty = x5y + o] (G.1.86)
ylysty = — x5y + 0oty (G.1.87)
TS = 200" g+ x T ) (G.1.88)
Ty = 2(—n'e" y; + x5 ). (G.1.89)

126 |1 the case of anticommuting spinors, it is often useful to apply Eq. (2.61) to Egs. (G.1.81), (G.1.86) and (G.1.87) and rewrite n "o“njf = —r]jTE“n i
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Additional identities can be derived that involve the charge-conjugated four-component Dirac fermion fields. As an

example, we may use CT = —C and € = —@TC~! to prove that
wErvs = —(— 1Y Fcrtcy = — (-1 rw, (G.1.90)
where the sign 1% is given in Eq. (G.1.24). The factor of (—1)* = =1 [for commuting/anticommuting fermion fields,

respectively] arises at the second step above after reversing the order of the terms by matrix transposition. Identities
involving just one charge-conjugated four-component field can also be easily obtained. For example, using Eqs. (G.1.57)
and (G.1.70),

FFPL% = —W;—C71PLW]‘ = —WaiéaﬁLaangbij = —Eaﬁxm‘)(ﬂj = XiXj- (0191)

In general, if one replaces ¥ with ¥ in Egs. (G.1.78)-(G.1.89), then in the corresponding two-component expression one
simply interchanges i <> n*and x ¥ < /.

Eqgs. (G.1.78)—(G.1.89) also apply to four-component Majorana spinors, ¥, by setting x; = n' = &, and ' = n;r = &t

This implements the Majorana condition, ¥y; = DW,;;, and imposes additional restrictions on the Majorana bilinear

covariants. For example, Eqs. (G.1.24) and (G.1.90) imply that anticommuting Majorana four-component fermions satisfy!%’:
WPy = ¥ v %ui, (G.1.92)
iy = ¥ ys Py (G.1.93)
Yy Py = — Py Wi, (G.1.94)
iy ys Wi = Yy vs i, (G.1.95)
Yy ZH Wy = =W 21 Wy, (G.1.96)
Yy ZM sy = =W 21 ys Wi (G.1.97)

By setting i = j, it follows that ¥ y* Wy = ¥y Z* ¥y = ¥y Z* s, = 0. One additional useful result is:
WLV"PLIPMJ = — Wy PRy, (G.1.98)

which follows immediately from Eqs. (G.1.94) and (G.1.95). Note that in Eq. (G.1.98), the heights of the flavor indices follow
the convention established in Eq. (G.1.77).

In the four-component spinor formalism, Fierz identities (first introduced in Ref. [291]) consist of relations among
products of two bilinear covariants, in which the fermion fields appear in two different orders. The corresponding two-
component spinor Fierz identities are treated in detail in Appendix B.1. In principle, the latter can be converted into four-
component spinor Fierz identities using the techniques developed in this appendix. However, it is easier to derive the four-
component spinor Fierz identities directly using the properties of the gamma matrix algebra [281,288].

Instead of Egs. (B.1.5)-(B.1.7), the equivalent identity relevant for four-component spinors is:

1
88¢ = 7 [8680 + 9)a"(r5)e” + (V)" e’ = ' y)a” uys)e” + 3 (FM)a" (Zu)"] (G.1.99)
This is the fundamental identity from which many other such identities can be derived (cf. the Appendix of Ref. [285]).
One of many possible Fierz identities can be obtained by multiplying Eq. (G.1.99) by ¥ Wy, ¥ 5Way = (— 1A U W, 5Ws,
where (—1)* = +1 [—1] for commuting [anticommuting] Dirac, Majorana or Weyl spinors. More generally [281,292,293],
5
@ r O @s 0w = (1Y FS @ e @17, (G.1.100)

n=1

where the sum is taken over the 4 x 4 matrices, I'™ e I', which have been ordered as follows, 28

r={1y" 2" <v), y"ys, ysh, (G.1.101)
I, ] represent zero, one or two spacetime indices (sums over repeated I and J are implied), and
11 3 -1 1
1 4 =2 0 -2 -4
F=-1] 12 0 —2 0 12]. (G.1.102)
414 2 0 —2 4
T -1 3 1 1

127 Here, one is free to choose all flavor indices to be in the lowered position [cf. Eq. (G.1.76)].

128 The 16 matrices of I" constitute a complete set that spans the sixteen-dimensional vector space of 4 x 4 matrices.
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For example, taking k = 1 in Eq. (G.1.100) yields a result equivalent to Eq. (G.1.99):
(W19) (F3¥y) = (=1 [@M)@%) + (W 1ysWa) (W3ysWa) + (W17 ) (W3, %)

— (1y" W) (Wsyuys¥a) + s (U1 20 (W5 2,,8) ] . (G.1.103)

For a comprehensive treatment of all possible four-component spinor Fierz identities, see Ref. [294]. Simple derivations
of generalized Fierz identities have also been given in Refs. [293,295]. A Mathematica package for performing Fierz
transformations is available in Ref. [296].

G.2. Free-field four-component fermion Lagrangians

The free-field Lagrangian density in four-component spinor notation can be obtained from the corresponding
two-component fermion Lagrangian by employing the relevant identities for the bilinear covariants given in
Egs. (G.1.78)-(G.1.89). First, consider a collection of free anticommuting four-component Majorana fields, ¥; = lp,ﬁi. The
free-field Lagrangian (in terms of mass-eigenstate fields) may be obtained from Eq. (3.2.10) by converting to four-component
spinor notation using Eqs. (G.1.84) and (G.1.86) with x = n = &, which yields [3]:

& = 310 y" 0, Wi — 3mi¥ Wi, (G.2.1)
where the sum over i is implicit. The corresponding free-field equation for ¥y is the Dirac equation:

(iy"9, —m)¥y; = 0. (G.2.2)

For simplicity, we focus on a theory of a single four-component Majorana fermion field, ¥ (x) = II/,S, (x). One can

rewrite the free-field Majorana fermion Lagrangian in terms of a single Weyl fermion, ¥;(x) = P;¥ (x), where ¥ (x) is a
four-component fermion field whose lower two components (in the chiral representation) are irrelevant for the present
discussion. The Majorana and Weyl fields are related by:

W (x) = Wi (x) + ¥ (%), (G.2.3)

where lI/RC (x) is defined in Eq. (G.1.13). The corresponding Dirac conjugate field is given by ¥, (x) = ¥ (x) + lITRC(x), where

i) = [P (0)]'A = ¥ (X)P, (G.2.4)
WEX) = WP = —¥T(0C'P = —¢ (x)C . (G.2.5)

Using the identity'?°:

U<yt = —wTCT Py 0, PeCW ' = U y* 9, W, + total divergence, (G.2.6)
the Lagrangian for a single Majorana field can be written in terms of a single Weyl field3°:

2 =Wy a,w + im (w[c*hpL - Ecﬁ) . (G2.7)
The corresponding free-field equation is

iy"0, ¥, = mC¥,, (G.2.8)

where we have used (¥,C)T = —C@I and the anticommutativity of ¥, ¥;. The generalization of Egs. (G.2.3)-(G.2.7) to the
case of a multiplet of four-component Majorana fields is straightforward and is left as an exercise for the reader.

Of course, one could have chosen instead to rewrite the four-component Majorana fermion Lagrangian in terms of a
single Weyl fermion, Yz(x) = Pr¥ (x), in which case the upper two components (in the chiral representation) of ¥ (x) are

not relevant. In this case, the Majorana and Weyl fields are related by'3!:

Py (x) = Wr(x) + ¥ (%), (G.2.9)

129 1, deriving Eq. (G.2.6), we have used Eq. (G.1.24) and the anticommutativity of the spinor fields. The total divergence can be dropped from the
Lagrangian, as it does not contribute to the field equations.

130 Using Eq. (G.1.15), it follows that (#TC— @) = —WA-1C A G = T C ¥ .

131 if g is an unconstrained four-component spinor, then ¥; and ¥; are independent Weyl fields, in which case ¥; + !IIRC and ¥ + anC are independent
self-conjugate fields.
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where !I/LC (x) is defined in Eq. (G.1.12). The corresponding Dirac conjugate field is given by ¥, (x) = Wr(x) + lPTC(x), where
Wr(x) = [Pr¥ (0)]'A = T (X)P,, (G.2.10)

WE(x) = WP = —0 () C P = —¥ ()C . (G2.11)

The corresponding Weyl fermion Lagrangian is given by Eq. (G.2.7) with L replaced by R.

Thus, a Majorana fermion can be represented either by a four-component self-conjugate field ¥, (x) or by a single Weyl
field [either ¥ (x) or Wk (x)]. Both descriptions are unitarily equivalent [287,297]; i.e., one can construct a unitary similarity
transformation that connects a Majorana field operator and a Weyl field operator (and vice versa). Of course, this is hardly a
surprise in the two-component spinor formalism, where both the Majorana and Weyl forms of the Lagrangian correspond
to the same field theory of a single two-component spinor field &, (x).

For m # 0, the Weyl Lagrangian given by Eq. (G.2.7) possesses no global symmetry, and hence no conserved charge. In
contrast, for m = 0 the Weyl Lagrangian exhibits a U(1) chiral symmetry. In a theory of massless neutrinos, the U(1) chiral
charge of the neutrino is correlated with its lepton number L, and one is free to use either a Majorana or Weyl description. In
the former, the neutrino is a neutral self-conjugate fermion, which is not an eigenstate of L. In the latter, ¥; (x) corresponds to
the left-handed neutrino and WRC (x) corresponds to the right-handed antineutrino, which are eigenstates of L with opposite
sign lepton numbers. No experimental observable can distinguish between these two descriptions.

We now consider a collection of free anticommuting four-component Dirac fields, ¥;. The free-field Lagrangian (in terms
of mass-eigenstate fields) may be obtained from Eq. (3.2.34) by converting to four-component spinor notation. We then
obtain the standard textbook result:

L =iy, — mP . (G.2.12)
By writing ¥ = ¥ + W4, we see that the Lagrangian for a single Dirac field can be written in terms of two Weyl fields:

L =iy 0, + Wry" 9, W — m (W Wk + W) . (G2.13)
The corresponding free-field equations are:

iy*0, ¥ = m, iy"0, W = myy. (G.2.14)

Summing these two equations yields the Dirac equation, (iy#9, — m)¥ = 0.

As a pedagogical example in which both Dirac and Majorana mass terms are present, we perform the diagonalization
of the neutrino mass matrix in a one-generation seesaw model'*? using the four-component spinor formalism. Following
Appendix A of Ref. [298], we first introduce a four-component anticommuting neutrino field vp, and the corresponding Weyl
fields,

vy =Pp, v =Pp5, vg=Pp, and v§ = Prvf. (G.2.15)
Note that Egs. (G.1.12) and (G.2.5) imply that the anticommuting Weyl fermion fields satisfy:

vlgvf = VRVL, ufv,g = VLg. (G.2.16)

A Dirac mass term for the neutrinos in the one-generation seesaw model couples v; and vLC (and by hermiticity of the
Lagrangian, v,g and vg), and can be written equivalently as:
mD(vLTCf]vLC + v; C”vlg) = —mD(v,ngC + va,g = —mp(Vgvy + V[Vg) = —MpVpVp, (G.2.17)

after making use of Eq. (G.2.16). The Majorana mass term for the neutrinos in the one-generation seesaw model couples vLC
to itself (and by hermiticity of the Lagrangian, vy to itself), and can be written equivalently as:

IMOETC W 4 v € ) = —IMTRVE + v wp). (G.2.18)

We shall define the phases of the neutrino fields such that the parameters mp and M are real and non-negative.
Thus, the mass terms of the one-generation neutrino seesaw Lagrangian, given in Eq. (J.2.18) in terms of two-component
fermion fields, translates in four-component spinor notation to

A-S/ﬂmass = _%mD(‘TLVR + TRVL + valg + UEVLC) - %M(TRVI? + V]_CVR)
__i( (0 m)(m)_i(. =)\ (°0 ) (%
= 72\ % YR) \'mp M s 2\ V) \mp M VR
1( 0 m Y
_ 1T cT 1 D L
=10 N (mD M) <Vf> +h.c., (G2.19)

132 Appendix J.2, the seesaw model of neutrino masses is introduced using the two-component spinor formalism.
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where we have used Eq. (G.2.16) to write the first line of Eq. (G.2.19) in a symmetrical fashion and Egs. (G.1.12) and (G.2.5) to
obtain the final form above. Note that if M = 0, then one can write Z,s5s = —mpvpvp and identify vp as a four-component
massive Dirac neutrino.

The Takagi diagonalization of the neutrino mass matrix yields two mass eigenstates, which we designate by v, and vy,
where ¢ and h stand for light and heavy, respectively. The mass-eigenstate Weyl neutrino fields are related to the interaction-
eigenstate Weyl neutrino fields via

v Py,
.y , G.2.20
(VLC> (ﬂ‘ﬁf) ( )

where U is a 2 x 2 unitary matrix that is chosen such that

0 m m 0

T D _ Ve

U (mp M) U= ( 0 muh)' (G.2.21)
For M # 0, the neutrino mass eigenstates are not Dirac fermions. In the seesaw limit of M >> mp, the corresponding neutrino

masses are n,, -~ mé/M and m,, ~ M + m%/M, with m,, < m,,.In terms of the mass eigenstates, the neutrino mass
Lagrangian is:

Limass = 3 [My, v €' PLvg + my vy "CT'Pvp | + he, (G.2.22)

after using Eq. (G.1.24). We now define four-component self-conjugate Majorana neutrino fields, denoted by ¥, and ¥,
respectively, according to Egs. (G.2.3) and (G.2.9),

Wy = Pvg + PeCVy, W =Py — v C P, (G.2.23)
Wy = Prup + PCV;, W =P — v C PR, (G.2.24)
Then, Eq. (G.2.22) reduces to the expected form:

Zmass = _% [mvlaflpz + muhahlph] . (G.2.25)

A comparison with the analysis of the neutrino mass matrix given in Appendix J.2 exhibits the power and the simplicity
of the two-component spinor formalism, as compared to the rather awkward four-component spinor analysis presented
above.

G.3. Gamma matrices and spinors in spacetimes of diverse dimensions and signatures

The translation from two-component to four-component spinor notation given in Appendix G.1 is specific to 3 +
1 spacetime dimensions. In d = 4 Euclidean space dimensions (independently of the choice of convention for the
Minkowski metric), the Dirac gamma matrix algebra is defined by {yE“, vp} = 26"1, where §*” = diag(1, 1, 1, 1). Using
Egs. (A.23) and (G.1.2), the Euclidean gamma matrices (defined for i, v = 1, ..., 4) are hermitian and given by yE" = —jyk
(k = 1,2,3), 9 = y%and ysr = —yv2v2ys = vs (e.g. see Appendix A.1.2 of Ref. [299])."** The four-dimensional
reducible (Dirac) spinor representation corresponds to the (1, 0) ® (0, 1) representation of SO(4), although the (1, 0) and

(0, %) representations are independent pseudo-real representations of SO(4) not related by hermitian conjugation, as noted
at the end of Section 2. A complete treatment of Euclidean two-component spinors can be found in Ref. [128].

The Euclidean space formalism for fermions is necessary for a rigorous definition of the path integral in quantum field
theory [121,122]. Using the Euclidean Dirac gamma matrices introduced above, one can express the four-component Dirac
Lagrangian directly in Euclidean space [220]. Carrying out the same procedure for the four-component Majorana Lagrangian
is problematical. Because the (3, 0) and (0, %) representations of SO(4) are not hermitian conjugates of each other, a self-
conjugate Euclidean Majorana fermion does not exist. Nevertheless, it is possible to devise a continuous Wick rotation from
Minkowski spacetime to Euclidean space for Dirac, Majorana and Weyl spinor fields and the gamma matrices. In particular,
one can construct a non-hermitian Euclidean action for a single Majorana or Weyl field whose Green functions are related to
the usual Minkowski space Green functions by analytic continuation and a Wick rotation of the spinor fields. Further details
can be found in Refs. [126,127].134

The two-component spinor technology of this review is specifically designed to treat spinors in three space and one time
dimension. In theories of d spacetime dimensions (where d is any positive integer), more general techniques are required.

133 One can also choose to define the Euclidean Dirac algebra by {y}, ¥y} = —28*V1 (simply by multiplying all gamma matrices by a factor of i), in
which case the Euclidean gamma matrices, yf = y* and y,} = iy° are anti-hermitian, and ys; = —y¥2y2ys = ys is hermitian (e.g., see Ref. [300]).
These conventions arise more naturally in the general treatment of gamma matrices in d spacetime dimensions as defined in Eq. (G.3.1). The corresponding
Euclidean sigma matrices would then be defined as in footnote 88.

134 previous attempts in the literature to define Euclidean Majorana field theories can be found in Ref. [125].
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By considering spinors in this more general setting, one gains insight into the concepts of Majorana, Weyl and Dirac spinors
and their distinguishing features.

The mathematics of spinors [130] in spacetimes of dimension d = t 4 s (where ¢ is the number of time dimensions
and s is the number of space dimensions) is most easily treated by introducing higher-dimensional analogues of the gamma
matrices, I"*, which satisfy the Clifford algebra [90,91,131-136,140-142,289,301], ¥

(re.rry=29"1, p =diag(y 44— =), (31
—— ——

t N

where the identity matrix 1 and the I'* are 2!9/21 x 214/21 matrices, and [d/2] is the integer part of d/2,

_]d/2, for d even,
d/2] = {(d ~1)/2, fordodd. (G32)
The choice of (s, t) denotes the signature of the spacetime. One can choose I'*" = I'*foru =1,2,...,tand I'*t = —#

foru =t+1,t42,...,d Weidentify %2’“’ = % i[I'*, I'V] as the generators of SO(s, t) in the spinor representation. Next,

we introduce the [d/2]-component (complex) Dirac spinor ¥ and its Dirac conjugate ¥ = WA where A= I"''1r?...'tis
a unitary matrix that satisfies'*:

ATFAT = (=) rrt AT = (—1)HED2, (G.3.3)

One can now build SO(s, t)-covariant bilinears, ¥ "', where I” is a product of gamma matrices. Biquadratic spinor Fierz
identities involving quantities such as (¥ "' W,) (¥ 3T7¥,) can also be derived [302], where the I'T = {]1, T, T (u <
W, FPT"T (u < v < A),...,I'r?... 02421 are a complete set of 22142 linearly independent matrices [which
generalizes Eq. (G.1.101)].

If d is even, one can also introduce the d-dimensional analogue of ys by defining!'®’

Ty =i 020209, (G.3.4)

which is hermitian and satisfies (I'y.1)> = 1 and {I"'*, I';;1} = 0. In the case of even-dimensional spacetimes, there are
two possible choices for the charge-conjugated spinor ¥ ¢,138

wC =B 'w* wheren = =1, (G.3.5)

and the B, are unitary matrices that satisfy:

B,I"B,' =nr**, n==1 (G.3.6)

For even d, a convenient choice is By = B_Iy1 [135].
If d is odd with signature (s, t), then the 204=V/2 x 2@=D/2 gamma matrices I'* (u = 1,2,...,d) consist of
{1”, r2,...,ret, :i:iFd+1} of the (d — 1)-dimensional theory of signature (s — 1, t). By assumption, © = d is a space

index, so that I"? = =il is anti-hermitian. In the case of odd d, only one sign choice for 5, namely n = (—1)¢~t+V/2 s
consistent with Eq. (G.3.6) as applied to I"%.13° Consequently, only one definition of the charge-conjugated spinor is viable,
namely ¢ = BZ'¥* fors — t = 1,5 (mod 8) and ¥© = B '¥* fors — t = 3,7 (mod 8).

One important property of the B, is [131,134,140,141]:

BiB, =e, &, ==%1, (G.37)

for n = 41 in even-dimensional spacetimes and = (—1)“~t*1/2 in odd-dimensional spacetimes. In particular [134],'4

(G.3.8)

_J+1, fors—t=0,1,2(mod8), _J+1, fors—t=0,6,7(mod8),
- =1-1, fors —t = 4,5, 6 (mod 8), &+ =11, fors —t =2, 3,4 (mod 8).

135 This includes the Euclidean case [139] corresponding to t = 0 and s = d [cf. footnote 133], and the Minkowski case corresponding to t = 1 and
s=d—1.

136 | d-dimensional Euclidean space (where t = 0), I'*t = —I'*forallu = 1,2, ..., d. As a result, we may choose A = 1, in which case ¢ = ¥,

137 Fort = 1.and d even, one traditionally takes . = 0, 1,2, ..., d — 1 (where 0 is the time index), in which case, Iy, = i@2/2 0pt... pd=1,

138 I four-dimensional Minkowski spacetime, we identify D = B~' [cf. Eq. (G.1.17)] and y5D = B;l.

139 The two sign choices for I'? correspond to two inequivalent representations of the Clifford algebra [Eq. (G.3.1)] for d odd. Nevertheless, the
corresponding X" yield equivalent spinor representations of SO(s, t).

140 Eor d even, one can use By =B_Iyi1andB, Fd+1Bn’1 = (=121} toderive gy = (=)D 6_,
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Using the charge-conjugated spinor defined in Eq. (G.3.5), one can define a self-conjugate spinor, ¥¢ = ¥. Two cases
arise depending on the sign of 1 [134,140-142],

Majorana spinor: W = B_ly*, (G.3.9)
; inor- _ p-1
pseudo-Majorana spinor: v =B_v¥" (G.3.10)

Due to the reality conditions [Egs. (G.3.9) and (G.3.10)], the (pseudo-)Majorana spinor possesses 242 real degrees of
freedom. Using Eq. (G.3.7), one immediately sees that Egs. (G.3.9) and (G.3.10) are respectively consistent if and only if
&y = +1.71 The possible existence of Majorana [pseudo-Majorana] spinors in d-dimensional spacetime depends on the
choice of s —t such thate_ = +1[e, = +1]. Using Eq. (G.3.8), it follows that Majorana spinors can only exist in spacetimes
where s — t = 0, 1, 2 (mod 8), and pseudo-Majorana can only exist in spacetimes where s — t = 0, 6, 7 (mod 8).'#? In
particular, a Majorana spinor cannot exist in four-dimensional Euclidean space.

Given a choice of sign for n = £1, one can define a corresponding charge conjugation matrix C,, which is unitary and is
defined by'4?

C, =BjA, where C,I'*C; " = (=)' rHT, (G.3.11)
Eq. (G.3.5) then yields ¥¢ = C;‘ @' The unitary matrices A, B, and C, satisfy the following useful identities[134,140]:

Bl =&,B,, C =en'(—D"“"", AB,=n'BA A =nCA" (G.3.12)
In the case of even d, one can define left- and right-handed chiral projection operators:
Po=3(1—Ty1),  Pr=3(1+ Tup), (G3.13)
and introduce Weyl fermions, ¥, and W, which satisfy 'y, 1Wr | = £%¥x . Equivalently,
¥, =P, U = PRV, (G.3.14)

so that ¥; (and likewise ¥) possesses 2(¢=2/2 complex degrees of freedom. It is possible for a spinor to be simultaneously
a (pseudo) Majorana and a Weyl spinor if the spinor and its charge conjugate have the same chirality, in which case
B, Fd+1B;1 = I'j,, (for even d). The latter condition holds when #~t = 1or equivalently s — t = 0 (mod 4). Combining this
requirement with the condition for the existence of a (pseudo) Majorana spinor, it follows that a (pseudo) Majorana-Weyl
spinor, which possesses 2(4=2)/2 real degrees of freedom, can only exist in spacetimes where s — t = 0 (mod 8). For further
details, see Refs. [91,131-134,140-142,289].

As in Section 3.2, one can also consider a multiplet of fermions ¥; that transforms under a complex, real or pseudo-real
representation R of the flavor group G as

¥ — (Dp){¥;,  Dp=exp(—if'T%), i,j=1,2,...,ds, (G.3.15)

where D is unitary and the corresponding generators T are hermitian. The dimension of R is denoted by d, which must be
even in the pseudo-real case. In both the real and pseudo-real cases, one can also impose a reality condition that generalizes
the Majorana conditions of Egs. (G.3.9) and (G.3.10),

(W) =w*' = wiB,y, (G.3.16)

where W is a unitary matrix and B,, acts on the (suppressed) spinor indices of ¥;. Additional constraints on the form of W are
obtained as follows. First, taking the complex conjugate of Eq. (G.3.16) and inserting the result back into the same equation,
it follows that

W*'W = ¢,1, (G.3.17)

after making use of Eq. (G.3.7). Second, Eq. (G.3.16) must hold true if ¥ is replaced by Dg¥ on both sides of the equation, in
order to be compatible with the flavor symmetry group transformation law [Eq. (G.3.15)]. This latter requirement combined
with Eq. (G.3.17) yields:

D = e,W*DsW = W 'DiW. (G.3.18)

141 ¢ &, = —1 then one can introduce a generalized reality condition [cf. Eq. (G.3.16)], which constrains the structure of a multiplet of Dirac fermions that

transforms under a pseudo-real representation of the flavor group. In this case, the corresponding (generalized) self-conjugate spinors are called symplectic

(pseudo-)Majorana spinors, as discussed below Eq. (G.3.20).

42 As shown in Refs. [134,140], no SO(s, t)-invariant mass term is allowed for a pseudo-Majorana spinor.

143 11 four-dimensional Minkowski spacetime, we identify C = (CT)~! = C* [cf. Eq. (G.1.10)] and B = Cy [cf. Eq. (G.1.19)]. In this case, one cannot use
C; to consistently define a self-conjugate spinor, as the corresponding ¢, = —1.

1
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Eq. (G.3.18) can be expressed in terms of the flavor group generators,
iTh = W (iTR)* W. (G.3.19)
Comparing with Eqgs. (E.1.4)-(E.1.6), we conclude that the unitary matrix W satisfies:

+1, Ris areal representation,

—1, Risapseudo-real representation. (G.3.20)

W=gW', &= {

When R is a real representation, W = W7, and a basis for the flavor group generators can be chosen such that W = 1

[cf. Eq. (E.1.7)], in which case Dg is a real orthogonal matrix. Since &, = +1, Eq. (G.3.16) yields (pseudo-)Majorana spinors
(depending on the sign of n) as defined previously in Egs. (G.3.9) and (G.3.10).

When R is a pseudo-real representation, W = —W?7, and a basis for the flavor group generators can be chosen such
that W = | = diag l (_(1’ 3) , (_(1) (1)) e, (_? é)]is a dp x dg matrix, where dy is even [cf. Eq. (E.1.8)]. In this case,
DJ/Dr = ], which implies that Dy is a unitary symplectic matrix [136]. Moreover, ¢, = —1, which was incompatible with

the reality conditions of Eqs. (G.3.9) and (G.3.10), but is compatible with the generalized reality condition of Eq. (G.3.16).

Therefore, we define symplectic (pseudo-)Majorana spinors [134,136,137,142,289] to be spinors that transform as a
pseudo-real representation under some flavor group and satisfy the generalized reality condition of Eq. (G.3.16), where
W is a unitary antisymmetric matrix, depending on the choice of » = £1 (with = —1 yielding the “pseudo” designation).
As suggested by Egs. (3.2.35)-(3.2.40), 2dg symplectic (pseudo-)Majorana spinors are equivalent to dg Dirac fermions.
The possible existence of symplectic (pseudo-)Majorana spinors in a d-dimensional spacetime is governed by Eq. (G.3.8).
Requiring that &, = —1 implies that symplectic Majorana spinors exist in spacetimes where s — t = 4, 5, 6 (mod 8),
and symplectic pseudo-Majorana spinors exist in spacetimes where s — t = 2, 3, 4 (mod 8). Using this nomenclature,
the fermions described by the four-dimensional Minkowski space Lagrangian given in Eq. (3.2.35) are symplectic pseudo-
Majorana spinors.

G.4. Four-component spinor wave functions

In four-dimensional Minkowski space, the free four-component Majorana field can be expanded in a Fourier series; each

positive [negative] frequency mode is multiplied by a commuting spinor wave function u(p, s) [v(p, s)] as in Eq. (3.2.11),144
d*p l. .
. — 2 3 (D —ip-x - e ip-x
WMI(X) - - / (27_[)3/2(2Eip)«1/2 I:u(pv s)al(p’ S)e + U(p, S)a,‘ (pv S)e ] ) (G4'1)

whereEjp = (| fllz—{-miz) 1/2 and the creation operators alT and the annihilation operators g; satisfy anticommutation relations:

{ai®,5), a] @, 5)) = 8> — P")ds 8y, (G.42)
with all other anticommutation relations vanishing. We employ covariant normalization of the one-particle states given by
Eq. (3.2.13). It then follows that

Ol Wy x) [p,s) = u@, )e >, (0| Ty |p,s)= 1@, s)e ", (G.4.3)
(D, s| Tm(x)10) = ud, s)e? ™, (. s| wn () 10) = v(P, 5)eP*. (G.4.4)

These results are the four-component spinor versions of Egs. (3.1.7) and (3.1.8).
Likewise, the free Dirac field can be expanded in a Fourier series,

& I o
W) =y / m (4. 9B, 9e 7 + v(B, 9] B, )] (G45)
s p

where the creation operators al-T and b;r and the annihilation operators g; and b; satisfy anticommutation relations:
{ai(®. ). af @'.5)) =8> — P")bs 8y (G.4.6)
{bi®.5). b} (®'.5)} = 8> @ — P)dss 85 (GA.7)

with all other anticommutation relations vanishing. We employ covariant normalization of the fermion (F) and antifermion
(F) one-particle states given by Eq. (3.2.22). It then follows that

Olw®) [p,s; F)=u@, e ™  (0|¥x) |p,s; F) = v, s)e ™, (G.48)
(D, s; F|w(x)|0) = u(, s)e"*, (B, s; Flw(x) 10) = v(p, s)e?™, (G.4.9)

144 Some subtleties arise in the choice of relative phases of the creation and annihilation operators, which are related to the C, CP and CPT transformation
properties of the Majorana field. For further details, see Ref. [303].
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and the four other single-particle matrix elements vanish. These results are the four-component spinor versions of
Egs. (3.2.23)-(3.2.26). The Fourier expansion of the charge-conjugated free Dirac field lI/l-C x) = CW:(X) is given by:

&’p Lo . S
T (x) = XS:/ W [u(p, )bi(p, s)e P * + v(p, s)a;r(p, s)e’ "] , (G.4.10)
where we have used Eq. (G.4.13). That is, the charge conjugation transformation interchanges the annihilation and creation
operators, a; <> b; and a;r <~ b;r. Thus, if € (x) = ¥ (x), then we must identify a = b and at = b, corresponding to the free
Majorana field given in Eq. (G.4.1).

The two-component spinor momentum space wave functions are related to the traditional four-component spinor wave
functions according to:

- (X9 Do o gs P
u(p,s) = (y*“(ir, s)) , u@,s) = @, s), x;,(,9)), (G4.11)
0B = (Sl ). 56 = 6.9, 5 (64.12)
where the u and v-spinors are related by
v(,s) = Cu(p,s)’, u@,s) = Co(,s)", (G.4.13)
(P, s) = —u@,s)'C",  ap,s)=—vp,sC". (G.4.14)

The spin quantum number takes on values s = j:%, and refers either to the component of the spin as measured in the
rest frame with respect to a fixed axis or to the helicity (as discussed in Section 3.1 and Appendix C). Note that the u and
v-spinors also satisfy:

v(P,s) = —2sysu(@, —s),  u(@,s) = 2sysv(p, —s), (G4.15)

which follows from Eq. (3.1.23). Explicit forms for the four-component spinor wave functions in the chiral representation
can be obtained using Eqs. (3.1.19)-(3.1.22), where x(8) is given in Eq. (C.1.11). For helicity spinors, further simplifications
result by employing Eqs. (C.3.4)-(C.3.7).

One can check that u and v satisfy the Dirac equations

(p—mu@,s) = (p+muv@,s) =0, (G.4.16)

u@,s) (p—m)=v(@,s)(p+m) =0, (G.4.17)
corresponding to Egs. (3.1.9)—(3.1.12), and

(2sys 8 — Du(@,s) = 2sys 5 — 1) v(p,s) =0, (G.4.18)

u(p,s) (2sys 5 —1) = 0(p,s) 2sys 5 — 1) =0, (G.4.19)

corresponding to Egs. (3.1.24)-(3.1.27), where the spin vector S* is defined in Eq. (3.1.15).14° For massive fermions,
Eqs. (3.1.46)-(3.1.49) correspond to

u(@, $)u(p, s) = (14 2sys 8) (p+m), (G.4.20)
v(P, $)0(P. 5) = 3(1+ 2sy5 8) (p—m). (G.4.21)

To apply the above formulae to the massless case we must employ helicity states, where s is replaced by the helicity
quantum number A, and S* is defined by Eq. (3.1.16). In particular, in the m — 0 limit, S* = p*/m+ @ (m/E). Inserting this
result in Egs. (G.4.18) and (G.4.19) and using the Dirac equations, it follows that the massless helicity spinors are eigenstates
of Vs

ysu@, A) = 22u@, 1), ysu(, k) = —220(p, A). (G.4.22)
Combining these results with Eq. (G.4.15) [with s replaced by 1] yields:
v(p, &) = —2Aysu(p, —A) = u(p, —1), A=+, (G4.23)

and we see that the massless u and v spinors of opposite helicity are the same.

145 we use the standard Feynman slash notation: p = y,p* and 8 = y,S".
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Applying the above m — 0 limiting procedure to Egs. (G.4.20) and (G.4.21) and using the mass-shell condition
( pp = p* = m?), one obtains the massless helicity projection operators corresponding to Eqgs. (3.1.54)-(3.1.57):

u@, M@, ») = 5 (14 21ys) p, (G.4.24)
v(@, VOB, 1) = 3(1 — 24ys) p. (G.4.25)
Summing over the spin degree of freedom, we obtain the spin-sum identities corresponding to Eqgs. (3.1.58)-(3.1.61),
> u@, )@, s) =p+m, (G.4.26)
> v@. )o@, s) =p—m, (G.4.27)
> u@. '@, s) = (p+m)CT, (G.4.28)
D i B, )@, s) =C"(p—m), (G.4.29)
> 8@, u@.s) =C7(p+m), (G.4.30)
D v@ sy @, s) = (p—m)CT, (G.4.31)

S

which are valid for both the massive case and the massless m — 0 limit.

As previously noted, the results for the bilinear covariants obtained in Egs. (G.1.78)-(G.1.89) can also be applied to
expressions involving the commuting spinor wave functions. Various relations among the possible bilinear covariants can
be established by using Eqs. (G.4.13) and (G.4.14). As an example, for I’ = 1, ys5, y*, y*ys, XH*, Z*ys,

ﬁ(ﬁp Sl)FU(ﬁza S2) = —U(I_i]» Sl)TCqFCﬁ(ﬁz»sz)T = —77164_1(132, Sz)FU(I_:h, S1), (G4.32)

ﬁ(ﬁ]s S])Fu(ﬁZs SZ) - —U@1,$])TC_1FC1_)(I’2, SZ)T = _TIIC"D(I_st SZ)FU(IJD Sl)v (G433)

where the sign n,Q [defined in Eq. (G.1.24)] arises after taking the transpose and applying Eq. (G.1.24). In particular, the
(commuting) u and v spinors satisfy the following relations:

u(P;, s1)PLv(Dy. S2) = —iU(Dy. S2)PLv (D, 1), (G.4.34)
Py, s1)PrV (P, 52) = —Ui(Py, $2)Prv(P1, 51), (G.4.35)
U(Py, s1)y"PLo(Psy, s2) = U@y, 2) " Pro(Py, 1), (G.4.36)
U(Py, 1)y " Pro(B2, $2) = Uy, $2)y" PLo(®y, 51), (G.4.37)

and four similar relations obtained by interchanging v(p,, s;) <> u(p,, s,).

G.5. Feynman rules for four-component fermions

We now illustrate some basic applications of the above formalism. In particular, we shall establish a set of Feynman rules
for four-component fermions that treat both Dirac and Majorana fermions on the same footing. These rules generalize the
standard Feynman rules for four-component Dirac fermions found in most quantum field theory textbooks. Two advantages
of the rules presented here are: (i) no factors of the charge conjugation matrix C are required for fermion interaction
vertices and propagators, and (ii) the relative sign between different diagrams corresponding to the same physical process is
simply determined. Our rules have been obtained by translating our two-component fermion Feynman rules into the four-
component spinor language. The resulting Feynman rules for four-component Majorana fermions are equivalent to the set
of rules independently obtained in Ref. [304] (see also Refs. [305,306]).

Consider first the Feynman rule for the four-component fermion propagator. Virtual Dirac fermion lines can either
correspond to ¥ or ¥ <. Here, there is no ambiguity in the propagator Feynman rule, since for free Dirac fermion fields, 46

(0 T[Wa(0)% " ()]10) = (0| T[%C(X)Fb(v)] 0}, (G5.1)

so that the Feynman rules for the propagator of a ¥ and ¥ line, exhibited in Fig. G.5.1, are identical. The same rule also
applies to a four-component Majorana fermion.

146 | deriving Eq. (G.5.1), we have used C ¥, €~ ! = r;cll'ac andev'e = nk Fﬂ, where C is the charge conjugation operator that acts on the quantum
Hilbert space and 7, is a convention-dependent phase factor [36,38]. Note that € is a unitary operator and € |0) = |0) in the free-field vacuum.
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p
- . i(p+m)a’
b a p? —m?2 +ic

Fig. G.5.1. Feynman rule for the propagator of a four-component fermion with mass m. The same rule applies to a Majorana, Dirac and charge-conjugated
Dirac fermion. The four-component spinor labels a and b are specified.

Using Eq. (G.1.2), the four-component fermion propagator Feynman rule can be expressed as a partitioned matrix of 2 x 2
blocks,
p i B
-— . - _ 1 m 801' p- Gaﬂ (G 5 2)
« , T pr—mrtie \p-o’ ms&y )’ o

where a and b are four-component spinor indices. That is, Eq. (G.5.2) is a partitioned matrix whose blocks consist of two-
component fermion propagators defined in Fig. 4.2.1, with the undotted and dotted « [ 8] indices on the left [right] and with
the momentum flowing from right to left.

The derivation of the four-component Dirac fermion propagator is treated in most modern textbooks of quantum field
theory (see, e.g., Ref. [114]). Here, we briefly sketch the path integral derivation of the four-component fermion propagator
by exploiting the path integral treatment of the two-component fermion propagators outlined in Appendix F. Consider a
single massive Dirac fermion ¥ (x) coupled to an anticommuting four-component Dirac fermionic source term

Jya (%)
X) = & . G.5.3
The corresponding action [Eq. (F.2)] in four-component notation is given by

S = /d“x (L+]y W +W]y) = | A [Tig—mW +], ¥ +T],]. (G.5.4)

Introducing the momentum space Fourier coefficients:

d4p _ipx d4p _ip>
l1/(2<)=/ 2 "W (p), ]‘”(X)zf 2 "y (), (G.5.5)

we can identify the following four-component quantities with matrices of two-component quantities given in Eqs. (F.7) and
(F.27):

V) =A""2:0), Jy0=X®), p—m=MPA, (G.5.6)

where A is the Dirac conjugation matrix defined in Egs. (G.1.9) and (G.1.11). Using the results of Appendix F, one easily
derives:

K 5
0T (¥ (x1)¥ 0) = | —i— w1 | =i , G.5.7
(OIT (¥ (x1)¥ (x2))]0) < l%(x])) []J]( I‘SJ\”(XZ))]HWO (G.5.7)
where
+
Wiy, Jw]—EXp{ /(2 )4]¢(p) s Jv,(p)} (G.5.8)
Using the analogues of Egs. (F.23) and (F.24), we end up with the expected result
_ d*p ip-(xy—xp) 1(P + M)
(OIT (¥ (x1) ¥ (x2))]0) Z/We p-( 2)172_7’"2. (G.5.9)

In principle, the analogous computation can be carried out for a single four-component Majorana fermion field ¥y, (x)
coupled to a Majorana fermionic source, J (x). The corresponding action is similar to that of Eq. (G.5.4), with an extra overall
factor of 1/2. However, in evaluating the functional derivative in Eq. (G.5.8), one must take into account that the Majorana

fermionic source J¢ (x) satisfies ]é = C ] = J¢. Consequently, the functional derivative with respect to ] ¢ is related to the
corresponding functional derivative w1th respect to Jg Hence, the calculation of Eq. (G.5.8) will yield two equal terms that
will cancel the overall factor of 1/2, resulting again in Eq. (G.5.9). Nevertheless, this computation is somewhat awkward
using four-component spinor notation, in contrast to the straightforward calculation of Appendix F.

We next examine the various interactions involving four-component fermions. First, we consider the interactions of a
neutral scalar ¢ or a gauge boson AZ with a pair of Majorana fermions. To obtain the interactions of the four-component
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Warj ¢

-— - —i[X9 P, + Aij PRIy
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Fig. G.5.2. Feynman rules for neutral scalar and gauge boson interactions with a pair of four-component Majorana fermions (labeled by four-component
spinor indices b and c). The G* are defined in Eq. (4.3.16). The index a runs over the neutral (mass-eigenstate) gauge bosons.

fermion fields, we first identify the neutral two-component fermion mass-eigenstate neutral fields &;. Using Eqs. (4.3.9) and
(4.3.15), the interaction Lagrangian in two-component form is given by:

L = —5 (&L + 25 TEV) — (G £T gAY, (G5.10)

where A is a complex symmetric matrix with AV = A;; [cf. Eq. (3.2.2)], the AZ are the mass-eigenstate gauge fields, and the
corresponding hermitian matrices G* are defined in Eq. (4.3.16). It is now simple to convert this result into four-component
notation:

Line = — 3 WGP + AW PR¥A S — (G v LAY, (G.5.11)

where the ¥y; are a set of (neutral) Majorana four-component fermions. It is convenient to use Eq. (G.1.98) to rewrite the
term proportional to (G%){ in Eq. (G.5.11) as follows

G Ty Py = 3G [Py Pt — Py Paty |
= 2Wuiv" [(GHIPL — (GV;'Pr] Wys. (G5.12)

In the last step above, we have lowered the flavor indices of the four-component Majorana fermion fields, as the heights of
these indices can be arbitrarily chosen [cf. Eq. (G.1.76)].

Using standard four-component spinor methods, the corresponding four-component spinor Feynman rules are displayed
in Fig. G.5.2. A Majorana fermion is neutral under all conserved charges (and thus equal to its own antiparticle). Hence, an
arrow on a Majorana fermion line simply reflects the structure of the interaction Lagrangian; i.e., ¥y [¥y] is represented by
an arrow pointing out of [into] the vertex. These arrows are then used for determining the placement of the u and v spinors
in an invariant amplitude, according to the rules of Appendix G.6. In particular, the four-component spinor labels of Fig. G.5.2
indicate that one should traverse any continuous fermion line by moving antiparallel to the direction of the fermion arrows.

Next, we consider the interactions of a (possibly complex) scalar @ or a gauge boson AZ with a pair of Dirac fermions.
The Dirac fermions are charged with respect to some global or local U(1) symmetry, which is assumed to be a symmetry
of the Lagrangian. To obtain the interactions of the four-component fermion fields, we first identify the mass-degenerate
oppositely charged pairs x; and n; (with U(1)-charges g; and —gj, respectively) that combine to form the mass-eigenstate
Dirac fermions. The scalar field @ carries a U(1)-charge q». We also identify the gauge boson mass eigenstates of definite
U(1)-charge by Aﬁ as described in Section 4.3 (cf. footnote 41). Using Eqs. (4.3.9) and (4.3.18), the interaction Lagrangian in
two-component form is given by:

Line = — i@ — i x nf @1 — [(Gi‘)#x”?"xf — (G;‘é)fn?af‘nf] AL (G5.13)

where ki = (Kij)* [cf. Eq. (3.2.28)] and « is an arbitrary complex matrix coupling, subject to the conditions that /cij =0
unless g4 = ¢; — g;. For the gauge boson couplings, we follow the notation of Eqs. (4.3.19) and (4.3.20). In particular, AZGE’
and A;GL G}, are hermitian matrix-valued gauge fields, which when summed over a can contain both neutral and charged [with
respect to U(1)] mass-eigenstate gauge boson fields. Converting to four-component notation yields:

L = K0 D — T Pt — |G Y P+ GIT Py AL, (G5.14)

where the W; are a set of Dirac four-component fermions. If @ is a real (neutral) scalar field, then we shall write p = @ = @T.
The corresponding four-component spinor Feynman rules are exhibited in Fig. G.5.3. The rules involving the charge-
conjugated Dirac fields have been obtained by using Eq. (G.1.90). Note that the arrows on the charged scalar and Dirac
fermion lines depict the flow of the conserved U(1)-charge.
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Fig. G.5.3. Feynman rules for neutral scalar (¢), charged scalar (&) and gauge boson (A*?) interactions with a pair of four-component Dirac fermions
(labeled by four-component spinor indices b and c). In each case, one has two choices for the corresponding Feynman rule: one involving ¥ and one
involving the oppositely charged ¥ (with the arrows of the corresponding ¥ and ¥¢ lines pointing in opposite directions). The arrows indicate the
direction of flow of the U(1)-charges of the Dirac fermion and charged scalar fields. The index a runs over both neutral and charged (mass-eigenstate)
gauge bosons, consistent with charge conservation at the vertex.

Finally, we treat the interaction of a charged scalar boson @ (with U(1)-charge g ) or a charged vector boson W (with
U(1)-charge qy ) with a fermion pair consisting of one Majorana and one Dirac fermion. We denote the neutral fermion
mass-eigenstate fields by &; and pairs of oppositely charged fermion mass-eigenstate fields by x; and 1 (with U(1)-charges
q; and —g;, respectively). Using Eqs. (4.3.9) and (4.3.21), the interaction Lagrangian is given by:

L = —PL0e0) & + ()& ) V1 — @T1(c2) i35 + (k1)78™n] ]
— WG x 15" — (G e 0] — WG g 5" 4 — (Go) Vo &1, (G5.15)

where k1, k2, G1, and G, are arbitrary complex coupling matrices, subject to the conditions that (K])ij = (k)i = O unless
de = gj, and (Gy);' = (G,); = 0 unless qw = g;. Converting to four-component spinor notation yields:

L= — [(Kl)",FPLwM,- n (fcz)ijafp,zwp;] ®— [(Gl)jiWJyHPLwMi 4 (cz),ﬁ’yﬂp,g%] W, +h.c. (G.5.16)

The corresponding four-component spinor Feynman rules are exhibited in Fig. G.5.4.

There is an equivalent form for the interactions given by Eqgs. (G.5.13) and (G.5.16) where % is written in terms of
charge-conjugated Dirac fields [after using Eq. (G.1.90)]. The Feynman rules involving Dirac fermions can take two possible
forms, as shown in Figs. G.5.3 and G.5.4. As previously noted, the direction of an arrow on a Dirac fermion line indicates
the direction of the fermion charge flow (whereas the arrow on the Majorana fermion line is unconnected to charge flow).
However, we are free to choose either a ¥ or ¥¢ line to represent a Dirac fermion at any place in a given Feynman graph.'¥’
For any decay or scattering process, a suitable choice of either the ¥-rule or the ¥ -rule at each vertex (the choice can

147 Since the charge of W€ is opposite in sign to the charge of ¥, the corresponding arrow directions of the ¥ and ¥ ¢ lines must point in opposite directions.



148 H.K. Dreiner et al. / Physics Reports 494 (2010) 1-196

wei o€
or _ _q;_ _ —1 [(Kl)ijPL + (KQ)ijPR)]b ¢
\IIM’L
b
\IJCj b
or T i [(k2) 7 PL + (k1) Pr)], ©
s
C
—iy" [(G1);'PL + (G2)ijPr)], ¢
or or
wei €
B . ;
" [(Ga)ijPr + (G1);°PR)], ©
Wl"
Ve
b
— iy [(G1):PL + (G2)ijPR}bc
or or
b
iV [(G2)9 Py + (G1):Pg],°
C

Fig. G.5.4. Feynman rules for charged scalar and vector boson interactions with a fermion pair consisting of one Majorana and one Dirac four-component
fermion (labeled by four-component spinor indices b and c). In each case, one has two choices for the corresponding Feynman rule: one involving ¥ and
one involving the oppositely charged w¢ (with the arrows of the ¥ and ¥ lines pointing in opposite directions). The arrows of the Dirac fermion and
charged bosons indicate the direction of flow of the corresponding U(1)-charges. That is, the charge of the boson (either @ or W above) must coincide with
the charge of ¥;. The arrows of the Majorana fermions satisfy the requirement that the fermion line arrow directions flow continuously through the vertex.

be different at different vertices), will guarantee that the arrow directions on fermion lines flow continuously through the
Feynman diagram. Then, to evaluate an invariant amplitude, one should traverse any continuous fermion line (either ¥ or
%) by moving antiparallel to the direction of the fermion arrows, as indicated by the order of the four-component spinor
labels in the Feynman rules of Figs. G.5.3 and G.5.4. Examples will be provided in Appendix G.6.

G.6. Applications of four-component spinor Feynman rules

For a given process, there may be a number of distinct choices for the arrow directions on the Majorana fermion lines,
which may depend on whether one represents a given Dirac fermion by ¥ or ¥ ¢. However, different choices do not lead to
independent Feynman diagrams.'*® When computing an invariant amplitude, one first writes down the relevant Feynman
diagrams with no arrows on any Majorana fermion line. The number of distinct graphs contributing to the process is then
determined. Finally, one makes some choice for how to distribute the arrows on the Majorana fermion lines and how to label

148 1 contrast, the two-component Feynman rules developed in Section 4 require that two vertices differing by the direction of the arrows on the two-
component fermion lines must both be included in the calculation of the matrix element.
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Dirac fermion lines (either as the field ¥ or its charge conjugate ¥ ¢) in a manner consistent with the rules of Figs. G.5.2 and
G.5.4. The end result for the invariant amplitude (apart from an overall unobservable phase) does not depend on the choices
made for the direction of the fermion arrows.

Using the above procedure, the Feynman rules for the external fermion wave functions are the same for Dirac and
Majorana fermions:

e u(p, s): incoming ¥ [or ] with momentum p parallel to the arrow direction,
o u(p, s): outgoing ¥ [or ¥¢| with momentum p parallel to the arrow direction,

e v(p, s): outgoing ¥ [or ¥ ] with momentum p antiparallel to the arrow direction,
e O(p, s): incoming ¥ [or ¥ ] with momentum p antiparallel to the arrow direction.

The proof that the above rules for external wave functions apply unambiguously to Majorana fermions is straightforward.
Simply insert the plane wave expansion of the Majorana field given by Eq. (G.4.1) into Eq. (G.5.11), and evaluate matrix
elements for, e.g., the decay of a scalar or vector particle into a pair of Majorana fermions.

We now reconsider the matrix elements for scalar and vector particle decays into fermion pairs and 2 — 2 elastic
scattering of a fermion off a scalar and vector boson, respectively. We shall compute the matrix elements using the Feynman
rules of Fig. G.5.2, and check that the results agree with the ones obtained by two-component methods in Section 4.5.

Consider first the decay of a neutral scalar boson ¢ into a pair of Majorana fermions, ¢ — Wy (P, $1) ¥ (P,, 52), of flavor
i and j, respectively. Here, ¥y (P, s) denotes the one-particle state given by Eq. (3.2.13). The matrix element for the decay is
given by

iM = —ili(Py, s1) (AP, + AiPR)v(Ds, 52). (G.6.1)

One can easily check that this result matches with Eq. (4.5.2), which was derived using two-component spinor techniques.
Note that if one had chosen to switch the two final states (equivalent to switching the directions of the Majorana fermion
arrows), then the resulting matrix element would simply exhibit an overall sign change [due to the results of Egs. (G.4.34)
and (G.4.35)]. This overall sign change is a consequence of the Fermi-Dirac statistics, and corresponds to changing which
order one uses to construct the two-particle final state.

Consider next the decay of a (neutral or charged) scalar boson @ into a pair of Dirac fermions, ® — F;(p;, 51)fj ®,, s2),

where by F(p, s) and F(p, s) we mean the one-particle states given by Eq. (3.2.22). The matrix element for the decay is given
by

iM = —itu(p;, 1) (KiPL + K PR)V(Dy, $2), (G6.2)

which is equivalent to Eq. (4.5.5), which was derived using two-component spinor techniques.
For the decay of a neutral vector boson (denoted by A, ) into a pair of Majorana fermions, A,, — Yni(P1, S1) ¥ ®,. 52),
we use the Feynman rules of Fig. G.5.2 to obtain:

iM = —il(Py, s1)y" [GIP, — G'Pr] v (P, 52, (G.6.3)

The above result is equivalent to Eq. (4.5.8), which was derived using two-component spinor techniques. Again, we note that

if one had chosen to switch the two final states (equivalent to switching the directions of the Majorana fermion arrows), then

the resulting matrix element would simply exhibit an overall sign change [due to the results of Egs. (G.4.36) and (G.4.37)].
For i = j, Eq. (G.6.3) simplifies to

iM = iGl(py, s1)y" ysv(Py, S2)E, (G.6.4)

where G = Gii.lhe absence of a vector coupling of the vector boson to a pair of identical Majorana fermions is a consequence
of the identity ¥y y* ¥y, = 0 noted below Eq. (G.1.97).
For the decay of a (neutral or charged) vector particle A, into a fermion pair consisting of a Dirac fermion and antifermion,

A, — Fi(py, sl)fj(ﬁz, s,), the matrix element is given by:

iM = =i @y, s)y* [(GIPL + (G Pr] v(Py. 52)8 0, (G6.5)

which matches the result of Eq. (4.5.12).

Finally, we consider the decay of a charged boson to a fermion pair consisting of one Dirac fermion and one Majorana
fermion. Using the Feynman rules of Fig. G.5.4, we see that we have a choice of two rules for each decay process. As an
example, consider the decay W — Wy;(py, s1)F; (P, 52). If we apply the W¥, ¥ Feynman rule of Fig. G.5.4, we obtain:

iM = —il(By, 52) [(G)f'PL + (G2)Pr] v (By. 51). (G66)

If we apply the corresponding W¥y, ¥ Feynman rule, we obtain the negative of Eq. (G.6.6) with P, <> P and (p;, s1) <
(p,, s2). Using Eqgs. (G.4.36) and (G.4.37), the resulting amplitude is the negative of Eq. (G.6.6), as expected since the order of
the spinor wave functions in the two computations is reversed. A similar conclusion is obtained for the decay @ — W¥yF;.
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Turning to the elastic scattering of a Majorana fermion and a neutral scalar, we shall examine two equivalent ways for
computing the amplitude. Following the rules previously stated, there are two possible choices for the direction of arrows
on the Majorana fermion lines. Thus, may evaluate either one of the following two diagrams:

plus a second set of diagrams (not shown) where the initial and final state scalars are crossed.
Evaluating the first diagram above, the matrix element for ¢ ¥, — ¢ Wy is given by:

-1 _ -
iM = Py u(p,, s2) AP + A*PR)(p + m)(APy + L*PR)u(p;, s1) + (crossed)

=z :712 U@y, s2) [IM? B+ (WPL + (W*)*Pg) m] u(@y, s1) + (crossed), (G.6.7)

where m is the Majorana fermion mass and /s is the center-of-mass energy. Using Eqs. (G.1.2) and (G.4.11), one recovers
the results of Eq. (4.5.13). Had we chosen to evaluate the second diagram instead, the resulting amplitude would have been
given by:

. _ i =/ 2 2 *\2 =
iM = pp— U(By, 1) [—IA1P p+ (AP + (A*)*Pr) m] v(By, 52) + (crossed). (G.6.8)

Using Eq. (G.4.33), it follow that:

U(Py, S)V(By, 52) = —UU(Py, S2)U(Py, 51), (G.6.9)
(P, s) Y vy, 52) = Uy, $2) ¥ u(dy, s1). (G.6.10)

Consequently, the amplitude computed in Eq. (G.6.8) is just the negative of Eq. (G.6.7). This is expected, since the order of
spinor wave functions in Eq. (G.6.8) is an odd permutation of the order of spinor wave functions in Eq. (G.6.7) [(12) and (21),
respectively]. As in the two-component Feynman rules, the overall sign of the amplitude is arbitrary, but the relative signs
of any pair of diagrams is unambiguous. This relative sign is positive [negative] if the permutation of the order of spinor
wave functions of one diagram relative to the other diagram is even [odd].

Next, we consider the elastic scattering of a charged fermion and a neutral scalar. Again, we examine two equivalent
ways for computing the amplitude. Following our rules, there are two possible choices for the directions of the fermion line
arrows, depending on whether we represent the fermion by ¥ or ¥¢. Thus, we may evaluate either one of the following
two diagrams:

' N we we

plus a second set of diagrams (not shown) where the initial and final state scalars are crossed. Evaluating the first diagram
above, the matrix element for ¢F — ¢F is given by Eq. (G.6.7), with A replaced by «. Had we chose to evaluate the second
diagram instead, the resulting amplitude would have been given by Eq. (G.6.8), with A replaced by «. Thus, the discussion
above in the case of neutral fermion scattering processes also applies to charged fermion scattering processes.

In processes that only involve vertices with two Dirac fields, it is never necessary to use charge-conjugated Dirac fermion
lines. In contrast, consider the following process that involves a vertex with one Dirac and one Majorana fermion. Specifically,
we examine the scattering of a Dirac fermion and a charged scalar into its charge-conjugated final state, via the exchange of
a Majorana fermion: ®'F — ®F. If one attempts to draw the relevant Feynman diagram employing Dirac fermion lines but
with no charge-conjugated Dirac fermion lines, one finds that there is no possible choice of arrow direction for the Majorana
fermion that is consistent with the vertex rules of Fig. G.5.4. The resolution is simple: one can choose the incoming line to
be ¥ and the outgoing line to be &€ or vice versa. Thus, the two possible choices are given by:
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plus a second diagram in each case (not shown) in which the initial and final scalars are crossed. If we evaluate the first
diagram, the resulting amplitude is given by:
—i

iM = Py U(P,, 52) (k2P + K PR) (P + M) (k2P; + K PR)u(Py, s1) + (crossed)

— ﬁ Uy, 52) [K5K2 P+ (k3P + (k)Pr) m] u(@y, s1) + (crossed), (G.6.11)
where m is the Majorana fermion mass. This result is equivalent to Eq. (4.5.17) obtained via the two-component spinor
methods. Had we evaluated the second diagram, then one finds after using Egs. (G.6.9) and (G.6.10) that the resulting
amplitude is just the negative of Eq. (G.6.11), as expected. As before, the relative sign between diagrams for the same process
is unambiguous.

In the literature, there are a number of alternative methods for dealing with scattering processes involving Majorana
particles. For example, one can define a fermion number violating propagator for four-component fermions (see, e.g.,
Ref. [7]). Using the methods of Ref. [7], factors of the charge conjugation matrix C appear both in fermion-number-violating
propagators and vertices. However, all such factors of C eventually cancel out by the end of the computation of any S-matrix
amplitude. Moreover, such methods often involve subtle choices of signs that require first-principles computations to verify.
As previously noted, our four-component fermion diagrammatic techniques do not suffer from either of these complications.

In the case of elastic scattering of a Majorana fermion and a neutral vector boson, the two contributing diagrams include
the following diagram:

o

plus a second diagram (not shown) where the initial and final state vector bosons are crossed. Consider first the scattering
of a neutral Majorana fermion of mass m. Using the Feynman rules of Fig. G.5.2, the Feynman rule for the A, ¥ ¥y vertex
is given by iGy* ys. Hence, the corresponding matrix element is given by

2

iM = ——— 0Py, 5) v - € (p—m)y - eu(Py, 51) + (crossed), (G6.12)
s—m

where we have used y"ys(p+ m)y*ys = y"(p — m)y*. Using Egs. (G.1.2) and (G.4.11), one easily recovers the results of
Eq. (4.5.14).

The scattering of a Dirac fermion of mass m and a neutral vector boson can be similarly treated. The relevant Feynman
graphs are the same as in the previous case, and the matrix element is given by

. T -
M = p— U(Py,s2) v - &5 (GLPL + GrPR)(p + m) v - &1 (GLP, + GrPr)u(py, 51) + (crossed)

i . -
= — Uy, $2) ¥ - &5 [(GiPL + GPr) p + GLGrm] ¥ - e1u(By, s1) + (crossed). (G.6.13)

One can easily check that this result coincides with that of Eq. (4.5.18).
Finally, we examine the elastic scattering of two identical Majorana fermions via scalar exchange. The three contributing
diagrams are:

> T

and the corresponding matrix element is given by

iM =

> [01(APL + A Pr)ua s (AP, + A" Pr)vg ] + (—1) 3
s—m t—m

) [

[1_13()\.13]_ + )\*PR)U] fl4()\,PL + )\.*PR)Uz]

+

i _
5 [Ba(APy 4+ A*Pr)uy U3 (AP, 4 A*PR)us ] (G.6.14)
u—my

where u; = u(p;, s;), v = v(fzj, sj) and my is the exchanged scalar mass. The relative minus sign of the t-channel graph
relative to the s and u-channel graphs is obtained by noting that 3142 [4132] is an odd [even] permutation of 1234. Using

Egs. (G.1.7), (G.4.11) and (G.4.12), one easily recovers the results of Eq. (4.5.19).
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p p
-— -—
a b a b
— ] -
i J i J
7(Sab)1J (p) _i(zab)zj (p)

Fig. G.7.1. The full, loop-corrected propagator for four-component Dirac fermions, i(S.”)7 (p), is denoted by the shaded box, which represents the sum of
all connected Feynman diagrams, with external legs included. The self-energy function for four-component Dirac fermions, —i(X,?)7 (p), is denoted by the
shaded circle, which represents the sum of all one-particle irreducible, connected Feynman diagrams with the external legs amputated. In both cases, the
four-momentum p flows from right to left.

G.7. Self-energy functions and pole masses for four-component fermions

In this section, we examine the self-energy functions and the pole masses for a set of four-component fermions. We first
consider four-component Dirac fermion fields ¥,;, where « is the four-component spinor index and i is the flavor index. The
full, loop-corrected Feynman propagators with four-momentum p* are defined by the Fourier transforms [cf. footnote 35]
of vacuum expectation values of time-ordered products of bilinears of the fully interacting four-component fermion fields:

(Ol TW ()W (y) |0)r = i(Sa2)7 (), (G.7.1)
with [307-314]
S() = b [PS] () + PeSr(0)] + PSp () + PeSp(0%), (G.7.2)

where the four-component spinor indices @ and 8 and the flavor indices i and j have been suppressed. As in Section 4.6, we
shall organize the computation of the full propagator in terms of the 1PI self-energy function[310]4°:

2(p) = [PLEL(P?) + IR (0] + PLEp () + PeZp(p?). (G7.3)
Diagrammatically, iS and —iX are shown in Fig. G.7.1.
The hermiticity of the effective action implies that § and X satisfy hermiticity conditions [299,315]
[ST]"=AsA™!,  [ET]"=A%A"], (G.7.4)

where A is the Dirac conjugation matrix [A = y? in the standard representations; see Eq. (G.1.20) and the text that follows]
and the star symbol was defined in the paragraph below Eq. (4.6.6). Applying Eq. (G.7.4) to Egs. (G.7.2) and (G.7.3) then
yields the following conditions for the complex matrix functions:

[S]I"=S1,  [Sgl" =Sk, Sp=S;, (G.7.5)

[Z[F=3%1, [ZR]'=3k,  Ip=3I. (G.7.6)

Starting at tree level and comparing with Fig. G.5.1, the full propagator function is given by:

SIp) = (p+msl/@* —m) + ..., (G7.7)

with no sum over i implied. The full loop-corrected propagator can be expressed diagrammatically in terms of the 1PI self-
energy function:
a b a b a c d b

= -+

i J i J i k l J (G.7.8)
As in Section 4.6, the algebraic representation of Eq. (G.7.8) can be written as [cf. footnote 53]:
S=T+TES=T"'-%71, (G.7.9)

where T/ = (p + m)8!/(p> — m?) is the tree-level contribution to S given in Eq. (G.7.7). By writing the expressions for
S and X given in Eqgs. (G.7.2) and (G.7.3) and T in block matrix form using Eq. (G.1.2), one can verify that Eq. (G.7.9) is
equivalent to Eq. (4.6.26). Consequently, the complex pole masses of the corresponding Dirac fermions are again determined
from Eq. (4.6.31).

In the special case of a parity-conserving vectorlike theory of Dirac fermions (such as QED or QCD), the pseudoscalar
and pseudovector parts of S(p) and X(p) must be absent. Thus, the following relations must hold among the loop-corrected

149 oyr notation in Eq. (G.7.3) differs from that of Ref. [310], as we employ E,Tz instead of Xg. Our motivation for this choice is that in the case of Majorana
fermions [cf. Eq. (G.7.15)], we simply have ¥; = X, without an extra transpose (or conjugation). We have also chosen to employ SI in Eq. (G.7.2) for
similar reasons.
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propagator functions and self-energy functions, respectively:
Sk=S]., Sp=I[SpI", (G.7.10)
T = %, p = [Z,]%, (G.7.11)
in agreement with Eqs. (4.6.32) and (4.6.33).

In the case of a set of four-component Majorana fermion fields, we can still use the results of Eqs. (G.7.2)-(G.7.9). However,
one obtains additional constraints on the full propagator and self-energy matrix functions due to the Majorana condition
Uy = CW,T/H. Inserting this result into Eq. (G.7.1), and making use of the anticommutativity of the fermion fields, one easily
derives:

—b — _
(O TWai ()W ;1) 10)r = Cae (O] TW1ai ()W i (¥) [0)r (C™H. (G7.12)
Consequently,
cs'cl=s, cXcl=1x:. (G.7.13)
Inserting the expressions for S and X [Eqs. (G.7.2) and (G.7.3)] and using the result of Eq. (G.1.90), it follows that:
SL=Sk, Sp=S, Sp=S, (G.7.14)
S =3k Ip=3. Ip=73, (G.7.15)

As expected, with these constraints the form of Eq. (4.6.26) matches precisely with the form of Eq. (4.6.16), corresponding
to the equation for the full propagator functions for a theory of generic two-component fermion fields. In the notation of
Section 4.6, we can therefore identify: C = S; = Sg, D = Sp, E = X; = X, and 2 = Xp.

Appendix H. Covariant spin operators and the Bouchiat-Michel formulae

Bouchiat and Michel derived a useful set of formulae [112] that generalize the spin projection operators used in four-
component spinor computations. In this appendix, we establish the two-component analogues of the Bouchiat-Michel
formulae, and demonstrate their equivalence to the corresponding four-component spinor formulae.

H.1. The covariant spin operators for a spin-1/2 fermion

Consider a massive spin-1/2 fermion of mass m and four-momentum p. We define a set of three four-vectors S*
(a = 1, 2, 3) such that the S** and p*/m form an orthonormal set of four-vectors. In the rest frame of the fermion, where

p* = (m; 0), we can define

S =(0;s9), a=1,2,3, (H.1.1)

where the unit vectors §” are a mutually orthonormal set of unit three-vectors that form a basis for a right-handed coordinate
system. Explicit forms for the §* depend on the Euler angle y used to define the spinor wave function x(8). Two common
choices corresponding to y = —¢ and y = 0 are given in Egs. (C.1.39) and (C.1.40), respectively. Using Eq. (2.117), the three
four-vectors S*, in a reference frame in which the four-momentum of the fermion is p* = (E; p), are given by:

- .

.S N .S

s — (P ;s“—l—(p )p , a=1,23. (H.1.2)
m m(E +m)

As discussed in Appendix C, we identify § = § as the quantization axis used in defining the third component of the spin
of the fermion in its rest frame. It then follows that the spin four-vector, previously introduced in Eq. (3.1.15) is given by
St = s,

The orthonormal set of four four-vectors p* /m and the S** satisfy the following Lorentz-covariant relations:

p-S°=0, (H.1.3)
s¢.sb = g (H.1.4)
€""*p,S1s2s3 = —m, (H.1.5)
sash _gagh — gabee 5P P (H.1.6)
n=v Ve T nypo m ’ L
Pubv

SuSy = —8uw +

et (H.1.7)

where the sum over the repeated indices is implicit. It is convenient to define a matrix-valued spin four-vector .#*, whose
matrix elements are given by:

ot — cap.a /o 1
'/SS/ =S TSS/’ $,§S = :l:j’ (H.1.8)
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where t, are the matrix elements of the Pauli matrices (see footnote 95). Then, we can rewrite Egs. (H.1.4) and (H.1.6) as:

%glbvyuyv = _12><25 (H-1~9)
2i

s g = Hewa (H.1.10)
m

where the product .#*." corresponds to ordinary 2 x 2 matrix multiplication. The .»** serve as covariant spin operators for
a spin-1/2 fermion. In particular, in the rest frame, the %5/" satisfy the usual SU(2) commutation relations, with (%5”)2 =3

4
as expected for a spin-1/2 particle.
It is often desirable to work with helicity states. In this case, we choose:
§'=p", (H.1.11)

where the p* are an orthonormal triad of unit three-vectors with p*> = p. Moreover, since p* - p = 0 for a # 3, it follows
that S% = (0; p) for a = 1, 2 in all reference frames obtained from the rest frame by a boost in the p direction. Hence, in
a reference frame where p* = (E; p), Eq. (H.1.2) yields,

S =(0:p"), (H.1.12)

S = (0; p%), (H.1.13)
-

o _ (M; p) , (H.1.14)
m m

in a coordinate system where p = (sin @ cos ¢, sin @ sin ¢, cos ). One can check that Egs. (H.1.1)-(H.1.7) are also satisfied
by the S?* defined in Egs. (H.1.12)-(H.1.14).
As expected, S>* is the spin four-vector for helicity states obtained in Eq. (3.1.16). In the high energy limit (E >> m),

mS%# = p* 8§ 4+ @(m). (H.1.15)

Explicit forms for i)l and ﬁz are convention dependent and depend on the conventional choice of the Euler angle y. For
example, consider the quantities:

St =38ty | =36 —is?),  S{=3STrt =3 i), (H.1.16)

=

1
2
Using Eqs. (H.1.11)-(H.1.14) and employing Eq. (C.1.27) with R given by Eq. (C.1.4),

3 sinf e % sin® = 4 5 sinf —e7® cos? —
o-S_=¢é” 2 T-S.=e" (H.1.17)
- 6 20 1. ’ + 6 .20 1. ’ o
—e'? cos 3 —5sin6 e?sin 3 —5sin6
In the convention of Eq. (C.1.39) [Eq. (C.1.40)], we take y = —¢ [y = 0], respectively.

H.2. Two-component spinor wave function relations

In Section 3.1, we wrote down explicit forms for the undotted spinor wave functions

Xe(B,5) = /P 0 X5 X @,s) = —2sx'\/p - 7, (H.2.1)

Ya@.5) =25/P -0 x-s,  Y*B.5)=xIVp -0, (H.2.2)
and the dotted spinor wave functions

X@,s) = -2sp- o x—s, X9 =xivp O, (H2.3)

Y@, ) =vp -7 xs. yi®.s) =2sx' P o, (H.2.4)

where /p - o and /p - ¢ are defined either by Eqs. (2.109) and (2.110) or by Egs. (2.113) and (2.114), respectively (as
mandated by the spinor index structure). As shown in Appendix C, the two-component spinors y; satisfy:

v- $%%s = %TSZ/XSv XST(-%)XS’@) =38y, S5 = i%~ (H.2.5)

N—=
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Next, we use Egs. (2.118) and (2.119) to obtain:

Jp 05T p -0 =mao -5, (H.2.6)

Vp-5S8-op-cd=—mao -5, (H.2.7)

which extends the results of Egs. (3.1.17) and (3.1.18). As a result, we obtain a generalization of Egs. (3.1.24)-(3.1.27):

S5 x5 (P, 5) = T8y (B, 5), (5*- 0)py B, 5) = —t4x B, 5), (H2.8)
(s®- o)anTi‘ @.5) = -5y, 9), S - )Py, 5) = L x (D, s), (H.2.9)
XD, )" 0)gp = —rs‘fsy;g(ﬁ, s), YL@, $) (" - ) =X @, 5), (H.2.10)
XL (@,5)(S"-3) = LyP (p,s), YD) 0)gp = —r;;,x;(ﬁ, s), (H2.11)

where there are implicit sums over the repeated labels s = j:%. As expected, the case of a = 3 simply reproduces the results
of Egs. (3.1.24)-(3.1.27) obtained previously. The above equations also apply to helicity wave functions x(p, ) and y(p, 1)
by replacing s, s’ with A, A" and defining the S by Egs. (H.1.12)-(H.1.14).

The derivation of Eqs. (H.2.8)-(H.2.11) for arbitrary a closely follows the corresponding derivation for a = 3 previously
given. For example, using Eqs. (H.2.6) and (H.2.7) and the definitions for x, (p, s) and y'*(p, s), we find (suppressing spinor
indices),

VP 0S -5x(P,s) =P - 0S"-Tp 0 xy =m5 -8 xy =Mt Xss (H.2.12)
after using Eq. (H.2.5). Multiplying both sides of Eq. (H.2.12) by +/p - &, we end up with

S*-ox(P,s) =1Vp T xs =LY B, 9). (H.2.13)
Similarly,

ST ox'(p,s) =251 _ D0 xos = —15,Y(B. ), (H.2.14)
where we have used:

4ss/rf5775, = —1g, fors, s’ ==+1/2. (H.2.15)

All the results of Egs. (H.2.8)-(H.2.11) can be derived in this manner.

H.3. Two-component Bouchiat-Michel formulae

To establish the Bouchiat-Michel formulae, we begin with the following identity:

F0w +3 810 Y xexd = xoxd- (H3.1)
(=%1/2

To verify Eq. (H.3.1), we used Eq. (H.2.5) to write & - 8", = /5, X and evaluated the product of two Pauli matrices:
tsi/ Tta/t =2 (Sstas/t’ — SSS/SH/. (H32)

We then use Eq. (H.2.6) and the completeness relation given in Eq. (C.1.21) to rewrite Eq. (H.3.1) in terms ofy;?, defined in
Eq. (H.1.8),

el =1 <5 n % N a «/ﬁ) _ (H3.3)
Hence, with both spinor indices in the lowered position,
X@.X'B,5) = /P o xexd VPO
_ ;W[SSS/+;W§%S/ 5 p.o}m
=1 [p-oéss/—i—%p-o&”ss/ -Ep~o]

=1 08y —mFAy - 0). (H.3.4)
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In the final step of Eq. (H.3.4), we simplified the product of three dot products by noting that p - S* = 0 implies that
S O PO =—p-0 Sy -0.Eq. (H.3.4)is the two-component version of one of the Bouchiat-Michel formulae. We list
below a complete set of Bouchiat-Michel formulae, which can be derived by similar techniques:

Xa@. KB, 5) = 3 (P8 — MFy) - 0, (H3.5)
Y@, s B, s) = 2(psyw + mAy) - T, (H.3.6)
Xa (@, )Y B, 5) = 5 [mw8s” — (0 - #) @ - P)1”], (H.3.7)
V@B, 5) = 5 [mdd®y + (@ - H9) (0 - P)I*]. (H.3.8)

If we set s = s/, we recover Egs. (3.1.46)-(3.1.49) as expected. The Bouchiat-Michel formulae can also be verified directly
by using the explicit forms for the two-component spinor wave functions [Eq. (C.1.11)] and the 75’:, [defined in Eq. (H.1.8)].
The latter depends on the explicit form of the §* via Eq. (H.1.2).

An equivalent set of Bouchiat—-Michel formulae can be obtained by raising and/or lowering the appropriate free spinor
indices using Eqs. (2.31) and (2.78):

X@, WD, s) = 2(pdys — mAys) - 7P, (H.3.9)
Ya @, 5B, 5) = 3(pdys +mFs) - 04, (H.3.10)
Yo @, )X (B, 5) = —3 [mbesde® + [(0 - H45) @ - P)I"]. (H.3.11)
KB, LB, s) = —5 [mdesd®y — [@ - s) (0 - PI3] - (H.3.12)

In this derivation, the spin labels in Eqgs. (H.3.9)-(H.3.12) are reversed relative to those in Egs. (H.3.5)-(H.3.8) due to
Eq. (H.2.15). Eight additional relations of the Bouchiat-Michel type can be obtained by replacing one x-spinor with a y-
spinor (or vice versa). Recalling that the x and y spinors are related by [cf. Eq. (3.1.23)],

y(@, s) = 2sx(p, —s), y @, s) = 2sx" (P, —s), (H.3.13)

all possible spinor bilinears can be obtained from Egs. (H.3.5)-(H.3.12).

Note that Egs. (H.3.5)-(H.3.12) also apply to helicity spinor wave functions x(p, ) and y(p, 1) after replacing s, s’ with
A, A" and using the S%* as defined in Egs. (H.1.12)-(H.1.14). Strictly speaking, all results involving the spinor wave functions
obtained up to this point apply in the case of a massive spin-1/2 fermion. If we take the massless limit, then the four-vector
$3* does not exist, as its definition depends on the existence of a rest frame. (In contrast, the four-vectors S'* and S** do
exist in the massless limit.) Nevertheless, massless helicity spinor wave functions are well defined; explicit forms can be
found in Egs. (3.1.37)-(3.1.40). Using these forms, one can derive the Bouchiat-Michel formulae for a massless spin-1/2
fermion:

Xe @ AL BA) = (5 = 1) 800D - 0y (H.3.14)
Y@ ®. 2 = (3 +1) S p -7, (H.3.15)
X @2y B, 3) = — (3 -2) (3 +2) [0 -50)@ - P, ”, (H3.16)
Y@@ ) = (5 +4) (5 - 1)@ - S - pI . (H.3.17)

where §* and Sfﬁ are defined in Eq. (H.1.16). The equivalent set of Bouchiat-Michel formulae, obtained by raising and/or
lowering the appropriate free spinor indices, is given by:

X@ @0 = (3 1) Swp -7, (H.3.18)
Ya @, 2 W@, 3) = (3 +21) S0P - 0, (H.3.19)
Yo @B X P21 =—=(53+1)(3-2) [0 -5)@ -pl,”, (H.3.20)

X (P, x/)yg(ﬁ, N=G-V)E+1)I[@ S0 I, (H.3.21)
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Eight additional relations of the Bouchiat-Michel type can be obtained by replacing one x-spinor with a y-spinor (or vice
versa), using the results of Eq. (H.3.13). As a check, one can verify that the above results follow from Egs. (H.3.5)-(H.3.12) by
replacing s with A, setting mS® = p* §3, applying the mass-shell condition (p> = m?), and taking the m — 0 limit at the
end of the computation.

We now demonstrate how to use the Bouchiat-Michel formulae to evaluate helicity amplitudes involving two equal
mass spin-1/2 fermions. A typical amplitude involving a fermion-antifermion pair, evaluated in the center-of-mass frame
of the pair has the generic structure:

z(p, M) 'z (—=p, \), (H.3.22)
where z is one of the two-component spinor wave functions x, x', y, or y', and I' is a 2 x 2 matrix (in spinor space) that is
either the identity matrix, or is made up of alternating products of o and &. As an illustration, we evaluate:

XL, ) T (=B, 3) = 20 T xg (=B, =3 W, (B, 2) = 20 &) Mol v 3, 2L B, 1), (H.3.23)

where &;/(p) is defined in Eq. (C.3.15), and we have used Egs. (C.3.20) and (3.1.23). We can now employ the Bouchiat—Michel
formula to convert the above result into a trace. By a similar computation, all expressions of the form of Eq. (H.3.22) can be
expressed as a trace:

X, @, 2) T yg(—p, )y = X &0(D) Tr [T oMby +G - S0 - p)], (H.3.24)
Y@, 1) T xt (—p, Ay = =4 & (D) Tr [T 5°(mSy — 0 - #5005 - )], (H.3.25)
Y@ W)L yp(—p. M) =N & @) Tr [T 0@ - pdw +mo - Fu)], (H.3.26)
X @, ) T xP (—p, 3y = =2 &) Tr [[5%(0 - pduy —mo - #20)] (H.3.27)

after making use of Eqs. (H.3.5) and (H.3.8). Similarly, there are four additional results that make use of Eqgs. (H.3.9) and
(H.3.12);

YL@, 2) T4 x5 (—p, M) = X & (B) Tr [T oMby — G - Fso - p)], (H.3.28)
XEB, ) Ty yP (=P, 1)) = =2 £ () Te [T TSy + 0 - ST - p)], (H.3.29)
X@ )L xg(—p V) = =N Ey(P) Tr [T o°@ - pbus —mo - F)], (H.3.30)
Y@ 0 Ty (B, 3y = M &) Tr [F 500 - p&us +mo - #1,)]. (H3.31)

For amplitudes involving equal mass fermions (or equal mass antifermions), other combinations of spinor bilinears appear
in which one x-spinor above is replaced by a y-spinor or vice versa. These amplitudes can be reduced to one of the eight
listed above by using Eq. (3.1.23).

In the massless limit, one can again put mS% = p"§®, set p> = m? and take m — 0 at the end of the computation.
Alternatively, one can repeat the derivation of Egs. (H.3.24)-(H.3.31) using the results of Eqs. (H.3.14) and (H.3.21).
For completeness, we record the end result here.

@I ys(—p. M) =G+ 1) (3 —2) & @B T 0% -S_0o - p), (H.3.32)
VB, Ty xP(—p,2) = — (3 = 1) (3 + 1) & @ Te(F 5% -S_7 - p), (H3.33)
Y@ML ys(—p.2) = (3 + 1) S EvB) Tr(I %7 - p), (H.3.34)
X @, ) réxP (—p, 2y = (3 = 1) 8 & D TI(I 500 - p). (H.3.35)

The equivalent set of formulae, obtained by raising and/or lowering the appropriate free spinor indices as before, is given
by:

.

Vi@ )T x5(—p, M) = (3 =) (2 +1) & B Tr(" 0% - S0 - p), (H.3.36)
X, M) Ty P (=, 0 = = (A +2) (2 =2) 0B TI(I7 5% - 5,5 - p), (H.3.37)
X@ 0L xg(—p. V) = (3 = A) 8w E_ (D) Tr(I 0°F - p), (H.3.38)

1
2
T &, B3 3y — (1 h 50
Ye@. W) Ty (—p, 1) = (5 4+1) 8w B T(I'5° 0 - p). (H.3.39)
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The traces are easily evaluated using the results of Appendix B. Here, we apply the above results to the amplitude for
the decay Z° — ff [see Section 6.2]. The corresponding center-of-mass frame helicity amplitude is a linear combination of
Eqgs. (H.3.24) and (H.3.25) with I = ¢ and I" = o, respectively. Evaluating the corresponding terms, we find for I" = &,

X' @, 05"y (=B, M) = 24" & (B) [mg"80 + p" 7Y, — p0A, — 2m(A" 0 — 0 71),0], (H.3.40)
where we have used Eq. (H.1.10) to replace the term with the Levi-Civita tensor. Similarly, we calculate for I" = o,
y®. Mot x (=, X)) = 21 & () [-mg"08, + p" Ay, — PPt +2m(H S0 — A0 (H.3.41)

Eqs. (H.3.40) and (H.3.41) provide explicit forms for the Z® — ff decay helicity amplitudes defined in Egs. (6.2.3) and (6.2.4).

The above method is not applicable if the two fermions have unequal mass. In order to compute the helicity amplitudes
of the form given by Eq. (H.3.22) for unequal masses, a generalization of the above techniques is required. Some methods for
four-component spinor wave functions have been proposed in Ref. [316]. We leave it as an exercise for the reader to translate
these techniques so that they are applicable to helicity amplitudes expressed in terms of two-component spinor wave
functions. An alternative approach, which is applicable to the computation of helicity amplitudes for processes involving
multi-fermion final states of arbitrary mass, is reviewed in Appendix I.1.

H.4. Four-component Bouchiat-Michel formulae

Using the results of Appendix G, the translation of the results of Appendix H.3 into four-component spinor notation is
straightforward. First, we consider a massive spin-1/2 fermion. Egs. (H.2.8)-(H.2.11) yield [285]:

ys Slu@, s) = Tl u(@,s), vs 5@, s) = i v, s), (H.4.1)
u@p,s) ys 8 =t u,s), (D, s) s B4 = 13, v(D, ). (H.4.2)

In the case of a = 3, Eqs. (H.4.1) and (H.4.2) reduce to those of Egs. (G.4.18) and (G.4.19).
The four-component Bouchiat-Michel formulae [112,316,317] can be obtained from Eqgs. (H.3.5)-(H.3.12):

u@, sHu@,s) = 3 [ + sy s ] (B +m), (H.4.3)
v(®, Y@, ) = 5 [¢s + vsy s (B —m), (H.4.4)
where MS‘S‘, = S%tg,. As expected, the above results for s = s’ correspond to the spin projection operators given in
Egs. (G.4.20) and (G.4.21). Related formulae involving products of u and v-spinors can be obtained by using [cf. Eq. (G.4.15)]:
v(p, s) = —2sysu(p, —s), u(, s) = 2sysv(p, —s). (H.4.5)

Egs. (H.4.1)-(G.4.15) also apply to helicity u and v-spinors, after replacing s, s’ with A, A’ and using the S* as defined in
Eq. (H.1.14). The four-component versions of Egs. (C.3.20)-(C.3.23) yield:

u(—=p, =) =&@) y°u@, 2,  v(=p,—1) =ED) ¥ v, A), (H4.6)
u(—p, —») =u@P, M)y £ (B),  V(—p,—A) =@, 1)y E.(D), (H47)

where the phase &, (p) was defined in Eq. (C.3.12). In order to consider the massless limit, one must employ helicity spinors,
as discussed in Appendix H.3. For a = 1, 2, Egs. (H.4.1) and (H.4.2) apply in the m — 0 limit as written. The corresponding
massless limit for the case of a = 3 is smooth and results in Eq. (G.4.22). Similarly, the massless limit of the Bouchiat-Michel
formulae for helicity spinors can be obtained by setting mS% = p* §%%, applying the mass-shell condition (p?> = m?), and
taking the m — O limit at the end of the computation. The end result is given by

u(p, M)i(p. &) = 3(1+ 21y5) P + 3vsL 810+ 21 b, (H.438)
v(p, A)0(p, ) = 3(1 = 2Ays) PS4 3vsL BT, + BT, P (HA4.9)

As expected, when A = A/, we recover the helicity projection operators for massless spin-1/2 particles given in Egs. (G.4.24)
and (G.4.25).

As before, we can use the Bouchiat-Michel formulae to evaluate helicity amplitudes involving two equal mass spin-1/2
fermions. A typical amplitude involving a fermion-antifermion pair, evaluated in the center-of-mass frame of the pair, has
the generic structure:

w(ﬁ? )‘) r w/(_i’» )"/)7 (H410)

where w is either a u or v spinor, w’ is respectively either a v or u spinor, and I" is a product of Dirac gamma matrices. For
example,

A, 1) I v(=p, ') = =20'U(@, 1) I ysu(—p, —1') = =21 & @) @, 1) I ys y° u@, 1), (H.4.11)
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where we have used the results of Egs. (G.4.15) and (H.4.6). We can now employ the Bouchiat-Michel formula to convert
the above result into a trace. By a similar computation, all expressions of the form of Eq. (H.4.10) can be expressed as a trace:

0@, 1) I o(=p, ») = =2 & ®) Tr [T ysy° Guwr + vsv ) (B +m)], (H.4.12)

0@, 2) T u(=p, A) = X Ex B Tr [Tysy° G + vsvu i) (b —m)]. (H4.13)
These results are the four-component analogues of Eqs. (H.3.24)-(H.3.27) and Egs. (H.3.28)-(H.3.31), respectively. For
amplitudes that involve a pair of equal mass fermions [or equal mass antifermions], w and w’ in Eq. (H.4.10) are both
u-spinors [or v-spinors]. Using Eq. (G.4.15), these amplitudes can then be evaluated using the results of Eqs. (H.4.12) and
(H.4.13) above.

In the massless limit, one can again put mS% = p"§®, set p> = m? and take m — 0 at the end of the computation.
Alternatively, one can repeat the derivation of Eqgs. (H.4.12)-(H.4.13) using the results of Eqs. (H.4.8) and (H.4.9). For
completeness, we record the end result here.

u@, ) I'v(—p, )) = Ew(ﬁ){;&w Tr[Cy°(1+ 2hys) pl+ A T Cy°(8'c) + 8%t2) p]}, (H4.14)

0@, A) I u(=p,2) = E—w(ﬁ){ 30 TNy (1= 20p5) pl = X' T Ly (8T, + £20)) p]}. (H4.15)

As an example, we consider once again the decay Z° — ff. The decay amplitude is equal to Eq. (H.4.12), where I" is a
linear combination of %y“(] — vs) and %y"(l + y5). Evaluating the corresponding traces yields:

1P, 1) 37" (1 = y5) v(=p. ) = 20 & (B) [mg"8,0 + p* 70y — PP 7 L%, + 1€ (S0)ups] (H4.16)

0@, ) 37" (1 + ) v(=P, &) = 21" & (B) [~mg"*8, + p".75, — p°.7, — i€ (F)b, ] - (H4.17)
Using Eq. (H.1.10), we see that Eqs. (H.4.16) and (H.4.17) reproduce exactly the results of Eqs. (H.3.40) and (H.3.41),
respectively.

Finally, we note that if the two fermions do not have the same mass, then the method presented above is not applicable.
However, generalizations of the above method exist in the literature that can be employed to evaluate helicity amplitudes
of the form of Eq. (H.4.10) for unequal mass fermions; see, e.g., Ref. [316]. An alternative approach due to Hagiwara and
Zeppenfeld [105] is reviewed in Appendix L.1.

Appendix I. Helicity amplitudes and the spinor helicity method

In Appendix H, we showed how to use the Bouchiat-Michel formulae (with versions applicable to both two-component
and four-component spinor wave functions) to construct helicity amplitudes for processes with two initial state and two
final state equal mass fermions (or a fermion-antifermion pair) in the center-of-mass frame of the two fermions. For practical
applications, it is important to extend these techniques to allow for final states with an arbitrary number of particles. The
techniques should be powerful enough to allow for pairs of fermions of unequal mass, and both massless and massive spin-
1 particles. Ideally, these techniques should produce simple analytic results (when possible) and yield efficient numerical
algorithms for the evaluation of the helicity amplitudes.

L.1. The helicity amplitude technique of Hagiwara and Zeppenfeld

One method for computing helicity amplitudes for multi-particle final states that is easily amenable to numerical analysis
was developed by Hagiwara and Zeppenfeld (HZ) [105]. The HZ formalism was subsequently employed in Refs. [318,319]
in developing a fast numerical algorithm for the computation of multi-parton processes. In this section, we demonstrate
how our two-component formalism (denoted by DHM) can be connected to theirs. In particular, we present a translation
between the two formalisms in Table I.1.1.

After removing the propagator factors, an arbitrary tree amplitude with external fermions can be expressed in terms of
a four-component fermion string

ULty ... oW, T =1, (L1.1)

where ¥ is a four-component spinor wave function u(p;, A;) or v(p;, —=1)),"®® and P = (1 £ ys) are the chiral
projection operators. Furthermore, g, = yuaﬁ where a; represents an arbitrary Lorentz four-vector, which can be a four-
momentum pf:, a vector boson wave function €”(px, Ax), an axial vector (e.g., €”"?? py, Pm,Pns) OF another fermion string
with uncontracted Lorentz indices (e.g., ¥ Y “¥,).

150 Y47 defines v(p, A) = Ci"(p, 1), where C = iy?y°, which differs by an overall minus sign from the conventions employed in this review [cf. Eq.
(G.1.20)]. In this section, we will modify the HZ results in order to be consistent with our sign convention.
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Table 1.1.1
Translation between our notation (denoted by DHM) and the notation of Hagiwara and Zeppenfeld (HZ) [ 105]. The sign convention governing the definition
of v(p, A)+ is opposite to that of HZ (cf. footnote 150).

DHM Formalism HZ Formalism
Xo (P, A) u(p, A)—
x*(p, 1) v (p, M)
xT(p, 1) v(p, A)+
(.0 uf (p, )
Y (D, 1) v(p, A)_
¥ (p, A) uf(p, M)+
yi @, 0 u(@, M)+
NN vl (p. 2)-
p-a (D)+
p-o (/Q)_

ot ofr

oH ol

Pr Py

P P_
r==+1 A ==1
x.(=2) —x.(=2)

In order to rewrite the fermion string, Eq. (1.1.1), in terms of two-component spinors, HZ decomposes the four-component
spinors as follows:

(W) - u(pj, Aj)- v(pj, Aj)-

v = i, Aj) = 1 A = o . [.1.2
J ((¢j)+ o Uy u(p, A+ )’ v 1) v(p), A+ (112)
Comparing with Egs. (G.4.11) and (G.4.12), the corresponding expressions in our notation are given in Table I.1.1. Note that

) = %1 in the notation of HZ, whereas in our notation (which we follow below) A = j:%.
The four-component fermion string is then replaced by the two-component fermion string:

UiPe ity .. @ = (WD) (f) - () sye (W5, T =1, where, = (=1)". (1.13)
In the notation of HZ,

(d):t = a/to—:lév (I-1~4)
where oﬁ = o* and ¢ = o*. In Eq. (1.1.3), the helicity labels are suppressed; more explicitly,

W)e = Ya(pr, M)e = Ui, A)r O V(Pk, —Ak)z- (1.1.5)

This convention of HZ (note the —A; argument of v) allows one to write simple generic formulae in terms of (). that are
applicable to both uy and v..

Using the results of Table 1.1.1, one can verify that Eq. (1.1.3) is covariant with respect to dotted and undotted indices.
That is, the sign t of W,-T must match the sign of the first o-matrix in the string (1), (fd2)—¢ . . . (#n)—s,. The signs of the
sigma matrices within this string alternate (either + — + —--- or — + — + - - - inthe case of t = +1 or —1, respectively).
Finally, the sign of the last o-matrix in the string [which must be equal to —§,7 in light of the previous statement] must
match the sign of ; as indicated.

As noted above, it is possible that one of the (4;). could be of the form ¢ multiplied by another fermion string with a
free p-index. One can uncouple the two fermion strings by employing the Fierz identities given by Eqgs. (2.67)-(2.69). For
example,

L)' (@) (d) - (uz) - 1[(us) T (ds) 0y, (da) - (ug)-]
= [’ (@) (d3)+ (3) 1 10w | (da) 1 (d2)— (uz) 1, (1.1.6)

which is easily derived after translating to the DHM notation.'>! As a result, the helicity tree amplitude for any process can
be expressed as the product of uncoupled strings of two-component fermion spinors

FS = (W) (d1) e (da)—z - - - (Fn)—sne (V}) 1 (1.1.7)

151 Here, we differ from HZ, who employ a Fierz identity that is not covariant with respect to the dotted and undotted indices [note the comment below
Eq. (2.54)]. Thus, Eq. (1.1.6) differs from the result obtained in Eq. (3.17b) of HZ.
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To evaluate the fermion string FS, we employ the explicit forms for the two-component helicity spinor wave functions
given in Egs. (C.3.4)-(C.3.7), which can be rewritten as

1//(1910 )"k)'[ =G Wy (5) X (ﬁk)s ([18)

where, following the convention of Eq. (1.1.5),

1 for (Vi)e = u(Pr, M),
‘ {Zkkr for (Yi)r = v, —Ade, k / (11.9)

and w;, (p) = (E + 2A|p|)"/? for A = £1/2. Hence, the fermion string [Eq. (1.1.7)] is given by [105]
FS = Ci G wer, (1) 05,01, ®B}) S(i, @1, 3, - . ., A, Pj)ii,\j, (L1.10)

where the function S is defined as
n
S(piv aq, az, ..., dn, pj)iixj = X)Tl (ﬁl) |:1_[(¢k)5kr:| X}»j (i’_})’ (Il]])
k=1

where 8; = (—1)X. In the absence of the ¢ factors, we define

Si, Paiyy = TBys P 2rs.ny = XL(IA’.')XM(IA’]'), (L1.12)

where the T (p;, i’j)2ki,2}»j are proportional to the (massless) spinorial products introduced by Kleiss [98] [cf. Egs. (1.2.22) and
(1.2.23)].

To evaluate S, we assume that the four-vectors aj are real.' Then, we may employ the following identity'3:
(e = Y [ = 7'7lal] xer @, , (@), (L1.13)
/=%

where x.//, (@) is a two-component helicity spinor with three-momentum a. Using Eq. (1.1.13) in Eq. (1.1.11), we end up with
the desired expression:

n

S(i, a1, Gy, ..., an, Pj)ii,\j = |:1_[ Z [a§3 + Tk5kf|ak|]:| T(D;, @1)2, -, T(@1, G2) 1,1,
k=1 =%

X ... T(&n—h &n)rn,1rnT(&n7 ﬁj)r",zxj- (1114)

All that remains is to evaluate the spinorial product T(a, lA))Tu o (Ta» Tv = =1) for arbitrary unit three-vectors @ and
b. Two properties of the spinorial product T(a, b)., ., are noteworthy. First, as this product is a scalar, it follows that

T(a,b): , =T(a, b)!, . Hence,Eq.(1.1.12) implies that
T(@, b)r, o, = T(b, &), . (1.1.15)

Second, we use Eq. (C.1.8) to write:
T(@.b)r,r, = X/, /2(2) explivec®/2) exp(iao?/2) expligac/2)
x exp(—igpo/2) exp(—ifyo?/2) exp(—iys0>/2) Xz, /2(2). (1.1.16)
Complex conjugating this result, and using the fact that x (2), 0! and o> are real and o2 is pure imaginary,
T(@ b);, . = tat x',,5(@) 07 exp(—iyao’/2) exp(ibe0®/2) exp(—igao/2)
x exp(igpo/2) exp(—ifpo?/2) exp(iyso>/2) 02 X—z,2(2), (1.1.17)
after using Eq. (C.1.22). Since o2 anticommutes with o3, we end up with:
T(@ D)}, ., = Tats x',, ;2 (2) explivac?/2) exp(ibao?/2) exp(igpao’/2)
X exp(—igpa>/2) exp(—ifho?/2) exp(—iyy0°/2) x—r,/2(2)
= 1,0 T(@, b) 1, o, (1.1.18)

152 1; the case of complex a*, one should decompose a* into its real and imaginary parts and evaluate separately the real and imaginary parts of S.
153 19 obtain Eq. (I.1.13), we make use of Eq. (3.1.43) applied to helicity spinors: x; X; = %(1 +2A0 - p).
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Since 1,4, T, = %1, it follows that

T(@,b)_., o = 1.7, T(@, b) (1.1.19)

Using Eqgs. (1.1.15) and (1.1.19), it is sufficient to give explicit forms for only two of the spinorial products [99,105]. Eq. (1.1.16)
yields:

*
TaTh®

T(a i,)++ — ¢l(@a=dptva=—m)/2 g % cos Gl + e~ i@a—db—rat1)/2 gip % sin @ (1.1.20)
’ 2 2 2 2’

T(a i,) L= e~ i@a=dptrvatyp)/2 g % sin 91 — ei@a—Pb—va=1)/2 §jp @ cos @ (1.1.21)
T 2 2 2 2° o

where (6,, ¢p) are the polar and azimuthal angles of p (for p = a and b, respectively). In the case where @ and/or b are
parallel to the negative z-axis, we employ the convention of Eq. (C.1.7) and choose the corresponding azimuthal angle equal
to 7. Note that HZ employ a convention for their spinor wave functions [cf. Eq. (C.1.8)] in which y = —¢, although the
convention in which y = 0 yields a slightly more symmetrical form for the spinorial products.

Egs. (I.1.7), (1.1.10) and (1.1.11) can be written in a form that is reminiscent of the results obtained in Appendix H.3. For
example, using Eqs. (C.3.4)-(C.3.7),

X @Iy’ —1) = =2V o , @)o_ B )x) @B, (11.22)
Y@, 0 Ty P @', —3)) = 20w, o B 1) BT o B, (11.23)
Y@ TP ys@' —2) = =2) o ®)o_ @) x] DT B, (1.1.24)
X @, 2) T xP @', —1') = 20/ w_, @ow B )X BT 10 B, (1.1.25)

where I" is a product of alternating o and o matrices. The spinor index structure determines the identity of the first and
last matrix (e.g., I"* 4 indicates a string of matrices that begins with a & and ends with a o, etc.). By suitable interchanges

of x and y, twelve additional equations of similar type may be written. Note that X{ I x;, [appearing on the right-hand side
of Egs. (1.1.22)-(1.1.25)] corresponds precisely to the S(p, a1, az, . . ., an, p/);w of Eq. (1.1.11), where the four possible (z, 3,,)
combinations are in one-to-one correspondence with the four possible spinor index structures of I". If p’ = —p, then one
should recover Egs. (H.3.24)-(H.3.27). Thus, the HZ method provides a powerful generalization of the helicity amplitude
methods derived in Appendix H.3.

1.2. The spinor helicity method

In many practical calculations, the masses of the fermions can be neglected. In this case the computation of multi-particle
helicity amplitudes simplifies considerably. In this section, we give a brief introduction to the spinor helicity method; for
a review, see Refs. [320,321]. The spinor helicity method is a powerful technique for computing helicity amplitudes for
multi-particle processes involving massless spin-1/2 and spin-1 particles. Although initially applied to tree-level processes,
more general techniques have also been developed that are applicable to one-loop (and multiloop) diagrams [322]. Rules
for computing dimensionally regularized amplitudes within the framework of the spinor helicity method have been given
by Ref. [323]. The spinor helicity techniques are ideal for QCD where light quark masses can almost always be neglected.
Generalizations of these methods that incorporate massive spin-1/2 and spin-1 particles exist, although they tend to be
quite cumbersome [324,325]. A Mathematica implementation of the spinor helicity formalism can be found in Ref. [326]. In
this section, we restrict the discussion to the massless case.

The spinor helicity technique described below is based on a formalism developed by Xu et al. [101] (denoted henceforth
by XZC), which is a modification of techniques established by the CALKUL collaboration [327]. The XZC formalism (which
was also independently developed in Refs. [99,328]) is based on the four-component spinor formalism. Using Eq. (G.4.23),
XZC introduce a very useful notation for massless spinors

Ip£) = u(p. +35) =v (p. F3). (12.1)

(ptl =1 (p,£3) =0 (p. F3)- (12.2)
Using these spinor wave functions, they define two non-trivial (massless) spinor products (which are equivalent to the
spinorial products introduced by Kleiss [98])!%°:

pay=(p—lg+)=u(p,—3) u(q. +3). (12.3)
[Pal=(p+lg—) =i (p.+3) u(q. —3). (12.4)

154 This convention yields a value of x; (—2) that is opposite in sign to the convention adopted by HZ.

155 Note that (p—19—) = (p+ |g+) = 0due to P,.Pr = PP, = 0.
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The =+ notation specified by the bra and ket indicates the chirality (i.e. the eigenvalue of ys) of the corresponding four-
component spinor [cf. Eq. (G.4.22)].

However, the two-component spinor formalism is especially economical in the case of massless spin-1/2 fermions.
Hence, we shall reformulate the XZC approach using two-component spinor notation. First, we consider the explicit forms
for the two-component helicity spinor wave functions [given by Egs. (3.1.37)-(3.1.40)] in the massless limit:

X (B:—3) =Ya (B- 3) = @D x_10®). X (B.—3) =¥* (. 3) = @B x{,,®). (12.5)

Xp—1) =y 3.3) = @D x10B). %, (B.—3) =y} (B.1) = @O 1L, @) (12.6)
where E = |p|. For all other choices of helicities, the corresponding helicity spinor wave functions vanish. Hence, we
define:

p+) =y @ 3) =x%B,-3),  (p+=y"(p.1)=x"(p.—3). (12.7)

Ip=) =% (P. —3) = Ya (D. 3) p—l=x (p.—1) =y (0. 3)- (12.8)

The |p£) and (p=| satisfy the massless Dirac equation [cf. Egs. (3.1.9)-(3.1.12)]:

p-oxlpx) =0, (px|p -0+ =0, (1.2.9)

where 0, = o and 6_ = 7 as indicated in Table 1.1.1. The above and the following equations should each be read as

two separate equations corresponding to the upper and lower set of signs, respectively. The following properties are also
noteworthy:

Ip%) {p£l =p - 0%, (1.2.10)
(p£l o |p£) = 2p”, (12.11)
(pxlqF) = —{q £ IpF). (12.12)
(p+loflg+) = (g—lof Ip—). (12.13)
(p£lolol lgF) = — (q£lolof IpF) . (12.14)
Note that Egs. (1.2.9)-(1.2.14) are covariant with respect to the undotted and dotted spinor indices. Egs. (1.2.10) and (1.2.11)

follow from Eqgs. (3.1.54) and (3.1.55). For example,
(p+lot Ip+) =y* (p. %) gﬁﬁyfﬁ (B, %) - étﬁyfﬁ @ %)y"‘ @ %) = Tr(o"p - &) = 2p", (1.2.15)

and similarly for (p—|c" |p—). Egs. (1.2.12)-(1.2.14) follow immediately from Eqs. (2.59)-(2.63). Egs. (1.2.13) and (1.2.14)
generalize easily to the case of a product of an even and odd number of ¢ [ matrices. For any positive integer n,

(p+lolta?? . ..ol g+) = (q—| o/ o0 p—) (1.2.16)

(ptlof'of? - ol |qF) = — (gl of™ - - 0f20%" [pF). (12.17)
Spinor products can be formed from the bras and kets in the usual way and satisfy:

(p£1gF)" = (g F Ip%), (12.18)

(p £ loflg£)" = (q £ lof|p+), (1.2.19)

where we have used the fact that the o} are hermitian. Covariance with respect to the undotted and dotted spinors allows

only two possible spinor products'>’:
Pa)=p—lg+)=x"(0.—3) ¥y' (4. 3). (1.2.20)
[pal=(p+19-) =y (@ 3) x(d@.—3) - (12.21)

156 The association of undotted and dotted indices in Egs. (1.2.7) and (1.2.8) is a consequence of our convention for the Dirac gamma matrices given in
Appendix G [cf. Eq. (G.1.2)]. Note that in this convention, the left-handed [right-handed] projection operator P; [Pg] projects out the lowered undotted
[raised dotted] index components of the four-component spinor [cf. Eq. (G.1.6)]. However, the reader is warned that in the literature on the spinor helicity
method, one almost always finds |p+) associated with a lowered undotted index and |p—) associated with an upper dotted index. This is due to a different
convention for the sigma matrices, such as the Wess and Bagger definition given in Eqs. (A.11) and (A.12). Numerically, this is equivalent to a convention
for the Dirac gamma matrices in which o* and ¢* are interchanged in Eq. (G.1.2), resulting in an overall change of sign in the matrix representation of
¥s. As a result, in this latter convention the lowered undotted [raised dotted] index components are associated with positive [negative] chirality. For an
historical perspective, see the discussion following Eq. (A.12).

157 since we wish to preserve the definition of the spinor products given in Eq. (1.2.3), (p q) is a sum over dotted indices and [p q] is a sum over undotted
indices in our two-component spinor conventions. This is to be contrasted with most of the literature on the spinor helicity method, in which (p q) is
written as a sum over undotted indices and [p q] as a sum over dotted indices. The origin of this difference is explained in footnote 156.
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In particular, the products (p + |q+) and (p — |q—) never arise in a computation using two-component spinor notation. In
terms of the spinorial products defined in Eq. (1.1.12),

(pa) = (b — lg+) = E) " QE)"*T(B, ). (12.22)
[pal = (p+lq-) = QE)"*(2E) " *T(D. @)+ (12.23)
where E, = |p| and E; = |q|. Explicit forms for T(p, ) and T(, §)+— = —T (P, §)* , can be obtained from Eq. (1.1.21).

Using Egs. (I.1.15) and (1.1.19) [or equivalently, using Egs. (1.2.12) and (1.2.18)], the spinor products satisfy the following
relations:

(pg) =—{qp), (1.2.24)

[pql = —Iqpl, (1.2.25)

pa)* =—Ipal. (1.2.26)
One immediate consequence of the above results is:

(pp)=(p—Ip+) =0, (12.27)

[ppl=(p+Ip—)=0. (1.2.28)

We next compute the absolute square of the spinor product:
[pa) P =5, (B.—3) ¥ (@ 3) % (B —3) ¥ (@ 3) = % (B. —3) xL (B. —3) ¥ @ 3) ¥* @ 3)

=D 0w q 0" =puq,Tr(c"c") =2p - q. (1.2.29)
Using this result and Eq. (1.2.26) yields
lpq) 1> =Ilpqll>=2p - q, (1.2.30)

which indicates that the spinor products are roughly the square roots of the corresponding dot products. One other
noteworthy relation is:

(p1P2) [P2 p3] (P3Pa) [Pap1] =Tr (o - p10 - P20 - P30T - ps)
Mmoo v P K

= 2(8uv8ox — Bup8uk t &ux&vp + i€uvpx )P DaP3Ps > (1.2.31)

where the trace has been evaluated using Eq. (B.2.26). Note that the first line of Eq. (1.2.31) immediately follows from
Egs. (3.1.54) and (3.1.55) after plugging in the definition of the spinor products.

In Appendix 1.1, we showed that a fermion string can be expressed in terms of products of the spinorial products T
[cf. Eq. (I.1.14)]. When applied to massless spinors, Eq. (1.2.30) indicates that the square of the helicity amplitude of a multi-
fermion scattering process can be expressed in terms of products of dot products of pairs of fermion momenta. If more than
one diagram contributes to a helicity amplitude, then it is often possible to combine the contributions after a rearrangement
of momenta via the Fierz identities. Using Egs. (2.65)-(2.69), it follows that:

(p1P2) (P3 P4} = (P1D3) (P2 Pa) + (P1P4) (P3D2) . (12.32)
[p1p211ps pal = [p1p3]l[p2pal + [p1pallpsp2l. (12.33)
{p1 + 16 Ip24) (p3 + losulpat) = 2 [p1 p3] (pap2) . (12.34)
{p1 — 16" 1 p2=)(p3 — lo—ulPa—) = 2 (p1p3) [P4p2]. (1.2.35)
(p1 + [0 Ip2+) (ps — lo—ulpa—) = 2[p1pal (P3Dp2) . (1.2.36)

Eqgs. (1.2.32) and (1.2.33) are often called the Schouten identities, as they follow from Eq. (2.26).

It is desirable to extend the spinor helicity formalism to multi-particle processes involving massless fermions and
massless spin-1 bosons. In particular, XZC developed a simple technique for expressing the squares of the corresponding
helicity amplitudes in terms of ratios of products of dot products. Their trick was to introduce a convenient expression for
the massless spin-1 polarization vector in terms of products of massless spin-1/2 spinor wave functions. Before exhibiting
their result, we provide a brief review of spin-1 polarization vectors in the helicity basis.

We first consider a massless spin-1 particle moving in the z-direction with four-momentum k* = E(1;0,0, 1). The
textbook expression for the helicity -1 polarization vectors of a massless spin-1 boson is given by [254-256,329]:

1
eh(z, £1) = - (0; F1, —i, 0). (1.2.37)

5

Note that the (2, 1) are normalized eigenvectors of the spin-1 operator 5.3

(8- 2", "3, 1) = Aeh(Z, 1), (1.2.38)

where 8’ = 1¢7%8;,, and the matrix elements of the 4 x 4 matrices ;. are given by Eq. (2.9).
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If we transform &#(Z, A) by employing a three-dimensional rotation R such that k = R2, then we can obtain the
polarization vector for a massless spin-1 boson of energy E moving in the direction k = (sin 6 cos ¢, sin 6 sin ¢, cos 0). That

is,

ek, 1) = A" (¢, 0,7) " (Z, M), (1.2.39)
where

A% =1, Ay=4A%=0, and A;=RV9,0,y), (1.2.40)

and R (¢, 0, y) is the rotation matrix introduced in Eq. (C.1.4). A simple computation yields:
N 1 .
gk, £1) = \—[2 e™ (0; Fcos cos ¢ + ising, FcosH sing —icosp, sinh). (L2.41)

Note that e (k, 1) depends only on the direction of k and not on its magnitude E = |I;|. One can easily check that the

s“(fc, +1) are normalized eigenstates of § - k with corresponding eigenvalues £1.

Similar to the corresponding discussion in Appendix C for the spin-1/2 spinor wave functions, the Euler angle y is
arbitrary. In the literature, one typically finds conventions where y = —¢ [36,254,255] or y = 0[256], and we will consider
both possibilities below.

Although we will not need it here, the expressions given by Eqs. (1.2.37) and (1.2.41) also apply in the case of a massive
spin-1 particle. In addition, there is a helicity A = 0 polarization vector which depends on the magnitude of the momentum
as well as its direction:

g (k|z, 0) = (|k|/m; 0,0, E/m), (1.2.42)
where E = (Ifﬁl2 +m?)'/2, One can use Eq. (1.2.39) to obtain the helicity zero polarization vector for a massive spin-1 particle

moving in an arbitrary direction

- 1 /-
gt (k, 0) = — (|k|; E sin 6 cos ¢, E sin 6 sin ¢, E cos 9) . (12.43)
m
Note that both the massless and massive spin-1 polarization vectors satisfy'>®:

e*(k, M) = (=1 ek (k, —1). (1.2.44)
One can check that the € (k, 1) also satisfies the standard conditions for a valid polarization four-vector:
k-e(k,\) =0, ek, ) - ek, M) = —=8;,. (1.2.45)

If the spin-1 boson three-momentum is —fc, then its polarization vector can be obtained from Eqgs. (1.2.41) and (1.2.43)
by taking® — 7 — 6 and ¢ — ¢ + . It can also be derived from Egs. (1.2.39) and (1.2.40) by making use of the spin-1
analogue of Eq. (C.3.9),

R+ 7,7 —0,y(—k) = R, 0, yUk)REZ, —y (k) — y(—k)) R&, 7), (1.2.46)

where we have exhibited the possible dependence of y on the direction of k, and R is the rotation matrix given by Eq. (C.1.5).
Introducing the notation e* = (¢%; &), and noting the relations:

R, )&z, 1) = —&(z, —1), (1.2.47)

R@E, Bz, 1) =e P2z, ), (1.2.48)
it follows that:

e (—k, 2) = —gu () e (k. —2), A =0, %1, (1.2.49)

where there is no sum over the repeated index u, and

£, (k) = —eProtyin 5 g 41, (12,50)

158 Some authors introduce polarization vectors where the sign factor (—1)* in Eq. (1.2.44) is omitted. One motivation for Eq. (1.2.44) is to maintain
consistency with the Condon-Shortley phase conventions [330] for the eigenfunctions of the spin angular momentum operators §2 and S, (for spin-1
particles). In particular, note the relation # - 8" (2, £1) = (47 /3)"/?Y;.11(6, ¢) between the polarization three-vector and the £ = 1 spherical harmonics
without any additional sign factors.
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Note that for A = =1, the phase factor &, (lA{) depends on the convention for the definition of the Euler angle y used to define
the spin-1 polarization vector. As an example, corresponding to the two conventional choices for y,

R _1\1-A,—2ike o) — — k) = —
£, (k) = (=D for y (k) ¢,y (=k) T+9, (1251)
-1 for y(k) = y(—k) = 0.
To motivate the XZC form for the massless spin-1 polarization vectors, we first introduce a four-vector
K =EQ1; —k), (1.2.52)

corresponding to the four-momentum k* = E(1; IAc) of the massless spin-1 boson. A straightforward calculation then shows
that
1 (k=x|oXk
e*k, £1) = — w (1.2.53)
V2 (ke [iF)

precisely reproduces the result of Eq. (1.2.41), where the massless spinor wave functions are defined according to Eq. (C.1.8).
Eq. (I.2.53) is somewhat inconvenient because the four-vector k cannot be covariantly defined in terms of k. XZC finessed
this problem by introducing a “reference” four-vector p (in practical computations, p is taken to be another four-momentum
vector in the scattering process of interest), with the properties that p> = 0 and p- k # 0. The XZC spin-1 polarization vectors
are given by [cf. Eq. (2.33)]™°

1 (k) ot
ek, +1) = — WFLoz IPF) (12.54)

V2 (k£I|pF)

One can immediately check that €*(k, 1) so defined satisfy the standard conditions for a valid polarization four-vector
given in Eq. (1.2.45) and the phase convention of Eq. (1.2.44). The representation of the massless spin-1 polarization vector
in terms of spinor products [Eqgs. (1.2.53) and (1.2.54)] is an application of the spinor calculus that was first developed by van
der Waerden [1].

The significance of the reference four-vector p can be discerned from the property that if a different reference momentum
is chosen then €* is shifted by a factor proportional to k*. Explicitly, if e*(k, p, 1) is a polarization vector with reference
momentum p, then'®?

V2(q £ pF) i
(k+ lqF) (k£ pF)

In particular, if we choose g = E we see that the difference of the XZC spin-1 polarization vector and the polarization vector
given by Eq. (1.2.41) is proportional to k*. This shift of the reference momentum from p to q in the XZC definition of the
polarization vector does not affect Eq. (1.2.45) since k* = 0 for massless spin-1 particles. Moreover, this shift does not affect
the final result for any observable (in particular the sum of amplitudes of any gauge invariant set of Feynman diagrams
remains unchanged). Thus, the presence of the arbitrary four-vector p just reflects the gauge invariance of the theory of
massless spin-1 particles.

We can also verify that e (k, p, 1) defined in Eq. (1.2.54) behaves as expected under rotations. Using Eq. (C.1.8), massless
spinors transform as:

el (k, q, 1) = e"(k, p, £1) + (12.55)

|kx) — D(¢.0,y) kL), (k] —> (k£|[D(,6, )], (1.2.56)

under a rotation specified by the Euler angles ¢, 6 and y. We shall rotate the spin-1 polarization vectors by rotating both
k and the reference momentum p simultaneously (since one is always free to shift the reference vector with no physical
consequence). Using Eq. (C.1.33), it follows that:

[D(¢.0,y)] "ol D(¢.0,y) = A" ,07, (12.57)

where A", is specified by Eq. (1.2.40). Indeed, if we simultaneously rotate both k and p via k* — A* k' and p* — A*,p",
then

gt (k, p, A) —> A, g (k, p, 1), (1.2.58)

159 1n the literature on the spinor helicity method, the spin-1 polarization vector ¢ is employed in Feynman diagram computations for an outgoing final
state boson, in contrast to the standard conventions of most quantum field theory textbooks. In this review, we subscribe to the latter [as indicated at
the end of Section 4.1]. Hence, to be consistent with our conventions above for the spin-1 polarization vector, we have taken the complex conjugate
of the original definition of the XZC spin-1 polarization vectors. In addition, we have removed an overall + sign in order to conform to Eq. (1.2.44)
[cf. footnote 158].

160 1o derive Eq. (1.2.55), evaluate ¢ (k, q, A) — " (k, p, 1), and simplify the resulting expression using Egs. (1.2.10), (1.2.13) and (1.2.14).
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as expected. By a similar computation, one can check that under k — —kand p — —p, Eq. (1.2.49) is satisfied.'®! In terms
of the A4/, defined in Eq. (C.3.12), we find

- 57;\/2(’;) " NE
k=—|—"—-] = I . A ==1, 1.2.59
.00 ( P ) (620 (1259)

which agrees with Eq. (1.2.50).
The following additional properties of ¢/ (k, p, 1) defined in Eq. (1.2.54) are noteworthy:

p-ek,p,A) =0, (1.2.60)

N puky + Dok
Y eulk, p, ek, p, 1) = =g+~

(1.2.61)
A=%1 p-k

For example, to prove Eq. (1.2.61), we use Egs. (1.2.18) and (1.2.19), and simplify the resulting expression with the help of
Egs. (1.2.10) and (1.2.16), which yields:

<k+| (U/Lp : Egv + oyp - Eo—u) |k+>

k,p, Me,(k,p, \)* = 1.2.62
k:ZileM( p. ey (k. p, 3) D o ) (12.62)
Using Eq. (B.2.17) to simplify the product of three ¢ /o matrices, and employing Eq. (1.2.11) then yields Eq. (1.2.61).
Finally, using the Fierz identities given in Egs. (B.1.5)—(B.1.7), one derives from Eq. (1.2.54) that
2 k k
or - ek £1) = V21D KF ek, 21y = Y2IRF) 0L (1263)
(k+ |pF) (p F |k£)
2 |k+) (p* +) (k+
or ek, £1) = M, ek, £1)* = _ Y2Ip) (k] (12.64)
(k= IpF) (p F |k£)

Note that each equation in Egs. (1.2.63) and (1.2.64) represents two separate equations, corresponding to the upper and lower
signs in each equation, respectively.

It should now be clear how to convert the square of a helicity amplitude for a multi-particle process involving massless
spin-1/2 and massless spin-1 particles into a ratio of products of dot products of momenta. By writing all massless spin-1
polarization vectors in the form of Eq. (1.2.54) and using the properties given above, the helicity amplitudes can easily be
expressed as a ratio of two quantities, each of which is a product of spinor products. Squaring the corresponding amplitude
then yields a ratio of products of dot products of four- momenta. A following 51mple example will demonstrate the technique.

Consider Compton scattering in QED, e~ (p;, 1))/(k1, A — e D5, Az)y(kz, Ay), in the limit of massless electrons. The
amplitude for this process is given by Eq. (4.5.18) with m = 0 and G; = Gr = —e. Writing out the “crossed” term explicitly,
and noting that for massless particles, s = (p; + k1)> = 2p; - kyand u = (p1 — k)% = —2p; - ky,

i
2py - ky

{XT(I’z, AT - e50 - (p1+ k)T - e1x(P1, M) +Y(Ba, Aa) o - €50 - (p1+ ki) o - ey (By, )\1)}

{XT(ﬁz, 12)T €10 - (p1 — k)T - &3 x(P1, A1) + YD, A2) 0 - €10 - (p1 — k) o - e;v*(ir],/\])}-
(12.65)

The results of Eqs. (3.1.37)-(3.1.40) imply that the helicity amplitudes with A1 # X, vanish. Using Eqgs. (1.2.7) and (1.2.8), we
identify:

+
2p1 - ky

2

. —ie "
iM(A=X=13) = TR (p2+los - e50- - (D1 + ki) oy - 1lp1+)
1™
ie? .
+ -k <P2 +loy-e10- - (p1—k)oy - & |P1+), (1.2.66)
1-ka
1 —ie? *
iM (A =k =—3) = 1k (p2—lo_ - &5 o4 - (p1+ ki) o - &1lp1—)
1 ki
ie? .
+ 1k (p2—lo— - e104 - (01 — k) o_ - €3Ip1—). (1.2.67)
1k

161 Here, we have used Egs. (B.2.16) and (B.2.17) to write aio' 0 = —olf +2g"% ) = gl (no sum over p).



168 H.K. Dreiner et al. / Physics Reports 494 (2010) 1-196

Further simplification ensues when we apply the results of Egs. (1.2.63) and (I.2.64). To use these results, we must select a
reference momentum p, which can be any lightlike four-vector that is not parallel to the corresponding photon polarization
vector. One is free to choose a different reference momentum for each photon polarization vector. Moreover, when
computing two different helicity amplitudes (each of which are gauge invariant quantities), one may select a different
reference momentum for the same photon polarization vector in the two computations. The decision on which reference
momenta to choose is somewhat of an art; experience will teach you which choices lead to the most simplification in a given
calculation.

We shall consider two possible choices for the reference momenta for &; and &,, which we denote as p(" and p®,
respectively:

1. p" = prandp? = p,,
2. pV = p, and p® = p;.
With either choice, it is straightforward to show that M(A; = A, = i%) vanish unless the photon helicities are equal,
i.e. A7 = Aj. This leaves only four possible non-vanishing helicity amplitudes.
Forthe case of A; = Ay = :I:% and A} = A, = £1(i.e, A1} > 0), we choose reference momentap” = p, and p® = p;.

Then, the second term vanishes on the right-hand side of Eqgs. (1.2.66) and (1.2.67), respectively. Making use of Egs. (1.2.10),
(1.2.63) and (1.2.64), we find

—ie? ky— — |k k —) (ks —
M (= hy= 1 2, =25 =1) = (P2 + lka—) (p1 — [ki+) (ki + Ip2—) (k1 — [p1+)
p1- ki (p1 = lka+) (k1 + [p2—)
—ie? kq) (k k
_ _—ie” (piki) (kipy) [p> 2]. (12.68)
p1 -k (P1ka2)
Using Eqgs. (1.2.24) and (1.2.30) to write the dot product in terms of spinor products, we obtain:
, 5 (p1ki) [p2kal
iM (A =2=1, 0 =1, =1) = 2ie? . (1.2.69)
(a=ha=3hi=t=1) (ki)™ (p1ka)
A similar computation yields
k k
M (A =2y = =1, 2} = 4 = —1) = 2ie? p1f1] (pzkz) (12.70)

[p1ki]* [p1k2]

Forthe caseof Ay = A, = £ and A} = A, = F1(i.e, 111} < 0), we choose reference momentap™ = p; and p® = p;.
Then, the first term vanishes on the right-hand side of Egs. (1.2.69) and (1.2.70), respectively. A similar calculation to the one
given above yields:

[p1 k2] (p2ki)
[p1 ko 1* [p1 kel
(P1k2) [p2 k1]

(pr1ka)* (p1kq)
Note that each pair of helicity amplitudes above is simply related:

My 30,0 (85 0 ®) = M_sy —ihi—ag,— (5.6, @), (1.2.73)

which is a consequence of rotational and parity invariance (as shown below). Thus in this example, we only need to evaluate
two non-zero helicity amplitudes. It is clear that we have simplified the computation enormously by our choice of reference
momenta. With a less judicious choice, the calculation is significantly more tedious, although gauge invariance guarantees
that one must arrive at the same result for the helicity amplitudes quoted above.

One can easily evaluate the spinor products above in the center-of-mass system. Writing p| = E(1; 2), k¥ = E(1; —2),
p2“ = E(1; poy) and k’; = E(1; —Pcy), and using the results of Egs. (1.1.21) and (1.2.22), we obtain:

iM (A=A = =3, 1) =45 = 1) = 2ie?

2 (1.2.71)

IM (M =2 =1, M =2, =—1) =2ie (12.72)

(prki) = 2E€_15(2), (p1 ky) = 2Ee+7Bewl2¢ 1, (hey) cos(6/2), (12.74)
(paka) = 2EE_1)o(Bev)s (P2 ki) = 2B 19Hv®awl/2e ) (2) cos(6/2), (12.75)

where 6 and ¢ are the polar and azimuthal angles of pc. Phase factors involving &_1, arise from the use of Egs. (C.3.11)
and (C.3.12). For example, corresponding to the two conventional choices for y, we use Eq. (C.3.15) to obtain

1 fory@) =0,y(-2) =-m,

for y(2) = y(—2) =0, (12.76)

£_12(2) = {1_

5oy et fory®) =—¢.y(-p)=-m+¢
§-12(Pew) = {i for y (p) = y(—p) = 0. (12.77)
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All other relevant spinor products can be found using Eqgs. (1.2.24)-(1.2.26).

It is always possible to define the plane of the scattering process to be the x-z plane, in which case ¢ = 0 and all the
spinor products in Egs. (1.2.74) and (1.2.75) are manifestly real. Nevertheless, by keeping the explicit ¢-dependence, one
maintains a useful check of the calculation. Inserting the explicit forms for the spinor products into Eqs. (1.2.69)-(1.2.72), we
confirm that the ¢-dependence of the helicity amplitudes is given by [256,331]:

eI, 0 (5.0), fory(Baw) = —¢. and ¥ (—Pey) = —7 + ¢,
el()‘ﬁ'\lwefw)\],xﬁ;xz.x’z (s, 0), for y (bem) = v (=Pew) = 0,

as a consequence of rotational invariance [257].152 The remaining #-dependent amplitudes are easily evaluated and
are in agreement with the results of Refs. [256,332]. Note that parity invariance implies that Egs. (1.2.69)-(1.2.72) must
satisfy [256,257,332]

My 3ag. 2 (8:0) = My _iri s, 30 (5, 0). (12.79)

M}»].A/l;)uz,)\/z (57 95 ¢) = ([.2.78)

Indeed, in our computation above, Eq. (1.2.73) is satisfied, which is consistent with Eq. (1.2.79) in light of Eq. (1.2.78).

To compute the unpolarized cross-section for Compton scattering, one must sum the absolute squares of the helicity
amplitudes and divide by 4 to average over the initial helicities. Since quantities such as (p; k1) / {p1 k1)* are pure phases,
one immediately obtains:

|M(a=ro=d M =2 =) = [ M=ro=—L 2 =2 =-1)[ = 4e451%;z1, (1.2.80)
1 1R2

|M(a=ro==2 0 =0 =) = [Mr=r=L 0 =2 = 1) = 4e4%, (12.81)
1"

after employing Eq. (1.2.30) and noting that p; - k; = p, - k; and py - k; = py - k; (which follow from four-momentum
conservation, p; + k; = p, + k», for the scattering of massless particles). Thus,

-k p1 - ko
1 MP =20 (P , 1.2.82
10 P =26t Dt (12.82)

spins 1

which coincides with the well-known result quoted in Ref. [114].

Appendix J. The Standard Model and its seesaw extension

In the Standard Model, three generations of quarks and leptons are described by the two-component fermion fields listed
in Table ].1, where Y is the weak hypercharge, T; is the third component of the weak isospin, and Q = T3 + Y is the electric
charge. After SU(2); x U(1)y breaking, the quark and lepton fields gain mass in such a way that the above two-component
fields combine to make up four-component Dirac fermions:

u; d; 4
U= (ﬂﬁ>, D = (aﬂ)’ L= (W)’ 0.1

while the neutrinos v; remain massless. The extension of the Standard Model to include neutrino masses will be treated in
Appendix J.2. ~ _

Here, we follow the convention for particle symbols established in Table 5.1. Note that u, u, d, d, £ and ¢ are two-
component fields, whereas the usual four-component quark and charged lepton fields are denoted by capital letters U,
D and E. Consider a generic four-component field expressed in terms of the corresponding two-component fields:

F= ([fT) ) (J.2)

The electroweak quantum numbers of f are denoted by Tg , Yr and Qr, whereas the corresponding quantum numbers for f

are Tg = 0 and Q; = Y; = —Q. Thus we have the correspondence to our general notation [Eq. (G.1.6)]

fe—x. f<—n J3)
We can then immediately translate the couplings given in the general case in Fig. 4.3.3 to the Standard Model.

162 |1 the first case, where ¥ (Pay) = —¢ and y (—pey) = —7 + ¢, the sign of 1, in the ¢-dependent phase factor of Eq. (1.2.78) is opposite to the one
given in Ref. [257], due to the Jacob-Wick second-particle convention, which we do not employ here. Since 4; = ; and A} = 1}, the latter would imply
that the ¢-dependent phase cancels exactly if the Jacob-Wick second-particle convention is used. This is easily checked by putting y (pcy) = —¢ and
&, = 1inEgs. (1.2.74) and (1.2.75), in which case all the spinor products are real.
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Table J.1

Fermions of the Standard Model (following the naming conventions of Table 5.1) and their SU(3) x SU(2); x U(1)y quantum numbers. The generation
indices run overi = 1, 2, 3. Color indices for the quarks are suppressed. The bars on the two-component antifermion fields are part of their names, and do
not denote some form of complex conjugation.

Two-component fermion fields SU(3) SU2), Y T3 Q=T3+Y
= (Ui i 1 1 2
Q= (di) triplet doublet 6 2 3
triplet i -1 -1
i anti-triplet singlet -2 0 -2
d anti-triplet singlet 1 0 1
= (U i _1 1
b= (z,) singlet doublet 2 2 0
} singlet -1 -1 —1
£ singlet singlet 1 0 1
qmi @
i a
_igs(gg (Ta)mn Eﬁﬁ igs(Sf (Ta)mn Eﬁﬁ
qnj
6]

Fig.].1.1. Fermionic Feynman rules for QCD that involve the gluon, with g = u, d, c, s, t, b. Lowered (raised) indices m, n correspond to the fundamental
(anti-fundamental) representation of SU(3).. The gluon interactions are flavor-diagonal (where i, j are flavor indices). For each rule, a corresponding one
with lowered spinor indices is obtained by E;’f — —Oupa-

J.1. Standard Model fermion interaction vertices
The QCD color interactions of the quarks are governed by the following interaction Lagrangian:

Zine = —gALG™ T (T " Qi + g5AL G T (T "™, (.1.1)

summed over the generations i, where q is a (mass-eigenstate) quark field, m and n are SU(3) color triplet indices, A% is the
gluon field (with the corresponding gluons denoted by g;), and T¢ are the color generators in the triplet representation of
SU(3). The corresponding Feynman rules are given in Fig. ].1.1.

Next, we write out the Feynman rules for the electroweak interactions of quarks and leptons. Using Eqs. (4.3.11) and
(4.3.12), the interactions of the gauge bosons and quarks are given by:

Loy = _% [(a“E”ai + g eyw,r + (de; + Lo ﬁ,»)wl;]

i A afi a i oaoatioa
-5 > {(Tg—savqf)f“&“wrsﬁvqff E"fi}zu —e Y (T fi—f 7 )AL (.1.2)

W s e Foude

where sy = sin 6y, cy = cos 6y, the hatted symbols indicate fermion interaction eigenstates and i labels the generations.
Following the discussion of Section 3.2, we must convert from fermion interaction eigenstates to mass eigenstates. In order
to accomplish this step, we must first identify the quark and lepton mass matrices. In the electroweak theory, the fermion
mass matrices originate from the fermion-Higgs Yukawa interactions.

The Higgs field of the Standard Model is a complex SU(2); doublet of hypercharge Y = %

+
o, = (f;o) , (.1.3)

where the SU(2); index a = 1, 2 is defined such that ®; = &+ and &, = ®°. Here, the superscripts + and 0 refer to the
electric charge of the Higgs field, Q = T; + Y, with Y = 1 and T; = +1. Since ®, is complex, we can also introduce the

complex conjugate Higgs doublet field with hypercharge Y = — %

= (o, (0N, (J.1.4)

where @~ = (&7)f. The SU(2), x U(1)y gauge invariant Yukawa interactions of the quarks and leptons with the Higgs field
are then given by:

. A . . A 2 . ~ 2
L= €P(Y)j®,Qu1 — (Yo)j07°Qud — (Yo) ;@ Lyl +h.c. (J.1.5)
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where € is the antisymmetric invariant tensor of SU(2),, defined such that €'> = —e?! = +1. Using the definitions of the
SU(2); doublet quark and lepton fields given in Table J.1, one can rewrite Eq. (J.1.5) more explicitly as:
i [p05 2 +58 il g-n5 0x3 5 i g-nd 0x 5

— K= (V)] [cp il — o dii ] + (Yo' | @ iid + 0%dd |+ (Vo) | @0l + &% |+ hc. (.16)
The Higgs fields can be written in terms of the physical Higgs scalar hsy and Nambu-Goldstone bosons G°, G* as

% =v+ i(hSM +iG°) (J.1.7)

V2

ot =6t = (@)t = (). (J.1.8)

where v = +/2my /g =~ 174 GeV. In the unitary gauge appropriate for tree-level calculations, the Nambu-Goldstone

bosons become infinitely heavy and decouple. We identify the quark and lepton mass matrices by setting ®° = v and
®T =@~ =0inEq.(J.1.6):

M=oY (Mo =v(Ya)]) (M) =v(Yo) (-1.9)
The neutrinos remain massless. An extension of the Standard Model that incorporates massive neutrinos is treated in
Appendix J.2.

To diagonalize the quark and lepton mass matrices, we introduce four unitary matrices for the quark mass
diagonalization, L, Ly, R, and Ry, and two unitary matrices for the lepton mass diagonalization, L, and R, [cf. Eq. (3.2.31)]
such that

=l di=0old, i =®)5E,  d =R, (.1.10)

~ . al R
£ = (Lp)ie;, £ = (Rp)'¥, (J.1.11)

where the unhatted fields u, d, it and d are the corresponding quark mass eigenstates and v, £ and ¢ are the corresponding
lepton mass eigenstates. The fermion mass diagonalization procedure consists of the singular value decomposition of the
quark and lepton mass matrices:

LM R, = diag(m,, m., m;), (J.1.12)
LiM 4Ry = diag(mg, mg, my), (J.1.13)
LyM R, = diag(m,, m,, m;), (J.1.14)

where the diagonalized masses are real and non-negative (cf. Appendix D.1). Since the neutrinos are massless, we are free
to define the physical neutrino fields, v;, as the weak SU(2) partners of the corresponding charged lepton mass-eigenstate
fields. That is,

i = (L) (J.1.15)

We can now write out the couplings of the mass-eigenstate quarks and leptons to the gauge bosons and Higgs bosons.

Consider first the charged current interactions of the quarks and leptons. Using Eq. (J.1.10), it follows that ﬁTiE"ai =
K/u''c"d;, where

K=LL (J.1.16)

is the unitary Cabibbo-Kobayashi-Maskawa (CKM) matrix [333].'> Due to Eq. (J.1.15), the corresponding leptonic CKM
matrix is the unit matrix. Hence, the charged current interactions take the form

s = _% [KiuligHdw? + (KHid5 uw, +viarew? + g uw, ], (1.1.17)

where [K']/ = [K;']*. Note that in the Standard Model, &, d and ¢ do not couple to the W=,

To obtain the neutral current interactions, we insert Egs. (J.1.10)-(J.1.15) into Eq. (J.1.2). All factors of the unitary matrices
Ly and Ry (f = u,d, £) cancel out, and the resulting interactions are flavor-diagonal. That is, we may simply remove
the hats from the quark and lepton fields that couple to the Z and photon fields in Eq. (J.1.2). This is the well-known
Glashow-Iliopoulos-Maiani (GIM) mechanism for the flavor-conserving neutral currents [335].164

163 The CKM matrix elements V;; as defined in Ref. [334] are related by, for example, Vyp, = K5?and Vs = K42.

164 This also provides the justification for employing mass-eigenstate quark fields in the QCD interaction Lagrangian in Eq. (J.1.1).
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Fig.J.1.2. Feynman rules for the two-component fermion interactions with electroweak gauge bosons in the Standard Model. The couplings of the fermions
to y and Z are flavor-diagonal. In all couplings, i and j label the fermion generations; an upper [lowered] flavor index in the corresponding Feynman rule is
associated with a fermion line that points into [out from] the vertex. For the W bosons, the charge indicated is flowing into the vertex. The electric charge
is denoted by Qy (in units of e > 0), with Q. = —1 for the electron. Tg = 1/2forf = u, v, and T§ = —1/2for f = d, £. The CKM mixing matrix is denoted
by K, and sy = sinfy, cy = cos Oy and e = g sin 6. For each rule, a corresponding one with lowered spinor indices is obtained by E‘fjﬂ — —O0up4-

The Feynman rules for the interactions of the quarks and leptons with the charged and neutral gauge bosons are exhibited
in Fig. ]J.1.2. For each of the rules of Fig. J.1.2, we have chosen to employ E‘;ﬁ. If the indices are lowered one should take
E‘/’iﬁ — —O0upq-

Finally, we exhibit the interactions of the quark and lepton mass eigenstates with the Higgs fields. The diagonalization of
the fermion mass matrices is equivalent to the diagonalization of the Yukawa couplings [cf. Egs. (J.1.9) and (J.1.12)-(J.1.14)].

Thus, we define!®®

Yﬁ = mﬁ/v, f =u,d, ¢, (J]]S)
where i labels the fermion generation. It is convenient to rewrite Egs. (J.1.12)-(J.1.14) as follows:

IO m®O™ = Ypol,  f=u.d,¢, (-1.19)

with no sum over the repeated index i. Using the unitarity of L; (f = u,d),Eq.(J.1.19) is equivalent to the following convenient
form:

(YRS = Ya(L)i*. (.1.20)
Inserting Eqgs. (J.1.10), (J.1.15) and (J.1.19) into Eq. (J.1.6), the resulting Higgs-fermion Lagrangian is flavor-diagonal:
1 » - _
Lt = —Ehsm [Yuitill' + Ygidid' + Yii6:€'] + h.c. (J.1.21)

The corresponding Feynman rules for the Higgs—fermion interaction are shown in Fig. ].1.3.

In the case of more general covariant gauge-fixing (e.g., the 't Hooft-Feynman gauge or Landau gauge), the Goldstone
bosons appear explicitly in internal lines of Feynman diagrams. The Feynman rules for G°~fermion interactions are flavor-
diagonal, whereas the corresponding rules for G* exhibit flavor-changing interactions that depend on the CKM matrix

165 Boldfaced symbols are used for the non-diagonal Yukawa matrices, while non-boldfaced symbols are used for the diagonalized Yukawa couplings.
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Fig. J.1.4. Feynman rules for the Standard Model Nambu-Goldstone boson interactions with quarks and leptons, where Y; = my/v, and i, j label the
generations.

elements, as shown in Fig. ].1.4. In the derivation of the couplings of the Nambu-Goldstone bosons to the fermion mass
eigenstates [cf. Egs. (J.1.6)-(J.1.8)], the following quantities appear:

L) (V) mR)™ = Yui (L) LD = Yu(LILa){ = K1Y, (-122)
L) (YD) mR)™ = YaL)d (LD = Ya(LiL){ = (KT Ya, (J.1.23)
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with no sum over the repeated index i. The CKM matrix, K, appears by virtue of Egs. (J.1.16) and (J.1.20). Hence, the
interaction Lagrangian for the coupling of the Nambu-Goldstone bosons to the fermion mass eigenstates is given by:

Lo P . i . . .
Line = Yul K1/ diu'Gt — Yu[K T ud'G™ — Yyvil' G~ + 7 [Yaidid' — Yo' + Y;i€:€'] G° + h.c., (J.1.24)
which yields the diagrammatic Feynman rules shown in Fig. ].1.4.

J.2. Incorporating massive neutrinos into the Standard Model

To accommodate massive neutrinos, we must slightly extend the Standard Model [336]. The simplest approach is to
introduce an SU(2)x U(1) gauge invariant dimension-five operator [337],
ﬁ.ij
% = _a(e“bq>aib,-)(ecd<1>cidj) +h.c.

A fj
F R ~ R N
= —ﬂ(cpovi — &)@ — &T¢) + hec,, J2.1)

where F’ are generalized Yukawa couplings, the hatted fields indicate two-component fermion interaction eigenstates (with
spinor indices suppressed), and i, j label the three generations. After electroweak symmetry breaking, the neutral component
of the doublet Higgs field acquires a vacuum expectation value, and a Majorana mass matrix for the neutrinos is generated.

The diagonalization of the charged lepton mass matrix is unmodified from the treatment given in Appendix J.1, where
the unhatted mass-eigenstate charged lepton fields are given by Eq. (].1.11), and L; and R, satisfy Eq. (].1.14). However, the
unhatted neutrino field introduced in Eq. (J.1.15) is not a neutrino mass-eigenstate field when the effect of the dimension-
five Lagrangian, Eq. (J.2.1), is taken into account. To avoid confusion, we replace the unhatted neutrino fields of Eq. (J.1.15)
with new neutrino fields v;. That is, we define

i = (L) (.2.2)

We then rewrite Eq. (J.2.1) in terms of the charged lepton mass-eigenstate field and the new neutrino field defined
by Eq. (J.2.2):

Fi . .

L = —ﬂ(qjol)i — ¢+£1‘)(‘pol}j — ¢+£j) + h.C., (J23)
where F = L}IA’LZ. Setting ®° = vand ®* = &~ = 0, we identify the 3 x 3 complex symmetric effective light neutrino
mass matrix, M,,, by

— fmv = %(Mw)ij\jiljj + h.C., (J24)
where

U2
M, = ZF' (J.2.5)

Current bounds on light neutrino masses suggest that v2/A < 1eV, or A > 10" GeV [334,338].
The physical neutrino mass-eigenstate fields can be identified by introducing the unitary Maki-Nakagawa-Sakata (MNS)
matrix, Upyns, such that [339],'%°
(Do) = Uwns)? () (J.2.6)
where the unhatted (v,); fields [j = 1, 2, 3] denote the physical (mass-eigenstate) Majorana neutrino fields. Umns is
determined by the Takagi diagonalization of M,, [cf. Appendix D.2]:
UinsMy, Unns = diag(m,,q, my,2, my,3), (J.2.7)

where the m,; are the (real non-negative) masses of the physical neutrinos.
The interaction Lagrangian of the neutrino mass eigenstates can now be determined. The charged current neutrino
interactions are given by [cf. Eq. (J.1.17)]:

Zne = _% [DTiEIinW: + KTiEltljin:]

__£&

V2

[(U&Ns)jinjE“EiWJ + (UMNS)IJET?”%W,:] , (J.2.8)

166 |1 the literature, the MNS matrix is often defined such that Upns (and notUpys) appears in Eq. (J.2.6).
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Fig.].2.1. Feynman rules for the interactions of the two-component light neutrino (v, ) with electroweak gauge bosons, the Standard Model Higgs boson
and the Nambu-Goldstone bosons, where i, j label the generation. For the W* bosons and G* scalars, the charge indicated is flowing into the vertex.
The MNS mixing matrix is denoted by Uyys. For the rules involving W and Z bosons, a corresponding one with lowered spinor indices is obtained by

—

Uuﬂ — —0yp4- In the h, and G° interactions, a factor of 2 is included to account for the identical neutrinos.
where we have used Eq. (J.2.6) to express the interaction Lagrangian in terms of the neutrino mass-eigenstate fields. The
neutral current neutrino interactions are flavor-diagonal (which follows from the unitarity of Uyns ), and are thus equivalent
to those of the Standard Model. Finally, the couplings of the neutrinos to the Higgs and Nambu-Goldstone fields arise from
Eq. (J.2.3) and from the term in Eq. (J.1.6) proportional to Y,. Neglecting terms of O(mﬁ/vz), one obtains:

1 . . .
Lt = " ; I:(mw)j(ult/lNS)jl(W)j £;Gt — (mg)i(Unns)? (v); £'G™ + h.c.]

1
-7 ij(mw)j [(ve);(ve)j(hsm +iG%) + h.c.]. (1:2.9)
The Feynman rules for the interactions of the neutrino with the electroweak gauge bosons, the Higgs boson and the
Nambu-Goldstone bosons are exhibited in Fig. J.2.1.

The dimension-five Lagrangian, Eq. (J.2.1), is generated by new physics beyond the Standard Model at the scale A.
A possible realization of Eq. (J.2.1) is the seesaw mechanism, which was independently discovered on a number of
occasions [4]. In the seesaw extension of the Standard Model [5], one introduces the SU(3)x SU(2)xU(1) gauge singlet two-
component neutrino fields v’ (I = 1, 2, ..., n) and writes down the most general renormalizable couplings of the v’ to the
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Standard Model fields:
A ~ 2] A ala
Lseesaw = Eab(yv)l](PaLhiV - %MUV v +h.c, (J.2.10)

where the Yukawa coupling proportional to f(v is the leptonic analogue of the Higgs—quark Yukawa coupling proportional to
Y, [cf.Eq.(J.1.5)]. In Eq. (J.2.10), we have distinguished the flavor labels of three generations of Standard Model neutrino and
charged lepton fields (denoted by lower case Roman letters i, j, . . .) and the flavor labels of singlet neutrino fields (denoted

by upper case Roman letters I, J, ...). Note that Y, is a 3 x n matrix and M is an n x n matrix, where n is the number of
singlet neutrino flavors. In general, we shall not specify the value of n, which may differ from the number of Standard Model
lepton generations.

IfA= ||I\7I || > v,'%7 then a dimension-five operator of the form given by Eq. (J.2.1) is generated in the effective theory at
energy scales below A. In this limit, we may neglect the kinetic energy term of the gauge singlet neutrino fields. Using the

Lagrange field equations, we may solve for 31. Inserting the solution back into Eq. (J.2.10) then yields Eq. (J.2.1), with ﬁ/A
given by

A ij A - A . A-—1
F /A=—)x¥, )y )N (J.2.11)

Using the definition of the SU(2); doublet lepton field given in Table J.1, one can rewrite Eq. (J.2.10) more explicitly as:
Lreesaw = —(¥)) [@%ﬁ’ - qbﬂ?,-ﬁ’] — 13+ hee. (1.2.12)

To analyze the physical consequences of the seesaw Lagrangian, we first express Eq. (J.2.12) in terms of the unhatted mass-
eigenstate charged lepton fields [cf. Eq. (J.1.11)], and the light neutrino fields v; introduced in Eq. (J.2.2). It is also convenient

to introduce new gauge singlet neutrino fields \:)] by defining

Al o

B =N, (1.2.13)
where N is the unitary matrix that Takagi diagonalizes the complex symmetric matrix M. That is,

M = N"MN = diag(My, My, ..., My), (J.2.14)

where the M; are the singular values of M (i.e., the non-negative square roots of the eigenvalues of MTM ). In terms of the

mass-eigenstate charged lepton fields ¢; and the neutrino fields v; and 1:}', the seesaw Lagrangian [Eq. (J.2.12)] is then given
by:

Lreesaw = — (V) [@%ii’ - q>+e,-i]] —Imyi +he, (J.2.15)
where

Y, =L]Y,N. (J.2.16)

As above, in the limit of A = ||A7l|| = ||[M|| > v, it is also possible to directly generate the effective dimension-five

operator [Eq. (J.2.3)] in terms of the mass-eigenstate charged lepton fields and the new neutrino fields v;. We then identify
the corresponding coefficient, F/ A, as

FI/A=—(Y )k (Y,Yn(M™ ). (1.2.17)

Recalling that F = LEIA’LZ, one can check that Eq. (J.2.17) indeed follows from Egs. (J.2.11), (J.2.14) and (J.2.16).
To identify the neutrino mass matrix, we set ®° = vand ®* = &~ = 0in Eq. (J.2.15):
1,903 Ui
—Zn, =50 V)M, |.m|+he (J.2.18)
v

The neutrino mass matrix M, is a (3 + n) x (3 4+ n) complex symmetric matrix given in block form by:

(0 Mp
MVZ<M; M), (J.2.19)

where Q is the 3 x 3 zero matrix, M is the diagonal matrix defined in Eq. (J.2.14) and Mp is a 3 x n complex matrix (called
the Dirac neutrino mass matrix),

(Mp)'; = v(Y,)}. (.2.20)

167 The Euclidean matrix norm is defined by |A]l = [Tr(ATA)]l/2 = [Zi,j |a;i \2]1/2, for a matrix A whose matrix elements are given by aj;.
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Note that if n = 3 and M = Q, then Mp is a 3 x 3 matrix that is simply the leptonic analogue of the up-type quark
mass matrix M. In this case, we would perform a singular value decomposition of Mp and identify the unhatted neutrino
mass-eigenstate fields, which can be assembled into three generations of four-component Dirac neutrinos,

Vi .
N; = (fﬂl') , i=1,2,3. (J.2.21)

In the seesaw model (with n not specified), we assume that ||[M|| > [[Mp]|. In this case, the neutrino mass matrix can be
perturbatively Takagi block diagonalized as follows [280,298,340]. Introduce the (3 4+ n) x (3 + n) (approximate) unitary
matrix:

33 — sMjHM 2M), MM )
U = 2 L ). (J.2.22)
( MM, Toxn — sM™'MpMpM ™!
where 1 is the identity matrix (whose dimension is explicitly specified above). We define transformed [light (£) and heavy

(h)] neutrino states (V;); and (1:),,)j by:

Vi Ny
gl =u( 7). 223
(af) v ((M“) 4223

By straightforward matrix multiplication, one can verify that to second order accuracy in perturbation theory,

(J.2.24)

—1pgT
UM, U~ (—MDM 748 ©) ) ’

o' M + J(M~'M{Mp + MMM ™)
where Q is the 3 x n zero matrix.

We now can identify an effective 3 x 3 complex symmetric mass matrix M,, for the three light neutrinos as the upper
left-hand block of Eq. (J.2.24),

M,, ~ —MpM~'M}, (J.2.25)

where corrections of @ (v*/A3) have been neglected. Using Egs. (J.2.17) and (].2.20), we see that the light neutrino mass
matrix obtained in Eq. (J.2.5) has been correctly reproduced to leading order in v?/ A2
The physical light neutrino mass-eigenstate fields and their masses are identified by Eqs. (J.2.6) and (J.2.7). At energy

scales below the heavy neutrino mass scale, A = |[M]||, and we can set f)h = 0. Neglecting corrections of @ (v?/A?),
Egs. (J.2.20)—(J.2.25) imply that'68
Ui > (Uns)? (00)), (J.2.26)
- 1 . 1 .
(Yv)ljl) ~ ;(MpeuMNS)lk(Uﬁ)k = ; Z(UTMNS)kl (mv[)k(‘)(f)kv (J227)
k

where in the last step above we have used Eq. (J.2.7) and (UKANS)]»" = [(Umns)?1*. Using Egs. (J.2.26) and (J.2.27) to express
the seesaw Lagrangian in terms of the light neutrino mass-eigenstate fields, one can verify that the resulting interactions
of the light neutrinos (and charged leptons) to gauge bosons, the Higgs boson and the Nambu-Goldstone bosons reproduce
the results of Eqs. (J.2.8) and (J.2.9) at leading order in v?/ A2

For completeness, we examine the effective n x n complex symmetric mass matrix of the heavy neutrino states, M,,,
which is identified as the lower right-hand block in Eq. (J.2.24),

M,, ~M + 2 (M~'MMp + MuMM ). (J.2.28)

Although M is diagonal by definition [cf. Eq. (J.2.14)], the right-hand side of Eq. (J.2.28) is no longer diagonal due to the
second order perturbative correction. However, we do not have to perform another Takagi diagonalization, since the off-
diagonal elements of the lower right-hand block only affect the physical (diagonal) masses at higher order in perturbation
theory. Thus, we identify the physical heavy neutrino mass eigenstates to leading order by the unhatted fields,

ol (J.2.29)

168 Strictly speaking, Eq. (J.2.27) should be written as:
_— 1 .
W5V = = B U’ 8™ (ma e,
k,n

to maintain covariance in the flavor indices.
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with masses

1 .
My, ~ M, (1 + o2 > |(MD)',|2> : (J2.30)
]

where the M; are the diagonal elements of M (and no sum over the repeated index J is implied). That is, the masses of the

heavy neutrinos are simply given by my,, >~ M, up to corrections that are of the same order as the light neutrino masses.
The interactions of the heavy neutrinos can be likewise obtained. The only unsuppressed interactions are heavy neutrino

couplings to the Higgs boson and Nambu-Goldstone bosons that are proportional to the Dirac neutrino mass matrix,

1
ﬁv

All other couplings of the heavy neutrinos to the W* and Z bosons (and additional contributions to the couplings of the
heavy neutrinos to the Higgs boson and Nambu-Goldstone bosons) are suppressed by (at least) a factor of O (v/A).

_ . 1 —
Fine = =~ UjsMp)s7, w0y +16°) + = (M) 7,G* + hc. (J2.31)

Appendix K. MSSM fermion interaction vertices

In this section, we provide the Feynman rules for the MSSM interaction vertices. To complete the tabulation of all MSSM
Feynman rules, one requires the rules for the purely bosonic interactions of the MSSM. These can be found in Refs. [341,342].

K.1. Higgs—fermion interaction vertices in the MSSM

The MSSM Higgs sector is a two Higgs doublet model containing eight real scalar degrees of freedom: one complex
Y = —% doublet, Hy = (Hf}, H,) and one complex Y = —i—% doublet, H, = (H, HS). The notation reflects the form of the
MSSM Higgs sector coupling to fermions:

Hy=e® [(m‘;(m)aébiﬁj — (Vo) j(Ha)oQud — (V)i (Ha)akil } +h.c., (K.1.1)

where the hatted fields are interaction-eigenstate quark and lepton fields (with generation labels i and j), a and b are SU(2);
indices and the invariant SU(2); tensor €% is defined below Eq. (J.1.5). That is, the neutral Higgs fields Hg [HO] couple

exclusively to down-type [up-type] fermion pairs, respectively. In the supersymmetric model, both hypercharge Y = —%

andY = +% complex Higgs doublets are required in order that the theory (which now contains the corresponding higgsino

2aj aj
superpartners) remain anomaly free. The supersymmetric structure of the theory forbids the coupling of HL tod and ¢

or the coupling of H; to il , as such couplings would not be holomorphic. Consequently, (at least) two Higgs doublets are
required in the MSSM to generate mass for both “up”-type and “down”-type quarks and charged leptons [170,343,344].

To find the couplings of the Higgs fields, we expand them around the neutral Higgs field vacuum expectation values
Vg = (Hfj) and v, = (HS) Depending on the application, these may be chosen to be the minimum of the tree-level scalar
potential, or of the full loop-corrected effective potential, or just left arbitrary. It is always possible to choose the phases of
the Higgs fields such that v, and v, are real and positive. We then define

ﬁztan”(&), 0<pB<

Vd

N

(K.1.2)

The one potentially complex squared-mass parameter that appears in the tree-level MSSM Higgs scalar potential is
necessarily real in the convention where the vacuum expectation values of the neutral Higgs fields are real and positive.!
Consequently, the tree-level MSSM Higgs sector conserves CP, which implies that the neutral Higgs mass eigenstates possess
definite CP quantum numbers.'”® Spontaneous electroweak symmetry breaking results in three Goldstone bosons G*, G°
(the neutral Goldstone boson is a CP-odd scalar field), which are absorbed and become the longitudinal components of the
W and Z. The remaining five physical Higgs particles consist of a charged Higgs pair H*, one CP-odd scalar A, and two
CP-even scalars h° and H°.

169 The coefficients of the quartic terms of the tree-level MSSM Higgs potential are related to the electroweak gauge couplings and are manifestly real,
independently of the convention for the phases of the Higgs fields.

170 \when one-loop corrections are taken into account, new MSSM phases can enter in the loops that cannot be removed. In this case, the physical neutral
Higgs states can be mixtures of CP-even and CP-odd scalar states [345].
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It is convenient to define H, = (Hj)T and H = (Hd_)T. One can then parameterize the mixing angles between Higgs
gauge eigenstates and mass eigenstates by writing:

1
HY =vu+—= Y kgoo?,  Hf =) k™, (K.1.3)
V2 @0 ot
1
H) =va+ —= Y ko,  Hy =) keyrop™. (K.1.4)
ﬁ ¢0 d):t
For ¢:t — (Hi, Gi),”]
kyp+ = (cos Bz, sin B1), (K.1.5)
kgg+ = (sin By, —cos Bz), (K.1.6)

and for ¢° = (h°, H?, A?, G°),
kwo = (cosa, sina, icos Py, isin By), (K.1.7)
kd¢0 = (—sine, cos «, i sin By, —icos By), (K.1.8)

where the mixing angle o parameterizes the orthogonal matrix that diagonalizes the 2 x 2 CP-even Higgs squared-mass
matrix M3 [defined in Eq. (K.1.11) below].
In Egs. (K.1.3) and (K.1.4), the normalization of the vacuum expectation values is

v 402 =2m}, /g? ~ (174 GeV)?, (K.1.9)

if one chooses vy, vy to be near the true minimum of the Higgs effective potential. Note that in the special case that v, and
vg are at the minimum of the tree-level potential, the mixing angles 8. in the charged Higgs sector and Sy in the CP-odd
neutral Higgs sectors coincide such that . = By = B, where 8 is defined in Eq. (K.1.2). However, if one expands around a
more general choice of vy, vg, including for example the minimum of the full effective potential, then the tree-level mixing
angles By and S are distinct from each other and from . (Depending on the choice of renormalization scale for a particular
calculation, the tree-level potential in the MSSM may have a very different minimum from the true minimum of the full
effective potential, or may not have a proper minimum at all.) Therefore, we do not assume anything specific about v, and
vy except that they are real and positive by convention.

All MSSM Higgs boson masses and the mixing angle « are determined at tree level by two Higgs sector parameters,
usually taken to be the ratio of the tree-level vacuum expectation values, tan 8 = v, /vg4, and the mass of the CP-odd Higgs
scalar, my [170,344]. The tree-level value of the squared mass of the charged Higgs boson is given by

m’. = my +my,. (K.1.10)

The CP-even Higgs bosons h® and H° are eigenstates of the tree-level squared-mass matrix,

2 m3 sin” B + m; cos® B —(m3 + m3) sin B cos B
MO == 2 2 . 2 2 2 .2 . (I(.l.]])
—(my + mj3) sin B cos B my cos” B 4+ my sin”
The eigenvalues of Mg are the tree-level squared masses of the two CP-even Higgs scalars,
mh, = 1 (mf\ +mi+ \/(mi + m2)2 — 4m2m? cos? 2;3) . (K.1.12)
with m, < my. The angle « of the orthogonal matrix that diagonalizes Mﬁ is given by [346]:
m2 4+ m2 m2 — m2
sin2a = —sin2p (%) , cos2a = —cos2p (%) . (K.1.13)
my —m my — ny,

Since sin 2o < 0, the tree-level value of « is restricted to lie in the range —7 /2 < o < 0.

Radiative corrections can have a significant impact on the tree-level Higgs masses and mixing angle o [345,347]. For
example, the tree-level bound m, < my|cos28| < mz [which follows from Eq. (K.1.12)] is significantly modified by an
incomplete cancellation of top quark and top squark loop corrections. Including the latter implies that my < 135 GeV [348],
which (in contrast to the tree-level prediction) is not experimentally excluded.

171 Note that ¢~ = (¢)T. Since the ksy= (for f = u, d) are real quantities, we adopt the notation in which kfs+ = krs- = kg and . = B = B
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Fig. K.1.1. Feynman rules for the interactions of neutral Higgs bosons ¢° = (h®, H®, A°, G®) with fermion-antifermion pairs in the MSSM. The repeated
index j is not summed.
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Fig. K.1.2. Feynman rules for the interactions of charged Higgs bosons ¢* = (H*, G*) with fermion-antifermion pairs in the MSSM.

The Higgs-fermion Yukawa couplings in the gauge-interaction basis are given by Eq. (K.1.1). Explicitly,
i[azigo A2y il 350 S5 ils5 50 3 -
— = (Vo) [uiu H® — dilH; ] +(Y)'s | Gd HO — td Hy | + (Yo', | 20 HO — %0 H |+ hc. (K.1.14)

We use Egs. (K.1.3) and (K.1.4) to express the interaction-eigenstate Higgs fields in terms of the physical Higgs fields and
Goldstone fields. We can identify the quark and lepton mass matrices simply by setting H? = v, Hg =vygandH =H; =0
in Eq. (K.1.14),

My)'; = vu(Yo)', Mg)'; = va(Ya)'j, (M)’ = va(Ye)'). (K.1.15)

We then use Egs. (J.1.10) and (J.1.11) to express the interaction-eigenstate quark and lepton fields in terms of the
corresponding mass-eigenstate fields. Eqs. (J.1.12) and (J.1.14) ensure that the fermion mass matrices are diagonal (with real
non-negative elements) in the fermion mass-eigenstate basis. In this basis, the resulting neutral Higgs-fermion interactions
are diagonal. Here, the diagonalized Higgs-fermion Yukawa coupling matrices appear:

diag(Yu1, Yiz, Yu3) = diag(Yy, Ye, Vo) = YRy, (K.1.16)
diag(Yq1, Yoz, Ya3) = diag(Yy, Ys, Yp) = LiYaRy, (K.1.17)
diag(Ye1, Yoz, Ye3) = diag(Ye, Yy, Yo) = LyY(Re. (K.1.18)
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The diagonalized Yukawa couplings are related to the corresponding fermion masses by
Yui = my; /vy, Yo = mg;/vq, Yoi = my; /vg. (K.1.19)

We have used the same symbol for the Yukawa couplings in the MSSM as we did for the Standard Model Yukawa couplings
in Appendix J.1. However, it is important to note that the MSSM Yukawa couplings are normalized differently because of
the presence of two neutral Higgs field vacuum expectation values. Using a superscript SM to denote the Standard Model
Yukawa couplings of Appendix J.1, the MSSM Yukawa couplings defined here are related by:

Yi=Yy"/sinB,  Ya=Y;"/cosB,  Yu=Y;M/cosp. (K.1.20)

The interactions of the neutral Higgs and Goldstone scalars ¢ = (h°, H?, A%, G°) with Standard Model fermions are
given in Fig. K.1.1. Note that the rules involving undotted spinor indices are proportional to either couplings kq,0 and k0,
whereas the rules involving dotted spinor indices are proportional to the corresponding complex-conjugated couplings. For
the CP-even scalars, h° and HY, the corresponding couplings are real. Hence, starting with the rule for the coupling of the
CP-even neutral scalars to fermions with undotted indices, one obtains the corresponding rule for the coupling to fermions
with dotted indices (with the direction of the arrows reversed) by taking 8% — §¢ j- In contrast, for the CP-odd scalars, A°
and G°, the corresponding couplings kqgo and k40 are purely imaginary. Therefore, starting with the rule for the coupling
of the CP-odd neutral scalars to fermions with undotted indices, one obtains the corresponding rule for the coupling to
fermions with dotted indices (with the direction of the arrows reversed) by taking 8,/ — —8¢ j- The latter minus sign is

a signal that A° and G° are CP-odd scalars. In particular, due to the fact that the Feynman rules for A° and G° arise from a
term in %, proportional to i Im H°, the latter i flips sign when the rule is conjugated resulting in the extra minus sign noted
above. As an additional consequence, since the Feynman rules are obtained from i.%, the overall A° and G° rules are real.

The couplings of the charged Higgs and Goldstone bosons to quark-antiquark pairs are not flavor-diagonal and involve
the CKM matrix K. Starting with Eq. (K.1.14), and changing to the mass-eigenstate basis as before, we make use of
Egs. (J.1.22) and (J.1.23) to obtain

Lint = Yu,[l(]fldjl_llH+ Ccos ﬂj: + Ydi[l(f],juj(_iiH_ sin ﬂ:t + Yg,‘UiZiH_ sin /3:&
+ YulK17dii'G" sin B+ — Ygu[K'1/u;d'G™ cos B+ — Yyvi€'G™ cos B + h.c. (K.1.21)

The resulting charged scalar Feynman rules of the MSSM are given in Fig. K.1.2. Note that when Eq. (K.1.20) is taken into
account, the fermion couplings to the neutral and charged Goldstone bosons are equivalent to those of the Standard Model
[cf. Eq. (J.1.24)] if we choose By = B+ = B.

K.2. Gauge-interaction vertices for neutralinos and charginos

Following Eqgs. (C83) and (C88) of Ref. [7], we define:

1

05 = _ENMVJ.’; + NoVji (K2.1)
1

05 = EN{Esz + NpUji, (K.2.2)

Off = —ViaVj; — 3ViaVj + 8isiy (K.2.3)

Off = —UjiUn — 3U5Up + 8ysiy. (K.2.4)

Of = =05 = 5 (NuNj; — NiaN). (K.25)

where sy = sin 6y . Here U and V are the unitary matrices that diagonalize the chargino mass matrix via the singular value
decomposition:

U*My+V ™" = diag(mg,, mg,), (K.2.6)
with
M, gVy
My: = : K2.7
v (gvd M) ( )

Similarly, N is a unitary matrix that Takagi diagonalizes the neutralino mass matrix,

N*MyoN~" = diag(mg, , mg,, mg,, mg,), (K.2.8)
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Fig. K.2.1. Feynman rules for the chargino and neutralino interactions with neutral gauge bosons. The coupling matrices are defined in Egs. (K.2.3)-(K.2.5)
and cy = cos 6y . For each rule, a corresponding one with lowered spinor indices is obtained by o ﬂ — —Oupa-
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Fig. K.2.2. Feynman rules for the chargino and neutralino interactions with W* gauge bosons. The charge indicated on the W boson is flowing into the
vertex in each case. The coupling matrices are defined in Egs. (K.2.1) and (K.2.2). For each rule, a corresponding one with lowered spinor indices is obtained
by o ) = —0upa

with
M; 0 —g'vg/V2  gu/V2
Myo = / 0 M, gUd/ﬁ _gvu/\/i (K.2.9)
—g'vg/V2  gug/V2 0 —u
gu/vV2  —gw/V2 - 0

As noted above Eq. (K.1.2), we work in a convention in which v, and v, are real and positive. The gaugino mass parameters
M1, M, and the higgsino mass parameter . are potentially complex.

We now list the gauge boson interactions with the neutralinos and charginos in the form of Feynman rules. Here, we make
use of the results presented in Figs. 4.3.2-4.3.4. The Feynman rules for Z and y interactions with charginos and neutralinos
are given in Fig. K.2.1 and the corresponding rules for Wi mteractlons are given in Fig. K.2.2. For each of these rules, one
has a version with lowered spinor indices by replacing 65" — —o,5,. We label fermion lines with the symbols of the

two-component fermion fields as given in Table 5.1. The ZN,Nj interaction vertex also subsumes the O;;R interaction found

in four-component Majorana Feynman rules as in Ref. [7], due to the result of Eq. (G.1.98) and the relation OI{JTR = —O]f,fL of
Eq. (K.2.5).

The chargino sector is CP-conserving if Im(M,u*) = 0. In this case, the chargino fields can be rephased such that M, and
w are real, and the chargino mixing matrices U and V can be chosen to be real orthogonal. In particular, the couplings 0't
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Fig. K.3.1. Feynman rules for the interactions of neutral Higgs bosons ¢° = (h®, H°, A?, G°) with neutralino pairs and chargino pairs, respectively, and the
interaction of charged Higgs bosons ¢* = (H*, G*) with chargino-neutralino pairs. For each rule, there is a corresponding one with all arrows reversed,
undotted indices changed to dotted indices with the opposite height, and the Y coupling (without the explicit —i) replaced by its complex conjugate.

and O’ are manifestly real. Likewise, the neutralino sector is CP-conserving if Im(M; 1 *) = Im(M*) = Im(M;M3) = 0.2
In this case, the neutralino fields can be rephased such that My, M, and u are all real, and the neutralino mixing matrix can
be chosen [cf. Egs. (D.2.4) and (D.2.5)] such that [170]:

Ny = ¢z, no sum overi, (K.2.10)

where Z is a real orthogonal matrix, and ¢; is the sign (either £1) of the ith eigenvalue of the real symmetric neutralino
mass matrix, Myo. That is, the ith row of N is purely real [imaginary] if &; = +1 [—1]. In particular, the matrix element O;fL
is purely real [imaginary] if &;¢; = +1 [—1]. More generally, the neutralino and chargino interactions with the electroweak
gauge bosons are CP-conserving if the corresponding Feynman rules for the interaction vertices are either purely real or
purely imaginary.

In the CP-violating case, the matrices U and V cannot be chosen to be real orthogonal, and N cannot be written in the
form of Eq. (K.2.10)."3 Nevertheless, the diagonal couplings 0.", O:F and O/" are manifestly real. This indicates that the

~ o~ ~ o~ m’
diagonal Z OC,* ¢, andZ ON;N; couplings are CP-conserving at tree level, even in the presence of a CP-violating chargino and
neutralino sector. Similarly, the diagonal nyL C; couplings are CP-conserving, whereas the off-diagonal yCiin couplings
(i # j) vanish at tree level, as expected from gauge invariance.

K.3. Higgs interactions with charginos and neutralinos

The couplings of chargino and neutralino mass eigenstates to the Higgs mass eigenstates can be written, in terms of
the Higgs mixing parameters of Eqs. (K.1.7) and (K.1.8) and the neutralino and chargino mixing matrices of Appendix K.2,
as [170]:

0,0,0 1 . .

Yo XN — 5(k;¢0N; _ k:wN;Z)(g 5 _g/IVj*;) + @ <)), (K.3.1)
0y =yt g

Yo x N — E(kz(ﬁoui’; 1*2‘ + k:¢0 ;‘ivj’;) (K.3.2)
ot x0%" 1 g

1 = 1 (V0 - J5mat) - S (K33
~ Oyt 1 g

ye KN — Kug [g< Vi + ﬁ EVE) + \—fz 5 j§i| , (K.3.4)

for °© = h° H°, A% G° and ¢* = H*, G*. We exhibit the Higgs boson and Goldstone boson interactions with the
neutralinos and charginos in Fig. K.3.1. For each of the Feynman rules in Fig. K.3.1, one can reverse all arrows by taking
8P — 8¢ j and complex conjugating the corresponding coupling (but not the overall factor of —i).

Goldstone bosons may appear as internal lines in of Feynman graphs that are evaluated in the 't Hooft-Feynman gauge.
The propagation of a Goldstone boson yields a result that is identical to the propagation of the corresponding longitudinal
gauge boson in the unitary gauge. It is thus convenient to express the Goldstone boson couplings to the neutralinos and

172 1t a1l three of the potentially complex parameters My, M, and p are non-zero, then only two of the three conditions for a CP-conserving neutralino
sector are independent, since the third condition follows automatically from the first two conditions.

173 since M0 is in general a complex symmetric matrix, its eigenvalues are not necessarily all real. In particular, if the ith eigenvalue is not real, then there
is no longer any meaning to the sign ¢;.
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Fig. K4.1. Feynman rules for the interactions of charginos with fermion/sfermion pairs in the MSSM. The fermions are taken to be in a mass-eigenstate
basis, and the sfermions are in a basis whose elements are the supersymmetric partners of them. For each rule, there is a corresponding one with all arrows
reversed, undotted indices changed to dotted indices with the opposite height, and the coupling (without the explicit i) replaced by its complex conjugate.
Note that chargino interaction vertices involving iid; and diiz do not occur in the MSSM. An alternative version of these rules, for the case that mixing is

allowed only among third-family sfermions, is given in Fig. K.4.3.

charginos in terms of the corresponding gauge boson couplings. To accomplish this, we first record a number of identities
among the neutralino and chargino mixing matrices. First, we use Eqgs. (K.2.6) and (K.2.7) to derive:

MyU + guaUp = mg Vi, guy U + nUp = mg Vi,

MyVii +gu Vi = mgUn,  gvaVyy + uVy = mgUp.

Next, we use Eqgs. (K.2.8) and (K.2.9) to derive:

Uy

V2

4
my Nig = ZN;(MV/O)H = (g'N — gNi) — uNj,
=
Vd

W

4
myNis = Y Nj(Myo)s = ——= (&'N;; — gNj) — uNj;,
j=1

4

g
myNo = Y " Nj (Myo)p = NjMa + —= (vaNjj — vuNj) -

= V2

(K.3.5)
(K.3.6)

(K.3.7)

(K.3.8)

(K.3.9)

By a judicious combination of the above identities,  and M, can be eliminated. One can then rewrite the Goldstone boson
couplings of Egs. (K.3.1)-(K.3.4) in terms of the gauge boson couplings O"R, 0''F and 0”LF defined in Eqgs. (K.2.1)-(K.2.5). It
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Fig. K4.2. Feynman rules for the interactions of neutralinos with fermion/sfermion pairs in the MSSM. The fermions are taken to be in a mass-eigenstate
basis, and the sfermions are in a basis whose elements are the supersymmetric partners of them. For each rule, there is a corresponding one with all arrows
reversed, undotted indices changed to dotted indices with the opposite height, and the coupling (without the explicit i) replaced by its complex conjugate.
An alternative version of these rules, for the case that mixing is allowed only among third-family sfermions, is given in Fig. K.4.4.

then follows that:

0 _ ? (05— mi057) (K3.10)
iy xt = ? (maol{jl _ mEjol/jR) ’ (K3.11)
ye iy = g (mEJOlL]* —mg,05*), (K.3.12)
v _ _? (0t — me0f) (K3.13)

0,0,0
Note that by using 0} = —0}", it follows from Eq. (K.3.10) that iY® %% is symmetric under the interchange of i and j, as

Jji
expected.

In general, for a CP-violating chargino and neutralino sector, the couplings Y**%'%’ and Yo' 1 for ¢® = KO HO AD
are neither purely real nor purely imaginary. That is, the diagonal neutralino and chargino couplings to the physical neutral
Higgs bosons are generically CP-violating. However for ¢° = G°, the diagonal neutralino and chargino couplings to the
neutral Goldstone boson (when multiplied by i) are manifestly real. In particular, Eqgs. (K.3.10) and (K.3.11) yield:

242my; V2ms
iy — TN ot = TN [INil? — N3], (K.3.14)
s N2mg mg,
iy 6 = T(o;f -0} = r [IVal* = Ual?]. (K.3.15)
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Fig. K.4.3. Feynman rules for the interactions of charginos with third-family fermion/sfermion pairs in the MSSM. The fermions are taken to be in a mass-
eigenstate basis. CKM mixing is neglected, and the sfermions are assumed to only mix within the third family. The corresponding rules for the first and
second families with the approximation of no mixing and vanishing fermion masses can be obtained from these by setting Y = Oand Ly = R; = 1and

L;, = R;, = 0(so that f1 = fR and fz fL) For each rule, there is a corresponding one with all arrows reversed, undotted indices changed to dotted indices
with the opposite height, and the coupling (without the explicit i) replaced by its complex conjugate.

where the unitarity of U and V has been used to obtain the final expression in Eq. (K.3.15). It follows that the diagonal
neutralino and chargino couplings to the neutral Goldstone boson are CP-conserving. This result is not surprising, as the
corresponding diagonal tree-level couplings of the (longitudinal) Z° boson are always CP-conserving as noted at the end of
Appendix K.2.

K.4. Chargino and neutralino interactions with fermions and sfermions

In the MSSM, the scalar partners of the two-component fields g and g' are the squarks, denoted by §; and Gy, respectively.
In our notation, g;* and g5 denote both the complex conjugate fields and the names of the corresponding anti-squarks. Thus
u, Uy and Ui all have electric charges +2/3, whereas &, ;" and i} all have electric charges —2/3. Likewise, the scalar partners
of the two-component fields £ and £ are the charged sleptons, denoted by ¢; and £, respectively, with £ = e, u, 7. The
sneutrino, v is the superpartner of the neutrino. There is no T, since there is no v in the theory.!”*

The Feynman rules for the chargino-quark-squark interactions are given in Fig. K.4.1, and the rules for the
neutralino—quark-squark interactions are given in Fig. K.4.2. Here we have taken the quark and lepton two-component
fields to be in a mass-eigenstate basis, and the squark and slepton field basis consists of the superpartners of these fields, as
described above. Therefore, in practical applications, one must include unitary rotation matrix elements relating the squarks
and sleptons as given to the mass eigenstates, which can be different.

In principle, all sfermions with a given electric charge can mix with each other. However, there is a popular, and
perhaps phenomenologically and theoretically favored, approximation in which only the sfermions of the third family have
significant mixing. For f = t, b, t, one can then write the relationship between the gauge eigenstates fL, fR and the mass
eigenstates fi, f> as [349]

%) _ x. (J?) X — <Rf1 sz>7 K4.1
( L> ! ! Lf] sz ( )

174 11 i possible to construct a seesaw-extended MSSM that would be the minimal supersymmetric extension of the seesaw-extended Standard Model
described in Appendix J.2. In the seesaw-extended MSSM, both v and its supersymmetric partner v exist. For further details on the sneutrino sector of the
seesaw-extended MSSM, see Ref. [298].
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Fig. K.4.4. Feynman rules for the interactions of neutralinos with third-family fermion/sfermion pairs in the MSSM. The comments of the caption of
Fig. K.4.3 also apply here.

where X is a 2 x 2 unitary matrix. Then one can choose R; = L = ¢;,and L; = —R! = s; with
fi 1 f hi I f

le? + Is71> = 1. (K4.2)

If there is no CP violation, then ¢ and S7 can be taken real, and they are the cosine and sine of a sfermion mixing angle.!”>

For the other charged sfermions (f = 1, d, C,s, ¢, f1), one can use the same notation, and approximate L; = R: = 1and
Lz =R;, =0. The resulting Feynman rules for squarks and sleptons that mix within each generation are shown in Figs. K.4.3
and K.4.4.

For each Feynman rule in Figs. K.4.1-K.4.4, one can reverse all arrows by taking 8,7 — 8¢ j and complex conjugating the
corresponding rule (but leaving the explicit factor of i intact).

175 0ur convention for ¢;» S¢ has the property that for zero mixing angle,f] = ﬂ andfz = fL The conventions most commonly found in the literature
unfortunately do not have this nice property.
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Fig. K.5.1. Fermionic Feynman rules for SUSY-QCD that involve the gluon, with ¢ = u,d,c,s, t, b. Lowered (raised) indices j, k correspond to the

fundamental (anti-fundamental) representation of SU(3).. For each rule, a corresponding one with lowered spinor indices is obtained by E‘;ﬁ — —O0upa-

o .
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Fig. K.5.2. Fermionic Feynman rules for SUSY-QCD that involve the squarks, in a basis corresponding to the quark mass eigenstates ¢ = u, d, c, s, t, b.
Lowered (raised) indices j, k correspond to the fundamental (anti-fundamental) representation of SU(3)., and the index a labels the adjoint representation
carried by the gluino. The spinor index heights can be exchanged in each case, by replacing 8, — 8% or 8‘5‘3 — 8P4, For an alternative set of rules,
incorporating q;-gr mixing, see Fig. K.5.3.
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Fig. K.5.3. Fermionic Feynman rules for SUSY-QCD that involve the squarks in the mass-eigenstate basis labeled by x = 1,2 and q = u, d, c, s, t, b, in
the approximation where mixing is allowed only within a given flavor (typically, for the third family only), as in Eq. (K.4.1). Lowered (raised) indices j, k
correspond to the fundamental (anti-fundamental) representation of SU(3)., and the index a labels the adjoint representation carried by the gluino. The
spinor index heights can be exchanged in each case, by replacing 8, — 8p% or 8‘5‘3 — 8P,

K.5. SUSY-QCD Feynman rules

In supersymmetric (SUSY) QCD, the Lagrangian governing the gluon interactions with colored fermions (gluinos and
quarks) in two-component spinor notation, which derives from the covariant derivatives in the kinetic terms, is given by

L = 8™ @ TuBAL — 8T Y (0750 — 7.3 | AL (KS.1)
q

Here g; is the strong coupling constant, a, b,d = 1,2, ..., 8 are SU(3). adjoint representation indices, and f¢ are the
SU(3) structure constants. Raised (lowered) indices j, k = 1, 2, 3 are color indices in the fundamental (anti-fundamental)
representation. We have denoted the two-component gluino field by g, as in Table 5.1 and the gluon field by A%. The sum
> q is over the six flavors ¢ = u,d, s, c, b, t (in either the mass-eigenstate or electroweak gauge-eigenstate basis). The
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Fig. L.1. Feynman rules for the Yukawa couplings of two-component fermions due to the supersymmetric, R-parity-violating Yukawa Lagrangian %5
[cf. Eq. (L.1)]. For each diagram, there is another with all arrows reversed and Ay — A
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Fig. L.2. Feynman rules for the Yukawa couplings of two-component fermions for the supersymmetric, R-parity-violating Yukawa Lagrangian &5

[cf. Eq. (L.2)]. For each diagram, there is another with all arrows reversed and )Llfjk — A;ﬁ(
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Fig. L.3. Feynman rules for the Yukawa couplings of two-component fermions due to the supersymmetric, R-parity-violating Yukawa Lagrangian .#;5;

[cf. Eq. (L.3)]. For each diagram, there is another with all arrows reversed and )»;Jf,‘ — Ag;.

corresponding Feynman rules are shown in Fig. K.5.1. The gluino-squark-quark Lagrangian is given by:
Fin = —v28T* Y [@ae @) + 80" i — &d e — 8337 (K52)
q

where the squark fields are taken to be in the same basis as the quarks. The Feynman rules resulting from these Lagrangian
terms are shown in Fig. K.5.2.

For practical applications, one typically takes the quark fields as the familiar mass eigenstates, and then performs a unitary
rotation on the squarks in the corresponding basis to obtain their mass-eigenstate basis. In the approximation described at
the end of Appendix K.4 [cf. Egs. (K.4.1) and (K.4.2) and the accompanying text], one obtains the Feynman rules of Fig. K.5.3,
as an alternative to those of Fig. K.5.2.

Appendix L. Trilinear R-parity-violating Yukawa interactions

In the MSSM, a multiplicative R-parity invariance is imposed, where R = (—1)3®-D+2 for a particle of baryon number
B, lepton number L and spin S [350]. Equivalently, R-parity can be defined to be an additive quantum number modulo 2,
where R = +1 corresponds to an even R-parity and R = —1 corresponds to an odd R-parity. In particular, all the ordinary
Standard Model particles are R parity even, whereas the corresponding supersymmetric partners are R parity odd. In the
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R-parity-violating extension of the MSSM (denoted below as RPV-MSSM), new interactions are allowed that violate R-parity.
Such interactions necessarily violate the B — L global symmetry. R-parity-violating interactions can significantly alter the
phenomenology at colliders (see for example [205,208]), especially as the lightest supersymmetric particle (LSP) is no longer
stable [209,351]. Moreover, the LSP need not be restricted to the lightest neutralino (or perhaps the sneutrino) as in the
MSSM, but can be any supersymmetric particle [204].

In this appendix, we focus on new trilinear supersymmetric Yukawa interactions that can appear in an RPV-MSSM
[351-354]:

A = _%)\ijk (Z;;kviﬁj + T)’,-Z,-Zk +ZL]'Z]<V,' - Z;‘;ke,'vj' — ’\)}'Zk&' — Z[_il)jzk) + h.c., (L.1)
gLQa = _)";jk d;kvidj + T)Iidjak +EL,-¢_1,<U,~ — E;,<Ein — HLjakE,' — E,-ujak) + h.C., (LZ)
Lga = — I yepg [Uhr iy, + diy il + diyifd!] + h.c., (L3)

"

where repeated indices are summed over!’%. In Egs. (L.1)-(L.3), Aijk, Ejk, ik are dimensionless coupling constants, i, j, k are

generation indices, and p, q, r = 1, 2, 3 are color SU(3) indices, respectively. The couplings proportional to A and A’ violate
L and conserve B, whereas the couplings proportional to A" violate B and conserve L. Various phenomenological constraints
on these couplings are summarized in Ref. [354].

In addition to A, )»lfjk, :J’k the Lagrangian of the RPV-MSSM contains one additional supersymmetric L-violating mass

parameter, «;, which leads to slepton-Higgs mixing and lepton-higgsino mixing. Finally, supersymmetry-breaking R-parity-
violating parameters would also contribute to slepton-Higgs mixing and yields new trilinear scalar interactions. These
effects modify the Feynman rules of Appendix K through additional mixing matrices, which we do not include here (for
further details, see e.g. Ref. [199]).

Recently, the two-component fermion Feynman rules for the neutral fermions have been given in Refs. [280,355]. Using
Eq. (4.3.2) and Fig. 4.3.1 we can now directly determine the corresponding Feynman rules. These are given in Figs. L.1-L.3.
The same Lagrangian for the Yukawa interactions is given in terms of four-component fermions in Refs. [206,207]. Two
sample computations that make use of these rules are presented in Sections 6.20 and 6.21.
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