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Most studies of Higgs sector CP violation focus on the detection of CP-violating neutral Higgs-fermion
Yukawa couplings, which yield P-odd, CP-violating phenomena. There is some literature on purely
bosonic signatures of Higgs sector CP violation, where the simultaneous observation of three processes
(suitably chosen) constitutes a signal of P-even CP violation. However, in the examples previously
analyzed, some of the processes are strongly suppressed in the approximate Higgs alignment limit
(corresponding to the existence of a Standard Model-like Higgs boson as suggested by LHC data), in which
case the proposed CP-violating signals are difficult to observe in practice. In this paper, we extend the
existing literature by examining processes that do not vanish in the Higgs alignment limit and whose
simultaneous observation would provide unambiguous evidence for scalar-mediated P-even CP violation.
We assess the discovery potential of such signals at various future multi-TeV lepton (and yy) colliders. The
potential for detecting loop-induced P-even, CP-violating phenomena is also considered.
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I. INTRODUCTION

The Higgs boson of the Standard Model (SM) is a
CP-even scalar. Strictly speaking, this statement is only
approximately true, since the SM Lagrangian is not CP
conserving due to the presence of an unremovable complex
phase in the Cabibbo-Kobayashi-Maskawa (CKM) matrix.
This phase will generate CP-violating observables in
processes involving the Higgs boson via radiative correc-
tions. However, in practice, any such contributions are
extremely tiny and can be neglected.

There have been a number of theoretical motivations
advanced in the literature that suggest the existence of
additional scalar degrees of freedom beyond the Higgs
boson of the SM. However, even independently of such
motivations, it is striking to observe that the fermion and
gauge sectors of the SM are nonminimal. Thus, if the scalar
sector of the SM follows a similar pattern, then one should
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expect the existence of additional Higgs scalars in nature.
Perhaps some of these scalars will possess masses that
are not significantly larger than the observed Higgs boson,
in which case they may be discoverable at the LHC or
at future hadron and/or lepton colliders now under
consideration.

Current LHC data already place nontrivial restrictions
on the structure of an extended Higgs sector. First, the
observation that the electroweak p parameter is very close
to 1 suggests that any extended Higgs sector is most likely
composed of hypercharge Y = 1 doublet fields (and
perhaps singlet fields) with respect to the electroweak
gauge group.1 Second, the LHC Higgs data have already
achieved a precision that implies that the properties of the
observed Higgs boson closely approximate those of the
SM Higgs boson to within an accuracy that is typically in
the range of 10%—-20% depending on the observable [2,3].

'We have chosen a convention, such that O = T3 + % Y, where
Q is the electric charge, 7’5 is the third component of the weak
isospin, and Y is the hypercharge. Note that if other scalar
multiplets are included, then (in most cases) the Higgs sector
parameters must be fine tuned to achieve p ~ 1, in contrast to
extended Higgs sectors consisting of ¥ = 0 singlet and ¥ = +1
doublet scalar fields where the tree-level value of the p-parameter
is automatically equal to 1. For further details and references to
the original literature, see Ref. [1].
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The existence of a SM-like Higgs boson in the scalar
spectrum implies that the Higgs sector is close to the so-
called Higgs alignment limit [4-9].

Consider an extended Higgs sector with n hypercharge-1
SU(2) doublet scalar fields ®; and m additional hyper-
charge-0 singlet scalar fields ¢;. After minimizing the
scalar potential, we assume that only the neutral
scalar fields acquire nonzero vacuum expectation values
(vevs), thereby preserving U(1)gy, with (®0) = v;//2
and (¢9) =x;, where 1?=Y,|v]> = (V2Gp) =
(246 GeV)? and Gy is the Fermi constant of weak
interactions. One can then introduce new linear combina-
tions, H;, which define the so-called Higgs basis [10-15].
In particular,

Hf 1
H, = <H11)) :;Z”?‘bi, <H(1)> = U/\/E, (1)

and H,, Hs, ..., H, are the other mutually orthogonal linear
combinations of doublet scalar fields such that (HY) =0
(for i # 1). That is, H(1) is aligned in field space with the
direction of the scalar field vev. In the exact Higgs align-
ment limit,

@ =V2ReH) — v (2)

is a scalar mass eigenstate such that the tree-level couplings
of ¢ to itself, to gauge bosons, and to fermions coincide
with those of the SM Higgs boson. However, generically ¢
is not a scalar mass eigenstate due to its mixing with other
neutral scalars. An approximate Higgs alignment limit, in
which the Higgs sector contains a SM-like neutral Higgs
scalar, is achieved if at least one of the following two
conditions are satisfied: (i) the diagonal squared masses of
H,,Hs, ..., H, are all large compared to the squared mass
of the observed Higgs boson (corresponding to the decou-
pling limit [5,16]), and/or (ii) the elements of the neutral
scalar squared mass matrix that govern the mixing of ¢ with
the other neutral scalar fields are suppressed.

The Higgs alignment limit is most naturally achieved in
the decoupling regime, where the observed Higgs boson
[whose mass is of O(v)] is significantly lighter than all
additional scalars of the Higgs sector. That is, a new mass
parameter, M > v, exists that characterizes the mass scale
of the additional scalars. After integrating out all the heavy
degrees of freedom at the mass scale M, one is left with a
low-energy effective theory that consists of the SM
particles, including a single neutral scalar boson, which
is identified with the SM Higgs boson. Alternatively, one
can achieve approximate Higgs alignment if the mixing of
@ with the other neutral scalars of the extended Higgs sector
is suppressed. In this case, it is possible that additional
scalar states with masses of O(v) are present in the scalar
spectrum beyond the scalar state currently identified as the

SM-like Higgs boson. This is the case of Higgs alignment
without decoupling. It is typically achieved by fine tuning
the parameters of the extended Higgs sector. However, in
some special cases, exact Higgs alignment without decou-
pling can be implemented due to the presence of a
symmetry [17-24]. For example, certain exact discrete
symmetries can be imposed such that the mixing of the SM
Higgs doublet with additional (so-called inert) scalar
doublets is forbidden [25-34]. In such models, the tree-
level properties of the 125 GeV Higgs boson coincide with
those of the SM Higgs boson, corresponding to the exact
Higgs alignment limit.

At present, no additional Higgs-like scalar states beyond
the SM-like Higgs boson have been found at the LHC.
Furthermore, the properties of the observed Higgs boson
approximate those of the SM Higgs boson as noted above.
Consequently, if additional Higgs bosons exist, then the
Higgs alignment limit of the extended Higgs sector must be
approximately realized. In this scenario, the detection of
new neutral scalars’ via couplings to gauge bosons is
difficult due to the sum rule [35],

> Byn =Ry, for VV=WW= or ZZ, (3)

i

that is satisfied in any extended Higgs sector with p =1
and no ZW*HT couplings at tree level.’ In particular,
Eq. (3) forces the couplings of h; (for i > 1) to gauge
bosons to be very small when /; =~ hgy; is SM-like.

In models with extended Higgs sectors, there is a
potential for new sources of CP violation arising in the
scalar sector. Thus, if new scalar states are discovered at the
LHC, it will be important to search for new signals of
scalar-mediated CP-violating phenomena. In the approxi-
mate Higgs alignment limit, the observed Higgs boson will
continue to behave as an approximate CP-even scalar.
However, possible CP-violating phenomena associated
with the additional scalar states of the Higgs sector can
be present and may be observable. In this paper, we shall
discuss various possible CP-violating observables associ-
ated with the extended Higgs sector.

Here, we provide two examples of CP-violating observ-
ables associated with the scalar sector. Consider the process
vy — H mediated by a fermion loop. If the scalar state H is
not an eigenstate of CP, then the Hff vertex will be of the
form

Hf(a+ ibys)f. (4)

’In our notation, h; = h, (125) is the observed Higgs boson of
mass 125 GeV, and the h; for i # 1 correspond to new neutral
scalars of the extended Higgs sector.

3These conditions are automatically realized in extended Higgs
sectors made up exclusively of ¥ = 0 singlet and Y = 41 doublet
scalars.
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where a and b are real (as a consequence of Hermiticity of
the effective interaction). The one-loop diagram for Hyy
then yields an effective interaction

L = H(d'FF + b'FF), (5)

where ¢’ and b’ are real, F is the photon field strength
tensor, and F is the dual field strength tensor. In particular,
if ab # 0, then a’'b’ # 0, in which case the Hyy interaction
is CP-violating and H is a scalar of indefinite CP quantum
number. In this case, CP violation can be experimentally
detected if the initial photon polarizations can be specified.
For example, polarization asymmetries are defined in
Ref. [36] that would provide an unambiguous signal of
CP violation in the production of H. Such a process could
be studied in a yy collider mode of a future eTe™ linear
collider (using Compton backscattered laser beams). The
initial photon polarizations are determined by the polari-
zation of the initial electron and positron beams.

A second example makes direct use of the Higgs-fermion
coupling given in eq. (4). For example, the energy
distribution of the t decay products in H — 777~ are
correlated with the 7z polarization. The end result is a
nontrivial azimuthal angle correlation of the final state
decay products that provides the CP-violating signal
[37-41]. Finally, CP violation can also be probed in ftH
production. Although the scalar and pseudoscalar ampli-
tudes do not interfere, the cross section can be written as a
function of a® + b? and a®> — b?, the latter being propor-
tional to the top quark mass. In order to optimize the
extraction of the (a®> — b?) term, many variables have been
proposed over the years; see e.g. Refs. [42-46].

The ATLAS and CMS collaborations have performed
various studies to probe the CP nature of the 125 GeV
Higgs boson in its couplings to top quarks and to z leptons.
Both experimental collaborations [47,48] employ the two
photons decay channel H — yy in the production process
pp — (tH and attempt to measure a CP-violating mixing
angle defined as @ = arctan(b/a), where a and b are given
in eq. (4). The purely CP-odd hypothesis is excluded at the
level of 3.9 standard deviations, and an observed (expected)
exclusion upper limit at 95% C.L. was obtained for the
mixing angle of @ = 43° (63°). Using data collected at
/s = 13 TeV (with an integrated luminosity of 137 fb~1),
the CMS Collaboration [49] has recently measured the CP
mixing angle of the tau lepton, & = 4° + 17°, while setting
an observed (expected) exclusion upper limit of 36° (55°).

In both of the examples cited above, the actual exper-
imental observable violates P and CP while preserving C.
That is, in the case of eq. (4), ff and ifysf are C-even
bilinear covariants. Hence, if one identifies H as a C-even
state, then the Hf f vertex is C conserving. Likewise, the
photon is a C-odd state so that both FF and FF are C-even
operators, which implies that the effective interaction given
by eq. (5) is C even. Of course, C is not a good quantum

number of the SM; it is violated by W and Z mediated
interactions. However, in the context of the examples
presented above, the effects of the C-violating W and Z
mediated interactions only appear via radiative corrections.
Thus, in first approximation, we may treat eq. (5) as a
C-conserving interaction.

The examples above, where the CP-violating inter-
actions of the scalars are attributed to approximately
C-conserving, P-violating interactions, originate from the
structure of the Higgs-fermion couplings. However, there is
an alternative possibility in which the CP-violating inter-
actions of the scalars are attributed to approximately
C-violating, P-conserving interactions that originate from
the structure of the bosonic couplings of the Higgs bosons
(these include the Higgs couplings to vector bosons and the
Higgs boson self-couplings).

In this paper, we shall focus on this second class of CP-
violating signals in the scalar sector that arise from P-even,
CP-violating interactions. One example of this phenome-
non, which is well studied in the literature [50-54],
involves the coupling of the Z boson to a pair of neutral
scalars h; via the Zh;h; vertex (i < j). Since the pair of
scalars that couples to a spin-1 boson has relative orbital
angular momentum equal to 1, it follows that /;4; must be a
CP-odd state. In the two Higgs doublet model (2HDM)
where i = 1, 2, 3, if all three possible combinations of
Zh;h; for i < j are observed, then CP must necessarily be
violated. Experimentally, these couplings can be probed by
either observing the three decays hy; — h,Z, hy — hZ,
and h, — h;Z or the production processes Z* — h3h,,
Z* = hsh;, and Z* — hyh; via s-channel Z boson
exchange. As shown in Refs. [52,54], the three scalar
decays, if kinematically allowed, would be visible at future
LHC runs in a significant portion of the parameter space. In
contrast, the identification of the production of scalar pairs
via s-channel Z exchange is significantly more difficult at a
hadron collider because other production mechanisms,
such as gluon initiated processes via top and bottom quark
loops, tend to dominate [55].

Moreover, the viability of the P-even, CP-violating
signal discussed above depends on appreciable Zh;h;
couplings for all possible i < j. However, since h; is
identified as the observed SM-like Higgs boson, the
Zhih; (j # 1) couplings all vanish in the exact Higgs
alignment limit, and the CP-violating signal is completely
lost. In the approximate Higgs alignment limit, the sup-
pression of the corresponding Zh;h; (j # 1) couplings
limits the usefulness of the P-even, CP-violating signal.
Thus, one must either rely on a set of Zh;h; couplings
where i # 1 and j # 1 (which would require an extended
Higgs sector beyond two doublets) or else search for
alternative CP-violating signals that are not suppressed
in the Higgs alignment limit.

Any search for scalar-mediated P-even, CP-violating
phenomena can be contaminated by fermionic P-violating
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contributions in the production process. If no evidence is
found for all three vertices Zh;h; (i < j) by end of the high-
luminosity stage of the LHC, then one may conclude that at
least one (or more) of the following statements must hold:
(i) there are no new scalars beyond the SM Higgs boson
that are kinematically accessible at the LHC; (ii) some or all
of the bosonic decays of &, and h; are not kinematically
allowed; and/or (iii) the departure from the Higgs alignment
limit deduced from the precision Higgs data is so severe
that the suppression of the three vertices precludes their
observation at the LHC.

For a robust interpretation of the signal for P-even CP
violation, one should ensure that there is no contamination
of the P-even, CP-violating signal due to effects from the
neutral Higgs-fermion interactions, either via the produc-
tion process or from competing contributions to the bosonic
vertices. In this paper, we will eliminate possible contami-
nation due to CP-violating neutral Higgs-fermion Yukawa
couplings by focusing on the production of Higgs bosons at
a high energy lepton collider, with a focus on the bosonic
Higgs vertices that arise at tree level and are unsuppressed
in the Higgs alignment limit.

The assertion above that the existence of three couplings
of the form Zh;h; (i < j) can be interpreted as a P-even,
CP-violating observable requires some elucidation. In
Sec. II, we demonstrate that in a CP-conserving gauge
theory of scalars and gauge bosons where the fermions are
excluded, C and P are separately conserved. In this case,
we are free to set P = +1 for all scalars, in which case the
presence or absence of the Zh;h; coupling is determined
completely by the C properties of the Higgs bosons and
gauge bosons. As an example, it is instructive to employ the
2HDM with the fermions omitted since CP-violating
phenomena arising in this theory are associated with
P-even, CP-odd observables.

In Sec. I, we examine a class of P-conserving,
C-violating processes involving scalars of an extended
Higgs sector that can be used to identify the presence of
scalar-mediated CP violation. In this analysis, we initially
focus on processes that are not suppressed in the Higgs
alignment limit. We then identify both tree-level and loop-
induced processes that can provide evidence for CP
violation. In any realistic application, loop-induced proc-
esses may include “fermion pollution”—that is, contribu-
tions from fermion loops that can complicate the
interpretation of the CP-violating signal. Thus, we focus
primarily on tree-level purely bosonic P-odd, CP-violating
phenomena, where the effects of the Yukawa interactions
can only enter via small radiative corrections.

In Sec. IV, we study the discovery potential of our
proposed observables at future lepton (both ete~ and
utp~) and photon colliders. We calculate the relevant
cross sections and estimate the total number of signal
events for each observable for a given set of Higgs sector
parameters. Future lepton colliders with a center of mass

energy of a few TeV are better suited for the s-channel
processes, whereas two photon processes only become
relevant at energies above 10 TeV.

An indirect way to detect the presence of P-even CP
violation is to probe the loop contributions to the triple Z
form factor [56]. CP-violating contributions to the triple
gauge boson vertices ZZZ and ZW* W~ vertices were first
studied in Refs. [57-60]. The Lorentz structure of the
general ZZZ and ZW* W~ vertices contains seven inde-
pendent form factors, one of which (denoted by f,)
measures the P-even, CP-violating contribution to the
vertex. The possible contribution of the extended Higgs
sector to f, is discussed in Sec. V. Loop processes are
also relevant in Sec. VI, where we examine P-even,
CP-violating observables with multiple photons and/or Z
bosons in the final state (with some details relegated to
Appendix B). Unfortunately, such signals will be very
difficult to nearly impossible to detect in any future
experimental program.

Although our examples are presented in the context of
the Higgs alignment limit, in some cases, one can tolerate
some suppression factors that arise if the Higgs alignment
limit is only approximately realized. In Sec. VII, we
classify additional signals of P-even, CP-odd observables
that can be employed if deviations from the exact Higgs
alignment limit are taken into account. In Sec. VIII, we
summarize our findings and indicate some possible future
directions. The 2HDM formalism employed in this paper is
reviewed and summarized in Appendix A.

II. C AND P SYMMETRIES IN A GAUGE THEORY
OF SPIN-0 AND SPIN-1 FIELDS

Consider a theory of scalar fields and gauge fields. The
scalar fields transform locally and nontrivially under a
gauge group G. In our analysis, we assume that the gauge
theory Lagrangian is renormalizable (i.e., terms of dimen-
sion 5 or greater are excluded). We shall allow for all
possible terms in the Lagrangian of dimension 4 or less,
consistent with the gauge symmetry.

It is well known that if the scalar self-interactions are
turned off, then all kinetic energy terms (where derivatives
are replaced by covariant derivatives) and mass terms of the
Lagrangian separately conserve C, P, and T. When scalar
self-interactions are included, CP-violating interaction
terms can arise.”

Moreover, we assert that, even in the presence of scalar
self-interactions, the theory automatically conserves parity.
That is, in all scattering processes, any parity-violating
observable must vanish. To prove this statement, note that

*One further potential source of CP violation can arise via a
topological term of the form OF F, where F is the field strength
tensor of the gauge field. However, this is a P-odd, CP-odd term,
which is not the focus of this work.
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one can consistently choose the P quantum number of +1
for all scalar fields and —1 for all gauge fields.” One can
check that P will be conserved in all interactions. For
example, in a vertex with one gauge boson and two scalars,
we see that parity is conserved after taking into account the
(=1)? factor, where £ = 1 is the orbital angular momentum
involved in the transition from a spin-1 particle to a pair of
spin-0 particles. If the theory exhibits CP violation (or
equivalently T violation via the CPT theorem) due to the
presence of CP-violating scalar self-interaction terms, then
it can be interpreted as C violation.

As another example that illustrates the absence of
P-violation, suppose that a scalar mass eigenstate exists
that does not possess a definite CP quantum number
(which will arise in a theory of a CP-violating scalar
sector). In this case, consider the decay of a neutral scalar ¢
to two gauge bosons V'V, which can be generated at one
loop due to a loop of charged scalars. It is clear that the
effective Lagrangian that governs the ¢p — V'V decay will
be of the form L. = c¢FF, where ¢ is a constant that
depends on the relevant couplings. Note that the effective
operator ¢pFF is absent, since it is not possible to gene-
rate an €,,,; at any order of perturbation theory in a
renormalizable gauge theory of scalar and gauge fields.
Consequently, there cannot be any parity-violating observ-
able associated with the effective ¢pVV interaction. Thus,
we must again conclude that the presence of CP violation
should be interpreted as a violation of C. Indeed, the same
argument applies to the analysis of the ZZZ and ZW W~
form factor that is generated at one loop due to scalars
circulating in the loop, which is discussed in Sec. V.

It is instructive to illustrate these remarks in more detail
in a simple setting. Thus, we examine a renormalizable
theory of two hypercharge-1 scalar doublets coupled to an
SU(2) x U(1) gauge theory. This is the 2HDM with the
fermions removed. The theoretical structure of the 2HDM
is reviewed in Appendix A, which also establishes our
notation.

Consider first the case of a CP-conserving scalar
potential and vacuum. In this case, the Higgs basis scalar
potential parameters [cf. eq. (A7)] satisfy,

Im(Z:72) = Im(Z322) = Im(Z:Z7) =0.  (6)

If eq. (6) is satisfied, then a real Higgs basis exists—that is,
one can choose a basis-dependent phase # that appears in
the definition of the Higgs basis field H, [cf. eq. (A5)] such
that all the coefficients Z; of the scalar potential in the
Higgs basis are real.

>The choice for —1 for the P quantum number of gauge fields
is based on classical arguments. The interaction Lagrangian of the
gauge field A, is of the form £ = —j#A,,, and the behavior of the
current j# = pu' is fixed by parity properties of the 4-velocity
vector u.

TABLE 1. JPC quantum numbers of the Higgs/Goldstone
scalars and gauge bosons of the 2HDM (in the absence
of fermions) when the scalar potential and vacuum are CP-
conserving [1,61].

Bosonic field JrC JP
14 1=
4 1
h, H o+t
A, G 0t
w= 1-
H*, G* 0t

In the CP-conserving 2HDM with the fermions
removed, C, P, and T are separately conserved, and we
can assign in a consistent manner P quantum numbers to all
bosonic fields and C quantum numbers to all neutral
bosonic fields.® In the conventional 2HDM notation, h
and H are neutral CP-even Higgs bosons, with m;, < my;
the neutral CP-odd Higgs boson is denoted by A; and H*
refers to the charged scalar fields. Working in the R gauge,
one must also include the neutral CP-odd Goldstone field
G and the charged Goldstone scalars, G*. The C and P
assignments were exhibited first in Ref. [61] and are
reproduced in Table I (see also Ref. [51]). The quantum
numbers presented in Table I have been obtained by
examining all possible gauge-invariant bosonic interaction
terms of dimension 4 or less. Finally, as discussed above,
all scalars are even under parity transformations.

We justify these C and P quantum number assignments
with the following arguments. First, the H*H™~ pair with
relative orbital angular momentum L has C = P = (—1)L.
In light of the existence of the ZH"H~ coupling, where
L = 1, it follows that one must assign J*¢ = 1=~ for the Z
boson. Second, the existence of the hhh; vertex (h; = h, H)
implies the 0" assignment for A, H. Third, the existence of
the Zh;a; vertex (a; = A, G) justifies the assignment of
0t~ for A, G.

®This conclusion applies in the case of a generic CP-conserv-
ing scalar potential. However, if a Z, symmetry is present that is
not broken by the vacuum, then one cannot uniquely assign a P
quantum number to H and A, although the C quantum numbers of
H and A are relatively odd. This behavior is associated with the
fact that H and A are odd under the Z, symmetry. In particular,
the Z, symmetry removes bosonic vertices of the theory that
would otherwise be used to identify the separate C quantum
numbers of H and A.

7Alternatively, note that the imaginary part of the neutral SM-
Higgs doublet is the neutral Goldstone boson, G, which is “eaten”
by the Z boson. Like all Goldstone bosons, this field is
derivatively coupled and is therefore CP odd. Since we have
argued that all scalar bosons are P even and C and P are
conserved separately, it follows that the Goldstone boson field G
must have C = —1.
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The absence of certain Higgs couplings such as
W*W~a;, ZZa;, Zh;h;, and Za;a; is in agreement with
these C and P assignments.8 The VVh; couplings arise
from the gauge-covariant kinetic energy terms of the scalar
multiplets. Assuming that the vevs are real, no VVa; term
in a CP-conserving theory arises from the covariant
derivative terms since a; derives from the imaginary part
of ¢. In particular, given that the a; are CP odd, a gauge-
invariant interaction with vector bosons must have the form
etPF wlopai, which is a dimension-5 term and is poten-
tially generated at loop level. However, in the bosonic
theory, C invariance guarantees that such terms do not arise
at loop level.” Moreover, the covariant derivative terms do
not generate an /; coupling to a massless vector boson pair
(i.e., photons and gluons). These types of couplings only
occur at one-loop order through the dimension-5 opera-
tor F,, F*"h;.

In some cases, the absence of a particular Higgs coupling
cannot be attributed to C and P invariance. For example,
the HT™W~y vertex is absent at tree level due to the
conservation of the electromagnetic current. The absence
of the HYW~Z vertex at tree level is a special feature of
models with Higgs singlets and doublets and no higher
scalar multiplets [1].

III. P-EVEN, CP-VIOLATING PROCESSES OF
EXTENDED HIGGS SECTORS IN THE HIGGS
ALIGNMENT LIMIT

As noted earlier, in the absence of fermions, invariance
under the parity transformation is always guaranteed.
Hence, if the scalar potential of the bosonic Lagrangian
violates CP (either explicitly or spontaneously), then any
resulting CP-violating phenomena must be associated with
a P-conserving C-violating observable. Indeed, an observ-
able that violates both P and CP requires a term in the
corresponding scattering or decay matrix element with a
Lorentz-structure of the form e,4,5pf pg P4 p3, with the
totally antisymmetric Levi-Civita symbol €44, and p;
the 4-momenta of the interacting particles. Such a structure
can only be generated through interactions with fermions.

In this section, we begin our discussion in the context of
the 2HDM and examine how P-even, CP-violating proc-
esses of the 2HDM can be observed. We assume that the
Higgs alignment limit is exactly realized,'® which implies
the following relations among Higgs basis parameters,

¥In the case of i = j, the absence of the coupling of the Z to a
pair of identical scalars is forbidden by Bose symmetry. For a pair
of nonidentical scalars, the coupling is only present if the two
scalars have opposite CP quantum numbers as exemplified by the
Zh;a; vertex.

Since C invariance is broken once we include fermions in the
theory, such couplings can be radiatively generated through
fermion loops.

"“This assumption will be relaxed in Sec. VII.

ZG = 0, Im(Z5e_2i’7) = 0, (7)
as noted in eq. (A64).

The only potentially complex Higgs basis parameter that
remains is Z5. In the Higgs alignment limit, the bosonic
sector of the 2HDM is CP conserving if and only if

Im(Z3723) = 0, (8)

in light of eq. (6). In particular, eq. (8) is satisfied if and
only if

Re(Z;e7)Im(Z7e7) = 0. 9)

The neutral scalar squared-mass matrix does not depend on
the parameter Z;. Thus, independently of the value of Z,
we can regard the neutral scalar squared mass eigenstates as
eigenstates of CP, consisting of two CP-even scalars /1 and
H and a CP-odd scalar A, where one of the CP-even states
is to be identified with the observed SM-like Higgs boson.
If CP violation is present due to Im(Z%Z3) # 0, then it is
more useful to relabel the neutral states as &y, h,, and 75
(where no mass ordering is implied). One of these three
states, which we take by convention to be /1, (cf. footnote 2),
is identified as the SM-like Higgs boson, which in the exact
Higgs alignment limit possesses no CP-violating inter-
actions. The remaining two physical neutral scalar states /,
and h; are conventionally defined in the CP-conserving
limit following Table II. Without loss of generality, if
Z; # 0 and eq. (9) is satisfied, then it is convenient to take
Re(Z;e) # 0 and Im(Z;e~™) = 0, since the other choice
simply interchanges the roles of h, and h;. This is
equivalent to declaring /s, to be CP even and h; to be
CP odd.

When Im(Z%Z3) # 0, then one can regard Im(Z;e™)
as a perturbation. In the presence of the perturbation,

TABLE II. CP quantum number of the neutral scalars of the
2HDM in the exact Higgs alignment limit, where Zg =
Im(Zse%") = 0. By definition, the tree-level couplings of h,
coincide with those of the SM Higgs boson. If Z; = 0, then the
individual quantum numbers of %, and h; are indeterminate,
although the relative sign of the CP quantum numbers of these
two states is negative. The CP-even scalar h; and the CP-odd
Goldstone boson G possess CP-conserving tree-level interactions
even in the case of Re(Z,e~")Im(Z;e~") # 0, whereas cubic and
quartic scalar coupling involving /4, and &3 exhibit CP-violating
interactions.

Re(Z;e ™) #0and  Re(Z7e™™) =0 and

Neutral scalar Im(Z;e™) =0 Im(Z,e~) # 0
hy CP even CP even
hy CP even CP odd
hs CP odd CP even
G CP odd CP odd
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the interactions of /; (and G) remain CP conserving in the
exact Higgs alignment limit, whereas there exist cubic and
quartic scalar interactions involving /i, and h5 that violate
CP. In particular, the following interactions are the only
sources of CP violation due to a nonzero value of
Im(Z;e~™) in the exact Higgs alignment limit (cf. Table X),

h3hshs,
hshshshy,

hshyh;,
hshhyhs,

hyHYH™,

hsh HTH™, (10)
as each interaction vertex involves an odd number of
would-be CP-odd scalar fields. These interactions guide

us to construct scenarios that involve sets of processes
|

whose simultaneous observation would signal the presence
of a new scalar source of CP violation. In this section, we
shall impose the following three additional requirements:
(i) all processes under consideration are unsuppressed in
the Higgs alignment limit; (ii) no quartic scalar couplings
are involved (due to coupling and phase space suppressions
of the corresponding physical processes); and (iii) the
dominant contribution to the CP-violating signal is P even.
In particular, C-even, CP-violating contributions due to the
presence of neutral Higgs-fermion Yukawa couplings are
assumed to be either absent or suppressed.''

In the 2HDM, we are led to the simultaneous observation
of the processes governed by the following bosonic
interactions:

. hHYH=, hsH*H-,  Zhyhs, (11)
2. hyhyhy,  hsHYH™,  Zhyhy, (for k =2or3), (12)
3. hyhyhy,  hHYH-,  Zhyhy, (for k=2 or3), (13)
4. hyhghy,  hshghy, Zhyhy, (for k& =2or3). (14)

If CP is conserved, then the observation of a Zh,h,
interaction would imply that the CP quantum numbers
of h, and h5 are relatively odd, whereas the observation of
the first two cubic scalar interactions listed above would
imply that /2, and &5 are both CP even. Consequently, the
simultaneous observation of the three interactions in each

5. hHtH™, th+H‘ and
6. hihghy, hH*H-  and
7. hihihy, hHTH~ and
8. hihyhy, hihshy  and
9. hyhshy, hih;he  and
10. h;h;Z, h;h,Z and

would be a signal of P-even CP violation.

of the above four cases would unambiguously point to the
presence of P-even CP violation.

In a more general extended Higgs sector (e.g., with
additional neutral scalar states), the simultaneous observa-
tion of the three interactions in each of the following six
cases,

Zhihj, (fori# jandi,j#1), (15)
Zhih;, (fori# jandi,j, k#1), (16)
Zhih;, (fori# j#kandi,j k#1), (17)
Zhih;, (fori# jandi,j. k., #1), (18)
Zhih;, (fori# j#kandi,j. k.2 #1), (19)
hihZ, (fori#j#kandi,j k,# 1), (20)

In models with inert scalar doublets in which all physical scalars (with the exception of /) are Z, odd, the couplings
of h; are identical to those of the SM Higgs boson. Hence, only the set of couplings exhibited in eq. (20) survive in the

inert limit and provide a signature for P-even CP violation.'?

However, the identification of a CP-violating signal in the

""The SM fermions can induce a CP-violating h;H" H™ interaction that is proportional to the complex CKM phase. However, this
effect only enters at the three-loop level and is thus much too small to be observable. Additional CP-violating neutral Higgs-fermion
Yukawa couplings can provide sources of P-odd CP violation that would contribute at one loop to the three scalar couplings.

leowever, inert models based on larger symmetries as in Refs. [28,33,34,62] can yield signals of P-even CP violation in some of the

other channels exhibited above.
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direct detection of such processes will be quite difficult,
since the lightest inert scalar is necessarily stable and thus
will result in events with missing energy. On the other hand,
the indirect detection of P-even CP violation via loop
effects may be viable as discussed in Sec. V.

For a practical application of the scenarios listed in
eqs. (11)—-(14), we will omit cases that involve the cubic
self-interaction of a given scalar. It is noteworthy that the
scenario corresponding to eq. (14) involves the discovery of
just two neutral states. In the next section, we shall first
focus on processes in which £, and A3 can be observed via
an s-channel Z exchange. Once h, and h5 are established,
one can search for h,h,h; and h,h;h; production (which
are also mediated via an s-channel Z exchange).
Simultaneous observation of both production channels
would signal the presence of P-even CP violation. The
other scenarios corresponding to eqs. (11)—(13) also require
the observation of a charged Higgs boson. Thus, in the next
section, we also examine a suite of processes in which £,
hs, and H* can be observed.

For certain scalar mass spectra, it is possible to access
all three vertices of a given scenario from one production
process. For example, consider h,h; production via
s-channel Z exchange. If kinematically accessible, both
h, and h; could have observable branching ratios into
H"H~, in which case the observation of /,k; production
via their respective decays into HTH~ would yield a
simultaneous observation of all three processes listed
in eq. (11).

The vertices listed in eqgs. (11)—(14) are unsuppressed in
the Higgs alignment limit, and none involves quartic scalar
couplings. Any contributions of C-even, CP-violating
interactions via the Yukawa couplings are loop suppressed.
Thus, to a good approximation, the simultaneous obser-
vation of the three processes in any of the scenarios listed in
egs. (11)-(14) would constitute an unambiguous signal of
P-even CP violation.

The detection of P-even, CP-violating signals at col-
liders requires the simultaneous observation of processes
typically governed by three distinct bosonic interactions. In
some cases, the relevant observable involves an on-shell
two-body scalar. In other cases, the relevant bosonic
interaction can only be probed when at least one of the
bosonic states is off shell. Typically, the on-shell decay
processes are the easiest to observe and interpret, although
the kinematic availability of such processes will depend on
a favorable spectrum of scalar masses. A more compre-
hensive search for P-even, CP-violating signals will
require an experimental probe of bosonic interactions
involving off-shell scalars. Such processes will require
higher statistical data samples, subtraction of backgrounds,
and more sophisticated methods to interpret the relevant
signals.

IV. OBSERVATION OF P-EVEN, CP-VIOLATING
SCALAR PROCESSES AT LEPTON COLLIDERS

We begin with the assumption that the neutral scalars
(beyond the SM-like /) and the charged scalars of the
extended Higgs sector have been discovered in future runs of
the LHC and/or at some future lepton collider. For example,
neutral heavy scalars can typically be produced via gluon-
gluon fusion and discovered through their decays into heavy
fermion pairs at the LHC over a significant part of the scalar
sector parameter space (e.g., see Refs. [63,64]). Atan e e”
collider operating at a center of mass (CM) energy of
500 GeV to 1 TeV, new scalars of an extended Higgs sector
can be discovered, as shown in Ref. [65], if kinematically
accessible and if their main decay modes can be probed (with
decays to b-quarks typically the most relevant for scalar
masses below 2m,). For example, the process ete™ — HA
was examined in Ref. [65] in the framework of the minimal
supersymmetric extension of the Standard Model (MSSM)
close to the decoupling limit (where the scalars H and A are
roughly mass degenerate), and the cross section reaches its
maximum value. The authors concluded that for a linear
collider with /s = 800 GeV with an integrated luminosity
of 500 fb~!, it would be possible to observe e*e™ — HA (at
a level of 5o statistical significance) for scalar masses of
around 385 GeV. In this case, the tree-level cross section
co(ete” —» HA) is about 2 fb, which yields 1000 signal
events before cuts.

Higher energy ete™ colliders with /s > 1 TeV can
significantly extend the discovery reach of heavy scalars.
For example, Ref. [66] considered the production of a
heavy scalar H via the process ete™ — Hub with the
subsequent decay H — hh — 4b. This study was per-
formed for the proposed Compact Linear Collider
(CLIC) with a CM energy of 3 TeV assuming an integrated
luminosity of 2 ab=!. The authors concluded that the
sensitivity for discovery in the mass range 250 GeV <
my < 1TeV provides up to 2 orders of magnitude
improvement in sensitivity compared to the discovery
potential at the High Luminosity (HL) LHC.

The unambiguous observation P-even CP-violating
phenomena via any one of the four sets of three interaction
vertices exhibited in eqgs. (11)-(14) at the LHC of is a
challenging task. In contrast, at a lepton or photon collider,
the corresponding backgrounds that must be subtracted
to reveal the signal are significantly easier to handle.
The corresponding signals at a lepton or photon collider
provide direct access to the interaction vertices exhibited in
eqs. (11)—(14) at tree level that can be directly identified as
P-even and CP violating (once the three interaction vertices
of a given set are confirmed). Moreover, potential P-odd,
CP-violating effects that would involve scalar couplings to
fermions only arise at the one-loop level and are hence
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TABLEIII.  Accelerators used in the analysis with different CM
energies proposed and the corresponding total integrated lumi-
nosity after the completion of a multiyear program (typically of
order 10 years).

Accelerator Vs (TeV) Integrated luminosity (ab™!)
CLIC 1.5 2.5

CLIC 3 5

Muon collider 3 1

Muon collider 10 10

Muon collider 14 20

subdominant. Of course, the Yukawa couplings will enter
when considering the decays of the produced neutral and
charged Higgs bosons, which we shall address at the end of
this section.

A. Discovery potential at future lepton
(and photon) colliders

Consider the discovery potential of final states related to
the P-even, CP-violating observables at future lepton
colliders listed in Table III. CLIC [67] is an electron-
positron collider that has been proposed to run at CM
energies of 1.5 and 3 TeV with total integrated luminosities
of 2.5 and 5 ab~!, respectively, after the completion of a
multiyear program (typically of order 10 years). We also
consider the possibility of a muon collider [68] with
CM energies of 3, 10, and 14 TeV and with total integrated
luminosities of 1, 10, and 20 ab™!, respectively. In addition,
we shall show results for a photon-photon collider of
CM energies of 1 and 2 TeV that could be achieved via
the Compton backscattering of laser light on high
energy electrons at CLIC [69]. Other lepton colliders
now under development such as the Circular Electron
Positron Collider in China [70] (/S ~ 250 GeV), the
International Linear Collider in Japan [71] (v/Spax ~
250 GeV), and the FCC-ee at CERN (y/s,,,, ~365 GeV)
[72] have energies well below the production threshold of
our final states and thus are not considered here.

Although lepton colliders provide a very clean environ-
ment for the final states of the processes under consid-
eration, a proper analysis would still have to take into
account both the efficiencies and the main background
processes. Nevertheless, having assumed above that the
scalars of the extended Higgs sector have already been
discovered, either at the HL-LHC or at an e*e™~ collider of
sufficient CM energy, one can consider smaller samples of
signal events (compared, say, to the 1000 events before cuts
employed in Ref. [65]) in searches for P-even CP-violating
phenomena using di-Higgs and tri-Higgs final states via the
processes specified in eqs. (11)—(14). In this work, we are
considering lepton collider luminosities that are roughly 1
order of magnitude larger than employed in earlier studies
that focused on lower energy colliders. Thus, to ensure at

least 100 events before cuts, signals of interest should have
cross sections that are above 10-100 ab.

B. Coupling parameters that govern the
three-scalar interactions

As previously indicated, the observed SM-like Higgs
boson is denoted by £, (125). In the context of the 2HDM,
one needs to simultaneously detect the other two scalars #,
and A5 either in production or decay processes involving
the interaction vertices Zh,h;, H"H™h, (or alternatively
hshsh,), and HYH™hy (or alternatively h,hyhs). In prin-
ciple, i, and h5 can be either heavier or lighter than the
SM-like Higgs boson. As we will be working in the exact
Higgs alignment limit, the tree-level couplings 1,7, and
Azzn, as well as Az, 5 and Az, vanish, precluding the
possibility of using a combination of these decays to signal
CP violation as discussed in Refs. [50,52,53]. In the exact
Higgs alignment limit, the interaction vertices that con-
tribute to the P-even, CP-violating observables corre-
sponding to eqs. (11)—(14) can be obtained from
Table X of Appendix A,

j.HJerh] = ’UZ3, /IHJrH’hZ = /lh_;h_ghz = ’I]RCZ7,

/1H+H’h3 = ﬂhzhzm = —vaZ7, (21)

where Z; = Z;e™" is defined in eq. (A39). Thus, the
production rate for each process governed by the ¢*@h;
interaction vertices, where ¢ = H* or hy G#1i, j#1),1s
proportional to A? defined by

A1 = AHJrH—h]/’U’ A2 = /1H+H_h2/v = Ah3h3h2/v’

A3 = _/1H'H’h3/v = —/1h2112h3/v~ (22)
In particular,

Al = Z3, A2 = ReZ7, A3 = ImZ7 (23)

The detection of scalars in decay processes with fer-
mionic final states depends on the Yukawa couplings for
which there is some freedom in the 2HDM. In order to
maximize this freedom while avoiding tree-level flavor
changing neutral currents, we shall employ the Yukawa
sector of the flavor-aligned 2HDM (A2HDM) [73] as a
benchmark in the Higgs alignment limit [cf. eq. (A71)].
With this choice, the Yukawa couplings are independent of
the gauge couplings and of the parameters of the scalar
potential, which in turn weakens the constraints on the

scalar masses.

C. Allowed mass range for non-SM
Higgs states of the 2HDM

The processes that we propose as probes of P-even CP
violation involve the production of neutral Higgs bosons
[e.g., h, and hs, but excluding the /;(125)] and charged
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Higgs bosons. Experimental searches for these scalar
states have already yielded some constraints on their
masses and couplings. The production of charged Higgs
bosons at the LHC is governed mainly by the Yukawa
interactions via pp — thH* with subsequent decay chan-
nels, H* — tb, H* — tv, and H* — c¢s. Charged Higgs
bosons can also be produced via scalar or gauge boson
exchange, as in the s-channel (Drell-Yan type) processes
u(¢)d(s,b) > W~ — H™h; (and its conjugate process) and
also via ff — y(Z) —» H"H™."

The LHC searches performed so far rely on the charged
Higgs couplings to fermions. For example, in a CP-
conserving 2HDM with type-I Yukawa couplings in the
exact Higgs alignment limit, the Yukawa coupling of &,
coincides with that of the SM, whereas the Yukawa
couplings of all other scalar states (both neutral and
charged) are proportional to a common factor of
1/ tan f. That is, the couplings of the charged Higgs boson
to fermions are suppressed at large tanf 2 10, in which
case a charged Higgs mass of the order of 100 GeV [75-77]
is still allowed. Indeed, other constraints on the parameter
space, such as those derived from pp — A — Zh; searches,
are also weakened if tan f is large. In order to circumvent
the smallness of the Yukawa couplings, the authors of
Ref. [76] proposed employing the processes i(¢)d(s, b) —
W~ — H™h; - W™h;h;(i, j = 2,3) to search for charged
Higgs bosons at the LHC. The corresponding production
rates only depend on the Yukawa couplings in the decays
of the neutral scalars. The cross sections can reach a few
hundred femtobarns if both scalars are relatively light (i.e.,
not much heavier than 100 GeV).

The Yukawa sector of the A2HDM is less constrained
than that of a type-I 2HDM in light of the recent global
fit of Ref. [78] (which assumed no new sources of CP
violation beyond the CKM phase). Hence, light charged
Higgs bosons are also not excluded in the AZHDM. As for
the neutral scalars i, and /3, these scalars do not couple to
gauge bosons in the exact Higgs alignment limit. Their
couplings to fermions can also be significantly smaller than
those of the SM-like Higgs boson h;. In particular, the
couplings of h, and h5 to top quarks are suppressed by
1/tan g in the 2HDM with type-I, -II, -X, or -Y Yukawa
couplings when tan > 1. Therefore, it is quite likely that
h, and h; with masses as low as 100 GeV could have so far
evaded detection in a non-negligible region of the 2HDM
parameter space.

D. Cross sections for P-even,
CP-violating scalar processes

The cross sections presented in this section are calculated
using SARAH4.14.4 [79,80] to generate the Feynman rules

BSee, e.g., Ref. [74] for a list of the main charged Higgs
production processes at the LHC.

mp, = 125 GeV
mp, = m;,,a =200 GeV
o
=
. 10%}
<
<
T
L
+
0
T 102} my, = my, = 600 GeV
2 4 6 8 10 12 14 16
V5 (TeV)
FIG. 1. o(£7¢~ — hyhs3) as a function of the CM energy for
mhz = mh3 =200 GeV and l’}’lh2 = I’I’lh3 = 600 GeV.

for the model and MADGRAPH5_AMC@NLO [81] to
evaluate the cross section for the different scenarios. The
Equivalent Photon Approximation is used [82,83] by
MADGRAPH5 when calculating the cross sections £7¢~ —
CT¢~H'TH™ h; (see also the recent work dedicated to muon
colliders [84]).

Let us first consider the production process £+¢~ —
h,hs, for which the main contribution comes from a tree-
level s-channel process with Z boson exchange. In the
Higgs alignment limit, this is purely an electroweak
process, and the number of Higgs bosons produced
depends only on their masses. In Fig. 1, we show the total
cross section o(£7¢~ — hyh3) as a function of the CM
energy for m;, = m;, =200 GeV and for m;, =m, =
600 GeV. As expected, the cross section falls with the CM
energy but is still above 1000 ab for both scenarios for
/s =3 TeV. This means that there is a good chance of
producing and detecting the two scalars even if they are
heavy. For even higher CM energies, the number of events
will decrease, but the dependence on the masses of the
scalars will become milder.

These scalars still have to be detected in some particular
final state. In the exact Higgs alignment limit, s, and h;
cannot decay to gauge bosons. To simplify the discussion
of the possible final states, let us assume my, < my, . The
most relevant s, and h; decay modes (if kinematically
allowed) are I’L3 d hzZ, I’L3 d hzhz, h2’3 ad H:tW:F,
hys > HYH™, hy3 —>1t, hys3 — bb, and hyz — vt
Because the couplings of 4, and h; to other scalars can
be large enough to allow the decays to charged scalars to
be dominant, this process alone could signal P-even CP
violation in the exact Higgs alignment limit (e.g., by
considering h3 — hyh, and hy, > H"H™). Clearly, all
the masses would have to be fully reconstructed via the
hadronic decays of the charged Higgs boson, which can be
carried out at a lepton collider (where the cross sections for
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Ay = 2m, my, =200 GeV
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FIG. 2.

the relevant background processes are of the same order of
magnitude as the signal process).

If the two-body decays of h, and /A5 into bosonic final
states are kinematically forbidden, then it is necessary to
consider separately the three production processes gov-
erned by one of the sets of bosonic interactions listed in
eqs. (11)—(14). This strategy has the advantage of being
constrained only by the collider energy but the disadvant-
age of requiring the observation of three-body processes
with smaller cross sections.

We begin with the s-channel three-body process with the
exchange of a Z boson. In Fig. 2, we fix the value of m,,, =
200 GeV and plot the total cross sections for £T¢~ —
hihjh; (for i # j =2, 3) as a function of the CM energy.
In the left panel of Fig. 2, we exhibit o(£7¢~ — hyhyhs)
with A, = 2z for two choices of m;,, = 200 and 600 GeV,
and in the right panel, we exhibit 6(£7¢~ — hyh3h3) with
A3 =2z for two choices of m;, =400 and 600 GeV.
The cross section for £7¢~ — hyhyhs is dominated by the
value A, because of the relation 4,55, = 3445, = Ao/ v
(cf. Table X). All diagrams except for the ones with two
Zhyhy vertices are proportional to A,, and in the region
relevant for our analysis where A, > 1, all other contri-
butions are negligible. The same can be said for the relation
between 6(£7¢~ — hihsh,) and the value of A; because
Ashshy = 3Anynyn, = —Az/v (cf. Table X). The results
shown in Fig. 2 suggest that if the masses of h, and h;
are not significantly heavier than the scale of electroweak
symmetry breaking, then the observation of ¢~ —
hih;h; will provide an opportunity for detecting evidence
for P-even CP violation (if present), if the CM energy of
the lepton collider is in the range of 1-3 TeV.

Consider next the f-channel processes, which are domi-
nated by yy fusion with a cross section that is proportional
to In?(s/m?2). There are also Z fusion diagrams contribut-
ing, but the corresponding cross sections are proportional
to In?(s/m%) [85] and are thus subdominant. In light of
eq. (22), the cross section for any final state of the type

A3 =27, my, = 200 GeV

10% |

My, = 400 GeV

10! R .

2 4 6 8 10 12 14 16
Vs (TeV)

o (€70~ — hahshg) (ab)

o(£Y¢™ — hyhyhy) (left) and o(£7 ¢~ — hyhshs) (right) as a function of the CM energy, with m,,, =200 GeV.

H*H~h; (for i = 1, 2, 3) is proportional to A?. That is, by
choosing A| = Ay = A3 = 2z, the cross sections exhibited
in this section are applicable to any of the neutral scalars.

In Figs. 3—7, we present cross sections for the production
of H™ H™ h; final states. In order to confirm the existence of
P-even, CP-violating phenomena (if present), we shall
focus primarily on processes that include h, or k3 in the
final state. If such channels are detected, then it will also be
possible to observe the H™H™h, final state. Note that the
production cross section for %, is proportional to the factor
A1, which provides us with a benchmark cross section for a
final state with at least one known particle.

In Fig. 3, we plot the cross sections, c(ete” —
ete"HYH h;), o(utu~ —»pu "y H H h;),and 6(£7¢~ -
H"H™h;), as a function of the CM energy. In the left panel,
we have chosen a neutral scalar boson with m; =
125 GeV and a charged Higgs boson with my: =
150 GeV. For i = 1, the corresponding plot refers to the
production of the SM-like Higgs boson. For i =2 and 3,
the same plot refers to the production of the scalar /; of
mass 125 GeV, assuming that A; = 2z. Although we do not
expect either s, and h; to be (approximately) degenerate
in mass with h;,'* we exhibit these figures to provide the
reader with a sense of how large the cross sections of
interest may be. In the right panel, the masses are chosen to
be my, = my+ = 300 GeV. The parameters of the potential
are \; = 2z. As expected, the first two cross sections that
occur mainly via yy fusion grow with the collider energy
as In?(s/m?2). Taking into account only the leading term in
the Equivalent Photon Approximation, which scales as
In?(s/m?2), the ratio of the electron to muon cross section
yields 2.5 for /s = 1 TeV and 2.1 for /s = 10 TeV. The
t-channel and s-channel cross sections are complementary

“Indeed, this possibility of an approximate mass degeneracy is
either excluded based on present LHC Higgs data or will be
excluded by the time the higher energy lepton colliders are
operational [86-89].

095038-11



HOWARD E. HABER, VENUS KEUS, and RUI SANTOS

PHYS. REV. D 106, 095038 (2022)

A; = 2w, my, = 125 GeV, my+ = 150 GeV

Octe-—ete-HYHh;
103 L
Optp=—ptpu-HYH-h;
=
=
N
10%
Op+¢~—H+Hh;
o
0 2 4 6 8 10 12 14 16
Vs (TeV)
FIG. 3.

A; =27, my, = 300 GeV, my+ = 300 GeV
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olete” - ete H H h;), o(utu™ —» utu~HYH™h;), and 6(¢+ ¢~ — HTH™h;) as a function of the CM energy. In the left

panel, m;, = 125 GeV and my= = 150 GeV, and in the right panel, m, = mp- =300 GeV. The scalar potential parameters are

chosen such that A; = 2x.
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o(¢7¢~ — H"H™h;) as a function of the charged Higgs mass for four CM energies of /s = 1.5, 3, 10 and 14 TeV. In the left

panel m, = 125 GeV, and in the right panel m;, = 300 GeV. The scalar potential parameters are chosen such that A; = 27.

to each other, giving us access to the final state HH™h; at
both the low and high energy ends. Note that, even with the
coupling constants as large as A; = 2z, the maximum value
for the s-channel cross section for m;, = my+ = 300 GeV
is roughly 200 ab, and the corresponding maximum value
for yy fusion cross section is below 100 ab for eTe™ and
below 50 ab for utu~ processes. Hence, if both the neutral
and the charged Higgs bosons are simultaneously heavy, it
is unlikely that we will be able to detect these final sates. In
the next plots, we present in more detail how the different
cross sections vary with the scalar masses.

In Fig. 4, we exhibit the cross section o(£7¢~ —
H'"H™h;) as a function of the charged Higgs mass for
four CM energies of /s = 1.5, 3, 10, and 14 TeV. This
covers the energy ranges of both CLIC and the muon
collider. Note that for the s channel, the eTe™ and utpu~
cross sections have the same values. In the left panel, we

have set m; = 125 GeV, and in the right panel, m,; =
300 GeV. Clearly, there is a wide range of charged Higgs
masses that can be probed for all collider energies.

In Fig. 5, we present the cross section o(ete™ —
ete"HTH™h;) via yy fusion at CLIC as a function of
the charged Higgs mass in the left panel and as a function of
the neutral Higgs mass in the right panel, for two CM
energies of /s =15 and 3 TeV. Again, we choose
A; =27. We shall insist that the corresponding cross
sections must exceed (roughly) 10 ab in order that the
SM-like Higgs boson can be detected in association with a
charged Higgs boson pair at CLIC. In light of the results
exhibited in the left panel of Fig. 5, it follows that m .+ can
be at most 300 GeV for /s = 1.5 TeV and 500 GeV for
/s =3 TeV. This behavior is expected because at these
CM energy ranges the s-channel production process
provides the dominant contribution. In the right panel of
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left panel, m; = 125 GeV, and in the right panel, m; = 300 GeV. The scalar potential parameters are chosen such that A; = 2.

Fig. 5, if the charged scalar has a mass of 200 GeV,
then the neutral scalar masses need to be less than about
200 GeV for /s = 1.5 TeV and less than about 400 GeV
for /s =3 TeV.

In Fig. 6, we show the cross section o(u™u~ —
utu"HTH™h;) as a function of the charged Higgs mass
for three CM energies of /s = 3, 10, and 14 TeV. In the
left panel, my, = 125 GeV, and in the right panel,
m;,. = 300 GeV, and the relevant parameters of the poten-
tial are set to A; = 2z. Again, we see that a large number of
events will be produced if one of the Higgs bosons is light,
but detection will be difficult if both the neutral and the
charged Higgs bosons are heavy.

There are currently no plans to alter the CLIC design to
permit it to run in a yy collider mode. Nevertheless, it is
instructive to have some measure of what to expect at such a
facility. Here, we assume following Ref. [69] that the yy CM
energy is approximately 80% of the eTe™ CM energy, i.e.,
roughly 1.25 and 2.5 TeV, with a luminosity of the order of

10% of the CLIC design luminosity.15 We show in Fig. 7 the
cross section for the scattering of two on-shell photons,

The yy collider luminosity assumed in Ref. [69] may be
somewhat optimistic. A more recent study of multi-TeV yy colliders
carried out in Ref. [90] examines the possibility of employing a free
electron laser in the construction of a high luminosity yy collider
with a CM energy in the multi-TeV regime. For example, Table 4 of
Ref. [90] imagines an e*e™ collider with /s =3 TeV, which
yields yy collisions with E, = 1.38 TeV and a luminosity of
L,, <0.06L,,, corresponding to a yy collider with a slightly higher
CM energy and a slightly lower luminosity, as compared to , /5, =
2.5 TeV and L, = 0.1L,, discussed in Ref. [69]. An alternative
approach has been investigated in Ref. [91], which examines a yy
collider based on an e~ e~ linear collider with /s = 2 TeV. These
authors claim a maximal photon energy of £, = 0.95 TeV but with
a luminosity of L,, = 0.02L,,. Such a collider would yield an
integrated luminosity of roughly 0.1 ab™! over a 10 year program,
which would be insufficient to study P-even, CP-violating phe-
nomena over most of the scalar mass range of interest. We thank the
referee for alerting us to these two references cited above.
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FIG.7. The cross section o(yy — HtH™h;) as a function of the charged Higgs mass for two CM energies, /s = 1.25 TeV (left panel)
and /s = 2.5 TeV (right panel), for two values for the neutral Higgs masses, my,, = 125 GeV and m;,, = 300 GeV. The scalar potential

parameters are chosen such that A; = 2.

o(yy » H"H™h;), as a function of the charged Higgs mass
for two CM energies /s = 1.25 TeV (left panel) and /s =
2.5 TeV (right panel), for two values for the neutral Higgs
masses, m;, = 125 GeV and m;, = 300 GeV. In light of
eq. (22), it follows that 6(yy — H*H™h;) is proportional to
A2. The cross sections shown in the plots for yy fusion are
all above 100 ab, and with the planned luminosity for CLIC,
the yy collider would provide a larger number of signal
events than the corresponding signals anticipated at the
lepton colliders discussed in this section. However, the CM
energy of the yy collider will restrict the observable scalar
masses accessible in the production of HH™h; to no more
than a few hundred GeV.

In light of our considerations of the yy fusion processes
at lepton colliders above, a brief comment on yy physics at
the LHC is warranted. The ATLAS Collaboration has
reported [92] the observation of photon-induced W+W~
production in pp collisions at y/s = 13 TeV with 139 fb~!
of data in the process yy = WTW~ — ety + E, with
an observed cross section of 3.13 £0.31 (stat) £
0.28 (syst) fb. In light of this measurement, it is of interest
to consider whether yy — H™H~ is within the reach of the
LHC program. The cross section for pp — ppHTH™ via
photon fusion was calculated in Ref. [93] and shown to be
about 0.1 fb for a charged Higgs mass of 150 GeV at
/s =14 TeV. One must also account for the charged
Higgs boson decay channels, while contending with a
significant yy —» W W~ irreducible background with a
much larger cross section. Therefore, although not impos-
sible, it will be very difficult to detect charged Higgs
bosons produced via yy fusion at the LHC. If in addition,
one demands that a neutral Higgs boson is emitted from one
of the final state (virtual) charged Higgs bosons, then the
resulting yy — H*H™h; cross section will be too small to
be detected at the LHC (even with the anticipated 2 ab
dataset at the HL-LHC).

Finally, we discuss the detection prospects of the final
states produced by the processes analyzed in this section.
To reiterate, we are assuming the exact Higgs alignment
limit where the tree-level properties of h; coincide
precisely with those of the observed SM-like Higgs
boson. In the A2HDM, the couplings of the up- and
down-type quarks to h,, hs;, and H* are exhibited in
eq. (A54). In the Higgs alignment limit, the couplings to
the neutral scalars, h, and A3, reduce to the form shown in
eq. (A71) [whereas the corresponding couplings to H*
shown in eq. (A54) are unchanged]. The corresponding
couplings of the leptons are obtained by replacing the
down-type (up-type) quark fields with the corresponding
charged lepton (neutrino) fields, replacing Mp by the
diagonal lepton mass matrix and replacing My with
the zero matrix. The charged Higgs boson can be detected
via one of its decay channels: W*h,, W*h;, or a fermion
pair, as discussed below.'®

Considering that all Yukawa couplings can be independ-
ently chosen in flavor-aligned extended Higgs sectors, one
must take into account all final states with quark pairs of
different generations. Assuming a good b and c tagging
efficiency and denoting light quark (u, d, s) jets collectively
by j, the final states resulting from the H* decay to a
fermion pair will be combinations of tb (or ¢j), ¢b (or cj or
jb), or 75 and missing transverse energy. At a lepton
collider, one can employ the hadronic decay modes of
the charged Higgs boson to reconstruct its mass. At tree
level, the other important decay channels are H* — W*h,
and H* — W*h; with rates proportional to square of
the SU(2), electroweak coupling, ¢*. At one loop, the
subdominant decay mode H* — W*y could eventually be
utilized if a sufficiently large data sample were available.

"Note that the H¥ W*h, coupling vanishes in the Higgs
alignment limit.
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The neutral Higgs bosons h, and &5 do not couple to
pairs of gauge bosons in the exact Higgs alignment limit
and hence do not decay (at tree level) to WTW~ and ZZ.
If kinematically allowed, the decays h, — WXHT, Zh;,
and hy; - W*HT, Zh, have to be considered particularly
because their rates are proportional to ¢>. The tree-level
decay rates of the neutral scalars %, and /5 to fermion pairs
will be dominated by third-generation final states, t7, bb,
and 777, In addition, the one-loop neutral Higgs decay
modes to a pair of gluons may also be competitive. The
subdominant one-loop neutral Higgs decay modes to yy, Zy
could eventually be utilized if a sufficiently large data
sample were available.

V. P-EVEN, CP-VIOLATING SIGNALS
VIA LOOP EFFECTS

An indirect way to examine the set of Higgs couplings
exhibited in eq. (20) that yield P-even, C P-violating signals
considered in Secs. III and IV is to probe the same set of
couplings via the Higgs loop contributions to the ZZZ and
ZW*W~ form factors."” CP-violating contributions to the
triple gauge boson vertices ZZZ and ZW* W~ vertices were
first studied in Refs. [56-60]. For example, the general
Lorentz structure of the Z(P)W*(q)W~(g) vertex (with all
momenta pointing into the vertex) given in Ref. [57] is

app P s fV o Lot o a ; o Lo
V" (4.9.P) = f{(a—q)'d” = 5-(q-q)" PP’ + f{(Pg = PPg) +if{ (P'g” + P'g")
w

+ if;/e”“/”’(c'] - q)p - fgelmﬁﬂpp —

The three form factors proportional to the Levi-Civita
tensor are P violating. One can easily verify that f‘l/,2.3
separately conserve C, P, and T, whereas fX is the unique
form factor that is P conserving and CP violating. This
form factor is generated by the bosonic sector of the
extended Higgs sector provided that the scalar potential
and/or vacuum is CP violating. In light of eq. (20), it
follows that in the exact Higgs alignment limit, a nonzero
scalar contribution to f, requires at least three neutral
scalars beyond the SM-like Higgs boson.'®

There are several calculations in the literature of f4 in the
complex 2HDM [56,94], in a CP-violating 3HDM with
two inert doublets [31], and in a model with two Higgs
doublets and a singlet [32]. Note that in the 2HDM, the
contribution of the neutral scalars vanishes in the exact
Higgs alignment limit. Hence, an extended Higgs sector
with at least three neutral scalars beyond the SM-like Higgs
boson A is required to yield a nonzero value of f, as noted
above. In practice, the maximal values for f, are, however,
still an order of magnitude19 away from the experimentally

"The ZZy and Zyy form factors cannot be used for this
purpose, as the only scalar loop contributions involve the charged
Higgs boson, which does not contribute to the P-even, CP-
violating form factor.

"8Note that there are two triangle diagrams with internal scalars
that contribute at one-loop order to the ZW* W~ form factors,
consisting of an H*H~h; and an h;iH™" loop, with correspond-
ing ZH"H~ and Zh h, vertices, respectively. Only the latter can
contribute to the P-even, CP-violating form factor f,.

"The contributions to f, in the model with two Higgs doublets
and a singlet are suppressed by an order of magnitude as
compared to the CP-violating 3HDM with two inert doublets,
due to the presence of fewer number of inert states contributing to
the ZZZ loop, along with diluted Zh;h; couplings (since the
singlet has no direct couplings to the SM gauge bosons).

fy
o

My

(72— )" e P,(q - q),. (24)

|
measured values [95,96]. Future projection for the meas-
urement f, can be found in Ref. [97] for the HL-LHC and
in Ref. [98] for the International Linear Collider (ILC).
The observation of a nonzero value of f, would provide
unambiguous evidence for the existence of P-even CP
violation. The main disadvantages of this observable is that
it is loop suppressed and is subject to significant systematic
uncertainties that must be overcome in any realistic experi-
ment. On the other hand, f is sensitive to a wider class of
Higgs sectors than those that can be probed by observables
examined in Sec. IV. For example, in models with two or
more inert doublets, the corresponding scalar potential can
contain CP-violating terms that generate neutral scalars of
indefinite CP, as was shown initially in Ref. [31] and
examined further in Refs. [32,41,99,100]. The P-even, CP-
violating signals arising at tree level from such models
cannot be probed by the methods discussed in Secs. III and
IV as noted below eq. (20). Nevertheless, these inert scalars
can appear in the loops that contribute to the ZZZ and
ZWtW~ form factor (since every vertex of the loop
diagram involves a coupling of a pair of Z,-odd scalars),
thereby yielding a nonzero result for f,4. Further details will
be left to a future study.

VI. FINAL STATE PHOTONS AS A DIAGNOSTIC
FOR CP VIOLATION

In our study of P-even, CP-violating phenomena at
colliders, we relied on tree-level production processes at
lepton colliders involving the Higgs bosons and gauge
bosons. In such cases, any P-odd, CP-violating contribution
to the production process arising from the Yukawa sector
would be loop suppressed and hence unlikely to have a
significant impact on the interpretation of the source of CP
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violation. In some cases, the Higgs bosons produced could
decay into either two lighter Higgs bosons or into a Higgs
boson and a gauge boson. In such cases, any P-odd, CP-
violating contribution to the decay process arising
from the Yukawa sector would again be loop suppressed.
Ultimately, the Higgs bosons produced, either directly in the
initial production process and/or in the decay chain of the
produced Higgs boson, are identified experimentally via
their fermionic decay channels. However, the presence of
these fermionic channels does not obscure the original
tree-level bosonic couplings involved in the original
Higgs production and the bosonic Higgs decay pro-
cesses. Thus, the interpretation of the P-even, CP-violating
signal based on the bosonic Higgs vertices is not
compromised.

If one is willing to tolerate branching ratio suppressions
associated with the rarer one-loop mediated Higgs decay
processes, then in principle, one could have additional
channels to probe the presence of P-even CP violation in
the scalar sector. In such cases, P-odd CP violation due to a
fermion loop would compete at the same order with the
P-even CP violation due to a bosonic loop. In this section,
we explore this possibility in more detail by examining the
impact of Higgs decay processes involving final state
photons and Z bosons.

A. Higgs boson decays to two photons

In the absence of Yukawa couplings of the Higgs
bosons, the simultaneous observations of the interactions

(@#j, 6 Jj# 1D

h; —yy or Zy, h;—yy or Zy, and the Zh;h; vertex

(25)

would also constitute a signal of P-even CP violation. Once
again, by taking all scalars to be P even, the existence of the
Zh;h; vertex in a CP-conserving theory would imply that /;
and h; have opposite C quantum numbers, whereas the
observation of a yy or Zy decay would imply that the
corresponding neutral scalar is C even. Due to the suppressed
rate for the decay of a scalar to Zy relative to yy, we henceforth
focus only on the yy decay mode of h; (although the
corresponding analysis for the Zy decay mode is similar).
In the exact Higgs alignment limit, the yy decay is
mediated by a charged Higgs loop (since the h;WTW~
vertex is absent for i # 1). Phenomenologically, the &; ;yy
interactions may have a better discovery potential than the
signals discussed in Sec. IV, despite the loop-suppression
of its coupling strength. In particular, the decays h; ; — yy
are not kinematically suppressed, and the two photon signal
can easily be identified experimentally as a resonance in the
diphoton-invariant mass spectrum. In addition, one can
probe these interactions via photon-photon scattering in a
future e*e~ linear collider or a photon collider. The

observation of the three processes listed in eq. (25) requires
the discovery of two new neutral Higgs bosons /; and h;
(i #j # 1) in addition to the discovered SM-like Higgs
boson £;. Neither h; nor h; can be identified as i, since in
the exact Higgs alignment limit the interaction Zh;h,
(i # 1) vanishes.

It appears that the utility of eq. (25) as a signal of CP
violation is spoiled once the effects of the Yukawa
couplings are included. For example, in the CP-conserving
2HDM where h, and hy are CP even and CP odd,
respectively, both h,yy and hyyy couplings are generated
at one loop mediated by fermions. The effective Lagrangian
that governs these couplings is

['eff = g2h2F;wFlw + g3h3€/4wlﬂFMDFaﬂ' (26)

The two operators above can be experimentally distin-
guished. For example, the corresponding decay amplitudes
have difference dependences on the photon polarizations &;
and &,,

A(hy = yy) ~ e - €, A(hs — yy) ~e1 x 3. (27)
In contrast, the one-loop couplings of a scalar ¢ to yy
mediated by a charged Higgs boson can only produce an
effective coupling ¢F,, F*. Consequently, the observation
of a Zh,hy coupling in conjunction with evidence for the
presence of the effective couplings h, F,, F** and h3F,, F**
would constitute a signal of P-even CP violation.

B. Higgs boson decays to multivector-boson final states

Consider the implications of the simultaneous observa-

tion of the decays,

hi — vy, and h; = yyy. (28)
Since yy is C even and yyy is C odd, it follows that, in the
absence of Higgs boson couplings to fermions, the simulta-
neous observation the loop-induced decays exhibited in
eq. (28) would be a signal for P-even CP violation. It is
noteworthy that this CP-violating observable requires the
discovery of only one new Higgs boson /; (in contrast to the
signals of Sec. I that rely on the Zh;h; coupling). However,
an analysis presented in Appendix B reveals that the #; —
yyy decay amplitude vanishes at the one-loop level (inde-
pendently of the presence or absence of Higgs boson
couplings to fermions). Thus, the decay rate for h; — yyy
relative to h; — yy is suppressed by both a loop factor
and the three-body phase space suppression. Thus, in
practice, the detection of CP violation via this scenario is
not viable.

One can improve matters by replacing one or two
of the photons with Z bosons. For example, consider
the implications of the simultaneous observation of the
decays,
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FIG. 8. Sample one-loop diagrams contributing to the decay
process hy3 — Zyy.

h; = yy or Zy, and h; — Zyy. (29)

First, suppose that the couplings of /; to fermions are
absent. In this case, we can again make use of the analysis
presented in Appendix B, where one of the final state
photons in Fig. 9 of Appendix B is replaced by a Z boson.
We again conclude that the contributions to the one-loop
matrix element for h; > Zyy due to the sum of the
diagrams analogous to those of Fig. 9 (as well as the
corresponding diagrams where the charged Higgs loop is
replaced by a charged W loop) must exactly vanish for any
choice of Higgs boson state /;. However, in contrast to
h; — yyy, additional one-loop diagrams shown in Fig. 8
contribute to h; - Zyy. These diagrams do not vanish.
Indeed, if P and C are separately conserved, then the
diagrams shown in Fig. 8(b) contribute to the C- and
P-conserving decay h; — Zyy while the one-loop decay
hy — yy/Zy is forbidden, whereas the diagram for
h, — Zyy shown in Fig. 8(a) is forbidden while the one-
loop decay h, — yy/Zy is allowed. These results follow in
light of the absence of an hsH'TH™ vertex when CP is
conserved. Thus, the simultaneous observation of the
decays of eq. (29) would constitute a signal for P-even
CP violation. Moreover, both decays arise at one-loop
order (although, admittedly, the Zyy final state would
be suppressed relative to the yy and Zy final states due
to a coupling constant and the three-body phase space
suppression).

If the couplings of A; to fermions are present, then one
has to reconsider the analysis in which the charged Higgs
boson loop in Figs. 8(a) and 8(b) is replaced by a fermion
loop. In this case, CP conservation does not forbid the
simultaneous decay channels, h, — Zy or h; — Zy. Thus,
isolating any P-even, CP-violating contribution to the
simultaneous observation of eq. (29) would require a
separation of the CP-even and CP-odd components of
the Zy system analogous to the discussion below eq. (26).

Finally, a similar analysis applies to

h; = yy or Zy, and h; —» ZZy. (30)

In particular, one simply replaces one of outgoing photons
in Fig. 8 by a Z boson. Once again, this scenario is less
useful than eq. (29) due to the suppression of the effective
h;Zy vertex relative to that of h;yy.

VII. BEYOND THE EXACT HIGGS
ALIGNMENT LIMIT

In previous sections, we focused on P-even, CP-violating
signals in the bosonic sector of the 2HDM in the exact
Higgs alignment limit. In this section, we shall extend our
considerations to the case where there is a departure from
exact Higgs alignment. The present Higgs data require that
any departure from exact Higgs alignment should be small.
We shall identify new P-even, CP-violating signals that,
although suppressed due to approximate Higgs alignment,
would provide new observables that could be probed in
future experiments. Several observables for scalar sector CP
violation that appear at tree level or one-loop level have
been discussed in Refs. [50,52,53] and Ref. [56], respec-
tively. In contrast to the observables introduced in Sec. III,
these observables vanish in the exact Higgs alignment limit.

It is noteworthy that in the exact Higgs alignment limit,
the observation of two tree-level processes is not sufficient
to identify the presence of P-even CP violation. Indeed,
in light of eqs. (11)—(20), it is necessary to observe at
least three tree-level processes to provide evidence of
P-even CP violation.” In contrast, if one also allows for
Higgs alignment suppressed processes, then there are cases
in which the observation of only two tree-level processes is
enough to claim the detection of P-even CP violation.
Examples of such cases are shown below.

Given that h; is the SM-like Higgs boson (which is a
CP-even scalar), our list of interactions in eqs. (11)—(20)
expands to include the following.

one Higgs alignment suppressed observables:

1. h,H H~, Zhh;, (for i #1), (31)
2. hihih;,  Zhh;,  (for i, j#1), (32)
3. h]/’ll‘hj, Z//llh], (for l,] ?é landi 56 ]) (33)
4. I’lil’lll’ll, th+H_, Zhlhj’ (for l,]aélandlaé]),
(34)
5. hghihy, bbby, Zhihg,o (fori,j k# landi# j),
(35)
6. hihihy,  hihghy,  Zhh;,  (fori,j k# landi# j);
(36)
two Higgs alignment suppressed observables:
1. hihlhl’ Zhlhi, (for i ?é 1), (37)

Note that the processes exhibited in eqs. (28)—(30) are
loop induced and therefore exempt from the three processes
requirement.
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2. hlhihj’ Zhlhi, th+H_, (for l,];élandl?é]),
(38)
3. ]’lih]hl, ]’ljh]l’ll, Zl’lll’l], (for l,] * landi #]),

(39)

4. hlh,-Z, hth, Zhlhj, (for l,] Sé landi ?é ]),

(40)

5. hyhih;

ihj, Zhh;,  hijhghy,  (for i, j k# landi # j);

(41)
three Higgs alignment suppressed observables:

1. hihyhy,  hihih,

LA

Zhyh;, (for i,j# landi # j).

(42)

The observation of any one of the combinations of
observables listed in eqs. (31)—(42) would constitute a
signal of P-even CP violation, under the assumption that

one Higgs alignment suppressed observables:

. h,ZZ,  hHYH,

2. hZZ,  WHTH-,  Zhh,,

3.MZZ,  hiyghy, Zhih;,

4. hZZ, hihjhy, Zhih;,
two Higgs alignment suppressed observables:

1. h,ZZ, Zhyh;,

2. hZZ, hjhihy,

3. hZ2Z, h;ZZ,

4. h,ZZ, h,ZZ, Zh;h;,

5. hZZ, hjhyh;, Zhih;,

three Higgs alignment suppressed observables:
1. hl'ZZ, hlhihjv Zhlh], (forl,]#landl#]) (52)
Note that the observables in eq. (40), eqs. (49)—(50), and

eq. (52) appear in Refs. [50,52,53] where decay processes
are studied.

the one-loop corrections to the above observables due to
fermion loops are subdominant to the tree-level contribu-
tions (after taking into account any suppressions due to
approximate Higgs alignment). If the fermion-loop con-
tributions to the above processes are competitive with the
corresponding tree-level contributions, then the distinction
between P-even and P-odd CP violation becomes less
clear, although the CP violation interpretation of the signal
is still maintained.

If the h;ZZ vertex is included, then the presence or
absence of fermion-loop contributions becomes critical to
the interpretation of the signal. In the absence of fermion-
loop contributions, the C and P quantum number listed in
Table I can be employed to conclude that the coupling of a
CP-odd scalar to ZZ would constitute evidence for CP
violation. However, such a conclusion is no longer tenable if
fermion-loop contributions are present, since dimension-5
operators induced by fermion loop contributions exhibited in
eq. (26) demonstrate that both CP-even and CP-odd scalars
can couple to ZZ in a CP-conserving theory.

For completeness, we list below additional combination
of observables that can be interpreted as evidence of P-even
CP violation in the absence of fermion-loop contributions:

(for i,j# landi # j) (only in the 2HDM), (43)
(for i, j # 1andi # j), (44)
(for i,j, k # landi # j), (45)
(for i, j k # landi # j # k); (46)
(for i # 1), (47)
(for i, j # 1andi # j) (only in the 2HDM), (48)
(for i, j # 1andi # j) (only in the 2HDM), (49)
(for i,j # landi # j), (50)
(for i, j # landi # j); (51)

In principle, one could replace ZZ with yy (or Zy) in
eqs. (43)-(52). If fermion loops are absent, then the
observation of any of the corresponding ten sets of
observables could be interpreted as evidence of P-even
CP violation. The h;yy one-loop amplitude in each case
would be mediated by a W or charged Higgs boson loop.
For i+# 1, the W-loop contribution would be Higgs
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alignment suppressed, whereas the charged Higgs loop
contribution would be present in the exact Higgs alignment
limit. However, if h; - ZZ is kinematically allowed, then
the tree-level decay would dominate the corresponding
h; — yy decay, in which case the observables listed in
egs. (43)—(52) would be the preferred signatures of P-even
CP violation. If fermion loops are present, then the fermion
loop contribution to the A;yy decay amplitude is not Higgs
alignment suppressed. On the other hand, as discussed in
Sec. VI A, the observation of the yy decay mode would not
constitute evidence for CP violation unless the photon
polarizations are measured to distinguish the operators
exhibited in eq. (27).

As noted above, if the 4; (i # 1) couple to fermions, then
the presence or absence of the h;ZZ coupling by itself
sheds no light on the existence of CP violation in the scalar
sector in the exact Higgs alignment limit. Since the h;ZZ
tree-level coupling for i # 1 is absent in the exact Higgs
alignment limit, this coupling is only generated at the loop
level via fermion loop contributions. Indeed, as shown
in Ref. [101] for the CP-conserving 2HDM where £ is
identified as the observed Higgs boson of mass 125 GeV,
the decay width of A — ZZ is of the same order of
magnitude as H — ZZ in the exact Higgs alignment limit.
Therefore, when the h;ZZ couplings (i # 1) are of the same
order, one can no longer use them to probe CP violation.
Away from the exact Higgs alignment limit, tree-level h;ZZ
couplings (for i # 1) may be present. If the size of these
tree-level couplings is parametrically larger than the cor-
responding one-loop amplitude generated by fermion loop
contributions, then the presence of P-even CP violation can
be probed using the observables listed in egs. (43)—(52) in
the approximation that the one-loop contributions can be
neglected. In practice, determining the conditions where
the latter approximation is valid is model dependent. For
example, in models with additional particles beyond the
scalar sector that carry electroweak quantum numbers (e.g.,
vectorlike quarks or supersymmetric particles), additional
contributions to the one-loop amplitude will make it more
difficult to distinguish between tree-level effects sup-
pressed in the approximate Higgs alignment limit and
loop-level effects.

In the scenarios presented in Sec. IV D, we focused on
observables that depended on tree-level couplings that were
not suppressed in the Higgs alignment limit. Given that the
results exhibited in this section were obtained in the exact
Higgs alignment limit, one can ask whether the potential
signals of P-even CP violation are robust as one moves
away from exact Higgs alignment. For example, away from
the Higgs alignment limit, the triple scalar couplings are
modified; in particular, they depend on additional param-
eters of the scalar potential.21 Hence, both the production

*'In contrast, in the exact Higgs alignment limit, each h; H* H~
coupling is proportional to A; [cf. eq. (23)].

cross section and branching ratios obtained in Sec. IV D
will be modified. The modifications are to some extent
random because the processes of interest are now con-
trolled by different couplings. Nevertheless, by combining
all possible sets of CP-violating observables, the chances
of being able to probe P-even CP violation in extended
Higgs sectors are very good if the scalars /; (i # 1) are not
too heavy.

VIII. CONCLUSIONS

There is vast literature (e.g., see Refs. [37-46]) discus-
sing CP-violating observables that derive from the
P-violating, C-conserving neutral Higgs-fermion Yukawa
couplings in models with an extended Higgs sector beyond
the Standard Model. However, additional sources of CP
violation of a different nature can arise from the pure
bosonic sector of the model. Indeed, in a theory consisting
only of bosonic fields (scalars and gauge bosons), CP-
violating phenomena, if present, must be associated with
C-violating observables. This statement is independent of
the number and representation of the multiplets of scalar
fields and the choice of gauge group. Hence, if nature
employs an extended Higgs sector, then one needs to
identify physical observables that either receive negligible
fermionic contributions or are completely insensitive to the
presence of the fermions in order to experimentally verify
the presence of P-even, CP-violating processes.

A combination of three bosonic decays in the 2HDM that
signal the presence of P-even CP violation was proposed
in Refs. [50,52,53] and involves the interaction of the Z
boson with a pair of neutral scalars, Zh;h; (1 <i < j<3).
If CP is conserved, then h; and h; must have opposite sign
CP quantum numbers. Thus, the observation of all three
interactions (e.g., via the three decays hy — h,Z, hy —
hiZ, and hy, — hyZ) necessarily implies that CP must be
violated. However, after identifying h; with the Higgs
boson observed at the LHC, the decay rates for two of the
three processes cited above vanish in the exact Higgs
alignment limit (where the tree-level properties of 5,
coincide with those of the SM Higgs boson). Since the
LHC Higgs data show a clear preference for a SM-like
Higgs boson, it follows that the CP-violating signal
considered above is highly suppressed.

In this work, we have found and listed all possible
combinations of bosonic interactions that can be employed
to identify the presence of P-even, CP-violating phenom-
ena that are not suppressed in the Higgs alignment limit.
Most of these combinations rely on the discovery of three
new scalars (one of which is charged), except for one case
where only two new neutral scalars are needed. For
example, the simultaneous observation of the vertices
Zhyhs, hyHTH™, and hs H™H~ would provide unambigu-
ous evidence for P-even CP violation. Moreover, the
interactions that we have identified can be quite large
and give rise to detectable signals at future multi-TeV
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colliders. For completeness, we have also listed all possible
combinations that include interactions with suppressed
couplings in the Higgs alignment limit, classifying them
by the number of suppressed interactions.

Uncovering evidence for P-even CP violation depends
on the detection of new heavy scalar particles. At the LHC,
the decays of the new scalars provide an opportunity to
probe P-even, CP-violating processes if a sufficient num-
ber of appropriate final states are accessible. When con-
sidering the combination of Higgs decays, kinematic
constraints due to the scalar masses can preclude probing
a specific vertex. A more robust exploration of P-even,
CP-violating phenomena can be carried out in an exper-
imentally clean environment such as a lepton collider,
assuming that the production of the heavy scalars is
kinematically accessible. At lepton colliders, the observa-
tion of P-even, CP-violating processes can make use of a
combination of production and decay mechanisms that
do not involve the Higgs-fermion Yukawa couplings at
leading order.

In Sec. IV, we performed a phenomenological study for
various future multi-TeV lepton colliders. We demonstrated
that, given the CM energies and total integrated luminos-
ities of CLIC and of a planned muon collider, many
combinations of production processes and/or decay chan-
nels are within the reach of these machines. The simplest
production process is £T¢~ — hyh; via s-channel Z
exchange, where ¢ can be either an electron or a muon.
If kinematically allowed, both %, and /5 could decay to a
pair of charged Higgs bosons, H"H~. Alternatively, one
can combine the former production process with £7¢~ —
hyhyhs and £7¢~ — hyhshs. Using only production proc-
esses has the clear advantage of being dependent only on
the collider CM energy. As these are s-channel processes,
colliders with lower CM energy are better suited to probe
them. However, the production cross sections for very
heavy scalars are rather small, especially in the case of a
three particle final state.

There are also t-channel yy processes, such as
CYe™ —» £T¢~HYH™h;, whose cross sections grow loga-
rithmically with the collider CM energy and are best suited
for higher energy colliders. These #-channel cross sections
yield viable signals at a muon collider with a CM energy of
order 10 TeV. However, the best option to probe processes
such as yy — h;HTH™ is to make use of a (hypothetical)
photon collider option at CLIC. We concluded the phe-
nomenological study of Sec. IV with a brief description of
the possible final states. In order to find the exact reach
of each collider, one needs to establish a set of realistic
benchmarks by considering a full experimental analysis by
taking into account the complete set of backgrounds to the
final state under consideration together with the detector
effects. This task is left to a future study.

This paper has focused primarily on P-even, CP-
violating phenomena associated with tree-level processes.

Nevertheless, there are some cases in which loop-induced
processes can play an important role. A measurement of a
P-even, CP-violating form factor in the loop-induced ZZZ
and ZWT W~ vertex provides a promising approach for
detecting P-even, CP-violating phenomena. In principle,
such phenomena could also be probed by loop-induced
decays of scalars into final state photons and Z bosons. For
example, the observation of h, — yy (yZ) together with
hy, — yyy (yyZ or yZZ) would constitute a signal of P-even
CP violation if the purely bosonic loop contributions can
be isolated. However, we have shown that the amplitude
for the yyy decay mode vanishes exactly at one-loop order
(whereas the corresponding one-loop amplitudes for the
yyZ and yZZ final states are nonzero). Moreover, due to
extra coupling constant and phase space suppression
factors that arise in computing the decay rates for the
three-body final states, we concluded that the detection of
P-even CP violation via the multiphoton/Z decay channels
is completely impractical.

The LHC has just begun to probe the existence of
C-even, CP-violating interactions of the Higgs boson in
the top-quark and tau-lepton Yukawa couplings (which
requires the observation of both scalar and pseudoscalar
couplings of the neutral Higgs boson to a fermion-
antifermion pair). The observation of such interactions
would be strongly suggestive of an extended Higgs sector
in which the SM-like Higgs boson is not quite an eigenstate
of CP due to the mixing with additional scalar degrees of
freedom. In such a framework, one would also expect the
existence of P-even, CP-violating interactions. However,
such interactions arise solely from the bosonic sector of the
theory and as such cannot be associated with an exper-
imental observable that involves a single scalar state. Thus,
the observation of P-even CP violation is far more
challenging and is possible at future runs of the LHC only
in very special circumstances. Ultimately, to achieve a more
robust probe of P-even, CP-violating phenomena, the
relatively clean environment of a future multi-TeV lepton
collider will be required, where the cross sections for
multiple heavy scalar production are large enough to yield a
viable experimental signal. Indeed, the detection of the
presence or absence of a P-even, CP-violating signal
would provide crucial information concerning the funda-
mental nature of the scalar sector.
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APPENDIX A: THEORETICAL ASPECTS
OF THE 2HDM

In this Appendix, we briefly introduce the 2HDM and
identify a convenient set of parameters that will provide the
basis for the parameter choices employed in this work. We
survey the various couplings of the Higgs scalars (to gauge
bosons, Higgs bosons, and fermions) and discuss the Higgs
alignment limit, in which the tree-level properties of one of
the neutral scalars coincides with those of the Standard
Model Higgs boson.

The fields of the 2HDM consist of two identical complex
hypercharge-1, SU (2) doublet scalar fields ®,(x)=
(@ (x),®%(x)), where the “Higgs flavor” index a = 1,
2 labels the two Higgs doublet fields. The most general
renormalizable SU(2), x U(1)y-invariant scalar potential
is given in the ®-basis by

. . 1 . .
VY = m} @@ + m3,®[0; — [m},®®, + H.e] + >h (@]@)* + Eﬂz(d?;q’z)z +25(@] D) (D)D)

1
+ (@] D) (D3D) + {zﬁs(‘b;q’z)z + [A6(D]Dy) + 47(D50,)| D] D, + HC}

where m?3,, m3,, and Ay, ..., A4 are real parameters and m?,,

As, ¢, and A; are potentially complex parameters. We

assume that the parameters of the scalar potential are

chosen such that the minimum of the scalar potential
2

respects the U(1)gy, gauge symmetry.” Then, the scalar

field vevs are of the form

@)=(,) (A2)
V2, )
where ¥ is a complex vector of unit norm,
f) = (f)l, 732) = (Cﬂ,Sﬂeié), (A3)

and cg=cosf and sz =sinf, 0 sﬂséﬂ, 0<¢&<2nm,
and v is determined by the Fermi constant,

v="Y= (V2G;)"/?~246 GeV.  (A4)

22As shown in Refs. [102,103], given a generic 2HDM tree-
level scalar potential that has a minimum which respects U(1)gy,
then any competing stationary point that breaks the U(1)gy
symmetry is a saddle point that lies above the symmetry
conserving vacuum.

(A1)

1. Higgs basis

It is convenient to introduce the Higgs basis as follows.
Starting from a generic ®-basis, the Higgs basis fields H,;
and H, are defined by the linear combinations of ®; and

@, such that (HY) = v/+/2 and (H3) = 0. That is,

Hl = Cﬂq)l + Sﬁe_i§¢2, HZ = ei”[—sﬁei‘f(bl ‘I— Cﬁq)ﬂ,

(AS)

where we have introduced (following Ref. [104]) the
complex phase factor e to account for the nonuniqueness
of the Higgs basis, since one is always free to rephase
the Higgs basis field whose vacuum expectation value
vanishes. In particular, e is a pseudoinvariant quantity that
is rephased under the unitary basis transformation,
o, - U,;9,, as”™

e’ — (detU)~ e, (A6)
where detU is a complex number of unit modulus.
Equivalently, one can write

The use of unbarred and barred indices follows the con-
ventions introduced in Ref. [15].

095038-21



HOWARD E. HABER, VENUS KEUS, and RUI SANTOS

PHYS. REV. D 106, 095038 (2022)

Hi = H{ HY) =050, H,=(Hi, HY) =i,

(A7)

where there is an implicit sum over unbarred/barred index
pairs and

Wy = Dieqp (€12 = —€ = lande;; = en =0) (A8)
is a unit vector that is orthogonal to ¥ (i.e., D

Under a U(2) basis transformation,

A

D, = U,pDp, which implies that W, — (detU)~'U ;Wy.
(A9)

In light of eqs. (A6)—(A9), it follows that both H;
and H, are invariant fields with respect to U(2) basis
transformations.

In terms of the Higgs basis fields defined in eq. (A5), the
scalar potential is given by

. 1 1
V=Y H{H, + Y, HyH, + [Y3e "H{H, + Hcl] +§Zl (H{H1 )2 +5Zo(HYH,)?

2

+ Z3 (M) (H3Ha) + Z4(H o) (R M) + {Ezse-M(Hin)z + [Zse (M HL) + Zye " (HyH)IH My + Hc}

The coefficients of the quadratic and quartic terms of the
scalar potential in eq. (A10) are independent of the initial
choice of the ®-basis. It then follows that Y5, Zs, Z4, and Z;
are also pseudoinvariant quantities that are rephased under
D, - U, as follows:

(Y3, Ze,Z;] = (detU)1[Y3,Z¢,Z;] and

Zs — (detU)~%Zs. (A11)

The minimization of the scalar potential in the Higgs basis
yields

Zl RC(Z6€_M)
% [234 + RC(ZSE_%”)] + Yz/’lj2

—2Im(Zse™2m)

M? = 2| Re(Zge ™)

—Im(Zge™™)

with respect to the {v2ReH) — v, 2ReHY, v2ImH)}
basis, where Z3, = Z5 + Z4. The squared masses of the
physical neutral scalars, denoted by m% (k=1, 2, 3) with
no implied mass ordering, are the eigenvalues of M?,
which are independent of the choice of .

The real symmetric squared-mass matrix M? can be
diagonalized by a real orthogonal transformation of unit
determinant,

RM?RT = diag(m?, m3, m3), (A14)
where R = R,R3R,; is the product of three rotation
matrices parametrized by 65, 013, and 6,3, respectively
[105]. Since the matrix elements of M? are independent of

(A10)

1
Yl = ——Zlvz,

1 2
3 Y3:—§Z61) .

(A12)

2. Physical mass eigenstates

Given the scalar potential and its minimization
conditions, one can determine the masses of the neutral
scalars. After removing the massless Goldstone boson,
G° = /2ImH?, from the 4 x 4 neutral scalar squared-mass
matrix, the physical neutral scalar mass-eigenstate fields
are obtained by diagonalizing the resulting 3 x 3 neutral
scalar squared-mass matrix,

—Im(Zge ™)
- % Im(Zse=2)

11Z34 —Re(Zse )] + Y, /v?

: (A13)

|
the scalar field basis, it follows that the mixing angles 6;;
are invariant parameters. The physical neutral mass-
eigenstate scalar fields are

1 .
hy = i1 (V2ReH —v) +%(qzzng’ez3 +H.c.),

where ¢g;; and ¢, are exhibited in Table IV. The charged
scalar mass eigenstates are defined by

(A15)

G* = HE, H* = e*05H7, (A16)
where we have rephased the charged Higgs fields as a
matter of convenience. The mass of the charged Higgs

scalar is given by

095038-22



P-EVEN, CP-VIOLATING SIGNALS IN SCALAR- ...

PHYS. REV. D 106, 095038 (2022)

TABLE IV. The U(2)-invariant quantities g, are functions of
the neutral Higgs mixing angles 8}, and 0,3, where ¢;; = cos 0;;
and s;; = sin 0;;. The angles 0, and 0,3 are defined modulo z. By
convention, we take 0 < c¢,, ¢35 < 1.

k k1 di2
1 C12€13 —S12 = iC12813
2 $12€13 Ci2 — 1812513
3 S13 iC13

1
méi = Y2 + 523’[12. (A17)

Inverting eq. (A15), one can now express the Higgs basis
fields in terms of the mass eigenstate fields,

G+
H, = . )
1 (%(U—f—lG—%—Zil qklhk) >

H+
e0nH, = )
: %5 22:1 G2l

In light of eq. (A18), the parameter 6,5 can be eliminated by
rephasing H, — e~"»H,. Thus, without loss of generality,
we shall henceforth set 8,5 = 0.

If we denote the physical neutral scalar masses by m;
(k =1, 2, 3), then the equation for the diagonalization of
the neutral scalar squared-mass matrix yields the following
squared mass sum rules (e.g., see eqs. (47)—(50) of
Ref. [104]):

(A18)

(A19)
Ui
1 3
Zy= 2 {Z mi|qial* — 2m127_[i:| ; (A20)
k=1
13
Zse M = 53 ) mild)” (A21)
13
Zée n = —Zkaqqukz <A22)

Due to egs. (A6) and (All), the quantities Zse " and
Zge™" are basis-invariant quantities.

More explicitly, eqs. (A19)—(A22) yield the following
expressions:

2

2_ 00 2 202 2 2.2
Z1v™ = myciyciy + masiyciy + masi, (A23)

2 2 a2 2 (2 2 2 ) 2
Zy* = my +mj — ciy(ciymy + spymy —m3) = 2my,.,

(A24)

Re(Zge M)v? = ci3s15¢12(m3 — m?), (A25)

Im(Zge™")v* = si3c13(cymi + spm; —m3),  (A26)
Re(Zse")v? = (cf, — s1,)(m3 — m})

+ cfy(chmi + spymy —m3),  (A27)

Im(Zse ") v* = 2s15¢15813(m3 — m3). (A28)

Finally, one additional relation of significance is the trace
condition,

3
TeM? = " m} =2Y2 + (Z) + Z3)0?
k=1

= 2m§1i + (Zl + Z4)U2. (A29)

3. Parameter set of the bosonic sector of the 2HDM

Let us now count the parameters that govern the most
general 2HDM. In light of eq. (A12), it follows that the
2HDM is governed by six real parameters, v, Y5, Z;, Z,,
Zs, and Z, and three complex parameters Zs, Z¢, and Z, for
a total of 12 real parameters, where v = 246 GeV.
However, due to the presence of # in eq. (A10), we are
free to rephase the Higgs basis fields. In particular, consider
what happens if one transforms between two Higgs bases.
That is, suppose that (®9) = v/v/2 and (®}) =0. To
transform to another Higgs basis, one can employ the
U(2) transformation ®, — U ,;®@,,, where U =diag(1,e%).
Then, eq. (A6) implies that # — 5 — y. It then follows that

(Y3, Z¢,Z7] = e %[Y3,Z¢,Z7] and Zs— e **Zs.

(A30)

In contrast, Yy, Y,, and Z, ;34 are invariant when trans-
forming between two Higgs bases. This means that among
the three complex parameters, Zs, Zq, and Z;, there are
only five independent real physical degrees of freedom.
Thus, in total there are 11 real parameters that govern the
most general 2HDM.

However, it is more convenient to choose a different
set of parameters to define the most general 2HDM. Here is
the list:

v, my, my, m3, mge, Op, 013, Zy, Zs3, Zge™".

(A31)

This list includes nine real parameters and one complex
parameter Z,e~" for a total of 11 real parameters that
fix the 2HDM model. Note that all parameters on this list
are basis-invariant quantities. In particular, one cannot

095038-23



HOWARD E. HABER, VENUS KEUS, and RUI SANTOS

PHYS. REV. D 106, 095038 (2022)

“rephase” the complex parameter Z;e~"! to remove one
degree of freedom.

It is often assumed that the scalar potential exhibits a Z,
symmetry, where @, is unchanged and ®, — —®, in some
scalar field basis. We will allow this symmetry to be softly
broken by the dimension-2 squared-mass terms of the
scalar potential, in which case there exists a ®-basis where
A¢ = A7 = 0 in the notation of eq. (A1). Such a basis will be
called the Z, basis. As shown in Ref. [104], a Z,-basis
exists if and only if the following relation is satisfied,

(Z\ = 2,)Z34Z;
—2Z5,(1Z6)* -

— 2,75 — 2,7 + 72 Z¢7)

1Z7%) = 0, (A32)
where Z34 = Z3 + Z4 and Zg; = Zg + Z7. Since eq. (A32)
is linear in Z3, we will use this equation to solve for Z; and
remove it from the list given in eq. (A31). In the special
case of Zy = Z,, Zs # 0 and Zg; # 0, eq. (A32) must be
replaced by the two conditions,

Im(Z5Z5;) = 0.
lf Zl - Zz,

|Z6| = 74,

Zs#0 and Zg #0. (A33)
We can specify the Z, basis by providing expressions for
and ¢ [which are defined in eq. (A3)]. Assuming that

Ze7 # 0, |

5oy = 2|Z¢7|
V(22 =2 + 4|Zg |
Cop = (2 —2) (A34)
! V(Z-2,)? ’
where by convention, 0 < f < %7[ In particular,
tanff = ﬂ, eiletn) — L2 S (A35)
1+ Cop 2Zg e " Cop

The twofold ambiguity in the choice of the sign of ¢y
corresponds to the fact that the conditions, 4 = 4; = 0, are
preserved under the interchange ®; < ®@,.

Given the list of parameters of eq. (A31), we can use 0,
and 0,3 to determine the g, in Table IV. Then, we can
determine the real parameters Z; and Z, and the complex
parameters Zse > and Zge™™ using egs. (A19)—(A22).
Finally, Y, is fixed by eq. (A17).

4. 2HDM bosonic interactions

The couplings of Goldstone bosons and Higgs bosons to
gauge bosons depend only on the g;; and the electroweak
SU(2), and U(1), gauge coupling parameters g and ¢ as

Lyve <ngW+W”‘ + 2imZZ Z”) quhy + emyA* (WG~ + W, G") — gmysy, 24 (Wi G~ + W,G"),  (A36)

Cw

1 2
Lyvun = |2 @Wiwe + 27 70/ (GOGO + )
47 8y

# (1 2ge (1
[ FWWe 4 2A A+ T (——sw> ZZ"—|—£<——S%V
CW 2 2

)AﬂZ"] (HFH-+G"G)
Cwy

2
{ (— €L(]A”VV+ 92;W Z”W;) (qle_ + qsz_)hk + HC}
w

P22
{ iegA" W G~GO — lgﬂZ"W‘J{G‘GO + H.c.}, (A37)
Cw
1 . _ou _©op g <
Lypn = kaCImZ h; k) uhi — EQ{IW;HQMG 0 hi+ qpH™0 h]+H.c.}+ EQMZ”GO 9,0y
+ 5g(W;G— 960+ W,G" 0" GY) + [ieA” + % <§ - s%v> Z"] (G*9,G-+H"0,H"), (A38)

where sy, = sin 0y, cy = cos @y, and the sum over pairs of repeated indices j, k = 1, 2, 3 is implied.
The cubic and quartic scalar self-couplings can be expressed in terms of v, the gy, Z;. ...Zy, Zse ", Zge™", and Z;e™"
as shown in Ref. [105]. For convenience of the presentation, we introduce the following notation:
Zs = Zse M, Zo=Zge ™,

7, = Zye . (A39)

The complete list of cubic scalar couplings is exhibited in Table V.
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TABLE V. Nonvanishing cubic scalar self-couplings of the most general 2HDM. The indices j, k, and ¢ are distinct integers
€ {1,2,3}. To obtain the corresponding Feynman rules, multiply the self-couplings listed above by —i. Charged fields point into the

vertex. The cubic self-couplings not listed above, such as GGG, Gh;h

GGTG~, GH*H~, and GG*HT, vanish exactly.

s
Vertex Self-coupling
Ghihy  o[Im(gpginZs) + giIm(qnZs) + guIm(q,nZs)] = €jxe(m5 — mi)qe /v
GGh; v[g;1Z) +Re(qpZs)| = qjim; /v
G*G™hj v[q;Z, +Re(qpZe)] = q;im7/v
G H™h; SvlqpZs + 425 + 29325 = qp(mi —m7,.) /v
G H"h; S0[qhZs + qpZs + 29 Z6] = qla(m3 —m3.) /v
H*H™h; v[q;Zs +Re(qppZ7)]
hihjh; 3”[‘131Z1 + 1l Zss + CI_lee(CﬁzZS) + 3‘1?1 Re(q,2Z6) + 92Re(q,0Z7)]
hjh;hy ”{3%2-1%121 +[qn |q_,-2\2 +2q;1Re(q2952)) 234 +2f]j1Re(q]'2kazs) + leRe(Q?zzs) +3‘I§1Re(4k226) +6f]j14k1Re(f]j226)
+2|qo|*Re(qiaZ7) +Re(qzzq§227)}
hihche  v{3qj1q019Z1 + [4;1Re(q120}2) + ariRe(4247,) + 4/1Re(420})1Z34 + qj1Re(q1292Zs) + qraRe(q 1292 Zs)

+q,1Re(q2q10Zs) + 39;1quRe(42Z6) + 3q,19,1Re(q12Z6) + 3q119,1Re(q/2Z6) + Re(Q}zqunZ)

+Re(q/091290227) + Re(4091295227) }

In the case of a CP-conserving Higgs scalar potential and
vacuum, eq. (6) is satisfied, and the above results simplify
significantly. In particular, one can fix the Higgs basis up to
a potential sign ambiguity by choosing the phase e~ such
that Y5, Zs, Zg, and Z; are all simultaneously real, which
yields the so-called real Higgs basis (after absorbing the
phase into the definition of the Higgs basis fields). The
remaining ambiguity in defining the real Higgs basis is due
to the possibility of transforming H, — —H,, in which
case Y3, Zg, and Z; change sign (whereas all other scalar
potential parameters in the real Higgs basis, including Zs,
are unchanged. Thus, it is convenient to define & = e,
where & changes sign under ‘H, — —H,. Following
Refs. [105,106], we set s;3 = 0, ¢;3 = 1 and™*

in { SgH26, if Z(] ?é O,
eE=el =

. (A40)
sgnZy, if Zg =0andZ; # 0.

In the standard notation of the CP-conserving 2HDM,
one chooses a real ®-basis and defines tan f = (®9) /(®Y).
The corresponding mixing angle that diagonalizes the CP-
even Higgs squared-mass matrix is denoted by a. The CP-
even scalar mass-eigenstates, 7 and H (with m;, < my), and
the CP-odd scalar A are related to the neutral fields of the
Higgs basis via

H Chpa —Sp-a \/ERCHO_U
()2 7)) o
h s/}—a C/)’—(l \/EReHg

(A41)

where c4_, = cos(f — @) and s4_, = sin(f — ).

2t Ze = Z7 = 0, then the sign of Zs is no longer invariant
with respect to transformations that preserve the real Higgs basis
(since the sign of Z5 changes under H, — =+i’H,). In this case, it
would be more appropriate to define £ = " = sgnZs.

Under the assumption that the lighter of the two neutral
CP-even Higgs bosons is SM-like, it is convenient to make
the following identifications:

h= hl’ H= —Ehz, A= 8]13. (A42)
In light of eq. (A41), one can then identify
C12 = Sp—a> S12 = —€Cp_q (A43)

where 0 < s3_, < 1, and the g;; of Table IV simplify to the
results given in Table VI(a).25

If we examine the Higgs couplings to vector bosons and
the Higgs boson self-couplings in the CP-conserving limit,
we find that the following interactions that were originally

26
present are now absent™:

WHW-A,  ZZA,  ZHh,  hhA,

hHA,  HHA,  HYHA, (A44)
hhhA,  hhHA,  hHHA,  HHHA,

hAAA,  HAAA, hAH*H-, HAH H-.  (A45)

“Note that the signs of the fields H and A and the sign of ¢_,
all flip under the redefinition of the Higgs basis field H, — —H,.
In the CP-conserving 2HDM literature, in models in which the
choice of the ®;—®, basis is physically meaningful (e.g., due to
the presence of a discrete Z, symmetry of the scalar potential), it
is traditional to impose one further restriction that tan /3 is real and
positive. This removes the final sign ambiguity in defining the
real Higgs basis.

Due to Bose symmetry, the couplings Zh;h; are absent in
eq. (A38). Hence, in the CP-conserving limit, this means that the
couplings Zhh, ZHH, and ZAA are absent.
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TABLE VI.  Invariant combinations g,; defined in Table IV in
the CP-conserving limit, corresponding to a real Higgs basis
where e = e is given by eq. (A40). If the lighter of the two CP-
even neutral scalars, 4, is SM-like, then it is convenient to identify
the &, as shown in Table VI(a). If the heavier of the two CP-even
neutral scalars, H, is SM-like, then it is convenient to identify the
h; as shown in Table VI(b).

(a) h is SM-like when [cs_,| < 1

k hy qr1 qi2
1 h Sp-q ECp_y
2 —eH —ECp_q Speq
3 €A 0 i
(b) H is SM-like when |s;_,| < 1

k hy dr1 di2

1 H Cha —ESp_q
2 eh ESp_q Chou
3 €A 0 i
TABLE VII. Nonvanishing cubic scalar self-couplings of the

CP-conserving 2HDM involving the neutral and charged Gold-
stone fields. Charged fields point into the vertex. The interactions
that do not appear in this table are zero after invoking the CP
symmetry. See the caption to Table V.

Vertex Self-coupling In terms of masses
GhA 0(ZsCp_y + Z6Sp_q) [(m3, —m3)/v]cpg
GHA V(=ZsSp-q + Z6Cpa) ~[(mfy —m3)/v]spa
GGh V(ZSpa + Z6Cp_y) (m3/v)$p_q
GGH V(Z1Cpq = Z6Sp_q) (m3,/v)cpq
GG h V(ZSpa + Z6Cp_y) (m%/v)sﬂ_a
G'G™H V(Z1Cpg = Z6Sp—q) (m3/v)cpq
G*HTh  v[5(Zs + Zs)cp-q + ZeSp-al  —[(mp —m})/v]cs_q
G HTH v[=3(Zs + Zs)Sp-o + ZoCpa) [(my —mpy)/vlsp_q
G*HTA Fyiv(Zs — Zy) Fi mili —-m})/v

TABLE VIIL

The cubic scalar couplings that are nonvanishing in the CP
conserving limit are exhibited in Tables VII and VIIIL

For completeness, we note that, under the assumption
that the heavier of the two neutral CP-even Higgs bosons is
SM-like, it is more convenient to replace the identifications
previously made in eq. (A42) as follows:

H = ,’ll, h = 8h2, A= 8h3. (A46)

In this case, the identifications given in eq. (A43) are
replaced by

C12 = Cp—q> S12 = ESp—qs (A47)

where 0 < ¢4, < 1, and the g,; of Table IV simplify to the
results given in Table VI(b). Note that the cubic scalar
couplings exhibited in Tables VII and VIII remain
unchanged.

5. 2HDM Yukawa couplings

Given the most general Yukawa Lagrangian involving
the scalar fields of the 2HDM and the interaction eigenstate
quark fields, one can derive expressions for the 3 x 3
complex up-type and down-type quark mass matrices by
setting the neutral Higgs fields to their vacuum expectation
values. Each of the two quark mass matrices can then be
diagonalized via singular value decomposition, which
yields a pair of unitary matrices that are then employed
in defining the left-handed and right-handed quark mass-
eigenstate fields, respectively.

After determining the quark mass eigenstate fields and
the Higgs mass eigenstate fields, the resulting 2HDM
Yukawa couplings in their most general form are (cf. eq. (58)
of Ref. [104])

Nonvanishing cubic scalar of the CP-conserving 2HDM involving the physical scalar fields. We

denote Z3y = Z3 + Z, and Z345 = Z34 + Zs. The interactions that do not appear in this table are zero after invoking

the CP symmetry. See the caption to Table V.

Vertex Self-coupling

hAA V[(Z3a = Zs)sp-o + Z1¢p4]

HAA V[(Zsa = Zs)cp-o — Z15p-4]

hHH 30[Z1Sp-aChg + ZaasSp-a(5 = Chy) + Z6Cpoa(l = 355_,) + Z155_oCpal
Hhh 3v[Zlcﬁ_as§_a + Zauscpo(3 — sﬁ_a) —ZeSp_q(l - 36/2;_(1) - Z7c§_asﬂ_a}
hhh 32)[Z1s/3j_a + Z345sﬁ_ac%,_a + 3Z60/3_,,s/2,_a + Z7c/3j_a]

HHH 30[Zi¢j o+ Z345Cp-aSho0 = 3Z6Sp-aChoq = Z15)4]

hHYH~ 0(Z38p_y + Z7Cp_q)

HHTH- V(Z3Cp_q — Z75p5_)
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1 v ; 1 v
—Ly =— Mp +—=qip® Pr + qjop” P }Dh +—U{ My +—=[gip"Pr + qupV P }Uh
Y= {%1 D ﬁ[ﬂlkzﬂ R T 4P L] kT My ﬂ[qkzp R T qdi2pP L] k

V2

D
+ {U[KmeR —pYTKP;|DH" +~—=U[KMpPg
v

where there is an implicit sum over the index k£ = 1, 2, 3;
Prr =4%(1ys); K is the CKM matrix; the mass-eigen-
state down-type and up-type quark fields are D = (d, s, b)"
and U = (u, c,t)7, respectively; and M, and M, are the
diagonal quark mass matrices,

v
My = —«Y = diag(m,, m.,m,),
U \/i g( I)
v
Mp = —«Pt = diag(my, m,, m,,). A49
D NG g(mg, mg, my,) ( )

The matrices pV and p? are independent complex 3 x 3
matrices that are invariant with respect to scalar basis
transformations.

- MyKP,|DG* + Hc}

(A48)

It is convenient to rewrite the Higgs-quark Yukawa

couplings in terms of the following three 3 x3
Hermitian matrices,
-1/2 -1/2
1@57 220"+ pT M,
v -1/2 -1/2
pf == M2 (" = pt )M, (A50)

2\/51

for F = U, D, where the M are the diagonal fermion mass
matrices [cf. eq. (A49)] and the Yukawa coupling matrices
are introduced in eq. (A48). Then, the Yukawa couplings
take the form

1.3
Ly = ;UZ I/Z{leﬂ +Re(q)lpk + irspf ] +Im(gs0)[pf l?’sPR]}Ml/zUhk
=1
1o~ e 1
+;DZM/ {1+ Re(qio)[pR — irspP) + Im(qyo) o + iyspR1}M S Dhny
=1
V2 - /2, b 12 2, U Unagl)2 n
+ = AUIKML? (0R = ipP )M Pr = My (pf} — ip )My/*KP|DH* + H.c.}. (A51)

where 1 is the 3 x 3 identity matrix. If the off-diagonal elements of p% ; are unsuppressed, then tree-level Higgs-mediated
flavor changing neutral currents (FCNCs) will be generated that are incompatible with the strong suppression of FCNCs
observed in nature.”’

The A2HDM posits that the Yukawa matrices k* and p* [cf. eq. (A48)] are proportional at the electroweak scale [73].28
light of eq. (A49), k¥ = \/2M /v is diagonal. Thus, in the A2HDM, the p” are likewise diagonal, which implies that tree-
level Higgs-mediated FCNCs are absent. We define the alignment parameters a* via

r _ F,.F

pl=a'x", for F=U,D,E, (A52)

where the (potentially) complex numbers a’ are invariant under the rephasing of the Higgs basis field H, — e*H,. It
follows from eq. (A50) that
(Ima®)1.

ph=(Reaf)l.  pf = (AS3)

Inserting the above results into eq. (A48), the Yukawa couplings take the following form:

27Equation (A51) is easily extended to include the Higgs boson couplings to leptons. Since neutrinos are massless in the two-Higgs
doublet extension of the Standard Model, one simply replaces D — E = (e,u,7)" and U = N = (v,,v,.v,)", with My =
dia (m m,.m;) and My = 0 in eqgs. (A48) and (A51).

Generlcally, the flavor-aligned conditions imposed by the A2ZHDM are not stable under renormalization group running [106,107],
except in special cases where the flavor-aligned Yukawa couplings are a consequence of a symmetry [108]. Indeed, any such special case
can be identified as one of the four type-I, -II, -X, and -Y Higgs-fermion Yukawa couplings [109-111], whose corresponding
symmetries are exhibited in Table IX.
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—Ly = ;UMU Z(le + qa" Pr + qua” PL)Uhy + ; Z {FMF Z(QM + qa"™ Pg + Q/tzaFPL)Fhk}
k=1 F=D.E k=1

2 _
+ L_{U[QD*KMDPR - aU*MuKPL]DH+ + aE*NMEPREH+ + HC}
v

(A54)

This form simplifies further if the neutral Higgs mass eigenstates are also states of definite CP. In this case, the

corresponding Yukawa couplings are given by

1
Ly =—
Ve UDE
1 V2
+_
Vr UDE

where ¢ is defined in eq. (A40) and we have introduced the

notation
e { +1 for F =U,
7/] =

(A56)
—1 for F=D,E.

Special cases of the A2ZHDM arise if the flavor alignment
is the consequence of a symmetry. For Yukawa couplings
of type I, II, X, and Y [108-111], one imposes a Z,
symmetry on the dimension-4 terms of the Higgs
Lagrangian in the ®-basis, where the Z, charges are
exhibited in Table IX. In particular, the type-I and type-
II 2HDMs (and likewise the type-X and type-Y 2HDMs™)
are special cases of the AZHDM, where one can identify the
corresponding complex alignment parameters as follows:

(1) type It a¥ = aP = af = '+ cot .
(2) typell: a¥ = ¢!t cotpand aP = af = —e' &+ tan .

In the CP-conserving limit, it is conventional to define
the scalar potential in the ®-basis such that 4 =1, =0
and £=0. In this convention, the vacuum expectation
values are real, and tan f is non-negative, in which case
we can identify ¢/é™) = ¢ Inserting the type-I or type-II
values of the flavor alignment parameters in eq. (A55), we
see that the factors of ¢ cancel exactly, as they must since
there is no remaining twofold ambiguity in defining the real
Higgs basis once a convention has been adopted such that
tan # is non-negative.

6. Higgs alignment limit

In the Higgs alignment limit, one of the neutral scalars,
which we conventionally choose to be 4, is identified as
the observed SM-like Higgs boson. Consequently,

“In type-X models, the quarks possess type-I Yukawa cou-
plings, whereas the leptons possess type-II Yukawa couplings. In
type-Y models, the quarks possess type-II Yukawa couplings,
whereas the leptons possess type-I Yukawa couplings.

- 1 -
Z FMF{sﬂ_a—l—ecﬂ_a[ReaF—I—ir]FImaFy5]}Fh+; Z FMp{cp_q—esy_o[Rea” +in"Ima"ys|} FH

F=U,D.E

_ 2 _
FMp{e[lma" —infRea"ys|} FA+-—¢e{U[aP* KM pPr—aV*"MyKP,|DH" +a** NMzPrEH* +H.c.},
v

(AS5)

9nvv

=q =cpcpyl, whereV=W or Z, (A57)

IhgyVV

which implies that |[s;,|, |s;3] < 1. Thus, egs. (A25)
and (A26) yield

.
v°ReZg

|s12]e| ——5| < 1, (A58)
my —mj
’ImZ,

513l | e | < 1. (A59)
m3 — mj

In light of eq. (A28), one additional small quantity
characterizes the Higgs alignment limit,

_ 2(m2 — m? 2ImZ?
Tm(Zs) || 22 ”;‘)Slzmz TS <1 (A6D)
v 3~ my

Hence, the conditions for approximate Higgs alignment are
as follows:
(1) Higgs alignment via decoupling is achieved if m,,
msy > my ~ 125 GeV [under the assumption that Z¢
is at most an O(1) parameter]. That is, ¥, > v°.

TABLE IX. Four possible Z, charge assignments for scalar and
fermion fields. The Z, symmetry is employed to constrain the
Higgs-fermion Yukawa couplings, thereby implementing the
conditions for the natural absence of tree-level Higgs-mediated
FCNCs.

®, @ Ur Dr Er U, Dy, Ny E
Type 1 + - - - - +
Type 11 + - - + + +
Type X + - - - + +
Type Y + - - + - +

095038-28



P-EVEN, CP-VIOLATING SIGNALS IN SCALAR- ...

PHYS. REV. D 106, 095038 (2022)

(2) Approximate Higgs alignment without decoupling is
achieved if |Zg| <1, while all Higgs squared
masses are of O(v?).*

We also obtain the following approximate mass relations,

m% ~ vz[Zl - slzReZ(, + sBImZ(,], (A61)

m% — m% ~ 1)2 [R625 + SlzReZ() + S13Im26], (A62)
1 - _

m% - m?{i ~ E ’1}2 [Z4 + RCZS + 2S12RCZG}, (A63)

to first order in the deviation from exact Higgs alignment.
In the case of exact Higgs alignment, the SM-like Higgs
boson resides entirely in the Higgs basis field H;; i.e., it is
aligned in field space with the direction of the neutral
Higgs vacuum expectation value. Thus, we can identify
hy = \/iReH? — v. In this case, h; does not mix with the
neutral scalar fields that reside in H,. In light of eq. (A13),
it then follows that Z; = 0. However, a second condition
arises in the diagonalization of the neutral scalar squared-
mass matrix. We will demonstrate below that the conditions
for exact Higgs alignment, where £, is identified with the
SM Higgs boson, are given by
ImZs =0 and Z4=0. (A64)
In particular, in the exact Higgs alignment limit where
eq. (A64) holds, M? is a diagonal matrix, and we can
immediately identify

1 _
m% = le}z, m%':; = Y2 =+ E 112 [234 + RCZS]. (A65)
To understand the origin of the condition that ImZS =0,
note that ¢;, = ¢35 = 1 in the exact Higgs alignment limit,

or equivalently R, = R3 = 13,3. Hence,

RM3ZRT = Ry3 MZRY, = diag(m?, m3,m?),  (A66)
where
Zl 1]2 0 0
_/\/l(z): 0 Y2+%112[Z34+R325} —%’UZIHIZS
0 —%/UZIHIZS Y2+%U2[Z34—R325}
(A67)

is the neutral scalar squared mass matrix in the exact Higgs
alignment limit. But having rephased H, to set 8,3 = 0 as
discussed below eq. (A18), it follows that R,; = T3.3.

More precisely, we require that |Zs| < Am3, /v?, where
Am?lzmﬁ—m% for j =2, 3. '

Hence, eq. (A66) implies that M3 is a diagonal matrix, and
we conclude that ImZs = 0.

In the exact Higgs alignment limit where Y3 = Z¢ = 0,
the only potentially complex parameters of the scalar
potential in the Higgs basis are Zs and Z,;. With the
rephasing freedom exhibited in eq. (A30), we can assume
that Zs is real without loss of generality. Thus, the only
remaining potentially complex parameter in the scalar
potential is Z;. Since the neutral Higgs squared-mass
matrix is independent of Z,, it follows that Higgs
boson—gauge boson interactions are separately CP con-
serving in the exact Higgs alignment limit. The scalar mass
eigenstates can be identified as eigenstates of the diagonal
squared-mass matrix M?2, with squared masses

1
m%_I_A = Y2+*(Z3+Z4:t25).

2 _ 2
my, = Z,v°, 2

(A68)
That is, the neutral scalar mass eigenstates are states of
definite CP. The only potential source of CP violation
resides in the Higgs self-interactions in the case
of Im(Z5Z72) # 0.
In this paper, we have proposed to make use of the
HT™H~h, interactions,
heHH™ 2 (g0 Zs + Re(qinZ7)], (A69)
where only CP-even states can couple to HH™ if CP is
conserved. In the exact Higgs alignment limit, ¢;; = 1,
921 = q31 = q12 = 0, g = 1, and g3, = i. Thus, h; is CP
even as anticipated. Assuming that Z; # 0, the H"H™ h,
coupling is nonvanishing if ImZ; =0, whereas the

TABLE X. Cubic self-couplings of the physical Higgs scalars
of the 2HDM in the approximate Higgs alignment limit without
decoupling (where |Zg| < 1). Charged fields point into the
vertex. The first order corrections to the exact Higgs alignment
limit, which are linear in s,, s13, and Z4, are exhibited.

Vertex Self-coupling

HYH I, v[Z3 — s;,ReZ; + s131mZ;]

HYH h, v[ReZ; + $12Z3]

HYH hy —v[ImZ; — 51373]

hyhyhy 307,

hahahy 3v[ReZ; + 515(Z34 + ReZs)]

h3hsh; —3v[ImZ; — 513(Z34 — ReZs)]

hihyhy v[Z34 + ReZs — 35 ,ReZ; + s513ImZ;]
hihshy v[Z34 — ReZs — snReZ; + 3s31mZ;]
hyhyhy v[s12(3Z, — 2Z34 — 2ReZs) + 3ReZ¢]
hahsh; v[ReZ; + 515(Z34 — ReZs))

hahyhy v[s13(3Z, — 2Z4, + 2ReZs) — 3ImZq|
h3hyhy —v[ImZ; - 513(Z34 + ReZs)]

hyhyhsy —v[s;3ReZ; — 51,ImZ;]
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H*H™hs coupling is nonvanishing if ReZ; = 0. Thus, we
again conclude (as previously noted in Table II) that if
Z7 # 0, then

ImZ; = 0 = h,is CPeven and h3 is CP odd,

ReZ; = 0 = h,is CPodd and hsis CP even. (A70)
For more details, see Appendix C of Ref. [112].

In light of the precision LHC Higgs data, the departure
from the exact Higgs alignment limit is expected to be
small. Thus, it is useful to exhibit the Higgs couplings in the
approximate Higgs alignment limit, where only terms that
are first order in the small parameters that govern the Higgs
alignment limit are kept, as shown in Table X. Here, one
must distinguish between the Higgs alignment limit with-
out decoupling, where |Z4| < 1, and the decoupling limit
where [s5], |s13], [ImZs| < 1 by virtue of the fact that m,,
|

v

ms3 > v. In this paper, our phenomenological considera-
tions are based on the assumption that the masses of 4, and
hs are not significantly larger than O(v). As a result, we
assume that Zg is sufficiently suppressed to be consistent
with the observed SM-like Higgs boson /. In particular,
the cubic self-couplings of the physical Higgs scalars of the
2HDM are given in Table X in the approximate Higgs
alignment limit without decoupling, where |Z4| < 1. The
first order corrections to the exact Higgs alignment results
shown in Table X are linear in s,,, 53, and Zg. Note that in
the approximate Higgs alignment limit without decoupling,
ImZs ~ O(|Zs|?) is a second order effect and hence can be
neglected [cf. eq. (A60)].

Finally, we record the structure of the neutral Higgs-
quark Yukawa couplings of the A2ZHDM in the exact Higgs
alignment limit. Inserting the values for the g;; given below
eq. (A69) into eq. (A54), we end up with

1, - _ _ 1[- )
—L =—(UMyU + DMpD + EMgE)h, +— [UMU(ReaU+inImaU)U+ > FMp(Rea” — iysima”)F | hy
v

1] _
+— |UMy(Ima¥ — iysReaV)U + Z F Mp(Ima® + iy5ReaF)F] hs.
v

F=D.E

As expected, in the limit of exact Higgs alignment, the
Yukawa couplings of %; coincide with those of the SM
Higgs boson.

APPENDIX B: PROCESSES WITH AN ODD
NUMBER OF PHOTONS

Consider 2HDM processes involving bosonic external
states in the limit of exact Higgs alignment (where the
Yukawa interactions, which can contribute via fermionic
loops, are neglected). If the scalar potential is CP con-
serving, then ReZ;ImZ, = 0 [cf. eq. (9)], and the bosonic
sector separately conserves C and P, with assigned quan-
tum numbers as indicated in Table 1. For definiteness, we
henceforth assume that ImZ; = 0, in which case we can
identify h, = H and hy = A

Under the conditions elucidated above, we expect the
process h, — yyy to be absent, since the initial state (4,) is
C even and the final state (yyy) is C odd. In contrast, the
process hy — yyy is allowed, because /15 is C odd. At the
one-loop level, the Feynman diagrams for both processes
have identical topologies: (a) the box topology with an
internal charged Higgs boson and three HH™y vertices
and (b) the triangle topology with an internal charged Higgs
boson that contains a H"H™y and a H"H yy vertex.

!If one were to assume that ReZ; = 0, then simply inter-
change h, and h; in the discussion above (in light of Table II).

F=D.E

(A71)

|
Representative diagrams for these topologies are depicted
in Fig. 9 (there are also four additional box diagrams
corresponding to the other four possible permutations of
the external photon lines). The only difference between the
one-loop decay matrix elements for the processes i, — yyy
and h; — yyy at the one-loop level is the appearance of the

g ANV T g AN T
P N P2 v U
h CHETON l S P2
i-==-- =< //YV\/\/VV\/ Y CEEEEE 4\\ Y g .
* ¥ A
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P
3 ~
(a) (b) ~ L
»
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-« -«
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kN kg,
p N P p L
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g
) 5
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FIG. 9. Representative box diagrams [graphs (a) and (c)] and
triangle diagrams [graphs (b) and (d)] with an internal charged
Higgs boson, H*, for the h; — yyy (i = 2, 3) process. The arrows
on the charged Higgs propagator denote the flow of electric
charge.
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different coupling factors of the h,H"H~ and h;HTH~
vertices, respectively. In particular, these coupling factors
are just numbers (independent of momenta). Hence, it
follows that if the one-loop matrix element for s, — yyy
vanishes due to the C and P invariance of the 2HDM
bosonic sector, then the one-loop matrix element for 73 —
yyy must vanish as well (despite the fact that i3 — yyy is
allowed by C and P invariance).

Indeed, it is easy to see that the sum of the one-loop
diagrams that contribute to #; — yyy vanishes. In Fig. 9(a),
each HYH™y vertex gives rise to a factor —ieq’;, where
j=1, 2, 3 enumerates the momenta of the external
photons, and the momenta q’; are

gy =2k + py,
¢y =2k +2p, + p,.

In contrast, due to the reversed flow of electric charge in the
loop, each vertex in Fig. 9(c) gives a contribution of —|—ieq¢ ,
whereas everything else (assignment of momenta, etc.) is
identical to Fig. 9(a). Thus, with an odd number of H*H~y
vertices, these two contributions cancel. The same can be
observed between the diagrams in Figs. 9(b) and 9(d),
where the H™H™y vertex gives —ie p’; in diagram (b) and
+ie p’; in diagram (d), and the H* H™yy vertex in both cases

simply gives a factor of 2ie.

If we now allow for CP-violating interactions in the scalar
potential, then ReZ;ImZ; # 0 [cf. eq. (9)], in which case
both the 7, H"H™ and hyH ™ H™ vertices exist. Nevertheless,
the sum of the one-loop diagrams that contribute to #; — yyy
still vanishes since the cancellation of diagrams is not
affected by the value of the #;H*H~ coupling.

The sum of the one-loop contributions in which the
internal H is replaced by the W* must also vanish if C and
P are separately conserved, since the WHW~ system in a
total angular momentum zero state has C =P = +1.
Hence, h; > W"W~ — yyy (via the one-loop diagrams
with topologies exhibited in Fig. 9) for any scalar A; is
forbidden by the C invariance of the 2HDM bosonic sector.
If h, and hy are CP-mixed states, then the vanishing of the
corresponding one-loop matrix element is again unchanged.
Once again, this conclusion can be verified diagrammatically
by explicitly exhibiting the cancellation among diagrams by
repeating the analysis used above for the H* loop.

Although the bosonic contributions to the one-
loop matrix element for the C-conserving, P-conserving
h3 — yyy decay vanish, the cancellation does not persist at
two loops. Two possible diagrams that occur at the two-
loop level and contribute to hsz — yyy are depicted in
Fig. 10. This decay can be described by an effective
Lagrangian [113-115],

ho w b hz\\ ,W y
v U N v 1
\<: H'v ‘<: Hty
~ ~
(a) MAVAVAVAVAVERS| (b) hAVAVAVAVAVERS]

FIG. 10. Sample diagrams for two-loop contributions to the
decay process hy — yyy.

K3

Eeff = F

h3(aﬁFar)(apFaﬁ)(apaaFat)’ (B2)
where F,, is the electromagnetic field strength tensor, k3 is
dimensionless, and A is a parameter with dimensions of
mass. The corresponding decay amplitude in terms of form
factors is given in Ref. [116]. In contrast, the analogous
diagrams for the C-violating, P-conserving h, — yyy decay
(obtained by interchanging %, and k5 in Fig. 10) require a
nonvanishing #;HTH~ coupling, i.e., ImZ; # 0. Hence,
the matrix element for the process h, — yyy is proportional
to a bosonic P-even, CP-violating coupling, as expected.

Finally, consider how the above results are modified
when the Yukawa couplings are taken into account. At one-
loop order, new diagrams must be considered with the
topology of Figs. 9(a) and 9(c), where the H™ is replaced
by a fermion. Thus, to analyze these contributions, we can
consider a subset of the 2HDM fields that contains the
neutral scalars /4 3, the fermions, and the photon (but with
the W*, Z, and H* removed). In this truncated theory, if
the scalar potential is CP conserving, then C and P are
separately conserved. However, the J°¢ quantum numbers
of the scalars are /;(07"), h,(0""), and h3(0~"). Note
that the JPC assignment for h5 is different than the 0+~
assignment that appears in Table I. Moreover, if the scalar
potential is CP violating, then the truncated theory remains
C conserving since yy and yysy are both C = +1
bilinears. It immediately follows that the one-loop ampli-
tude for h; — yyy vanishes due to C invariance (otherwise
known as Furry’s theorem).

At two-loop order, one can no longer assign a unique C
quantum number to /3. That is, in the 2HDM coupled to the
complete electroweak sector, if the scalar potential is CP
conserving, then h, is CP even, and h; is CP odd, but C
and P are no longer separately conserved.* For example, if
we consider the two-loop diagrams of Fig. 10, where the
H™ loop in the triangle subgraph is replaced by a fermion,
and the corresponding graph where h, and h; are inter-
changed, then the contributions to the two-loop amplitudes
for h, 3 — yyy are nonzero. In other words, there exist both
CP-even and CP-odd effective operators involving three

3Ultimately, one expects to find the effects of CP violation to
leak into the scalar sector due to the CKM phase in the Yukawa
interactions. However, such effects are highly suppressed and will
not enter until at least four-loop order [117].
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photon field strength tensors that can couple to an external
scalar field [114,115]. The CP-conserving effective
Lagrangian that governs the &, 3 — yyy decays is

1 -
‘Ceff:F[KZhZaﬁFm +K3h3aﬁFﬁT](0pF(ll})(aﬂa(lF(”)’ (B3)

where F,, = %eﬂw,Fﬂ” is the dual electromagnetic field
strength tensor and «, 3 are dimensionless parameters. In

particular, if the scalar sector is CP conserving, then both
decays h,; — yyy are allowed. The term in the effective
Lagrangian involving the dual electromagnetic field
strength tensor arises due to the ys that appears in the
h3wysy coupling. This is in contrast to the behavior of the
bosonic sector in isolation, where h, — yyy can be inter-
preted as a signal of a P-even, CP-violating interaction,
since in this case there is no way to generate x, # 0 via
diagrams that involve only bosonic fields.
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