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Precision measurements of the Higgs boson properties at the LHC provide relevant constraints on
possible weak-scale extensions of the Standard Model (SM). In the context of the minimal supersymmetric
Standard Model (MSSM) these constraints seem to suggest that all the additional, non-SM-like Higgs
bosons should be heavy, with masses larger than about 400 GeV. This article shows that such results do not
hold when the theory approaches the conditions for “alignment independent of decoupling,” where the
lightest CP-even Higgs boson has SM-like tree-level couplings to fermions and gauge bosons,
independently of the nonstandard Higgs boson masses. The combination of current bounds from direct
Higgs boson searches at the LHC, along with the alignment conditions, have a significant impact on the
allowed MSSM parameter space yielding light additional Higgs bosons. In particular, after ensuring the
correct mass for the lightest CP-even Higgs boson, we find that precision measurements and direct searches
are complementary and may soon be able to probe the region of non-SM-like Higgs boson with masses

below the top quark pair mass threshold of 350 GeV and low to moderate values of tan f.
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I. INTRODUCTION

The recent discovery of a scalar resonance at the LHC,
with a mass of about 125 GeV and properties resembling that
of the Higgs boson of the Standard Model (SM) [1,2], has
revived interest in particle physics models in which a SM-
like Higgs boson arises in a natural way. The minimal
supersymmetric extension of the SM (MSSM) is an example
of such a model [3-6]. The Higgs sector of the MSSM
consists of two Higgs doublets with tree-level quartic
couplings which are related to the squares of the weak
gauge couplings. The tree-level Higgs boson mass spectrum
consists of two neutral CP-even Higgs scalars i and H (with
my, < my),a CP-odd scalar A, and a charged Higgs pair H=.
The quartic scalar couplings receive quantum corrections
whose leading contributions are proportional to the fourth
power of the top-quark Yukawa coupling [7]. For top squark
masses below a few TeV, an upper bound on the lightest CP-
even Higgs boson mass of about 135 GeV is obtained [8]."

"The same upper bound is obtained in the presence of explicit
CP-violating phases in the supersymmetry-breaking mass param-
eters, which affect the Higgs sector via radiative corrections. In
this paper, we will simplify our analysis by neglecting these CP-
violating phases, in which case the neutral Higgs bosons of the
MSSM are CP eigenstates [9].
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The observed Higgs boson mass is comfortably below this
predicted upper bound.

For large values of the supersymmetric particle masses,
the properties of i are determined by m, and the third-
generation supersymmetric spectrum that governs the size
of the quantum corrections to the quartic couplings. When
my > my,, one finds that my ~ my ~ my=, with corre-
sponding squared-mass differences of O(m%). Hence, all
nonstandard Higgs bosons are heavy and decouple from the
low-energy effective theory at the weak scale, which then
naturally consists of the light CP-even Higgs boson 4, with
SM-like couplings, as suggested by current measurements.
This is the well-known decoupling limit of the MSSM
Higgs sector.

In contrast, for values of m, ~ O(m,), the coupling of A
to bottom-quark pairs tends to be enhanced with respect to
the SM value. Since the coupling to bottom quarks controls
the width of the Higgs boson, such an enhancement leads to
an increase of the Higgs width and therefore a reduction of
the branching ratios of the Higgs decay into neutral and
charged gauge bosons. Such a reduction can become
significant for values of my, below 300 GeV. Hence,
precision studies of the lightest CP-even Higgs boson
properties can lead to significant constraints on the allowed
parameter space of the theory. The large increase of the
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Higgs boson width may be avoided if the properties of & are
SM-like, which can occur either via the decoupling limit
[10-12] or the so-called alignment limit [11-14].

The alignment limit arises when one of the CP-even
Higgs bosons, when expressed as a linear combination of the
real parts of the two neutral Higgs fields, lies in the same
direction in the two Higgs doublet field space as the two
neutral Higgs vacuum expectation values. This alignment
does not in general depend on the masses of the nonstandard
Higgs bosons. In the MSSM the alignment limit arises due to
an accidental cancellation, i.e. not due to any of the usual
symmetries of the MSSM, between tree-level and loop-
corrected effects resulting from new structures in the
potential that are absent at tree level [14]. However, this
cancellation occurs quite generically for some value of the
ratio of neutral Higgs vacuum expectation values, tanjf,
which depends critically on p, the supersymmetric Higgs
mass in the potential, and A,, the top squark mixing
parameter. In particular, alignment at lower values of
tan # typically requires u and A, to be larger than Mg, the
characteristic mass scale for the top squarks [14,15], leading
to important phenomenological constraints in the MSSM.
Nevertheless, one does not require nearly exact alignment,
which would require a large degree of fine-tuning, in order
to reproduce the approximate SM-like Higgs properties
observed in the current Higgs data. In this paper, we choose
different values for the supersymmetric parameters Mg, A,
and p and study their impact on Higgs phenomenology
for general values of m, and tanf. Indeed, we find that
consistency with the observed 125 GeV Higgs production
cross sections and rates can be obtained for values of tan
that deviate from the one where exact alignment is achieved,
in some cases even for values of m, as low as 250 GeV.

One can also search directly for the heavier Higgs bosons
of the MSSM at the LHC. The most sensitive search
channel is associated with the neutral Higgs boson decays
into tt7z~, produced in gluon fusion processes or in
association with b quarks. This channel becomes particu-
larly sensitive for low values of the heavier Higgs boson
masses and large values of tan  and allows one to set a
bound on m, that extends from 200 GeV at values of
tan f ~ 10, up to 900 GeV for tan f ~ 50. Lower values of
tan # in the range 3 <tanf < 10, still consistent with the
observed mass of the lightest CP-even Higgs mass for top
squark masses below a few TeV, remain mostly uncon-
strained by these searches, due to a suppression of the
production cross section times the Higgs decay branching
ratio into 777~. This branching ratio depends on possible
decays into both nonsupersymmetric and supersymmetric
final states (e.g., neutralino and chargino pairs). The latter
are suppressed for large values of y, for which alignment is
obtained. Therefore there is an interesting correlation
between the properties of the lightest CP-even Higgs
boson and the rate of nonstandard Higgs boson decays
into the 777~ channel.
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In this paper we shall discuss the complementarity of
precision studies of the lightest CP-even Higgs boson and
the search for heavier neutral Higgs bosons in the 777~
channel. In particular, since we assume the lightest CP-
even Higgs is the one discovered at around 125 GeV, we
will design our benchmarks in such a way that the correct
mass is obtained for /& over the entire m4-tan f plane, in
contrast to previously established benchmarks. This is an
especially important point when considering properties of /
where its mass plays an essential role. The lightest CP-even
Higgs mass is also relevant in the determination of the
decay branching fractions of H and A, since the decay
modes H — hh and A — hZ become important at low
values of tan # and their rates depend crucially on m;,.

Nonminimal supersymmetric theories also possess
extended Higgs sectors at low energies. A particularly
interesting example is the next-to-minimal supersymmetric
extension of the SM (NMSSM) (e.g., see Ref. [16] and
references therein), which shares many of the properties of
the MSSM, but the Higgs sector of the MSSM is extended
to include an additional singlet superfield, leading to
additional CP-even and CP-odd singlet states in the
Higgs sector. Furthermore, the Higgs quartic couplings
are no longer controlled solely by the gauge couplings,
resulting in a Higgs phenomenology that is quite different
from that of the MSSM. For instance, for large values of the
singlet masses, in which the low-energy Higgs sector is a
two Higgs doublet model, alignment may be obtained for
smaller values of tan # and for smaller values of the mass
parameters in the top squark sector than in the MSSM [14].
Because of these distinctive NMSSM properties, in this
paper we shall concentrate on the MSSM Higgs sector and
reserve the study of the NMSSM Higgs sector for a future
publication.

This paper is organized as follows. In Sec. II we present
an overview of the two Higgs doublet model (2HDM)” and
its application to the Higgs sector of the MSSM, with
emphasis on the behavior of the down-type quark couplings
to the lightest CP-even Higgs boson and the associated
condition of alignment at large values of y and A,. In
Sec. Il we discuss the constraints on m, that come from the
precision study of the lightest CP-even Higgs boson
properties for different values of . In Sec. IV we analyze
the sensitivity of the nonstandard Higgs searches on the
value of the u parameter and compare it with the results
obtained in Sec. III. We reserve Sec. V for our conclusions.
A detailed description of our interpretation of the exper-
imental limits presented by CMS for the direct searches of
H and A is presented in Appendix A. Finally, the
comparison of the hVV (VV = WTW~ or ZZ) and hyy
couplings is provided in Appendix B.

*For a review of the two Higgs doublet model see, e.g.,
Refs. [17,18].
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II. OVERVIEW OF THE MSSM HIGGS SECTOR
A. The 2HDM: Theoretical background

The scalar potential of the most general two Higgs doublet extension of the SM may be written in terms of two Higgs
doublet fields, ®; (i = 1, 2), each carrying the same hypercharge quantum number Yy :% [19]:

V= mi @) + m3,3)P,

1
—m},(®]®, +Hec.) + = (@f®

1
1)? +§,12(<I>;<I>2)2

1 N
+ 25 (B0 (D5D,) + Ay (B]D,)(D]D)) + {5/15(‘131‘1’2)2 + [ (B]0)) + 47(D]D,)] 0D, + HC} (1)

where m?,, m3, and 4y, ..., 4 are real parameters and m?,,
As, Ag and A, are potentially complex. For simplicity, we
shall assume that the scalar potential is explicitly CP
conserving, in which case we can assume, without loss
of generality, that all scalar potential parameters are real.
We parameterize the scalar doublets in terms of a
complex charged field and two neutral real fields:

#
v (o) @

where the minimum of the scalar potential is at

w-h0) o

and

v=1/|v1]> + |v,]|* =246 GeV. (4)

Since the scalar potential and the vacuum preserve CP,
there exists a basis of scalar fields where all scalar potential
parameters, as well as v; and v,, are real and non-negative.
Therefore, one can define

v
ts —tanﬂ—v—? (5)

where 0 < < %7[
The squared-mass matrix for the CP-even scalars can be
expressed as [10]

2
M2 o M%l M%2 — 2 S/} _Sﬂcﬂ
- M2, M2 =My _ 2
12 2 Spep Cp
L L
v2< i L > (©6)
Ly Ly
where s; =sinf = v,/v, ¢y =cosff = v, /v,

1
mi = m%z - 51}2(215 +16t‘31 + ﬂ7lﬁ), (7)

|
is the squared-mass of the CP-odd Higgs boson and

Lll = /116% =+ 2/166'/,'6'/; + ASS‘%’ (8)
Liy = (43 + A4)spcp + ’166123 + ’17S%’ ©)
L22 = /125/23 + 2/17SﬂCﬁ + ASC‘%}' (10)

Diagonalizing the squared-mass matrix M? given in
Eq. (6) yields two CP-even Higgs mass eigenstates & and
H, with squared masses

(M3, + M3, + A, (11)

Nl*—‘

where mj;, < my and the non-negative quantity A is
defined by

A= /(M -

In particular, m7 < M?% < m3, i = 1,2. We also note that
the two equations

)+ 4(M3y)2. (12)

TrM? = m3; + m3, detM? = mym; ~ (13)

yield the following result:

M| = /(i — M,

= \/ (M3, = mj) (M3, — mp). (14)

)(M%l - m%)

The CP-even Higgs mass-eigenstate fields can be
expressed in terms of the neutral scalar fields ¢? and ¢9,
defined in Eq. (2):

(-0 o

where the mixing angle a is defined modulo z, ¢, = cos a
and s, = sina. It is often convenient to restrict the range
of the mixing angle to |a| < 1. In this case, ¢, is non-
negative and is given by
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2 _ AA2
Ca_\/A+M“ M3, (16)

2A ’

and the sign of s, is given by the sign of M?2,. Explicitly,
we have

_ V2M3,
VAL + Mi - M3,)

(17)

Sa

Using Eqgs. (11) and (14), one can derive alternative forms
for Egs. (16) and (17):

M3, —m? my — M3
_ 11 h _ 2 H 11
Cy = 5 Sq = sgn(Mp)y [—5——5 —
my, —mj m3 —m
(18)

For completeness, we also record the squared mass of the
charged Higgs boson H*:

mi. :mﬁ+%1}2(/15 — ), (19)
where m? is given by Eq. (7).

The recently discovered Higgs boson exhibits couplings
to gauge bosons and fermions that are consistent (within
experimental errors) with SM expectations. If the 2HDM is
realized in nature, it is tempting to identify the observed
Higgs boson with the lightest CP-even scalar 4, which is a
linear combination of 45(1) and ¢(2) as indicated in Eq. (15). If
h is SM-like, then it follows that in the ¢?—¢9 field space, h
points roughly in a direction parallel to the direction of the
scalar field vacuum expectation values. The implications of
this observation will now be examined in more detail.

Since the Higgs couplings to gauge bosons are more
accurately measured, we first focus on these. The tree-level
coupling of h to VV (where VV =W'W~ or ZZ),
normalized to the corresponding SM coupling, is given by

9hvy = QZI‘\//IVS f—a- (20)

Thus, if the ZVV coupling is SM-like, it follows that
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lepal < 1, (21)

where cs_, = cos(f — @) and s5_, = sin(ff — a). Itis there-
fore instructive to consider under what conditions Eq. (21)
can be achieved.

At this stage, there is nothing that distinguishes the
Higgs doublets, since one is free to construct new doublet
fields that are linear combinations of ®; and ®, [20].
Consequently, the parameters o and f are not physical,
although the quantity (f — @) is physical (modulo ) since
it is related to an observable coupling. To derive an explicit
formula for c4_,, it is convenient to define the so-called
Higgs basis of scalar doublet fields [21,22]:

H — Hy _ 0P + 1,9,
| = =—7,
H? v

HE\  —0y®, +0,®
sz( f)>z—”2 LS (22)
HY v

so that (H)) = v/+/2 and (HY) = 0. From this one can
immediately identify that the scalar doublet H; is the one
that will have SM tree-level couplings to all the SM
particles. It follows that if one of the CP-even neutral
Higgs mass eigenstates is SM-like, then it must be
approximately aligned with the real part of the neutral
field HY.

The scalar potential, when expressed in terms of the
doublet fields H; and H,, has the same form as Eq. (1), but
now with coefficients 1, — Z;. Indeed, one can translate all
the formulas obtained previously in the original basis of the
scalar fields {®;, ®,} into the Higgs basis by taking f — 0
and a = (a — f). Hence, in the limit of c;_, — 0 we have
h = [v/2Re(HY) — v], which means that % is aligned with
the real part of the neutral component of the Higgs basis
field that possesses the nonzero vacuum expectation value.
The existence of a neutral scalar mass eigenstate with the
properties of the SM Higgs boson is equivalent to demand-
ing that cg_, = 0.

The scalar potential in the Higgs basis is given by

1 . .
where [10,20]
— 4 4 g 1 2 2 2

Zl = /110/3 + Azsﬂ + 5(13 + 14 + is)szﬂ + 2S2/}[cﬂ)*6 + Sﬂ/17]’ (24)

1
Zs = Zs%ﬁ[/ll + 2 =243 + A4 + 4s5)] + A5 — s2p¢25(A6 — A7), (25)

1
Ze = _ESZﬁulcé — A8 — (3 + Ay + As)cop] + cpeaphe + sp53ph7, (26)
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and the shorthand notation s,5 = sin 2, ¢,3 = cos 2f3, etc.,
has been employed.

It is straightforward to compute the CP-even Higgs
squared-mass matrix in the Higgs basis:

2 le}z Z6U2
M = m3 +Zsv? )
A 50

Z61}2

The significance of Z; and Zg can now be immediately
discerned. The upper diagonal element of the squared-mass
matrix in the Higgs basis, M%,, = Z;»?, implies that
m3 < Z,v*, whereas the off-diagonal element M3, =
Zsv?> governs the mixing between the Higgs basis fields
H? and Hg. The presence of this mixing yields a non-
alignment of the mass eigenstates /4 and H from the neutral
Higgs basis states H) and HY. Moreover, if |Z¢| < 1, then
the mass eigenstate approximately aligned with Re(H?)
behaves like the SM Higgs boson. Alternatively, if m3 >
Ziv2 (i=1,5,6), then Z; and Z4 can be treated as small
perturbations in the diagonalization of the CP-even Higgs
squared-mass matrix, and & is again SM-like, since it is
approximately aligned with Re(HY).

The mixing angle in the Higgs basis can be obtained
simply by using the relations written down for the original
basis of the scalar fields. Translating our previous results
into the Higgs basis by taking a = a — g, M3, — Z,v?
and M3, > Zsv?, Eq. (14) implies that

(27)

Zelo? =\ (200~ m)(my — Z,0%). (28)
and Eq. (18) yields
Zw* —m? m2, — Z,v?
Cpa = % Spa = —Sg0(Zg) 11271
my — mh my — mh
(29)

in a convention where [f — a| < Jz. Actually, it is some-
what more convenient to adopt a different sign convention
in which s;_, is non-negative and the sign of cj_,, is fixed
by Z, since in this convention the sign of the #V'V coupling
is the same as in the SM [cf. Eq. (20)]. In particular, if we
assume that 0 < f — a < &, then we can use Egs. (28) and
(29) rewrite c4_, in the more useful form

—Zﬁ U2

v/ (mi; = mj;) (m3

Tree-level unitarity (or perturbativity) constraints yield
upper limits on the quartic scalar coupling parameters that
are roughly of the form 4;/(4x) < 1, with similar limits
applying to Z; and Zg. In light of these constraints, there
are two ways to achieve |cs_,| <1, corresponding to
alignment and hence to a SM-like 4.

C/}—a = (30)

— le)z) )
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First, if m3, > m?, Z,v?, Zgv?, then it follows that

7 2 Z2 4
cﬁ_aNC’)( 6;), Zv? —thC’)(m > (31)

H

This is the well-known decoupling limit [10], in which
alignment is achieved when my, my, mys > my,.
Integrating out the heavy scalars yields an effective theory
with one CP-even scalar, h, with SM couplings.

In contrast, suppose that |Z4| < 1. This is the only case
that can result in exact alignment (corresponding to

= 0), and we will henceforth refer to this case as the
alignment limit, which exists independently of the decou-
pling limit. Indeed, Eqs. (28) and (30) imply that if | Z¢| < 1
and m3 = Z,v?, then

Cpoa ~ O(Zs), Z\w* —mi ~O0(Z%?), (32)
in which case & is SM-like.” Note that the alignment limit
can be achieved even in a case where my ~ O(v).

To make contact with the results of Ref. [14], one can
compute c_, = (CpCq + SpS,) using Eqgs. (14) and (18).
Additional simplification can be implemented by noting
that M3, + M3, = A 4 2m2, which allows us to remove
A in favor of m?. The end result is

o = (M7, - m%)cﬁ + M%zsﬁ
fa =
\/(mH - mh)(M )

The exact alignment condition corresponds to the vanishing
of the numerator in Eq. (33), which yields

(33)

1y Miy = mj, — M}, (34)

Dividing Eq. (34) by M1, and using Eq. (14) then gives

t5' My = mj; — M3, (35)
Eliminating mfl from Egs. (34) and (35),
copMi, = spep(Mi) = M3,). (36)

Using Egs. (6)-(10), one can check that Eq. (36) is
equivalent to the condition Zg = 0, where Z¢ is given by
Eq. (26). In addition, one can use either Eq. (34) or (35) to
obtain mh Z,v?, where Z, is given by Eq. (24), as
expected in light of Eq. (32).

In the 2HDM, the exact alignment limit of Zg = 0 can be
achieved in four possible ways: (i) as a consequence of an
exact symmetry of the theory; (ii) as a consequence of an

’If |Zg| < 1 and my = Z,v?, then Sp_q < 1, and we would
identify the SM-like Higgs boson with H. This possibility cannot
be completely ruled out for a general 2HDM but is very unlikely
in the MSSM Higgs sector.
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exact symmetry of the scalar potential, which is broken by
the Higgs-Yukawa interactions; (iii) as a consequence of an
accidental global symmetry of the scalar potential, which
is broken by the gauge interactions and Higgs-fermion
Yukawa interactions; or (iv) accidentally due to a choice of
scalar potential parameters that is not governed by any
symmetry. We exhibit these four possibilities in turn.

An example of case (i) is the inert 2HDM [23]. In this
model, the theory possesses an exact Z, symmetry in the
Higgs basis, under which the Higgs basis field H, is odd
and all other fields (H,, fermions and gauge bosons) are
even. In this case Zs =0 as a consequence of the Z,
symmetry [11], which remains unbroken in the vacuum
since (HY) = 0.

An example of case (ii) is the 2HDM with the scalar
potential parameters of Eq. (1) given by [24,25]

m%l :mgz, ll :),2 :/13 +/14+/15,
m, = Jg = Ay = 0. (37)

These conditions on the 4; yield Zg = 0 [cf. Eq. (26)].
Equation (37) is satisfied by 2HDM scalar potentials with a
generalized CP3 symmetry or with an SO(3) Higgs flavor
symmetry (the latter if A5 = 0 also holds), as shown in
Ref. [24]. In general these two symmetries will not be
respected by the Higgs-fermion Yukawa interactions [26].

Custodial symmetric scalar potentials provide examples
of case (iii). Indeed, custodial symmetries [27] are broken
by the hypercharge gauge interactions as well as by the
Higgs-fermion Yukawa interactions. The maximally sym-
metric 2HDM of Ref. [25] with an SO(5) global symmetry,
which yields Eq. (37) with 44 =15 =0, provides an
example of this case. In particular, Ref. [25] has stressed
the role of the symmetries that lead to Eq. (37), which
yields exact alignment at tree level. Deviations from
alignment are generated due to loop effects, since these
are not exact symmetries of the full theory.

Finally, as we shall see in the next subsection, Eq. (37)
does not hold for the MSSM Higgs sector. Thus, alignment
can only arise for a special choice of parameters and is not a
consequence of any symmetry.

For completeness, we record the Yukawa couplings of
the two Higgs doublets to a single generation of up- and
down-type quarks. Employing the notation of the third
generation,

—Lyu = Vi br®iF Qi + Vibp®irQf
+ €[ VITRQLP] + VR0, B + He., (38)

where €1p = —€y = 1, €11 = € = O, QL = (tLibL) are
the doublet left-handed quark fields and tz, bp are the
singlet right-handed quark fields. Inserting (®0) = v;//2
yields the quark masses

PHYSICAL REVIEW D 91, 035003 (2015)

my, = (0, V) + 0:03)/V2, m, = (1, V! + 0,07)/V2.
(39)

B. The MSSM Higgs sector

The Higgs sector of the MSSM is a 2HDM whose
dimension-four couplings are constrained by supersym-
metry. In particular, at tree level,

1
M=M= +4)= 1(92 + %) =m3 /v’ (40)
1, 2 7,2
/14:—59 = —2my, /v”, (41)
/15 — /16 - /17 - 0 (42)

These results yield the well-known formulas for the tree-
level MSSM CP-even Higgs masses. At tree level,
(m})max = M3 ¢34, Which is not consistent with experimen-
tal data. However, radiative corrections can have large
contributions to the tree-level Higgs mass, and regions
of MSSM parameter space can be found where
my, =125 GeV, as required by the data.

The mixing angle, which governs the Higgs couplings, is
easily written down using the Higgs basis. Using Eqgs. (24)
and (26),"

Z? = m%c%/}, Zev? = —m%sy5C25. (43)
Inserting the above results into Eq. (30) yields the tree-level
result

_ myS2pCap (44)

h-a = 2 Y 2 2
\/(mH —my)(my — mZCZ/)')

In the decoupling limit, one recovers Eq. (31) as expected.
In addition, radiative corrections that are required to yield a
phenomenologically acceptable value of m; do not sig-
nificantly modify the decoupling behavior exhibited above.
In contrast, alignment cannot be achieved without decou-
pling at tree level (except at the end points where either
Sp= 0 or cp= 0, for which no tree-level mass is obtained
for the up-type and down-type quarks, respectively, and at
the midpoint 73 = 1, which leads to a vanishing lightest
CP-even Higgs mass at tree level. None of these scenarios
are experimentally viable.). We shall see in the next
subsection that including radiative corrections, alignment
independent of decoupling can be achieved in the MSSM at

*Note that S has been promoted to a physical parameter, since
the tree-level coupling relations given in Eqgs. (40)—(42) are a
consequence of supersymmetry, which establishes a preferred
basis choice for the scalar Higgs fields.
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values of f away from the end points, resulting in important
phenomenological consequences.

Supersymmetry also imposes constraints on the Higgs-
fermion interactions. In the supersymmetric literature, it is
common to define

Hp = ¢;®], Hi = ®i. (45)
In terms of Hy; and Hp, the Yukawa couplings given in
Eq. (38) must be holomorphic, which implies that
V! =27 =0. This yields the so-called type-II Higgs-
quark couplings,

Ly = €ij[hbl_7RHiDQ£ + hig Q) HY] + He.,  (46)

where we have resorted to the more common notation /;, =
Y} and h, = 7. Equation (39) then yields

my, = hbvcﬁ/\/i, m, = h,vsﬁ/\/i. (47)

The corresponding tree-level Yukawa couplings of the
lightest CP-even Higgs boson to down-type and up-type
quark pairs are given by

mp Sy my

p=——220 = P (g, —p 1), 48

9nvb v ¢ » (Sﬂ a—Cp aﬁ) ( )
n;,c m

Ihi = Tti = Tt(s/,_a + Cﬂ—atﬁl)- (49)

Equations (48) and (49) exhibit the expected behavior in
the decoupling and alignment limits. That is, when
|

PHYSICAL REVIEW D 91, 035003 (2015)

Cpq =0, we recover the SM result g, = mg/v.
However, note that in the absence of exact alignment,
the deviation from SM couplings of the down-type Yukawa
coupling is 7z enhanced. Therefore, it is not enough to
demand |c;4_,| < 1. Rather, proper SM-like behavior of the
coupling of & to down-type quarks is recovered if
|cp—a| < 1/t4. This phenomenon has been called delayed
decoupling in Refs. [10,15,28,29].

In the MSSM, the coupling of the Higgs bosons to
squarks and sleptons are governed by both supersymmetry-
conserving and supersymmetry-breaking parameters. The
relevant couplings can be found in Ref. [4]. For later use,
we shall focus here on the couplings of Hy; and H, to the
third-generation squarks that are proportional to the Higgs-
top quark Yukawa coupling /,. The corresponding terms in
the interaction Lagrangian are

Lin D hfu*(HpO)U + Aye;;Hy, 0'U + Hee!]
_h%[H;]HU(QTQ‘FU*U)_|QTHU|2]7 (50)

with an implicit sum over the weak SU(2) indices
i,j = 1,2, where in the notation of Ref. [4],

(i) oo

and in general the supersymmetric Higgsino mass param-
eter 4 and the supersymmetry-breaking parameter A, are
complex.

It is convenient to rewrite Eq. (50) in terms of the Higgs
basis fields. Using Egs. (22) and (45), it follows that

[l
=¥

Ling D heeyj[(spX Hi + cgY HY)Q'U + Hec] = h{[s3|H, > + c}|Ha|? + spcs(H{Hy + He)|(QT0 + U D)
- s3|0"H\|* = 3|0 H,* = s4c5[(Q"H, ) (H}0) + Hoc]}, (52)

where

X, EAI_M*/I/% Y, EA,+/,£*I/}. (53)
Note that the terms proportional to X, in Eq. (52) are
responsible for the mixing of 7, and 7 in the top-squark
squared-mass matrix; the corresponding off-diagonal
element is (M?),, = m,X,, after setting (HY}) = v/v/2
and using Eq. (47). For simplicity, we shall henceforth
assume that y and A, are real, thereby neglecting possible
CP-violating effects that can be introduced into the MSSM
Higgs sector via radiative corrections.

>As in the previous subsection, we neglect the full generation
structure of the Yukawa couplings and focus on the couplings of
the Higgs bosons to the third-generation quarks.

|

Radiative corrections play a critical role in the MSSM
Higgs sector. Three important mass scales are relevant—the
scale of the squark masses, denoted by M, the mass of & or
Z (which represents the electroweak scale) and the mass
scale of the nonstandard Higgs bosons, H, A and H*,
which we will usually take to be m,. We shall assume that
Mg > my,. In this case, we can formally integrate out the
squarks to obtain a low-energy effective theory below the
scale Mg, which is a general 2HDM with quartic and
fermion couplings determined by their type-1I tree-level
values plus radiative corrections induced by supersym-
metry-breaking effects. Since the lightest CP-even Higgs
boson couplings have been measured to be close to the SM
values, we infer that either we are in the decoupling limit,
my, K my K Mg, or the alignment limit independent of
decoupling, m;, < my << Mg. In practice, the alignment
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limit independent of decoupling is most relevant for
my,my <2m,. For heavier values of m,, the behavior of
the Higgs sector approaches that of the decoupling regime.

After integrating out the squarks, the supersymmetric
relations that govern the scalar potential parameters [given
in Egs. (40)—(42)] are modified. At one loop, the leading
logarithmic corrections, which only appear for 4, ..., A4,
can be found in Ref. [19]. In addition, threshold corrections
proportional to the MSSM parameters, A;, A, and y, can
also contribute significant corrections to all the scalar
potential parameters, 4, ...,4;. The relevant expressions
are rather lengthy. To get a sense of the corrections, we note
that the largest contributions are proportional to the fourth
power of the top-quark Yukawa coupling /,. Using the
results given in Ref. [19] (the corresponding leading two-
loop corrections to the quartic couplings can be found in
Ref. [30]), we obtain the following expressions for Z;, Zs
and Zg [cf. Egs. (24)—(26)] in the limit of m,, m, < M,
which include all one-loop radiative corrections propor-
tional to hi:

3vsphi [ (M3 X2 X?
pt ]
Zlyz :m%c%ﬂ—b— 87[2 |:1n< ) +_2<1 - 12 %):|7

(54)
21,4 2 X.Y
31]}12 In m—; + tzt 1-
32 m; mg

Zsv? = s%ﬂ{ 2

(55)
3v’sht M2
Zar” == {mécz” T [ln<m_,§)
X, (X, +Y X3y
t( I—’; t)_ t ;. , (56)
2M? 12M%

where X, and Y, are given by Eq. (53). The upper bound for
the squared mass of the lightest CP-even Higgs boson is
given by (m?),.x = Z1v>. Indeed, Eq. (54) exhibits the
well-known leading one-loop approximation for the upper
bound on m? in the MSSM.

The structure of the threshold corrections [proportional
to either X, or Y, in Eqgs. (54), (55) and (56)] is easy to
understand. For example, in Fig. 1, we exhibit the leading
one-loop corrections to Zg, which corresponds to the
coefficient of the operator [(HIH,)(H|H,)+H.c.]
[cf. Eq. (23)] in the Higgs basis. Using the interaction
Lagrangian given by Eq. (52), one can immediately
ascertain the parametric dependence of the diagrams shown
in Fig. 1. Each diagram has a s cﬁh4 dependence, and there
is a factor of X, [Y,] for each H,QU [H,Q U] vertex,
respectively. In this way, we explain the parametric
dependence of the threshold corrections to Zg exhibited
in Eq. (56). Likewise, by replacing the external H, [H|]
line with an H, [H,] line in Fig. 1 and deleting graphs (e)

XY,
12m_29 ’

PHYSICAL REVIEW D 91, 035003 (2015)

H,y Q H,y H, U Hy
EEEE - R »--- - -
UA YU Q4 YO
—---q--- »- ---dq----  ---- <--- » -
Hy Q Hy Hy U Hy
(a) (b)

H;q . H,y -
————p--- Q Hq PP i U Hy .
_ v’ B v’
U X Q .
~ \V\\ \V\\
S--a--- Hy ™~ R U Hy =
. Q 2 o U 2
() (d)
H, . H,y ~
————p--- Q H1 PP i U H1
_ v’ B v’
U . Q .
~ \V\\ \V\\
c--d--- Hy "~ c---d--- U H
7 Q 1 i U 1
(e) ()
FIG. 1. One-loop diagrams contributing to the coefficient Zg of

the Higgs basis operator (HIH 1)(H}LH2). Using the interaction
Lagrangian given in Eq. (52), one sees that the parametric
dependence for the six diagrams are hjy sﬂc/;X%Y for (a),(b);
hishepX7 for (¢),(d); and hisjcsX,Y, for (e).(f).

and (f), which are now identical to graphs (c) and (d), we
can understand the parametric dependence of the threshold
corrections to Z; [Zs].

It is instructive to obtain an approximate one-loop
formula for c¢4_,, keeping only the leading O(h{) correc-
tions. We can also simplify the result by considering the
large 14 limit. Indeed, the resulting expressions will provide
good approximations for 73 2 5 (a region of considerable
interest in our analysis). In the large 7; limit, we may
approximate s; =1 and c,3 = —1. Moreover, in this
approximation the radiatively corrected value of the squared
mass of the light CP-even Higgs boson at one loop is

3m? M2 X? X?
2 - 2 2 t t
iz = 20 () 2 (1 2],

(57)

where we have used Eq. (47) to write v”sghi = 4m}/v*
Using Egs. (56) and (57) in the evaluation of Eq. (30) ylelds

15 2_71 mz—l—m2
—a m%l_ 2 h z

n,
Sm?XI(Yt - Xt) ( th >:|
+ 1- . (58)
4 v* M3 6M3

At large t; we have X,(Y,—X,)=pu(A;t;—p) and
X3 (Y, — X,) = uA7(A,15 — 3u), in which case, Eq. (58)
can be rewritten in the following approximate form:
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t -l R L
Cpog=—5— |M}+mj+———
Pobe 2 —m2 |77 4?2 ME

{o{1-) - )} o

The significance of the product 75cs_, has already been
noted below Eq. (49). Namely, the condition that guar-
antees that the coupling of & to down-type quarks and
leptons is close to its SM value is #4|c4_,| < 1. In contrast,
all other h couplings approach their SM values for
|cs_a| < 1, independently of the value of #,.

The Higgs-fermion Yukawa couplings are also modified
below the scale M. Having integrated out the squarks, the
low-energy effective Yukawa couplings are no longer of
type II (which had been previously enforced by supersym-
metry). The Yukawa couplings below the scale Mg have the
form given in Eq. (38):

~Lyu = €;[(hy + 6hy)brHL Q) + (h, + 8h,)ir Q% HY)]
4 AhybrQLHE + AhTpQL HE + He.,  (60)

where 6h,;, and Ah,; represent one-loop corrections from
squark or gaugino loops. Equation (60) yields a modifica-
tion of the tree-level relations between h,, h;, and m,, m;, as
follows [31]:

hby 5hb Ahbt/j ]’lbU
_ 1422 =——cz(l +4,), (61
ny, \/icﬁ< + hb + hb \/Ecﬁ( + b) ( )
hov Sh, Ah,cotp\ hw
me (L) =) @

which define the quantities A, and Al Diagonalizing the
CP-even Higgs squared-mass matrix, Eqgs. (60)—(62) then
yield the physical couplings of 4 to the up-type and down-
type quarks. After resummation of the dominant correc-
tions [5,32,33], the resulting expressions can be written in
the following forms:

my, 1 5l’lb Cﬁ—atﬂ
2 — ftp———— | —— A B
v |:Sﬂ—a Cﬂ—a ﬂ 1+Ab (hb b> ( S% ’

(63)

my 1 1 Aht Cp—a
;= — |55 oty — —_— . 64
Ghit ” |:s/} at Cp B 1+ A, i s[% ( )

9nvb =

%The dominant contributions to A, are 15 enhanced, with
A, = (Ahy/hy)tg; for tg > 1, 6h,/hy, provides a small correction
to A,. In the same limit, A, = &h,/h,, with the additional
contribution of (A#h,/h,)cotf providing a small correction. In
practical applications, it is often sufficient to keep only A, which
provides the dominant contributions to the radiatively corrected
Yukawa couplings.

PHYSICAL REVIEW D 91, 035003 (2015)

Note that the radiative corrections to the couplings of & to
the up-type and down-type quarks vanish in the limit of
exact alignment where cs_, = 0. However, the phenome-
non of delayed decoupling at large 74, discussed below
Eq. (49), persists. That is, at large values of 74, the hbb
coupling approaches the corresponding SM value in the
limit of #4|cp_,| < 1.

C. Alignment independent of decoupling
in the MSSM Higgs sector

In the previous section, we noted that alignment inde-
pendent of decoupling is not possible for the tree-level
MSSM Higgs sector, since Zgv? = —m%sy5¢25 # 0, except
at phenomenologically unacceptable values of S. Once
radiative corrections are included, alignment independent
of decoupling can occur quite generically, due to the
appearance of a branch of solutions that are absent at tree
level [14].

To exhibit explicitly the cancellation that yields align-
ment, we make use of the fact that exact alignment is
attained when Zg = 0. Assuming that s,5 # 0, it then
follows from Eq. (56) that exact alignment at one-loop
order is achieved when

3v2s2ht M2\ XX, +Y
)

XY,
12M%]°
(65)

1672 m;

where X, and Y, are defined in Eq. (53). Equation (65)
yields a nonlinear polynomial equation for 7. If a solution
exists for positive 74 (recall that 0 < § < %ﬂ.’ by convention)
for fixed values of the other MSSM parameters, then the
alignment limit can be realized. To exhibit that a solution is
possible, we shall assume that tg > 1 (in practice, moderate
to large values of 75 2 5 are sufficient). We then perform a
Taylor expansion of Eq. (65) keeping only constant terms
and terms linear in tlgl. We can then easily solve for #4:

2 30hEnL My | 247 A(AT-3)
. mz + ot InG2) + 202 120} J (66)
s 31:2h[4/4A, ( A/2 _ 1) :
32m2 M \6M3

Since we have assumed that 75 > 1 in deriving Eq. (66),
we can rewrite this result in terms of m%, [cf. Eq. (57)] and
m} (after taking s; = 1)":

2 2 | 3wy’ A}
oMM Gz =1 .
PE T & (67)

4ﬂ2U2M§ 6M§,

’As a check of Eq. (67), one can verify that the same result is
obtained by setting the approximate expression of ¢s_, obtained
in Eq. (59) to zero.
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For values of u, A, ~O(Mjy), the term of O(m}) in
the numerator of Eq. (67) is subdominant. Since #; is
positive, it follows that a viable solution exists if
pA (A, —V6Mg) > 0. In the approximations employed
in obtaining Eq. (57), the so-called maximal mixing
condition, that yields the largest radiatively corrected
Higgs mass, corresponds to A, = v/6M. Moreover, one
obtains 75 > 1 if uA, > 0 (uA, < 0) with values of A, not
too far above (below) the maximal mixing condition, which
is consistent with the assumption used in the derivation
of Eq. (67).

To make contact again with the results of Ref. [14],
we observe that the exact alignment condition, Z¢ = 0, is
achieved when [cf. Eq. (26)]

(4 = A3as)cj = (A = Aaas)sj
= (5 =3s5)15' 46 + (3¢j = 53)1527, (68)

where Ays = (A3 + A4 + 4s). For 13> 1, we can approxi-
mate ¢y ~ t;l =0 and s; = 1. We then obtain Eq. (103) of
Ref. [14]:

ty = ﬂzlﬂ . (69)
7

The value of 75 at which alignment takes place is inversely
proportional to 4;, which vanishes in the MSSM at tree
level and arises only radiatively.8 As can be seen from
Eq. (69), alignment at smaller 74 requires a larger 47, unless
there is a tuning between 4, and As45 in the numerator. In
the end, it was found in Ref. [14] that for generic choices of
parameters in the MSSM, alignment independent of decou-
pling typically occurs at some value of 7452 10, with
smaller 74 requiring larger values of A,/Mg and u/Mjg
[cf. Eq. (66)].

For top squark masses of the order of a few TeV, the
requirement of obtaining the proper value of m;, constrains
the values of A, <3Mj. In Ref. [14] it was demonstrated
that alignment independent of decoupling may be obtained
for 75 of order 10 for large values of u 2 2M g and for either
positive values of A, of about 3Mg or negative values of
A, = —1.5My. Alignment values of 75 < 10 are not easily
realized in the MSSM.’

III. SEARCHES FOR HEAVY HIGGS BOSONS

Our purpose is to study the interplay of direct searches
and precision Higgs measurements in scenarios where
alignment occurs at very large versus moderate 7. In order

8Using the radiatively corrected expressions for the couplings
in Eq. (69) given in Ref. [19], keeping only terms proportional to
h#, we recover the expression given in Eq. (66).

Alignment independent of decoupling for smaller values of 74
may be obtained in the NMSSM [14] or in triplet extensions of
the MSSM [34].
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TABLE 1. Parameters in the on-shell scheme defining the
m*** and mit scenarios. We leave m, and u as floating
parameters.
mzlt mhm0d+

A;/mg 2.45 1.5
M, =2M, 200 GeV 200 GeV
M, 1.5 TeV 1.5 TeV
my =mg Mo Mo
Ay, =4, A, A,

to analyze the bounds on the nonstandard Higgs masses, we
choose benchmark scenarios close to the ones proposed in
Ref. [35], which are used by the LHC experimental
collaborations in their analyses of searches for nonstandard

Higgs bosons (see, for example, Refs. [36,37]).
Specifically, in Table I we define two classes of bench-
marks, mﬂ“’d* and m*;‘lh, where the main difference with the

m‘ﬁde’ and the tau-phobic scenarios defined in Ref. [35] is

that we take u and mg as floating parameters.

These two classes of scenarios differ in the choice of the
ratio A,/m, which results in no alignment or alignment at
very large values of 4 for m{"°%* and alignment at tg <50
for mil [14]. Although these benchmarks are inspired by
those proposed in Ref. [35], the fact that we allow the pu
parameter and the overall soft scale m,, to vary allows us to
obtain the correct mass for the lightest CP-even Higgs
boson at small 75 < 6 and to study the impact of alignment
at different values of 74. Both have a crucial impact on the
properties of the lightest CP-even Higgs boson and on the
decays of the heavy CP-even and CP-odd Higgs bosons.
Observe also that we fix the value of A, instead of X,, as
was done in Ref. [35], which makes a difference only at
large values of y and small values of 75 < 10. In particular
our m"+ scenario with y =200 GeV has the same
properties as the m™d+ scenario in Ref. [35] and we have
therefore adapted the notation from that reference. All of
our numerical results are obtained from FEYNHIGGS [38],
which allows for a computation of all the relevant pro-
duction cross sections and branching ratios.'

Before discussing the details of the Higgs phenomenol-
ogy, recall the approximate analytical expressions given in
the previous section governing the behavior of the various
couplings, for example, cz_, obtained in Eq. (59). In our
benchmark scenarios, mo denotes the common squark or
slepton mass, and hence one can identify Mg = m,. It
should be noted that Eq. (59) does not include two-loop
corrections, which can be significant. These two-loop
corrections approximately preserve the parametric depend-
ence of our analytic expressions on A,/m, in the MS and

"It should be noted that there are relevant difference between
the results obtained by FEYNHIGGS and other higher order
computations [39-41], but the analysis of the origin of these
differences is beyond the scope of this article.

035003-10



COMPLEMENTARITY BETWEEN NONSTANDARD HIGGS ...

mp my, =1255+3

GeV for my = 200 GeV

PHYSICAL REVIEW D 91, 035003 (2015)
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FIG. 2 (color online).

values of y in the m?t h scenarios.

DR schemes. This is not true in the on-shell scheme, which
is employed in FEYNHIGGS. Therefore, in comparing our
analytic expressions with our numerical results, one should
use the values of A,/m in the MS or DR schemes, that are

approximately 20% larger than the ones in the on-shell
scheme [8].

A. Getting the correct m;, everywhere

In scenarios defined previously in Ref. [35], top squark
masses are fixed at the order of 1 TeV, which fails to
reproduce the proper lightest CP-even Higgs mass,
my, = 125 GeV, at values of 73 <6 (the precise value of
15 at which this occurs depends on the specific scenario). In
our benchmarks we vary the overall top squark mass scale
mg so that the lightest CP-even Higgs mass is in the
experimentally observed range within theoretical uncer-
tainties, which we take to be of the order of 3 GeV,
my, = 125 + 3 GeV. More specifically, for a given value of
tg, u/mg and A,/mg, we fix the value of m, for small
values of m, =200 GeV in such a way that the lightest
CP-even Higgs mass is about 123 GeV. This is enough to
keep the value of m,, in the acceptable range for all values
of m A.” The small variation of the lightest CP-even Higgs
mass for larger values of m, has only a minor impact on the
heavy Higgs phenomenology and does not affect the signal

"In the mi" scenario for u =3mgy, my ~200 GeV and

ty 2 40, the Higgs mass is somewhat lower than 123 GeV due
to sbottom effects. However, this region of parameter space is
excluded regardless of the light Higgs mass; therefore, we do not
tune the value of m in this region.

035003-

Values of m necessary to accommodate the proper value of the lightest CP-even Higgs mass, for different
d-+
& and m)®

strength of the lightest CP-even Higgs in any significant
way. In contrast, fixing the value of m, at around 1 TeV, as
currently done by the experimental collaborations, leads to
artificially low values of m, at low values of 7; that can
have a large impact on the Higgs boson phenomenology.
The corresponding values of the top squark soft breaking
mass parameters, mg, are displayed in Fig. 2. Observe that
for the mi!* scenario (apart for the case of y = 3mg), larger
values of m, are necessary for smaller values of y, while in
the m;l“"d* scenario, larger values of m are obtained for
larger values of u. The reason for this behavior is that
generally in the m;‘l“ scenario, larger values of u approach
the top squark mixing for which the light CP-even Higgs
mass is maximized, X, = A, — u/t3 = 2m,, in the on-shell
scheme. This implies the need for smaller logarithmic
corrections and therefore smaller values of mg. The
exception is the case of u = 3m, where p is so large that
at small values of 74, X, is already smaller than the maximal
value for the Higgs mass. As 7 increases, X, increases,
approaching the maximal value from the other side. This
explains the different dependence on m,, for this case. In
the m;l“°d+ scenario, larger values of y imply values of X,
further away from maximal mixing, which in turn require
larger values of m to obtain the correct m,.

B. Decay branching ratios of heavy Higgs bosons

In Fig. 3 we show the variation in the decay branching
ratios of the heavy neutral Higgs bosons, H and A, in the
m;‘,“ scenario for small values of y, and for moderate values
of 75 = 10 and small values of 75 = 4; the results in the
mi"4* scenario for the same values of y are very similar

11
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FIG. 3 (color online).
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Branching ratios of the heavy CP-even (left panels) and CP-odd (right panels) Higgs bosons as a function of

their respective masses in the m' scenario, for ty = 10 (top panels) and 75 = 4 (bottom panels), for small values of the Higgsino mass

parameter, 4 = 200 GeV.

and will not be shown here. At larger values of u, the
distinction between the two scenarios becomes more
prominent as shown in Figs. 4 and 5.

We first examine the case of small u. For 7; = 10, the
decays into bottom quarks represent the dominant decay
mode of the heavy Higgs bosons at small values of m, .
At the largest values of the nonstandard Higgs boson
masses shown in Fig. 3, the decays of the heavy Higgs

bosons into charginos and neutralinos become prominent,
suppressing the branching ratio of the decays of the
nonstandard Higgs bosons into bb and 7+7~.

For 1; = 4, one interesting feature is that the decay of H
into pairs of lightest CP-even Higgs becomes significant at
masses above the corresponding kinematic threshold, a
property that persists even when the value of y is changed,
as shown in Fig. 5. Another important feature is that the
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FIG. 4 (color online).

PHYSICAL REVIEW D 91, 035003 (2015)

my™, 4 = mg, tan =10

1.00
bb
0.50 - 4
020} T~ 1
< _
¥ 010t It 1
m
0.05 ¢ 4
0.02+
0.01 :
200 300
mu (GGV)
(b)
my™ = mg, tan B =10
1.00 ‘
bb
0.50 + i
0.20 + T+T_ 4
< =
¥ 0.10 + It 4
m
005+ i
0.02 +
0.01
200 300 500
my (GeV)
(d)

Branching ratios of the heavy CP-even (left panels) and CP-odd (right panels) Higgs bosons as a function of

their respective masses for 75 = 10 in the mil scenario (top panels) and mh'"“"dJr scenario (bottom panels), for large values of the Higgsino

mass parameter, H = mQ.

H /A decay into pairs of neutralinos and charginos becomes
prominent throughout the mass range we consider, thereby
suppressing the decay branching ratios into the canonical
search channels bb and 7+7~. In particular, the branching
ratio of the heavy Higgs bosons into tau-lepton pairs, which
is the main focus of present searches, never exceeds 5% and
is quite suppressed for m, g = 300 GeV.

Next we compare the decay branching ratios in the
mP and m3t scenarios for large values of y. Figure 4
shows the comparison at 75 = 10 while Fig. 5 is for 75 = 4.
One important consequence of raising p is that the
Higgsinos become heavy, resulting in small couplings
of the light gauginolike charginos and neutralinos to

the neutral Higgs bosons. Therefore, the decays into
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Branching ratios of the heavy CP-even (left panels) and CP-odd (right panels) Higgs bosons as a function of

their respective masses for 75 = 4 in the m3" scenario (top panels) and miP4* scenario (bottom panels), for large values of the Higgsino

mass parameter, y = mgp.

electroweakinos are always suppressed, never exceeding a
few percent. At 75 = 10 the decays into bottom-quark and
tau-lepton pairs become prominent for all values of the
heavy Higgs boson masses.

For 15 = 4, the branching ratio of the decay of the heavy
neutral Higgs bosons into bottom quarks and tau leptons
is suppressed due to the decrease of the couplings of

down-type fermions to these Higgs bosons. Hence, for
tg = 4, the H — hh decay becomes the dominant mode for
my larger than the kinematic threshold of 2m;,, until the top
channel opens up and becomes the main decay mode. Even
below the 2m;, threshold, the decay width of the heavy CP-
even Higgs boson into weak gauge bosons is large enough
to suppress the BR(H — t177) to values of order of 5% in
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both scenarios. As for the CP-odd Higgs boson, as can be
seen in the right panels of Fig. 5, due to the absence of any
relevant contribution to the total decay width beyond the
bottom-quark and tau-lepton final states, the BR(A —z77)
remains of the order of 10% up to the top quark pair decay
threshold. It is worth noting that although the 4Z channel
becomes significant when the kinematics allow, for the
same masses of the heavy Higgs bosons, BR(A — hZ) is
always significantly lower than BR(H — hh). These
differences between the CP-even and CP-odd Higgs
bosons have important phenomenological consequences
that will be discussed below.

C. Inclusive production rates of heavy Higgs bosons
in the 777z~ channel

At the LHC we only measure the total rate, i.e. the
production cross section times the branching fraction into
some specific final state. In particular, the strongest con-
straints in the MSSM on the m,-14 plane are derived using
searches in the 77~ final states, which we focus on in this
subsection. The main production modes for the heavy
neutral Higgs bosons, A and H, are the gluon fusion
channel and, at moderate or large values of ig, associated
production with bottom quarks. At large 74, the main
contribution to the gluon fusion cross section comes from
bottom quark loops, since the heavy Higgs couplings to b
quarks are enhanced by 74 Then the total production cross
section is proportional to the square of the bottom Yukawa
coupling. However, as t; decreases, the bottom coupling
decreases while the top coupling to the nonstandard Higgs
bosons increases with 1/ t5. Therefore, at values of 75 < 6,
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FIG. 6 (color online).
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the dominant contribution to the gluon fusion production
cross section is proportional to the square of the top
coupling to the heavy neutral Higgs bosons and becomes
significant.

The left panel of Fig. 6 shows the dependence of the
inclusive production cross section times the branching ratio
of the decay of each neutral heavy Higgs boson into 777,
for my = 300 GeV, in the m" and the m}** scenarios for
different values of u. The solid lines display the behavior of
the heavy CP-even Higgs boson and the dashed lines
exhibit the corresponding CP-odd Higgs boson cross
sections. The behavior of the Higgs-induced z+7~ produc-
tion may be described using the properties of the produc-
tion cross section and branching ratios discussed above. At
large values of u, the CP-odd Higgs boson decay branching
ratio into 77z~ remains large and approximately constant
for all values of 75, and hence the total production rate into
7™ closely follows the CP-odd Higgs production cross
section. The increase of the production rate for the CP-odd
Higgs boson into 777~ at low values of 15 and large p is
clearly seen in Fig. 6. Also visible is the fact that as 74
decreases, the CP-even Higgs contribution to the 7z~
production rate is suppressed. This happens due to a
decrease of the corresponding branching ratio, compensat-
ing for the increase in the gluon fusion production cross
section. The same happens for the CP-odd Higgs boson at
low values of p.

The reach of the LHC in this channel at low values of #4
and m, = 300 GeV becomes very different as one varies
the p parameter. For high values of y, the total production
rate into 777~ reaches a minimum at 73 =6 and then
increases for lower values of 74, as shown in the right panel
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= 200¢ A
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Inclusive production cross section times branching ratio in the z*z~ mode for m, = 300 GeV. The black dashed

line in the right panel denotes the extracted upper limit from CMS bounds presented in Ref. [36].
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of Fig. 6. This is due to the CP-odd Higgs contribution as
discussed above and shown in the left panel of Fig. 6.
However, at low values of y, the inclusive production rate
into 777~ keeps decreasing for decreasing values of 4, as
also shown in the right panel of Fig. 6. The horizontal
dashed line in the right panel of Fig. 6 denotes an upper
bound on the inclusive 77z~ production rate extracted from
the CMS analysis in Ref. [36] (the derivation and validity of
this extracted limit is detailed in Appendix A). The value of
ts where the horizontal dashed line meets the predicted
cross section denotes the largest value of 7; consistent with
experimental observation. Values of 7; above this should be
considered ruled out because the inclusive production rate
would be larger than the extracted upper bound. As more
data are collected in run II of the LHC, the bound on the
7tz channel will become stronger and therefore the
horizontal dashed line will be pushed towards smaller
values if no scalar resonances are seen. If for a particular
value of the mass of the heavy CP-even and CP-odd Higgs
bosons the limit were pushed below the minimum of the
inclusive z+tz~ production rate in the large u case, that
particular value of the Higgs boson mass would be
excluded by the data for all values 7. This is not possible
for the low u scenarios, for which no minimum of the
production cross section is present.

At lower values of my, =200 GeV the difference
between low and high values of 4 becomes less dramatic.
Still, as can be seen from Figs. 4 and 5, at tg = 4,
BR(A — 7t77) remains of order 10% for large values of
w1 and becomes about half of that value for low values of u.
In contrast, BR(H — 7777) is always somewhat sup-
pressed due to the presence of the decay of the heavy
CP-even Higgs into V'V, suffering an additional suppres-
sion at low values of p. In this particular example at 7; = 4,
BR(H — 7%77) is of order 6% for high values of y and is
reduced to about 3% for low values of u. Hence, in this case
the largest 777~ production contribution comes from the
CP-odd Higgs boson.

D. Rescaling current LHC limits

We use the procedure discussed in Appendix A to
convert the my—t; limits presented by the experimental
collaborations for a specific scenario, into limits on the
inclusive production rate into 7"z~ for a given value of m,.
We then demand that any other scenario we are considering
leads to an inclusive production rate which is smaller than
this extracted limit. In this way, we are able to obtain a
simple rescaling algorithm for the values of 74 excluded in
any given scenario. The outcome of such a procedure is
presented in Fig. 7, which shows the exclusion limits on the
my-1z plane in our m;‘l“ scenario for two different choices of
the p parameter. As stressed in the last section, an important
distinction in going from small to large values of y is that
the Higgsinos become heavy and therefore the decays of
the heavy Higgs bosons into neutralino and/or chargino
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FIG. 7 (color online). Direct search bounds from the inclusive
777~ mode in our benchmarks at LHCS. The solid line displays
the current CMS bounds in the m‘;,“’Cl+ scenario with p =
200 GeV [36].

pairs are suppressed, resulting in a larger branching fraction
into 77~ channels. It is clear that, due to the increase in the
77~ production rate for larger values of u (see Fig. 6), the
exclusion limit may be extended to smaller values of 7.

As previously noted, the existence of a minimum in the
inclusive production rate for the z*z~ channel as a function
of 74 for large values of p (cf. Fig. 6) means that if this
minimum falls below the experimental upper bound in the
future, one would exclude all 4 for a particular value of m,
in the scenario under consideration. Indeed, in Ref. [42] it
was shown that for heavy supersymmetric particles, the
LHC has the capability of probing the wedge region by
means of the H,A — 777~ channel in the 14 TeV run.
However, since this minimum does not exist for the low u
scenarios, even at 14 TeV, it is unlikely that the LHC would
be able to completely probe the low m,—1; region for
these cases.

In Fig. 8 we show the projected limits in the mj"°¢*
scenario, with 4 = 200 GeV, that are required to exclude
all values of 7 in scenarios with large u for m, < 350 GeV.
More explicitly, if in the future the exclusion limit in the
m‘;,“’“l+ scenario, with y = 200 GeV, reaches the dashed
(dotted) lines, the mi benchmark, with u = my(mp/2),
would be completely ruled out, respectively. The situation
for all our benchmarks with other choices of y is similar, as
long as u ~ O(my) or larger. For comparison, the solid line
in Fig. 8 represents the current bound from the LHCS
in Ref. [36].
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Extrapolated n2;,™°%* Limits at Vs =14TeV
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FIG. 8 (color online). The dashed and dotted line exhibit the
projected bounds at /s = 14 TeV in the m™*" scenario with
u =200 GeV, such that all values of 75 are excluded in the m';‘l“
scenario for large values of . The solid line displays the current

CMS bounds in the m;l“"‘” scenario with yu = 200 GeV [36].

Note that in this paper we have assumed that all squark
masses are of the order of the top squark masses, and hence the
next-to-lightest neutralinos and the lightest charginos would
mostly decay into the lightest neutralino and Z, h and W+,
respectively. Under these conditions, the values of y, M, and
M associated with the low y scenario here are at the edge of
the current region of parameters probed by the ATLAS and
CMS experiments [43,44]. Since the heavier Higgs bosons
decay prominently into these particles, it would be interesting
to perform a search for these Higgs bosons decaying into
charginos and neutralinos. These will lead to final states
already present in the decays of the heavier Higgs bosons into
SM particles, namely, 2k, VV and Zh, that are being studied
at present (see, e.g., Refs. [45,46]), but will be characterized
by large amounts of missing energy. In contrast, the large u
scenario leads not only to a suppression of the Higgs boson
decay into charginos and neutralinos, but also to a suppression
of the neutralino pair production cross sections and an
enhancement of the decay of the second neutralino into the
lightest neutralino and (depending on the mass difference) an
on-shell or off-shell lightest CP-even Higgs boson.

IV. PRECISION i MEASUREMENTS VERSUS H
And A DIRECT SEARCHES

After analyzing the direct search constraints in the two
classes of benchmarks with a varying u parameter, we now
study the interplay between direct searches and measure-
ments of properties of the lightest CP-even Higgs boson at
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125 GeV. The value of u/m plays an important role in
determining the value of 7; at which alignment occurs, as
can be seen in Eq. (66). We shall show that the low 74 and
low m, region, which is difficult to probe in direct searches
at low values of u, results in deviations in the properties of
the 125 GeV Higgs boson that are quite significant.
Therefore, direct searches and precision Higgs measure-
ments are complementary to each other.

In studying properties of the lightest CP-even Higgs
boson, we will focus on its couplings to massive gauge
bosons h — VV, which are measured quite well exper-
imentally. Another possibility is to use loop-induced
couplings such as the diphoton coupling. Indeed, the
different values of A, and u chosen in the m**" and
milt scenarios lead to deviations in the loop-induced
couplings. However, as is demonstrated in Appendix B,
the constraining power between these two couplings does
not differ significantly.

It is worth emphasizing again that in order to study the
complementarity between precision measurements and
direct searches, it is important to obtain the correct mass
for the lightest CP-even Higgs boson, which has a major
impact on the properties of the 125 GeV Higgs boson and
on the decays of the heavy Higgs bosons. As we showed in
Sec. [l A, in the region of interests where both 74 and m,
are small, the value of m,, should be raised to values larger
than 1 TeV in order to obtain the proper lightest CP-even
Higgs mass values.

Under the assumption of |cs_,| < 1, it follows from the
results of Sec. II that

Ghvy = QZI‘\//IV’ Ihne = gilt\;[ (70)
whereas
Gnoy = G (1 = Cpalp), (71)

where for simplicity we have neglected the A, and 6k,
effects in Eq. (63). This implies that, apart from small
corrections coming from the squark loops contributing to
the gluon-gluon fusion production, the lightest CP-even
Higgs production cross section is SM-like. Moreover, the
decay branching ratios of the lightest CP-even Higgs boson
are mostly affected by the modification of the bottom and 7
couplings. Inspection of Eq. (59) reveals that the down-type
quark (and lepton) Yukawa couplings can significantly
deviate from their corresponding SM values at low m, and
moderate values of 75. Moreover, for small values of u these
modifications are only weakly dependent on 7, while for
large values of y, a dependence on 74 appears that may lead
to alignment for the specific value of 5 at which ¢4_, = 0.

In Fig. 9, we summarize our results on the comparison of
direct searches for nonstandard Higgs bosons and the
precision studies of the lightest CP-even Higgs boson at
the 8 TeV LHC. The dashed contours correspond to various
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Dashed contours show deviations of the signal strength into massive gauge bosons for the lightest CP-even
Higgs boson with respect to the SM values in the m"*" (blue line) and m

2“ (red line) scenarios in the m -4 plane for different values of

u. Shaded regions denote parameters excluded by direct searches for heavy CP-even and CP-odd Higgs bosons decaying into pairs of 7
leptons.

assumptions on the precision of the signal strength
6(g9g9 — h) x BR(h — VV). For example, the 0.8 contour
corresponds to a signal strength that is 80% of the predicted
SM value, etc. The four panels represent four different

values for the 4 parameter, and in each panel we depict both

the m™*" and the mi" scenarios. At low values of y, in

light of the weak dependence of the light CP-even Higgs
decay branching ratios on 74, precision studies of the decay
branching ratios of the lightest CP-even Higgs lead to a
lower bound on the value of my,, which is roughly

independent of 4. Indeed, the dashed contours in
Fig. 9(a) are nearly vertical, ruling out the parameter space
to the left of the corresponding contours. The ATLAS
experiment has performed such an analysis and found a
bound on m, of order 400 GeV. Let us remark in passing
that the signal strength of the # — VV modes observed at
ATLAS is 1.3 0.2 and hence according to the results of
Fig. 9(a) the bound on m, would be larger than the

corresponding one using CMS data, for which the signal
strength is 1.0 4+ 0.2.
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As the value of 4 is increased we see two effects. On one
hand, the contours of constant A-induced VV production
cross section are drastically modified in the m3" scenario,
due to a relevant dependence on 7 of the bottom quark and
tau lepton Yukawa couplings [cf. Egs. (59) and (71)]. These
contours bend to the left in relation with the ones in the
m’,?ocl* scenario, becoming almost independent of m, at
values of #; close to the alignment limit. Therefore, for 74
close to the value where the alignment condition is
satisfied, precision measurements alone are not able to
place any bound on m4. The smallest value of 7; where the
alignment condition is satisfied takes place for the largest
value of 4 = 3m, considered, shown in Fig. 9(d).12 Indeed
it is difficult to obtain smaller values of #; at alignment in
the MSSM without taking extreme values of the MSSM
parameters. Large values of A,/mg and p/m can lead to
charge and color breaking vacua which would bring the
stability of the electroweak vacuum into question [47].

The complementarity of the precision i(125) data with
direct searches for nonstandard Higgs bosons is now clear.
At the large values of 75 where the alignment condition is
satisfied, searches for nonstandard Higgs bosons become
effective and, as discussed in the previous section, they
become more effective for larger values of y. This is shown
by the shaded regions of Fig. 9, which denote the CMS
limits in the mg‘°d+ and mi" scenarios. The combination of
direct and indirect searches allow us to constrain values of
m lower than 250 GeV in the mi" scenario with y < 3mg,
independently of 75. Moreover, due to the increase in
sensitivity of the search for nonstandard Higgs bosons at
large values of y, the whole region of parameters for m, <
350 GeV is expected to be probed by the LHC in the near
future, showing again the strong complementarity between
precision studies of the lightest CP-even Higgs boson,
which become a weaker probe in this scenario, and direct
searches for nonstandard Higgs bosons.

In summary, at low values of y, precision measurements
of the lightest CP-even Higgs bosons are able to probe low
values of my, independently of 4. In contrast, in the
presence of alignment which occurs for large values of y,
precision measurement studies alone will not be able to put
a model-independent bound on m,. However, in this case
direct searches for nonstandard Higgs bosons will be able
to probe all values of 74 for values of m, below the top-
quark decay threshold in the near future.

PIn Fig. 9(d), we have suppressed additional dashed red
contour lines that reappear in the m?!" scenario with y = 3mg in
the large 153, low m, parameter regime. In this regime, the
magnitude of the hbb coupling is once again SM-like, but its
sign is flipped relative to that of the 4VV coupling. This wrong-
sign hbb coupling regime, discussed in detail in Ref. [29], cannot
be ruled out by the present /(125) data alone but is completely
incompatible with the limits on the H and A direct searches via
the 77~ channel.
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V. CONCLUSIONS

In this paper, we have analyzed the complementarity
between precision measurements of the lightest CP-even
Higgs boson and direct searches for nonstandard Higgs
bosons in the MSSM. We have stressed that in the align-
ment limit, one can significantly relax the bounds on the
heavy Higgs bosons that arise from the measurements of
the V'V decays of the lightest CP-even Higgs boson. Such
alignment conditions, however, are associated with large
values of the u parameter and the top squark mixing
parameter, A,, and tend to be restricted to values of 75 of
order 10 or larger within the MSSM.

Direct searches for nonstandard neutral Higgs bosons
provide strong constraints on the Higgs spectrum.
Currently, the most sensitive search channel is associated
with the 77~ final state, with the main production mode
being either through the gluon fusion process or in associ-
ation with bottom quarks. The ATLAS and CMS experiments
have placed lower bounds on m, that range from values of
order 200 GeV for 75 = 10 up to values of order of a TeV for
tg = 50. The lower values of m, and t; may be consistent
with the observed lightest CP-even Higgs properties, pro-
vided one is not far from the alignment condition. The large
values of y associated with the alignment limit reduce the
decay rate into charginos and neutralinos and therefore
increase the BR(H, A — 77 77), making direct searches more
efficient. This property provides an interesting complemen-
tarity between direct searches and precision measurements
which will allow one to probe the region of m, < 350 GeV
for all values of 74 in future running of the LHC.
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APPENDIX A: INTERPRETING CURRENT
BOUNDS FROM LHCS8

In Ref. [36] where CMS presented bounds on the heavy
Higgs bosons in the MSSM, the limits were derived in
particular benchmarks that differ from the two classes of
scenarios we are considering in this work. As such, these
limits cannot be applied in a straightforward manner.
However, Ref. [36] also provided model-independent limits
that could be translated into limits in benchmarks consid-
ered in this study. The model-independent limits are
provided as two-dimensional contours in the plane of the
production cross sections via gluon fusion and associated
production with bottom quarks. These limits are derived
from searching for a heavy scalar resonance in the 7z~
final state, independently of any specific model, and show
very little contamination from a 125 GeV Higgs boson once
the postulated heavy resonance is heavier than 200 GeV.

Unlike the model-independent bounds, the limits in the
MSSM benchmarks in Ref. [36] are given in terms of m,
and t;, instead of direct upper bounds on the 7"z~
production rates. We will specifically use the exclusions
presented for the mhm°d+ scenario, compare them to the
limits presented in the model independent analysis and
formulate an algorithm to apply these to any other MSSM
model. To that end, we first derive the upper limit on the

production rates in the m‘}l’"‘” scenario, with 4 = 200 GeV,
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by computing the corresponding branching ratios and
relevant cross sections along the exclusion curve in the
my-tg plane using the package FEYNHIGGS [38]. For each
value of my there exists an upper limit on the allowed
inclusive production rate into z+z~. We will refer to this
upper limit as the inclusive interpretation of the heavy
Higgs boson search bounds.

In Fig. 10 we show the production rates into 7z~
resulting from the production of heavy Higgs bosons in
the two relevant production channels gg¢p and bbg as a
function of 5. The production rates in the m3" scenario, for
u = mg, are displayed as a solid red curve, while the
corresponding values in the m[" scenario, for u =
200 GeV, are displayed as a solid blue curve. We show
results for my, = 200 GeV and m, = 300 GeV in the left
and right panels of Fig. 10, respectively. The corresponding
values of 7; are displayed as solid dots on these curves. These
show that, while in the m;l“"‘” scenario, with ¢ = 200 GeV,
the rates due to both production cross sections decrease with
t4, the rate originating from the production via gluon fusion
reaches a minimum in the m3" scenario, increasing at low
values of 75 in agreement with our discussion in Sec. III C.

Our inclusive interpretation of the heavy Higgs boson
search is denoted by dashed black lines in Fig. 10. We also
show the model-independent 95% C.L. upper bounds,
provided explicitly in Ref. [36], as black solid lines.
Observe that the slopes of the solid and dashed lines are
very similar, implying that the model-independent bounds
correspond approximately to the same inclusive production

rate in both scenarios. Note the bound on 1g we obtain in the
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Comparison of exclusion limits obtained via the model-independent analysis and our inclusive interpretation of
scenario, with y = 200 GeV. The dots represent values of 7; in units of 1, where values are labeled in blue or red
scenario, with y = m,, respectively.
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m';l“"dJ“ scenario, with g = 200 GeV, from the model-inde-
pendent bounds is within one unit of the bound presented by
CMS by a more sophisticated likelihood method.

The t4 limit for a given my, in a different MSSM model
corresponds roughly to the value where the inclusive
production rate exceeds the upper limit in the m?"d*
scenario, with 4 = 200 GeV. Since the sensitivity of the
LHC in the gluon fusion and bb¢ channels is similar, we
expect this to be a good approximation. Explicitly, in Fig. 10
we show the comparison of the bound in the mj‘l“ scenario,
with u = mg, using the inclusive production rate at the
limiting value of #; presented by CMS in the m4 scenario,
with u = 200 GeV, compared to the limit on the value of 74
that could be interpreted from the model independent bound.
Again, the difference using the two methods results in a
difference for the 74 limit of approximately one unit.

Using our inclusive interpretation, we can scale the
limits from the mz“’d* scenario, with u = 200 GeV, to
any other scenario in a simple way in the region where
my = 200-350 GeV. We then use the bounds from our
inclusive interpretation to map out the direct search con-
straints on the my-t3 plane in each of our benchmarks,
which in turn are compared against the constraints from
precision measurements of the properties of the 125 GeV
Higgs boson. We also use the inclusive production rate to

analyze the future searches at the 14 TeV run of the LHC.

APPENDIX B: COMPARISON
OF hVV And hyy COUPLINGS

At low values of u the charginos become light and
therefore can lead to a modified diphoton coupling of the

u =200 GeV
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FIG. 11 (color online).
photons and two massive gauge bosons.
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lightest CP-even Higgs boson. The contribution of top
squarks and charginos to the amplitude in the diphoton
channel is proportional to [17,48-51]

1g*v?sin2p
* L 2.2 o
Moy — 4 g v”sin2f
m? +m? — X?
I 5]
) ’

[T

~ ASM
“Ah}’y - Ahyy + bf(

- b;m% (B 1)

where in this normalization AZM = 6.5 represents the SM
contribution, by+ =4/3, b; =4/9, and m; , are the top
squark mass eigenvalues. The parameters m; and X, are
running mass parameters at the scale of the top squark
masses in the MS scheme. For the large values of X, present
in the m3" scenario, the top squark contribution is small and
positive. The chargino contribution is also small and
becomes relevant only for small values of x and of 7.
In the m‘,‘f"‘” scenario, for u = 200 GeV, the top squark
contribution is even smaller, since X? is close to the sum of
the squares of the top squark masses. In general, the
supersymmetric loop corrections lead to a contribution
of the order of a few percent of the SM one. Hence, the
main deviation of the BR(7 — yy) and BR(h — VV) in
this region of parameters is mostly governed by the increase
of the width of the lightest CP-even Higgs decay into
bottom quarks and tau leptons at low values of my.

Note that the contribution from top squarks to gluon
fusion is approximately a factor of 3 larger than their
contribution to the diphoton coupling [50-52]. However,
the leading SM contribution has the opposite sign in this

u=3mg
—— o(ggh) X BR(h - VV)

tan 8

A 5
350 400 450 500 550
my (GeV)

(b)

200 250 300

Deviation of the signal strengths with respect to the SM values for the lightest Higgs boson decaying into two
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case, and hence, the gluon fusion rate is reduced from the
SM expectation in the scenarios we consider, again at the
few percent level.

In order to quantify these effects, in Fig. 11(a) we show
contour plots of ¢ x BR(h = yy) and ¢ x BR(h — VV)
normalized the SM values in the m*** and mi" scenarios
for low values of y, for which no alignment condition is
present. This choice of y maximizes the differences
between these channels. As can be seen, the overall
behavior of these channels is the same, although the precise
value of 75 for which a particular deviation with respect

to the SM value takes place is shifted by a few tens

PHYSICAL REVIEW D 91, 035003 (2015)

of GeV for my <350 GeV for low values of u. No
significant difference is present for larger values of u, as
can be seen from Fig. 11(b). The peculiar behavior of the
contour lines at low values of 74 in the milt scenario is
induced by the variation of the gluon fusion cross section,
which becomes more suppressed as the top squarks become
heavier.

In this paper, in order to study the properties of the
lightest CP-even Higgs bosons we shall concentrate on the
BR(h — VV), but as shown in Fig. 11, similar conclusions
would be obtained by the study of BR(kZ — yy) in this

region of parameters.
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