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Abstract

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 Su-
persymmetric 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 cou-
plings to fermions and gauge bosons, independently of the non-standard Higgs boson masses. The
combination of current bounds from direct Higgs boson searches at the LHC, along with the align-
ment 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 3.



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, h 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 observed Higgs boson mass is comfortably below this predicted upper bound.

For large values of the supersymmetric particle masses, the properties of h are determined
by my4 and the third generation supersymmetric spectrum that governs the size of the
quantum corrections to the quartic couplings. When my4 > my,, one finds that mg ~ my ~
my=+, with corresponding squared-mass differences of O(m%). Hence, all non-standard 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, h, 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 ma ~ O(my,), the coupling of h 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 m 4 below 300 GeV.

Hence, precision studies of the lightest CP-even Higgs boson properties can lead to significant

I The same upper bound is obtained in the presence of explicit CP-violating phases in the supersymmetry
breaking mass parameters, 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].



constraints on the allowed parameter space of the theory. The large increase of the Higgs
boson width may be avoided if the properties of h 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 non-standard 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, tan 5, which depends critically on p, the supersymmetric Higgs mass in
the potential, and A;, the stop mixing parameter. In particular, alignment at lower values
of tan 8 typically requires p 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 tan 3. 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,4 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
777, produced in gluon fusion processes or in association with b-quarks. This channels
becomes particularly sensitive for low values of the heavier Higgs boson masses and large
values of tan (3, and allows one to set a bound on m 4 that extends from 200 GeV at values of
tan 8 ~ 10, up to 900 GeV for tan 5 ~ 50. Lower values of tan 3 in the range 3 < tan 5 < 10,
still consistent with the observed mass of the lightest CP-even Higgs mass for stop masses
below a few TeV, remain mostly unconstrained by these searches, due to a suppression of the

production cross-section times the Higgs decay branching ratio into 7F7~. This branching



ratio depends on possible decays into both non-supersymetric and supersymmetric final
states (e.g. neutralino and chargino pairs). The latter are suppressed for large values of ,
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 non-standard Higgs boson
decays into the 777~ channel.

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
h over the entire m —tan [ plane, in contrast to previously established benchmarks. This
is an especially important point when considering properties of h 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 8 and their rates depend crucially on my,.

Non-minimal 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 g
and for smaller values of the mass parameters in the stop sector than in the MSSM [14]. Due
to 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 Section 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 p and A;. In Section III we discuss

2 For a review of the two Higgs doublet model see, e.g., Refs. [17] and [18].



the constraints on m4 that come from the precision study of the lightest CP-even Higgs
boson properties for different values of p. In Section IV we analyze the sensitivity of the
non-standard Higgs searches on the value of the p parameter, and compare it with the results
obtained in Section III. We reserve Section V for our conclusions. A detailed description of
our interpretation of the experimental limits presented by CMS for the direct searches of H
and A is presented in Appendix A. Finally, the comparison of the hVV (VV = W*TW~ or
ZZ) and hy~y couplings is provided in Appendix B.

II. OVERVIEW OF THE MSSM HIGGS SECTOR
A. The Two Higgs Doublet Model (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 = m ®Id; + m,®idy — mi,(9]®y + hoc.) + AN (@]01)2 + (0] D,)?
A3 (P1 1) (PID) + Ay (] D) (D)D)
{3260 @2)% + Po(@]®1) + Ao (@1 0,)] B[ @5 + .} (1)

where m?,, m3, and A, ..., \s are real parameters and m?,, A5, A\¢ and \; 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,
+
(b,i _ ¢Z , (2)
75 (Vi + 67 +ia)

where the minimum of the scalar potential is at

and
v =/ |v1]? + |ve]? ~ 246 GeV . (4)
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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 vs, are real and non-negative. There-
fore, one can define

V2

tBEtanﬁzv—l, (5)

where 0 < 3 < %w.

The squared-mass matrix for the CP-even scalars can be expressed as [10]

M2 _ M%l M%2 — mz 3% —SpC " U2 L11 L12 (6)
Mi, M, —58CB C% L La
where sg =sinff = v9/v, g = cos f = vy /v,

mi =miy — 507 (2N + Xt 5 + Artg) (7)

is the squared-mass of the CP-odd Higgs boson and
L1y = McG 4 2X685¢5 + Ass (8)
ng = ()\3 + )\4)8505 + )\GC% + )\78% s (9)
L22 = )\282 + 2)\78505 + >\5C% . (10)

Diagonalizing the squared-mass matrix, M?, given in Eq. (6) yields two CP-even Higgs

mass eigenstates, h and H, with squared-masses
M = 5 [Mi + Mo £ A], (11)

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

A= (M — ME)2 + A(ME)2. (12)
In particular, m? < M?% < m%, i =1,2. We also note that the two equations,
Tr M? =m3 +mj}, det M?* =m3m;} (13)

yield the following result:

M| = (= MR M3y — ) = |/ (M, — ) (M3, — i) (14)



The CP-even Higgs mass-eigenstate fields can be expressed in terms of the neutral scalar

fields, ¢¢ and ¢9, defined in Eq. (2),

H Co  Sa 0
- é : (15)
h —Sa Co ¢g
where the mixing angle « is defined modulo 7w, ¢, = cosa and s, = sina. It is often

convenient to restrict the range of the mixing angle to |a| < %7?. In this case, ¢, is non-

negative and is given by

A+ M2, — M3,
a — y 16
¢ \/ oA (16)
and the sign of s, is given by the sign of M?2,. Explicitly, we have
2 2
- V2 M, (17)

VAR + MRy — M3y)

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

M2, —m? m2, — M?
o 11 h _ 2 H 11
Ca=\|—F5—" Sa = sgn(Mp )| —5——5 . (18)

For completeness, we also record the squared mass of the charged Higgs boson, H*,
m%ﬁ = mi + %Uz()\5 — )\4) s (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, h, which is a linear combination of ¢? and ¢9 as indicated in Eq. (15). If
h is SM-like, then it follows that in the ¢{-¢J 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 V'V (where VV = WHW ™ or ZZ), normalized to
the corresponding SM coupling, is given by

GV = Gov Spa - (20)



Thus, if the hV'V coupling is SM-like, it follows that
|cs-al <1, (21)

where cg_, = cos(f —a) and sg_, = sin(f — «). It is therefore 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 « and f are not physical, although the quantity (8—«/) is physical (modulo 7)
since it is related to an observable coupling. To derive an explicit formula for cs_,, it is

convenient to define the so-called Higgs basis of scalar doublet fields [21, 22],

H, = Hfr _ V1P + 2Py ’ H, — H2Jr _ —0®1 4+ 01Dy ’

(22)
HY v HY v

so that (HY) = v/+/2 and (HJ) = 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 \; — Z;. Indeed, one can translate all
the formulae obtained previously in the original basis of the scalar fields, {®;, ®5}, into
the Higgs basis by taking f — 0 and o — (a — ). Hence, in the limit of ¢5_, — 0 we
have h ~ [v2Re (H?) — v], which means that h is aligned with the real part of the neutral
component of the Higgs basis field that possesses the non-zero vacuum expectation value.
The existence of a neutral scalar mass-eigenstate with the properties of the SM Higgs boson
is equivalent to demanding that cg_, = 0.

The scalar potential in the Higgs basis is given by,

VO . L2 (HIH)? + . 4 [Zs(H Ho)? + Ze(H{H)H{Hy + hc] + ..., (23)
where [10, 20]

Zl = )\16% + )\28% + %()\3 + )\4 + )\5)8%6 + 2825 [C%)\G + S%)\7:| s (24)

Zs = 2535 M+ X0 = 2N + A+ Xs)] + A5 — s2sc28(Xe — A7), (25)

Z6 = —%825 [)\10% — )\28% — ()\3 —+ )\4 + )\5)025] + CBC3B>\6 + 85835>\7 s (26)

8



and the shorthand notation, sqs = sin 23, cop = cos 23, etc., has been employed.
It is straightforward to compute the CP-even Higgs squared-mass matrix in the Higgs

basis,

M2 = . (27)

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;v?, implies that mi < Zjv?,
whereas the off-diagonal element, M?%,, = Zgv?, governs the mixing between the Higgs
basis fields HY and HY. The presence of this mixing yields a non-alignment of the mass
eigenstates, h and H, from the neutral Higgs basis states, HY and HY. Moreover, if | Zs| < 1,
then the mass eigenstate approximately aligned with Re (H?) behaves like the SM Higgs
boson. Alternatively, if m% > Zv? (i = 1,5,6), then Z; and Zs can be treated as small
perturbations in the diagonalization of the CP-even Higgs squared-mass matrix, h 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 o — o — 8, M2, — Z1v? and M2, — Zsv?, Eq. (14) implies that

(Zelo® = /(202 —m2) (my — Zuv?), (28)
and Eq. (18) yields,
Ziv? —m? m2, — Z,v?
Cﬁ—a = w , Sﬁ—a = —SgH(ZG) 77’%7—771}21 y (29)

in a convention where | — a| < %w. Actually, it is somewhat more convenient to adopt a
different sign convention in which sg_, is non-negative and the sign of cg_,, is fixed by Zg,
since in this convention the sign of the hV'V coupling is the same as in the SM [cf. Eq. (20)].
In particular, if we assume that 0 < § — o < 7, then we can use Egs. (28) and (29) rewrite

cg—q in the more useful form,

— Zv?
Choe = — —. (30)
\/(mH —my)(my — Z1v?)

Tree-level unitarity (or perturbativity) constraints yield upper limits on the quartic scalar

coupling parameters that are roughly of the form \;/(47) < 1, with similar limits applying



to Z; and Zg. In light of these constraints, there are two ways to achieve |cs_o| < 1,
corresponding to alignment and hence to a SM-like h.
First, if m3, > m3, Z1v?, Zsv?, then it follows that

7 2 Z24
Cﬁ_aNO( 6;)), Zlvz—miw(’)( 6;)). (31)

my my

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

In contrast, suppose that | Zg| < 1. This is the only case that can result in exact alignment
(corresponding to Zg = 0), and we will henceforth refer to this case as the alignment limit,
which exists independently of the decoupling limit. Indeed, Egs. (28) and (30) imply that
if |Zs| < 1 and m? ~ Z,v? then,

Co—a ~ O(Zs) , 71w —mi ~ O(Z3?), (32)

in which case h 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 cs_, = (cgCa + SSa)
using Egs. (14) and (18). Additional simplification can be implemented by noting that
M3, + M3, = A+ 2m2, which allows us to remove A in favor of m?. The end result is

(M3, —mj)cs + Miysg
V(mg —mp) (M3 —mj)

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

CB—a = (33)

which yields
tﬁMé = mj, — M3, . (34)

Dividing Eq. (34) by M, and using Eq. (14) then gives
t5 M3y = mj — M3, | (35)
Eliminating m? from Egs. (34) and (35),

C2ﬁMf2 = Sﬁcﬁ(Mfl - M§2) . (36)

31If | Zs] < 1 and mpy ~ Zyv?, then sg_, < 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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Using Egs. (6)—(10), one can check that Eq. (36) is equivalent to the condition Zs = 0,
where Zg is given by Eq. (26). In addition, one can use either Eq. (34) or (35) to obtain
m3 = Zjv?, 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 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 Zo symmetry in the Higgs basis, under which the Higgs basis field H; is odd and all
other fields (Hy, fermions and gauge bosons) are even. In this case Zg = 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 =ma, M=X=XM+M+tA, Mmh=X=\=0. (37)

These conditions on the \; yield Zg = 0 [cf. Eq. (26)]. Eq. (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 symmetric 2HDM of Ref. [25] with an SO(5)
global symmetry, which yields Eq. (37) with Ay = A5 = 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

11



generation of up and down-type quarks. Employing the notation of the third generation,
— Lo = Vybr®" QY + Vibr®h QY + ey [V TrQp®] + W/ TrQp @] +he.,  (38)

where €19 = —€91 = 1, €11 = €20 = 0, Q1 = ({1, by) are the doublet left handed quark fields
and tg, by are the singlet right-handed quark fields. Inserting (®?) = v;/v/2 yields the quark

masses,

my = (Ulybl + Ugyg)/ﬁ, my = (’Ulytl + Ugyf)/\/i . (39)

B. The MSSM Higgs Sector

The Higgs sector of the MSSM is a 2HDM whose dimension-four couplings are constrained

by supersymmetry. In particular, at tree-level,

=X ==+ M) = §(¢° + 9 =mZ/0?, (40)
A = —%g2 = —2mi, [v?, (41)
As =X =A7=0. (42)

These results yield the well-known formulae for the tree-level MSSM CP-even Higgs masses.
At tree-level, (mj),.. = M%C35, Which is not consistent with experimental 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 Eqs. (24) and (26),*

Zw?* = mQchﬁ, Zev? = —m22825026 ) (43)

Inserting the above results into Eq. (30) yields the tree-level result,
Cn o — M3 25C2p
B = :
Vo = mi)(m3, — me3,)

In the decoupling limit, one recovers Eq. (31) as expected. In addition, radiative corrections

(44)

that are required to yield a phenomenologically acceptable value of my,, do not significantly

4 Note that 3 has been promoted to a physical parameter, since the tree-level coupling relations given in
Egs. (40)—(42) are a consequence of supersymmetry, which establishes a preferred basis choice for the
scalar Higgs fields.

12



modify the decoupling behavior exhibited above. In contrast, alignment cannot be achieved
without decoupling at tree-level (except at the endpoints where either sg = 0 or ¢z = 0, for
which no tree-level mass is obtained for the up-type and down-type quarks, respectively, and
at the midpoint ¢35 = 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 values of § away from the endpoints, resulting in important phenomenological
consequences.

Supersymmetry also imposes constraints on the Higgs-fermion interactions. In the su-

persymmetric literature, it is common to define:
Hi = e;®)", Hj = . (45)

In terms of Hy and Hp, the Yukawa couplings given in Eq. (38) must be holomorphic, which
implies that V! = Y2 = 0. This yields the so-called Type-1I Higgs—quark couplings,’

—gyuk = Eij [thRHBQJL + htERQZLH(J]] + h.C. s (46)

where we have resorted to the more common notation hy, = Y} and hy = Y?. Eq. (39) then
yields:
my = thCg/\/ﬁ, my = ht’(]b“ﬁ/ﬁ . (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

my Sq my
] = —-— —— = — —a — —O!t s 48
9hbb v cs v (55 s 6) (48)
mg Cq my _1
p= tre (g _otah). 49
Ghitt v 55 " (SB + Cp—aly ) (49)

Eqgs. (48) and (49) exhibit the expected behavior in the decoupling/alignment limits. That
is, when cs_, = 0, we recover the SM result, g,;7 = my/v. However, note that in the
absence of exact alignment, the deviation from SM couplings of the down-type Yukawa

coupling, is 3 enhanced. Therefore, it is not enough to demand |cs_,| < 1. Rather, proper

5 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.
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SM-like behavior of the coupling of h to down-type quarks is recovered if |cs_o| < 1/ts.
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 Hp to the third generation squarks that are proportional to the Higgs—top quark

Yukawa coupling, h;. The corresponding terms in the interaction Lagrangian are
Lot D he [ (HEQ)U + Avei; H,QU +hc.] — B2 [HLHy(QTQ + U*U) — |QTHy|?], (50)

with an implicit sum over the weak SU(2) indices i, j = 1, 2, where in the notation of Ref. [4],
Q = | _ , U= tE s (51)

and in general the supersymmetric Higgsino mass parameter, p, and the supersymmetry-
breaking parameter, A;, are complex.

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

Lt D hueij [(spX Hi + ¢V H)Q'U + h.c.]
—h?{ |i8%|H1|2 + C%‘Hﬂz -+ SﬁCﬁ(HIHQ + hC):| (@T@ —+ (7*(7)
—$3|QVH [ — QT Hal? — s5cs[(QTHY)(HIQ) + h.c.}} : (52)

where

Xy = A — ' /tg, Yi= A+ p'ts. (53)

Note that the terms proportional to X; in Eq. (52) are responsible for the mixing of tr
and tp in the top-squark squared-mass matrix; the corresponding off-diagonal element is
(M2)Lr = muX,, after setting (HY) = v/v/2 and using Eq. (47). For simplicity, we shall
henceforth assume that p and A; are real, thereby neglecting possible CP-violating effects
that can be introduced into the MSSM Higgs sector via radiative corrections.

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 Mg, the mass of h or Z (which

represents the electroweak scale) and the mass scale of the non-standard Higgs bosons, H,
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A and H*, which we will usually take to be m,. We shall assume that Mg > my4. 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-II tree-level values plus radiative corrections induced by supersymmetry breaking
effects. Since the lightest CP-even Higgs boson couplings have been measured to be close to
the the SM values, we infer that either we are in the decoupling limit, m;, < m4 < Mg ,or
the alignment limit independent of decoupling, m; < m4 < Mg. In practice, the alignment
limit independent of decoupling is most relevant for m4, my < 2m,. For heavier values of
my, 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 Eqgs. (40)—(42)] are modified. At one loop, the leading loga-
rithmic corrections, which only appear for A; ..., A\, can be found in Ref. [19]. In addition,
threshold corrections proportional to the MSSM parameters, A;, A, and p, can also con-
tribute significant corrections to all the scalar potential parameters, Ay ..., A7. 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, h;.
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 Z7,
Zs and Zg [cf. Eqgs. (24)—(26)] in the limit of myz, ms < Mg, which include all one-loop

radiative corrections proportional to hf,

3v?sthi M2 X2 X2
2,22 Bt S t t
Zl’U = MzCyp + W |i11’l (m—%) + ﬁg (1 - 12M§):| y (54)
3v2h} m2 XY, XY,
Tew? = g2 2 t g (s the (1 Al 55
5V s {mz * 3272 {n (mf * m% 12m% ’ (5)
3v?sdhy M2\  X(X:+Y) XY
2 _ 2 B S t\t t t 4t
Zgv® = —59 {mzcw BT [ln <—mt2) + N2 — 12M§} } , (56)

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?)max = 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),
(56) and (55)] 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 [(H| Hy)(HI Hy)+h.c.]
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FIG. 1: One-loop diagrams contributing to the the coefficient, Zg, of the Higgs basis operator,
(HlTHl)(HlTHQ) Using the interaction Lagrangian given in Eq. (52), one sees that the parametric
dependence for the six diagrams are: hfs%%Xf’Yt for (a) and (b); hf‘s%cBth for (¢) and (d); and
hf‘s%cBXth for (e) and (f).

[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}cgh/ dependence, and there is a factor of X, [Vj] for each H\QU [HyQU]
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 Hy [H;] line with
an Hy [Hs] line in Fig. 1 and deleting graphs (e) and (f), which are now identical to graphs
(c) and (d), we can understand the parametric dependence of the threshold corrections to
71 [ Zs).

It is instructive to obtain an approximate one-loop formula for cg_,, keeping only the
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leading O(h{) corrections. We can also simplify the result by considering the large ¢4 limit.
Indeed, the resulting expressions will provide good approximations for 5 2 5 (a region of
considerable interest in our analysis). In the large t5 limit, we may approximate sg ~ 1 and
cop ~ —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} M? X? X?
2 2 2 t S t t
m; ~Zw>~>my;,+——=|Inl—=|+-—5|1———= , 57
b= =t gt [ (5 + 5 (1 i) o
where we have used Eq. (47) to write v*s3h! = 4m}/v®. Using Eqgs. (56) and (57) in the

evaluation of Eq. (30) yields

— 3my X (Y; — Xy) <1 X? )} _ (58)

—1 2 2
tg Co-a = m? 2 {mh tmz 4202 M2 B 6M3
At large t5 we have X;(V; — X;) ~ p(Aitg — p) and X7 (Y, — X;) ~ pA?(Aits — 3u), in which
case, Eq. (58) can be rewritten in the following approximate form,

Im} A? A?
t g 2 2 —t At (1—- L) =1 - .

The significance of the product t5 cs_, has already been noted below Eq. (49). Namely, the

condition that guarantees that the coupling of h to down-type quarks and leptons is close
to its SM value is tg|cs_o| < 1. In contrast, all other h couplings approach their SM values
for |cs_o| < 1, independently of the value of ¢3.

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

— Ly = €5 [(hy + 6hy) b H QY + (hy + 0h)TrQL HYy | + AhybrQ% HiF + AlytrQt Hiy +h.c.
(60)
where 0h;p and Ahyy represent one-loop corrections from squark/gaugino loops. Eq. (60)

yields a modification of the tree-level relations between hy, h, and my, my, as follows [31]:

A
my = @cﬁ <1 + % th5> = M(;5(1 +A), (61)
b b

V2 V2

<

ht'U (Sh,t Ah,t cot 5 ht
= — 1+ ——4+ —— ) = —s3(1l+ A 2
my \/535< + h + h 235( + A, (62)
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which define the quantities A, and A,.° Diagonalizing the CP-even Higgs squared-mass
matrix, Eqs. (60)—(62) then yield the physical couplings of h to the up-type and down-type
quarks. After resummation of the dominant corrections [5, 32, 33], the resulting expressions

can be written in the following forms:

my [ 1 5hb Cg_atg
o o — Chals — 2 _A , 63
Ghob " Sp Cp—alp 1+ A, (hb b) ( s% (63)

o ﬁ [ —1 . 1 Aht Cﬁ_a
Gnti =~ | $B-a + cp-aty 75 7 S% . (64)

Note that the radiative corrections to the couplings of h to the up-type and down-type
quarks vanish in the limit of exact alignment where cg_, = 0. However, the phenomenon of
delayed decoupling at large ¢, discussed below Eq. (49), persists. That is, at large values
of tg, the hbb coupling approaches the corresponding SM value in the limit of t5]cs_o| < 1.

C. Alignment Independent of Decoupling in the MSSM Higgs Sector

In the previous section, we noted that alignment independent of decoupling is not possible
for the tree-level MSSM Higgs sector, since Zgv® = —m%sqpces # 0, except at phenomeno-
logically unacceptable values of 5. Once radiative corrections are included, alignment in-
dependent 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 alignment, we make use of the fact that
exact alignment is attained when Zg = 0. Assuming that sss # 0, it then follows from

Eq. (56) that exact alignment at one-loop order is achieved when

(65)

3v?sihy M2 XX, +Y) X3V
myCop = g t[ <—S>+ t( et t) Lot

1672 m? oM2  12M%)°
where X; and Y; are defined in Eq. (53). Eq. (65) yields a non-linear polynomial equation
for ts. If a solution exists for positive tg (recall that 0 < < %w by convention) for fixed

values of the other MSSM parameters, then the alignment limit can be realized. To exhibit

6 The dominant contributions to A, are tg-enhanced, with Ay, ~ (Ahy/hy)tg; for tg > 1, §hy,/hy provides a
small correction to Ap. In the same limit, A; ~ §h;/hs, with the additional contribution of (Ah/h;) cot 8
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.
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that a solution is possible, we shall assume that t5 > 1 (in practice, moderate to large
values of tg 2 5 are sufficient). We then perform a Taylor expansion of Eq. (65) keeping

only constant terms and terms linear in tgl. We can then easily solve for ¢,

o S (M) 2 )

. "z T 6n2 m? N2 1207 )
e 3vhipdA, (A} )
3202 M2 \ 6)M2

Since we have assumed that t3 > 1 in deriving Eq. (66), we can rewrite this result in

terms of m?2 [cf. Eq. (57)] and m} (after taking sg ~ 1),7

3m42 A2
m? +m% + L ( L —1)

Am202 M2 \ 2M2
tg = S S . 67
7 3mipA, (A (67)
47T2U2M§ 6M§

For values of p1, Ay ~ O(Ms), the term of O(m}) in the numerator of Eq. (67) is subdominant.
Since tg is positive, it follows that a viable solution exists if A, (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 4; = v/6 Mg. Moreover,
one obtains tg > 1 if pA; > 0 [pA; < 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, Zg = 0, is achieved when [cf. Eq. (26)]:
()\1 — )\345)0% - ()\2 — )\345)8% = (C% — 35%)t§1)\6 + (30% - 8%)tﬁ>\7 y (68)
where A3g5 = (A3 + Ay + A5). For 5 > 1, we can approximate cg ~ tgl ~ (0 and sg >~ 1. We

then obtain Eq. (103) of Ref. [14],

~ >\2 - >\345

ty~ (69)

The value of ¢4 at which alignment takes place is inversely proportional to A7, which vanishes

in the MSSM at tree-level and arises only radiatively.® As can be seen from Eq. (69),

7 As a check of Eq. (67), one can verify that the same result is obtained by setting the approximate expression

of cg_q obtained in Eq. (59) to zero.
8 Using the radiatively corrected expressions for the couplings in Eq. (69) given in Ref. [19], keeping only

terms proportional to hf, we recover the expression given in Eq. (66).
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alt mod+
mp, mp,

Ai/mg | 2.45 15
My =2 M;|200 GeV|200 GeV
Ms |15 TeV|1.5 TeV

Ag=A4A, | A A,

TABLE I: Parameters in the on-shell scheme defining the mflder and m‘;‘llt scenarios. We leave

mq and p as floating parameters.

alignment at smaller g requires a larger A7, unless there is a tuning between Ay 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 decoupling typically occurs at some value of t5 2 10,
with smaller ¢5 requiring larger values of A;/Mg and p/Mg [cf. Eq. (66].

For top squark masses of the order of a few TeV, the requirement of obtaining the proper
value of my, constrains the values of A, S 3Mg. In Ref. [14] it was demonstrated that
alignment independent of decoupling may be obtained for ¢g of order 10 for large values of
1 2 2Mg and for either positive values of A; of about 3Mg or negative values of A; ~ —1.5Mg.

Alignment values of t3 < 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 t3. In order to analyze
the bounds on the non-standard 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 non-standard Higgs bosons (see, for example, Refs. [36, 37]).
Specifically, in Table I we define two classes of benchmarks, mﬁandJr and mi!*, where the main

difference with the m}™%* and the tau-phobic scenarios defined in Ref. [35] is that we take

w1 and mg as floating parameters.

9 Alignment independent of decoupling for smaller values of ¢g may be obtained in the NMSSM [14] or in
triplet extensions of the MSSM [34].
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These two classes of scenarios differ in the choice of the ratio A;/mg, which results in no
alignment or alignment at very large values of ¢s for medJ’ and alignment at t5 < 50 for
milt [14]. Although these benchmarks are inspired by those proposed in Ref. [35], the fact
that we allow the p parameter and the overall soft scale, mg, to vary allows us to obtain the
correct mass for the lightest CP-even Higgs boson at small ¢35 < 6, and to study the impact
of alignment at different values of ¢3. 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 ;1 and small values of ¢g £ 10. In particular
our mﬁ“OdJr scenario with p = 200 GeV has the same properties as the mf;"dJr 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 production cross sections and branching ratios.'®

Before discussing the details of the Higgs phenomenology, recall the approximate analyti-
cal expressions given in the previous section governing the behavior of the various couplings,
for example, cz_,, obtained in Eq. (59). In our benchmark scenarios, m¢ denotes the common
squark/slepton mass, hence one can identify Mg = mg. 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 dependence of our analytic expressions on A;/mg
in the MS and 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;/mg in the MS or DR schemes, that are approximately 20%

larger than the ones in the on-shell scheme [§].

A. Getting the Correct my Everywhere

In scenarios defined previously in Ref. [35], stop 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 t3 < 6 (the precise value of t5 at which this occurs depends on the specific scenario). In

10 Tt 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.
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our benchmarks we vary the overall stop mass scale, mg, so that the lightest CP-even Higgs
mass is in the experimentally observed range within theoretical uncertainties, which we take
to be of the order of 3 GeV, m;, = 125 £ 3 GeV. More specifically, for a given value of tg,
p/mq and A;/mg, we fix the value of mg for small values of m4 =~ 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 my, in the acceptable range for all values of m4.'! The small variation of the lightest
CP-even Higgs mass for larger values of m4 has only a minor impact on the heavy Higgs
phenomenology and does not affect the signal strength of the lightest CP-even Higgs in any
significant way. In contrast, fixing the value of mq at around 1 TeV, as currently done by

the experimental collaborations, leads to artificially low values of my, at low values of ¢g that
can have a large impact on the Higgs boson phenomenology.

my™: my, = 125.5 + 3 GeV for my = 200 GeV my™ s my = 1255 + 3 GeV for my =200 GeV
0 — 20
L A[=A[)=AT=2'45mQ '|I
.. A=Ay =Ac=15mg|
----- m™", =3 mq 201} d
| 1 ", _____ mhmo +, o= 3
2.5 mplt, g =4/3 mg, mg i i mod-+ 4/r3nQ
| '.l my » U= mQ
~ N m,, u=1/2m < 150 4
E g h M Q E l= _____ mhm°d+, M =mq
< my ™, g =200 GeV N My = 172 mg
s s v T
10t 4
vy m,™%, u =200 GeV
5 “‘“\\\ “‘\
4 6 8 10 12 14
tan
(a)

mass, for different values of p in the m3!t

a and mmod-‘r

FIG. 2: Values of mq necessary to accommodate the proper value of the lightest CP-even Higgs
h SCENATIOS.

in Fig. 2. Observe that for the m2"*

The corresponding values of the stop soft breaking mass parameters, mg, are displayed
h

scenario (apart for the case of ;1 = 3my), larger values

1 In the m3!* scenario for p = 3mg, ma ~ 200 GeV and tz 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 mg in this region.
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of mq are necessary for smaller values of p, while in the medJ’ scenario, larger values of

mg are obtained for larger values of p. The reason for this behavior is that generally in the
milt scenario, larger values of 1 approach the stop mixing for which the light CP-even Higgs
mass is maximized, X; = A; — 1/t =~ 2my, in the on-shell scheme. This implies the need
for smaller logarithmic corrections, and therefore smaller values of m¢. The exception is the
case of i = 3mg, where p is so large that at small values of t5, X, is already smaller than the
maximal value for the Higgs mass. As t3 increases, X; increases, approaching the maximal
value from the other side. This explains the different dependence on mg, for this case. In the
mod-+

mp scenario, larger values of p 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 u, and for moderate values of

ts = 10 and small values of t3 = 4; the results in the m™*" scenario for the same values of
1 are very similar and will not be shown here. At larger values of p, the distinction between
the two scenarios becomes more prominent as shown in Figs. 4 and 5.

We first examine the case of small pi. For tg = 10, the decays into bottom-quarks represent
the dominant decay mode of the heavy Higgs bosons at small values of m 4 i. At the largest
values of the non-standard 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 non-standard Higgs bosons into bb and 777

For t3 = 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 p is changed, as shown in Fig. 5. Another
important feature is that the 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 777, 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 my g 2 300 GeV.

Next we compare the decay branching ratios in the mfo‘ﬂ and milt scenarios for large
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FIG. 3: 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‘ﬁ“ scenario, for tg =10 (top panels) and

tg =4 (bottom panels), for small values of the Higgsino mass parameter, p = 200 GeV.
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FIG. 4: Branching Ratios of the heavy CP-even (left panels) and CP-odd (right panels) Higgs

bosons as a function of their respective masses for tg = 10 in the mj

mod+
mp,

alt scenario (top panels) and

scenario (bottom panels), for large values of the Higgsino mass parameter, j1 = mg.
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FIG. 5: Branching Ratios of the heavy CP-even (left panels) and CP-odd (right panels) Higgs
bosons as a function of their respective masses for tg = 4 in the m‘ﬁ“ scenario (top panels) and

mglOdJr scenario (bottom panels), for large values of the Higgsino mass parameter, j1 = mg.
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values of pi. Fig. 4 shows the comparison at £ = 10 while Fig. 5 is for ¢3 = 4. One important
consequence of raising p is that the Higgsinos become heavy, resulting in small couplings
of the light gaugino-like charginos and neutralinos to the neutral Higgs bosons. Therefore,
the decays into electroweakinos are always suppressed, never exceeding a few percent. At
tg = 10 the decays into bottom-quark and tau-lepton pairs become prominent for all values
of the heavy Higgs boson masses.

For t3 = 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 mpy larger than the kinematic threshold of 2mj,, 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 — 7777) to values of order of 5% in 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 — 7777) remains of the order of 10% up to the top quark pair decay threshold.
It is worth noting that although the hZ 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 777~ 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 constraints in
the MSSM on the m 4 —t5 plane are derived using searches in the 777~ 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 ¢5, associated
production with bottom quarks. At large tg, 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 tg. Then the total production cross section is proportional to the square

of the bottom Yukawa coupling. However, as tg decreases, the bottom coupling decreases
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FIG. 6: Inclusive production cross-section times branching ratio in the 77~ mode for my =
300 GeV. Black dashed line in right panel denotes extracted upper limit from CMS bounds presented
in Ref. [36].

while the top coupling to the non-standard Higgs bosons increases with 1/tg. Therefore,
at values of {5 < 6, 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 7777, for
ma = 300 GeV, in the mi"* 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
77~ production may be described using the properties of the production cross section and
branching ratios discussed above. At large values of p, the CP-odd Higgs boson decay
branching ratio into 777~ remains large and approximately constant for all values of ¢g, and
hence the total production rate into 777~ 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 ¢ and large p is clearly seen in Fig. 6. Also visible is the fact that as ¢z decreases,
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the CP-even Higgs contribution to the 777~ production rate is suppressed. This happens
due to a decrease of the corresponding branching ratio, compensating for the increase in the
gluon fusion production cross-section. The same happens for the CP-odd Higgs boson at
low values of pu.

The reach of the LHC in this channel at low values of t3 and my4 = 300 GeV becomes
very different as one varies the u parameter. For high values of i, the total production rate
into 777~ reaches a minimum at t3 ~ 6 and then increases for lower values of ¢4, as shown
in the right panel of Fig. 6. This is due to the CP-odd Higgs contribution as discussed above
and shown in the left panel Fig. 6. However, at low values of u, 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 777~ production rate extracted from the CMS analysis in Ref. [36] (the
derivation and validity of this extracted limit is detailed in App. A). The value of 5 where
the horizontal dashed line meets the predicted cross-section, denotes the largest value of t3
consistent with experimental observation. Values of g above this should be considered ruled
out because the inclusive production rate would be larger than the extracted upper bound.
As more data is collected in Run II of the LHC, the bound on the 777~ 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 747~
production rate in the large p case, that particular value of the Higgs boson mass would be
excluded by the data for all values ¢g. This is not possible for the low ;1 scenarios, for which
no minimum of the production cross section is present.

At lower values of m4 ~ 200 GeV the difference between low and high values of y becomes
less dramatic. Still, as can be seen from Figs. 4 and 5, at t3 = 4, BR(A — 7777) remains of
order 10% for large values of ;1 and becomes about half of that value for low values of u. In
contrast, BR(H — 7177) is always somewhat suppressed due to the presence of the decay
of the heavy CP-even Higgs into V'V, suffering an additional suppression at low values of .
In this particular example at t3 = 4, BR(H — 7777) is of order 6% for high values of u 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.
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FIG. 7: Direct search bounds from the inclusive 777~ mode in our benchmarks at LHCS. The solid

line displays the current CMS bounds in the m*%" scenario with p = 200 GeV [36].
D. Rescaling Current LHC limits

We use the procedure discussed in App. A to convert the m—tg limits presented by the
experimental collaborations for a specific scenario, into limits on the inclusive production
rate into 777~ 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 ¢35 excluded
in any given scenario. The outcome of such a procedure is presented in Fig. 7, which shows

the exclusion limits on the ma-ts plane in our mi'® scenario for two different choices of

30



the p parameter. As stressed in the last section, an important distinction in going from
small to large values of u is that the Higgsinos become heavy and therefore the decays of
the heavy Higgs bosons into neutralino and/or chargino pairs are suppressed, resulting in
a larger branching fraction into 777~ channels. It is clear that, due to the increase in the
7777 production rate for larger values of u (see Fig. 6), the exclusion limit may be extended
to smaller values of ¢3.

As previously noted, the existence of a minimum in the inclusive production rate for
the 777~ channel as a function of ¢g 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 #g
for a particular value of m 4 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 m4—tg region for these cases.

In Fig. 8 we show the projected limits in the m?o‘ﬂ scenario, with u = 200 GeV, that
are required to exclude all values of tg in scenarios with large p for ms < 350 GeV. More
explicitly, if in the future the exclusion limit in the m],“;"dJr scenario, with u = 200 GeV,
reaches the dashed [dotted] lines, the mi!t benchmark, with u = mg [mg/2], would be
completely ruled out, respectively. The situation for all our benchmarks with other choices
of p is similar, as long as u ~ O(mg) or larger. For comparison, the solid line in Fig. 8
represents the current bound from the LHCS in Ref. [36] .

Note that in this paper we have assumed that all squark masses are of the order of the stop
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 u, My and M; associated with the low p 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 hh, V'V 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 i scenario

leads not only to a suppression of the Higgs boson decay into charginos and neutralinos, but
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FIG. 8 The dashed and dotted line exhibit the projected bounds at /s = 14 TeV in the mﬁw‘”

scenario with = 200 GeV, such that all values of tg are excluded in the mﬂlt scenario for large
values of p. The solid line displays the current CMS bounds in the mhm°d+ scenario with p =

200 GeV [36].

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 h MEASUREMENTS VERSUS H AND A DIRECT SEARCHES.

After analyzing the direct search constraints in the two classes of benchmarks with a

varying p parameter, we now study the interplay between direct searches and measurements
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of properties of the lightest CP-even Higgs boson at 125 GeV. The value of u/mg plays
an important role in determining the value of t3 at which alignment occurs, as can be
seen in Eq. (66). We shall show that the low tg and low m4 region, which is difficult to
probe in direct searches at low values of y, results in deviations in the properties of the 125
GeV Higgs boson that are quite significant. Therefore, direct searches and precision Higgs
measurements 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 — V'V, which are measured quite well experimentally. Another
possibility is to use loop-induced couplings such as the diphoton coupling. Indeed, the
different values of A; and p chosen in the m™%* and mi'* scenarios lead to deviations in
the loop-induced couplings. However, as is demonstrated in App. 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 pre-
cision 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 Section IIT A, in
the region of interests where both ¢5 and m4 are small, the value of mg 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_o| < 1, it follows from the results of Section II that

IV = Gy s Ghtt == ot (70)

whereas

Ghbp = gﬁ?ﬁ (1 —cp-atp) , (71)
where for simplicity we have neglected the A, and 0h,, 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 t3. Moreover, for small values of p these
modifications are only weakly dependent on ¢z, while for large values of x, a dependence on

tg appears that may lead to alignment for the specific value of ¢g at which cs_, = 0.
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In Fig. 9, we summarize our results on the comparison of direct searches for non-standard
Higgs bosons and the precision studies of the lightest CP-even Higgs boson at the 8 TeV
LHC. The dashed contours correspond to various assumptions on the precision of the signal
strength o(gg — 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 p parameter, and in each panel we depict both the mznOdJr and the ma!t
scenarios. At low values of p, in light of the weak dependence of the light CP-even Higgs
decay branching ratios on ¢g, precision studies of the decay branching ratios of the lightest
CP-even Higgs lead to a lower bound on the value of m,4, which is roughly independent of
tg. 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 m4 of order 400 GeV. Let us remark in passing that the
signal strength of the A — V'V modes observed at ATLAS is 1.3 + 0.2 and hence according
to the results of Fig. 9 (a) the bound on m4 would be larger than the corresponding one
using CMS data, for which the signal strength is 1.0 £ 0.2.

As the value of p is increased we see two effects. On one hand, the contours of constant
h-induced V'V production cross section are drastically modified in the mi!* scenario, due
to a relevant dependence on tg 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
mfo‘“ scenario, becoming almost independent of my4 at values of ¢5 close to the alignment
limit. Therefore, for ¢5 close to the value where the alignment condition is satisfied, precision
measurements alone are not able to place any bound on my4. The smallest value of ¢g where
the alignment condition is satisfied takes place for the largest value of u = 3m¢ considered,
shown in Fig. 9 (d).'? 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 p1/mg can lead to charge and color breaking vacua which would bring the stability of

the electroweak vacuum into question [47].

12 Tn Fig. 9 (d), we have suppressed additional dashed red contour lines that reappear in the mzlt scenario

with 4 = 3mg in the large tg, low m4 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 hVV coupling. This wrong-sign hbb
coupling regime, discussed in detail in Ref. [29], cannot be ruled out by the present h(125) data alone,

but is completely incompatible with the limits on the H and A direct searches via the 777~ channel.
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The complementarity of the precision h(125) data with direct searches for non-standard
Higgs bosons is now clear. At the large values of t3 where the alignment condition is
satisfied, searches for non-standard Higgs bosons become effective and, as discussed in the
previous section, they become more effective for larger values of pu. This is shown by the
shaded regions of Fig. 9, which denote the CMS limits in the mﬁder and mi!* scenarios.
The combination of direct and indirect searches allow us to constrain values of m4 lower
than 250 GeV in the m® scenario with p S 3mg, independently of tg. Moreover, due to
the increase in sensitivity of the search for non-standard Higgs bosons at large values of p,
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 non-standard Higgs bosons.

In summary, at low values of u, precision measurements of the lightest CP-even Higgs
bosons are able to probe low values of m 4, independently of ¢3. In contrast, in the presence
of alignment which occurs for large values of p, precision measurement studies alone will
not be able to put a model independent bound on m 4. However, in this case direct searches
for non-standard Higgs bosons will be able to probe all values of ¢5 for values of m,4 below

the top-quark decay threshold in the near future.

V. CONCLUSIONS

In this paper, we have analyzed the complementarity between precision measurements
of the lightest CP-even Higgs boson and direct searches for non-standard Higgs bosons in
the MSSM. We have stressed that in the alignment 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 p parameter and the stop mixing parameter, A;, and tend to be restricted
to values of ¢g of order 10 or larger within the MSSM.

Direct searches for non-standard 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 association with bottom quarks. The ATLAS and CMS experiments have placed lower
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bounds on m,4 that range from values of order 200 GeV for tg ~ 10 up to values of order
of a TeV for tg ~ 50. The lower values of m,4 and ¢z may be consistent with the observed
lightest CP-even Higgs properties, provided one is not far from the alignment condition. The
large values of p associated with the alignment limit reduce the decay rate into charginos
and neutralinos and therefore increase the BR(H, A — 7777), making direct searches more
efficient. This property provides an interesting complementarity between direct searches and
precision measurements which will allow one to probe the region of m, < 350 GeV for all

values of tg 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
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into limits in benchmarks considered in this study. The model-independent limits are pro-
vided 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 search-
ing for a heavy scalar resonance in the 777~ 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 m4 and ¢, instead of direct upper bounds on the 777~ production
rates. We will specifically use the exclusions presented for the m?o‘ﬂ 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 medJ’ scenario, with p = 200 GeV, by computing the corresponding
branching ratios and relevant cross-sections along the exclusion curve in the m4-tg plane
using the package FeynHiggs [38]. For each value of my there exists an upper limit on the
allowed inclusive production rate into 777~. 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 777~ resulting from the production of heavy
Higgs bosons in the two relevant production channels, gg¢ and bbg, as a function of t3. The

production rates in the milt scenario, for y = mg, are displayed as a solid red curve, while

the corresponding values in the mznOdJr scenario, for p = 200 GeV, are displayed as a solid
blue curve. We show results for m, = 200 GeV and my = 300 GeV in the left and right
panels of Fig. 10, respectively. The corresponding values of ¢ are displayed as solid dots
on these curves. These show that, while in the m?o‘ﬂ scenario, with pu = 200 GeV, the
rates due to both production cross sections decrease with t3, the rate originating from the
production via gluon fusion reaches a minimum in the m#!* scenario, increasing at low values
of t5 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 ex-
plicitly 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 tsz we obtain in

the m?o‘ﬂ scenario, with g = 200 GeV, from the model-independent bounds is within one
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FIG. 10: Comparison of exclusion limits obtained via the model independent analysis and our
inclusive interpretation of the limits for the m?Od'F scenario, with p = 200 GeV. The dots represent
values of tg in units of 1, where values are labeled in blue or red corresponding to the medJr

scenario, with u = 200 GeV, and mzltscenam'o, with p = mg, respectively.

unit of the bound presented by CMS by a more sophisticated likelihood method.

The tg limit for a given my4 in a different MSSM model corresponds roughly to the value
where the inclusive production rate exceeds the upper limit in the mZ“’dJ’ scenario, with p =
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 m3!* scenario, with u = mg, using the inclusive production rate at the limiting
value of t5 presented by CMS in the m™? scenario, with g = 200 GeV, compared to the
limit on the value of ¢5 that could be interpreted from the model independent bound. Again,
the difference using the two methods results in a difference for the ¢4 limit of approximately
one unit.

Using our inclusive interpretation, we can scale the limits from the medJr scenario, with
p = 200 GeV, to any other scenario in a simple way in the region where m 4=200-350

GeV. We then use the bounds from our inclusive interpretation to map out the direct search

constraints on the mu-ts plane in each of our benchmarks, which in turn are compared
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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 h~~ Couplings

At low values of p the charginos become light and therefore can lead to a modified
diphoton coupling of the lightest CP-even Higgs boson. The contribution of stops and
charginos to the amplitude in the diphoton channel is proportional to [17, 48-51]
1g%v?sin 23

Moy — igzzﬂ sin 23 -

m? +m2 — X?
b: 2 Tt t2
T Ty 2 2 )

51 to

'Ah’Y’Y ~ A%E\Y/{Y + b§<+

(B1)

where in this normalization A}, = 6.5 represents the SM contribution, bg+ = 4/3, by = 4/9,
and m; , are the stop mass eigenvalues. The parameters m; and X; are running mass
parameters at the scale of the stop masses in the MS scheme. For the large values of X
present in the mil' scenario, the stop contribution is small and positive. The chargino
contribution is also small, and becomes only relevant for small values of p and of ¢g. In the
m?o‘ﬂ scenario, for ;1 = 200 GeV, the stop contribution is even smaller, since X? is close to
the sum of the squares of the stop 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(h — vv) 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 m 4.

Note that the contribution from stops 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 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 ox BR(h — )
and ox BR(h — VV) normalized the the SM values in the m}**** and m3"* scenarios for
low values of pu, for which no alignment condition is present. This choice of 4 maximizes the
differences between these channels. As can be seen, the overall behavior of these channels is

the same, although the precise value of ¢ for which a particular deviation with respect to

the SM value takes place is shifted by a few tens of GeV for my < 350 GeV for low values of
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FIG. 11: Dewiation of the signal strengths with respect to the SM values for the lightest Higgs boson

decaying into two photons and two massive gauge bosons.

. No significant difference is present for larger values of y, as can be seen from Fig. 11 (b).
The peculiar behavior of the contour lines at low values of t5 in the m!* scenario is induced
by the variation of the gluon fusion cross section, which becomes more suppressed as the
stops 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 — V'V, but as shown in Fig. 11, similar conclusions would

be obtained by the study of BR(h — ) in this region of parameters.
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