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Abstract A Higgs-like particle with a mass of about
125.5 GeV has been discovered at the LHC. Within the
current experimental uncertainties, this new state is com-
patible with both the predictions for the Standard Model
(SM) Higgs boson and with the Higgs sector in the Min-
imal Supersymmetric Standard Model (MSSM). We pro-
pose new low-energy MSSM benchmark scenarios that,
over a wide parameter range, are compatible with the mass
and production rates of the observed signal. These scenar-
ios also exhibit interesting phenomenology for the MSSM
Higgs sector. We propose a slightly updated version of the
well-known m;™* scenario, and a modified scenario (m;,n"d),
where the light CP-even Higgs boson can be interpreted as
the LHC signal in large parts of the M —tan 8 plane. Fur-
thermore, we define a light stop scenario that leads to a sup-
pression of the lightest CPP-even Higgs gluon fusion rate,
and a light stau scenario with an enhanced decay rate of
h — yy at large tan 8. We also suggest a t-phobic Higgs
scenario in which the lightest Higgs can have suppressed
couplings to down-type fermions. We propose to supple-
ment the specified value of the u parameter in some of
these scenarios with additional values of both signs. This
has a significant impact on the interpretation of searches
for the non-SM-like MSSM Higgs bosons. We also discuss
the sensitivity of the searches to heavy Higgs decays into
light charginos and neutralinos, and to decays of the form
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H — hh. Finally, in addition to all the other scenarios where
the lightest CP-even Higgs is interpreted as the LHC signal,
we propose a low-Mpy scenario, where instead the heavy
CP-even Higgs boson corresponds to the new state around
125.5 GeV.

1 Introduction

Elucidating the mechanism that controls electroweak sym-
metry breaking (EWSB) is one of the main tasks of the LHC.
The spectacular discovery of a Higgs-like particle with a
mass around 125-126 GeV, announced by the ATLAS and
CMS experiments [1, 2], marks a milestone of an effort
that has been ongoing for almost half a century and opens
a new era of particle physics. Both experiments reported
a clear excess in the two photon channel as well as in the
ZZ™ channel, whereas the analyses in other channels have
a lower mass resolution and are, at present, less significant.
The measured mass varies somewhat between the different
channels, and between the two experiments. We shall use
the average value M ,‘;bs =125.5+ 1 GeV in the following
discussion. The combined sensitivity in each of the experi-
ments reaches more than 50. The central value for the ob-
served rate in the ¥y channel is above the expectation for a
SM Higgs boson in ATLAS results [3], whereas CMS mea-
sures a lower rate [4]. Although the statistical significance of
possible deviations from the SM prediction is not yet suffi-
cient to draw any definite conclusion, a confirmed deviation
in the yy channel with more data could be the first indica-
tion of a non-SM nature of the new state, and of possible
new physics at the weak scale.
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Among the most studied candidate theories for EWSB in
the literature are the Higgs mechanism within the Standard
Model (SM) [5-7] and the Minimal Supersymmetric Stan-
dard Model (MSSM) [8-10]. Contrary to the SM, two Higgs
doublets are required in the MSSM, resulting in five physi-
cal Higgs boson degrees of freedom. At lowest order, where
the MSSM Higgs sector is CP-conserving, the five physi-
cal states are the light and heavy CP-even Higgs bosons, &
and H, the CP-odd Higgs boson, A, and the charged Higgs
boson pair, H*. The Higgs sector of the MSSM can be spec-
ified at lowest order in terms of the Z boson mass, Mz,
the C’P-odd Higgs mass, M4 (or the charged Higgs mass,
Mpy+), and tan 8 = vy /vy, the ratio of the two Higgs vac-
uum expectation values. The masses of the CP-even neu-
tral Higgs bosons and the charged Higgs boson can be cal-
culated, including higher-order corrections, in terms of the
other MSSM parameters [11-13]. An upper bound for the
mass of the lightest MSSM Higgs boson of M}, < 135 GeV
was obtained [14], and the remaining theoretical uncertainty
in the calculation of M}, from unknown higher-order cor-
rections, was estimated to be up to 3 GeV, depending on the
parameter region.

Given that the experimental uncertainties on the mea-
surements of the production cross sections times branch-
ing ratios are still rather large, sizable deviations of various
couplings from the SM values are still possible, and even
a Higgs sector that differs very significantly from the SM
case can fit the data. In particular, while within the MSSM
an obvious possibility is to interpret the new state at about
125.5 GeV as the light CP-even Higgs boson [15-34], it
was pointed out that at least in principle also a much more
exotic interpretation could be possible (within the uncertain-
ties), namely in terms of the heavy CP-even Higgs boson of
the MSSM [15, 20, 21, 35, 36]. In such a case all five Higgs
bosons of the MSSM Higgs sector would be light, where
the heavy CP-even Higgs boson would have a mass around
125.5 GeV and behave roughly SM-like, while the light CP-
even Higgs boson of the MSSM would have heavily sup-
pressed couplings to gauge bosons and a mass that would be
typically below the LEP limit for a SM-like Higgs [37].

In parallel with the exciting discovery, the search for
non-standard MSSM Higgs bosons at the LHC has contin-
ued. The search for the remaining Higgs bosons is pursued
mainly via the channels (¢ = h, H, A):

pp— ¢ — Tt~ (inclusive), W
bbp,¢p — T~ (with b-tag),

bbg, ¢ — bb  (with b-tag), )
pp — ti > HEWTF bb, H - tv,, 3)
gb—H™t or gb— HT7, HF > tv,. @

The non-observation of any additional state in these produc-
tion and decay modes puts by now stringent constraints on
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the MSSM parameter space, in particular on the values of the
tree-level parameters M4 (or M y+) and tan 8. Similarly, the
non-observation of supersymmetric (SUSY) particles puts
relevant constraints on the masses of the first and second
generation scalar quarks and the gluino, and to lesser degree
on the stop and sbottom masses (see Ref. [38, 39] for a re-
cent summary).

Due to the large number of free parameters, a complete
scan of the MSSM parameter space is impractical in ex-
perimental analyses and phenomenological studies. There-
fore the Higgs search results at LEP were interpreted [40]
in several benchmark scenarios [41, 42]. In these scenar-
ios only the two parameters that enter the Higgs sector tree-
level predictions, M4 and tan 3, are varied (and the results
are usually displayed in the M 4—tan § plane), whereas the
other SUSY parameters, entering via radiative corrections,
are fixed to particular benchmark values which are cho-
sen to exhibit certain features of the MSSM Higgs phe-
nomenology. In particular, in the m}** scenario the bench-
mark values have been chosen such that the mass of the
light CP-even Higgs boson is maximized for fixed tan 8 and
large M4 (the scale of the soft SUSY-breaking masses in
the stop and sbottom sectors, which sets the mass scale for
the corresponding supersymmetric particles, has been fixed
to 1 TeV in this scenario). This scenario is useful to ob-
tain conservative bounds on tan 8 for fixed values of the
top-quark mass [43]. Besides the m;™* scenario and the no-
mixing scenario, where a vanishing mixing in the stop sector
is assumed, the small o scenario and a gluophobic Higgs
scenario were investigated [40]. While the latter exhibits a
strong suppression of the ggh coupling over large parts of
the M —tan B parameter space, the small o scenario has
strongly reduced couplings of the light CP-even Higgs bo-
son to down-type fermions for M4 < 350 GeV. This set
of benchmark scenarios [41, 42], which was originally pro-
posed in view of the phenomenology of the light CP-even
Higgs boson, was subsequently used also for analyses at the
Tevatron and at the LHC in the search for the heavier MSSM
Higgs bosons. Once the radiative corrections to the bottom
mass, commonly denoted by Aj, are included (see below)
the predictions for the channels used for the heavy Higgs
searches are affected by a relevant dependence on the hig-
gsino mass parameter . Hence, it was proposed to augment
the original benchmark values of the m;** and no-mixing
scenarios with a variation of u over several discrete values
(involving both signs of w) [44].

The existing benchmark scenarios have provided a use-
ful framework for presenting limits from MSSM Higgs
searches at LEP, the Tevatron and the LHC, but those bench-
mark scenarios do not necessarily permit an interpretation
of the observed signal of a Higgs-like state at ~125.5 GeV
as one of the (neutral) Higgs bosons of the MSSM Higgs

sector. In particular, the mj™* scenario has been designed
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such that the higher-order corrections maximize the value
of Mj. As a consequence, over large parts of its parame-
ter space this scenario yields values of the light CP-even
Higgs boson mass above the observed mass of the signal of
about 125.5 GeV. On the other hand, the no-mixing scenario
yields M), < 122 GeV, so that this scenario does not permit
the interpretation of the observed signal in terms of the light
CP-even Higgs boson of the MSSM. Also the other two sce-
narios, small aeg and the gluophobic Higgs, turn out to be
incompatible with M ~ 125.5 GeV.

In the present paper we therefore propose an update of
the MSSM Higgs benchmark scenarios in which we adapt
them to the present experimental knowledge and ongoing
searches. The scenarios that we are going to propose are
defined such that over large parts of their available param-
eter space the observed signal at about 125.5 GeV can be
interpreted in terms of one of the (neutral) Higgs bosons,
while the scenarios exhibit interesting phenomenology for
the MSSM Higgs sector.

The benchmark scenarios are all specified using low-
energy MSSM parameters; we do not assume any particu-
lar soft supersymmetry-breaking scenario. We take into ac-
count in detail the constraints from direct searches for Higgs
bosons, and we select parameters which lead to consistency
with the current bounds on direct searches for supersymmet-
ric particles. Indirect constraints from requiring the correct
cold dark matter density, BR(b — sy), BR(By — utu™)
or (g — 2),, however interesting, depend to a large extent
on other parameters of the theory that are not crucial for
Higgs phenomenology. Following the spirit of the previous
benchmark proposals of Refs. [41, 42, 44] we therefore do
not impose any additional constraints of this kind. The sce-
narios below are defined for the MSSM with real param-
eters. While an extension to complex parameters and their
respective impact on the phenomenology is interesting, it is
beyond the scope of the present paper.

The paper is organized as follows: Section 2 gives a sum-
mary of the properties of the MSSM Higgs sector and their
dependence on the supersymmetric parameters. In partic-
ular, we review briefly the most important radiative cor-
rections to the relevant Higgs boson production cross sec-
tions and decay widths. In Sect. 3 we propose new MSSM
benchmark scenarios, which update and extend the previous
benchmark proposals. We discuss the most relevant features
of current constraints from the LHC searches for SM-like
and non-standard Higgs bosons for each benchmark sce-
nario, including the discovery of a Higgs-like particle with
amass around 125.5 GeV. The conclusions are presented in
Sect. 4.

2 Theoretical basis
2.1 Notation

In the description of our notation we are including the com-
plex phases of the relevant SUSY parameters. However, as
indicated above, for the definition of the benchmark scenar-
ios we restrict ourselves to the CP-conserving MSSM, i.e.
to the case of real parameters. The tree-level masses of the
CP-even MSSM Higgs bosons, M;**® and M}, are deter-
mined by tan 8, the CP-odd Higgs boson mass, M 4, and the
Z boson mass, Mz. The mass of the charged Higgs boson,

M};ef, is determined from M4 and the W boson mass, My,

by the relation (M 2= M? + M?},. The main radiative
correction to the Higgs boson masses arise from the /7 sec-
tor, and for large values of tan 8 also from the b/ band 7 /T
sectors, see Refs. [11-13] for reviews.

The mass matrices for the stop and sbottom sectors of
the MSSM, in the basis of the current eigenstates 77 , g and
I;L, ER, are given by

2 M +m7 +cos2B(; — 353)M7 m X s
P myX; M;ZR +m? + %cosZ,Bs&,M% ’ )
A M;L +m} + cos2B(—5 + 1s2) M2 mpX; ‘
b— mpXp Ml% +m3 — %cos2ﬂsv2vM% ’ ©)
R
where mass parameter. We furthermore use the notation sy =
V1 —c2, with ¢y, = My /Mz.
*
m X, =m;(A; — p*cot ), ) SU(2) gauge invariance leads to the relation

mp Xp = my, (Ab — ,u,*tanﬂ).

Here A; denotes the trilinear Higgs—stop coupling, A, de-
notes the Higgs—sbottom coupling, and u is the higgsino

M; =M by ®)
We shall concentrate on the case
M;L =M[;L ZM;R =M[;R =: Msysy. ©)]
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This identification of the diagonal elements of the third gen-
eration squark mass matrices leads to a simple phenomeno-
logical characterization of the third generation squark ef-
fects. The relaxation of this condition to the case where
M;R #* M;L #* M~R, has been studied, for instance, in
Ref. [45-47]. In the case of Eq. (9), the most important
parameters for the corrections in the Higgs sector are m;,
Msusy, X;, and Xp.

Similarly, the corresponding soft SUSY-breaking param-
eters in the scalar tau/neutrino sector are denoted as A; and
M, i where we assume the diagonal soft SUSY-breaking en-
tries in the stau/sneutrino mass matrices to be equal to each
other as we did in the /l; sector. For the squarks and slep-
tons of the first and second generations we also assume
equality of the diagonal soft SUSY-breaking parameters,
denoted as M, , and Ml~1’2, respectively. The off-diagonal
A-terms always appear multiplied with the corresponding
fermion mass. Hence, for the definition of the benchmark
scenarios the A-terms associated with the first and second
sfermion generations have a negligible impact and can be
set to zero for simplicity.

The Higgs sector depends also on the gaugino masses.
For instance, at the two-loop level the gluino mass, mg, en-
ters the predictions for the Higgs boson masses. The Higgs
sector observables furthermore depend on the SU(2) and
U(1) gaugino mass parameters, M> and M, respectively,
which are usually assumed to be related via the GUT rela-
tion,

My ==2M,. (10)

2.2 Higgs mass calculations and their scheme dependence

Corrections to the MSSM Higgs boson sector have been
evaluated in several approaches, see, e.g. Ref. [48]. The re-
maining theoretical uncertainty on the light CP-even Higgs
boson mass has been estimated to be AM;lheory <3 GeV de-
pending on the parameter region [13, 14]. The leading and
subleading parts of the existing two-loop calculations have
been implemented into public codes. The program Feyn-
Higgs [14, 46, 49-51] is based on results obtained in the
Feynman-diagrammatic (FD) approach, while the code CP-
superH [52-54] is based on results obtained using the
renormalization group (RG) improved effective potential
approach [48, 55-58]. For the MSSM with real parame-
ters the two codes can differ by a few GeV for the pre-
diction of My, partly due to formally subleading two-loop
corrections that are included only in FeynHiggs. Both
codes do not incorporate the subleading two-loop contribu-
tions evaluated in Ref. [59-66], which are not available in
a readily usable code format. The existing three-loop cor-
rections evaluated in Refs. [67, 68] are also not included,
since they are not available in a format that can be added
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straight-forwardly to the existing calculations (see, however,
Ref. [69]).

It is important to stress that the FD results have been ob-
tained in the on-shell (OS) renormalization scheme, whereas
the RG results have been calculated using the MS scheme; a
detailed comparison of the results in the two schemes is pre-
sented in Refs. [48, 70] (see also Refs. [71, 72]). Therefore,
the parameters X; and Msysy (which are most important for
the corrections in the Higgs sector) are scheme-dependent
and thus differ in the two approaches. The differences be-
tween the corresponding parameters have to be taken into
account when comparing the results. Considering the domi-
nant standard QCD and SUSY-QCD corrections at the one-
loop level, the relations between the stop mass parameters
in the two different schemes are given by [48]

2,M_SN 2,08 S 2
MM~ MEOS — 22 m2, (11)

M(8+4X’ XP 3 X <m$)) (12)
X — L -3—1log[ %)),
s Ms M2 Ms g M}

where M3 := M§USY + m?2. In these relations we have as-
sumed m; = Msusy. It should be noted that it is not nec-
essary to distinguish between MS and on-shell quantities in
the terms proportional to o, since this difference is of higher
order. The change of scheme induces in general only a mi-
nor shift, of the order of 4 %, in the parameter Msysy, but
sizable differences can occur between the numerical values
of X; in the two schemes, see Refs. [46, 48, 72].

2.3 Leading effects from the bottom/sbottom sector

At tree level, the bottom-quark Yukawa coupling, %, con-
trols the interaction between the Higgs fields and the sbot-
tom quarks and determines the bottom-quark mass mj; =
hpvy. This relation is affected at one-loop order by large
radiative corrections proportional to hpvy [73-78], thereby
giving rise to tan S-enhanced contributions. These terms,
which are often called threshold corrections to the bottom-
quark mass or Ay corrections, may be generated by gluino—
sbottom one-loop diagrams (resulting in O(apws) correc-
tions to the Higgs masses, where o, = hi /4m), by chargino—
stop loops (giving O(ap;) corrections, where oy = h,2/471),
or by other subleading contributions. At sufficiently large
values of tan 8, the tan f-enhancement may compensate the
loop suppression, and these contributions may be numeri-
cally relevant. Therefore, an accurate determination of Ay
from the experimental value of the bottom-quark mass re-
quires a resummation of these threshold effects to all orders
in the perturbative expansion [76, 77].

The leading Ap-induced effects on the Higgs couplings
may be included in an effective Lagrangian formalism [76,
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79, 80]. Numerically this represents the dominant contribu-
tions to the Higgs couplings from the sbottom sector (see
also [81-84]). The effective Lagrangian is given by

8 mp . 4
=— t Ai, bysb 2Vip t H i b
2MW1+Ab|:an'3 i, bysb 4+ ~2Viptan BH 71 bg
sino cosa -
—A hbrb
+<cosﬁ bsinﬁ) LR
cos o sino -
- + Ap— Hbpbg | +h.c. (13)
cos 8 sin 8

Here m) denotes the running bottom-quark mass at the cho-
sen scale including SM QCD corrections. The prefactor
1/(1 + Ap) in Eq. (13) arises from the resummation of the
leading corrections to all orders. The additional terms pro-
portional to A in the hbb and Hbb couplings arise from
the mixing between the CP-even Higgs bosons and from
the one-loop coupling of the bottom quark to H, (the dou-
blet that gives masses to the up-type fermions).

As stressed above there are two main contributions to
the threshold correction A, an O(wy) correction from a
sbottom—gluino loop and an O(w;) correction from a stop—
higgsino loop. In the limit of Mg > m, and tan 8 > 1, tak-
ing these two contributions into account! Ap, reads [73-75]

N

A_Za
b_37r

o
mgptan B x I(ml;l,ml;z,mg) + ﬁA,Mtanﬂ
x I (mj,mj,, ). (14)

The function [ is given by

1
(a2 _ b2)(b2 _ C2)(a2 _ 62)

I(a,b,c)=

22,87 20 D25
X <a b logﬁ+b c logc—2+ca loga—2>

1

~—_— 15
max (a2, b2, c2) (15

The Aj correction can become very important for large
values of tanf and the ratios of umg/ MszUSY and
/’LAt/MéUSY' While for w,mg, Ay > 0, the Ay correction
is positive, leading to a suppression of the bottom Yukawa
coupling, for negative values of A the bottom Yukawa cou-
pling may be strongly enhanced and can even acquire non-
perturbative values when A, — —1.

The impact of the A}, corrections on the searches for the
heavy MSSM Higgs bosons has been analyzed in Ref. [44]

IThe evaluation in FeynHiggs that we shall use in our numerical
computations contains the full one-loop contributions to Aj as given
in Ref. [85]. The leading QCD two-loop corrections to Ay are also
available [86, 87]; they stabilize the scale dependence of A, substan-
tially. Corrections in the MSSM with non-minimal flavor structure
were recently published in Ref. [88].

(see also Refs. [89, 90]). It was shown that the exclusion
bounds in the channels defined by Egs. (2) and (3) depend
strongly on the sign and size of Aj, whereas the channels
equations (1) and (4) show a weaker dependence on Ap,
as a consequence of a partial cancelation of the A, con-
tributions. In order to demonstrate the phenomenological
consequences of varying the parameter u, it was recom-
mended in Ref. [44] to augment the original benchmark val-
ues of the m};™* and no-mixing scenarios [42] with a vari-
ation of p over discrete values in the range —1000 GeV to
41000 GeV. When investigating negative values of pu, in
particular © = —1000 GeV, the considered range of tan
needs to be restricted to sufficiently low values in order to
maintain a perturbative behavior of the bottom Yukawa cou-

pling.

3 Benchmark scenarios

In the following subsections we propose updated benchmark
scenarios, in which the observed LHC signal at ~125.5 GeV
can be interpreted as one of the (neutral CP-even) states of
the MSSM Higgs sector, and we discuss relevant features
of their phenomenology. In particular, within present exper-
imental uncertainties, these benchmark scenarios allow for
different interpretations of the production and decay rates
of the discovered Higgs-like state. In addition, the scenarios
are useful in the search of the other, non-SM-like, MSSM
Higgs bosons. For convenience, we also give a table con-
taining the parameter values for all the proposed scenarios
in the Appendix.

Concerning the parameters that have only a minor impact
on the MSSM Higgs sector predictions, we propose fixing
them to the following values:

Mg, , = 1500 GeV, (16)
Ml~l ) =500 GeV, 17
Ar=0 (f=c,s,u,d, pn,e). (18)

M is fixed via the GUT relation, Eq. (10). Motivated by
the analysis in Ref. [44] we suggest to investigate for each
scenario given in Sects. 3.1-3.3, in addition to the default
values given there, the following values of w:

n = %200, =500, £1000 GeV. (19)

These values of p allow for both an enhancement and a sup-
pression of the bottom Yukawa coupling, and are consistent
with the limits from direct searches for charginos and neu-
tralinos at LEP [91]. As mentioned above, when investigat-
ing negative values of u the considered range of tan 8 needs
to be restricted to sufficiently low values in order to maintain
a perturbative behavior of the bottom Yukawa coupling.

@ Springer
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The value for the top-quark mass used in the original
benchmark scenarios [42, 44] was chosen according to the
experimental central value at that time. For the new scenar-
ios we propose to substitute this value with the most up-to-
date experimental central value m; = 173.2 GeV [92].

To analyze the benchmark scenarios discussed below, and
to generate the MSSM Higgs predictions for the plots, we
use FeynHiggs 2.9.4 [14, 46, 49-51]. Here relevant,
values for the input parameters are quoted both in the on-
shell scheme (suitable for FeynHiggs), as well as in the
MS scheme. The latter set of parameters can readily be
used by CPsuperH [52-54]. Using this code we have veri-
fied that these parameter settings lead to similar Higgs phe-
nomenology.> We also show the exclusion bounds (at 95 %
C.L.) from direct Higgs searches, evaluated with Higgs-
Bounds 4.0.0 [94-97] (linked to FeynHiggs). This
code uses exclusion limits from LEP, the Tevatron, and the
LHC (results presented up until the Moriond 2013 confer-
ence are included). In particular this includes the most sen-
sitive limits from searches for neutral [98, 99] and charged
[100, 101] MSSM Higgs bosons, and the combined limits
on Higgs bosons with SM-like couplings [1, 102]. For a
full list of included limits and references, we refer to Ap-
pendix A of Ref. [97]. A combined uncertainty on the SM-
like Higgs mass of AMj) =3 GeV (AMg =3 GeV in the
last scenario) was used when evaluating the limits. While
an estimate of the currently excluded region is given in this
way,”> we would like to emphasize that a main point of this
work is to encourage ATLAS and CMS to perform dedicated
searches for MSSM Higgs bosons in these scenarios.

For each benchmark scenario we show the region of
parameter space where the mass of the (neutral CP-even)
MSSM Higgs boson that is interpreted as the newly discov-
ered state is within the range 125.5 =3 GeV and 125.5 £
2 GeV. The £3 GeV uncertainty is meant to represent a
combination of the present experimental uncertainty of the
determined mass value and of the theoretical uncertainty in
the MSSM Higgs mass prediction from unknown higher-
order corrections. Taking into account a parametric uncer-
tainty from the top-quark mass measurements of 8m; = =
0.9 GeV [92] would result in an even slightly larger in-
terval of “acceptable” M), values, while all other features

2For calculations of the Higgs branching ratios, there also exist other
codes like HDECAY [93]. The branching ratio predictions for the dif-
ferent scenarios are generally in good agreement between the different
codes, and we use FeynHiggs for simplicity.

3HiggsBounds provides a compilation of cross section limits ob-
tained from Higgs searches at LEP, the Tevatron and the LHC. For
testing whether a particular parameter point of a considered model is
excluded, first the search channel with the highest expected sensitiv-
ity for an exclusion is determined, and then the observed limit is con-
fronted with the model predictions for this single channel only, see
Ref. [94-96] for further details.
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remain the same. The displayed area with 3 GeV uncer-
tainty should therefore be viewed as being in (conservative)
agreement with a Higgs mass measurement of ~125.5 GeV.
In particular, in the case that the lightest CP-even Higgs is
interpreted as the newly discovered state, the couplings of
the & are close to the corresponding SM values (modulo ef-
fects from light SUSY particles, see below). Consequently,
those rate measurements from the LHC that agree well with
the SM are then naturally in good agreement also with the
MSSM predictions. The area corresponding to the +2 GeV
uncertainty indicates how the region that is in agreement
with the measured value would shrink as a consequence of
reducing the theoretical and experimental uncertainties to a
combined value of 2 GeV.

3.1 The mp™* scenario

The mj™* scenario was originally defined to give con-
servative exclusion bounds on tanf8 in the LEP Higgs
searches [40, 42, 43]. The value of X; was chosen in order to
maximize the lightest CP-even Higgs mass at large values
of M4 for a given value of tan 8 (and all other parameters
fixed). Taking into account (besides the latest limits from
the Higgs searches at the Tevatron and the LHC) the obser-
vation of a new state at ~125.5 GeV and interpreting this
signal as the light CP-even Higgs, the m®* scenario can
now be used to derive conservative lower bounds on My,
Mg+ and tan g8 [15].

On the other hand, since the m;®* scenario has been de-
signed such that the higher-order corrections maximize the
value of M, in the decoupling region (M4 3> Mz) and for
tan 8 = 10 this scenario yields M}, values that are signif-
icantly higher (above 130 GeV) than the observed mass of
the signal. Compatibility of the predicted values for the mass
of the light CP-even Higgs boson with the mass of the ob-
served signal is therefore achieved only in a relatively small
region of the parameter space, in particular for rather low
values of tan 8. However, given that the m;l“ax scenario is
useful to provide conservative lower bounds on the parame-
ters determining the MSSM Higgs sector at tree level (M4
or My+ and tan 8) and has widely been used for analyses
in the past, we nevertheless regard it as a useful benchmark
scenario also for the future. We therefore include a slightly
updated version of the m ;" scenario in our list of proposed
benchmarks.

We define the parameters of the (updated) m;™* scenario
(with the remaining values as defined in the previous sec-
tion) as follows:

max .
mh :

my; = 173.2 GeV,
Msusy = 1000 GeV,
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1 =200 GeV,
M> =200 GeV,

X9 =2Msysy (FD calculation), (20)

X }VI_S = «/EMSUSY (RG calculation),
Ap=A; =A;,

mg = 1500 GeV,

Mj, = 1000 GeV.

Besides (as mentioned above) using the current experimen-
tal central value for the top-quark mass, the most relevant
change in the definition of the m}** scenario is an increased
value of the gluino mass, which has been adopted in view
of the limits from the direct searches for SUSY particles at
the LHC [38, 39]. It should be noted that slightly higher val-
ues of Mj, can be reached if one uses lower values of m;
as input. Consequently, slightly more conservative exclusion
bounds on tan 8, M4 and M pg= can be obtained if one uses
as input the lowest possible value for m; that is still allowed
in this scenario by the most up-to-date exclusion bounds
from ATLAS and CMS, but with m & > 800 GeV. Similarly,
more conservative exclusion bounds can of course also be
obtained by increasing the input value for Mgysy, for in-
stance by using Msysy = 2000 GeV and m; = 0.8 Msusy
(i.e., the “original” setting of m zas defined in Ref. [42]), see
below. We encourage the experimental collaborations to take
into consideration in their analyses also those extensions of
the m}'®* scenario.

In Fig. 1 we show the M4 —tan B plane (left) and the
M p=—tan B plane (right) in the (updated) m** scenario. As
explained above, the areas marked as excluded in the plots

m, ™
h

M, =1255+3
s M =12565:2

LHGC excl
LEP excl.

o [y o5 o5 o ]y e e g ge g g

800

Fig. 1 The Ms—tanB (left) and My+—tan B (right) planes in the
(updated) m}** scenario, with excluded regions from direct Higgs

searches at LEP (blue), and the LHC (solid red); the dotted (lighter)

have been determined using HiggsBounds 4.0.0-
beta [94-96] (linked to FeynHiggs). The blue areas in
the figure indicate regions that are excluded by LEP Higgs
searches, and the red areas indicate regions that are excluded
by LHC searches for a SM Higgs (lighter red) and for (non-
standard) MSSM Higgs bosons (solid red). The solid red
region of LHC exclusion in this plane cuts in from the upper
left corner, in the region of large tan 8. The most sensitive
processes here are given by Eq. (1). These processes have
an enhanced rate growing with tan 8. The “cutoff” in the
excluded region for M4 > 800 GeV (corresponding roughly
to values of tan 8 above 50) is due to the fact that no experi-
mental limits for M4 > 800 GeV have yet been published.
Furthermore, Fig. 1 shows regions in lighter red (“thin
strips” at tan 8 values close to the LEP limit and moderate
to large values of M4 and My=+), indicating the exclusion
of the light CP-even Higgs boson via SM-Higgs searches at
the LHC. In this region the LHC extends the LEP exclusion
bounds for a SM-like Higgs to higher Higgs boson masses.
The two green colors in Fig. 1 indicate where M), =
125.5 =22 (3) GeV. As discussed above, the +3 GeV re-
gion should represent a reasonable combination of the cur-
rent experimental and theoretical uncertainties. The fact that
the LHC exclusion region from the SM Higgs searches does
not exactly “touch” the green band is a consequence of tak-
ing into account the theoretical uncertainties in the predic-
tion for the Higgs boson mass in determining the excluded
regions. The incorporation of the theoretical uncertainties is
also responsible for the fact that in Fig. 1 there is no ex-
cluded region from the SM Higgs searches at the LHC for
tan 8 values above the green region. It may be useful to re-
gard the green region as that favored by the LHC observa-
tion, even though other parameter regions exist that are not

.
h

M, =1255+3
s M =1255%2

LHC excl.
LEP excl.

an

©w

=
|

NI BRI

800 1000

M, [GeV]

red region is excluded by LHC searches for a SM-like Higgs bo-
son. The two green shades correspond to the parameters for which
My, =125.5+2(3) GeV, see text (Color figure online)
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formally excluded (according to the prescription adopted in
HiggsBounds [94-96]). The effects of the theory uncer-
tainty of £3 GeV used in the evaluation of the experimental
bounds are displayed in Fig. 2, where we neglect this the-
ory uncertainty. It can be observed that large parts of the
M s—tan 8 plane (left) and of the My=—tan 8 plane (right)
would then be excluded in the m}®* scenario from the LHC
searches for a SM-like Higgs boson. The resulting excluded
region is shown in light red. In particular, for tan 8 values
above the green band the predicted M}, value turns out to be
too high.

Interpreting the light CP-even Higgs as the new state
at ~125.5 GeV, a new conservative lower bound on tan
in the MSSM can be obtained from the lowest values on
the green bands in Fig. 1 (see Ref. [15] for details). Simi-
larly, the lowest values of M4 and Mpy= in the green re-
gion (i.e., where the green region touches the excluded re-
gion from Higgs searches at the LHC) give a conservative
lower bound on these parameters [15]. In particular, from the
right plot of Fig. 1 it follows that M+ < m;, is excluded for
Msusy = 1 TeV (if the light CP-even Higgs is interpreted as
the new state at ~125.5 GeV). Raising Msysy to higher val-
ues, e.g. to 2000 GeV, one finds that Mg+ < m, might still
be marginally allowed. These bounds could be improved by
a more precise theoretical prediction and experimental de-
termination of M), and more data on MSSM Higgs boson
searches in the region of low values of M4 could clearly
have an important impact.

It should finally be noted that the sensitivity of the
searches for MSSM Higgs bosons in 77~ and bb final
states that determines the solid red region in Fig. 1 is sig-
nificantly affected where additional decay modes of the
heavy MSSM Higgs bosons are open. In particular, for suf-
ficiently large values of M4 decays of the MSSM Higgs

max theo,
m, (noAMh )

M, =1255%3
M, =1255+2

LHC excl.
LEP excl.

600
M, [GeV]

bosons H and A into charginos and neutralinos can have
an important impact, depending on the parameters in the
chargino/neutralino sector. This issue will be discussed in
more detail below. Furthermore, interpreting the light CP-
even Higgs as the new state at ~125.5 GeV means that
the decay H — hh is kinematically possible over a large
part of the parameter space of the m}™ scenario (and of
its variants that will be discussed below). This decay mode
can be particularly important in the region of relatively low
values of tanp that is favored in the m}'®* scenario (see
Refs. [72, 103] for details of the calculation). As an exam-
ple, for M4 = 300 GeV and tanf = 7, i.e. close to the
experimental limit from the Higgs searches at the LHC,
we find BR(H — hh) = 12 %. This branching ratio in-
creases for lower values of tan 8. For tan 8 = 4.5 we find
BR(H — hh) =27 %. The two values quoted above are for
M, =200 GeV, where also competing decay modes into
charginos and neutralinos are open. Increasing the SU(2)
gaugino mass parameter to M> = 2000 GeV, thus increas-
ing the masses of the charginos and neutralinos, yields
BR(H — hh) =19 % for tan =7 and BR(H — hh) =
50 % for tan 8 = 4.5 (for M4 = 300 GeV, as before). We en-
courage ATLAS and CMS to enhance the sensitivity of their
searches for MSSM Higgs bosons by performing also ded-
icated searches for Higgs decays into SUSY particles (see
the discussion below), where initial analyses can be found,
e.g., in Ref. [104-106].

3.2 The mhmOd scenario
As explained in the discussion of Fig. 1, the mass of the light
CP-even Higgs boson in the m}™* scenario is in agreement

with the discovery of a Higgs-like state only in a relatively
small strip in the M 4—tan 8 plane at rather low tan 8. This

ma

theo
)

m, no AM,

h
M, =1255+3
M, =1255%2
LHC excl.
LEP excl

400
M, [GeV]

Fig. 2 The Ms—tan 8 (left) and M y=—tan B (right) planes in the (updated) mhma‘X scenario, as shown in Fig. 1 (using the same color coding), but
without taking into account a theory uncertainty in the M), calculation of 3 GeV in the evaluation of the existing limits (Color figure online)
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Fig. 3 The Ms—tan B plane in the mhm"d+ (left) and mhm"d_ (right) scenarios. The colors show exclusion regions from LEP (blue) and the LHC
(red), and the favored region My = 125.5 £ 2 (3) GeV (green), see the text for details (Color figure online)

was caused by the fact that the m};'®* scenario was designed
to maximize the value of Mj, so that in the decoupling re-
gion this scenario yields M}, values that are higher than the
observed mass of the signal. Departing from the parameter
configuration that maximizes M}, one naturally finds sce-
narios where in the decoupling region the value of M, is
close to the observed mass of the signal over a wide region
of the parameter space. A convenient way of modifying the
mp™ scenario in this way is to reduce the amount of mixing
in the stop sector, i.e. to reduce | X;/ Msysy| compared to the
value of &2 (FD calculation) that gives rise to the largest
positive contribution to M), from the radiative corrections.
This can be done for both signs of X;.

Accordingly, we propose an “mg“’d scenario” which is
a modification of the m}™* scenario consisting of a reduc-
tion of | X,/ Msysy|. We define two variants of this scenario,
the m;l“OdJr and the mhmOdf scenario, which differ by their
sign (and absolute value) of X;/Msysy. While the positive
sign of the product (i M3) results in general in better agree-
ment with the (g — 2), experimental results, the negative
sign of the product (i A;) yields in general (assuming mini-
mal flavor violation) better agreement with the BR(b — sy)
measurements (see Ref. [107] for a recent analysis of the
impact of other rare B decay observables, most notably
By — wt ™). The parameter settings for these two scenar-
ios are:

mod+ .
m h :

m; = 1732 GeV,
Msusy = 1000 GeV,
1 =200 GeV,

M5 =200 GeV,

X9 = 1.5Msysy (FD calculation), (21

XM — 1 6Mgusy
Ap=A; = A,
mg = 1500 GeV,
M;, = 1000 GeV.

(RG calculation),

mod— ,
mh .

m; = 173.2 GeV,
Msusy = 1000 GeV,
(1 =200 GeV,

M, =200 GeV,

X9 = —1.9Msysy (FD calculation), (22)

XMS — _22Mgsusy (RG calculation),
Ap=A, = A,

mg = 1500 GeV,

Mj, = 1000 GeV.

Figure 3 shows the bounds on the M4—tan 8 parameter
space in the m;l“OdJr (left) and m;l“(’d_ (right) scenarios, us-
ing the same choice of colors as in the m}'™* scenario pre-
sented in the previous section, but from here on we show the
full LHC exclusion region as solid red only.* As anticipated,
there is a large region of parameter space at moderate and

large values of tan 8 where the mass of the light CP-even
4The light red color in Fig. 4 has a different meaning.
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Fig. 4 Upper row: The Ma—tan 8 plane in the mZ‘OdJr (left) and the

mh"wdf scenario (right). The exclusion regions are shown as in Fig. 3,

while the color coding in the allowed region indicates the average total
branching ratio of H and A into charginos and neutralinos. In the lower
row M =2000 GeV is used, and the color coding for the branching

Higgs boson is in good agreement with the mass value of
the particle recently discovered at the LHC. Accordingly, the
green area indicating the favored region now extends over
almost the whole allowed parameter space of this scenario,
with the exception of a small region at low values of tan §.
From Fig. 3 one can see that once the magnitude of X, has
been changed in order to bring the mass of the light CP-
even Higgs boson into agreement with the observed mass of
the signal, the change of sign of this parameter has a minor
impact on the excluded regions.

As mentioned above, the exclusion limits obtained from
the searches for heavy MSSM Higgs bosons in the 77~
and bb final states are significantly affected in parameter re-
gions where additional decay modes of the heavy MSSM
Higgs bosons are open. In particular, the branching ratios
for the decay of H and A into charginos and neutralinos

@ Springer
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ratios of H and A into charginos and neutralinos is as in the upper
row. The regions excluded by the LHC searches are shown in light
red in these plots. For comparison, the excluded regions for the case
M> =200 GeV (as given in the plots in the upper row) is overlaid
(solid red) (Color figure online)

may become large at small or moderate values of tan 8, lead-
ing to a corresponding reduction of the branching ratios into

t+1~ and bb. In Fig. 4 we show again the mhm"dJr (left) and

mhmOd_ (right) scenarios, where the excluded regions from

the Higgs searches at LEP and the LHC are as before. In the
upper row of Fig. 4 the color coding for the allowed region
of the parameter space indicates the average value of the
branching ratios for the decay of H and A into charginos
and neutralinos (summed over all contributing final states).>
One can see from the plots that as a consequence of the rel-
atively low values of i and M; in this benchmark scenario
decays of H and A into charginos and neutralinos are kine-

5The branching ratios into charginos and neutralinos turn out to be very
similar for the heavy CP-even Higgs boson, H, and the CPP-odd Higgs
boson, A, in this region of parameter space.
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Fig. 5 Exclusion limits from the most recent CMS analysis of the
channel bb¢, ¢ — bb (with ¢ = h, H, A) [108] are presented in the

matically open essentially in the whole allowed parameter
space of the scenario, with the exception of a small region
with rather small M 4. The branching ratios for the decays
of H and A into charginos and neutralinos reach values in
excess of 70 % for small and moderate values of tan S.

The impact of the corresponding reduction of the branch-
ing ratios of H, A into t+ 7~ and bb on the excluded region
can be read off from the plots in the lower row of Fig. 4. In
those plots we have set M> = 2000 GeV, which suppresses
the decays of H and A into charginos and neutralinos. The
region excluded by the LHC searches for MSSM Higgs
bosons is shown in light red for this case. Overlaid for com-
parison is the excluded region obtained for M = 200 GeV,
as given by the plots in the upper row (solid red). One can
see that the impact of the decays into charginos and neutrali-
nos on the excluded region in the M 4—tan 8 plane is sizable,
amounting typically to a shift in the excluded value for tan 8
by more than A tan 8 =5 for a given value of My.

As mentioned above, another decay mode that is kine-
matically possible over a large part of the parameter space
of the m" scenarios is the decay rate of H — hh. For
M, = 200 GeV (plots in the upper row of Fig.4) and
M4 =300 GeV we find in the m}?OdJr (mzm’d_) scenario
BR(H — hh) =12 % (11 %) for tan 8 =7 and BR(H —
hh) =17 % (16 %) for tan § = 6. Increasing M, to My =
2000 GeV (plots in the lower row of Fig. 4) suppresses the
decays into charginos and neutralinos, and correspondingly
enhances the decay H — hh. For M4 = 300 GeV in the
m}lm‘” (m;ln‘)d*) scenario we obtain BR(H — hh) =19 %
(18 %) for tan 8 =7 and BR(H — hh) =29 % (27 %) for
tan 8 = 6. As already mentioned, we encourage ATLAS and
CMS to enhance the sensitivity of their searches for MSSM
Higgs bosons by performing also dedicated searches for
Higgs decays into SUSY particles and into a pair of lighter
Higgs bosons.

For the benchmarks proposed in this paper a certain value
for the parameter p is specified. However, we suggest to

60 ‘ ‘
u=-1000 GeV —— m, -mod-
1t = -200 GeV h
50 | u=+200GeV —— 1
1= +1000 GeV ——

100 150 200 250 300 350
M, [GeV]

M p—tan B plane for the scenarios m;l“"dJr (left) and m;l""d* (right) with
variation of the p parameter as indicated by the legend

investigate the impact of an enhancement or suppression
of the bottom Yukawa coupling by varying the parameter
w according to Eq. (19). For the Higgs decays into 777,
see Eq. (1), a partial cancelation of the associated Aj cor-
rections occurs between the contributions to the production
and the decay, leading to a relatively mild dependence on
the bottom Yukawa coupling and therefore on A, [44]. On
the other hand, for the associated production and decay into
bottom quarks, see Eq. (2), the A, corrections enter in a
similar way for the production and decay part, so that their
overall effect is significantly larger, leading to a more pro-
nounced dependence on the sign and size of the p param-
eter [44]. Negative values of u lead to a stronger bottom-
quark Yukawa coupling and therefore a larger production
rate and a larger parameter range exclusion. The bounds on
the parameter space from this channel tend to be weaker than
those from 7t searches, and they are therefore not explicitly
visible in Fig. 3. In order to display the effect of the cor-
rections to the bottom Yukawa coupling we focus now ex-
plicitly on the channel bl3¢, ¢ — bb, where ¢=nhH, A.
Using the latest result from CMS for this channel [108],
Fig. 5 shows the reach in the M 4—tan 8 plane of the m;lder
(left) and m;l“‘)df (right) scenarios for p = 4200 GeV,
+£1000 GeV (see also [109]).° In the m["%" scenario one
can observe a very large variation with the sign and abso-
lute value of . For example, for M4 =250 GeV one finds
for u = —1000 GeV an exclusion in tan 8 down to about
tan 8 = 20, while for the reversed sign of u the excluded re-
gion starts only above tan 8 = 50. The dependence on p is
less pronounced in the mE‘Od_ scenario, i.e. for negative val-
ues of X, which is a consequence of a partial compensation
between the main contributions to Ay, see Eq. (14).

SWe have verified our implementation of this limit against the results
from CMS [108], which are given for the (original) m}'®* scenario with
n = 200 GeV. The “zig-zag”-type variation of the bounds originates

from the original bounds in Ref. [108].
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3.3 The light stop scenario

The measured value of the lightest CP-even Higgs mass of
about 125.5 GeV may only be achieved in the MSSM by rel-
atively large radiative contributions from the top—stop sec-
tor. It is well known that this can only be obtained if the
mixing parameter X, in the stop sector is larger than the av-
erage stop mass. The dependence of M) on the stop mass
scale is logarithmic and allows for values of Msysy below
the TeV scale. Values of Msysy significantly below the TeV
scale are still possible if X; is close to the value that max-
imizes the lightest CP-even Higgs mass (or, to a lesser ex-
tent, close to the maximum for negative values of X;). Such
a large value of | X;| and a relatively low value of Msysy
necessarily lead to the presence of a light stop. Such a light
stop may be searched for in direct production at the LHC,
but has also a relevant impact on the lightest CP-even Higgs
production rates. In particular, a light stop may lead to a rel-
evant modification of the gluon fusion rate [42, 110].

The contribution of light stops to the gluon fusion am-
plitude may be parametrized in terms of the physical stop
masses and the mixing parameter. Making use of low-energy
theorems [111, 112] it is easy to see that the stops give rise
to an additional contribution to the gluon fusion amplitude
which is approximately given by [113-115]

2

sM . My 2 2

(S'Ahgg/'Ahgg = 4m2m?2 (mfl +mfz
131

15}

- X7, (23)

where Ah s denotes the gluon fusion amplitude in the SM.
Values of X, in the range 2Msysy < X; < 2.5Mgysy then
lead to negative contributions to this amplitude and to re-
duced values of the gluon fusion rate. We propose a light
stop scenario with the following parameters,

light stop:
m; =173.2 GeV,
Msusy = 500 GeV,
=350 GeV,
M3 =350 GeV,
X9 =2.0Msysy (FD calculation), (24)
XMS —22Msysy  (RG calculation),
Ap=A,=Aq,
mz = 1500 GeV,

M;, = 1000 GeV.
These parameters lead to a lighter stop and a heavier stop

mass of about 325 GeV and 670 GeV, respectively, and a
negative correction of the gluon fusion amplitude of about

@ Springer

8 %. The light stop scenario can be regarded as an update of
the gluophobic Higgs scenario defined in Ref. [42].

The values of u and M> in the light stop scenario have
been chosen to be in agreement with the current exclusion
bounds on direct light stop production at the LHC [116—
127].7 The two-body decay modes that are kinematically
open are fj — bx," and 7} — cf(? with mys N 295 GeV
and m 70 ~ 163 GeV. The first decay results 1n very soft de-
cay products While the latter decay is expected to be sup-
pressed in minimal flavor violating schemes, it could in gen-
eral be sizable. Analyses have been performed at the Teva-
tron [128, 129]; however, currently there are no dedicated
LHC searches in this channel. If this channel turned out to
be relevant, due to its difficult final state it would pose a
challenge to the experimental analyses.

There is also a correction to the diphoton amplitude, but
since in the diphoton case the dominant SM contribution
comes from W loops, which are of opposite sign and about
a factor 4 larger than the top contributions, the stop contri-
butions lead to only a small modification, smaller than about
3 %, of this amplitude.

Figure 6 shows the M 4—tan § plane in the light stop sce-
nario, as well as a comparison of the gluon fusion rates for &
production to those obtained in the SM. For this comparison,
we define the quantity

reg = I'(h — gg)MSSM’ 25)
I'(h— gg)sm
which gives a rough approximation of the relative suppres-
sion of o(gg — h)mssm. The bounds on the parameter
space (as before obtained with HiggsBounds) are simi-
lar to the ones obtained in the mE‘Od scenarios. However, the
gluon fusion rate is between 10 % and 15 % lower than in the
SM, as expected from Eq. (23). This shift is similar in mag-
nitude to the current theoretical uncertainties on the gluon
fusion cross section from e.g. the strong coupling constant

and parton distribution functions.
3.4 The light stau scenario

While light stops may lead to a large modification of the
gluon fusion rate, with a relative minor effect on the dipho-
ton rate, it has been shown that light staus, in the presence
of large mixing, may lead to important modifications of the
diphoton decay width of the lightest CP-even Higgs boson,

"The values of t, M| and M, could be adjusted to slightly larger values
if the currently proposed values were excluded by future experiments.
For instance, the choice M| = 350 GeV, M, = u =400 GeV leads to
a SUSY spectrum that is very difficult to test at the LHC. In general,
for a given value of tan 8 and M4, slightly larger values of © and M »
would lead to a small decrease of the value of M), and therefore to a
small shift of the green areas to larger values of tan j.
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Fig. 6 The M4—tan $ plane in the light stop scenario; left: with the same color coding as in Fig. 3; right: the resulting suppression of the gluon

fusion rate, as indicated by the legend (Color figure online)

I'(h — yy) [16-19, 130-133]. Large mixing in the stau
sector may happen naturally for large values of tan S, for
which the mixing parameter X; = A; — ptan 8 becomes
large. Similarly to the modifications of the gluon fusion rate
in the light stop scenario, one can use the low-energy Higgs
theorems [111, 112] to obtain the modifications of the de-
cay rate of the Higgs boson to photon pairs. The correction
to the amplitude of Higgs decays to diphotons is approxi-
mately given by [16-19, 113-115]

2m?
SM 2 2 2
8 Anyy [ Apyy = RET :n% (m% +mz, — X7), (26)
1T T

where Azlfy denotes the diphoton amplitude in the SM.
Due to the large tan 8 enhancement X is naturally much
larger than the stau masses and hence the corrections are
positive and become significant for large values of tan f.
As stressed above, the current central value of the measured
diphoton rate of the state discovered at the LHC is some-
what larger than the expectations for a SM Higgs, which
adds motivation for investigating the phenomenology of a
scenario with an enhanced diphoton rate. We therefore pro-
pose a light stau scenario. In the definition of the parameters
we distinguish the cases whether or not t mass threshold
corrections, A, are incorporated in the computation of the
stau spectrum (this is the case in CPsuperH, but not in the
present version of FeynHiggs). We mark the case where
those corrections are included as “(A; calculation)”. We de-
fine the parameters of the light stau scenario as follows:
light stau:

m; =173.2 GeV,
Msusy = 1000 GeV,

u =500 GeV,

u =450 GeV (A, calculation),
M> =200 GeV,

My =400 GeV (A calculation),

X9 = 1.6Msysy (FD calculation), 27

X?TS =1.7Msysy (RG calculation),

Ap = Ay,

A =0,

mg = 1500 GeV,
M;, =245 GeV,

Mi3 =250 GeV (A; calculation).

Figure 7 shows the M 4—tan g plane in the light stau sce-
nario (left), as well as comparison of the 4 — yy width to
the SM case (right). Concerning the exclusion bounds from
the Higgs searches at LEP and the LHC, the main difference
with respect to the m;ln‘)d scenarios is present at low values
of tan 8, where the LHC exclusion in the light stau scenario
is somewhat stronger. This results from a suppression of the
decays into charginos and neutralinos caused by the rela-
tively large (default) value of p in the light stau scenario.
The right panel shows the enhancement of the diphoton de-
cay rate of the lightest CP-even Higgs boson with respect
to the SM (with r,,,, defined analogously to rg, in Eq. (25)).
As expected, a significant enhancement is present at large
values of tan 8 > 50, for which the lightest stau approaches
a mass of about 100 GeV, close to the LEP limit for the
stau mass [91]. For non-zero values of A; in this scenario,
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Fig. 7 Left: The M s—tan B plane in the light stau scenario, with the same color coding as in Fig. 3. Right: The effect of light staus on the decay
rate h — yy, where the quantity r,,, is defined in analogy to r,, in Eq. (25) (Color figure online)

the coupling of the down-type fermions to the lightest Higgs
boson may be modified [16—19]. The decay rate of H/A
into staus can also become sizable, see the discussion in
Sect. 3.5.

3.5 The r-phobic Higgs scenario

Besides the loop effects on the Higgs vertices described in
the previous sections, also propagator-type corrections in-
volving the mixing between the two CP-even Higgs bosons
of the MSSM can have an important impact. In particular,
this type of corrections can lead to relevant modifications
of the Higgs couplings to down-type fermions, which can
approximately be taken into account via an effective mixing
angle ot (see Ref. [134, 135]). This modification occurs for
large values of the A; ; ; parameters and large values of p
and tan 8. 8

The scenario that we propose can be regarded as an up-
date of the small aefr scenario proposed in Ref. [42]. The
parameters are:

T-phobic Higgs:

m; =173.2 GeV,
Msusy = 1500 GeV,

1 = 2000 GeV,
M =200 GeV,

8Large values of A; . and u are in principle constrained by the re-
quirement that no charge and color breaking minima should appear in
the potential [136—138], or at least that there is a sufficiently long-lived
meta-stable vacuum. However, a detailed analysis of this issue is be-
yond the scope of this paper, and we leave it for a future analysis.

@ Springer

X9 =2.45Msysy  (FD calculation), (28)

X ?TS =29Msyusy (RG calculation),

Ap = Ay,

A; =0,

mg = 1500 GeV,
M = 500 GeV.

The relatively low value of M;, =500 GeV and the large
value of u give rise to rather light staus also in the t-phobic
Higgs scenario, in particular in the region of large tan 8. The
corrections from the stau sector have an important influence
on the Higgs couplings to down-type fermions in this sce-
nario. Furthermore, in this scenario decays of the heavy CP-
even Higgs boson into light staus, H — fl‘" T, , occur with
a large branching fraction in the region of large tan 8 and
sufficiently high M 4. For example, for M4 = 800 GeV and
tan B = 45, we obtain BR(H — %, ) = 67 %.

Figure 8 shows the bounds on the M4—tan 8 parameter
space in the t-phobic Higgs scenario. As in the light stau
scenario, the most important modification with respect to the
m;l“"d scenarios is a larger exclusion at low values of tan g
induced by a decrease of the decay rate into charginos and
neutralinos.

Figure 9 shows the modification of the decay rate for
the lightest CP-even Higgs boson into bottom quarks (rpp)
and t-leptons (r;;), both defined analogously to rge, see
Eq. (25). The variations are most important at large values
of tan 8, and they increase for smaller values of M4, where
the LHC exclusion limit from MSSM Higgs searches be-
comes very significant. Still, as can be seen from the figure,
modifications of the partial Higgs decay width into t+z~
larger than 20 %, and of the decay width into bottom quarks
larger than 10 % may occur within this scenario.
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3.6 The low-My scenario

As it was pointed out in Refs. [15, 20, 21, 35, 36], besides
the interpretation of the Higgs-like state at ~125.5 GeV in
terms of the light CP-even Higgs boson of the MSSM it is
also possible, at least in principle, to identify the observed
signal with the heavy CP-even Higgs boson of the MSSM.
In this case the Higgs sector would be very different from
the SM case, since all five MSSM Higgs bosons would be
light. The heavy CP-even Higgs boson would have a mass
around 125.5 GeV and behave roughly SM-like, while the
light CP-even Higgs boson of the MSSM would have heav-
ily suppressed couplings to gauge bosons. Due to the rather
spectacular phenomenology of such a scenario, the available

50

t-phobic

M, =1255+3
40 M, = 125522

LHC excl.
LEP excl.

30

tanp

20

400 600
M, [GeV]

1000

Fig.8 The M4—tan § plane in the t-phobic Higgs scenario. The color
coding is the same as in Fig. 3 (Color figure online)

1-phobic

10<ry,

09<r, <10
08<r, <09
0.7<r,, <08

LHC excl.
LEP excl.

tanp

600
M, [GeV]

parameter space is already affected by existing search lim-
its, and the prospects for discovering a non-SM-like Higgs
in the near future would be very good.

The most relevant limits probing such a scenario at
present arise from the searches for MSSM Higgs bosons in
the gg, bb — h, H, A — t7 channel, but also the search for
a light charged Higgs in top-quark decays has an interest-
ing sensitivity. The results for the gg, bb—>h, H,A— 1T
channel have recently been updated by CMS [98]. However,
it is difficult to assess the impact of those new results on
the viability of such a scenario, since they have been pre-
sented only for the m}™* scenario (i.e., no cross section
limits have been provided which could readily be applied
to other scenarios; an attempt to incorporate a rough es-
timate of the new CMS result has been made in Higgs-
Bounds 4.0.0 [94-97], which we have used for produc-
ing the plots in this paper). Besides Higgs search limits also
limits from flavor physics can place relevant constraints on
this kind of scenario. It was found in Refs. [20, 21, 26, 27]
that flavor constraints could lead to tension with the allowed
parameter space (which might be alleviated by taking into
account some Non-Minimal Flavor Violation [139]). We do
not take these indirect constraints into account in this anal-
ysis. In view of the rich and interesting phenomenology,
we include a scenario of this kind among the benchmarks
that we propose. In particular, this scenario could provide
a useful benchmark for the ongoing charged Higgs boson
searches in the MSSM.

In this scenario we deviate from the definition of an M 4—
tan 8 plane, since it is clear that a relatively small value of
My (and correspondingly My+) is required. My is there-
fore fixed to M4 = 110 GeV (other choices for M4 in this
low-mass region would also be possible), and instead w is

t-phobic
10<r

09<r_ <10
08<r_<08
07<r_<08

LHG excl.
LEP excl.

tanp

400 600
M, [GeV]

Fig.9 Modification of the decay rate for the lightest CP-even Higgs boson into bottom quarks (rpp, left) and t-leptons (r;., right) in the T-phobic
Higgs scenario, where rp; and r;; are defined in analogy to rg, in Eq. (25)
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varied. Otherwise we choose the same parameters as for
the t-phobic Higgs scenario, with the exception that we set
M;, = 1000 GeV, while the value in the t-phobic Higgs sce-

nario is Ml} = 500 GeV (see the discussion above). Accord-

ingly, the parameters proposed for this scenario are:”

low—Mpy :
m; =173.2 GeV,
Ma =110 GeV,
Msysy = 1500 GeV,
M, =200 GeV,
X9 =2.45Msysy  (FD calculation), (29)

X}VI—S =29Msysy (RG calculation),
Ap=A; =A;,

mg = 1500 GeV,

Mj, = 1000 GeV.

Instead of M4 one can also use M=+ as input parameter, as
is done, e.g., in CPsuperH. In this case one should choose
as input value Mg+ = 132 GeV, leading to very similar phe-
nomenology.

In Fig. 10 we show the pu—tan g8 plane in the low-Mpy sce-
nario. The green shades indicate the region where My =
125.5 £2(3) GeV. The yellow and black areas also have

10

- 6
8
-~ low M,
M, =1255+3
4 MH =12565+2

H rates > 90%
H rates excl.
h LEP excl.
2 h/H/A — Tt excl.

H* LHC excl.

.-I‘

2500 3000

500 1000 1500 2000

u[GeV]

Fig. 10 Experimentally favored and excluded regions in the p—tan 8
plane in the low-M g scenario. Details of the color coding (as indicated
in the legend) are described in the text (Color figure online)

9The remark made in the previous section about the constraints from
charge and color breaking minima in the scalar potential applies also
here.

@ Springer

Mpy = 125.5 + 3 GeV, where the yellow area additionally
satisfies the requirement that the rates for the gg — H,
H — yy and H — ZZ* channels, as approximated by
X=vy.2)

Rew — I'(H — gg)mssm X BR(H — X X)mssm
XX T'(H — gg)sm x BR(H — XX)sm

. (30)

are at least at 90 % of their SM value for the same Higgs
mass. The black region in Fig. 10 indicates where the rates
for H decay to gauge bosons become too high, such that
these points are excluded by HiggsBounds. As before,
the blue area is excluded by LEP Higgs searches, whereas
the solid red is excluded from LHC searches for the neutral
MSSM Higgs bosons, &, H and A in the Tt~ decay chan-
nel. The purple region is excluded by charged Higgs boson
searches at the LHC. The white area at very large values of
w and low tan 8 is unphysical, i.e. this parameter region is
theoretically inaccessible.

One can see from Fig. 10 that, as expected, such a sce-
nario is confined to a relatively small range of tan 8 values
(and, as discussed above, the same holds for M 4). It is in-
teresting to note that the searches for all five MSSM Higgs
bosons contribute in a significant way to the excluded re-
gions displayed in Fig. 10. Concerning the light CP-even
Higgs boson, within the yellow region in Fig. 10 its mass
turns out to be rather low, in the range 77 GeV < M), <
102 GeV, i.e. significantly below the LEP limit for a SM-
like Higgs [37]. The couplings of the light CP-even Higgs
boson to gauge bosons are heavily suppressed in this re-
gion, leading to rates for the relevant cross sections that
are typically smaller by a factor of 2—10 than the LEP lim-
its [37].

While the existing limits from the searches for the MSSM
Higgs bosons constrain the parameter space of the low-Mg
scenario, according to our assessment based on Higgs-
Bounds 4. 0. 0 there remains an interesting parameter re-
gion that is unexcluded, as displayed in Fig. 10. The pro-
posed low-M g benchmark scenario is intended to facilitate
a proper experimental analysis that will answer the ques-
tion whether scenario giving rise to Higgs phenomenology
that is very different from the SM case is still viable in the
MSSM. As discussed above, besides the searches for neu-
tral MSSM Higgs bosons in 777~ final states also charged
Higgs searches have a high sensitivity for probing this sce-
nario. In order to investigate the prospects for charged Higgs
searches in top-quark decays in more detail, we show in
Fig. 11 the predictions for BR(r - H *p) (denoted as “BR”
in the plot) in the unexcluded region of the u—tan 8 plane of
the low-Mpy scenario. One observes that this branching ra-
tio is just below the current experimental limits [100, 101],
which are at the level of 1 %.
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Fig. 11 Values of BR(r - H £b) (denoted as “BR™) in the p—tan B
plane in the low-My scenario. The experimentally excluded regions
are indicated as in Fig. 10

4 Conclusions

In this paper we have proposed new benchmark scenarios
for MSSM Higgs boson searches at the LHC. The proposed
benchmarks are expressed in terms of low-energy MSSM
parameters and are restricted to the (CP-conserving) case of
real parameters. The benchmark scenarios take into account
the recent discovery of a Higgs-like state at ~125.5 GeV,
i.e. over a wide range of their parameter space they are
compatible with both the mass and the detected production
rates of the observed signal. This refers to the interpreta-
tion of the signal in terms of the light CP-even Higgs boson
of the MSSM, with the exception of the low-Mp scenario,
where the observed signal is interpreted as the heavier CP-
even Higgs boson. For each scenario we have investigated
the impact on the parameter space from the current exclu-
sion bounds from Higgs searches at LEP, the Tevatron and
the LHC (taking both experimental and theory uncertainties
into account). The benchmark scenarios have been chosen to
demonstrate certain features of MSSM Higgs phenomenol-
ogy.

The proposed set of benchmarks comprises a slightly up-
dated version of the well-known m;™* scenario, which can
be used to obtain conservative lower bounds on M4, Mg+
and tan 8 via the interpretation of the light CP-even Higgs
as the newly observed state at ~125.5 GeV (including the-
oretical uncertainties). Furthermore we propose a modified
scenario (mg“’d), which differs from the m}™* scenario by
reducing the mixing in the stop sector (parametrized by
| Xt/Msusy|) compared to the value that maximizes Mj,.
Two versions of this scenario are proposed, one with a pos-
itive and one with a negative sign of X;. Within (both ver-

sions of) the mhmOd scenario the light CP-even Higgs boson

can be interpreted as the newly discovered state within the
whole parameter space of the M 4—tan § plane that is unex-
cluded by limits from Higgs searches at LEP and the LHC,
except for a small region with very small values of tan 8. We
expect the mhm"d scenario to be useful for the future interpre-
tations of the searches for the heavy MSSM Higgs bosons
H, Aand H*.

As we have discussed in some detail for the m;* and
m;l“"d scenarios, the searches for the heavy MSSM Higgs
bosons H and A in the usual channels with SM fermions
in the final state are significantly affected in parameter re-
gions where decays of H and A into supersymmetric par-
ticles are possible. In particular, we have discussed decays
into charginos and neutralinos as well as decays into staus.
Furthermore, decays of the heavy CP-even Higgs boson into
a pair of light CP-even Higgs bosons can be important. We
encourage ATLAS and CMS to enhance the sensitivity of
their searches for MSSM Higgs bosons by performing also
dedicated searches for Higgs decays into SUSY particles
and into a pair of lighter Higgs bosons.

We have also defined the light stop scenario, which has
mj, ~ 325 GeV and m;, ~ 670 GeV. The stops give a siz-
able contribution to the o(gg — h) production rate. Sim-
ilarly, we define the light stau scenario, where the light
staus can enhance I'(h — yy) substantially at high val-
ues of tan 8. We have furthermore proposed the t-phobic
Higgs scenario, which exhibits potentially sizable variations
of I'(h — bb) and I" (h — TT) with respect to their SM val-
ues. For the m™*, mM°d and light stop scenarios we propose
to investigate several values (and in particular both signs)
of the parameter p, which has an important impact on the
bottom Yukawa coupling via the corrections involving the
quantity Ayp.

Finally, we define the low-Mp scenario, which inter-
prets the heavy C’P-even Higgs boson as the newly discov-
ered state at ~125.5 GeV. Since this scenario by defini-
tion requires a low value of M4, we keep My fixed and
instead vary u as a free parameter, i.e. the yu—tan 8 param-
eter space is investigated. In most of the allowed parameter
space the mass of the heavy CP-even Higgs boson is close to
125.5 GeV, and its production and decay rates are SM-like.
The light CP-even Higgs boson, on the other hand, has heav-
ily suppressed couplings to gauge bosons and a mass that
is typically below the LEP limit for a SM-like Higgs. The
low-M g scenario is characterized by a particularly rich phe-
nomenology, since all five MSSM Higgs bosons are light.
Besides the searches for neutral MSSM Higgs bosons in
7~ final states also charged Higgs boson searches have
a high sensitivity for probing this scenario. This scenario
could therefore serve also as a useful benchmark for (light)
charged Higgs boson searches in the MSSM.

Acknowledgements We thank C. Acereda Ortiz for discussions on
the decay rates of H — hh and Y. Linke for discussions on the

@ Springer



Page 18 of 20

Eur. Phys. J. C (2013) 73:2552

m;ln"d and low-Mpy scenarios. We thank P. Bechtle and T. Stefaniak
for discussions on HiggsBounds. This work has been supported by
the Collaborative Research Center SFB676 of the DFG, “Particles,
Strings, and the Early Universe”. The work of S.H. was partially sup-
ported by CICYT (grant FPA 2010-22163-C02-01) and by the Span-
ish MICINN’s Consolider-Ingenio 2010 Programme under grant Mul-

Appendix: Summary of parameter values

Table 1 Summary of parameter values for the proposed benchmark
scenarios, given in the on-shell (OS) scheme unless otherwise noted.
Numbers in parentheses refer to calculations with A effects included

tiDark CSD2009-00064. The work of O.S. is supported by the Swedish
Research Council (VR) through the Oskar Klein Centre. Fermilab is
operated by Fermi Research Alliance, LLC under Contract No. DE-
AC02-07CH11359 with the U.S. Department of Energy. Work at ANL
is supported in part by the U.S. Department of Energy under Contract
No. DE-AC02-06CH11357.

in the stau mass evaluation (see the description of the light stau sce-
nario for details). Dimensionful quantities are given in GeV

max mod+ mod—

Parameter my) my, my, light stop light stau t-phobic low-Myg
my 173.2 173.2 173.2 173.2 173.2 173.2 173.2
My varied varied varied varied varied varied 110

tan 8 varied varied varied varied varied varied varied
Msusy 1000 1000 1000 500 1000 1500 1500
My, 1000 1000 1000 1000 245 (250) 500 1000
XOS /Msusy 2.0 1.5 -1.9 2.0 1.6 245 245
XM/ Mgusy V6 1.6 —22 22 1.7 2.9 2.9

Ay Given by A; = X; + pcotf

Ap =A; =A; =A; =A; =A; =A; = A;
A = A, = A = A =A; 0 0 =A;

m 200 200 200 350 500 (450) 2000 varied
M, Fixed by GUT relation to M»

M; 200 200 200 350 200 (400) 200 200

mg 1500 1500 1500 1500 1500 1500 1500
Mg, , 1500 1500 1500 1500 1500 1500 1500
M; 500 500 500 500 500 500 500
Afiene 0 0 0 0 0 0 0
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