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We study the implications of light third generation sparticles on the production cross section and decay

widths of a light CP-even Higgs boson. For simplicity, we consider scenarios in which only one of the

sfermions from the third generation is light. For each case, we attempt to explain the apparently large

enhancement in the Higgs production and decay in the diphoton channel with small deviations in the ZZ

channel. In the minimal supersymmetric standard model (MSSM) framework we find that only a light stau

can explain these observations while keeping the lightest CP-even Higgs boson mass in the interval

123 GeV & mh & 127 GeV. For the light stop scenario, the observations related to the diphoton and ZZ

channel can be accommodated but, in order to satisfy the Higgs mass bound, one needs to go beyond the

MSSM. In particular, we invoke vectorlike particles with masses around a TeV. These new particles

preserve gauge coupling unification and provide additional contributions to the Higgs mass. With these

new contributions a 126 GeV Higgs mass is easily achieved. We also find that with only a light sbottom

quark, the above mentioned excess is hard to accommodate.
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I. INTRODUCTION

The ATLAS and CMS collaborations at the Large
Hadron Collider (LHC) have independently reported the
discovery [1,2] of a particle with production and decay
modes that seem more or less consistent with the Standard
Model (SM) Higgs boson with a mass of around 126 GeV.
Complementary evidence is also provided by the updated
combination of the Higgs searches performed by the CDF
and D0 collaborations at the Tevatron [3]. Understanding
the properties of this boson is crucial and may direct us to
the favored scenario for physics beyond the SM. A Higgs
mass of around 126 GeV already applies stringent con-
straints on the various supersymmetric (SUSY) models
[4,5]. In the decoupling limit (mA � mZ), the lightest
CP-even Higgs h in the Minimal Supersymmetric SM
(MSSM) has SM-like properties. Here mA denotes the
mass of the CP-odd Higgs boson in the MSSM. The
MSSM can accommodate the value mh � 126 GeV, but
this requires either very large, Oðfew� 10Þ TeV, stop
quark mass, or a large trilinear soft supersymmetry break-
ing A-term, with a stop quark mass of around a TeV [4,5].
It was shown in Ref. [6] that, assuming gravity-mediated
SUSY breaking [7], a SM-like Higgs boson with mass
�126 GeV is nicely accommodated in SUSY grand uni-
fied theory (GUT) models with t-b-� Yukawa coupling
unification at MGUT [8].

In addition to the Higgs discovery the ATLAS and CMS
experiments have both observed an excess in Higgs pro-
duction and decay in the diphoton channel which is a factor

1.4–2 times larger than the SM expectations. For the final
state consisting of a pair of Z bosons, the ATLAS experi-
ment sees an excess, whereas CMS observes a deficit.
However, both are currently consistent with the presence
of a SM Higgs boson [9,10]. The observed signal for these
channels is quantified by the ratio of the product of pro-
duction cross sections times branching ratio to the final
state XX compared to the theoretical expectation for the
SM. Thus,

RXX � �ðhÞ � Brðh ! XXÞ
ð�ðhÞ � Brðh ! XXÞÞSM : (1)

The current values of this ratio for the �� and ZZ channels
are follows:

ATLAS: R�� ¼ 1:90� 0:5; RZZ ¼ 1:3� 0:6;

CMS: R�� ¼ 1:56� 0:43; RZZ ¼ 0:7� 0:5;

ATLAS�CMS: R�� ¼ 1:71� 0:33; RZZ ¼ 0:95� 0:4:

(2)

Note that the combination of the ATLAS and CMS results
is taken from Ref. [11]. The present deviations observed in
these channels, if they persist, will provide strong evidence
for physics beyond the SM.
In this paper we attempt to explain the observations

presented in Eq. (2) with a MSSM spectrum consisting of
light third generation squarks or sleptons. Compared to
previous studies [12–14], we require that the observations
related to both R�� and RZZ are satisfied simultaneously

with a Higgs mass of around 126 GeV. As previously
mentioned, a Higgs mass �126 GeV typically needs
very heavy stop quarks. It was shown in Refs. [15,16]
that introducing vectorlike particles at the TeV scale with
suitable couplings to the MSSM Higgs can provide a
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significant contribution to the lightest CP-even Higgs
mass. We will see that the presence of vectorlike particles
can allow the stop quarks to be as light as the current
experimental bound. The presence of a relatively light
stop quark then enables us to explain the observations
presented in Eq. (2). We find that the light stop scenario is
capable not only of accommodating the combined ATLAS
and CMS observations but also the current separate obser-
vations from ATLAS and CMS for the diphoton and ZZ
channels which, of course, needs future confirmation.

The layout of this paper is as follows. In Sec. II we
briefly review the production and decay of the Higgs via
the process gg ! h ! ��, and discuss conditions that can
enhance or suppress the �� Br. Section III outlines the
scanning procedure and the phenomenological constraints
that we apply. In Sec. IV we consider, in the decoupling
limit, a scenario in which stop is the next to lightest
SUSY particle and discuss the implications of this on the
Higgs production cross section and branching ratios. In
Sec. V we discuss the light stop case when the mass of the
pseudoscalar Higgs mA is relatively small. In Sec. VI we
consider the light sbottom case for relatively low values of
mA.We discuss light stau scenario, similar to the stop case, in
Secs. VII and VIII. Our conclusions are presented in Sec. IX.

II. gg ! h ! �� PROCESS

A. gg ! h

The gluon fusion process is the main production channel
of the Higgs at the LHC. In the SM, the leading order
process involves a top quark loop which has the largest
Yukawa coupling with the Higgs. The cross section for this
process is known to the next-to-next-to-leading order [17]
which can enhance the leading order result by 80%–100%.
Any new particle which strongly couples with the Higgs
can significantly enhance this cross section. In the MSSM
the stop plays such a role and therefore this process
can probe the stop sector with the exception of scenarios
when the contribution from sbottom becomes important.
The decay width for this process is given by (see
Refs. [18,19] and references therein)

�ðh ! ggÞ ¼ GF�
2
sm

3
h

36
ffiffiffi
2

p
�3

jNcQ
2
t ghttA

h
1
2

ð�tÞ þAgg
SUSYj2;

(3)

where ghtt is the coupling of h to the top quark and �i ¼
m2

h=ð4m2
i Þ. The form factors are given by
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The supersymmetric contribution Agg
SUSY is given by
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SUSY ¼ X

i

NcQ
2
~qi
gh~qi~qi

m2
Z

m2
~qi

Ah
0ð�~qiÞ: (8)

The couplings gh~qi~qi of the CP-even Higgs boson to the

squark mass eigenstates, normalized to 2ð ffiffiffi
2

p
GFÞ1=2, are

given by [18–20]
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where sw � sin2�W , c� � cos� and �~q is the mixing angle

between the flavor basis and mass eigenbasis. The cou-
plings for the stau have expressions similar to that of the
sbottom with the relevant electric charge for the stau in the
first parenthesis. The cross section for the gg ! h process
is directly proportional to the decay width �ðgg ! hÞ. The
stop and sbottom loop contribution goes like 1=m2

~q and can

significantly enhance the cross section for light squarks.
Moreover the cross section can also increase from an
enhancement in the couplings gh~qi~qi . The latter enhance-

ment can arise due to light stops, large values of the mixing
parameter At and also large � tan�. We shall discuss the
enhancement and suppression of this cross section in more
detail in the following sections where we present our
results.

B. h ! ��

The Higgs boson can decay to a pair of gauge bosons,
leptons, or quarks. The dominant decay channel for a
126 GeV Higgs is a pair of b quarks (b �b) at tree level,
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but is not very useful due to the largeQCDbackground.One
of the most promising decay channels is the �� final state
which, at leading order, proceeds through a loop containing
charged particles, namely the chargedHiggs, sfermions and
charginos. The dominant contribution to h ! �� decay
comes from theW boson loop and the decay width is given
by (see Refs. [18,19] and references therein)

�ðh ! ��Þ ¼ GF�
2m3

h

128
ffiffiffi
2

p
�
jNcQ

2
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1=2ð�tÞ
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where ghWW is the coupling of h to the W boson. The
supersymmetric contribution A��

SUSY is given by
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where ghXX is the coupling of h to the particle

Xð¼ H�; ~f; 	�
i Þ. The stop and sbottom loop factors have

similar contributions as the gluon fusion case. In this case
however the stau can also contribute to enhance the decay
width without changing the gluon fusion cross section. The
chargino contribution to the decay width is known to be less
than 10% for m	�

i
* 100 GeV. The charged Higgs contri-

bution is even smaller since its coupling to the CP-even
Higgs is not proportional to its mass and also due to the loop
suppressionm2

W=m
2
H� . For a light stop theHiggs production

and decay can be significantly enhanced. For a light sbottom
the enhancement in the gluon fusion production can be large
but an overall enhancement in gg ! h ! �� is difficult to
achieve as we shall see in our analysis.

III. PHENOMENOLOGICAL CONSTRAINTS
AND SCANNING PROCEDURE

We employ the FeynHiggs 2.9.0 [21] package to perform
random scans over the MSSM fundamental parameter
space. The range of the parameters we choose in each
case are given in subsequent sections. In our analysis the
first and second generations are decoupled since their
masses are assumed to be around 5 TeV. The gaugino
mass parameters M1, M2 and M3 are also taken to be
5 TeV. We set the top quark mass mt ¼ 173:3 GeV [22].
The version of FeyHiggs we employ also tests for color and
charge breaking, and therefore points where color breaking
minima is detected are rejected.

In performing the random scan a uniform and logarith-
mic distribution of random points is first generated in the
selected parameter space. The function RNORMX [23] is
then employed to generate a Gaussian distribution around
each point in the parameter space. The points with 0:8<
RXX < 3 are scanned more rigorously using this function.

We successively apply the following experimental
constraints on the data that we acquire from FeynHiggs:
m~t1 > 130 GeV [24,25], m~b1

> 100 GeV [26,27], m~�1 >

105 GeV, [28]. The lower bound on sfermion masses are
consistent with nearly degenerate neutralino-sfermion
scenarios, which are very helpful in obtaining the correct
relic abundances [29]. We do not apply constraints from
B-physics in our analysis since our aim is to highlight the
effects of a light third generation on the Higgs production
and decay to the �� and ZZ final states. In each scenario
we choose our parameters to make one of the sparticles
from the third generation light with all others decoupled so
that there effects on B-physics are negligible. In principle
other sparticles can also be light and hence give contribu-
tions to B-physics. However, such an analysis would
involve additional parameters in each case and therefore
require a much more extensive analysis.

IV. LIGHT STOP IN THE DECOUPLING LIMIT

We first consider a scenario with only a pair of light
scalar top quarks effectively contributing to new physics
via Higgs production and decay processes. We assume the
decoupling limit (mA � mZ) in which the lightest Higgs is
SM-like and the other Higgs bosons are nearly degenerate
(mA ’ mH ’ m�

H). For this case we scan the following
range of the parameter space:

100 GeV<M3SU; M3SQ < 5000 GeV;

�4000 GeV< At < 4000 GeV; 3< tan�< 60;

(11)

where M3SQ, M3SU are the mass parameters of the third

generation left-handed squark doublet and right-handed
top squark, respectively. The parameter At is the coefficient
of the trilinear soft term associated with the top quark
Yukawa coupling. All other A terms are set equal to
zero. tan� is the ratio of the VEVs of the two MSSM
Higgs doublets. We assume the neutralino to be the lightest
supersymmetric particle which is nearly degenerate with
the light stop quark. This assumption relaxes the stop mass
bound compared with other colored sparticles [25].
In Figs. 1(a) and 1(b), we show our results in the

Br=BrSM vs m~t1 planes for the h ! �� and h ! ZZ decay

channels. The cross section ratio �=�SM vs m~t1 for the

gluon fusion process is shown in Fig. 1(c). The ratio of
the gg ! h cross section is plotted vs the branching ratio
of the h ! �� and h ! ZZ channels in Figs. 1(d) and 1(e).
The ratio R is plotted in Fig. 1(f) for the h ! �� vs
h ! ZZ channel and is given by Eq. (1). All the points
displayed in Fig. 1 satisfy the experimental constraints
described in Sec. III. The points shown in purple (black)
in Fig. 1 satisfy the following Higgs mass window:

123 GeV 	 mh 	 127 GeV: (12)
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The first notable feature in these figures is the large
enhancement of the diphoton production and gluon fusion
process in Figs. 1(a) and 1(c). It has been noted before [12]
that for a light stop and small At, the gluon fusion rate can

be enhanced by up to 60% due to constructive interference
of the stop and top loops in the gluon fusion cross section.
The diphoton decay, however, is suppressed by up to 20%
due to destructive interference of theW boson and top/stop

FIG. 1 (color online). Plots in the Br=BrSM vsm~t1 plane for (a) h ! �� and for (b) h ! ZZ channels. Panel for (c) shows the ratio of
the cross section �=�SM vs m~t1 for the gluon fusion process. The ratio of the cross section and branching ratio for the h ! �� and

h ! ZZ vs gg ! h channel are plotted in panels (d) and (e). Panel (f) shows the plot of the product R�� vs RZZ, where R is defined in

Eq. (1). The light blue (gray) points satisfy the constraints described in Sec. III. The purple (black) points satisfy the Higgs mass
window given in Eq. (12). The vertical dashed line in panel (f) shows the upper bound on RZZ and the lower bound on R�� from the

combined analysis given in Eq. (2). All points satisfy the constraints described in Sec. III.
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loops. Together, this leads to an overall enhancement in the
product R��. For large values of the parameter At the gluon

fusion cross section is suppressed due to destructive interfer-
ence between the top and stop loops. This cancellation leads
to enhancement in the diphoton channel which is now domi-
nated by theW boson loop as seen in Fig. 1(a). The reduction
in the gluon fusion rate however is much stronger, so that the
overall enhancement in R�� is not large. On the other hand,

the purple (black) points show that the large enhancement in
the diphotonproduction and gluon fusion process through the
light stop contribution is drastically reduced once the Higgs
mass bound from Eq. (12) is applied to the data. Figure 1(b)
shows that the enhancement in theZZ production is not large
compared to the diphoton case. This is because in the decou-
pling limit, the coupling of theCP-evenHiggswith thegauge
boson is proportional to g sinð�� �Þ � g.

From Fig. 1(d) we can see that the gluon fusion cross
section does not vary significantly with change in the
branching ratio to a pair of Z bosons. Figure 1(e), however,
shows that the gluon fusion cross section has an inverse
relationship with the diphoton branching ratio. This trend
shows that the overall enhancement in R�� does not become

large over the whole region of the parameter space for this
scenario. The reason for this inverse trend is that the enhance-
ment in the gluon fusion rate is from the constructive inter-
ference of the top and stop loops, which is accompanied
by the cancellation of these with the W boson loop. The
enhancement in the diphoton rate, which is due to destructive
interference between the top and stop loops, is accompanied
by a reduction in the gluon fusion rate. We can notice that
the reduction in the gluon fusion rate is much stronger for
relatively larger values of the diphoton decay rate.

The ATLAS and CMS experiments have seen an enhance-
ment in the �� final state which is 1.4–2 times the SM value.
The enhancement seen by ATLAS is accompanied by an
enhancement in the ZZ final states, whereas this is not the
case for CMS, as can be seen from the current limits given in

Eq. (2). Clearly, more data is required to settle this. Figure 1(f)
shows that anenhancement inRZZ is accompaniedbya similar
but weaker enhancement inR�� for values greater than 1. The

dashed lines show the upper bound on RZZ and the lower
boundonR�� for the combinedanalysis given inEq. (2). If this

bound from the ATLAS and CMS collaborations is confirmed
in the near future, it will rule out the light stop scenario.
In Fig. 2 our results are shown in them~t2 vsm~t1 and At vs

M3SQ planes. The orange (light gray) points show the data

that is consistent with the bounds discussed in Sec. III. The
brown (dark gray) points also form a subset of the orange
(light gray) points satisfying the current limits on the dipho-
ton and ZZ channels from the CMS given in Eq. (2). The
points shown in black form a subset of the brown (dark gray)
points satisfying the limit on the Higgs mass given in
Eq. (12). As seen from the figures and also described above,
the CMS observations seem to be in favor of the light stop
scenario. We can observe a large region of the parameter
space consistent with the CMS bound (brown (dark gray)
points), whereas there are no points satisfying the ATLAS
bound. This is because the central values of ATLAS indicate
an enhancement in both the �� and ZZ channels, which is
not favored in this scenario as seen in Fig. 1(d). We may also
note that the Higgs mass constraints is satisfied by the very
few points shown in black. This shows that requiring the
Higgs mass to be �126 GeV appears to disfavor this sce-
nario. However, as we will discuss in the next section, the
contributions of vectorlike matter to the Higgs mass can
ameliorate this situation.

V. LIGHT STOP AND LOW mA REGION

In this section we vary � and mA in order to explore the
light stop scenario in the region with low values of the
CP-odd Higgs mass mA. The decay width of the Higgs
boson into a pair of b quarks can be modified due to low/
moderate values of mA, and this can have important effects

FIG. 2 (color online). Plots in the m~t2 vs m~t1 and At vs M3SQ planes. Orange (light gray) points satisfy the constraints described in
Sec. III. The brown (dark gray) points form a subset of the orange (light gray) points and satisfy the current limits on Rgg and RZZ from

the CMS experiment given in Eq. (2). The black points form a subset of the brown (dark gray) points that satisfy the Higgs mass range
given in Eq. (12). We do not find points which satisfy the ATLAS bounds given in Eq. (2).
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on the other decay channels as well. The diphoton branch-
ing ratio is given as

Brðh ! ��Þ 
 �ðh ! ��Þ
�ðh ! b �bÞ : (13)

For low/moderate values of mA and large/moderate tan�,
the b �b and � �� channels can be suppressed and this, in turn,
can enhance the other decay channels. Similarly, an
enhancement in the h ! b �b channels leads to a suppres-
sion of the other decay channels.

FIG. 3 (color online). Plots in the ðBr=BrSMÞh!�� vs m~t1 , ðBr=BrSMÞh!ZZ vs m~t1 and ð�=�SMÞgg!h vs m~t1 planes. The ratio of the
cross sections and branching ratio for the gg ! h vs h ! �� and h ! ZZ channels are plotted in panels (d) and (e). Panel (f) shows
the plot in the R�� vs RZZ planes. The color coding and definition of the dashed lines is given in Fig. 1.
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For this case we scan the following range of the parame-
ter space:

100 GeV<M3SU; M3SQ < 5000 GeV;

�4000 GeV<At < 4000 GeV;

100 GeV<mA < 2000 GeV;

100 GeV<�< 1000 GeV;

3< tan�< 60:

The first- and second-generation masses are assumed to
be 5 TeV. All other A-terms are set to zero. Our results for
this case are shown in Figs. 3–5. In Fig. 3 we plot the same
variables as in Fig. 1. Comparing the figures for the two
cases we can notice a much broader region showing
enhancement in the �� and ZZ final states. Figures 3(a)
and 3(b) show that this enhancement in the �� and ZZ final
states can now accommodate much larger stop masses
(m~t1 & 1 TeV) compared to the decoupling limit. In other

words, heavier stops can now accommodate the enhance-
ment and also satisfy the Higgs mass range from Eq. (12), as
seen by the broader coverage of the purple (black) points in
this figure. The enhancement in the cross section in Fig. 3(c)
shows a similar trend as in the previous case and corre-
sponds to small values of At, resulting from the destructive
interference of the stop and top loops. Figures 3(d) and 3(e)
show that for smaller cross section, there are points with
larger branching ratio for the two decay channels. In the
decoupling case we saw an inverse trend between the Br and
cross section, which is not present in this case due to addi-
tional enhancement for low values of mA. Figure 3(f) again
plots the measurable quantities R�� vs RZZ. We can see a

large number of data points above the dashed lines and
therefore a much broader region is able to satisfy the current
bounds on these products.

We also observe from Fig. 3(f) that an enhancement in
R�� can be explained by a light stop. The product R�� is

significantly enhanced for a light stop quark mass, which

makes it difficult to get the correct Higgs mass in this
scenario. It was noticed in Refs. [15,16] that in the pres-
ence of a vectorlike particles around the TeV region and
with suitably large couplings to the Higgs field, one can
have sizable corrections to the light CP-even Higgs mass.

As an example, particles which are in the 10þ 10 dimen-
sional representation of the SU(5) symmetry group were
introduced. In the superpotential, the coupling 
1010105H
contains the interaction 
10Q10U10Hu. Here Q10 and U10

stand for vectorlike particles which have the same MSSM
quantum numbers as the left- and right-handed up type
quarks. Hu is the MSSM up type Higgs field and 
10 is a
dimensionless coupling. In this case the CP-even Higgs
boson gets the following additional contribution to its
mass [15,16]:

½m2
h�10 ¼ �M2

Zcos
22�

�
3

8�2

2
10tV

�

þ 3

4�2

4
10v

2sin2�

�
tV þ 1

2
X
10

�
: (14)

Here X
10
and tV are given as follows:

X
10
¼ 4 ~A2


10
ð3M2

S þ 2M2
VÞ � ~A4


10
� 8M2

SM
2
V � 10M4

S

6ðM2
S þM2

VÞ2
;

(15)

and

tV ¼ log

�
M2

S þM2
V

M2
V

�
; (16)

where ~A
10
¼ A
10

�� cot�,A
10
is theQ10 �U10 trilinear

soft mixing parameter and � is the MSSM Higgs bilinear
mixing term. MS ’ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

m ~Q3
m ~Uc

3

p
, where m ~Q3

and m ~Uc
3
are the

stop left and stop right soft SUSY breaking masses at low
scale.MV is the mass term for the vectorlike particles.
The leading 1- and 2-loop contributions to the lightest

CP-evenHiggs bosonmass in theMSSM is given by [30,31]

FIG. 4 (color online). RXX vs mA and RXX vs tan� planes. The red (gray) points correspond to R�� and the blue (black) points
correspond to RZZ.
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t
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Also ~At ¼ At �� cot�, where At denotes the stop left and
stop right soft mixing parameter. The total CP-even Higgs
mass is therefore given by

m2
h ¼ ½m2

h�MSSM þ ½m2
h�10: (19)

In Fig. 6 we plot the massmh vs tan� for the MSSM and the
MSSM þ vectorlike particle cases. The blue (dark gray)

FIG. 5 (color online). Plots in the m~t2 vs m~t1 , At vs M3SQ, tan� vs M3SQ and mA vs m~t1 planes. Orange (light gray) points satisfy the
constraints described in Sec. III. The green (dark gray) and brown (medium gray) points form a subset of the orange (light gray) points
and satisfy the current limits on Rgg and RZZ from the ATLAS and CMS experiments given in Eq. (2). The black points form a subset

of the green (dark gray) and brown (medium gray) points and satisfy the Higgs mass bounds given in Eq. (12).

FIG. 6 (color online). mh vs tan� plane illustrating the
contributions of vectorlike multiplets to the Higgs mass.
The blue (dark gray) curve corresponds to MS ¼ 2 TeV and
Xt ¼ 6, and the red (light gray) dashed line corresponds to
ðMS;MV; Xk10; XtÞ ¼ ð200 GeV; 2 TeV; 3; 6Þ and 
10 ¼ 1. The
black dashed line shows mh ¼ 126 GeV.

M. ADEEL AJAIB, ILIA GOGOLADZE, AND QAISAR SHAFI PHYSICAL REVIEW D 86, 095028 (2012)

095028-8



curve corresponds to the upper bound for theCP-even Higgs
mass if MS ¼ 2 TeV and At takes its maximum possible
values. It hardly reaches the 126 GeV mass bound. On the
other hand, in order to minimize the stop quark contribution
tomh we could chooseMS ¼ 200 GeV and consider vector-
like particles with masses around 2 TeV.We choose 
10 ¼ 1

and X
10
¼ 3. The red (light gray) dashed line shows that in

this case theCP-evenHiggsmass can be as large as 138GeV.
This shows that in the presence of vectorlike particles we can
have a stop quark as light as needed, without worrying about
the value of the lightest CP-even Higgs mass. Therefore, in
the presence of vectorlike particles the blue (gray) points in

FIG. 7 (color online). ðBr=BrSMÞh!�� vs m~b1
, ðBr=BrSMÞh!ZZ vs m~b1

and ð�=�SMÞgg!h vs m~t1 planes. The ratio of the cross section
and branching ratio for gg ! h vs h ! �� and h ! ZZ channels are plotted in panels (d) and (e). Panel (f) shows the plot in the R��

vs RZZ planes. The definition of the dashed lines is given in Fig. 1. All points satisfy the constraints described in Sec. III.
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Fig. 3(f) can accommodate the bounds from the ATLAS and
CMS experiments.

In Fig. 4 our results are shown in the RXX vsmA and RXX

vs tan� planes in order to emphasize the contribution
from the MSSM CP-odd Higgs A. The red (gray) points
show the product RXX for the �� final state, whereas the
points in blue (black) show this for the ZZ final state. The
additional enhancement observed in this case in Figs. 3(a)
and 3(b) corresponds to low values of mA & 600 GeV and
tan� * 30. It has been discussed in earlier references
[32,33] that lower/moderate values of mA and tan� can
suppress the b �b and �� channels and, as a result, the decays
to �� and ZZ can be significantly enhanced. The sensitiv-
ity of Brðh ! b �bÞ to mA comes through the coupling
ghbb / � sin�= cos�, where the mixing angle � is a func-
tionmA. Moreover, the radiative corrections to the Yukawa
couplings of the b quarks and � leptons (which are
employed in FeynHiggs) can suppress these couplings
significantly for large � tan�.

In Fig. 5 we show plots of the fundamental parameters in
the m~t2 vs m~t1 , At vs M3SQ, tan� vs M3SQ and mA vs m~t1

planes. The orange (light gray), green (dark gray) and black

points satisfy the same conditions as described in Sec. IV. A
muchwider expanse of the parameter space now satisfies the
current bounds from the ATLAS and CMS experiments
given in Eq. (2). The combination of the two experiments
is also satisfied as can be seen from the overlap of the two
regions. There are also more points shown in black satisfy-
ing the Higgs mass for stop mass& 1 TeV. The existence of
black points with ~t1 above 1 TeV can be understood as due
to the dependence of gg ! h ! �� process on relatively
small mA and large � tan� values. This case therefore
provides a much richer parameter space that can accommo-
date the current bounds from experiments. Hence a spec-
trum consisting of a light stop with low mA and large tan�
with all other particles decoupled can provide a possibility
of explaining the current experimental bounds.

VI. LIGHT SBOTTOM AND LOW mA REGION

We next consider a scenario in which the spectrum
consists of light bottom squarks and study its effects on
the branching ratio and Higgs production cross section.
For this case we scan the parameter space as follows:

FIG. 8 (color online). Plots in m~b2
vs m~b1

, Ab vs M3SQ, tan� vs M3SQ and mA vs m~b1
planes. Orange (light gray) points satisfy the

constraints described in Sec. III. The brown (dark gray) points form a subset of the orange (light gray) points and satisfy the current limits
on Rgg and RZZ from the CMS experiment given in Eq. (2). We do not find solutions which satisfy the ATLAS bounds given in Eq. (2).
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100 GeV<M3SD; M3SQ < 5000 GeV;

�4000 GeV<Ab < 4000 GeV;

100 GeV<mA < 2000 GeV;

100 GeV<�< 1000 GeV;

3< tan�< 60; (20)

where M3SD is the mass parameter of the third generation
right-handedbottomsquarks.As before, the first- and second-
generation masses are assumed to be 5 TeV, and all the other
A-terms are set to zero. In Fig. 7 we plot the samevariables as
in Fig. 1 for the bottom squarks. The branching ratio for
the �� and ZZ final states show a small enhancement for
light sbottom mass in Figs. 7(a) and 7(b), whereas a strong
enhancement in the cross section can be seen in Fig. 7(c).
Note that the left-handed squarks have the same mass due to
SUð2Þ gauge symmetry because ofwhich the stop can also be
light when the sbottom is light. Large difference in their
masses can be achieved with large mixing in the stop sector.
For the enhancement seen in Fig. 7(c) the stop is also light so
that its contribution also becomes important for this case.

In Figs. 7(d) and 7(e) we plot the gluon fusion vs the
branching ratio of the two channels. For increasing cross

section the branching ratio is distributed over a continuous
range of values that can either be small or large. The maxi-
mum value of the cross section (�1:5) corresponds to
ðBr=BrSMÞh!�� � 0:9 and ðBr=BrSMÞh!ZZ � 1:1 indicating

maximum values of the products R�� � 1:4 and RZZ � 1:6

as can be seen in Fig. 7(f). A linear correlation between R��

and RZZ can be seen in Fig. 7(f) as well. We can also notice
from this figure that the diphoton channel is typically sup-
pressed compared to the ZZ channel, and this seems to be
disfavored by current observations. From the dashed lines in
this figurewe can see that there is almost no parameter space
that can satisfy the combined limit from the two experiments.
The fundamental parameters are plotted in Fig. 7 and

show the prospects for a light sbottom in the light of current
limits from the ATLAS and CMS experiments. We notice a
region of the parameter space that is consistent with the
limits from CMS (brown (dark gray) points), whereas no
agreement with the ATLAS experiment is seen. Based on
the observations made from Fig. 7(f) we can see that the
light sbottom scenario is also disfavored by the combination
of the two experiments. The CMS limits are satisfied for
light sbottom masses ( & 500 GeV), whereas the values of
parameter Ab and tan� cover the whole scanned range.

FIG. 9 (color online). ðBr=BrSMÞh!�� vsm~�2 , ðBr=BrSMÞh!ZZ vsm~�2 and ð�=�SMÞgg!h vsm~�2 planes. Panel (c) shows the plot in the
R�� vs RZZ planes. The definition of the dashed lines is given in Fig. 1. All points satisfy the constraints described in Sec. III.
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Figure 8(d) shows that the current limits from CMS prefer a
sbottom with mass below 600 GeV.

VII. LIGHT STAU IN THE DECOUPLING LIMIT

One possible way of explaining the enhancement in the
diphoton channel without significantly enhancing the
gluon fusion rate and the decay widths of the other chan-
nels is by assuming the presence of a light stau [14].

In this section, we therefore assume the presence of light
tau sleptons and study their effects on Higgs production
and decay in the decoupling limit. For this case we scan the
parameter space as follows:

100 GeV<M3SE; M3SL < 5000 GeV;

�4000 GeV< A� < 4000 GeV; 3< tan�< 60:

(21)

FIG. 10 (color online). m~�2 vs m~�1 and A� vs M3SL planes. Color coding is the same as in Fig. 5.

FIG. 11 (color online). ðBr=BrSMÞh!�� vs m~�1 , ðBr=BrSMÞh!ZZ vs m~�1 and ð�=�SMÞgg!h vs m~t1 planes. Panel (c) shows the plot in
the R�� vs RZZ planes. The definition of the dashed lines is given in Fig. 1. All points satisfy the constraints described in Sec. III.
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As before, the first two generation masses are set
equal to 5 TeV and all other A-terms are set to zero.
The Higgs mass parameter � and mA are also decoupled
to 5 TeV.

In Fig. 9 we plot the same variables as in Fig. 1 for the
light stau scenario. Figure 9(a) shows an enhancement in
ðBr=BrSMÞh!�� which increases for light stau masses. The

branching ratio of the ZZ channel is very close to its
SM value (since g sinð�� �Þ � g) as can be seen from
Fig. 9(b). The stau with no color charge does not affect the
gluon fusion cross section. The effect on Brðh ! ZZÞ can
be significant for low values of mA as we shall see in the
next section. Earlier references (see for example, Ref. [14])
have noted that large values of the mixing parameter A�

and moderate values of mA can lead to enhancement or
suppression of the h ! b �b decay which, in turn, can
enhance or suppress the h ! ��, WW and ZZ decay
modes. Moreover, the effects from a light stau can also
be important in enhancing the diphoton branching ratio for
suitably large values large� tan� [14]. Note that we do not
apply the Higgs mass bound in this case because we set the
mixing parameter At ¼ 0. Choosing suitably large values
of this parameter or the presence of vectorlike matter can

accommodate the Higgs mass in the desired range given
in Eq. (12).
The plot of RZZ vs R�� in Fig. 9(c) shows that the

product RZZ remains close to the SM value, whereas
R�� undergoes a strong enhancement. We can also derive

an upper limit on the stau mass if the we require an
enhancement in the diphoton channel as suggested
by current observation. For R�� > 1:2 the stau has to be

& 300 GeV. This scenario may be favored if in future
analyses, the enhancement in the diphoton channel as
seen by the CMS and ATLAS experiments persists, with
the ZZ channel being closer to its SM values. This can also
be seen from the plot of the fundamental parameters in
Fig. 10 where a large region of the parameter space sat-
isfies the current limits from the ATLAS and CMS experi-
ments. Moreover, the combination of the two experiments
is also satisfied by a broad range of the parameter space.

VIII. LIGHT STAU AND LOW mA REGION

Our final scenario involves a light stau in the low mA

region. For this case we scan the parameter space as
follows:

FIG. 12 (color online). m~�2 vs m~�1 , A� vs M3SL, tan� vs M3SL and mA vs m~�1 planes. Color coding is the same as in Fig. 5.
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100 GeV<M3SE; M3SL < 5000 GeV;

�4000 GeV<A� < 4000 GeV;

100 GeV<mA < 2000 GeV;

100 GeV<�< 1000 GeV;

3< tan�< 60: (22)

The first- and second-generation masses are decoupled to
5 TeVand all other A-terms are set to zero. The Higgs mass
parameter � and mA are also assumed to be 5 TeV.
In Fig. 11(a) we can again see a large enhancement in
the diphoton branching ratio for light stau masses. As
described earlier, this enhancement corresponds to large
values of� tan� as shown in previous references [14]. Our
results are shown in Figs. 11 and 12. Comparing this case to
the previous one we can see that the enhancement is not
affected, whereas a large region of the parameter space
now corresponds to suppressed values of the branching
ratios for the �� and ZZ channels. As described in
the previous section, lower/moderate values of mA can
enhance h ! b �b decay and therefore lead to a suppression
of the diphoton and other decay channels. This suppression
can be seen in Figs. 11(a) and 11(b). The points with Br&1
for the two channels correspond to mA & 700 GeV. The
cross section is also suppressed for lower values of mA.

The plot of RZZ vs R�� in Fig. 11(c) shows the enhance-

ment seen in the previous casewith additional suppression of
the two channels corresponding to lower values of mA. We
can see that this case contributes more parameter spacewhen
RXX & 1whereas the enhancement still corresponds to large
values ofmA. For small values of the ratioR there appears to
be a linear relationship between the two products RZZ and
R�� which is not present when mA is large. This scenario is

therefore more favored compared to the previous one.
In Fig. 12 plots in the fundamental parameter space plots

further show thewide range of available parameter space that
satisfies the current constraints from experiments. The over-
lap of the green (dark gray) and brown (medium gray) points
show that the combination of the two experiments is also
broadly satisfied. Figure 12(d) shows that the current limits
from the ATLAS and CMS experiments prefer a stau with
mass& 800 GeV.

IX. CONCLUSION

The ATLAS and CMS experiments have reported some
exciting results regarding the production and subsequent
decays (especially into �� and ZZ) of a SM-like Higgs
boson with mass close to 126 GeV. We have explored
their implications in the MSSM framework with rela-
tively light third generation sfermions (stop, sbottom
and stau). We also considered scenarios in which TeV
scale vector like particles are introduced to make sure that
the Higgs boson has the desired mass of around 126 GeV.
In addition, we explored both the decoupling limit
(mA � mZ) as well as the low mA region, with the first
two family sfermions in all cases assumed to be essen-
tially decoupled.
For the light stop case, in the presence of vectorlike

particles, which are in the 10þ 10 dimensional represen-
tation of SU(5), we find a region of the parameter space
that can explain the current observations especially for low
values of the pseudoscalar mass mA. Requiring the Higgs
to be 126 GeV constrains the parameter space but the
presence of vectorlike matter can always ameliorate this
situation. The case of light sbottom seems to be disfa-
vored since the sbottom contribution in enhancement of
the cross section and branching ratio is not large. For the
case of light staus we find a large region of the parameter
space which agrees with current observations and also
with the combined ATLAS and CMS limits. More data
from both experiments will help pin down the eventual
scenario but, based on our analysis and also noted before
by other authors, a light stau seems to be the most viable
scenario in explaining current observed deviations from
the SM.

ACKNOWLEDGMENTS

We thank Sven Heinemeyer, Wolfgang Hollik, and Ian
Low for valuable discussions. This work is supported in
part by the DOE Grant No. DE-FG02-12ER41808. This
work used the Extreme Science and Engineering
Discovery Environment (XSEDE), which is supported by
the National Science Foundation Grant No. OCI-1053575.

[1] F. Gianotti, CERN Seminar, Update on the Standard
Model Higgs Searches in ATLAS, Report No. ATLAS-
CONF-2012-093 2012.

[2] J. Incandela, CERN Seminar, Update on the Standard
Model Higgs Searches in CMS, Report No. CMS-PAS-
HIG-12-020 2012.

[3] CDF and D0 Collaborations, Repor No. FERMILAB-
CONF-12-318-E.

[4] M. Badziak, E. Dudas, M. Olechowski, and S. Pokorski,

J. High Energy Phys. 07 (2012) 155; M. Klute, R. Lafaye,

T. Plehn, M. Rauch, and D. Zerwas, Phys. Rev. Lett. 109,
101801 (2012); H. Baer, V. Barger, and A. Mustafayev,

Phys. Rev. D 85, 075010 (2012); S. Akula, B.

Altunkaynak, D. Feldman, P. Nath, and G. Peim, Phys.

Rev. D 85, 075001 (2012); A. Arbey, M. Battaglia, A.

Djouadi, F. Mahmoudi, and J. Quevillon, Phys. Lett. B

M. ADEEL AJAIB, ILIA GOGOLADZE, AND QAISAR SHAFI PHYSICAL REVIEW D 86, 095028 (2012)

095028-14

http://dx.doi.org/10.1007/JHEP07(2012)155
http://dx.doi.org/10.1103/PhysRevLett.109.101801
http://dx.doi.org/10.1103/PhysRevLett.109.101801
http://dx.doi.org/10.1103/PhysRevD.85.075010
http://dx.doi.org/10.1103/PhysRevD.85.075001
http://dx.doi.org/10.1103/PhysRevD.85.075001
http://dx.doi.org/10.1016/j.physletb.2012.01.053


708, 162 (2012); J. L. Feng, K. T. Matchev, and
D. Sanford, Phys. Rev. D 85, 075007 (2012);
S. Heinemeyer, O. Stal, and G. Weiglein, Phys. Lett. B
710, 201 (2012); J. Ellis and K.A. Olive, Eur. Phys. J. C
72, 2005 (2012); O. Buchmueller, R. Cavanaugh, A. De
Roeck, M. J. Dolan, J. R. Ellis, H. Flacher, S.
Heinemeyer, G. Isidori et al., Eur. Phys. J. C 72, 2020
(2012); M. Kadastik, K. Kannike, A. Racioppi, and M.
Raidal, J. High Energy Phys. 05 (2012) 061; J. Cao, Z.
Heng, D. Li, and J.M. Yang, Phys. Lett. B 710, 665
(2012); L. J. Hall, D. Pinner, and J. T. Ruderman,
J. High Energy Phys. 04 (2012) 131; J. Cao, Z. Heng,
J.M. Yang, Y. Zhang, and J. Zhu, J. High Energy Phys. 03
(2012) 086; C.-F. Chang, K. Cheung, Y.-C. Lin, and
T.-C. Yuan, J. High Energy Phys. 06 (2012) 128; L.
Aparicio, D.G. Cerdeno, and L. E. Ibanez, J. High
Energy Phys. 04 (2012) 126; H. Baer, V. Barger, and A.
Mustafayev, J. High Energy Phys. 05 (2012) 091; D.
Ghosh, M. Guchait, and D. Sengupta, Eur. Phys. J. C
72, 2141 (2012); L. Maiani, A.D. Polosa, and V. Riquer,
New J. Phys. 14, 073029 (2012); T. Cheng, J. Li, T. Li,
D. V. Nanopoulos, and C. Tong, arXiv:1202.6088; J. Cao,
Z. Heng, J.M. Yang, and J. Zhu, J. High Energy Phys. 06
(2012) 145; F. Jegerlehner, Frascati Phys. Ser. 54, 42
(2012); F. Brummer, S. Kraml, and S. Kulkarni, J. High
Energy Phys. 08 (2012) 089; A. Choudhury and A. Datta,
J. High Energy Phys. 06 (2012) 006; C. Balazs, A.
Buckley, D. Carter, B. Farmer, and M. White,
arXiv:1205.1568; M. Badziak, Mod. Phys. Lett. A 27,
1230020 (2012); J. L. Feng and D. Sanford, Phys. Rev.
D 86, 055015 (2012); E. Dudas, Y. Mambrini, A.
Mustafayev, and K.A. Olive, Eur. Phys. J. C 72, 2128
(2012); A. Fowlie, M. Kazana, K. Kowalska, S. Munir, L.
Roszkowski, E.M. Sessolo, S. Trojanowski, and Y.-L. S.
Tsai, arXiv:1206.0264; P. Athron, S. F. King, D. J.
Miller, S. Moretti, and R. Nevzorov, arXiv:1206.5028;
R.M. Chatterjee, M. Guchait, and D. Sengupta,
arXiv:1206.5770; M.W. Cahill-Rowley, J. L. Hewett, A.
Ismail, and T. G. Rizzo, arXiv:1206.5800; S. Akula,
P. Nath, and G. Peim, Phys. Lett. B 717, 188 (2012); J.
Cao, Z. Heng, J.M. Yang, and J. Zhu, J. High Energy
Phys. 10 (2012) 079.

[5] P. Draper, P. Meade, M. Reece, and D. Shih, Phys. Rev. D
85, 095077 (2012); Y. Kats, P. Meade, M. Reece, and D.
Shih, J. High Energy Phys. 02 (2012) 115; J. L. Evans, M.
Ibe, S. Shirai, and T. T. Yanagida, Phys. Rev. D 85, 095044
(2012); N. Desai, B. Mukhopadhyaya, and S. Niyogi,
arXiv:1202.5190; Z. Kang, T. Li, T. Liu, C. Tong, and
J.M. Yang, arXiv:1203.2336; arXiv:1203.2336; M.A.
Ajaib, I. Gogoladze, F. Nasir, and Q. Shafi, Phys. Lett.
B 713, 462 (2012); S. P. Martin and J. D. Wells, Phys. Rev.
D 86, 035017 (2012); N. Okada, arXiv:1205.5826; J. L.
Feng, Z. Surujon, and H.-B. Yu, Phys. Rev. D 86, 035003
(2012); A. Albaid and K. S. Babu, arXiv:1207.1014.

[6] I. Gogoladze, Q. Shafi, and C. S. Un, J. High Energy Phys.
08 (2012) 028; 07 (2012) 055.

[7] A. Chamseddine, R. Arnowitt, and P. Nath, Phys. Rev.
Lett. 49, 970 (1982); R. Barbieri, S. Ferrara, and C. Savoy,
Phys. Lett. 119B, 343 (1982); N. Ohta, Prog. Theor.
Phys. 70, 542 (1983); L. J. Hall, J. D. Lykken, and
S. Weinberg, Phys. Rev. D 27, 2359 (1983); for a

review, see S. Weinberg, The Quantum Theory of Fields:
Volume 3, Supersymmetry (Cambridge University Press,
Cambridge, 2000) p. 442.

[8] B. Ananthanarayan, G. Lazarides, and Q. Shafi, Phys. Rev.
D 44, 1613 (1991); Phys. Lett. B 300, 245 (1993); Q. Shafi
and B. Ananthanarayan, in Proceedings of the High
Energy Physics and Cosmology (World Scientific,
Singapore, 1991), p. 233.

[9] CMS Collaboration, Report No. CMS-PAS-HIG-12-016.
[10] ATLAS Collaboration, Report No. ATLAS-CONF-2012-

092.
[11] A. Arbey, M. Battaglia, A. Djouadi, and F. Mahmoudi,

J. High Energy Phys. 09 (2012) 107.
[12] A. Djouadi, Phys. Lett. B 435, 101 (1998); R. Dermisek

and I. Low, Phys. Rev. D 77, 035012 (2008); I. Low and S.
Shalgar, J. High Energy Phys. 04 (2009) 091; I. Low,
R. Rattazzi, and A. Vichi, J. High Energy Phys. 04 (2010)
126; I. Low and A. Vichi, Phys. Rev. D 84, 045019 (2011).

[13] N. Desai, B. Mukhopadhyaya, and S. Niyogi,
arXiv:1202.5190; D. Carmi, A. Falkowski, E. Kuflik,
and T. Volansky, J. High Energy Phys. 07 (2012) 136;
N. D. Christensen, T. Han, and S. Su, Phys. Rev. D 85,
115018 (2012); R. Benbrik, M.G. Bock, S. Heinemeyer,
O. Stal, G. Weiglein, and L. Zeune, arXiv:1207.1096; N.
Arkani-Hamed, K. Blum, R. T. D’Agnolo, and J. Fan,
arXiv:1207.4482; A. Joglekar, P. Schwaller, and C. E.M.
Wagner, arXiv:1207.4235; M.R. Buckley and D. Hooper,
arXiv:1207.1445. L. G. Almeida, E. Bertuzzo, P. A. N.
Machado, and R. Z. Funchal, arXiv:1207.5254.

[14] M. Carena, S. Gori, N. R. Shah, and C. E.M. Wagner,
J. High Energy Phys. 03 (2012) 014; M. Carena,
S. Gori, N. R. Shah, C. E.M. Wagner, and L.-T. Wang,
J. High Energy Phys. 07 (2012) 175; G. F. Giudice, P.
Paradisi, and A. Strumia, arXiv:1207.6393.

[15] T. Moroi and Y. Okada, Mod. Phys. Lett. A 7, 187 (1992);
Phys. Lett. B 295, 73 (1992).

[16] K. S. Babu, I. Gogoladze, and C. Kolda, arXiv:hep-ph/
0410085; K. S. Babu, I. Gogoladze, M.U. Rehman, and Q.
Shafi, Phys. Rev. D 78, 055017 (2008); S. P. Martin, Phys.
Rev. D 81, 035004 (2010); 82, 055019 (2010); P.W.
Graham, A. Ismail, S. Rajendran, and P. Saraswat, Phys.
Rev. D 81, 055016 (2010); T. Li, J. A. Maxin, D. V.
Nanopoulos, and J.W. Walker, Phys. Lett. B 710, 207
(2012); M. Endo, K. Hamaguchi, S. Iwamoto, and N.
Yokozaki, Phys. Rev. D 85, 095012 (2012).

[17] C. Anastasiou and K. Melnikov, Nucl. Phys. B646, 220
(2002).

[18] A. Djouadi, Phys. Rep. 459, 1 (2008).
[19] J. F. Gunion, H. E. Haber, G. L. Kane, and S. Dawson, The

Higgs Hunter’s Guide (Addison-Wesley, Reading,
Massachusetts, (USA), 1990).

[20] M. Boonekamp, J. Cammin, S. Lavignac, R. B. Peschanski,
and C. Royon, Phys. Rev. D 73, 115011 (2006).

[21] M. Frank, T. Hahn, S. Heinemeyer, W. Hollik, H. Rzehak,
and G. Weiglein, J. High Energy Phys. 02 (2007) 047; G.
Degrassi, S. Heinemeyer, W. Hollik, P. Slavich, and G.
Weiglein, Eur. Phys. J. C 28, 133 (2003); S. Heinemeyer,
W. Hollik, and G. Weiglein, Eur. Phys. J. C 9, 343 (1999);
Comput. Phys. Commun. 124, 76 (2000).

[22] Tevatron Electroweak Working Group and CDF
Collaboration and D0 Collab, arXiv:0903.2503.

HIGGS BOSON PRODUCTION AND DECAY: EFFECTS . . . PHYSICAL REVIEW D 86, 095028 (2012)

095028-15

http://dx.doi.org/10.1016/j.physletb.2012.01.053
http://dx.doi.org/10.1103/PhysRevD.85.075007
http://dx.doi.org/10.1016/j.physletb.2012.02.084
http://dx.doi.org/10.1016/j.physletb.2012.02.084
http://dx.doi.org/10.1140/epjc/s10052-012-2005-2
http://dx.doi.org/10.1140/epjc/s10052-012-2005-2
http://dx.doi.org/10.1140/epjc/s10052-012-2020-3
http://dx.doi.org/10.1140/epjc/s10052-012-2020-3
http://dx.doi.org/10.1007/JHEP05(2012)061
http://dx.doi.org/10.1016/j.physletb.2012.03.052
http://dx.doi.org/10.1016/j.physletb.2012.03.052
http://dx.doi.org/10.1007/JHEP04(2012)131
http://dx.doi.org/10.1007/JHEP03(2012)086
http://dx.doi.org/10.1007/JHEP03(2012)086
http://dx.doi.org/10.1007/JHEP06(2012)128
http://dx.doi.org/10.1007/JHEP04(2012)126
http://dx.doi.org/10.1007/JHEP04(2012)126
http://dx.doi.org/10.1007/JHEP05(2012)091
http://dx.doi.org/10.1140/epjc/s10052-012-2141-8
http://dx.doi.org/10.1140/epjc/s10052-012-2141-8
http://dx.doi.org/10.1088/1367-2630/14/7/073029
http://arXiv.org/abs/1202.6088
http://dx.doi.org/10.1007/JHEP06(2012)145
http://dx.doi.org/10.1007/JHEP06(2012)145
http://dx.doi.org/10.1007/JHEP08(2012)089
http://dx.doi.org/10.1007/JHEP08(2012)089
http://dx.doi.org/10.1007/JHEP06(2012)006
http://arXiv.org/abs/1205.1568
http://dx.doi.org/10.1142/S0217732312300200
http://dx.doi.org/10.1142/S0217732312300200
http://dx.doi.org/10.1103/PhysRevD.86.055015
http://dx.doi.org/10.1103/PhysRevD.86.055015
http://dx.doi.org/10.1140/epjc/s10052-012-2138-3
http://dx.doi.org/10.1140/epjc/s10052-012-2138-3
http://arXiv.org/abs/1206.0264
http://arXiv.org/abs/1206.5028
http://arXiv.org/abs/1206.5770
http://arXiv.org/abs/1206.5800
http://dx.doi.org/10.1016/j.physletb.2012.09.007
http://dx.doi.org/10.1007/JHEP10(2012)079
http://dx.doi.org/10.1007/JHEP10(2012)079
http://dx.doi.org/10.1007/JHEP02(2012)115
http://arXiv.org/abs/1202.5190
http://arXiv.org/abs/1203.2336
http://arXiv.org/abs/1203.2336
http://dx.doi.org/10.1016/j.physletb.2012.06.036
http://dx.doi.org/10.1016/j.physletb.2012.06.036
http://dx.doi.org/10.1103/PhysRevD.86.035017
http://dx.doi.org/10.1103/PhysRevD.86.035017
http://arXiv.org/abs/1205.5826
http://dx.doi.org/10.1103/PhysRevD.86.035003
http://dx.doi.org/10.1103/PhysRevD.86.035003
http://arXiv.org/abs/1207.1014
http://dx.doi.org/10.1007/JHEP08(2012)028
http://dx.doi.org/10.1007/JHEP08(2012)028
http://dx.doi.org/10.1007/JHEP07(2012)055
http://dx.doi.org/10.1103/PhysRevLett.49.970
http://dx.doi.org/10.1103/PhysRevLett.49.970
http://dx.doi.org/10.1016/0370-2693(82)90685-2
http://dx.doi.org/10.1143/PTP.70.542
http://dx.doi.org/10.1143/PTP.70.542
http://dx.doi.org/10.1103/PhysRevD.27.2359
http://dx.doi.org/10.1103/PhysRevD.44.1613
http://dx.doi.org/10.1103/PhysRevD.44.1613
http://dx.doi.org/10.1016/0370-2693(93)90361-K
http://dx.doi.org/10.1007/JHEP09(2012)107
http://dx.doi.org/10.1016/S0370-2693(98)00784-9
http://dx.doi.org/10.1103/PhysRevD.77.035012
http://dx.doi.org/10.1088/1126-6708/2009/04/091
http://dx.doi.org/10.1007/JHEP04(2010)126
http://dx.doi.org/10.1007/JHEP04(2010)126
http://dx.doi.org/10.1103/PhysRevD.84.045019
http://arXiv.org/abs/1202.5190
http://dx.doi.org/10.1007/JHEP07(2012)136
http://dx.doi.org/10.1103/PhysRevD.85.115018
http://dx.doi.org/10.1103/PhysRevD.85.115018
http://arXiv.org/abs/1207.1096
http://arXiv.org/abs/1207.4482
http://arXiv.org/abs/1207.4235
http://arXiv.org/abs/1207.1445
http://arXiv.org/abs/1207.5254
http://dx.doi.org/10.1007/JHEP03(2012)014
http://dx.doi.org/10.1007/JHEP07(2012)175
http://arXiv.org/abs/1207.6393
http://dx.doi.org/10.1142/S0217732392000124
http://dx.doi.org/10.1016/0370-2693(92)90091-H
http://arXiv.org/abs/hep-ph/0410085
http://arXiv.org/abs/hep-ph/0410085
http://dx.doi.org/10.1103/PhysRevD.78.055017
http://dx.doi.org/10.1103/PhysRevD.81.035004
http://dx.doi.org/10.1103/PhysRevD.81.035004
http://dx.doi.org/10.1103/PhysRevD.82.055019
http://dx.doi.org/10.1103/PhysRevD.81.055016
http://dx.doi.org/10.1103/PhysRevD.81.055016
http://dx.doi.org/10.1016/j.physletb.2012.02.086
http://dx.doi.org/10.1016/j.physletb.2012.02.086
http://dx.doi.org/10.1103/PhysRevD.85.095012
http://dx.doi.org/10.1016/S0550-3213(02)00837-4
http://dx.doi.org/10.1016/S0550-3213(02)00837-4
http://dx.doi.org/10.1016/j.physrep.2007.10.005
http://dx.doi.org/10.1103/PhysRevD.73.115011
http://dx.doi.org/10.1088/1126-6708/2007/02/047
http://dx.doi.org/10.1140/epjc/s2003-01152-2
http://dx.doi.org/10.1007/s100520050537
http://dx.doi.org/10.1016/S0010-4655(99)00364-1
http://arXiv.org/abs/0903.2503


[23] J. L. Leva, ACM Trans. Math. Softw. 18, 449 (1992); 18,
454 (1992).

[24] G. Aad et al. (ATLAS Collaboration), Phys. Lett. B 710,
67 (2012).

[25] M.A. Ajaib, T. Li, and Q. Shafi, Phys. Rev. D 85, 055021
(2012); B. He, T. Li, and Q. Shafi, J. High Energy Phys. 05
(2012) 148.

[26] G. Aad et al. (ATLAS Collaboration), Phys. Lett. B 701,
398 (2011).

[27] M. Adeel Ajaib, T. Li, and Q. Shafi, Phys. Lett. B 701, 255
(2011).

[28] K. Nakamura et al. (Particle Data Group Collaboration),
J. Phys. G 37, 075021 (2010).

[29] G. Jungman, M. Kamionkowski, and K. Griest, Phys. Rep.
267, 195 (1996).

[30] Y. Okada, M. Yamaguchi, and T. Yanagida, Prog. Theor.
Phys. 85, 1 (1991); Phys. Lett. B 262, 54 (1991); A.
Yamada, Phys. Lett. B 263, 233 (1991); J. R. Ellis,

G. Ridolfi, and F. Zwirner, Phys. Lett. B 257, 83 (1991);
262, 477 (1991); H. E. Haber and R. Hempfling, Phys.
Rev. Lett. 66, 1815 (1991).

[31] M. Carena, J. R. Espinosa, M. Quiros, and C. E.M.
Wagner, Phys. Lett. B 355, 209 (1995); M. Carena,
M. Quiros, and C. E.M. Wagner, Nucl. Phys. B461,
407 (1996); H. E. Haber, R. Hempfling, and A. H.
Hoang, Z. Phys. C 75, 539 (1997); S. Heinemeyer, W.
Hollik, and G. Weiglein, Phys. Rev. D 58, 091701
(1998); M. Carena, H. E. Haber, S. Heinemeyer, W.
Hollik, C. E.M. Wagner, and G. Weiglein, Nucl. Phys.
B 580, 29 (2000); S. P. Martin, Phys. Rev. D 67, 095012
(2003).

[32] M. S. Carena, S. Mrenna, and C. E.M. Wagner, Phys. Rev.
D 60, 075010 (1999).

[33] M. S. Carena, S. Mrenna, and C. E.M. Wagner, Phys. Rev.
D 62, 055008 (2000); J. Cao, Z. Heng, T. Liu, and J.M.
Yang, Phys. Lett. B 703, 462 (2011).

M. ADEEL AJAIB, ILIA GOGOLADZE, AND QAISAR SHAFI PHYSICAL REVIEW D 86, 095028 (2012)

095028-16

http://dx.doi.org/10.1145/138351.138364
http://dx.doi.org/10.1145/138351.138367
http://dx.doi.org/10.1145/138351.138367
http://dx.doi.org/10.1016/j.physletb.2012.02.051
http://dx.doi.org/10.1016/j.physletb.2012.02.051
http://dx.doi.org/10.1103/PhysRevD.85.055021
http://dx.doi.org/10.1103/PhysRevD.85.055021
http://dx.doi.org/10.1007/JHEP05(2012)148
http://dx.doi.org/10.1007/JHEP05(2012)148
http://dx.doi.org/10.1016/j.physletb.2011.06.015
http://dx.doi.org/10.1016/j.physletb.2011.06.015
http://dx.doi.org/10.1016/j.physletb.2011.05.059
http://dx.doi.org/10.1016/j.physletb.2011.05.059
http://dx.doi.org/10.1088/0954-3899/37/7A/075021
http://dx.doi.org/10.1016/0370-1573(95)00058-5
http://dx.doi.org/10.1016/0370-1573(95)00058-5
http://dx.doi.org/10.1143/PTP.85.1
http://dx.doi.org/10.1143/PTP.85.1
http://dx.doi.org/10.1016/0370-2693(91)90642-4
http://dx.doi.org/10.1016/0370-2693(91)90592-E
http://dx.doi.org/10.1016/0370-2693(91)90863-L
http://dx.doi.org/10.1016/0370-2693(91)90626-2
http://dx.doi.org/10.1103/PhysRevLett.66.1815
http://dx.doi.org/10.1103/PhysRevLett.66.1815
http://dx.doi.org/10.1016/0370-2693(95)00694-G
http://dx.doi.org/10.1016/0550-3213(95)00665-6
http://dx.doi.org/10.1016/0550-3213(95)00665-6
http://dx.doi.org/10.1007/s002880050498
http://dx.doi.org/10.1103/PhysRevD.58.091701
http://dx.doi.org/10.1103/PhysRevD.58.091701
http://dx.doi.org/10.1016/S0550-3213(00)00212-1
http://dx.doi.org/10.1016/S0550-3213(00)00212-1
http://dx.doi.org/10.1103/PhysRevD.67.095012
http://dx.doi.org/10.1103/PhysRevD.67.095012
http://dx.doi.org/10.1103/PhysRevD.60.075010
http://dx.doi.org/10.1103/PhysRevD.60.075010
http://dx.doi.org/10.1103/PhysRevD.62.055008
http://dx.doi.org/10.1103/PhysRevD.62.055008
http://dx.doi.org/10.1016/j.physletb.2011.08.024

