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Abstract

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 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 vector like 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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1 Introduction

The ATLAS and CMS collaborations at the Large Hadron Collider (LHC) have inde-
pendently 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 constraints on the various supersymmetric (SUSY) models
[4, 5]. In the decoupling limit (mA � mZ), the lightest CP-even Higgs h in the Mini-
mal 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, O(few− 10) TeV, stop quark mass,
or a large trilinear soft supersymmetry breaking (SSB) 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 unified theory (GUT) models with t-b-τ Yukawa coupling unification at
MGUT [8].

In addition to the Higgs discovery the ATLAS and CMS experiments have both
observed an excess in Higgs production 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 experiment 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 production cross sections times branching ratio to the final state XX compared to
the theoretical expectation for the SM. Thus,

RXX ≡
σ(h)×Br(h→ XX)

(σ(h)×Br(h→ XX))SM
. (1)

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

ATLAS: Rγγ = 1.90± 0.5 , RZZ = 1.3± 0.6 ,
CMS: Rγγ = 1.56± 0.43 , RZZ = 0.7± 0.5 ,
ATLAS⊕CMS: Rγγ = 1.71± 0.33 , RZZ = 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
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previous studies [12, 13, 14], we require that the observations related to both Rγγ 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 ref. [15, 16] that introducing vector like particles at the TeV scale with
suitable couplings to the MSSM Higgs can provide a significant contribution to the
lightest CP-even Higgs mass. We will see that the presence of vector like 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 seperate observations
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 Section 2 we briefly review the production
and decay of the Higgs via the process gg → h→ γγ, and discuss conditions that can
enhance or suppress the σ × Br. Section 3 outlines the scanning procedure and the
phenomenological constraints that we apply. In section 4 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
section 5 we discuss the light stop case when the mass of the pseudo-scalar Higgs mA

is relatively small. In section 6 we consider the light sbottom case for relatively low
values of mA. We discuss light stau scenario, similar to the stop case, in sections 7 and
8. Our conclusions are presented in Section 9.

2 gg → h→ γγ Process

2.1 gg → h

The gluon fusion process is the main production channel of the Higgs at the LHC.
In the SM, the leading order (LO) 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 (NNLO) [17] which can enhance the LO 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
[18, 19] and references therein)

Γ(h→ gg) =
GFα

2
sm

3
h

36
√

2π3

∣∣∣NcQ
2
t ghttA

h
1
2
(τt) +AggSUSY

∣∣∣2 , (3)
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where ghtt is the coupling of h to the top quark and τi = m2
h/(4m

2
i ). The form factors

are given by

Ah1
2
(τ) =

2

τ 2
[τ + (τ − 1)f(τ)] , (4)

Ah0(τ) = − 1

τ 2
[τ − f(τ)] , (5)

Ah1(τ) = − 1

τ 2
[2τ 2 + 3τ + 3(2τ − 1)f(τ)] , (6)

f(τ) =


arcsin2

√
τ τ ≤ 1

−1

4

[
log

1 +
√

1− τ−1

1−
√

1− τ−1
− iπ

]2
τ > 1

(7)

The supersymmetric contribution AggSUSY is given by

AggSUSY =
∑
i

NcQ
2
q̃i
ghq̃iq̃i

m2
Z

m2
q̃i

Ah0(τq̃i) . (8)

The couplings ghq̃iq̃i of the CP-even Higgs boson to the squark mass eigenstates, nor-

malized to 2(
√

2GF )1/2, are given by [18, 19, 20]

ght̃1 t̃1 =

(
1

2
c2θt̃ −

2

3
s2wc2θt̃

)
M2
Z sin(β + α)−m2

t

cosα

sinβ
− 1

2
s2θt̃ mt

(
At

cosα

sinβ
+ µ

sinα

sinβ

)
,

ght̃2 t̃2 =

(
1

2
s2θt̃ +

2

3
s2wc2θt̃

)
M2
Z sin(β + α)−m2

t

cosα

sinβ
+

1

2
s2θt̃ mt

(
At

cosα

sinβ
+ µ

sinα

sinβ

)
,

ghb̃1b̃1 =

(
1

2
c2θb̃
− 1

3
s2wc2θb̃

)
M2
Z sin(β + α)−m2

b

sinα

cosβ
− 1

2
s2θb̃ mb

(
Ab

sinα

cosβ
+ µ

cosα

cosβ

)
,

ghb̃2b̃2 =

(
1

2
s2θb̃

+
1

3
s2wc2θb̃

)
M2
Z sin(β + α)−m2

b

sinα

cosβ
+

1

2
s2θb̃ mb

(
Ab

sinα

cosβ
+ µ

cosα

cosβ

)
,

where sw ≡ sin2 θW , cθ ≡ cos θ and θq̃ is the mixing angle between the flavor basis
and mass eigenbasis. The couplings 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 Γ(gg → h).
The stop and sbottom loop contribution goes like 1/m2

q̃ and can significantly enhance
the cross section for light squarks. Moreover the cross section can also increase from
an enhancement in the couplings ghq̃iq̃i . The latter enhancement can arise due to light
stops, large values of the mixing parameter At and also large µ tan β. We shall discuss
the enhancement and suppression of this cross section in more detail in the following
sections where we present our results.
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2.2 h→ γγ

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 (bb̄) at tree level, but is
not very useful due to the large QCD background. One of the most promising decay
channels is the γγ final state which, at leading order, proceeds through a loop containing
charged particles, namely the charged Higgs, sfermions and charginos. The dominant
contribution to h → γγ decay comes from the W boson loop and the decay width is
given by (see [18, 19] and references therein)

Γ(h→ γγ) =
GFα

2m3
h

128
√

2π

∣∣NcQ
2
t ghttA

h
1/2(τt) + ghWW Ah1(τW ) +AγγSUSY

∣∣2 , (9)

where ghWW is the coupling of h to the W boson. The supersymmetric contribution
AγγSUSY is given by

AγγSUSY = ghH+H−
m2
W

m2
H±

Ah0(τH±) +
∑
f

NcQ
2
f ghf̃ f̃

m2
Z

m2
f̃

Ah0(τf̃ ) +

∑
i

ghχ+
i χ

−
i

mW

mχi

Ah1
2
(τχi

), (10)

where ghXX is the coupling of h to the particle X (= H±, f̃ , χ±i ). 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 mχ±

i
& 100 GeV. The charged Higgs contribution is even smaller

since its coupling to the CP-even Higgs is not proportional to its mass and also due to
the loop suppression m2

W/m
2
H± . For a light stop the Higgs 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 → γγ is difficult to
achieve as we shall see in our analysis.

3 Phenomenological Constraints and Scanning Pro-

cedure

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 = 173.3 GeV [22]. The version of FeyHiggs we employ also tests for color and
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charge breaking (CCB), and therefore points where color breaking minima is detected
are rejected.

In performing the random scan a uniform and logarithmic 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: mt̃1 > 130 GeV [24, 25], mb̃1

> 100 GeV [26, 27],
mτ̃1 > 105 GeV, [28]. The lower bound on sfermion masses are consistent with nearly
degenerate neutralino-sfermion scenarios, which are very helpful in obtaining the cor-
rect 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 pro-
duction and decay to the γγ 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 contributions to B-physics. However, such an analysis
would involve additional parameters in each case and therefore require a much more
extensive analysis.

4 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 β < 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 β is the ratio of the VEVs of the two MSSM Higgs
doublets. We assume the neutralino to be the lightest supersymmetric particle (LSP)
which is nearly degenerate with the light stop quark. This assumption relaxes the stop
mass bound compared with other colored sparticles [25].

In Figure 1(a) and 1(b), we show our results in the Br/BrSM vs. mt̃1 planes for the
h → γγ and h → ZZ decay channels. The cross section ratio σ/σSM vs. mt̃1 for the
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(a) (b)

(c) (d)

(e) (f)

Figure 1: Plots in the Br/BrSM vs. mt̃1 plane for (a) h → γγ and (b) h → ZZ
channels. Panel (c) shows the ratio of the cross section σ/σSM vs. mt̃1 for the gluon
fusion process. The ratio of the cross section and branching ratio for the h→ γγ and
h → ZZ vs. gg → h channel are plotted in panels (d) and (e). Panel (f) shows the
plot of the product Rγγ vs. RZZ , where R is defined in Eq. (1). The light blue points
satisfy the constraints described in section 3. The purple points satisfy the Higgs mass
window given in Eq. (12). The vertical dashed line in panel (f) shows the upper bound
on RZZ and lower bound on Rγγ from the combined analysis given in Eq. (2). All
points satisfy the constraints described in section 3.
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Figure 2: Plots in the mt̃2 vs. mt̃1 and At vs. M3SQ planes. Orange points satisfy
the constraints described in section 3. The brown points form a subset of the orange
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 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).

gluon fusion process is shown in Figure 1(c). The ratio of the gg → h cross section is
plotted versus the branching ratio of the h→ γγ and h→ ZZ channels in Figures 1(d)
and 1(e). The ratio R is plotted in Figure 1(f) for the h → γγ vs. h → ZZ channel
and is given by Eq. (1). All the points displayed in Figure 1 satisfy the experimental
constraints described in section 3. The points shown in purple in Figure 1 satisfy the
following Higgs mass window

123 GeV ≤ mh ≤ 127 GeV. (12)

The first notable feature in these figures is the large enhancement of the diphoton
production and gluon fusion process in Figure 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 the W boson and top/stop loops. Together, this leads to an overall
enhancement in the product Rγγ. For large values of the parameter At the gluon
fusion cross section is suppressed due to destructive interference between the top and
stop loops. This cancellation leads to enhancement in the diphoton channel which is
now dominated by the W boson loop as seen in Figure 1(a). The reduction in the
gluon fusion rate however is much stronger, so that the overall enhancement in Rγγ is
not large. On the other hand, the purple points show that the large enhancement in
the diphoton production and gluon fusion process through the light stop contribution
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is drastically reduced once the Higgs mass bound from Eq. (12) is applied to the data.
Figure 1(b) shows that the enhancement in the ZZ production is not large compared to
the diphoton case. This is because in the decoupling limit, the coupling of the CP-even
Higgs with the gauge boson is proportional to g sin(β − α) ∼ g.

From Figure 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 Rγγ does
not become large over the whole region of the parameter space for this scenario. The
reason for this inverse trend is that the enhancement in the gluon fusion rate is from
the constructive interference 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 enhancement in the γγ 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 an enhancement in RZZ is accompanied by a similar
but less stronger enhancement in Rγγ for values greater than 1. The dashed lines show
the upper bound on RZZ and the lower bound on Rγγ for the combined analysis given
in Eq. (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 Figure 2 our results are shown in the mt̃2 vs. mt̃1 and At vs. M3SQ planes. The
orange points show the data that is consistent with the bounds discussed in section
3. The brown points also form a subset of the orange points satisfying the current
limits on the diphoton and ZZ channels from the CMS given in Eq. (2). The points
shown in black form a subset of the brown 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 points), whereas
there are no points satisfying the ATLAS bound. This is because the central values
of ATLAS indicate an enhancement in both the γγ and ZZ channels, which is not
favored in this scenario as seen in Figure 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 scenario. However, as we will
discuss in the next section, the contributions of vector-like matter to the Higgs mass
can ameliorate this situation.
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5 Light Stop and low mA region

In this section we vary µ 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 on the other decay channels as well. The diphoton
branching ratio is given as

Br(h→ γγ) ≈ Γ(h→ γγ)

Γ(h→ bb)
. (13)

For low/moderate values of mA and large/moderate tan β, the bb and ττ channels can
be suppressed and this, in turn, can enhance the other decay channels. Similarly, an
enhancement in the h→ bb channels leads to a suppression of the other decay channels.

For this case we scan the following range of the parameter space,

100 GeV < M3SU ,M3SQ < 5000 GeV,

−4000 GeV < At < 4000 GeV,

100 GeV < mA < 2000 GeV,

100 GeV < µ < 1000 GeV,

3 < tan β < 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 Figures 3 and 5. In Fig 3 we
plot the same variables as in Figure 1. Comparing the figures for the two cases we
can notice a much broader region showing enhancement in the γγ and ZZ final states.
Figures 3(a), 3(b) show that this enhancement in the γγ and ZZ final states can now
accommodate much larger stop masses (mt̃1 . 1 TeV) compared to the decoupling
limit. In other words, heavier stops can now accommodate the enhancement and also
satisfy the Higgs mass range from Eq.(12), as seen by the broader coverage of the
purple points in this Figure. The enhancement in the cross section in Figure 3(c)
shows a similar trend as in the previous case and corresponds 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 additional enhancement
for low values of mA. Figure 3(f) again plots the measurable quantities Rγγ 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 Figure 3(f) that an enhancement in Rγγ can be explained by a
light stop. The product Rγγ is significantly enhanced for a light stop quark mass, which
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(a) (b)

(c) (d)

(e) (f)

Figure 3: Plots in the (Br/BrSM)h→γγ vs. mt̃1 , (Br/BrSM)h→ZZ vs. mt̃1 and
(σ/σSM)gg→h vs. mt̃1 planes. The ratio of the cross sections and branching ratio for
the gg → h vs. h→ γγ and h→ ZZ channels are plotted in panels (d) and (e). Panel
(f) shows the plot in the Rγγ vs. RZZ planes. The color coding and definition of the
dashed lines is given in Figure 1.
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Figure 4: RXX vs. mA and RXX vs. tan β planes. The red points correspond to Rγγ

and the blue points correspond to RZZ .

makes it difficult to get the correct Higgs mass in this scenario. It was noticed in refs.
[15, 16] that in the presence of a vector like 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 10 + 10 dimensional
representation of the SU(5) symmetry group were introduced. In the superpotential,
the coupling κ1010 10 5H contains the interaction κ10Q10 U10Hu. Here Q10 and U10

stand for vector like 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 κ10
is a dimensionless coupling. In this case the CP-even Higgs boson gets the following
additional contribution to its mass [15, 16]:

[
m2
h

]
10

= −M2
Z cos2 2β

(
3

8π2
κ210tV

)
+

3

4π2
κ410v

2 sin2 β

[
tV +

1

2
Xκ10

]
. (14)

Here Xκ10 and tV are given as follows

Xκ10 =
4Ã2

κ10
(3M2

S + 2M2
V )− Ã4

κ10
− 8M2

SM
2
V − 10M4

S

6 (M2
S +M2

V )
2 , (15)

and

tV = log

(
M2

S +M2
V

M2
V

)
, (16)

where Ãκ10 = Aκ10 − µ cot β, Aκ10 is the Q10 − U10 trilinear soft mixing parameter and
µ is the MSSM Higgs bilinear mixing term. MS '

√
mQ̃3

mŨc
3
, where mQ̃3

and mŨc
3

are the stop left and stop right soft SUSY breaking masses at low scale. MV is the
mass term for the vector like particles.
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(a) (b)

(c) (d)

Figure 5: Plots in the mt̃2 vs. mt̃1 , At vs. M3SQ, tan β vs. M3SQ and mA vs. mt̃1

planes. Orange points satisfy the constraints described in section 3. The green and
brown points form a subset of the orange 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 and brown points and satisfy the Higgs mass bounds given
in Eq. (12).
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Figure 6: mh vs. tan β plane illustrating the contributions of vector-like multilplets to
the Higgs mass. The blue curve corresponds to MS = 2TeV and Xt = 6, and the red
dashed line corresponds to (MS,MV , Xk10, Xt) = (200 GeV, 2 TeV, 3, 6) and κ10 = 1.
The black dashed line shows mh = 126 GeV.

The leading 1- and 2- loop contributions to the lightest CP-even Higgs boson mass
in the MSSM is given by [30, 31]

[
m2
h

]
MSSM

= M2
Z cos2 2β

(
1− 3

8π2

m2
t

v2
t

)
+

3

4π2

m4
t

v2

[
t+

1

2
Xt +

1

(4π)2

(
3

2

m2
t

v2
− 32παs

)(
Xtt+ t2

)]
, (17)

where

t = log

(
M2

S

M2
t

)
, Xt =

2Ã2
t

M2
S

(
1− Ã2

t

12M2
S

)
. (18)

Also Ãt = At − µ cot β, where At denotes the stop left and stop right soft mixing
parameter. The total CP-even Higgs mass is therefore given by

m2
h =

[
m2
h

]
MSSM

+
[
m2
h

]
10
. (19)

In Figure 6 we plot the mass mh vs. tanβ for the MSSM and the MSSM + vector like
particle cases. The blue curve corresponds to the upper bound for the CP-even Higgs
mass if MS = 2 TeV and At takes its maximum possible values. It hardly reaches
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the 126 GeV mass bound. On the other hand, in order to minimize the stop quark
contribution to mh we could choose MS = 200 GeV and consider vector like particles
with masses around 2 TeV. We choose κ10 = 1 and Xκ10 = 3. The red dashed line
shows that in this case the CP-even Higgs mass can be as large as 138 GeV. This shows
that in the presence of vector like 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 vector like particles the blue points in Figure 3(f) can accommodate
the bounds from the ATLAS and CMS experiments.

In Figure 4 our results are shown in the RXX vs. mA and RXX vs. tanβ planes in
order to emphasize the contribution from the MSSM CP-odd Higgs A. The red points
show the product RXX for the γγ final state, whereas the points in blue show this for
the ZZ final state. The additional enhancement observed in this case in Figures 3(a)
and 3(b) corresponds to low values of mA . 600 GeV and tan β & 30. It has been
discussed in earlier references [32, 33] that lower/moderate values of mA and tan β
can suppress the bb and ττ channels and, as a result, the decays to γγ and ZZ can
be significantly enhanced. The sensitivity of Br(h → bb) to mA comes through the
coupling ghbb ∝ − sinα/ cos β, where the mixing angle α is a function mA. Moreover,
the radiative corrections to the Yukawa couplings of the b quarks and τ leptons (which
are employed in FeynHiggs) can suppress these couplings significantly for large µ tan β.

In Figure 5 we show plots of the fundamental parameters in the mt̃2 vs. mt̃1 , At
vs. M3SQ, tan β vs. M3SQ and mA vs. mt̃1 planes. The orange, green and black
points satisfy the same conditions as described in section 4. A much wider 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 satisfying the Higgs mass for stop mass . 1 TeV. The existence of black
points with t̃1 above 1 TeV can be understood as due to the dependence of gg →
h → γγ process on relatively small mA and large µ tan β values. This case therefore
provides a much richer parameter space that can accommodate the current bounds
from experiments. Hence a spectrum consisting of a light stop with low mA and large
tan β with all other particles decoupled can provide a possibility of explaining the
current experimental bounds.

6 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
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(a) (b)

(c) (d)

(e) (f)

Figure 7: (Br/BrSM)h→γγ vs. mb̃1
, (Br/BrSM)h→ZZ vs. mb̃1

and (σ/σSM)gg→h vs. mt̃1

planes. The ratio of the cross section and branching ratio for gg → h vs. h→ γγ and
h → ZZ channels are plotted in panels (d) and (e). Panel (f) shows the plot in the
Rγγ vs. RZZ planes. The definition of the dashed lines is given in Figure 1. All points
satisfy the constraints described in section 3.
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(a) (b)

(c) (d)

Figure 8: Plots in mb̃2
vs. mb̃1

, Ab vs. M3SQ, tan β vs. M3SQ and mA vs. mb̃1
planes.

Orange points satisfy the constraints described in section 3. The brown points form
a subset of the orange 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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this case we scan the parameter space as follows:

100 GeV < M3SD,M3SQ < 5000 GeV,

−4000 GeV < Ab < 4000 GeV,

100 GeV < mA < 2000 GeV,

100 GeV < µ < 1000 GeV,

3 < tan β < 60, (20)

whereM3SD is the mass parameter of the third generation right handed bottom squarks.
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 same variables as in Figure 1
for the bottom squarks. The branching ratio for the γγ and ZZ final states show a
small enhancement for light sbottom mass in Figures 7(a) and 7(b), whereas a strong
enhancement in the cross section can be seen in Figure 7(c). Note that the left handed
squarks have the same mass due to SU(2) gauge symmetry because of which 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 Figure 7(c)
the stop is also light so that its contribution also becomes important for this case.

In Figures 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 maximum value of the
cross section (∼ 1.5) corresponds to (Br/BrSM)h→γγ∼ 0.9 and (Br/BrSM)h→ZZ∼ 1.1
indicating maximum values of the products Rγγ ∼ 1.4 and RZZ ∼ 1.6 as can be seen
in Figure 7(f). A linear correlation between Rγγ and RZZ can be seen in Figure 7(f)
as well. We can also notice from this figure that the diphoton channel is typically
suppressed compared to the ZZ channel, and this seems to be disfavored by current
observations. From the dashed lines in this figure we 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 Figure 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 points), whereas no agreement with the ATLAS experiment is seen. Based on
the observations made from Figure 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 β cover the whole scanned range. Figure 8(d) shows that the current limits
from CMS prefer a sbottom with mass below 600 GeV.
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(a) (b)

(c)

Figure 9: (Br/BrSM)h→γγ vs. mt̃1 , (Br/BrSM)h→ZZ vs. mt̃1 and (σ/σSM)gg→h vs. mt̃1

planes. Panel (c) shows the plot in the Rγγ vs. RZZ planes. The definition of the
dashed lines is given in Figure 1. All points satisfy the constraints described in section
3.
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Figure 10: mτ̃2 vs. mτ̃1 and Aτ vs. M3SL planes. Color coding is the same as in Figure
5.

7 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 channels
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 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 < Aτ < 4000 GeV,

3 < tan β < 60. (21)

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 µ and mA are also decoupled to 5 TeV.

In Figure 9 we plot the same variables as in Figure 1 for the light stau scenario.
Figure 9(a) shows an enhancement in (Br/BrSM)h→γγwhich increases for light stau
masses. The branching ratio of the ZZ channel is very close to its SM value (since
g sin(β−α) ∼ g) as can be seen from Figures 9(b). The stau with no color charge does
not affect the gluon fusion cross section. The effect on Br(h→ ZZ) can be significant
for low values of mA as we shall see in the next section. Earlier references (see for
example, [14]) have noted that large values of the mixing parameter Aτ and moderate
values of mA can lead to enhancement or suppression of the h → bb decay which, in
turn, can enhance or suppress the h→ γγ,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 µ tan β [14]. Note that we do not apply the Higgs
mass bound in this case because we set the mixing parameter At = 0. Choosing suitably
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large values of this parameter or the presence of vector like matter can accommodate
the Higgs mass in the desired range given in Eq. (12).

The plot of RZZ vs. Rγγ in Figure 9(c) shows that the product RZZ remains close
to the SM value, whereas Rγγ 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 Rγγ > 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
Figure 10 where a large region of the parameter space satisfies the current limits from
the ATLAS and CMS experiments. Moreover, the combination of the two experiments
is also satisfied by a broad range of the parameter space.

8 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:

100 GeV < M3SE,M3SL < 5000 GeV,

−4000 GeV < Aτ < 4000 GeV,

100 GeV < mA < 2000 GeV,

100 GeV < µ < 1000 GeV,

3 < tan β < 60. (22)

The first and second generation masses are decoupled to 5 TeV and all other A-terms
are set to zero. The Higgs mass parameter µ and mA are also assumed to be 5 TeV. In
Figure 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 µ tan β as shown in previous references [14]. Our results are shown in Figures 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 γγ and ZZ channels. As described in the previous
section, lower/moderate values of mA can enhance h→ bb decay and therefore lead to
a suppression of the diphoton and other decay channels. This suppression can be seen
in Figures 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. Rγγ in Figure 11(c) shows the enhancement seen in the previous
case with additional suppression of the two channels corresponding to lower values of
mA. We can see that this case contributes more parameter space when RXX . 1
whereas the enhancement still corresponds to large values of mA. For small values of
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(a) (b)

(c)

Figure 11: (Br/BrSM)h→γγ vs. mτ̃1 , (Br/BrSM)h→ZZ vs. mτ̃1 and (σ/σSM)gg→h vs.
mt̃1 planes. Panel (c) shows the plot in the Rγγ vs. RZZ planes. The definition of the
dashed lines is given in Figure 1. All points satisfy the constraints described in section
3.
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(a) (b)

(c) (d)

Figure 12: mτ̃2 vs. mτ̃1 , Aτ vs. M3SL, tan β vs. M3SL and mA vs. mτ̃1 planes. Color
coding is the same as in Figure 5.

23



the ratio R there appears to be a linear relationship between the two products RZZ

and Rγγ which is not present when mA is large. This scenario is therefore more favored
compared to the previous one.

In Figure 12 plots in the fundamental parameter space plots further show the wide
range of available parameter space that satisfies the current constraints from experi-
ments. The overlap of the green and brown 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.

9 Conclusion

The ATLAS and CMS experiments have reported some exciting results regarding the
production and subsequent decays (especially into γγ and ZZ) of a SM-like Higgs
boson with mass close to 126 GeV. We have explored their implications in the MSSM
framework with relatively 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 essentially decoupled.

For the light stop case, in the presence of vector like particles, which are in the
10 + 10 dimensional representation of SU(5), we find a region of the parameter space
that can explain the current observations especially for low values of the pseudo-scalar
mass mA. Requiring the Higgs to be 126 GeV constrains the parameter space but the
presence of vector-like matter can always ameliorate this situation. The case of light
sbottom seems to be disfavored 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.
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