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• Overview Higgs results, mass and 
couplings

• Higgs in NMSSM

• Specific NMSSM scenarios
– Higgs in two-photons
– Light DM 
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Introduction

• Higgs mass is compatible with SM up to high scale (see e.g. 
Degrassi’s lecture)

• No sign (yet) of supersymmetry at LHC
• Supersymmetry offers a good DM candidate, remains strong 

motivation for beyond standard model
• Evidence for DM from many different scales + precise 

determination of relic density from cosmology (WMAP) 
• WIMPs are still best explanation for DM and have naturally 

cross section that gives Ωh2~0.1 
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Higgs at LHC
• July 4th 2012: ATLAS and CMS reported a signal consistent 

with a Higgs boson with mass
•  mh =125.3+/-0.4+/-0.5GeV (CMS) 
•       =126.0+/-0.4+/-0.4GeV (ATLAS)
• Such a mass can be reached in MSSM require large mixing in 

stop sector, fine-tuning
• Also measure the signal strength in various production/ decay 

channels : give indication whether the new particle is  a SM 
Higgs

• Results not precise enough yet : indications that signal 
strength is larger than expected in two-photon mode

• If this result is confirmed : precious information/constraints 
on physics beyond the standard model, e.g. challenge for 
MSSM
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CMS - Higgs results
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28 8 Conclusions

are allowed to vary independently. Thus the expected event yields in these channels are scaled

by independent factors, while the signal is assumed to be due to a particle with a unique mass

mX. The combined best-fit mass is mX = 125.3 ± 0.4 (stat.)± 0.5 (syst.)GeV.

7.3 Compatibility with the SM Higgs boson hypothesis

A first test of the compatibility of the observed boson with the SM Higgs boson is provided

by examination of the best-fit value for the common signal strength σ/σSM, obtained in a com-

bination of all search channels. Figure 18 shows a scan of the overall σ/σSM obtained in the

combination of all channels versus a hypothesised Higgs boson mass mH. The band corre-

sponds to the ±1 σ uncertainty (statistical and systematic). The excesses seen in the 7 TeV and

8 TeV data, and in their combination, around 125 GeV are consistent with unity within the ±1 σ
uncertainties. The observed σ/σSM value for an excess at 125.5 GeV in a combination of all

data is 0.87 ± 0.23. The different decay channels and data sets have been examined for self-

consistency. Figure 19 shows the measured values of σ/σSM results obtained for the different

decay modes. These results are consistent, within uncertainties, with the expectations for a SM

Higgs boson.
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Figure 17: The 68% CL contours for the signal strength σ/σSM versus the boson mass mX for the

untagged γγ, γγ with VBF-like dijet, 4�, and their combination. The symbol σ/σSM denotes the

production cross section times the relevant branching fractions, relative to the SM expectation.

In this combination, the relative signal strengths for the three decay modes are constrained by

the expectations for the SM Higgs boson.

8 Conclusions

Results are presented from searches for the standard model Higgs boson in proton-proton col-

lisions at
√

s = 7 and 8 TeV in the CMS experiment at the LHC, using data samples corre-

sponding to integrated luminosities of up to 5.1 fb
−1

at 7 TeV and 5.3 fb
−1

at 8 TeV. The search
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ATLAS - Higgs results
• Also has an excess in two-photon mode
• Results for signal strength relative SM combining all 

production modes
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Figure 9: The observed (solid) local p0 as a function of mH in the
low mass range. The dashed curve shows the expected local p0 under
the hypothesis of a SM Higgs boson signal at that mass with its ±1σ
band. The horizontal dashed lines indicate the p-values corresponding
to significances of 1 to 6 σ.

110–150GeV, which is approximately the mass range
not excluded at the 99% CL by the LHC combined SM
Higgs boson search [139] and the indirect constraints
from the global fit to precision electroweak measure-
ments [12].

9.3. Characterising the excess
The mass of the observed new particle is esti-

mated using the profile likelihood ratio λ(mH) for
H→ZZ(∗)→ 4# and H→ γγ, the two channels with the
highest mass resolution. The signal strength is al-
lowed to vary independently in the two channels, al-
though the result is essentially unchanged when re-
stricted to the SM hypothesis µ = 1. The leading
sources of systematic uncertainty come from the elec-
tron and photon energy scales and resolutions. The re-
sulting estimate for the mass of the observed particle is
126.0 ± 0.4 (stat) ± 0.4 (sys) GeV.
The best-fit signal strength µ̂ is shown in Fig. 7(c) as

a function of mH . The observed excess corresponds to
µ̂ = 1.4 ± 0.3 for mH = 126GeV, which is consistent
with the SM Higgs boson hypothesis µ = 1. A sum-
mary of the individual and combined best-fit values of
the strength parameter for a SM Higgs boson mass hy-
pothesis of 126GeV is shown in Fig. 10, while more
information about the three main channels is provided
in Table 7.
In order to test which values of the strength and

mass of a signal hypothesis are simultaneously consis-
tent with the data, the profile likelihood ratio λ(µ,mH) is
used. In the presence of a strong signal, it will produce
closed contours around the best-fit point (µ̂, m̂H), while
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Figure 10: Measurements of the signal strength parameter µ for
mH=126GeV for the individual channels and their combination.

in the absence of a signal the contours will be upper
limits on µ for all values of mH .
Asymptotically, the test statistic −2 lnλ(µ,mH) is dis-

tributed as a χ2 distribution with two degrees of free-
dom. The resulting 68% and 95% CL contours for the
H→ γγ and H→WW (∗)→ #ν#ν channels are shown in
Fig. 11, where the asymptotic approximations have been
validated with ensembles of pseudo-experiments. Sim-
ilar contours for the H→ ZZ(∗)→ 4# channel are also
shown in Fig. 11, although they are only approximate
confidence intervals due to the smaller number of can-
didates in this channel. These contours in the (µ,mH)
plane take into account uncertainties in the energy scale
and resolution.
The probability for a single Higgs boson-like particle

to produce resonant mass peaks in the H→ ZZ(∗)→ 4#
and H→ γγ channels separated by more than the ob-
served mass difference, allowing the signal strengths to
vary independently, is about 8%.
The contributions from the different production

modes in the H→ γγ channel have been studied in order
to assess any tension between the data and the ratios of
the production cross sections predicted in the Standard
Model. A new signal strength parameter µi is introduced
for each production mode, defined by µi = σi/σi,SM. In
order to determine the values of (µi, µ j) that are simul-
taneously consistent with the data, the profile likelihood
ratio λ(µi, µ j) is used with the measured mass treated as
a nuisance parameter.
Since there are four Higgs boson productionmodes at

the LHC, two-dimensional contours require either some
µi to be fixed, or multiple µi to be related in some way.
Here, µggF and µtt̄H have been grouped together as they
scale with the tt̄H coupling in the SM, and are denoted

19
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Implications for MSSM
• Mass at 125 GeV

– need large radiative corrections

– δt~85 GeV  (comparable to tree-level)
– Large stop mixing

– Fine-tuning issue

–

7

1 Introduction

The ATLAS and CMS Collaborations have recently presented the first evidence for a Higgs boson

with a mass of 124–126 GeV [1, 2]. The γγ channel yields excesses at the 2–3 σ level for ATLAS

and CMS, insufficient for a clear discovery. Yet the concordance between the ATLAS and CMS

excesses increases the likelihood that this is indeed the Higgs boson, and motivates us to study

the implications for natural electroweak breaking in the context of weak-scale supersymmetry.

In the Minimal Supersymmetric Standard Model (MSSM) the lightest Higgs boson is lighter

than about 135 GeV, depending on top squark parameters (for a review with original references,

see [3]), and heavier than 114 GeV, the LEP bound on the Standard Model Higgs [4]. A Higgs

mass of 125 GeV naively seems perfect, lying midway between the experimental lower bound and

the theoretical upper limit. The key motivation for weak-scale supersymmetry is the naturalness

problem of the weak scale and therefore we take the degree of fine-tuning [5, 6, 7, 8, 9] as a

crucial tool in guiding us to the most likely implementation of a 125 GeV Higgs. In this regard

we find that increasing the Higgs mass from its present bound to 125 GeV has highly significant

consequences. In the limit of decoupling one Higgs doublet the light Higgs mass is given by

m2
h = M2

Z cos
2
2β + δ2t (1)

where δ2t arises from loops of heavy top quarks and top squarks and tan β is the ratio of elec-

troweak vacuum expectation values. At large tan β, we require δt ≈ 85 GeV which means that

a very substantial loop contribution, nearly as large as the tree-level mass, is required to raise

the Higgs mass to 125 GeV.

The Higgs mass calculated at two loops in the MSSM is shown in Figure 1 as a function of

the lightest top squark mass for two values of the top squark mixing parameter Xt. The red/blue

contours are computed using the Suspect [10] and FeynHiggs [11] packages, which have differing

renormalization prescriptions and the spread between them, highlighted by the shading, may

be taken as a rough measure of the current uncertainty in the calculation. For a given Higgs

mass, such as 125 GeV, large top squark mixing leads to lower and more natural top squark

masses, although the mixing itself contributes to the fine-tuning, as we will discuss. In fact,

stop mixing is required to raise the Higgs mass to 125 GeV without multi-TeV stops. Even at

maximal mixing, we must have
√
mQ3mu3 � 600 GeV (which, for degenerate soft masses, results

in stop masses heavier than have been directly probed by existing LHC searches [12, 13]) and,

as we will discuss in the next section, this implies that fine-tuning of at least 1% is required in

the MSSM, even for the extreme case of an ultra-low messenger scale of 10 TeV. Hence we seek

an alternative, more natural setting for a 125 GeV Higgs.

In the next-to-minimal model (NMSSM, for a review with references, see [14]) the supersym-

metric Higgs mass parameter µ is promoted to a gauge-singlet superfield, S, with a coupling to

1

The Higgs sector of the MSSM depends, at tree-level, on the ratio of the vevs, tan β, and on

the pseudoscalar mass mA, which determines the mixing between the two CP even scalars. In

this section, we focus on the decoupling limit, mA � mZ , where the lightest CP even Higgs is

SM-like in its coupling and has the largest possible tree-level mass (away from the decoupling

limit, mixing drives the lightest mass eigenstate lighter). In the decoupling limit, the tree-

level Higgs mass is given by mZ cos 2β and is maximized at high tan β, but is always far below

125 GeV.

At the one-loop level, stops contribute to the Higgs mass and three more parameters become

important, the stop soft masses, mQ3 and mu3 , and the stop mixing parameter Xt = At−µ cot β.

The dominant one-loop contribution to the Higgs mass depends on the geometric mean of the

stop masses, m2
t̃
= mQ3mu3 , and is given by,

m2
h ≈ m2

Z cos
2
2β +

3

(4π)2
m4

t

v2

�
ln

m2
t̃

m2
t

+
X2

t

m2
t̃

�
1− X2

t

12m2
t̃

��
. (4)

The Higgs mass is sensitive to the degree of stop mixing through the second term in the brackets,

and is maximized for |Xt| = Xmax
t =

√
6mt̃, which is referred to as “maximal mixing.” The Higgs

mass depends logarithmically on the stop masses, which means, of course, that the necessary

stop mass depends exponentially on the Higgs mass. Therefore, an accurate loop calculation is

essential in order to determine which stop mass corresponds to a 125 GeV Higgs.

We use the Suspect [10] and FeynHiggs [11] packages to calculate the Higgs mass, which

include the full one-loop and leading two-loop contributions. In Figure 4 we give the mh = 124

and 126 GeV contours in the (Xt,mt̃) plane, with Suspect shown in red and FeynHiggs shown

in blue. For both curves, the axes are consistently defined in the DR renormalization scheme.

The left and right-handed top squark mass parameters are taken equal, mQ3 = mu3 , since the

Higgs mass depends only mildly on the ratio. As we shall show, this choice results in the lowest

fine-tuning for a given mt̃, since the stop contribution to fine-tuning is dominated by the largest

soft mass. The loop contribution depends slightly on the choice of some of the other SUSY

parameters: we have fixed all gaugino masses to 1 TeV, the Higgsino mass to µ = 200 GeV, and

mA = 1 TeV. We find that the Suspect and FeynHiggs results have considerable differences. The

two programs use different renormalization prescriptions, and we take the difference between the

two programs as a rough estimate of the theoretical uncertainty in the Higgs mass calculation.

For an earlier comparison, see [23]. The uncertainty should be reduced if one takes into account

the results of recent three-loop calculations [24], although this is beyond the scope of our work.

For a detailed discussion of the two-loop calculations, see for example [25]. Fortunately, the two

programs agree to within a factor of two on the necessary stop mass in the maximal mixing

regime: mt̃ = 500− 1000 GeV for Xt ∼
√
6mt̃ and mt̃ ∼ 800− 1800 GeV for Xt ∼ −

√
6mt̃, for

a Higgs mass in the 124–126 GeV range.
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Figure 4: Contours of mh in the MSSM as a function of a common stop mass mQ3 = mu3 = mt̃

and the stop mixing parameter Xt, for tan β = 20. The red/blue bands show the result from

Suspect/FeynHiggs for mh in the range 124–126 GeV. The left panel shows contours of the fine-

tuning of the Higgs mass, ∆mh
, and we see that ∆mh

> 75(100) in order to achieve a Higgs mass

of 124 (126) GeV. The right panel shows contours of the lightest stop mass, which is always

heavier than 300 (500) GeV when the Higgs mass is 124 (126) GeV.

We now consider the degree of fine-tuning [5, 6, 7, 8, 9] necessary in the MSSM to accommo-

date a Higgs of 125 GeV. We have just seen that rather heavy stops are necessary in order to

boost the Higgs to 125 GeV using the loop correction. The (well-known) problem is that heavy

stops lead to large contributions to the quadratic term of the Higgs potential, δm2
Hu

,

δm2
Hu

= −3y2
t

8π2

�
m2

Q3
+m2

u3
+ |At|2

�
ln

�
Λ

mt̃

�
, (5)

where Λ is the messenger scale for supersymmetry breaking. If δm2
Hu

becomes too large the

parameters of the theory must be tuned against each other to achieve the correct scale of elec-

troweak symmetry breaking. We see from equation 5 that large stop mixing also comes with a

cost because At induces fine-tuning. At large tan β, Xt ≈ At, and maximal mixing (|At|2 = 6m2
t̃
)

introduces the same amount of fine-tuning as doubling both stop masses in the unmixed case.

In order to quantify the fine-tuning [8], it is helpful to consider a single Higgs field with a

potential

V = m2
H
|h|2 + λh

4
|h|4. (6)

7

where Mstop denotes an average value of the top squark masses. (It is not necessary to be
more precise here, in contrast to the radiative corrections to the physical Higgs masses.) It
is straightforward to express the vevs vu, vd and s in terms of M2

Z , tan β and µeff with the
help of these equations.

Hence the relevant parameters pSusyi at the Susy scale are given by (leaving aside the
electroweak gauge couplings g1 and g2, as well as Mstop inside the logarithm)

pSusyi = mHu
, mHd

, m2
S, Aλ, Aκ, λ, κ, and ht . (13)

In order to compute the variations ∆Susy
i (see (8)) with respect to these parameters, we

use

0 = δEj =
∑

i

∂Ej

∂pSusyi

δpSusyi +
∂Ej

∂MZ
δMZ +

∂Ej

∂ tan β
δ tanβ +

∂Ej

∂µeff
δµeff (14)

for j = 1, 2, 3. Since all partial derivatives of the equations Ej can be computed explicitely,
the three equations (14) can be solved for δMZ (and, separately, for δ tanβ and δµeff) as
function of all δpSusyi , which allows to determine the variations ∆Susy

i in (8).
At this stage it is useful to recall the origin of the “little fine tuning problem” in the

MSSM. Neglecting the radiative corrections, the minimisation equations (12) of the Higgs
potential imply, with µeff ≡ µ in the MSSM,

M2
Z " −2µ2 +

2(m2
Hd

− tan2 βm2
Hu

)

tan2 β − 1
. (15)

In the absence of fine tuning, all terms on the right hand side of (15) should be of comparable
magnitude, and no large cancellations should occur; hence both µ2 and |m2

Hu
| should not be

much larger than O(M2
Z). However, from the RG equations one typically obtains m2

Hu
∼

−M2
stop, which is often required to be much larger (in absolute value) than M2

Z : At least
within the MSSM, the SM-like Higgs scalar mass increases proportionally to ln

(

M2
stop/m

2
top

)

due to top/stop induced radiative corrections. Then, large values for Mstop are unavoidable
in order to satisfy the LEP bound. Albeit large stop masses are consistent with the non-
observation of top squarks, they would generate an uncomfortably large value for −m2

Hu

which has to be cancelled by µ2 in (15).
For large |m2

Hu
| ∼ µ2 one finds for tan2 β % 1, following (8) with i = mHu

or i = µ,

∆Susy
mHu

∼ 2
|m2

Hu
|

M2
Z

∼ ∆Susy
µ ∼ 2

µ2

M2
Z

. (16)

Accordingly large values for ∆Susy
i (leading, generally, to large values for ∆GUT

i ) reflect well
the necessary fine tuning if |m2

Hu
| and hence µ2 are large.

In the NMSSM µ is replaced by µeff = λs. For large |m2
Hu

| ∼ µ2
eff , the above reasoning

remains essentially unchanged: For s % MZ (valid in most of the parameter space), E3 in
(12) gives

s ∼
1

4κ

(

−Aκ −
√

A2
κ − 8m2

S

)

. (17)

5
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Higgs couplings in MSSM
• In decoupling limit  (large mA) 
• Ignoring radiative corrections

• Tree-level Higgs coupling to SM particles 
close to SM value

• Search for pp-H-> ττ in CMS and 
ATLAS 

• Production gg->H  and bbH
• Strong enhancement for MSSM heavy 

doublet at large values of tanβ

A few remarks are to be made here:

– In the case of the couplings between one Higgs boson and two gauge bosons, since

the photon is massless, there are no Higgs–γγ and Higgs–Zγ couplings. CP–invariance also

forbids WWA, ZZA and WZH± couplings [a summary of allowed Higgs couplings in a

general two–Higgs doublet model and in the MSSM, will be given later]. The couplings of

the neutral CP–even Higgs bosons h and H to V V states with V = W, Z are proportional

to either sin(β − α) or cos(β − α); in terms of the Higgs boson masses the latter factor is

given by

cos2(β − α) =
M2

h(M2
Z − M2

h)

M2
A(M2

H − M2
h)

(1.89)

The couplings GhV V and GHV V are thus complementary and the sum of their squares is just

the square of the SM Higgs boson coupling gHSMV V

G2
hV V + G2

HV V = g2
HSMV V (1.90)

This complementarity will have very important consequences as will be seen later.

– For the couplings between two Higgs bosons and one gauge boson, CP–invariance im-

plies that the two Higgs bosons must have opposite parity and, thus, there are no Zhh, ZHh,

ZHH and ZAA couplings. Only the ZhA and ZHA couplings are allowed in the neutral

case while, in the charged case, the three couplings among W±H± and h, H, A states are

present [see §1.2.5]. The couplings to Goldstone bosons have not been displayed, but they

can be obtained from those involving the pseudoscalar and charged Higgs bosons by replac-

ing A and H± by G0 and G±, respectively. When the CP–even h, H bosons are involved,

one has to replace in addition sin(β −α) by − cos(β −α) and cos(β −α) by sin(β −α). The

couplings of the CP–even h and H bosons to ZA and W±H± states are also complementary

and one can write

G2
hAZ + G2

HAZ = (4M2
Z)−1g2

HSMZZ

G2
hH±W± + G2

HH±W± = G2
AH±W± = (4M2

W )−1g2
HSMWW (1.91)

[This complementarity is required to avoid unitarity violation in scattering processes involv-

ing Higgs bosons such as AZ → AZ and AZ → W+W− [87, 88].]

– For the couplings between two Higgs bosons and two gauge bosons, we have also not

listed those involving Goldstone bosons. They can be obtained from those of the pseudoscalar

and charged Higgs bosons by making the same replacements as above, that is A and H± by

G0 and G± and when the CP–even h, H bosons are involved, the coupling factors sin(β −α)

and cos(β − α) accordingly. In addition, for the γW±AH± and ZW±AH± couplings and

those where AH± are replaced by G0G±, the directions of the W± and H±(G±) momenta are

important. In the rules which have been displayed, the momentum of the W±(H±) boson

is entering (leaving) the vertex.

36

benchmark scenarios). Here we will focus on the common scenario where the heavier Higgses
are above the WW threshold, so that the γγ decay mode is only relevant for the light Higgs
h. However, the parametrisation we propose in this paper cannot be used in general for
supersymmetric models. In fact, due to the presence of two Higgses which develop a VEV,
the tree level couplings of the SM particles to the Higgs are modified at order O(1) compared
to the SM case. If we define tanβ = vu/vd the ratio of the two VEVs, and α the mixing
angle in the neutral Higgs sector [6], the couplings of W , top (up-type fermions) and bottom
(down-type fermions) compared to the SM values are corrected by the following factors:

gW+W−h

gSM
= sin(β − α) ,

gt̄th

gSM
=

cos α

sin β
,

gb̄bh

gSM
= −

sin α

cos β
. (3.2)

Those corrections can be large, even for heavy susy masses. In the large tanβ case, which is
preferred by the top Yukawa perturbativity and experimental constraints, the bottom (and
tau) Yukawas are enhanced by a large factor ∼ tan β: the Higgs width increases and the
branching ratio in photons can be easily suppressed by orders of magnitudes, making this
channel unobservable. In order to keep the γγ channel alive, one needs to compensate the
large tan β with a small mixing angle in the Higgs sector: α ∼ ±(π/2−β). In order to safely
use our formalism, we need to make sure that the corrections to the bottom Yukawa (and
couplings to the W ) are negligible. In the left panel of Figure 1 we plotted the region in the
α–β parameter space where both the W and bottom couplings deviate by less than 5% from
the SM value (up to the overall sign). We also superimposed the region where corrections to
the top Yukawa are smaller than 5%. There is a tiny region where a fine tuning between the
two angles allow for our formalism to be used. Note that a larger mixing angle in the Higgs
sector will soon enhance the bottom Yukawa and kill the γγ signal, so the region is not a
negligible part of the parameter space where the signal is observable. On the right panel we
used a three level relation between the masses in the Higgs sector and α

tan 2α

tan 2β
=

m2
A + m2

Z

m2
A − m2

Z

, (3.3)

where mA is the mass of the pseudoscalar (which also sets the mass scale of the other heavy
Higgses), to set a lower bound on the heavy Higgs masses. Therefore, we expect that for
masses above 1 TeV, the corrections to the bottom (and tau) Yukawa can be safely neglected.
In this region, corrections to the W and top couplings are small too.

For the purpose of illustrating our parameterisation, we will focus on some approximate
expressions that arise in a simple scenario: the MSSM golden region [7]. This scenario is
motivated by naturalness in the Higgs mass, minimal fine tuning and precision tests. The
main features are large soft masses for the gauginos and for the light generations, and large
mixing in the stop sector induced by a large soft trilinear term. A general analysis of the
γγ channel can be found in Ref. [8]. As a numerical example we will consider a variation of
the benchmark point in Ref. [7]: here, tanβ = 10 and all the soft masses except the stop
and Higgs ones are at 1 TeV, µ = 250 GeV and the soft trilinear term for the stops At

is at 1 TeV to induce a large mixing in the stop sector and reduce the fine tuning in the

7
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Loop-induced couplings

• hγγ: dominant contribution: W loop , top loop opposite sign
• If hWW coupling not modified, hγγ not much affected
• possible large contributions from susy in the loop 

(stop,chargino,stau)  - colored particles also affect gg
• Branching hγγ can be modified because total width
• to increase branching hγγ  -> suppress total width ( see 
example in NMSSM)
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The virtuality of the final state gauge boson allows to kinematically open this type of decay

channels in some other cases where they were forbidden at the two–body level

H → AZ∗ → A(H)f f̄ , H → H±W±∗ → H±f f̄ ′ , H± → AW±∗ → Aff̄ ′

A → HZ∗ → Hff̄ , A → H±W±∗ → H±f f̄ ′ , H± → HW±∗ → Hff̄ ′ (2.22)

At low tan β values, the branching ratio for some of these decays, in particular H± → AW ∗,

can be sizable enough to be observable.

Finally, let us note that the direct radiative corrections to the H± → AW decays have

been calculated in Ref. [215]. They are in general small, not exceeding the 10% level, except

when the tree–level partial widths are strongly suppressed; however, the total tree–level plus

one–loop contribution in this case, is extremely small and the channels are not competitive.

The same features should in principle apply in the case of H± → hW and A → hZ decays.

2.1.3 Loop induced Higgs decays

The γγ and γZ couplings of the neutral Higgs bosons in the MSSM are mediated by charged

heavy particle loops built up by W bosons, standard fermions f and charged Higgs bosons

H± in the case of the CP–even Φ = h, H bosons and only standard fermions in the case of

the pseudoscalar Higgs boson; Fig. 2.8. If SUSY particles are light, additional contributions

will be provided by chargino χ±
i and sfermion f̃ loops in the case of the CP–even Higgs

particles and chargino loops in the case of the pseudoscalar Higgs boson.

•
h, H

W

γ(Z)

γ

• f, χ±
i

h, H, A
γ(Z)

γ

•
h, H

f̃ , H±

γ(Z)

γ

Figure 2.8: Decays of the h, H, A bosons into two photons or a photon and a Z boson.

In the case of the gluonic decays, only heavy quark loops contribute, with additional

contributions due to light squarks in the case of the CP–even Higgs bosons h and H ; Fig. 2.9.

• Q
h, H, A

g

g

•
h, H

Q̃

g

g

Figure 2.9: Loop induced decays of the neutral MSSM Higgs bosons into two gluons.

In this subsection, we will discuss only the contributions of the SM and H± particles,

postponing those of the SUSY particles, which are assumed to be heavy, to the next section.
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paper we use HDECAY[28] to calculate all the couplings, widths and branching ratios of the

Higgs. This program incorporates the leading two-loop corrections for the Higgs masses

following[29]. We show in Fig. 1 how this ratio decreases with MA. This ratio can drop

to as little as ∼ 30% for MA = 200GeV and tan β = 10. Though trivial in this case, it is

useful to point for later that as the pseudo-scalar Higgs mass decreases so do the other

Higgs masses3, therefore the most drastic drops occur for the lowest range of the lightest

Higgs, see Fig. 2. This is particularly drastic for tanβ = 2.5GeV, where the drop occurs

around mh ∼ 90GeV. It is for these low masses that the significance of the SM Higgs is

also lowest[11, 13] and therefore for this low tanβ this would constitute the worst scenario

for the discovery of the lightest SUSY Higgs through its two-photon decay4.

Figure 1: Variation of Rggγγ with MA, for tan β = 2.5 (full) and tanβ = 10 (dotted)

What is troublesome for a low MA is that the branching fraction into two photons is

the main reason behind the drop, as shown in Fig. 2. This ratio is defined as

Rγγ =
BRSUSY (h → γγ)

BRSM(h → γγ)
(2.3)

For instance for MA = 200GeV and tan β = 2.5, the ratio of the branching fraction into

photons, Rγγ , is reduced to about .5 with respect to what it would be in the SM . This

reduction accounts for much of the reduction in Rggγγ , Rggγγ = .4. Therefore one expects

also a considerable drop in the Higgs signal even in the associated channel Wh and tt̄h

with the subsequent decay of the Higgs into two photons. These channels have been shown

to be invaluable[22, 11, 12, 13] especially when a high luminosity has been accumulated.
3In the analysis we have required Mh > 90GeV.
4Of course, for MA ≤ 2mt there is a chance of discovering the other Higgses.
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• hgg dominant contribution top loop
• Stop contribution can be large

– Djouadi, PLB345(98) 101

–  
– large mixing : stop interferes destructively with top
– When mh=125GeV : suppression of ggh larger than increase 

in hγγ - no large increase in Rggγγ

• Only way to increase Rggγγ is use weak sector - chargino/stau, (for 
example R ~1.5-2  for light stau with large mixing - Carena et al 
1205.5842) 108

The virtuality of the final state gauge boson allows to kinematically open this type of decay

channels in some other cases where they were forbidden at the two–body level
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At low tan β values, the branching ratio for some of these decays, in particular H± → AW ∗,

can be sizable enough to be observable.

Finally, let us note that the direct radiative corrections to the H± → AW decays have

been calculated in Ref. [215]. They are in general small, not exceeding the 10% level, except

when the tree–level partial widths are strongly suppressed; however, the total tree–level plus
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contributions due to light squarks in the case of the CP–even Higgs bosons h and H ; Fig. 2.9.

• Q
h, H, A

g

g

•
h, H

Q̃

g

g

Figure 2.9: Loop induced decays of the neutral MSSM Higgs bosons into two gluons.

In this subsection, we will discuss only the contributions of the SM and H± particles,

postponing those of the SUSY particles, which are assumed to be heavy, to the next section.

91

Vt̃1 t̃1h = +gR
1

MW

{

m2
t + sin θt̃ cos θt̃

(

sin θt̃ cos θt̃(m
2
t̃1
− m2

t̃2
) −

mt µ r

tan β

)

+ M2
Z((2 + r) cos2 β − 1)

(

(
1

2
−

2

3
sin2 θW ) cos2 θt̃ +

2

3
sin2 θW sin2 θt̃

)}

(3.19)

We see that in the limit r " 1 where r is neglected, the t̃1t̃1h very much simplifies. Note

that neglecting the correction due to r, the coupling no longer depends on µ. Notice also

that Eq. 3.19 shows that this correction is reduced as tanβ gets larger. Discarding the r

correction altogether, we end up with a compact formula

Vt̃1 t̃1h #
g

MW

(

sin2(2θt̃)
(m2

t̃1
− m2

t̃2
)

4
+ m2

t

+ M2
Z cos(2β)

(

(
1

2
−

2

3
sin2 θW ) cos2 θt̃ +

2

3
sin2 θW sin2 θt̃

))

(3.20)

We also confirm that the tanβ dependence in the vertex is also hardly noticeable.

Eq. 3.20 makes it clear that even for maximal mixing, sin2 2θt̃ ∼ 1 the contribution of the

stops and that of the top cancel each other thus leading to a very small vertex. The dip

occurs for values of the mixing angle such that:

sin2 2θt̃ #
4m2

t

m2
t̃2
− m2

t̃1

(3.21)

On the other hand when the mixing is negligible, the vertex is accounted for almost

entirely by the top mass and therefore has the same strength as the tth vertex.

The t̃2t̃2h vertex can be obtained from t̃1t̃1h by sin θt̃ ↔ cos θt̃ and mt̃1 ↔ mt̃2 . There-

fore if the t̃2t̃2h and t̃1t̃1h vertices were to be added, the mixing terms do not survive,

as expected since the latter mix the left and right states. This is to be kept in mind.

In situations where the stop masses are of the order of the top mass so that they both

contribute to h → gg or h → γγ, the effect of mixing will, to a large extent, be washed

away.

Already at this point we can attempt to predict the general features in Rggγγ and

Rγγ that will be introduced by large mixing in the stop sector. Consider the large MA

limit where the t̃1t̃1h vertex is most transparent, see Eq. 3.20. Naturally the stop will

contribute if its mass is not too large and if its coupling to the Higgs is also large. When

there is no mixing, only the diagonal m2
t term in Eq. 3.20 will, in both Γ(h → gg) and

Γ(h → γγ), interfere constructively with the top quark contribution. We therefore expect

ggH

2.3 Collider constraints

Since performing the parameter space exploration, new limits from the LHC were announced.
The important limits on the Higgs sector are the ones for h → ττ which constrain the low MA-
large tanβ region of parameter space. Furthermore the new upper limit on BR(Bs → µ+µ−) <
1.08 × 10−8 [66] also constrains the low MA region. We have imposed both these constraints
a posteriori. The impact of the additional constraints from LHC is displayed in Fig. 1 in the
tanβ − MA plane and in the BR(Bs → µ+µ−) − MA plane. The points excluded by either
the Higgs search or BR(Bs → µ+µ−) are coloured in yellow (light grey). One can see that
BR(Bs → µ+µ−) excludes points at lower values of tanβ than the Higgs searches (yellow points
that are below the Higgs exclusion line in Fig. 1 (left panel) while some points that satisfy the
BR(Bs → µ+µ−) limit are constrained by Higgs searches (Fig. 1, right panel). In this plot and
all the following we will use the same color code: the points excluded by collider constraints
are yellow, those excluded by either XENON100 or Fermi-LAT are red and allowed points are
green (dark grey). Note that the scan extends to unnaturally large values of tanβ, however the
special features in the observables we will discuss do not require a very large value of tanβ.

Figure 1: Left: Allowed points in the tanβ vs. MA plane in green (dark grey). The exclusion
limit from CMS [3] (full line) is also displayed. Right: Allowed points in the BR(Bs → µ+µ−)
vs. MA plane. The exclusion limit from CMS and LHCb [66] (dotted line) is also displayed.
In yellow, points excluded by collider constraints (Higgs and BR(Bs → µ+µ−)), in red those
excluded by astrophysical constraints (XENON100 and Fermi-LAT).

3 Higgs observables

The mass of the light Higgs in the MSSM scenarios that we consider is always below 130GeV
thus the most important detection channel is in the two-photon channel. In this mass range, the
light Higgs is predominantly produced in gluon fusion, thus we define the ratio of the production
times branching ratio of the MSSM to the SM,

Rggγγ =
σ(gg → h)MSSMBR(h → γγ)MSSM

σ(gg → h)SMBR(h → γγ)SM
(1)

Note that σ(gg → h) is taken to be proportional to Γ(h → gg) even though QCD corrections
are different for the two processes. We assume that the effect of QCD corrections cancels out

5
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NMSSM
• MSSM with additional singlet superfield

•  µ parameter is related to vev of singlet
– naturally of order of weak scale 

• Higgs sector : 3 CP-even, 2 CP-odd + charged Higgs
– much richer phenomenology than in MSSM

• Also extra neutralino -> singlino 
– can impact dark matter properties

11

mass parameter. Obviously, the larger tanβ or MS is, the heavier h becomes, and for given

MS, mh reaches its maximum when Xt/MS =
√
6, which corresponds to the so-called mmax

h

scenario.

About Eq.(3), three points should be noted [18]. The first is this equation is only valid

for small splitting between mt̃1 and mt̃2 . In case of large splitting, generally Xt/MS >
√
6

is needed to maximize mh. The second is m2
h in Eq.(3) is symmetric with respect to the

sign of Xt. This behavior will be spoiled once higher order corrections are considered, and

usually a larger mh is achieved for positive AtM3 with M3 being gluino soft breaking mass.

And the last is in Eq.(3), we do not include the contributions from the sbottom and slepton

sectors. Such contributions are negative and become significant only for large tanβ.

Compared with the MSSM, the Higgs sector in the NMSSM is rather complex, which can

be seen from its superpotential and the corresponding soft-breaking terms given by [12]

WNMSSM = WF + λĤu · ĤdŜ +
1

3
κŜ3, (4)

V NMSSM
soft = m̃2

u|Hu|2 + m̃2
d|Hd|2 + m̃2

S |S|2 + (AλλSHu ·Hd +
Aκ

3
κS3 + h.c.). (5)

Here WF is the superpotential of the MSSM without the µ term, the dimensionless param-

eters λ and κ are the coefficients of the Higgs self couplings, and m̃u, m̃d, m̃S, Aλ and Aκ

are the soft-breaking parameters.

After the electroweak symmetry breaking, the three soft breaking masses squared for

Hu, Hd and S can be expressed in terms of their VEVs (i.e. vu, vd and s) through the

minimization conditions of the scalar potential. So in contrast to the MSSM where there

are only two parameters in the Higgs sector, the Higgs sector of the NMSSM is described

by six parameters [12]:

λ, κ, M2
A =

2µ(Aλ + κs)

sin 2β
, Aκ, tanβ =

vu
vd

, µ = λs. (6)

The Higgs fields can be written in the following form:

H1 =





H+

S1+iP1√
2



 , H2 =





G+

v + S2+iG0
√
2



 , H3 = s+
1√
2
(S3 + iP2) , (7)

where H1 = cos βHu − ε sin βH∗
d , H2 = sin βHu + ε cosβH∗

d with ε12 = ε21 = −1 and

ε11 = ε22 = 0, G+ and G0 are Goldstone bosons and v =
√

v2u + v2d. In the CP-conserving

NMSSM, the fields S1, S2 and S3 mix to form three physical CP-even Higgs bosons, and P1

4
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Higgs mass
• Light Higgs mass : new contribution at tree level
• Increase in Higgs mass             mh2  <
• largest increase is for low values of tanβ
• Easier to reach 125GeV even without very large stop 

corrections (Ellwanger et al JHEP1109,105; Hall et al 1112.2703)

• Fine tuning reduced :
– With large lambda stop mass/mixing not so large, mHu not so large
– in constrained NMSSM (Ellwanger, Espitalier-Noel,Hugonie,1107.2472)

• Doublet singlet mixing - the lightest Higgs scalar can be very 
light escape LEP bounds

12

An approximate formula for the mass MSM of the SM-like Higgs scalar in the NMSSM
in the limit κs ! |Aκ|, |Aλ| (corresponding to a heavy singlet-like scalar), including the
dominant top/stop radiative corrections, is given by

M2
SM " M2

Z cos2 2β + λ2v2 sin2 2β −
λ2

κ2
v2(λ− κ sin 2β)2

+
3m4

t

4π2v2

(
ln

(
m2

T

m2
t

)
+

A2
t

m2
T

(
1−

A2
t

12m2
T

))
(3.2)

where v is defined in (2.12), the soft SUSY breaking stop masses squared in (2.36) are
assumed to satisfy m2

T ∼ m2
Q3

! m2
t , At is the stop trilinear coupling assumed to satisfy

|At| ! mt, µeff; the terms ∼ λ2 are specific to the NMSSM, and the last term in the first
line originates from the mixing with the singlet-like scalar. In the MSSM, where λ = 0,
the LEP bound on MSM implies that tan β has to be large such that cos 2β ∼ 1, mT above
∼ 300 GeV for maximal mixing (A2

t ∼ 6m2
T , maximising the second line in (3.2)), or

>∼ 1 TeV otherwise.
In order to maximise MSM in the NMSSM, λ should be as large as possible, and tanβ

should be small in order to avoid a suppression from sin2 2β. (As discussed before, λ is
bounded from above by λ <∼ 0.7 − 0.8 if one requires the absence of a Landau singularity
below the GUT scale.) However, the negative contribution from the mixing with the singlet-
like scalar should vanish; without neglecting Aλ, the relevant mixing term is proportional
to (λ− sin 2β(κ + Aλ/(2s)))2 [104]. If this expression is not small, a larger value of λ can
even generate a decrease of the mass of the Higgs scalar with SM-like couplings to the Z
boson in the NMSSM.

The resulting upper bound on the lightest CP-even Higgs mass in the NMSSM has been
studied in the leading log approximation in [82–84,103,105–109]. Full one-loop calculations
of the corresponding upper bound involving top/bottom quark/squark loops have been
carried out in [72, 85, 86, 110–117]. (Analyses at large values of tan β have been performed
in [118–120], and upper bounds for more general supersymmetric Higgs sectors have been
considered in [121–123].)

At present, additional known radiative corrections to the Higgs mass matrices in the
NMSSM include MSSM-like electroweak together with the NMSSM-specific Higgs one-loop
contributions [124, 125] and dominant two-loop terms [73, 87, 125–127]. In order to discuss
these in detail, it is convenient to separate the quantum corrections involving scales Q2

with Q2 >∼ M2
SUSY from those with scales Q2 <∼ M2

SUSY.
The result of the quantum corrections with Q2 >∼ M2

SUSY is still a supersymmetric
effective Lagrangian (including soft SUSY breaking terms), where all running parameters
(couplings and masses) are defined, within a given subtraction scheme, at the scale Q2 ∼
M2

SUSY. (If desired, the parameters at the scale Q2 can be obtained in terms of parameters
at a higher scale with the help of the RGEs.) Subsequently, the quantum corrections with
Q2 <∼ M2

SUSY (i. e. with an ultraviolet cutoff M2
SUSY) have to be evaluated, generating a non-

supersymmetric effective action including an effective Higgs potential, effective couplings
of fermions and wave function normalisation constants. From the effective potential and
couplings one can derive the so-called running masses, which still differ somewhat from the
physical pole masses (the poles of the propagators).

19
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• Mixing can lead to reduce hbb, reduced total width--> 
increased branching ratios

• Possible to increase branching ratios in two photons.
– Ellwanger, 1012.1201,1112.3548

• Rggγγ>1  for mH=125GeV, when λ large (determines singlet-
doublet mixing), tanβ small

• In  NMSSM with input parameters at EW scale, what are 
implication of Higgs results after taking into account B 
physics, DM and LHC SUSY searches?  

13

CP-even Higgs bosons we were not able to find such points in the much more constrained
parameter space.)

3 Two Higgs bosons at 125 and 136 GeV in the NMSSM

The NMSSM is the simplest supersymmetric (SUSY) extension of the SM with a scale
invariant superpotential, and does not suffer from the µ-problem of the MSSM (the presence
of a SUSY mass parameter whose value must accidentally be of order MSUSY, the mass
scale of the soft SUSY breaking terms). The Higgs sector of the NMSSM contains two
doublet superfields Hu and Hd (with couplings of Hu to up-type quarks, and couplings
of Hd to down-type quarks and leptons as in the MSSM) and an additional SU(2)-singlet
superfield S. The NMSSM-specific part of the superpotential is

WNMSSM = λSHuHD +
κ

3
S3 , (14)

where the first term generates an effective µ-term with µeff = λs once the scalar component
of S develops a vacuum expectation value (vev) s. The vev s is triggered by the NMSSM-
specific soft SUSY breaking terms (from here onwards, Hu, Hd and S denote the scalar
components of the corresponding superfields),

L(soft)NMSSM = −m2
SS

2 − λAλSHuHd −
κ

3
AκS

3 , (15)

and is thus naturally of order MSUSY. The field content in the Higgs sector of the NMSSM
consists of three neutral CP-even bosons Hi, i = 1 . . . 3, two neutral CP-odd bosons Ai,
i = 1 . . . 2, and a charged Higgs boson H±.

The CP-even bosons Hi are linear combinations of the real components of Hu, Hd and S.
Their masses and mixing angles have to be obtained from the 3× 3 mass matrix including
SUSY terms, soft SUSY breaking terms and radiative corrections. Expressions for the
mass matrices of the physical CP-even and CP-odd Higgs states—after Hu, Hd and S have
acquired vevs vu, vd and s and including the dominant radiative corrections—can be found
in [12] and will not be repeated here. The Higgs sector of the NMSSM is described by the
six parameters

λ , κ , Aλ , Aκ, tan β = vu/vd , µeff . (16)

The couplings of the Higgs states depend on their decompositions into the CP-even
weak eigenstates Hd, Hu and S, which are given by

H1 = S1,d Hd + S1,u Hu + S1,s S ,

H2 = S2,d Hd + S2,u Hu + S2,s S . (17)

Then, the reduced couplings of Hi are

cDi
=

Si,d

cos β
, cUi

=
Si,u

sin β
, cVi

= cos β Si,d + sin β Si,u . (18)

The loop-induced reduced couplings cgi and cγi have to be computed including contributions
from SUSY particles in the loops, including scalar τ -leptons, charginos and more. Below,

6
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WNMSSM = λSHuHD +
κ

3
S3 , (14)

where the first term generates an effective µ-term with µeff = λs once the scalar component
of S develops a vacuum expectation value (vev) s. The vev s is triggered by the NMSSM-
specific soft SUSY breaking terms (from here onwards, Hu, Hd and S denote the scalar
components of the corresponding superfields),

L(soft)NMSSM = −m2
SS

2 − λAλSHuHd −
κ

3
AκS

3 , (15)

and is thus naturally of order MSUSY. The field content in the Higgs sector of the NMSSM
consists of three neutral CP-even bosons Hi, i = 1 . . . 3, two neutral CP-odd bosons Ai,
i = 1 . . . 2, and a charged Higgs boson H±.

The CP-even bosons Hi are linear combinations of the real components of Hu, Hd and S.
Their masses and mixing angles have to be obtained from the 3× 3 mass matrix including
SUSY terms, soft SUSY breaking terms and radiative corrections. Expressions for the
mass matrices of the physical CP-even and CP-odd Higgs states—after Hu, Hd and S have
acquired vevs vu, vd and s and including the dominant radiative corrections—can be found
in [12] and will not be repeated here. The Higgs sector of the NMSSM is described by the
six parameters

λ , κ , Aλ , Aκ, tan β = vu/vd , µeff . (16)

The couplings of the Higgs states depend on their decompositions into the CP-even
weak eigenstates Hd, Hu and S, which are given by

H1 = S1,d Hd + S1,u Hu + S1,s S ,

H2 = S2,d Hd + S2,u Hu + S2,s S . (17)

Then, the reduced couplings of Hi are

cDi
=

Si,d

cos β
, cUi

=
Si,u

sin β
, cVi

= cos β Si,d + sin β Si,u . (18)

The loop-induced reduced couplings cgi and cγi have to be computed including contributions
from SUSY particles in the loops, including scalar τ -leptons, charginos and more. Below,
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FIG. 3: Left (resp. Right) panel present the constraints in the constructive (resp. destructive) case, for a 20 GeV WIMP. The

light grey area is the region already excluded by the most constraining experiments (COUPP-2010 [11] and XENON10 [12]).

For a 30 kg.year CF4 directional detector, the dark grey area is the 3σ discovery region, while the solid light curve labelled

“exclusion” is the background-free projected limit. Dashed light curve presents the same result for the alternative
19F spin

content values [88].

rameters. Thus we consider MSSM scenarios with the 11

following free parameters
1

M1, M2, M3, µ, tanβ, MA,Ml̃L
, M

l̃R
, Mq̃1, 2 , Mq̃3 , At.

The NMSSM is a simple extension of the MSSM with

an additional gauge singlet superfield, S, that provides a

solution to the naturalness problem. Indeed the param-

eter µ = λ�S� is determined by the VEV of the scalar

singlet and is thus naturally of the EW scale [27]. In

the NMSSM there are additional parameters related to

the extended Higgs sector. Note that we will use µ rather

than �S� as a free parameter to remain close to the MSSM

parametrization. The part of the superpotential involv-

ing Higgs fields reads

W = λSHuHd +
1

3
κS3

and the soft Lagrangian is

Lsoft = m
2
Hu

|Hu|2 +m
2
Hd

|Hd|2 +m
2
S
|S|2

+(λAλHuHdS +
1

3
κAκS

3
+ h.c.).

1 We do not perform a thorough exploration of the much stud-
ied CMSSM because it is only a particular case of the MSSM.
Furthermore in that model the LSP mass is above 50 GeV be-
cause of the LEP limit on charginos and the relation between the
chargino and the neutralino masses. This leaves little possibili-
ties for parameter determination.

After using the minimization conditions of the Higgs po-

tential, the Higgs sector, which consists of three neutral

scalar fields, H1, H2, H3 and two pseudoscalar neutral

fields, A1, A2 as well as a charged Higgs, H
±
is described

by six free parameters, µ, tanβ as well as λ, κ, Aλ and

Aκ. The list of free parameters therefore contains the

ones of the MSSM with the pseudoscalar mass, MA, re-

placed by

λ,κ, Aλ, Aκ,

for a total of 14 free parameters.

These simplified models reproduce the salient fea-

tures of neutralino DM. Indeed, apart from the mass of

the LSP, the most important parameters are the gaug-

ino/higgsino content of the LSP, determined by µ and

M1, M2, tanβ, as well as the mass of the Higgses

which can enhance significantly neutralino annihilations.

Sfermion exchange, and in particular slepton exchange,

can also play a role for light neutralinos.

There are many similarities between the MSSM and

the NMSSM, as will be seen in the following analysis.

However one characteristic feature of the NMSSM is that

the singlet fields, which mostly decouple from the SM

fields, can be very light and yet escape LEP bounds [27].

Therefore it is much easier to have light neutralinos be-

cause they can annihilate into or through the exchange

of light singlet Higgses [96].
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all constraints and yet predict a direct detection signal in the
region preferred by recent experiments.
In section II, we describe the method used for exploring the
parameter space. We analyse scenarios with light neutralinos
in the MSSM assuming different priors in section III while the
results for the NMSSM are presented in section IV.

II. METHOD

To efficiently explore the multi-dimensional parameter space,
we have performed a Markov Chain Monte Carlo analysis
(based on the Metropolis-Hastings algorithm). We have used
micrOMEGAs2.4 [? ? ] to compute all observables. This
code relies in turn on SuSpect [? ] for calculating the par-
ticle spectrum in the MSSM and on NMSSMTools [? ] for
calculating the particle spectrum and the various collider and
B-physics constraints in the NMSSM.
We use the method of burn-in chains, i.e. we first explore the
parameter space till we find a point with a non-vanishing like-
lihood. When such a point is found, we continue the chains,
keeping all the points that are retained by the MCMC. How-
ever, since it is difficult and time-consuming to find a good
starting point, we require to speed up the process that the like-
lihood times the prior (hereafter referred to as Q) associated
with the starting point exceeds the value Q > 10−12, and use
an exponential prior on mχ to make sure that the starting point
is within close proximity of the low neutralino mass region.
However, when this point is found, we replace the exponen-
tial prior on mχ by a flat prior. Since low mass neutralinos
are quite unlikely with respect to heavier ones (and since find-
ing them also requires a certain amount of fine-tuning), we
have decided to perform two independent scans. One aims
at exploring the mass region ranging from 0 to 15 GeV (this
range of mass is particularly relevant for the CoGeNT and
DAMA/LIBRA interpretation) and the second one aims at
exploring the range from 0 to 50 GeV (to include the pre-
ferred region of the two WIMP recoil-like events reported by
CDMS-II). A proper exploration of the parameter space is ob-
tained after generating approximately 50 chains of 105 points
each.
The total likelihood function for each point is the product of
the likelihood functions evaluating the goodness-of-fit to all
the data set that are displayed in Table. ??. These include B
physics observables, the anomalous magnetic moment of the
muon, (g−2)µ, the Higgs and sparticles masses obtained from
LEP and the corrections to the ρ parameter. For the MSSM
case, only LEP mass limits on new particles were taken as a
sharp discriminating criterion with L = 0 or 1. Other crite-
ria had some tolerance. For the NMSSM, limits on the Higgs
sector, on the Z partial width and on neutralino production as
computed by NMSSMTools were also taken as a sharp dis-
criminating criterion.
We use a Gaussian distribution for all observables with a pre-
ferred value µ±σ,

F2 (x,µ,σ) = e
− (x−µ)2

2σ2 (1)

and

F3 (x,µ,σ) =
1

1+ e
− x−µ

σ
. (2)

for observables which only have lower or upper bounds. The
tolerance, σ, is negative (positive) when one deals with an
upper (lower) bound.

TABLE I: List of constraints, from Ref. [? ] unless noted otherwise

constraint value/range tolerance applied

Smasses - none both
ΩWMAPh

2 0.01131 - 0.1131 0.0034 both
(g−2)µ 25.5 10−10 stat: 6.3 10−10 both

sys: 4.9 10−10

∆ρ ≤ 0.002 0.0001 MSSM
b → sγ 3.52 10−4 [? ? ] th: 0.24 10−4 both

exp: 0.23 10−4

Bs → µ
+

µ
− ≤ 4.7 10−8 4.7 10−10 both

R(B → τν) 1.28 [? ] 0.38 both
mH ≥ 114.4 1% MSSM

Z → χ1χ1 ≤ 1.7 MeV 0.3 MeV MSSM
none NMSSM

e
+

e
− → χ1χ2,3 ≤ 0.1 pb [? ] 0.001 pb MSSM

none NMSSM
∆Ms 117.0 10−13 GeV th: 21.1 10−13 GeV NMSSM

exp: 0.8 10−13 GeV
∆Md 3.337 10−13 GeV th: 1.251 10−13 GeV NMSSM

exp: 0.033 10−13 GeV

Finally we also require that the neutralino relic density satis-
fies

100% ΩWMAPh
2 > Ωχh

2 > 10% ΩWMAPh
2, (3)

with ΩWMAPh
2 = 0.1131±0.0034 [? ]. The cases where Ωχ <

ΩWMAP should correspond to scenarios in which there is either
another (if not several) type of dark matter particles in the
galactic halo [? ] or a modification of gravity (cf e.g. [? ]). In
case of a multi component dark matter scenario, there could
be either very light e.g.[? ? ? ? ] or very heavy particles
(including very heavy neutralinos), depending on the findings
of direct detection experiments.

III. MSSM SCENARIOS

In what follows, we consider the MSSM with input parame-
ters defined at the weak scale. We assume minimal flavour
violation and equality of the soft masses between sfermion
generations. We further assume a common mass m

l̃
for all

sleptons, and for all squarks mq̃ (but we have checked that we
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low ≈ 200 GeV). Under these conditions the mixing between

the singlet and doublet Higgs is large and the singlet Higgs is

light. Recall that the mass of the singlet Higgs depends on µ

with m
2

S
= κµ/λ(Aκ +4κµ/λ) [24, 57].

Note that in Fig. 7 top panel, we found scenarios where H2

is in the observed range while H1 is lighter and has Rggγγ � 1.

This means that even though H1 has evaded present con-

straints from LHC, these points offer good prospects for dis-

covery of a second Higgs scalar in the next run of the LHC.

Such a signal would allow to distinguish the NMSSM Higgs

sector from the MSSM one.

H2 masses extend over a wide range (all the way to several

TeV’s) and include some points in the mass region preferred

by the LHC. The values of Rggγγ for H2 are displayed in Fig. 7

(bottom panel) for the range of masses where the two-photon

search mode is relevant. We found that the signal strength

reaches values as high as Rggγγ = 2. This enhancement with

respect to the SM expectations is found when H2 has some

singlet component and a suppressed partial width to bb̄. (H1,

conversely, has an enhanced bb̄ partial width and a reduced

signal strength Rggγγ. )

As mentioned above, when 0.4 < Rggγγ < 1 for H2, the

signal strength for the lighter Higgs can be enhanced. We

have also found points where Rggγγ < 1 for both H1 and H2.

This can be due to the presence of invisible modes or to the

presence of a singlet component for which the suppression in

the Higgs coupling to gg compensates the increase of the γγ
branching ratio.

B. With a lower limit on the relic density

Finally we analyse the impact of requiring the relic density

condition. Imposing a strict lower limit on the relic density

strongly constrains the scenarios where the singlet component

of the light Higgs leads to Rggγγ > 1. As mentioned above,

these points were found for µ< 200 GeV. Hence the LSP has a

non-negligible higgsino component, usually leading to a relic

density below the preferred WMAP range. After imposing

the strict lower bound on the relic density, we found that H1

was in general within the LHC preferred range, while H2 was

heavy, its mass extending above the TeV scale. Rggγγ for H1 is

displayed in Fig. 8: the relic density constraint has removed

most of the points where the signal strength was enhanced (the

maximum value is now 1.06).

We also considered the constraint from the jets and miss-

ing ET SUSY search for those points with a Higgs of mass

122 − 128 GeV. Exclusion is observed in this mass range

for any signal strength, showing as expected that there is

no direct correlation between the first and second generation

squarks and the Higgs sector. Finally we have checked that

these points were compatible with the latest upper limit on

Br(Bs → µ
+

µ
−)< 4.5×10

−9
from LHCb [58].

FIG. 7: Rggγγ as a function of the mass of H1 (top panel) and of

H2 (bottom panel) in the arbitrary neutralino LSP model. In the top

panel most points are on top of one another at high mass and high

Rggγγ. Same colour code as Fig. 2.

VI. PROSPECTS AND CONCLUSION

In this paper, we have investigated the Higgs signal strength

expected in scans of the NMSSM scenarios in which we have

applied particle physics as well as astroparticle physics con-

straints. In particular we have imposed that the neutralino relic

density does not exceed the WMAP observed value nor the

limit imposed by direct detection experiments and does not

overproduce gamma rays and radio waves in the galaxy. We

also took into account limits from B- physics, (g−2)µ, as well

as LEP, Tevatron and LHC limits on the Higgs and SUSY par-

ticles.

We found many scenarios where either H1 or H2 had a mass

in the range [122-128] GeV and a signal strength compatible

with the Standard Model. We also found scenarios where the

signal strength in the two-photon mode was as large as the

excess reported by ATLAS and CMS. However for most of

these points the neutralino would form only a fraction of the

observed dark matter. If a Higgs is confirmed at the LHC with
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• Insisting on WMAP lower/upper limit - most points with Rggγγ>1 
disappear

• Few points with H2 ~125GeV
• Rggγγ>1- associated with small  µ, light charginos because singlet 

mass light

• small  µ means LSP has significant higgsino component
– efficient annihilation into WW 
– ‘typically’ Ω< 0.1

• Small µ also found in other studies
– Rggγγ>1 in NUHNMSSM- Ellwanger et al (1203.5048)
– large λ in NMSSM- (Chang etal,1202.0054) 16
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FIG. 8: Rggγγ as a function of the mass of H1 (the more usual can-
didate) for points with a relic density within the WMAP range. A
handful of points are also seen at masses lower than those shown,
with reduced signal strength. Same colour code as Fig. 2.

a signal strength in excess of the SM expectations, it would be
a clear indication of BSM physics, while if the signal strength
is compatible with SM expectations, it might be necessary to
search for light pseudoscalar or scalar Higgs in order to de-
termine whether one has discovered the SM Higgs or BSM
physics.

When insisting on a light neutralino, we found that the most
promising configurations favour a SM-like H2 rather than a
H1 SM-like Higgs and therefore predict the existence of a
light Higgs dominantly singlet. The possibility of observ-
ing a second light Higgs provides a distinct signature of the
NMSSM Higgs sector. This could be done directly, e.g. via
the diphoton search for an SM-like Higgs with higher lumi-
nosities; or indirectly via the decay of the heavier Higgs, e.g.
H2 → (2H1 or 2A1)→ ττ̄.

Furthermore we note that the traditional jets + missing ET

signature of squarks and gluinos in the MSSM can be modi-
fied in a very interesting way in the NMSSM, when the LSP is
singlino-like and the second-lightest neutralino χ̃0

2 can decay
to a Higgs. The χ̃0

2 is expected to be boosted (generically be-
ing much lighter than the squarks and gluinos), and the lighter
Higgs which it decays to (H1 or A1) is expected to further de-
cay into bb̄

4. This extra step in this cascade compared to the
MSSM 2q̃ → 2q+ 2χ̃0

2 adds jets and halves the missing ET ,
dimming discovery prospects. However a distinctive topol-
ogy results: the boosted nature of the intermediate χ̃0

2 means
the missing pT vector will point in between the two doubly-
tagged b-jets. We illustrate this scenario in Fig. 9 for disquark

4 Higgs → ττ̄ would be dominant for mH,A < 2mb

q

q

χ̃0
2

χ̃0
2

A orH

A orH

χ̃0
1

χ̃0
1

bb̄

bb̄

q̃q̃

p
miss
T

FIG. 9: The modified jets + missing ET signal in the NMSSM with
a singlino-like LSP, when a decay χ̃0

2 → χ̃0
1 +Higgs is kinematically

accessible. Because the χ̃0
2 are boosted, the missing pT vector will

point in between the two b-jets.

production. Gluinos tend to decay to a neutralino plus two
jets rather than one, as is well known; otherwise the signal
remains the same as for squarks. Calculation of the Standard
Model background and estimation of the systematic error in
measuring such a signal are clearly vital, but beyond the scope
of this work.

The NMSSM Higgs sector can however be very similar
to the MSSM, or even the SM, with only a light SM-like
scalar and much heavier scalars and pseudoscalars. In this
case searches for the superpartners, and in particular pecu-
liar signatures associated with the singlino LSP (e.g. bino →
singlino + soft ll̄ [59]), offer the only possibility to identify
the NMSSM.
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low ≈ 200 GeV). Under these conditions the mixing between

the singlet and doublet Higgs is large and the singlet Higgs is

light. Recall that the mass of the singlet Higgs depends on µ

with m
2

S
= κµ/λ(Aκ +4κµ/λ) [24, 57].

Note that in Fig. 7 top panel, we found scenarios where H2

is in the observed range while H1 is lighter and has Rggγγ � 1.

This means that even though H1 has evaded present con-

straints from LHC, these points offer good prospects for dis-

covery of a second Higgs scalar in the next run of the LHC.

Such a signal would allow to distinguish the NMSSM Higgs

sector from the MSSM one.

H2 masses extend over a wide range (all the way to several

TeV’s) and include some points in the mass region preferred

by the LHC. The values of Rggγγ for H2 are displayed in Fig. 7

(bottom panel) for the range of masses where the two-photon

search mode is relevant. We found that the signal strength

reaches values as high as Rggγγ = 2. This enhancement with

respect to the SM expectations is found when H2 has some

singlet component and a suppressed partial width to bb̄. (H1,

conversely, has an enhanced bb̄ partial width and a reduced

signal strength Rggγγ. )

As mentioned above, when 0.4 < Rggγγ < 1 for H2, the

signal strength for the lighter Higgs can be enhanced. We

have also found points where Rggγγ < 1 for both H1 and H2.

This can be due to the presence of invisible modes or to the

presence of a singlet component for which the suppression in

the Higgs coupling to gg compensates the increase of the γγ
branching ratio.

B. With a lower limit on the relic density

Finally we analyse the impact of requiring the relic density

condition. Imposing a strict lower limit on the relic density

strongly constrains the scenarios where the singlet component

of the light Higgs leads to Rggγγ > 1. As mentioned above,

these points were found for µ< 200 GeV. Hence the LSP has a

non-negligible higgsino component, usually leading to a relic

density below the preferred WMAP range. After imposing

the strict lower bound on the relic density, we found that H1

was in general within the LHC preferred range, while H2 was

heavy, its mass extending above the TeV scale. Rggγγ for H1 is

displayed in Fig. 8: the relic density constraint has removed

most of the points where the signal strength was enhanced (the

maximum value is now 1.06).

We also considered the constraint from the jets and miss-

ing ET SUSY search for those points with a Higgs of mass

122 − 128 GeV. Exclusion is observed in this mass range

for any signal strength, showing as expected that there is

no direct correlation between the first and second generation

squarks and the Higgs sector. Finally we have checked that

these points were compatible with the latest upper limit on

Br(Bs → µ
+

µ
−)< 4.5×10

−9
from LHCb [58].

FIG. 7: Rggγγ as a function of the mass of H1 (top panel) and of

H2 (bottom panel) in the arbitrary neutralino LSP model. In the top

panel most points are on top of one another at high mass and high

Rggγγ. Same colour code as Fig. 2.

VI. PROSPECTS AND CONCLUSION

In this paper, we have investigated the Higgs signal strength

expected in scans of the NMSSM scenarios in which we have

applied particle physics as well as astroparticle physics con-

straints. In particular we have imposed that the neutralino relic

density does not exceed the WMAP observed value nor the

limit imposed by direct detection experiments and does not

overproduce gamma rays and radio waves in the galaxy. We

also took into account limits from B- physics, (g−2)µ, as well

as LEP, Tevatron and LHC limits on the Higgs and SUSY par-

ticles.

We found many scenarios where either H1 or H2 had a mass

in the range [122-128] GeV and a signal strength compatible

with the Standard Model. We also found scenarios where the

signal strength in the two-photon mode was as large as the

excess reported by ATLAS and CMS. However for most of

these points the neutralino would form only a fraction of the

observed dark matter. If a Higgs is confirmed at the LHC with
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• While it is possible to satisfy all constraints and R>1 confined 
to very special corner of parameter space

• Hard to explain also all of DM (could have other DM 
component)

• Light ‘Higgsinos’ present
• Challenge for LHC ... nearly mass degenerate ->  di,tri-lepton 

signatures have soft pT spectrum (Baer et al 1107.5581)
• Signal for NMSSM Higgs sector ?

17
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NMSSM signal already there?
• Could it be that Tevatron and LHC have seen two Higgs bosons?

• At Tevatron  enhanced signal in VH,H->bb between 
110-140GeV best value, MH~135GeV,

• Can this be compatible with two lightest Higgses in NMSSM?
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FIG. 6: The p-value as a function of mH under the
background-only hypothesis. Also shown are the median ex-
pected values assuming a SM signal is present, evaluated sep-
arately at each mH . The associated dark and light-shaded
bands indicate the 1 s.d. and 2 s.d. fluctuations of possible
experimental outcomes.

The corresponding SM prediction for mH = 125 GeV/c2

is 0.12 ± 0.01 pb.
The significance of the excess in the data over the

background prediction is computed at each hypothesized
Higgs boson mass in the range 100–150 GeV/c2 by cal-
culating the local p-value under the background-only hy-
pothesis using Rfit as the test statistic. This p-value ex-
presses the probability to obtain the value of Rfit ob-
served in the data or larger, assuming a signal is truly
absent. These p-values are shown in Fig. 6 along with
the expected p-values assuming a SM signal is present,
separately for each value of mH . The observed p-value
as a function of mH exhibits a broad minimum and the
maximum local significance corresponds to 3.3 standard
deviations at mH = 135 GeV/c2.
The Look-Elsewhere Effect (LEE) [46, 47] accounts

for the possibility of a background fluctuation affecting
the local p-value anywhere in the tested mH range. In
the mass range from 115 GeV/c2 (the prior bound from
the LEP2 direct search [16]) to 150 GeV/c2, the recon-
structed mass resolution is typically 15%, and the result-
ing LEE factor is approximately 2. Correcting for the
LEE yields a global significance of 3.1 standard devia-
tions. Taking into account the exclusion limits for the
SM Higgs boson mentioned earlier, there is no LEE and
we derive a significance of 2.8 standard deviations for
mH = 125 GeV/c2.
We interpret this result as evidence for the presence of

a particle that is produced in association with a W or
Z boson and decays to a bottom-antibottom quark pair.
The excess seen in the data is most significant in the mass
range between 120 and 135 GeV/c2, and is consistent
with production of the SM Higgs boson within this mass
range. Assuming a Higgs boson exists in this mass range,
these results provide a direct probe of its coupling to b
quarks.
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Sample point
• ‘Fit’ CMS+Tevatron Higgs signal
• Here ignore DM requirement

• At Tevatron - poor mass resolution in bb + production H1>H2

•                                                                         ~1.3

• More data at LHC (γγ) will confirm/rule out this possibility
• Search for H3 - look at decays in light Higgs/ neutralino pairs
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λ 0.617 µeff 143
κ 0.253 Aλ 164

tanβ 1.77 Aκ 337

MH1 125 MA1 95
MH2 136 MA2 282
MH3 289 MH± 272

Table 1: NMSSM-specific parameters and Higgs masses of a point with desired properties.
(The dimensionful parameters are given in GeV.)

Higgs Si,d Si,u Si,s cDi
cUi

cVi
cgi cγi

H1 −0.24 −0.67 0.70 −0.48 −0.77 −0.70 0.77 0.85
H2 0.54 0.51 0.67 1.09 0.58 0.71 0.54 0.66
H3 0.81 −0.54 −0.24 1.64 −0.62 -0.07 0.65 0.28

Table 2: Mixing parameters (17) and reduced couplings of the three CP-even Higgs states.

the calculations of Higgs masses, mixing angles and reduced couplings have been performed
by the code NMSSMTools 3.2.1 [29, 30] including radiative corrections to the Higgs sector
from [31].

Next we present a point in the parameter space of the general NMSSM with the de-
sired properties. For the MSSM-like soft SUSY breaking terms we choose bino, wino
and gluino masses M1=220 GeV, M2=400 GeV and M3=1100 GeV respectively, squark
masses of 1500 GeV for the first two generations and the right-handed b-squarks, 1000 GeV
for sleptons and the other third generation squarks, and finally At = Ab = −2500 GeV,
Aτ = −1000 GeV. The NMSSM-specific input parameters are listed in Table 1, together
with the resulting masses of the various Higgs states.

The decompositions Si,j and the reduced couplings of the 3 CP-even Higgs states are
given in Table 2. We see that the Higgs states are strongly mixed, both H1 and H2 having
large SU(2) doublet and singlet components. H1 has the smallest cD component, which
leads to an increase of the reduced branching fraction into γγ as discussed above. However,
the partial width Γ(H1 → γγ) also receives an additional NMSSM-specific contribution of
∼ 20% from higgsino-like charginos with mχ̃±

1
= 126 GeV in the loop; this possibility was

mentioned previously in [20, 28].
Finally, we give the reduced branching fractions for the CP-even Higgs bosons in Table 3,

and their signal rates relative to SM expectations in Table 4.
Let us now examine the extent to which these signal rates have the desired properties

listed in Section 2. We observe that Rγγ
1 (ggF ), RZZ(∗)

1 (ggF ), Rγγ
2 (ggF ) and RZZ(∗)

2 (ggF )
satisfy Eqs. (6), (7), (8) and (9), respectively. Note that Rγγ

1 (V BF ) is also enhanced,
in agreement with the observations. In the ττ channel, Rττ

1 (V BF ) = Rbb
1 (V H) is indeed

suppressed, as is Rττ
1 (ggF ). Rττ

2 (V BF ) is not enhanced but, as discussed in Section 2,
Rττ

2 (like Rbb
2 (V H)) can receive a considerable contribution from Rττ

1 . For Rbb
eff(V H) as

defined in (13) we obtain Rbb
eff(V H) ∼ 1.20, with the dominant contribution from Rbb

2 (V H).
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Higgs BR(Hi→bb)
BR(HSM→bb)

BR(Hi→V V (∗))
BR(HSM→V V (∗))

BR(Hi→γγ)
BR(HSM→γγ)

H1 0.73 1.52 2.21
H2 1.46 0.62 0.54
H3 43.45 0.08 1.37

Table 3: Reduced branching fractions for the three CP-even Higgs states. Note that we

have BR(Hi→ττ)
BR(HSM→ττ) ∼

BR(Hi→bb)
BR(HSM→bb) , and

BR(Hi→WW (∗))
BR(HSM→WW (∗))

= BR(Hi→ZZ(∗))
BR(HSM→ZZ(∗))

≡ BR(Hi→V V (∗))
BR(HSM→V V (∗))

.

Higgs Rγγ(ggF ) Rγγ(V BF ) RV V (∗)
(ggF ) RV V (∗)

(V H) Rbb(V H) Rττ (ggF )
H1 1.30 1.09 0.90 0.75 0.36 0.42
H2 0.16 0.27 0.18 0.31 0.74 0.43
H3 0.58 0.01 0.04 0.004 0.23 19.6

Table 4: Reduced signal rates for the three CP-even Higgs states. Note that
RV V (∗)

(V BF ) = RV V (∗)
(V H), and Rττ (V BF ) ∼ Rbb(V H).

This value coincides with the large excess given in (11) (assuming a single Higgs state at
135 GeV) only within about two standard deviations, but at least exceeds the SM value.
Finally, the signal rates in the WW (∗) channel via V H are consistent with the present
limits.

The third CP-even Higgs state H3 with mass of about 290 GeV has properties similar
to the heavy scalar Higgs H in the MSSM, in that it has an enhanced signal rate in
the gg → H3 → bb/ττ channels and suppressed couplings to electroweak gauge bosons.
However, due to the low value of tanβ, which is typical for NMSSM scenarios such as the
one discussed here, the present constraints on such a state from direct searches [32, 33] as
well as the B-physics constraints implemented in NMSSMTools 3.2.0 are well satisfied.

Finally we have also attempted to look for similar scenarios in the Higgs sector of the
semi-constrained NMSSM [23, 27, 34], where one requires universal soft SUSY breaking
terms at the GUT scale except for the Higgs soft-SUSY-breaking mass terms and the
NMSSM-specific trilinear couplings Aλ and Aκ. In fact, one can find scenarios where H1

and H2 have masses of about 125 and 136 GeV, respectively. However, we did not find any
points where the constraints (6) to (9) are all satisfied simultaneously; at least one of the
conditions on Rγγ

1 (ggF ), Rγγ
2 (ggF ) or RZZ(∗)

2 (ggF ) has to be relaxed to find valid points.
For example, we can satisfy Eqs. (6), (7), (9) (and (10)), but then Rγγ

2 (ggF ) turns out too
low, Rγγ

2 (ggF ) ! 0.06. Or we can satisfy (7)–(10), but then Rγγ
1 (ggF ) ! 1.3. Moreover,

Rbb
2 (V H) is never large, making it difficult to explain the Tevatron result in this channel.

4 Conclusions

In the present paper we propose that the best fit to the Tevatron results in the bb channel
and to the mild excesses at CMS in the γγ channel at 136 GeV and in the ττ channel above
132 GeV could point towards a second Higgs state with this mass. In the NMSSM, where

8

It is clear that the central value of (11) is difficult to explain: the V H production cross
section ∝ c2V cannot be enhanced with respect to the SM, and the SM Higgs branching
fraction of ∼ 40% for MHSM = 135 GeV can be enhanced at most by a factor of 2.5 in the
unphysical limit cD → ∞.

Using the second of Eqs. (2) and the same reduced couplings of Higgs bosons to b-quarks
and τ -leptons, one finds

Rbb(V H) = Rττ (V BF ) (12)

for all Higgs states. If Rττ
1 (V BF ) is as small as observed by CMS, the values for Rbb(V H)

measured at the Tevatron should originate primarily from H2 with MH2 ∼ 135–136 GeV;
this possibility is one of the main advantages of the present proposal. However, the con-
tribution of H1 to the signal rate Rbb(V H) obtained assuming MHSM ∼ 135 GeV can still
be sizable, since the production cross section of H1 is ∼ 30% larger. Assuming a mass
resolution worse than 10 GeV, Rbb

135(V H) in (11) would correspond to

Rbb
eff(V H) % Rbb

2 (V H) + 1.3×Rbb
1 (V H) . (13)

(In addition, the contribution from H2 to the signal rate Rbb
125(V H) should be as large as

possible.)
In the WW (∗) channel (with V H-tag), all collaborations have observed excesses over

a large mass range up to MH ∼ 150 GeV [1–3, 9]. Given the low mass resolution in this
channel and the correspondingly large error bars, the measured values of RWW (∗)

(V H) do
not impose additional constraints on a scenario with two Higgs bosons at 125–126 and
135–136 GeV.

What are the consequences of the above results on the reduced couplings of the two
Higgs bosons proposed here? First, the enhanced signal rate Rγγ

1 (ggF ) at 125–126 GeV,
Eq. (6), has to be explained. It has been observed in several publications [15–28] that the
branching fraction of a non-standard Higgs boson into γγ is enhanced if its coupling cD
to down-type quarks is reduced — a reduction of cD reduces the (dominant) partial width
into bb and hence the total width ΓTot; in turn, a reduced ΓTot in the denominator of (5)
will increase the (reduced) branching fraction into γγ. (Furthermore the reduced coupling
cg1 ∼ cU1 of H1 to gluons should not be small.) If cD coincides with the reduced coupling
to τ -leptons, a reduced branching fraction of H1 into ττ fits well with the small value of
Rττ

1 (V BF ) observed by CMS. Of course, due to (12), a reduced signal rate of H1 into bb in
V H would be in obvious conflict with the Tevatron results if no other Higgs boson would
exist. Thus, the reduced coupling cD2 of H2 had better be enhanced.

A reduced total width ΓTot of H1 due to a reduced partial width into bb can also increase
its branching fraction into ZZ; together with a slight reduction of cV1 and cg1 the SM-like

value of RZZ(∗)

1 (ggF ) in (7) is a natural result.
For H2, the coupling cg2 ∼ cU2 to gluons must be smaller than 1 in order to comply with

(8) and (9). However, cD2 (and hence the branching fraction into bb) should be enhanced,
and cV2 should not be small in order to comply with (11) together with (13).

In the next section we will briefly discuss the NMSSM, and present a point in the
NMSSM parameter space where H1 and H2 have masses of 125 GeV and 136 GeV, respec-
tively, and have the desired reduced couplings. (In the CP-conserving MSSM with its two

5
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• Higgs searches at LHC could still provide 
exciting news - certainly powerful constraints 
on extended Higgs sector
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Light neutralino DM in the NMSSM
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NMSSM with light neutralino
• A closer look at the light neutralino (<mZ/2)
• Possibility of invisible Higgs - is it ruled out? specific 

signatures?
• Light neutralino  motivated by hints in direct detection 

( although latest Xenon2012 make it hard to reconcile all DD 
results)

• Case m<15 GeV
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Neutralino sector 

• µ=λs  related to vev of singlet
• 5 neutralinos

• LSP  can be either bino or  singlino (higgsino only if 
m>100GeV)  

• Singlino : handle to differentiate NMSSM from MSSM23
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NMSSM parameter space
• MCMC with 11 free parameters  :      

–  M1,M2=M3/3,µ,tanβ, Ml,Mq,At, λ,κ, Aλ,Aκ

• Constraints : B, g-2, relic density...
• NMSSMTools (Higgs)
• a posteriori: 

– HiggsBounds3.6.1
– LHC jets+missing ET(1fb-1), 
– direct detection (Xenon100)
– FermiLAT (photons from dwarf Spheroidals)  
– LHCb (Bs->µ+µ-)
– Require invisible branching Higgs <60%  (3sigma)

24
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Direct DM detection
• Direct detection : DM elastic scattering on nuclei
• Dominate by Higgs exchange
• Enhanced for very light Higgs

25

6

mχ0
1

ξ �σv�×1027 BRττ̄ BRbb̄ BRss̄ R

[GeV] [cm3s−1]

0.976 0.373 0.209 0 0 0.997 0
2.409 1.00 0.297 0.964 0 0.026 0.040
3.342 0.935 0.345 0.972 0 0.018 0.044
4.885 0.465 3.298 0.0970 0.901 0.0016 0.041
5.626 0.376 5.389 0.0698 0.929 0.0011 0.040
6.551 0.528 3.547 0.0618 0.937 0 0.046
7.101 0.689 2.425 0.0586 0.940 0 0.050
8.513 0.829 2.161 0.0416 0.958 0 0.055
9.274 0.827 2.497 0.0533 0.946 0 0.060
10.27 0.906 2.323 0.0634 0.935 0 0.063
11.50 0.960 2.575 0.0611 0.937 0 0.074
12.74 0.955 3.224 0.102 0.897 0 0.088
13.51 0.558 9.571 0.0781 0.921 0 0.085
14.48 0.147 148.4 0.0748 0.924 0 0.088

TABLE I: Benchmark points: main characteristics and ratio of the
dark radio emissivity at 330MHz to observation (R).

FIG. 9: Spin independent cross section versus the neutralino mass.
In red are the points which over predict the gamma ray flux in dSph.

section is smaller than the latest XENON100 limit while the
XENON100 limits exclude points where the gamma ray flux
in dSph is not yet accessible by the Fermi searches. In the
framework of the NMSSM, this complementarity is directly
connected to the light Higgs spectrum as discussed in the next
subsection.

If we now remove the points which do not have the cor-
rect abundance today and exclude the points which pro-
duce too many gamma rays in Draco and non observed
events in XENON100 (see Fig.10, lower panel), we ob-
tain that, statistically, light neutralinos are likely to produce
[10−14,10−10] γ/cm2/s and have a spin independent cross sec-
tion of [10−48,10−44] cm2.

FIG. 10: Correlation between the gamma ray flux and spin inde-
pendent cross section of NMSSM neutralinos. Top: all points are
included. The yellow points correspond to scenarios with a too large
spin independent cross section. The dashed line corresponds to the
Fermi limit for the Draco dSph. Bottom: all points overpredicting
the gamma ray flux or with a too large spin independent cross sec-
tion and which do not completely explain the dark matter today have
been removed.

We have also computed the gamma ray flux for points
which are in the region favoured by the CoGeNT experiment
[1]. All these points lie in the region excluded by Xenon100.
However, since CoGeNT claims detection at 2 σ of an annual
modulation signal [42], it is worth investigating the astrophys-
ical limits for such candidates.

Since we have demonstrated that indirect and direct detec-
tion experiments were probing different regions of the param-
eter space and these candidates are within XENON100 sen-
sitivity, we do not expect that they produce large gamma ray
and cosmic ray fluxes. However, to check this statement, we
shall consider three benchmark points (cf Table II).

For these points, we found ξ2 σv/m2
χ ≤ 6 ×

10−31cm3s−1GeV−2 which is one or two orders of magnitude
below the Draco limit in section III A. Hence, it seems that
NMSSM neutralinos in the CoGeNT region are not excluded
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Indirect detection
• Annihilation of pairs of 

DM into SM particles : 
decay products observed

• FermiLAT : Photons from 
Dwarf Spheroidal Galaxies 
probe typical DM 
annihilation cross section 
at freeze-out for light DM

• Also if 2mLSP~mA possible 
resonance  enhancement at 
v~0.001c  
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NMSSM with light neutralino
• To satisfy DM constraints (Relic density) need an efficient 

annihilation mechanism for light neutralino
– H1 or A1 ~2MLSP

– H1 or H2 in 122-128GeV range

27
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Finally, it is interesting to note that the relative accep-
tance into different search channels can help to distinguish
a bino-like LSP from a singlino-like LSP: the latter produces
a higher average number of jets in the cascade. Fig. 1 illus-
trates this: we plot the signal cross sections in the two- and
three-jets channels of the jets + missing ET search, showing
both bino- and singlino-like LSP points from the analysis with
mχ0

1
< 15 GeV. The graph also shows the low level of ex-

clusion – singlino-like LSP points for the reasons discussed
above, bino-like LSP points simply because the squarks are
heavier and out of reach.

IV. HIGGS SIGNAL STRENGTH IN SCENARIOS WITH
NEUTRALINOS LIGHTER THAN 15 GEV

For a model to be compatible with the data, it is required
that the SM-like Higgs be in the observed mass range (say
[122-128] GeV) and the signal strength be consistent with the
data. As a criteria for Rggγγ, we choose a 2σ error bar around
the central value determined by ATLAS, thus 0.4 < Rggγγ <
3.6. This is also compatible with CMS results and SM expec-
tations (where R

SM

ggγγ ≡ 1).

A. Loose constraint on the neutralino relic density

In this subsection, we present the results for the Higgs sec-
tor when the neutralino mass satisfies mχ̃0

1
< 15 GeV and one

applies only an upper limit on the relic density. Imposing the
condition of a light neutralino leads the MCMC to select mod-
els containing a light Higgs (mH,A � 30 GeV) which is mostly
a singlet. As mentioned earlier, this could be either a scalar H1
or a pseudoscalar A1. As illustrated in Fig. 2, we found that
H1 is typically much below the electroweak scale (thus with
a large singlet component) when H2 is SM-like. When H2 is
much heavier than 125 GeV, H1 is SM-like (reaching at most
up to ∼122 GeV) and the pseudoscalar A1 is basically a light
singlet, see Fig. 2. It is nevertheless possible for both scalars
to be heavily mixed and have a mass around 100-130 GeV (in
this case A1 has to be light). In Fig. 2 blue and black points
show the scenarios with at least one of the scalars within the
range preferred by ATLAS and CMS. As one can see, this is
generally H2 since MH1 barely exceeds 122 GeV.

The predictions for Rggγγ as a function of the H2 mass are
displayed in Fig. 3 (bottom panel). We only display the region
where this channel is relevant, that is when mH2 < 150 GeV.
As one can see, all the configurations that were selected by
the MCMC (and which were compatible with the constraints
that we imposed for the scans) have Rggγγ < 1. An explanation
is that, although H2 couplings are usually SM-like, large sup-
pressions in Rggγγ are possible because the width of the Higgs
is enhanced by many new non-standard decay channels. In
particular, H2 can decay into two neutralinos, two light scalar
Higgses (H1) or two light pseudoscalar Higgses (A1) which
reduces significantly the branching ratio into two-photons.

In Fig. 3, all the points which do not satisfy either the
newest HiggsBounds limits or the SUSY searches in jets plus

FIG. 2: Masses of the Higgs scalars H1,H2 and pseudoscalar A1.
Red points are ruled out either by HiggsBounds constraints or the
ATLAS 1fb−1 jets and missing ET SUSY search. Green points have
no Higgs with a mass in 122− 128 GeV, blue points have a Higgs
(H1 and/or H2) within this mass range, and black points have such a
Higgs with Rggγγ > 0.4.

missing ET are colored in red. As mentioned above very few
of these points are excluded by SUSY searches. The points
which fall within the Higgs observed mass range are high-
lighted in blue. Scenarios where the strength of the signal in
γγ is also compatible with the 2σ range reported by ATLAS
(Rggγγ > 0.4) are represented by black squares.

We have also computed Rggγγ for H1 and found that it is
usually much below unity because H1 has a large singlet com-
ponent. Only a few points have Rggγγ ≈ 1 and they correspond
to either a SM-like H1 with a mass near 122 GeV or to a very

R>0.4
R<0.4

7

FIG. 10: Correlation between the gamma ray flux and spin inde-
pendent cross section of NMSSM neutralinos. Top: all points are
included. The yellow points correspond to scenarios with a too large
spin independent cross section. The dashed line corresponds to the
Fermi limit for the Draco dSph. Bottom: all points overpredicting
the gamma ray flux or with a too large spin independent cross sec-
tion and which do not completely explain the dark matter today have
been removed.

periments) may also weaken the analysis.

D. Implication for particle physics

In the previous subsections, we have demonstrated that
the Fermi dSph limits were setting stringent limits on the
NMSSM parameter space and were complementary to dark
matter direct detection searches. We can now examine the
impact of these limits on the Higgs sector and on B-physics
observables.

Efficient neutralino annihilation in the Early Universe re-
quires at least one light Higgs (mH1 ,mA1 < 30 GeV for mχ̃ <
15 GeV) as illustrated in Fig. 11. Astrophysical limits then

FIG. 11: Correlation in the (mA1 ,mH1 ) plane. All the safe configura-
tions (green) as well as the excluded points by XENON100 (yellow)
and dSph (red) are displayed.

apply in two distinct regions of the mA1 − mH1 plane. The
first region corresponds to a light H1 (mH1 ∈ [1,10] GeV) and
to heavier A1 (with mA1 ∈ [10,1000] GeV). In this region the
spin-independent cross section can become very large, which
is in conflict with XENON100 data (in yellow in Fig. 11). In-
deed, as can be seen in Fig. 12, larger spin independent cross
section are found for light H1. This is because the scalar ex-
change contribution to the cross section goes as 1/m

4
H1

. Note
that because sufficiently large couplings of the light Higgs to
the LSP and to quarks in the nucleon are necessary to have
a large SI cross section [4], many points with light H1 are
not excluded. The second region corresponds to a relatively
light A1 (mA1 ∈ [10,30] GeV) and mH1 ∈ [20,100] GeV. Here
the neutralino pair annihilations (which proceed through the
exchange of an A1 in the s-channel) become singular when
vdm → 0 and 1−mA1/2mχ << 1 and thus can produce too
many gamma rays in dwarf galaxies (see points in red in
Fig. 12).

The observables in the B-sector have been used to constrain
the parameter space. The LHCb experiment, which is now
taking data, will measure these observables with increased
precision, it is therefore interesting to examine whether this
will probe further our scenarios. For example the branch-
ing ratio for Bs → µ

+
µ
− is expected to be powerful in prob-

ing scenarios with a light doublet Higgs and large values of
tanβ. Only a fraction of our scenarios have such charac-
teristics. The predictions for B(Bs → µ

+
µ
−) are displayed

in Fig. 13 together with the expected limit of LHCb with
L = 1 f b

−1 [45]. A signal is expected only for a small fraction
of the scenarios while in some cases the predictions are sup-
pressed as compared to the SM expectation (B(Bs → µ

+
µ
−) =

3.6±0.4×10−9) [46]. This implies that light neutralino sce-
narios cannot be probed entirely with this observable.

Yellow: Direct detection

Red : gamma-ray Fermi
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Higgs signal strength 

• H1 or usually H2 MSSM-like Rggγγ<1
• invisible modes - possible strong suppression

28
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FIG. 3: Rggγγ as a function of the mass of H1 (top panel) and of H2

(the more usual candidate; bottom panel) in the light neutralino LSP

model. Same colour code as Fig. 2.

light singlet.

Let us now examine the predictions for RggVV (with V =W

or V = Z) as a function of the H2 mass. Again the maximum

value is unity. RggVV can be much suppressed especially be-

cause of a large branching ratio into invisibles, hence a cor-

relation between the large suppression in the VV channel and

in the γγ channel. The results for RggVV are very similar to

those for Rggγγ shown in Fig. 3. It is interesting to note that

for all the scenarios where the H2 mass is above 130 GeV (i.e.

where the WW/ZZ modes are the dominant decay channels),

the signal strength RggVV is suppressed by at least a factor 3

and even often suppressed by one order of magnitude. Hence,

a non SM-like H2 Higgs with a mass of about 140 GeV (corre-
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FIG. 4: Showing the reduction in diphoton signal strength from H →
γγ competing with new BSM decays. Here only points with a Higgs

mass between 122-128 GeV and with Rggγγ > 0.4 are included.

sponding to a scenario similar to the MSSM) is still allowed.

Interestingly enough, these NMSSM scenarios could not

be distinguished from the MSSM based on the two-photon

channel (and/or the WW channel) since both have a maxi-

mum signal strength of about unity. However a search for

the singlet Higgs would give a distinctive NMSSM signature.

As we have mentioned, these light neutralino models must

also have a light singlet Higgs and thus non-standard decays

occur. The effect of these decays on the signal strength is

shown in Fig. 4 and the distribution of the decays in Fig. 5

for the points compatible with the observed excess. Clearly,

too large branching ratios into non standard modes (such as

χ̃0

1
χ̃0

i
,H1H1,A1A1) would render the two-photon mode invisi-

ble or suppressed with respect to the SM prediction. In fact,

in order for the signal strength Rggγγ to be compatible with

Rggγγ > 0.4, the branching ratio BRH2→invisible must be lower

than ∼ 60%.

The existence of decay modes such as H2 → H1H1 or A1A1,

with the singlet Higgs further decaying into Standard Model

particles remains nevertheless interesting because such modes

give a distinctive signature which could be searched for at

LHC and would constitute evidence for new physics if they

are found. Extraction of this signal from background via jet

substructure techniques has been studied for H → 2A → 4τ
in [53], H → 2A → τ τ̄µµ̄ in [54], and H → 2A → 4 g (less

relevant for SUSY due to tanβ supression) in [55, 56]. These

decays with an intermediate scalar (H1) instead of an interme-

diate pseudoscalar (A1) give the same signal.

A reduced two-photon signal could also be due to a sizeable

branching ratio of the Higgs into χ̃0

1
χ̃0

1
and χ̃0

1
χ̃0

2
. Indeed this

generally dominates over the decay to lighter Higgses in this

sample. H → χ̃0

1
χ̃0

2
occurs mainly when the LSP is singlino:

the bino/higgsino/singlino NLSP can be significantly lighter
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LHC -SUSY searches
• Jets + missing ET    ATLAS 1fb-1

• MCMC+micrOMEGAs+NMSSMTools-> SLHA file
• Event generator Herwig++2.5.1
• Rivet 1.5.2 (Grellscheid et al 1111.3365)
• Limits on squarks can be weaker than in MSSM when LSP is 

singlino

29

(a) msquark vs. ≥ 2-jet channel for bino-like LSP. (b) msquark vs. ≥ 2-jet channel for singlino-like LSP.

Figure 12: msquark and LSP nature implications on signal regions.

This description of squark decay in the case of singlino-like χ0
1 doesn’t apply to all

singlino-like LSP points. Cases for which χ0
2 bino-like is much more heavier than the

lightest pseudoscalar Higgs give mainly χ0
2 decay into singlino LSP plus a1. This pseu-

doscalar Higgs decays mainly into heavy Standard Model particles (b and τ), except if

its mass is below the heavy Standard Model particles pair threshold. It’s the case for the

excluded point with singlino-like LSP and especially ma1 = 3 GeV (see Figures 13b and

14a).

(a) Not-excluded point. (b) Excluded point.

Figure 13: Decay branching ratios and masses of supersymmetric particles in the case of

(not-)excluded points with singlino-like LSP.

Therefore, to be able to exclude singlino-like LSP points in this set of low relic density

points, two main conditions have to be combined : relatively light squarks and high

invisible branching for the NLSP (see Figure 14b), with :

Br(χ0
2 → invisible) = Br(χ0

2 → χ0
1a1)Br(a1 → χ0

1χ
0
1) +

�

i=e,µ,τ

Br(χ0
2 → χ0

1νiν̄i). (3)

9
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LHC -SUSY searches
• Squarks decay through 

intermediate step (q+χ2 )    
• Reduced acceptance into jets

+missing ET

• Higher number of jets when 
LSP singlino 

• Higher number of leptons 
(complementary search with 
leptons) 

• Decay through Higgs: alignment 
between missing pT and one jet, 
fail angular separation trigger

• Note: squarks are generally 
heavy so new LHC limits do not 
rule out the scenario 30
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Tools [34] for the computation of the NMSSM spectrum and
particle physics constraints. For the case of the heavy neu-
tralino we extended our previous analysis in order to explore
more precisely the region outlined in [34] where the light Hig-
gses have a large singlet component and are heavily mixed.
For this we started some MCMC chains in the region with
λ > 0.5 and tanβ < 5.

In these scans, computing the relic density provides an im-
portant constraint on the Higgs sector. The latter was re-
quired to satisfy ΩWMAP h

2 > Ωχ h
2 > 10%ΩWMAP h

2 with
ΩWMAP h

2 = 0.1131± 0.0034 [42]. This sets a constraint on
the neutralino pair annihilation cross section in the primordial
Universe. Since neutralinos lighter than 15 GeV can either
be binos (as in the MSSM) or singlinos, the easiest way to
ensure significant annihilations is through resonant exchange
of a light scalar or pseudoscalar Higgs [32]. Hence light
A1 or H1 (mH1,A1 < 30 GeV) are preferred. However, when
the neutralino mass is large enough, annihilation mechanisms
through Z-exchange or light sleptons can also be efficient and
a very light Higgs singlet is no longer important.

III. HIGGS AND SUSY SEARCHES AT LHC USED FOR
THIS ANALYSIS

For a Higgs lighter than 140 GeV as preferred by the LHC
results, the main search channel is gg → H → γγ, while the
channel gg → H → VV also contributes (V denoting either
a W or a Z). Therefore we compute Rggγγ, RggZZ as well as
RggWW , see section I, where the decays also include the vir-
tual W/Z. Note that σ(gg → H) is taken to be proportional
to Γ(H → gg) even though QCD corrections are different for
the two processes. One can reasonably assume that the effect
of QCD corrections cancels out when taking the ratio of the
NMSSM to the SM value. In what follows, we impose up-to-
date LHC constraints on the Higgs sector using HiggsBounds

3.6.1beta [43, 44] 1. In particular, the recent results in the
two-photon mode are taken into account as well as the limits
from the search for H → ττ̄ which impact the heavy Higgs
doublet sector of supersymmetric models [45, 46].

To find Higgs candidates compatible with the latest LHC
data, we impose (on top of all the particle physics and as-
troparticle constraints set in [32, 33]) LHC limits on sparti-
cles. In particular, we take into account the exclusion limit
coming from the ATLAS 1.04 fb−1 search for squarks and
gluinos via jets and missing ET [47]. For each SUSY point,
signal events were generated2 using Herwig++ 2.5.1 [48, 49].

1 Scripts for interfacing NMSSMTools with HiggsBounds are available at
http://www.ippp.dur.ac.uk/∼SUSY.

2 Note that the matrix elements used by all event generators for the hard
production of two SUSY particles are accurate only to leading order in
perturbative QCD. It is therefore desirable to supplement the resulting sig-
nal cross-section with an NLO K-factor for the production process, ob-
tained in a separate calculation. In the MSSM, Prospino is commonly
used; unfortunately for the NMSSM there is no automated calculation of
NLO cross-sections publicly available. Exclusion calculated without the

FIG. 1: Signal cross sections in the two- and three-jets channels of
the jets + missing ET search, for points in the light neutralino MCMC
scan. Red points have a bino-like LSP, blue points a singlino-like
LSP. The exclusion zone (σ2 j > 22fb, σ3 j > 25fb) is shaded.

Experimental cuts of each search channel were then applied
using RIVET 1.5.2 [50]. For the ATLAS jets and missing ET

searches, these are included [51] in the RIVET package.
In general these limits exclude the first and second genera-

tion squarks lighter than 0.6−1 TeV and gluinos lighter than
∼ 0.5 TeV. However they rely on the fact that, in the con-
strained MSSM, there are large branching ratios of the gluinos
and squarks into jets and the neutralino LSP (for the RH
squarks this branching ratio is nearly 100%). In the NMSSM,
this is not always the case: when the LSP is purely singlino,
the squarks and gluinos cannot decay to this LSP directly but
must do via an intermediate particle, frequently the second-
lightest neutralino. As noted in [52] this reduces the accep-
tance into jets + missing ET search channels, as the extra step
reduces the missing ET and may result in leptons. (SUSY
searches with leptons would have in fact greater sensitivity
but they do not compensate for the loss of sensitivity in the
0-lepton search [52]). If the intermediate state decays into the
LSP and a jet, there will also be greater alignment between the
missing pT and one of the jets – failing the angular separation
trigger ∆φ(jet,pmiss

T
).

In the analysis where we require sub-15GeV neutralinos,
whenever the coloured sparticles are light enough to be within
reach of the LHC they are associated with a singlino-like χ̃0

1.
Here the jets + missing ET search is observed to be less sen-
sitive for all of the aforementioned reasons and excludes very
few of the points3. In the analysis with unconstrained neu-
tralino mass, however, the singlet sector particles are gener-
ally much heavier, so that the LSP is not singlino-like. Thus
the usual q̃ → qχ̃0

1 and g̃ → qqχ̃0
1 decays take place and the fa-

miliar jets + missing ET exclusion is observed: mq̃ � 0.6− 1
TeV, mg̃ � 0.5 TeV.

K-factor (O(1-3) in the MSSM) is therefore slightly conservative.
3 An interesting (rare) exception seen is the case of the intermediate particle

decaying to the LSP and a light Higgs that decays fully invisibly – giving
large missing ET .
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NMSSM signatures

• SUSY sector: main difference with MSSM: singlino LSP
– bino -> singlino + soft leptons (Kraml, Raklev, White, 0811.0011)

• Higgs sector ( in addition to standard channels):   
–  H2->2A1(H1)->ττττ,µµττ

• Englert et al, PRD84 075026(2011) Lisanti, Wacker PRD79 115006(2009)

– Higgs->χ2χ1,   χ2->χ1 f f  or χ2->χ1 H/A

• Also search for light Higgs but couplings of H1 to SM 
suppressed because singlet component 
– H1bb at most SM-like (even though coupling can be tanβ 

enhanced )
• Higgs production in SUSY decays

31
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• If NLSP partly singlino  -> can be lighter than 100GeV
• Non standard H decays: 

32

5

FIG. 3: Rggγγ as a function of the mass of H1 (top panel) and of H2

(the more usual candidate; bottom panel) in the light neutralino LSP

model. Same colour code as Fig. 2.

light singlet.

Let us now examine the predictions for RggVV (with V =W

or V = Z) as a function of the H2 mass. Again the maximum

value is unity. RggVV can be much suppressed especially be-

cause of a large branching ratio into invisibles, hence a cor-

relation between the large suppression in the VV channel and

in the γγ channel. The results for RggVV are very similar to

those for Rggγγ shown in Fig. 3. It is interesting to note that

for all the scenarios where the H2 mass is above 130 GeV (i.e.

where the WW/ZZ modes are the dominant decay channels),

the signal strength RggVV is suppressed by at least a factor 3

and even often suppressed by one order of magnitude. Hence,

a non SM-like H2 Higgs with a mass of about 140 GeV (corre-
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FIG. 4: Showing the reduction in diphoton signal strength from H →
γγ competing with new BSM decays. Here only points with a Higgs

mass between 122-128 GeV and with Rggγγ > 0.4 are included.

sponding to a scenario similar to the MSSM) is still allowed.

Interestingly enough, these NMSSM scenarios could not

be distinguished from the MSSM based on the two-photon

channel (and/or the WW channel) since both have a maxi-

mum signal strength of about unity. However a search for

the singlet Higgs would give a distinctive NMSSM signature.

As we have mentioned, these light neutralino models must

also have a light singlet Higgs and thus non-standard decays

occur. The effect of these decays on the signal strength is

shown in Fig. 4 and the distribution of the decays in Fig. 5

for the points compatible with the observed excess. Clearly,

too large branching ratios into non standard modes (such as

χ̃0

1
χ̃0

i
,H1H1,A1A1) would render the two-photon mode invisi-

ble or suppressed with respect to the SM prediction. In fact,

in order for the signal strength Rggγγ to be compatible with

Rggγγ > 0.4, the branching ratio BRH2→invisible must be lower

than ∼ 60%.

The existence of decay modes such as H2 → H1H1 or A1A1,

with the singlet Higgs further decaying into Standard Model

particles remains nevertheless interesting because such modes

give a distinctive signature which could be searched for at

LHC and would constitute evidence for new physics if they

are found. Extraction of this signal from background via jet

substructure techniques has been studied for H → 2A → 4τ
in [53], H → 2A → τ τ̄µµ̄ in [54], and H → 2A → 4 g (less

relevant for SUSY due to tanβ supression) in [55, 56]. These

decays with an intermediate scalar (H1) instead of an interme-

diate pseudoscalar (A1) give the same signal.

A reduced two-photon signal could also be due to a sizeable

branching ratio of the Higgs into χ̃0

1
χ̃0

1
and χ̃0

1
χ̃0

2
. Indeed this

generally dominates over the decay to lighter Higgses in this

sample. H → χ̃0

1
χ̃0

2
occurs mainly when the LSP is singlino:

the bino/higgsino/singlino NLSP can be significantly lighter
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FIG. 5: The distribution of the different BSM decay channels for

the same points as in Fig. 4 (where H2 → χ̃0

2
χ̃0

2
is negligible). His-

tograms have unit area.

than 100 GeV thus allowing sufficient phase space for the de-

cay. This mode is also possible for a bino LSP and a higgsino

NLSP but the phase space is quite limited. Note that the NLSP

χ̃0

2
can also have decay modes into light Higgses which further

decay in fermion pairs.

Another distinctive feature of the NMSSM Higgs sector

would be the direct search for H1. We have seen that the

gg → H1 → γγ channel is suppressed. This is also true for

other channels; indeed the couplings of H1 to SM particles is

suppressed by the singlet component. For the bb̄ production

mode, the suppression can be in part compensated by a tanβ
enhancement. However in our scans we found that the H1bb

coupling could reach at most its SM value. Thus the produc-

tion of H1 in association with b-quarks followed by the decay

of the Higgs into tau pairs does not benefit from an enhance-

ment over the SM expectations.

B. Upper and lower limit on the neutralino relic density

If we now select only the points which predict a relic den-

sity at the WMAP observed value (more precisely we impose

Ωmax

WMAP
h

2 > Ωh
2 > 0.999 Ωmin

WMAP
h

2
where Ωmax,min

WMAP
is ±1σ

from the central measured value of WMAP), we find strong

constraints on the parameter space as light Higgses in the s-

channel or in the final states may reduce the relic density too

much. However, the results for the Higgs sector which are

compatible with the latest LHC data are similar to the ones

that were discussed in the previous subsection. For complete-

ness we show the expectations for Rggγγ for these points in

Fig. 6.
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FIG. 6: Rggγγ as a function of MH2
in the light neutralino LSP model

when the relic density is compatible with WMAP. Same colour code

as Fig. 2.

V. SIGNAL STRENGTH IN SCENARIOS WITH HEAVY
NEUTRALINOS

We repeated the analysis for the MCMC scan in which there

is no mχ0

1

< 15 GeV requirement. We first consider the impact

of Higgs searches at LHC. The effect of also imposing the

relic density condition and SUSY searches will be discussed

in section V B.

A. No lower limit on the relic density

As opposed to the previous case with a light neutralino we

find that in general the Higgs in the mass region preferred by

the LHC is a SM-like H1. Indeed, without very light neutrali-

nos, a very light singlet sector is not needed for resonant anni-

hilations. Thus the associated values for Rggγγ are naturally of

order unity (see the black squares in Fig. 7, top panel). Nev-

ertheless we found cases where Rggγγ < 0.4, when invisible

decay modes (such as H1 → χ̃0

1
χ̃0

1
or H1 → A1A1) are kine-

matically accessible.

We also found points with Rggγγ > 1; these were mostly as-

sociated with a Higgs mass below the LHC preferred range.

Indeed, the light Higgs has a large singlet component, which

leads to suppressed couplings to SM particles, in particular to

bb̄. The suppression of the partial decay width for H1 → bb̄,

and thus of the total width, leads to a larger branching ratio

in the H1 → γγ [26, 27]. For mH1
> 122 GeV, the increase in

Rggγγ is generally modest (below 20%) except for a few points

where both Higgses are heavily mixed and have a large singlet

component. An enhancement with respect to the SM expecta-

tions is found for large values of λ and small values of µ (be-
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CONCLUSION

•  NMSSM is  extension of MSSM that provide a Higgs 
125 GeV  which satisfies all constraints 

• Possibility of increasing two-photon signal

• Specific signatures both in Higgs sector (including extra 
states) and in SUSY sector (especially if singlino LSP)

• Detailed investigation of Higgs sector at LHC 
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