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DM is a necessary and abundant component of the Universe  
 

Good candidates for Dark Matter have to fulfil the following conditions	
  

•  Neutral 
•  Stable on cosmological scales 
•  Reproduce the correct relic abundance 
•  Not excluded by direct/indirect searches 
•  No conflicts with BBN or stellar evolution 
•  In agreement with LHC bounds	
  

Many candidates in Particle Physics	
  

•  Axions 
•  Weakly Interacting Massive Particles (WIMPs) 
•  Asymmetric DM 
•  SuperWIMPs and Decaying DM 
•  WIMPzillas 
•  SIMPs, CHAMPs, SIDMs, ETCs... 	
   ... they have very different properties	
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probing different aspects of the DM interactions with ordinary matter 
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“Redundant” detection can 
be used to extract DM 
properties. 

Constraints in one sector 
might affect observations in 
the other two. 
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Possible hints of light WIMPs (mX~10 GeV) 

•  CDMS (Si) (140.2 kg days) 

•  CoGeNT (Ge) Irreducible background that can be compatible with 7-10 GeV WIMPs 

Collar et al. ‘10- ‘13 ... with annual modulation 

•  CRESST II (CaWO4) (730 kg day) Excess over the known background 
Angloher et al. 1109.0702 

DAMA/LIBRA Coll. ‘10 

•  DAMA/LIBRA (NaI) Annual modulation signal (cumulative exposure 427,000 kg day) 
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served in Detector 3 of Tower 5. These detectors were
near the middle of their respective tower stacks. Fig. 2
illustrates the distribution of events in and near the sig-
nal region of the WIMP-search data set before (top) and
after (bottom) application of the phonon timing criterion.
Fig. 3 shows an alternate view of these events, expressed
in “normalized” versions of yield and timing that are
transformed so that the WIMP acceptance regions of all
detectors coincide.

After unblinding, extensive checks of the three candi-
date events revealed no data quality or analysis issues
that would invalidate them as WIMP candidates. The
signal-to-noise on the ionization channel for the three
events (ordered in increasing recoil energy) was measured
to be 6.7σ, 4.9σ, and 5.1σ. A study on possible leakage
into the signal band due to 206Pb recoils from 210Po de-
cays found the expected leakage to be negligible with
an upper limit of < 0.08 events at the 90% confidence
level. The energy distribution of the 206Pb background
was constructed using events in which a coincident α par-
ticle was detected in a detector adjacent to one of the 8
Si detectors used in this analysis.

This result constrains the available parameter space
of WIMP dark matter models. We compute upper lim-
its on the WIMP-nucleon scattering cross section using
Yellin’s optimum interval method [25]. We assume a
WIMP mass density of 0.3 GeV/c2/cm3, a most probable
WIMP velocity with respect to the galaxy of 220 km/s,
a mean circular velocity of Earth with respect to the
galactic center of 232 km/s, a galactic escape velocity of
544 km/s [26], and the Helm form factor [27]. Fig. 4
shows the derived upper limits on the spin-independent
WIMP-nucleon scattering cross section at the 90% con-
fidence level (C.L.) from this analysis and a selection of
other recent results. The present data set an upper limit
of 2.4× 10−41 cm2 for a WIMP of mass 10 GeV/c2. We
are completing the calibration of the nuclear recoil energy
scale using the Si-neutron elastic scattering resonant fea-
ture in the 252Cf exposures. This study indicates that our
reconstructed energy may be 10% lower than the true re-
coil energy, which would weaken the upper limit slightly.
Below 20 GeV/c2 the change is well approximated by
shifting the limits parallel to the mass axis by ∼ 7%. In
addition, neutron calibration multiple scattering effects
improve the response to WIMPs by shifting the upper
limit down parallel to the cross-section axis by ∼ 5%.

A model of our known backgrounds, including both
energy and expected rate distributions, was constructed
for each detector and experimental run for each of the
three backgrounds considered: surface electron recoils,
neutron backgrounds, and 206Pb recoils. Simulations of
our background model yield a 5.4% probability of a sta-
tistical fluctuation producing three or more events in our
signal region.

This model of our known backgrounds was used to in-
vestigate the data in the context of a WIMP+background
hypothesis. We performed a profile likelihood analysis,
including the event energies, in which the background
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FIG. 4. Experimental upper limits (90% confidence level) for

the WIMP-nucleon spin-independent cross section as a func-

tion of WIMP mass. We show the limit obtained from the

exposure analyzed in this work alone (blue dotted line), and
combined with the CDMS II Si data set reported in [23, 28]

(blue solid line). Also shown are limits from the CDMS

II Ge standard [17] and low-threshold [29] analysis (dark
and light dashed red), EDELWEISS low-threshold [30] (long-
dashed orange), XENON10 S2-only [31] (dash-dotted green),
and XENON100 [32] (long-dash-dotted green). The filled re-

gions identify possible signal regions associated with data

from CoGeNT [33] (dashed yellow, 90% C.L.), DAMA/LIBRA

[10, 34] (dotted tan, 99.7% C.L.), and CRESST [12, 35] (dash-
dotted pink, 95.45% C.L.) experiments. 68% and 90% C.L.

contours for a possible signal from these data are shown in

light blue. The blue dot shows the maximum likelihood point

at (8.6 GeV/c
2
, 1.9× 10

−41
cm

2
).

rates were treated as nuisance parameters and the WIMP
mass and cross section were the parameters of interest.
We profiled over probability distribution functions of the
rate for each of our known backgrounds. The highest like-
lihood was found for a WIMP mass of 8.6 GeV/c2 and
a WIMP-nucleon cross section of 1.9×10−41 cm2. The
goodness-of-fit test of this WIMP+background hypoth-
esis results in a p-value of 68%, while the background-
only hypothesis fits the data with a p-value of 4.5%.
A profile likelihood ratio test finds that the data favor
the WIMP+background hypothesis over our background-
only hypothesis with a p-value of 0.19%. Though this
result favors a WIMP interpretation over the known-
background-only hypothesis, we do not believe this result
rises to the level of a discovery.

Fig. 4 shows the resulting best-fit region from this
analysis (68% and 90% confidence level contours) on
the WIMP-nucleon cross-section vs. WIMP mass plane.
The 90% C.L. exclusion regions from CDMS II’s Ge
and Si analyses and EDELWEISS low-threshold analy-
sis cover part of this best-fit region, but the results are
overall statistically compatible. There is much stronger
tension with the upper limits from the XENON10 and

CRESST (CaWO4) 
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3 events  Agnese et al.  1304.4279 

Reconstruction of the compatible 
regions in the WIMP Spin-
independent cross section vs mass	
  



CRESST (CaWO4) 

DAMA/LIBRA (NaI) 

CDMS II (G
e) - 2009 

XENON100 (Xe) - 2012 

XENON10  
(Xe) 

CDMS (Si) 

CoGeNT (Ge) 

Non-observation in other experiments set upper bounds on the cross section 

Next generation experiments 
(SuperCDMS, XENON1T) will 
explore further regions of this 
parameter space	
  

XENON10, XENON100 (Xe), CDMS-II (Ge), Edelweiss (Ge), COUPP (CF3I) have not 
observed any DM signal, which constrains the scattering cross section	
  

These bounds are in tension 
with the other observations 

Assumptions:  
 

•  “standard” WIMP with only SI interactions 
 

•  Elastic scattering 
 

•  Coupling to protons = coupling to neutrons 
 

•  “Standard Halo Model”	
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section is dσ/dER = σ̂AmA/(2v2µ2
A), with

σ̂A=
µ2
A

M4
∗

[fpZF p
A(ER) + fn(A−Z)Fn

A(ER)]
2
, (2)

where fp,n are the couplings to protons and neutrons,
normalized by the choice of mass scaleM∗, and F p,n

A (ER)
are the proton and neutron form factors for nucleus A.
F p
A(ER) and Fn

A(ER) are not identical. F p
A(ER) is

what has typically been measured, but Fn
A(ER) may also

be probed, for example, through neutrino and electron
parity-violating scattering off nuclei [14]. However, since
the isospin violation from this effect is small compared to
the potentially large effects of varying fn/fp, we will set
both form factors equal to FA(ER). With this approxi-
mation, the event rate simplifies to R = σAIA, where

σA =
µ2
A

M4
∗

[fpZ + fn(A− Z)]2 (3)

IA = NTnX

∫

dER

∫ vmax

vmin

d3v f(v)
mA

2vµ2
A

F 2
A(ER) , (4)

and σA is the zero-momentum-transfer SI cross section
from particle physics, and IA depends on experimental,
astrophysical, and nuclear physics inputs. If fn = fp,
we recover the well-known relation R ∝ A2. For IVDM,
however, the scattering amplitudes for protons and neu-
trons may interfere destructively, with complete destruc-
tive interference for fn/fp = −Z/(A− Z).
We assume that each detector either has only one el-

ement, or that the recoil spectrum allows one to distin-
guish one element as the dominant scatterer. But it is
crucial to include the possibility of multiple isotopes. The
event rate is then R =

∑

i ηiσAi
IAi

, where the sum is
over isotopes Ai with fractional number abundance ηi.
IVDM and current data. It will be convenient

to define two nucleon cross sections. The first is σp =
µ2
pf

2
p/M

4
∗
, the X-proton cross section. In terms of σp,

R = σp

∑

i

ηi
µ2
Ai

µ2
p

IAi
[Z + (Ai − Z)fn/fp]

2 . (5)

The second is σZ
N , the typically-derived X-nucleon cross

section from scattering off nuclei with atomic number
Z, assuming isospin conservation and the isotope abun-
dances found in nature. With the simplification that the
IAi

vary only mildly for different i, we find

σp

σZ
N

=

∑

i ηiµ
2
Ai
A2

i
∑

i ηiµ
2
Ai
[Z + (Ai − Z)fn/fp]2

≡ FZ . (6)

If one isotope dominates, the well-known result, FZ =
[Z/A+ (1− Z/A)fn/fp]−2, is obtained.
In Fig. 1 we show regions in the (mX ,σZ

N ) plane and
the (mX ,σp) plane for fn/fp = −0.7 that are favored and
excluded by current bounds. These include the DAMA
3σ favored region [15, 16], assuming no channeling [17]
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FIG. 1. Favored regions and exclusion contours in the
(mX ,σZ

N ) plane (top), and in the (mX ,σp) plane for IVDM
with fn/fp = −0.7 (bottom).

and that the signal arises entirely from Na scattering; the
CoGeNT 90% CL favored region [2]; 90% CL exclusion
contours from XENON100 [3] and XENON10 [4]; and
90% CL bounds from CDMS Ge and Si [5, 6]. The isotope
abundances are given in Tables I and II.

There are controversies regarding the exclusion con-
tours for xenon-based detectors at low mass [18]. The
energy dependence of the scintillation efficiency at low
energies is uncertain, and there are questions about the
assumption of Poisson fluctuations in the expected pho-
toelectron count for light dark matter. We have also not
accounted for uncertainties in the associated quenching
factors for Na, Ge and Si [19]. These issues can enlarge
some of the signal regions or alter some of the exclusion
curves of Fig. 1. We have also not adjusted the favored
regions and bounds to account for differences in the dark
matter velocity distributions adopted by the various anal-
yses, which would slightly shift the contours.

Remarkably, for −0.72 <∼ fn/fp <∼ −0.66, the DAMA-
and CoGeNT-favored regions overlap and the sensitivity
of XENON is sufficiently reduced to be consistent with
these signals, since this choice of fn/fp leads to nearly

Isospin-Violating Dark Matter 
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FIG. 1. Favored regions and exclusion contours in the
(mX ,σZ

N ) plane (top), and in the (mX ,σp) plane for IVDM
with fn/fp = −0.7 (bottom).

and that the signal arises entirely from Na scattering; the
CoGeNT 90% CL favored region [2]; 90% CL exclusion
contours from XENON100 [3] and XENON10 [4]; and
90% CL bounds from CDMS Ge and Si [5, 6]. The isotope
abundances are given in Tables I and II.

There are controversies regarding the exclusion con-
tours for xenon-based detectors at low mass [18]. The
energy dependence of the scintillation efficiency at low
energies is uncertain, and there are questions about the
assumption of Poisson fluctuations in the expected pho-
toelectron count for light dark matter. We have also not
accounted for uncertainties in the associated quenching
factors for Na, Ge and Si [19]. These issues can enlarge
some of the signal regions or alter some of the exclusion
curves of Fig. 1. We have also not adjusted the favored
regions and bounds to account for differences in the dark
matter velocity distributions adopted by the various anal-
yses, which would slightly shift the contours.

Remarkably, for −0.72 <∼ fn/fp <∼ −0.66, the DAMA-
and CoGeNT-favored regions overlap and the sensitivity
of XENON is sufficiently reduced to be consistent with
these signals, since this choice of fn/fp leads to nearly
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with fn/fp = −0.7 (bottom).
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FIG. 1. Favored regions and exclusion contours in the
(mX ,σZ

N ) plane (top), and in the (mX ,σp) plane for IVDM
with fn/fp = −0.7 (bottom).

and that the signal arises entirely from Na scattering; the
CoGeNT 90% CL favored region [2]; 90% CL exclusion
contours from XENON100 [3] and XENON10 [4]; and
90% CL bounds from CDMS Ge and Si [5, 6]. The isotope
abundances are given in Tables I and II.

There are controversies regarding the exclusion con-
tours for xenon-based detectors at low mass [18]. The
energy dependence of the scintillation efficiency at low
energies is uncertain, and there are questions about the
assumption of Poisson fluctuations in the expected pho-
toelectron count for light dark matter. We have also not
accounted for uncertainties in the associated quenching
factors for Na, Ge and Si [19]. These issues can enlarge
some of the signal regions or alter some of the exclusion
curves of Fig. 1. We have also not adjusted the favored
regions and bounds to account for differences in the dark
matter velocity distributions adopted by the various anal-
yses, which would slightly shift the contours.

Remarkably, for −0.72 <∼ fn/fp <∼ −0.66, the DAMA-
and CoGeNT-favored regions overlap and the sensitivity
of XENON is sufficiently reduced to be consistent with
these signals, since this choice of fn/fp leads to nearly
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Figure 6. Isospin-dependent couplings. Left: Combined parameter estimation of fn/fp, mχ and σn

(not shown) using a global maximum likelihood method (see text for details). As expected, there

is a preference for fn/fp = −0.7 but the 2σ confidence region extends up to fn/fp � −0.2. Right:

CDMS-Si allowed parameter region and XENON10/100 bounds for fn/fp = −0.7. In both plots, the

best-fit point is indicated with a white cross.
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Figure 7. Alternative choices for isospin-dependent couplings. No significant fine-tuning of fn/fp
is required to weaken the XENON10/100 bounds relative to CDMS-Si. Note the change of scales in

these figures.

strongest constraints on CDMS-Si arise from SIMPLE [55] and the CRESST-II commissioning

run [56] (not shown). For fn/fp = −0.7 these experiments require σn � 10−39 cm2 at

mχ � 10GeV [36] and therefore do not significantly constrain the CDMS-Si preferred region.

In spite of the preference for fn/fp � −0.7, we observe that much larger values of fn/fp
still give a good fit to the data. At 1σ confidence level, we find −0.76 < fn/fp < −0.58
and the 2σ confidence region extends up to fn/fp � −0.2. To illustrate this point, we show

the cases fn/fp = −0.5 and fn/fp = −0.2 in Fig. 7. We conclude that little fine-tuning

is required to suppress the bounds from XENON10/100, in particular we do not require a
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The scattering amplitudes for proton and neutrons may 
interfere destructively 

Complete destructive 
interaction (target 
dependent)	
  

XENON100 (Xe) and 
CDMS II (Si) results 
can be “reconciled” 

For Xe (Z=54, A~130) à   

2

section is dσ/dER = σ̂AmA/(2v2µ2
A), with

σ̂A=
µ2
A

M4
∗

[fpZF p
A(ER) + fn(A−Z)Fn

A(ER)]
2
, (2)

where fp,n are the couplings to protons and neutrons,
normalized by the choice of mass scaleM∗, and F p,n

A (ER)
are the proton and neutron form factors for nucleus A.
F p
A(ER) and Fn

A(ER) are not identical. F p
A(ER) is

what has typically been measured, but Fn
A(ER) may also

be probed, for example, through neutrino and electron
parity-violating scattering off nuclei [14]. However, since
the isospin violation from this effect is small compared to
the potentially large effects of varying fn/fp, we will set
both form factors equal to FA(ER). With this approxi-
mation, the event rate simplifies to R = σAIA, where

σA =
µ2
A

M4
∗

[fpZ + fn(A− Z)]2 (3)

IA = NTnX

∫

dER

∫ vmax

vmin

d3v f(v)
mA

2vµ2
A

F 2
A(ER) , (4)

and σA is the zero-momentum-transfer SI cross section
from particle physics, and IA depends on experimental,
astrophysical, and nuclear physics inputs. If fn = fp,
we recover the well-known relation R ∝ A2. For IVDM,
however, the scattering amplitudes for protons and neu-
trons may interfere destructively, with complete destruc-
tive interference for fn/fp = −Z/(A− Z).
We assume that each detector either has only one el-

ement, or that the recoil spectrum allows one to distin-
guish one element as the dominant scatterer. But it is
crucial to include the possibility of multiple isotopes. The
event rate is then R =

∑

i ηiσAi
IAi

, where the sum is
over isotopes Ai with fractional number abundance ηi.
IVDM and current data. It will be convenient

to define two nucleon cross sections. The first is σp =
µ2
pf

2
p/M

4
∗
, the X-proton cross section. In terms of σp,

R = σp

∑

i

ηi
µ2
Ai

µ2
p

IAi
[Z + (Ai − Z)fn/fp]

2 . (5)

The second is σZ
N , the typically-derived X-nucleon cross

section from scattering off nuclei with atomic number
Z, assuming isospin conservation and the isotope abun-
dances found in nature. With the simplification that the
IAi

vary only mildly for different i, we find

σp

σZ
N

=

∑

i ηiµ
2
Ai
A2

i
∑

i ηiµ
2
Ai
[Z + (Ai − Z)fn/fp]2

≡ FZ . (6)

If one isotope dominates, the well-known result, FZ =
[Z/A+ (1− Z/A)fn/fp]−2, is obtained.
In Fig. 1 we show regions in the (mX ,σZ

N ) plane and
the (mX ,σp) plane for fn/fp = −0.7 that are favored and
excluded by current bounds. These include the DAMA
3σ favored region [15, 16], assuming no channeling [17]
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FIG. 1. Favored regions and exclusion contours in the
(mX ,σZ

N ) plane (top), and in the (mX ,σp) plane for IVDM
with fn/fp = −0.7 (bottom).

and that the signal arises entirely from Na scattering; the
CoGeNT 90% CL favored region [2]; 90% CL exclusion
contours from XENON100 [3] and XENON10 [4]; and
90% CL bounds from CDMS Ge and Si [5, 6]. The isotope
abundances are given in Tables I and II.

There are controversies regarding the exclusion con-
tours for xenon-based detectors at low mass [18]. The
energy dependence of the scintillation efficiency at low
energies is uncertain, and there are questions about the
assumption of Poisson fluctuations in the expected pho-
toelectron count for light dark matter. We have also not
accounted for uncertainties in the associated quenching
factors for Na, Ge and Si [19]. These issues can enlarge
some of the signal regions or alter some of the exclusion
curves of Fig. 1. We have also not adjusted the favored
regions and bounds to account for differences in the dark
matter velocity distributions adopted by the various anal-
yses, which would slightly shift the contours.

Remarkably, for −0.72 <∼ fn/fp <∼ −0.66, the DAMA-
and CoGeNT-favored regions overlap and the sensitivity
of XENON is sufficiently reduced to be consistent with
these signals, since this choice of fn/fp leads to nearly

Feng, Kumar, Marfatia, Sanford 2011  

7	
  

WARNING: in general, Isospin-violation is very small in 
ordinary WIMP models (e.g., SUSY) 



LHC searches for new physics constrain DM models 

Mono-jet and Mono-γ (plus MET) searches constrain the region of light WIMPs 

Constraints on SUSY particles and low-energy observables  
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Set INDIRECT bounds on SUSY dark matter (mass 
and interactions) 

LHCb 2012 

See e.g., Buchmüller et al. 2012 
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Mono-jet and mono-photon signatures of dark matter

Idea: Pair production of DM + some visible particles

Tevatron, LHC: Mono-jets
χ–q coupling probed in jet(s) + /ET

q

q̄

χ

χ̄

CDF (1.1 fb−1): 0807.3132,
ATLAS (1 fb−1): ATLAS-CONF-2011-096,
CMS (1.1 fb−1) : CMS-PAS-EXO-11-059
Goodman Ibe Rajaraman Shepherd Tait Yu

1005.1286, 1008.1783
Rajaram Shepherd Tait Wijangco 1108.1196
Bai Fox Harnik, 1005.3797
Fox Harnik JK Tsai 1109.4398

LEP, Tevatron, LHC: Mono-γ
χ–f coupling probed in photon + /E

f

f̄

χ

χ̄

DELPHI (650 pb−1): hep-ex/0406019, 0901.4486
CDF (2 fb−1): 0807.3132
DØ(1 fb−1): 0803.2137
CMS (1.14 fb−1): CMS-PAS-EXO-11-058
Fox Harnik JK Tsai 1103.0240, 1109.4398

Joachim Kopp Collider searches for dark matter 6

Dark matter production with 
initial state radiation 	
  

Bounds depend on the DM effective operators to 
fermions (significantly relaxed for light mediators)	
  

LHC data (see also previous results from Tevatron)	
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Dark matter searches in monojet events in CMS

• The dark matter-nucleon cross section limit:
- The following assumptions are made in the limit setting:

- The mediator is heavy (an e!ective contact operator)
- The dark matter particles are Dirac fermions
- The interaction is vector or axial-vector interaction

- The limits are compared with the limits from the direct detection results

13

OV =
(χ̄γµχ)(q̄γµq)

Λ2

OA =
(χ̄γµγ5χ)(q̄γµγ5q)

Λ2

vector interaction

axial-vector interaction

Λ ≡M/
�
gχgqcutoff

CMSPublic.PhysicsResultsEXO12048

CMS-PAS-EXO-12-048
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The yellow region shows 60% and 90% 
C.L. contours for a possible signal from 
CDMS II (arXiv:1304.4279)
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This has implications for the scattering 
cross section of DM particles 
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Important for light WIMPs (mDM < mH/2) 

BS → µ+µ−. Following the recent observational hints, we demand the presence of a Higgs

boson in the mass range 124−127 GeV with SM-like decays []. Finally, some analysis suggest

the existence of a second singlet-like Higgs boson with a mass in the range 96 − 100 GeV

[DC: check]. We also explore this possibility in a number of benchmark points.

In Refs. [?,?] we showed that the sneutrino mass could be easily adjusted to any value

by playing with the free parameters λN , AλN
and mÑ without significantly affecting the

NMSSM phenomenology. For this reason, in this analysis we consider it a free parameter

within each NMSSM benchmark point.

2.1 Constraints on the Higgs invisible decay width

The recently discovered scalar particle at the LHC is compatible with a Higgs boson with a

mass of 126 GeV and SM-like branching ratios [DC: citation needed]. Within the NMSSM

a scalar Higgs with these properties can be obtained in wide regions of the parameter space

[?,?,?,?,?,?,?,?,?,?,?,?,?,?,?]. In fact, the presence of an extra scalar Higgs field induces

new contributions to the Higgs mass from the λSHuHd term in the superpotential, which

allows to get a fairly heavy Higgs boson while reducing the fine-tuning with respect to the

situation in the MSSM. The Higgs sector of the NMSSM is very rich, and the presence of a

lighter scalar Higgs is also allowed, provided that it is mostly singlet-like

All these features are still valid in our construction, however, when implementing con-

straints on the resulting Higgs phenomenology one has to be aware that the presence of light

RH neutrinos or sneutrinos can contribute significantly to the invisible decay width of the

scalar Higgses [?]. This leads to stringent constraints on the parameter space, since the invis-

ible decay width of the SM-like Higgs is bound to be BR(h0SM → inv) ! 0.20−0.65 [?,?,?,?].

The decay width of a scalar Higgs into a RH sneutrino pair or a RH neutrino pair is [?],

ΓH0
i →ÑÑ =

|CH0
i ν̃ν̃

|2

32πmH0
i

(

1−
4m2

ν̃

m2
H0

i

)1/2

, (2.9)

ΓH0
i →NN =

λ2
N (S3

H0
i
)2

32π
mH0

i

(

1−
4m2

N

m2
H0

i

)3/2

, (2.10)

where the Higgs-sneutrino-sneutrino coupling reads [?]

CH0
i ν̃ν̃

=
2λλNMW√

2g

(

sin βS1
H0

i
+ cos βS2

H0
i

)

+

[

(4λ2
N + 2κλN )vs + λN

AλN√
2

]

(S3
H0

i
)2 . (2.11)

In terms of these, the total invisible branching ratio reads

BR(h0SM → inv) =
ΓH0

i →ÑÑ + ΓH0
i →NN

ΓNMSSM + ΓH0
i →ÑÑ + ΓH0

i →NN
, (2.12)

5

Falkowski et al. 2013 

Girardino et al. 2013 

Ellis, Yu 2013 

Djouadi et al. 2013 

Observation of (a) SM-like Higgs boson with mH~126 GeV 

A bound on the invisible decay width of the 
Higgs can be derived 
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Figure 5: Missing energy in the decay of the RH neutrino for a mass of the RH neutrino of 60 GeV (left)
and 100 GeV (right).
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i
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Z

j1
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l

N
W

j1

j2

l1

ν

WN

l2

Figure 6: Diagrams that contribute to the signal 3!+ 2jets+ /ET .

With these configuration, we see that there are two signatures produced by the two decays
of the RH neutrino, one with two leptons and a neutrino and the other one with a lepton
and two jets.

The easiest variable that can lead us to the determination of the mass of the RH neutrino
is to select the two jets and the lepton that comes from the same displaced vertex and
calculate the invariant mass variable. This variable is defined for three particles as

m2

jjl =
(

pµj1 + pµj2 + pµl
)

(pj1µ + pj2µ + plµ) , (1)

where the pµi are the Lorentz vectors of the different particles. This variable is characterized
by a peak in the mass of the mother particle, in our case the RH neutrino. In Figure 7 the
invariant mass for the system of 2 jets and lepton is represented.

The left figure represents the invariant mass for a mass of the RH neutrino mN = 60 GeV.
We can see a peak in the correct mass of the RH neutrino and a long tail that survive for
large masses. The right figure represents the same variable as the right one but for a RH

7

DM	
  

DM	
  

HSM	
  

Ñ Ñ

H0
i

q q

Figure 9: Diagram contributing to the spin-independent elastic scattering of RH sneutrino

off quarks.

3 Direct detection

Let us now address the detectability of these particles in direct detection experiments.

In general, WIMPs could be observed through their elastic scattering off nuclei (see

Ref. [95] for a recent review), their interaction with quarks being described by an ef-

fective Lagrangian that is valid in the non-relativistic regime where the collision takes

place. In the case of RH sneutrinos there is only one Feynman diagram contributing

at tree level to this process, namely, the t-channel exchange of neutral Higgses shown

in Fig. 9. This leads to a Lagrangian describing the four-field interaction which only

contains a scalar coupling,

Leff ⊃ αqiÑÑ q̄iqi (3.17)

with

αqi ≡
3∑

j=1

CH0
i ÑÑYqi

m2
Ho

j

(3.18)

where CH0
i ÑÑ is the sneutrino-sneutrino-Higgs coupling, Yqi is the corresponding quark

Yukawa coupling, and i labels up-type quarks (i = 1) and down-type quarks (i = 2).

The spin-independent part of the sneutrino-nucleon elastic scattering cross section thus

reads

σSI
Ñp

=
1

π

m2
p

(mp +mÑ1
)2

f 2
p , (3.19)

where mp is the proton mass and

fp
mp

=
∑

qi=u,d,s

f p
Tqi

αqi

mqi

+
2

27
f p
TG

∑

qi=c,b,t

αqi

mqi

. (3.20)

The hadronic matrix elements, f p
Tq(= fn

Tq = fTq) and f p
TG(= fn

TG = fTG), are defined

as 〈p|mq q̄q|p〉 = mpf
p
Tq and f p

Tq = 1 −
∑

q=u,d,s f
p
Tq, and determined experimentally as

21

DM	
   DM	
  

q	
   q	
  

HSM	
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Neutralino in the MSSM 

1 Introduction

µ2 =
m2

Hd
−m2

Hu
tan2 β

tan2 β − 1
−

1

2
M2

Z , (1.1)

M1, M2, M3 (1.2)

m2

L1,2,3
, m2

E1,2,3
(1.3)

m2

Q1,2,3
, m2

U1,2,3
, m2

D1,2,3
(1.4)

Ai,j
E , Ai,j

U , Ai,j
D (1.5)

M1, M2, M3 (1.6)

m2

Lij
, m2

Eij
(1.7)

m2

Qij
, m2

Uij
, m2

Dij
(1.8)

Ai,j
E , Ai,j

U , Ai,j
D (1.9)

m2

Hd
, m2

Hu
(1.10)

tanβ ≡
〈Hu〉

〈Hd〉
(1.11)

µ, mA (1.12)

2

Gaugino masses	
  

Slepton soft masses	
  

Squark soft masses	
  

Trilinear parameters	
  

1 Introduction

µ2 =
m2

Hd
−m2

Hu
tan2 β

tan2 β − 1
−

1

2
M2

Z , (1.1)

M1, M2, M3 (1.2)

m2

L1,2,3
, m2

E1,2,3
(1.3)

m2

Q1,2,3
, m2

U1,2,3
, m2

D1,2,3
(1.4)

Ai,j
E , Ai,j

U , Ai,j
D (1.5)

m2

Hd
, m2

Hu
(1.6)

tanβ ≡
〈Hu〉

〈Hd〉
(1.7)

µ, mA (1.8)

2

1 Introduction

µ2 =
m2

Hd
−m2

Hu
tan2 β

tan2 β − 1
−

1

2
M2

Z , (1.1)

M1, M2, M3 (1.2)

m2

L1,2,3
, m2

E1,2,3
(1.3)

m2

Q1,2,3
, m2

U1,2,3
, m2

D1,2,3
(1.4)

Ai,j
E , Ai,j

U , Ai,j
D (1.5)

m2

Hd
, m2

Hu
(1.6)

tanβ ≡
〈Hu〉

〈Hd〉
(1.7)

µ, mA (1.8)

2

Parameters describing the Higgs sector	
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Supergravity models

Neutralino dark matter in the
NMSSM

Summary

24.5.2005 Seoul-The dark side of the Universe - p. 10/54

The Lightest Neutralino

The neutralinos in the MSSM are physical superpositions of the bino and wino (B̃0 , W̃0
3 )

and Higgsinos (H̃0
d , H̃0

u).

Mχ̃0 =







M1 0 −MZsθcβ MZsθ sβ

0 M2 MZcθ cβ −MZcθ sβ

−MZsθ cβ MZcθ cβ 0 −µ
MZsθsβ −MZcθ sβ −µ 0







The properties of the lightest neutralino, χ̃0
1, are very dependent on its composition.

χ̃0
1 = N11 B̃0 + N12 W̃0

3
︸ ︷︷ ︸

Gaugino content

+ N13 H̃0
d + N14 H̃0

u
︸ ︷︷ ︸

Higgsino content

•  There are collider constraints on the Wino mass (M2) and µ parameter from chargino 

searches (M2, µ >105 GeV) 

•  Constraints on the Bino mass (M1) are indirect – due to the correlation of some mass 
parameters in simplified models (mSUGRA – CMSSM) 

M1, M2, M3 (1.18)

m2

L1,3
, m2

E1,3
(1.19)

m2

Q1,3
, m2

U1,3
, m2

D1,3
(1.20)

AE, AU , AD (1.21)

m2

Hd
, m2

Hu
(1.22)

M, m, A, tanβ, sign(µ) (1.23)

tanβ ≡
〈Hu〉

〈Hd〉
(1.24)

µ, mA (1.25)

3

Constrained MSSM (4 parameters)  

but can be relaxed in more general scenarios (pMSSM) (19 parameters) 

M1 ~ 1/2 M2 ~ 1/6 M3	
  

Bino	
   Wino	
   Gluino	
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Generally small (1st, 2nd gen. squarks are heavy) 

Leading contribution (increases with the Higgsino component) 

Higgs exchange 

Squark exchange 

BS → µ+µ−. Following the recent observational hints, we demand the presence of a Higgs

boson in the mass range 124−127 GeV with SM-like decays []. Finally, some analysis suggest

the existence of a second singlet-like Higgs boson with a mass in the range 96 − 100 GeV

[DC: check]. We also explore this possibility in a number of benchmark points.

In Refs. [?,?] we showed that the sneutrino mass could be easily adjusted to any value

by playing with the free parameters λN , AλN
and mÑ without significantly affecting the

NMSSM phenomenology. For this reason, in this analysis we consider it a free parameter

within each NMSSM benchmark point.

2.1 Constraints on the Higgs invisible decay width

The recently discovered scalar particle at the LHC is compatible with a Higgs boson with a

mass of 126 GeV and SM-like branching ratios [DC: citation needed]. Within the NMSSM

a scalar Higgs with these properties can be obtained in wide regions of the parameter space

[?,?,?,?,?,?,?,?,?,?,?,?,?,?,?]. In fact, the presence of an extra scalar Higgs field induces

new contributions to the Higgs mass from the λSHuHd term in the superpotential, which

allows to get a fairly heavy Higgs boson while reducing the fine-tuning with respect to the

situation in the MSSM. The Higgs sector of the NMSSM is very rich, and the presence of a

lighter scalar Higgs is also allowed, provided that it is mostly singlet-like

All these features are still valid in our construction, however, when implementing con-

straints on the resulting Higgs phenomenology one has to be aware that the presence of light

RH neutrinos or sneutrinos can contribute significantly to the invisible decay width of the

scalar Higgses [?]. This leads to stringent constraints on the parameter space, since the invis-

ible decay width of the SM-like Higgs is bound to be BR(h0SM → inv) ! 0.20−0.65 [?,?,?,?].

The decay width of a scalar Higgs into a RH sneutrino pair or a RH neutrino pair is [?],

ΓH0
i →ÑÑ =

|CH0
i ν̃ν̃

|2

32πmH0
i

(

1−
4m2

ν̃

m2
H0

i

)1/2

, (2.9)

ΓH0
i →NN =

λ2
N (S3

H0
i
)2

32π
mH0

i

(

1−
4m2

N

m2
H0

i

)3/2

, (2.10)

where the Higgs-sneutrino-sneutrino coupling reads [?]

CH0
i ν̃ν̃

=
2λλNMW√

2g

(

sin βS1
H0

i
+ cos βS2

H0
i

)

+

[

(4λ2
N + 2κλN )vs + λN

AλN√
2

]

(S3
H0

i
)2 . (2.11)

In terms of these, the total invisible branching ratio reads

BR(h0SM → inv) =
ΓH0

i →ÑÑ + ΓH0
i →NN

ΓNMSSM + ΓH0
i →ÑÑ + ΓH0

i →NN
, (2.12)

5

Neutralino in the MSSM 

Otherwise unconstrained from LHC  

Constrained by the results on  

»Outline

Introduction

Neutralino dark matter in the
MSSM
»The Lightest Neutralino
»Neutralino-nucleon cross
section
»Supergravity scenarios
»Experimental Constraints
»Charge and Colour Breaking
Constraints

Supergravity models

Neutralino dark matter in the
NMSSM

Summary

24.5.2005 Seoul-The dark side of the Universe - p. 10/54

The Lightest Neutralino

The neutralinos in the MSSM are physical superpositions of the bino and wino (B̃0 , W̃0
3 )

and Higgsinos (H̃0
d , H̃0

u).

Mχ̃0 =







M1 0 −MZsθcβ MZsθ sβ

0 M2 MZcθ cβ −MZcθ sβ

−MZsθ cβ MZcθ cβ 0 −µ
MZsθsβ −MZcθ sβ −µ 0







The properties of the lightest neutralino, χ̃0
1, are very dependent on its composition.

χ̃0
1 = N11 B̃0 + N12 W̃0

3
︸ ︷︷ ︸

Gaugino content

+ N13 H̃0
d + N14 H̃0

u
︸ ︷︷ ︸

Higgsino content

Direct detection can proceed through Higgs or squark exchange   

1 Introduction

µ2 =
m2

Hd
−m2

Hu
tan2 β

tan2 β − 1
−

1

2
M2

Z , (1.1)

M1, M2, M3 (1.2)

m2

L1,2,3
, m2

E1,2,3
(1.3)

m2

Q1,2,3
, m2

U1,2,3
, m2

D1,2,3
(1.4)

Ai,j
E , Ai,j

U , Ai,j
D (1.5)

M1, M2, M3 (1.6)

m2

Lij
, m2

Eij
(1.7)

m2

Qij
, m2

Uij
, m2

Dij
(1.8)

Ai,j
E , Ai,j

U , Ai,j
D (1.9)

m2

Hd
, m2

Hu
(1.10)

tanβ ≡
〈Hu〉

〈Hd〉
(1.11)

µ, mA (1.12)

2

Gaugino masses	
  

Slepton soft masses	
  

Squark soft masses	
  

Trilinear parameters	
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1
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(1.3)

m2

Q1,2,3
, m2

U1,2,3
, m2
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〈Hu〉

〈Hd〉
(1.7)

µ, mA (1.8)

2

Parameters describing the Higgs sector	
  

Also affected by mH=126 GeV 



22

Figure 17. The (mχ̃0
1
,σSI

p ) planes in the CMSSM (left panel) and the NUHM1 (right panel). The ∆χ2 =
2.30(5.99) contours, corresponding to the 68(95)% CL are coloured red (blue). The solid (dashed) lines
are for global fits to the LHC5/fb, BR(Bs → µ+µ−) and new XENON100 (LHC1/fb) data, and the
corresponding best-fit points are indicated by solid (open) green stars.

9. Comparison with other Analyses

We are not aware of any global analyses in-
corporating the new XENON100 constraint [27].
The two global analyses including LHC 5/fb data
that are most similar to ours are [9] and [10],
and we take this opportunity to comment on the
relations and differences between those and the
present work.
As in this work, Ref. [9] incorporates the con-

straints imposed by the LHC5/fb data using an
implementation of Delphes that is reported to re-
produce the 95% CL limits published previously
by ATLAS using 165/pb and 1/fb of data and
shown to reproduce approximately the 95% CL
limits for tanβ = 10 and A0 found in the
ATLAS analysis used here and the CMS razor
analyss with 5/fb of data [13]. However, the
ATLAS 5/fb jets + /ET analysis has apparently
not been modelled in detail, and full informa-
tion is not available on its validation for other
values of the CMSSM parameters, nor on its ex-
tension to the NUHM1. In contrast to previous
papers by the same collaboration that used the
MasterCode, Ref. [9] uses only a reduced set of
precision electroweak and flavour observables, a
topic we comment on below. In contrast, Ref. [9]

uses AstroFit, which provides input from both
direct and indirect dark matter searches, whereas
we use only the direct XENON100 search. How-
ever, Ref. [9] finds that the indirect dark mat-
ter searches have negligible impact at the present
time. When the constraint Mh = 126±2±3 GeV
is imposed in [9], the results for the CMSSM are
relatively similar to ours, whereas the results for
the NUHM1 are only qualitatively similar.

Ref. [10] implements the CMS razor analysis
using 5/fb of data, and provides more details of its
efficiency and likelihood maps, and also compares
with the 95% CL limit obtained in the ATLAS
5/fb jets + /ET analysis. This paper favours val-
ues of the CMSSM mass parameters (m0,m1/2)
that are considerably larger than in our analysis
and in [9]. However, Ref. [10] does favour the stau
coannihilation strip and the rapid-annihilation
funnel regions of the CMSSM, disfavouring the
focus-point region that had been advocated in
previous fits by the same group. Ref. [10] does not
discuss the NUHM1, but does consider the possi-
bilities that µ < 0 and of dropping the (g − 2)µ
constraint.
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Figure 7. Constraints on the neutralino mass and SI scattering cross-section in the NUHM, including all
available present-day data (WMAP 7-year, LHC 5.8 fb−1 SUSY null search and Higgs detection, XENON100
2012 direct detection limits). Black, filled contours depict the marginalised posterior pdf (left: flat priors;
middle: log priors) and the profile likelihood (right), showing 68%, 95% and 99% credible/confidence regions.
The encircled black cross is the overall best-fit point. Blue/empty contours show constraints without the
latest XENON100 results. The 90% XENON100 exclusion limit (from Ref. [21]) is shown as a red/solid line.
Ref. [21] only shows the limit for mχ̃0

1
< 1000 GeV; we show the extension of this limit to higher WIMP

masses as a red/dashed line. We also show the expected reach of XENON1T as a red/dashed line.

of neutralino masses around mχ̃0
1
∼ 1 TeV, as a consequence of the Higgsino-like character of

the neutralino. As can be seen by comparing the blue and the black contours, the XENON100
2012 limit (red/solid line) rules out part of this otherwise unconstrained region. The picture
is similar in terms of the profile likelihood. We also display the expected 90% exclusion limit
from the future XENON1T direct detection experiment. XENON1T will probe the entire
currently favoured NUHM parameter space, independently of the statistical perspective.
Therefore, direct detection prospects for this model remain very good given all present-day
experimental constraints.

As in the cMSSM, the spin-dependent cross-section remains out of reach even for future
multi-ton scale detectors. The favoured region spans the interval σSD

χ̃0
1−p

∈ [10−5.5, 10−6.5] pb,

with the best-fit point found at the bottom end of the range.
In Fig. 8, we show the 1D posterior pdf and profile likelihood for some observables and

derived quantities. The first six panels show some sparticle masses of interest. Both the
lightest neutralino and lightest chargino masses are highly concentrated around 1 TeV. The
favoured masses of the lightest stop and bottom are mstop1 ≈ 5000 GeV and msbottom1 ≈
6000 GeV, respectively. The favoured gluino and average squark masses are even larger,
mgluino,msquark ≈ 7000 GeV. The favoured sparticle masses are far beyond the current reach
of the LHC, and will not be accessible to the LHC operating at 14 TeV collision energy,
nor the HL-LHC upgrade. This is true for both the posterior pdf and the profile likelihood
function, which are in excellent agreement. Therefore, detection prospects of the NUHM at
colliders are dim, and for discovery of this model alternative search strategies, such as direct
detection experiments, have to be relied on.

As can be seen from the 1D distributions for mh, in the NUHM a Higgs mass mh ∼ 126
GeV can easily be realised, and both the Bayesian pdfs and the profile likelihood function
peak at the experimentally measured value. The reason whymh ∼ 126 GeV is easily achieved,
while this value is disfavoured in the cMSSM, is that in the NUHM much larger values of
m1/2 are allowed, leading to larger stop masses, and thus larger values of mh. The favoured
regions in NUHM parameter space in the (Xt/MS ,mh) plane are shown in Fig. 9. As can
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The predictions for its scattering cross section still span many orders of 
magnitude (excellent motivation for more sensitive detectors)  

Non-Universal Higgs (NUHM)  
Buchmüller et al. 2012 

NUHM+ g-2  
Strege et al. 2012 

General pMSSM 
Cahill-Rowley et al. 1305.6921 

Fowley et al. 1306.1567 

A wide region of the neutralino parameter space is valid 

•  Large masses appear naturally mX > 100 GeV 

•  Reproducing the correct Higgs mass determines some 
properties on the stop sector (large mixing) 

•  Some tension with some observables (e.g., muon anomalous 
magnetic moment) 
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Figure 17. The (mχ̃0
1
,σSI

p ) planes in the CMSSM (left panel) and the NUHM1 (right panel). The ∆χ2 =
2.30(5.99) contours, corresponding to the 68(95)% CL are coloured red (blue). The solid (dashed) lines
are for global fits to the LHC5/fb, BR(Bs → µ+µ−) and new XENON100 (LHC1/fb) data, and the
corresponding best-fit points are indicated by solid (open) green stars.

9. Comparison with other Analyses

We are not aware of any global analyses in-
corporating the new XENON100 constraint [27].
The two global analyses including LHC 5/fb data
that are most similar to ours are [9] and [10],
and we take this opportunity to comment on the
relations and differences between those and the
present work.
As in this work, Ref. [9] incorporates the con-

straints imposed by the LHC5/fb data using an
implementation of Delphes that is reported to re-
produce the 95% CL limits published previously
by ATLAS using 165/pb and 1/fb of data and
shown to reproduce approximately the 95% CL
limits for tanβ = 10 and A0 found in the
ATLAS analysis used here and the CMS razor
analyss with 5/fb of data [13]. However, the
ATLAS 5/fb jets + /ET analysis has apparently
not been modelled in detail, and full informa-
tion is not available on its validation for other
values of the CMSSM parameters, nor on its ex-
tension to the NUHM1. In contrast to previous
papers by the same collaboration that used the
MasterCode, Ref. [9] uses only a reduced set of
precision electroweak and flavour observables, a
topic we comment on below. In contrast, Ref. [9]

uses AstroFit, which provides input from both
direct and indirect dark matter searches, whereas
we use only the direct XENON100 search. How-
ever, Ref. [9] finds that the indirect dark mat-
ter searches have negligible impact at the present
time. When the constraint Mh = 126±2±3 GeV
is imposed in [9], the results for the CMSSM are
relatively similar to ours, whereas the results for
the NUHM1 are only qualitatively similar.

Ref. [10] implements the CMS razor analysis
using 5/fb of data, and provides more details of its
efficiency and likelihood maps, and also compares
with the 95% CL limit obtained in the ATLAS
5/fb jets + /ET analysis. This paper favours val-
ues of the CMSSM mass parameters (m0,m1/2)
that are considerably larger than in our analysis
and in [9]. However, Ref. [10] does favour the stau
coannihilation strip and the rapid-annihilation
funnel regions of the CMSSM, disfavouring the
focus-point region that had been advocated in
previous fits by the same group. Ref. [10] does not
discuss the NUHM1, but does consider the possi-
bilities that µ < 0 and of dropping the (g − 2)µ
constraint.
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Figure 7. Constraints on the neutralino mass and SI scattering cross-section in the NUHM, including all
available present-day data (WMAP 7-year, LHC 5.8 fb−1 SUSY null search and Higgs detection, XENON100
2012 direct detection limits). Black, filled contours depict the marginalised posterior pdf (left: flat priors;
middle: log priors) and the profile likelihood (right), showing 68%, 95% and 99% credible/confidence regions.
The encircled black cross is the overall best-fit point. Blue/empty contours show constraints without the
latest XENON100 results. The 90% XENON100 exclusion limit (from Ref. [21]) is shown as a red/solid line.
Ref. [21] only shows the limit for mχ̃0

1
< 1000 GeV; we show the extension of this limit to higher WIMP

masses as a red/dashed line. We also show the expected reach of XENON1T as a red/dashed line.

of neutralino masses around mχ̃0
1
∼ 1 TeV, as a consequence of the Higgsino-like character of

the neutralino. As can be seen by comparing the blue and the black contours, the XENON100
2012 limit (red/solid line) rules out part of this otherwise unconstrained region. The picture
is similar in terms of the profile likelihood. We also display the expected 90% exclusion limit
from the future XENON1T direct detection experiment. XENON1T will probe the entire
currently favoured NUHM parameter space, independently of the statistical perspective.
Therefore, direct detection prospects for this model remain very good given all present-day
experimental constraints.

As in the cMSSM, the spin-dependent cross-section remains out of reach even for future
multi-ton scale detectors. The favoured region spans the interval σSD

χ̃0
1−p

∈ [10−5.5, 10−6.5] pb,

with the best-fit point found at the bottom end of the range.
In Fig. 8, we show the 1D posterior pdf and profile likelihood for some observables and

derived quantities. The first six panels show some sparticle masses of interest. Both the
lightest neutralino and lightest chargino masses are highly concentrated around 1 TeV. The
favoured masses of the lightest stop and bottom are mstop1 ≈ 5000 GeV and msbottom1 ≈
6000 GeV, respectively. The favoured gluino and average squark masses are even larger,
mgluino,msquark ≈ 7000 GeV. The favoured sparticle masses are far beyond the current reach
of the LHC, and will not be accessible to the LHC operating at 14 TeV collision energy,
nor the HL-LHC upgrade. This is true for both the posterior pdf and the profile likelihood
function, which are in excellent agreement. Therefore, detection prospects of the NUHM at
colliders are dim, and for discovery of this model alternative search strategies, such as direct
detection experiments, have to be relied on.

As can be seen from the 1D distributions for mh, in the NUHM a Higgs mass mh ∼ 126
GeV can easily be realised, and both the Bayesian pdfs and the profile likelihood function
peak at the experimentally measured value. The reason whymh ∼ 126 GeV is easily achieved,
while this value is disfavoured in the cMSSM, is that in the NUHM much larger values of
m1/2 are allowed, leading to larger stop masses, and thus larger values of mh. The favoured
regions in NUHM parameter space in the (Xt/MS ,mh) plane are shown in Fig. 9. As can
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Very light neutralinos are viable in corners of 
the parameter space 

•  Light sleptons are needed to reproduce the 
correct relic abundance 

•  The scattering cross section is not within 
the CoGeNT (Ge) – CDMS II (Si) area 
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FIG. 11: Neutralino–nucleon coherent cross section times
the rescaling factor ξσ(nucleon)

scalar . (Red) crosses: supersymmet-
ric configurations plotted in Fig.1 (Scenario I in the text);
(blue) dots: supersymmetric configurations plotted in Fig.6
(Scenario II in the text). The hatched areas denote the
DAMA/LIBRA annual modulation regions [51]: the (green)
vertically–hatched region refers to the case where constant
values of 0.3 and 0.09 are taken for the quenching factors of Na
and I, respectively[49]; the (red) crossed-hatched is obtained
by using the energy–dependent Na and I quenching factors
as established by the procedure given in Ref. [50]. The gray
regions are those compatible with the CRESST excess [52].
In all cases a possible channeling effect is not included.The
halo distribution function used to extract the experimental
regions is given in the text. For other distribution functions
see [49]

riving the bounds shown in Fig. 14 we have adopted
the central–value determinations of the different sources
of background, as reported in Ref. [61]. If (just) some
of these background fluxes are allowed to fluctuate up
(especially the recently determined gamma-ray flux orig-
inating from misaligned AGN [63]) the ensuing bounds
can become quite constraining [61].

VII. CONCLUSIONS

The attempt of interpreting the neutral boson (H125)
measured at the LHC in the diphoton, ZZ, WW and
ττ channels, and with a mass of 125–126 GeV, in terms
of the effective Minimal Supersymmetric extension of the
Standard Model defined in Sect. II, has led us to consider
two possible scenarios: a scenario I, where the bosonH125

is identified with the heavier CP–even neutral boson H
and scenario II, where the boson H125 is identified with
the lighter CP–even neutral boson h.
The supersymmetric parameter space has been anal-

ysed also in terms of a full set of constraints derived from
collider experiments, B–factories, and measurements of
the muon anomalous magnetic moment. The properties
of the neutralino as a dark matter constituent has been
analysed in both scenarios, considering its relic abun-
dance and direct and indirect detection rates.
We have found that in scenario I no solution for su-

persymmetric configurations exists, unless two indirect
constraints (BR(b → s + γ) and (g − 2)µ) are relaxed.
If these two requirements are not implemented, solu-
tions with a physical relic abundance are found in a re-
gion of the supersymmetric parameter space character-
ized by low values for the stau mass parameters 80GeV ≤
ml̃12,L

,ml̃12,R
,mτ̃L ,mτ̃R ≤ 200GeV, and high values for

the µ parameter: µ ≥ 1.8 TeV. In the region defined in
Table I the neutralino mass turns out to sit in the range
mχ % (40 − 85) GeV. The set of configurations found
in the present scenario generate very low rates for direct
detection of relic neutralinos (the quantity ξσ(nucleon)

scalar is

at the level of ξσ(nucleon)
scalar ∼ a few ×10−45 cm2). The

same occurs for indirect detections signals: only antipro-
ton searches, under some optimistic assumptions, may be
able to test scenario I for neutralino masses close to 50
GeV. For this to be reachable, a somehow large cosmic–
rays confinement region is required, accompanied by a
reduction of the total theoretical + experimental uncer-
tainty on the antiproton flux determination at the level
of about 10%. AMS [60] is expected to beat this level of
precision on the antiproton data, and its measurement of
the fluxes of cosmic rays species, especially B/C, could
help in reducing the uncertainties on the theoretical de-
termination, allowing to approach the level required to
study these supersymmetric populations.
In scenario II we have found a population of config-

urations which satisfy all requirements and constraints
mentioned in Sect. III, including the indirect bounds
coming from BR(b → s+γ) and (g− 2)µ. Here the lower
limit for the neutralino mass is mχ >∼ 30 GeV. The di-
rect detection rates are shown to be typically rather low;
though, they could approach the level of the signals mea-
sured by the experiments of DM direct detection [51–54]
under special instances for the DM distribution, for ex-
perimental parameters and/or for significantly large size
of the neutralino-nucleon coupling. As for the indirect
signals a situation similar to scenario I occurs: under the
same, somehow optimistic, assumptions discussed above
an antiproton signal in AMS may be reachable for neu-
tralino masses above 80 GeV.
A few comments are in order here, regarding the fea-

LEP limits mχ̃±
1
> 100 GeV

mτ̃1 > 84− 88 GeV (depending on mχ̃0
1
)

invisible Z decay ΓZ→χ̃0
1χ̃

0
1
< 3 MeV

µ magnetic moment ∆aµ < 4.5× 10−9

flavor constraints BR(b → sγ) ∈ [3.03, 4.07]× 10−4

BR(Bs → µ
+
µ
−) ∈ [1.5, 4.3]× 10−9

Higgs mass mh0 ∈ [122.5, 128.5] GeV

A
0
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Table 2: Experimental constraints implemented in the analysis. For details, see text.

for the direct searches for charginos and staus1 [40] and for invisible decays of the Z boson [41].
The anomalous magnetic moment of the muon is also required not to exceed the bound set by
the E821 experiment [42, 43], and the flavor constraints coming from b → sγ [44, 45] and from
Bs → µ

+
µ
− [46] are taken into account. Finally, the “basic constraints” also require the lightest

Higgs boson, h0, to be within 3 GeV of the best fit mass from ATLAS [47] and CMS [48]. This
range is completely dominated by the estimated theoretical uncertainties on the Higgs mass in
the MSSM.

In addition to the set of basic constraints, limits from searches for Higgs bosons at the LHC
are taken into account. The heavier neutral Higgses, A0 and H

0, are constrained by dedicated
searches in the τ+τ− channel. For these, we use the most recent limits from CMS [49], given in
the (MA0 , tan β) plane in the mmax

h scenario, which provides a conservative lower bound in the
MSSM [50].2 The couplings of the observed Higgs boson at around 125.5 GeV, identified with
h
0, are constrained following the procedure of Ref. [5], i.e.making use of the information given in

the 2D plane (µggF+ttH, µVBF+VH) for each final state provided by the LHC experiments.3 These
“signal strengths ellipses” combine ATLAS and CMS results (plus results from Tevatron) for
the four effective final states that are relevant to the MSSM: γγ, V V = WW +ZZ, bb̄, and ττ .
All the experimental results up to the LHCP 2013 conference [5] are included in the present
analysis. The signal strengths are computed from a set of reduced couplings (CV , Ct, Cb, Cτ , Cg

1Note that selectrons and smuons are safely above the LEP bound [40] since Ml1,2 > 100 GeV, Mr1,2 >
100 GeV.

2This is particularly the case in our study because our preferred very light neutralino scenarios have a small
value for µ of order 200 GeV.

3The use of 2D signal strengths has first been introduced in Ref. [51].

3

LEP limits mχ̃±
1
> 100 GeV

mτ̃1 > 84− 88 GeV (depending on mχ̃0
1
)

invisible Z decay ΓZ→χ̃0
1χ̃

0
1
< 3 MeV

µ magnetic moment ∆aµ < 4.5× 10−9

flavor constraints BR(b → sγ) ∈ [3.03, 4.07]× 10−4

BR(Bs → µ
+
µ
−) ∈ [1.5, 4.3]× 10−9

Higgs mass mh0 ∈ [122.5, 128.5] GeV

A
0
, H

0 → τ
+
τ
− CMS results for L = 17 fb−1, mmax

h scenario

Higgs couplings ATLAS, CMS and Tevatron global fit, see text

relic density Ωh2
< 0.131 or Ωh2 ∈ [0.107, 0.131]

direct detection XENON100 upper limit

indirect detection Fermi-LAT bound on gamma rays from dSphs

pp → χ̃
0

2
χ̃
±
1

Simplified Models Spectra approach, see text

pp → �̃
+
�̃
−

Table 2: Experimental constraints implemented in the analysis. For details, see text.

for the direct searches for charginos and staus1 [40] and for invisible decays of the Z boson [41].
The anomalous magnetic moment of the muon is also required not to exceed the bound set by
the E821 experiment [42, 43], and the flavor constraints coming from b → sγ [44, 45] and from
Bs → µ

+
µ
− [46] are taken into account. Finally, the “basic constraints” also require the lightest

Higgs boson, h0, to be within 3 GeV of the best fit mass from ATLAS [47] and CMS [48]. This
range is completely dominated by the estimated theoretical uncertainties on the Higgs mass in
the MSSM.

In addition to the set of basic constraints, limits from searches for Higgs bosons at the LHC
are taken into account. The heavier neutral Higgses, A0 and H

0, are constrained by dedicated
searches in the τ+τ− channel. For these, we use the most recent limits from CMS [49], given in
the (MA0 , tan β) plane in the mmax

h scenario, which provides a conservative lower bound in the
MSSM [50].2 The couplings of the observed Higgs boson at around 125.5 GeV, identified with
h
0, are constrained following the procedure of Ref. [5], i.e.making use of the information given in

the 2D plane (µggF+ttH, µVBF+VH) for each final state provided by the LHC experiments.3 These
“signal strengths ellipses” combine ATLAS and CMS results (plus results from Tevatron) for
the four effective final states that are relevant to the MSSM: γγ, V V = WW +ZZ, bb̄, and ττ .
All the experimental results up to the LHCP 2013 conference [5] are included in the present
analysis. The signal strengths are computed from a set of reduced couplings (CV , Ct, Cb, Cτ , Cg

1Note that selectrons and smuons are safely above the LEP bound [40] since Ml1,2 > 100 GeV, Mr1,2 >
100 GeV.

2This is particularly the case in our study because our preferred very light neutralino scenarios have a small
value for µ of order 200 GeV.

3The use of 2D signal strengths has first been introduced in Ref. [51].

3

Uncorrelated to direct 
detection diagrams 
(smaller σSI) 	
  

The predictions for its scattering cross section still span many orders of 
magnitude (excellent motivation for more sensitive detectors)  
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Figure 17. The (mχ̃0
1
,σSI

p ) planes in the CMSSM (left panel) and the NUHM1 (right panel). The ∆χ2 =
2.30(5.99) contours, corresponding to the 68(95)% CL are coloured red (blue). The solid (dashed) lines
are for global fits to the LHC5/fb, BR(Bs → µ+µ−) and new XENON100 (LHC1/fb) data, and the
corresponding best-fit points are indicated by solid (open) green stars.

9. Comparison with other Analyses

We are not aware of any global analyses in-
corporating the new XENON100 constraint [27].
The two global analyses including LHC 5/fb data
that are most similar to ours are [9] and [10],
and we take this opportunity to comment on the
relations and differences between those and the
present work.
As in this work, Ref. [9] incorporates the con-

straints imposed by the LHC5/fb data using an
implementation of Delphes that is reported to re-
produce the 95% CL limits published previously
by ATLAS using 165/pb and 1/fb of data and
shown to reproduce approximately the 95% CL
limits for tanβ = 10 and A0 found in the
ATLAS analysis used here and the CMS razor
analyss with 5/fb of data [13]. However, the
ATLAS 5/fb jets + /ET analysis has apparently
not been modelled in detail, and full informa-
tion is not available on its validation for other
values of the CMSSM parameters, nor on its ex-
tension to the NUHM1. In contrast to previous
papers by the same collaboration that used the
MasterCode, Ref. [9] uses only a reduced set of
precision electroweak and flavour observables, a
topic we comment on below. In contrast, Ref. [9]

uses AstroFit, which provides input from both
direct and indirect dark matter searches, whereas
we use only the direct XENON100 search. How-
ever, Ref. [9] finds that the indirect dark mat-
ter searches have negligible impact at the present
time. When the constraint Mh = 126±2±3 GeV
is imposed in [9], the results for the CMSSM are
relatively similar to ours, whereas the results for
the NUHM1 are only qualitatively similar.

Ref. [10] implements the CMS razor analysis
using 5/fb of data, and provides more details of its
efficiency and likelihood maps, and also compares
with the 95% CL limit obtained in the ATLAS
5/fb jets + /ET analysis. This paper favours val-
ues of the CMSSM mass parameters (m0,m1/2)
that are considerably larger than in our analysis
and in [9]. However, Ref. [10] does favour the stau
coannihilation strip and the rapid-annihilation
funnel regions of the CMSSM, disfavouring the
focus-point region that had been advocated in
previous fits by the same group. Ref. [10] does not
discuss the NUHM1, but does consider the possi-
bilities that µ < 0 and of dropping the (g − 2)µ
constraint.
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Figure 7. Constraints on the neutralino mass and SI scattering cross-section in the NUHM, including all
available present-day data (WMAP 7-year, LHC 5.8 fb−1 SUSY null search and Higgs detection, XENON100
2012 direct detection limits). Black, filled contours depict the marginalised posterior pdf (left: flat priors;
middle: log priors) and the profile likelihood (right), showing 68%, 95% and 99% credible/confidence regions.
The encircled black cross is the overall best-fit point. Blue/empty contours show constraints without the
latest XENON100 results. The 90% XENON100 exclusion limit (from Ref. [21]) is shown as a red/solid line.
Ref. [21] only shows the limit for mχ̃0

1
< 1000 GeV; we show the extension of this limit to higher WIMP

masses as a red/dashed line. We also show the expected reach of XENON1T as a red/dashed line.

of neutralino masses around mχ̃0
1
∼ 1 TeV, as a consequence of the Higgsino-like character of

the neutralino. As can be seen by comparing the blue and the black contours, the XENON100
2012 limit (red/solid line) rules out part of this otherwise unconstrained region. The picture
is similar in terms of the profile likelihood. We also display the expected 90% exclusion limit
from the future XENON1T direct detection experiment. XENON1T will probe the entire
currently favoured NUHM parameter space, independently of the statistical perspective.
Therefore, direct detection prospects for this model remain very good given all present-day
experimental constraints.

As in the cMSSM, the spin-dependent cross-section remains out of reach even for future
multi-ton scale detectors. The favoured region spans the interval σSD

χ̃0
1−p

∈ [10−5.5, 10−6.5] pb,

with the best-fit point found at the bottom end of the range.
In Fig. 8, we show the 1D posterior pdf and profile likelihood for some observables and

derived quantities. The first six panels show some sparticle masses of interest. Both the
lightest neutralino and lightest chargino masses are highly concentrated around 1 TeV. The
favoured masses of the lightest stop and bottom are mstop1 ≈ 5000 GeV and msbottom1 ≈
6000 GeV, respectively. The favoured gluino and average squark masses are even larger,
mgluino,msquark ≈ 7000 GeV. The favoured sparticle masses are far beyond the current reach
of the LHC, and will not be accessible to the LHC operating at 14 TeV collision energy,
nor the HL-LHC upgrade. This is true for both the posterior pdf and the profile likelihood
function, which are in excellent agreement. Therefore, detection prospects of the NUHM at
colliders are dim, and for discovery of this model alternative search strategies, such as direct
detection experiments, have to be relied on.

As can be seen from the 1D distributions for mh, in the NUHM a Higgs mass mh ∼ 126
GeV can easily be realised, and both the Bayesian pdfs and the profile likelihood function
peak at the experimentally measured value. The reason whymh ∼ 126 GeV is easily achieved,
while this value is disfavoured in the cMSSM, is that in the NUHM much larger values of
m1/2 are allowed, leading to larger stop masses, and thus larger values of mh. The favoured
regions in NUHM parameter space in the (Xt/MS ,mh) plane are shown in Fig. 9. As can
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decay width constraints and find that it agrees within one
standard deviation with the experimental measurements
as a result of the reduced coupling of the b̃1 to the Z.

Another relevant observable is the forward-backward
asymmetry on the Z peak in the bb̄ channel [28], which
presents 2.5σ discrepancy between the SM and the mea-
sured values. In our scenario, while the discrepancy is
not improved by the presence of the light sbottoms, our
points are in agreement with the experimental result at
the 3σ level.

Constraints from the S, T and U parameters [29, 30],
encoding the oblique corrections, i.e. the radiative cor-
rections to weak processes involving light particles, need
also to be considered. In particular, SUSY contributions
to these parameters arise also from squark and neutralino
loops [31–33]. The SUSY contributions to S, T and U
parameters for the points selected in this analysis have
been computed and are found to be all compatible with
the LEP measurements at 95% C.L., as shown in Fig. 1.

FIG. 1: Valid pMSSM points corresponding to the light neu-
tralino, almost degenerate b̃1 scenario in the plane (S, T ). The
ellipses correspond to the LEP allowed regions at 68% (red)
and 95% (blue) C.L. [28].

Searches for SUSY particles in e+e− collisions have
been conducted at various energies before LEP. In partic-
ular, TRISTAN operated at 52 <

√
s < 57 GeV, where

b̃1b̃1 pairs could be kinematically produced. However,
due to the small coupling to the Z, the production cross
section for e+e− → b̃1b̃1 is in the range 1.2–0.2 pb for
15 < Mb̃1

< 25 GeV. The efficiency of the cuts of the
scalar quark analysis of TRISTAN [34], is estimated to
be 0.03, 0.20 and 0.41 for our pMSSM points with a mass
splitting, ∆M = 5, 7 and 10 GeV respectively, by a ded-
icated study on simulated events. This agrees with the
efficiency values reported by the experiment [34]. With a
total data statistics of �11 pb, no signal of these events
could be obtained for points having ∆M ≤ 7 GeV.

At LEP-2, the searches for e+e− → b̃1b̃1 pair pro-
duction have excluded scalar bottom quarks up to
∼100 GeV, with the exception of highly degenerate sce-
narios. The efficiency of the selection cuts applied in
the LEP-2 searches, mostly to reduce γγ background has
been tested on simulated events found to be ∼0.15 at
∆M = 7 GeV and ≤0.10 at ∆M ≤ 5 GeV. Since the

typical e+e− → b̃1b̃1 production cross section at 200 GeV
is �0.2 pb for 15 < Mb̃1

< 25 GeV, this results in a prod-
uct of signal cross section times efficiency of 0.03 pb and
less for ∆M ≤ 7 GeV, which are therefore not excluded
by the combined LEP-2 searches. In summary, scalar
bottom quarks with 15 < Mb̃1

< 25 GeV, small cos θb
and mass splitting to the lightest neutralino < 7 GeV
are not excluded by direct scalar quark searches at e+e−

colliders.
Finally, the process e+e− → χ̃0

1χ̃
0
2 is suppressed since

the lightest neutralino, χ̃0
1, is bino-like and the second

lightest, χ̃0
2, is wino-like. In general the χ̃0

2 can be chosen
to be heavier than 200 GeV, thus ensuring that the χ̃0

1χ̃
0
2

pairs could not be produced at LEP-2. But the process
has a cross section of less than 0.1 fb, even when the
process is kinematically accessible, as for the case Mχ̃0

2

= 150 GeV, due to the coupling suppression.

C. Vacuum Stability

The MSSM introduces several additional scalars, re-
sulting in a more complex scalar potential. Hence, the
stability of the vacuum expectation value (VEV) con-
figurations and the possibility of a tunnelling to other
minima of the potential need to be checked. To address
this question, we use the program Vevacious [35], which
determines the global minimum of the one loop effective
scalar potential for each MSSM point. If the local min-
imum is global, the vacuum is stable. Otherwise, the
program computes the tunnelling time from the local to
the global minimum. This should be compared to the age
of the Universe, excluding points for which the vacuum is
short-lived. About 85% of the accepted pMSSM points
in our scenario have stable vacuum, 5% have a long-lived
vacuum, and 10% have a short-lived vacuum.

D. Direct Detection

The results of direct detection experiments reporting
possible excesses of signal-like events, correspond to a
light WIMP with large value of the scattering cross sec-
tion.

Our pMSSM scenario has a light χ̃0
1 and an almost

degenerate b̃1 with a mass splitting of order of the bot-
tom mass. We observe that the calculation of the cross
section for direct detection in such a scenario requires
special care. In this specific regime the general effec-
tive Lagrangian approach is not quite appropriate and
requires a special treatment, for example treating the b
quark as a heavy quark throughout the full calculation,
including the twist-2 terms. Applying the default gen-
eral formula, as used in micrOMEGAs, in the case where
Mb̃1

≈ Mχ̃0
1
−mb, may reveal a spurious pole that, erro-

neously, enhances the scattering cross section. Ref. [14]
has recently reconsidered the calculation of this cross sec-
tion for the specific case considered here, based on the
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icated study on simulated events. This agrees with the
efficiency values reported by the experiment [34]. With a
total data statistics of �11 pb, no signal of these events
could be obtained for points having ∆M ≤ 7 GeV.
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The MSSM introduces several additional scalars, re-
sulting in a more complex scalar potential. Hence, the
stability of the vacuum expectation value (VEV) con-
figurations and the possibility of a tunnelling to other
minima of the potential need to be checked. To address
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scalar potential for each MSSM point. If the local min-
imum is global, the vacuum is stable. Otherwise, the
program computes the tunnelling time from the local to
the global minimum. This should be compared to the age
of the Universe, excluding points for which the vacuum is
short-lived. About 85% of the accepted pMSSM points
in our scenario have stable vacuum, 5% have a long-lived
vacuum, and 10% have a short-lived vacuum.

D. Direct Detection

The results of direct detection experiments reporting
possible excesses of signal-like events, correspond to a
light WIMP with large value of the scattering cross sec-
tion.

Our pMSSM scenario has a light χ̃0
1 and an almost

degenerate b̃1 with a mass splitting of order of the bot-
tom mass. We observe that the calculation of the cross
section for direct detection in such a scenario requires
special care. In this specific regime the general effec-
tive Lagrangian approach is not quite appropriate and
requires a special treatment, for example treating the b
quark as a heavy quark throughout the full calculation,
including the twist-2 terms. Applying the default gen-
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Very low transverse energy of the jets 
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Very light neutralinos are viable (though quite fine-tuned) in the Minimal 
Supersymmetric Standard Model. 
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Overview of the NMSSM
In the NMSSM the field structure of the MSSM is modified by the addition of a new
superfield Ŝ, which is a singlet under the SM gauge group:

NMSSM = MSSM + Ŝ
{

2 extra Higgs (CP − even, CP − odd)
1 additional Neutralino

• This leads to the following new terms in the superpotential

W = Yu H2 Q u + Yd H1 Q d + Ye H1 L e − λ S H1 H2 +
1
3

κS3

• and in the Lagrangian

− LHiggs
soft = m2

Hi
H∗

i Hi + m2
S S∗S + (−λAλ SH1 H2 +

1
3

κAκS3 + H.c.)

•When Electroweak Symmetry Breaking occurs the Higgs field takes non-vanishing VEVs:

〈H0
1 〉 = v1 ; 〈H0

2 〉 = v2 ; 〈S〉 = s (=
µ

λ
)
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Neutralino in the Next-to-MSSM 

Extensions of the MSSM are well motivated from the theoretical point of view and potentially 
very interesting from the point of view of dark matter.  
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Neutralino in the Next-to-MSSM 

DM Phenomenology changes due to the different Higgs and neutralino sector 

•  More annihilation channels, which can be open for low masses 
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A very light (singlet-like) pseudoscalar can help getting 
the correct relic abundance for mX<45 GeV 

•  Scenarios with two light scalar Higgses are 
possible 

Gunion et al. hep-ph/0509024 

hadron colliders like the LHC this signature is hidden by a huge QCD background.

A viable alternative is looking for 4τ [20, 22, 25, 31, 35, 39, 41, 42] or 2µ2τ [42] final
states, for which the problem of large QCD backgrounds is somehow ameliorated.

However, this approach suffers from the poor tau-identification efficiency, dependent
on the transverse momentum [43]. Besides, since tau decays are always accompanied

by neutrinos, there is no sharp peak of a01 invariant mass. For these reasons, as dis-
cussed in the literature, 4µ [39,44,45], 4γ [21,33] or 2γ + 2-jets [46] search channels
with ma01

< 2mτ turn out to be the ideal way to probe NMSSM Higgses with very

light pseudoscalars.

Recently, the possibility of having two light scalar Higgses in NMSSM has re-

ceived a lot of attention. One of these Higgses, h0
2, would correspond to the scalar

observed by ATLAS and CMS with a mass around 126 GeV and the other one, h0
1,

with a mass around 98 GeV [10], would be consistent with the small excess in the

LEP search for e+e− → Zh, h → bb̄ [47].3 Alternative scenarios with an even lighter
h0
1 have also been considered earlier [22, 50]. Since the recent LHC observation of

the 126 GeV scalar, which is well compatible with a SM-like Higgs boson, many
of these studies have become extremely constrained, although a small window for

new physics is still open if the di-photon excess is confirmed. On the other hand,
scenarios with very light pseudoscalars are also affected by stringent experimental
bounds. This is the case for ma01

< 2mb (which leads to leptonic final states 4µ,

2µ2τ , and 4τ) [26, 34, 42, 51], with tight constraints in the case ma01
< 2mτ for CP-

even Higgs masses in the range of 86 – 150 GeV by the recent CMS analysis [52],

especially in the case of singlet-like states. The latter is a consequence of the fact
that BR(h0

1/h
0
2 → a01a

0
1) ∼ 1 and thus σ(pp → h0

1/h
0
2 → 2a01 → 4µ) is sizable and

would have already been observed.4

In this work we investigate potential detection channels for scenarios involving
very light pseudoscalar particles and two light scalar Higgses in the NMSSM. For

concreteness, we consider a SM-like scalar Higgs in the range 124 GeV < mh0
2
< 128

GeV (consistent with LHC findings) and a lighter h0
1 in the mass range 96 – 100 GeV

(to account for the LEP excess) or lighter than 86 GeV (to avoid the current CMS

limit). In order to avoid the above mentioned constraints that affect the lightest
pseudoscalar, a01 is assumed to have a mass in the range 2mτ ! ma01

< 2mb, since

the µ+µ− final state is then a sub-leading leptonic mode with a branching ratio
of the order of 10−2 and σ(pp → h0

1 → 2a01 → 4µ) is small enough to elude the

CMS limit of the 4µ search. We point out that the SM-like Higgs decay modes
h0
2 → 2a01 → 4µ, 2µ2τ , and 4τ have branching fractions comparable to those for

the same final states from h0
2 → ZZ∗ and therefore provide alternative four-lepton

3A two light Higgs but without a low-mass pseudoscalar has been discussed in the MSSM [48],
as well as in the NMSSM [49].

4 One way to avoid this is to consider the case when the production cross section for a singlet-like
h0
1/h

0
2 is very suppressed.
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A SM-like Higgs with mH2=126 GeV 

A lighter singlet-like Higgs with mH1~98 GeV 

that would account for an apparent excess in LEP 
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Neutralino-nucleon cross section
We only concentrate on the spin-independent part of the cross-section

Squark-exchange:

formally identical to MSSM; new mixings in qq̃χ̃0
1 coupling

Higgs-exchange:

αh
3i = ∑

3
a=1

1
m2

h0a

Ci
Y Re [Ca

HL ]

Ca
HL = 2{−g (N∗

12 − tan θW N∗
11) (Sa1 N∗

13 − Sa2 N∗
14) +

+
√

2λ [Sa3 N∗
13 N∗

14 + N15
∗ (Sa2 N∗

13 + Sa1 N∗
14)]

}

−2
√

2κSa3 N15
∗N15

∗

C1(2)
Y = −

gmu
2MW sin β

Sa2(1)

Scattering can take 
place through the 
lighter Higgs 	
  

Thus avoiding constraints on the invisible 
decay width of HSM. 	
  

This is also generic of other two-Higgs 
scenarios for DM	
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EW-scale see-saw mechanism implies very small yukawa couplings being therefore of order of the electroweak scale. Then, in order to reproduce the small

masses of the left-handed neutrinos, which are given as

mνL
=

y2
Nv2

2

MN
, (2.8)

the low scale seesaw mechanism implies small Yukawa couplings of O(10−6) or less.

Here, v1,2 = 〈H1,2〉 denote the VEV of the Higgs doublet. To reproduce light neutrino

masses and mixing for neutrino oscillation data we would need to introduce the genera-

tion structure in the right-handed neutrino sector. However, as we will see, these small

neutrino Yukawa couplings are completely irrelevant for dark matter physics. Hence,

for simplicity, we consider one generation case, but one may regard that the considered

sneutrino corresponds to the lightest one among multi-generations.

2.2 Sneutrino masses

The sneutrino mass matrix can be read from the quadratic terms with respect to L̃

and Ñ

V (L̃, Ñ) ⊂ |yNH2Ñ |2 + |2λNSÑ |2 + |− λSH1 + yN L̃Ñ |2

+|− λH1H2 + κS2 + λNÑ2|2 + D − term

+m2
L̃
|L̃|2 + m2

Ñ
|Ñ | +

(
λNAλN

SÑ2 + yNAyN
L̃H2Ñ + H.c.

)
. (2.9)

Decomposing the left-handed sneutrino ν̃L and right-handed sneutrino Ñ as

ν̃L ≡
1√
2
(ν̃L1 + iν̃L2), Ñ ≡

1√
2
(Ñ1 + iÑ2), (2.10)

the sneutrino quadratic term can be written as

1

2
(ν̃L1, Ñ1, ν̃L2, Ñ2)M2

Sneutrino






ν̃L1

Ñ1

ν̃L2

Ñ2






, (2.11)

with

M2
Sneutrino

=






m2
LL̄

m2
LR+m2

LR̄
+c.c

2 0 i
m2

LR−m2
LR̄

−c.c

2
m2

LR+m2
LR̄

+c.c

2 m2
RR̄ + m2

RR + m2∗
RR i

m2
LR−m2

LR̄
−c.c

2 i(m2
RR − m2∗

RR)

0 i
m2

LR−m2
LR̄

−c.c

2 m2
LL̄

−m2
LR+m2

LR̄
+c.c

2

i
m2

LR−m2
LR̄

−c.c

2 i(m2
RR − m2∗

RR)
−m2

LR+m2
LR̄

+c.c

2 m2
RR̄ − m2

RR − m2∗
RR






.
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Sneutrino






ν̃L1

Ñ1
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where flavour indices are omitted and the dot denotes the SU(2)L antisymmetric prod-

uct. As in the NMSSM, a global Z3 symmetry is imposed for each superfield, so that

there are no supersymmetric mass terms in the superpotential. Note that the term

NNN and SSN are gauge invariant but not consistent with R-parity and thus are not

included. Notice also that N does not have a bare Majorana mass but acquires a mass

through the non-vanishing singlet Higgs VEV, vs.

The supersymmetric scalar potential for squarks, sleptons, Higgses and the right-

handed sneutrino, Ñ , is given as V = VF + VD with

VF = |YuH2ũ + YdH1d̃|2 + |YuH2Q̃|2 + |YdH1Q̃|2 + |YeH1ẽ + yNH2Ñ |2 + |YeH1L̃|2

+|YdQ̃d̃ + yN L̃ẽ − λSH2|2 + |YuQ̃ũ − λSH1 + yN L̃Ñ |2

+|− λH1H2 + κS2 + λNÑ2|2 + |2λNSÑ + yN L̃H2|2, (2.3)

and

VD =
g2
1

2

(
H†

1

−1

2
H1 + H†

2

1

2
H2 + Q̃† 1

6
Q̃ + ũ†−1

3
ũ + d̃†1

3
d̃ + L̃†−1

2
L̃ + ẽ†ẽ

)2

+
g2
2

2

∑

a

(
H†

1

τa

2
H1 + H†

2

τa

2
H2 + Q̃† τ

a

2
Q̃ + L̃† τ

a

2
L̃

)2

. (2.4)

The soft SUSY breaking terms are

−Lscalar mass = m2
Q̃
|Q̃|2 + m2

ũ|ũ|2 + m2
d̃
|d̃|2 + m2

L̃
|L̃|2 + m2

ẽ|ẽ|2

+m2
H1
|H1|2 + m2

H2
|H2|2 + m2

S|S|2 + m2
Ñ
|Ñ |, (2.5)

where the new soft scalar masses mÑ and mS are included, and

−LA−terms =
(
AuYuH2Q̃ũ + AdYdH1Q̃d̃ + AeYeH1L̃ẽ + H.c.

)

+

(
−λAλSH1H2 +

1

3
κAκS

3 + H.c.

)

+
(
λNAλN

SÑ2 + yNAyN
L̃H2Ñ + H.c.

)
, (2.6)

which contains the new trilinear soft terms AλN
and AyN

. The sum of the supersym-

metric and soft SUSY breaking terms give the total scalar potential.

2.1 Neutrino mass

As stated above, in this construction, right-handed neutrino masses are generated by

the non-vanishing VEV of the singlet Higgs as

MN = 2λNvs , (2.7)
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Since this determines the LR mixing of 
the neutrino/sneutrino sector one is left 
with pure Right and Left fields 

 
•  The correct relic density can be obtained 

for λN~0.1 (it is a WIMP) and a wide 
range of sneutrino masses 
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Figure 14: Diagram describing the elastic interaction of sneutrinos with quarks.

completely negligible). The effective Lagrangian describing the four-field interaction

only contains a scalar coupling which reads

Leff ⊃ αqi
ÑÑ q̄iqi (4.25)

with

αqi
≡

3∑

j=1

CH0
i ν̃ν̃Yqi

m2
Ho

j

(4.26)

where CH0
i ν̃ν̃ is defined in Appendix A, Yqi

is the corresponding quark Yukawa coupling

and i labels up-type quarks (i = 1) and down-type quarks (i = 2). Notice that the

effective Lagrangian contains no axial-vector coupling since the sneutrino is a scalar

field, therefore implying a vanishing contribution to the spin-dependent cross section.

The total spin-independent sneutrino-proton scattering cross section yields

σSI
Ñp

=
1

π

m2
p

(mp + mÑ1
)2

f 2
p , (4.27)

where mp is the proton mass and

fp

mp
=

∑

qi=u,d,s

f p
Tqi

αqi

mqi

+
2

27
f p

TG

∑

qi=c,b,t

αqi

mqi

. (4.28)

The quantities f p
Tqi

and f p
TG are the hadronic matrix elements which parametrize the

quark content of the proton. They are subject to considerable uncertainties [66, 67, 68]

which induce a significant correction to the theoretical predictions for σSI
Ñp

. In our

analysis we will consider the most recent values for these quantities, as explained in

[69].

It is obvious from the previous formulae that the sneutrino detection cross section is

extremely dependent on the features of the Higgs sector of the model. In particular, σSI
Ñp

32

Direct detection is mediated 
by exchange of the (three) 
Higgs particles 

Notice that WIMP predictions in the SI-mass plane are all very similar. Experiments 
sensitive to SD WIMP scattering are useful to discriminate DM models 



Very light Right-handed sneutrino in the Next-to-MSSM 

Parameter Range
λN 0.07− 0.4
AλN −1000−−500
tanβ 4− 10
λ 0.1− 0.6
κ 0.01− 0.1
Aλ 500− 1100
Aκ −50− 50
µ 110− 250

Table 1: Ranges of variation of the parameters used in the scan.
Masses and trilinear terms are given in GeV units. All the parameters
are defined at the EW scale.

for each point in the scan in such a way that the sneu-137

trino physical mass lies in the range mÑ1
∈ [5 − 50] GeV138

(with the same probability in the whole range). All the139

remaining parameters that define the model at EW scale140

are fixed and their values do not affect the DM properties.141

Regarding the Higgs sector, we impose the presence of142

a Higgs boson in the mass range 123 − 127 GeV, which143

corresponds to the second mass state of the model, h0
2.144

For the signal strengths, we use the latest CMS measure-145

ment [40] which directly translates into a reduction of the146

branching ratios of the Higgs to non-standard and invis-147

ible final states [41, 42, 43, 44, 45]. In this model these148

final states are h0
1h

0
1, a

0
1a

0
1, χ̃

0
1χ̃

0
1, Ñ1Ñ1 and NN . Notice149

the presence of two extra final states with compared to the150

NMSSM which results in an important constraint.151

We have also considered the measurement of some low152

energy observables which are known to have a great im-153

pact in the NMSSM. Namely, we have used the latest mea-154

surements of Bs → µ+µ− process by the LHCb and CMS155

collaborations, which in combination yields 1.5 × 10−9 <156

BR(Bs → µ+µ−) < 4.3 × 10−9 [46]. For the b → sγ157

decay, we require the 2σ range 2.89 × 10−4 < BR(b →158

sγ) < 4.21 × 10−4, which takes into account theoreti-159

cal and experimental uncertainties added in quadrature160

[47, 48, 49, 50].161

In Figure 2, we show prospects for direct (top panel)162

and indirect detection (bottom panel) for very light sneu-163

trino DM in the NMSSM. As previously mentioned, we164

consider only two different scenarios: predominant an-165

nihilation3 into bb̄ (black points) and annihilation into166

very light singlet-like pseudoscalars, a01a
0
1 (green points).167

For the points with darker color (black and green) the168

relic abundance of sneutrinos lies in the range ΩÑ1
h2 =169

[0.11−0.13], while a lighter (gray and light green) color en-170

tails a relic abundance ΩÑ1
h2 < 0.11. In the top panel, we171

represent the spin-independent (SI) cross section off pro-172

tons versus the mass. As a reference we have also included173

the XENON100 [8] (black solid line) and XENON10 [7]174

bounds (black dashed line), and the preferred regions of175

3We consider predominant annihilation into a final state XX if
(< σv >XX / < σv >total) > 0.75.

 (GeV)
1N~m

0 5 10 15 20 25 30 35 40 45 50

 (p
b)

1N~
p-SI

!"

-1310

-1210

-1110

-1010

-910

-810

-710

-610

-510

-410

-310

(GeV)
1N
~m

0 5 10 15 20 25 30 35 40 45 50

)
-1 s3

(c
m

!v
"#$

-2910

-2810

-2710

-2610

-2510

-2410

-2310

Figure 2: Trajectories in the (mÑ ,λN ) plane with fixed RH sneutrino
mass, given various values of AλN

. For each choice of AλN
the

dashed line represents the trajectory along which mÑ1
= 50 GeV

and the solid one corresponds to mÑ1
= 0. Values of tan β = 5,

λ = 0.3, κ = 0.2, and µ = 200 GeV are used. Figure from [28].

CDMS-Si [6] (blue contours, 68 and 95%CL), CRESST [4]176

(red contours) and DAMA [2] (Orange region). In gen-177

eral, in the points with predominant annihilation into bb̄,178

the sneutrinos have higher cross sections. The answer for179

this comes from the fact that in this scenario the annihila-180

tion (s-channel Higgs exchange) and the SI cross sections181

(elastic scattering off quarks through a t-channel Higgs ex-182

change) are correlated being approximately the same pro-183

cesses. Therefore, when the relic density is fixed to the184

3
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As in the NMSSM, light sneutrinos are viable 
if the sneutrino couples to a singlet-like 
Higgs  

ÑÑ

q̄q

H0
i

Figure 14: Diagram describing the elastic interaction of sneutrinos with quarks.

completely negligible). The effective Lagrangian describing the four-field interaction

only contains a scalar coupling which reads

Leff ⊃ αqi
ÑÑ q̄iqi (4.25)

with

αqi
≡

3∑

j=1

CH0
i ν̃ν̃Yqi

m2
Ho

j

(4.26)

where CH0
i ν̃ν̃ is defined in Appendix A, Yqi

is the corresponding quark Yukawa coupling

and i labels up-type quarks (i = 1) and down-type quarks (i = 2). Notice that the

effective Lagrangian contains no axial-vector coupling since the sneutrino is a scalar

field, therefore implying a vanishing contribution to the spin-dependent cross section.

The total spin-independent sneutrino-proton scattering cross section yields

σSI
Ñp

=
1

π

m2
p

(mp + mÑ1
)2

f 2
p , (4.27)

where mp is the proton mass and

fp

mp
=

∑

qi=u,d,s

f p
Tqi

αqi

mqi

+
2

27
f p

TG

∑

qi=c,b,t

αqi

mqi

. (4.28)

The quantities f p
Tqi

and f p
TG are the hadronic matrix elements which parametrize the

quark content of the proton. They are subject to considerable uncertainties [66, 67, 68]

which induce a significant correction to the theoretical predictions for σSI
Ñp

. In our

analysis we will consider the most recent values for these quantities, as explained in

[69].

It is obvious from the previous formulae that the sneutrino detection cross section is

extremely dependent on the features of the Higgs sector of the model. In particular, σSI
Ñp
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Sneutrinos as light as mN=6 GeV can be obtained in agreement with LHC data and 
featuring a LARGE scattering cross section. 

DGC Peiro Robles in preparation ÑÑ à a1a1	
  
ÑÑ à b b	
  

Main annihilation channels: 



Summary 

•  The lightest neutralino in Supersymmetric scenarios is good shape 
 

Applying LHC constraints à m~100-1000 GeV neutralino appear quite naturally 
in simple scenarios (e.g., CMSSM or vanilla pMSSM) 
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•  An experimental effort in the whole range of WIMP masses is needed.  

•  Light SUSY WIMPs 

Experiments sensitive to low-mass WIMPs might provide valuable complementary 
information. 

Limited by stringent bounds from LHC (Higgs sector and low-energy 
observables). 

Large scattering cross sections can be obtained in extended scenarios (e.g., 
neutralino and sneutrino in the NMSSM) 


