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There’s (still) something  

about light WIMPs 
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Direct detection 

Indirect detection 

a pinch of LHC constraints... 

... do not forget the Higgs boson 

Cooking up light 

WIMPs 

 

The RH sneutrino 

in the Next-to-MSSM  



Galaxies 
 

• Rotation curves of spiral galaxies 
• Gas temperature in elliptical galaxies 

 

Clusters of galaxies 
 

• Peculiar velocities and gas temperature 
• Weak lensing 
• Dynamics of cluster collision 

• Filaments between galaxy clusters 

 

Cosmological scales 
 

Anisotropies in the Cosmic Microwave Background 

Dark Matter is a necessary (and abundant) ingredient in the Universe 

WCDM h2 = 0.1196 ± 0.003 

It is one of the clearest hints of  

Physics Beyond the SM 

Planck 2013 



We don’t know yet what DM is... but we do know many of its properties 

 

Good candidates for Dark Matter have to fulfil the following conditions 

• Neutral 

• Stable on cosmological scales 

• Reproduce the correct relic abundance 

• Not excluded by current searches 

• No conflicts with BBN or stellar evolution 

Many candidates in Particle Physics 

• Axions 

• Weakly Interacting Massive Particles (WIMPs) 

• SuperWIMPs and Decaying DM 

• WIMPzillas 

• Asymmetric DM 

• SIMPs, CHAMPs, SIDMs, ETCs...  ... they have very different properties 
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Indirect Detection 

WIMP 

Super 
Heavy DM 

Light DM Axion-like 

particles 

R DDM 

Super 
WIMPs 

Dark Matter can be searched for in different ways... 

Direct Detection 

Accelerator 
Searches 

LHC (ILC) 

PAMELA 
Fermi 

MAGIC 
AMS 

ANTARES 
IceCube 

CTA 

... 

(DM-nuclei scattering) 

(DM annihilation) 

(DM production) 
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DAMA/LIBRA 
SuperCDMS 
XENON 
LUX 
CoGeNT 
DarkSide 

KIMS 
COUPP 
PICASSO 
ZEPLIN 
CRESST 
SIMPLE 
ZEPLIN 

ANAIS 
XMASS 
... 



... probing different aspects of the DM interactions with ordinary matter 

“Redundant” detection can 
be used to extract DM 
properties. 

Constraints in one sector 
might affect observations in 
the other two. 

Direct Detection 

(DM-nuclei scattering) 

Indirect Detection 

PAMELA 
Fermi 

MAGIC 
AMS 

ANTARES 
IceCube 

CTA 

... 

(DM annihilation) 

Accelerator 
Searches 

LHC (ILC) (DM production) 

COMPLEMENTARITY 
of DM searches 

DAMA/LIBRA 
SuperCDMS 
XENON 
LUX 
CoGeNT 
DarkSide 

KIMS 
COUPP 
PICASSO 
ZEPLIN 
CRESST 
SIMPLE 
ZEPLIN 

ANAIS 
XMASS 
... 
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The direct search for low-mass WIMPs  

is very challenging 

Strategy for Light WIMP Searches

SuperCDMS!

analysis range

lower recoil energy!

=!

sensitivity to lighter WIMPs
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• The signal is expected at very low 

recoil energies 

Favours light targets (e.g., Si, F)  

Low-threshold searches 
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SuperCDMS low-threshold   
analysis range (Ge) 

Scattered  
WIMP 

Recoiling 
Nucleus 

2 D irect dark mat t er det ect ion

Let us start by briefly reviewing the basic expressions that describe the WIMP rate in

direct dark matter detect ion [23] (for a recent review see Ref. [24]).

The different ial event rate for the elast ic scat tering of a WIMP with mass mχ off a

nucleus with mass mN is given by

dR

dER

=
ρ0

mN mχ

∞

vm i n

vf (v)
dσW N

dER

(v, ER) dv , (2.1)

where ρ0 is the local WIMP density and f (v) is the WIMP speed distribut ion in the

detector frame normalized to unity. The integrat ion over WIMP speeds is performed

from the minimum WIMP speed which can induce a recoil of energy ER , vmi n =

(mN ER)/ (2µ2
N ), and a escape velocity vesc, the maximum speed in the Galact ic rest

frame for WIMPs which are gravitat ionally bound to the Milky Way. The total event

rate is then calculated by integrat ing the different ial event rate over all the possible

recoil energies,

R =
∞

ET

dER

ρ0

mN mχ

∞

vm i n

vf (v)
dσW N

dER

(v, ER) dv . (2.2)

HereET is the threshold energy, thesmallest recoil energy which thedetector iscapable

of measuring, and is a crucial parameter of the experimental setup.

In general, theWIMP-nucleuscrosssect ion can beseparated into a spin-independent

(SI) and a spin-dependent (SD) contribut ion, and the total WIMP-nucleus cross sec-

t ion is calculated by adding coherent ly the above spin and scalar components, using

nuclear wave funct ions. The different ial cross sect ion thus reads

dσW N

dER

=
dσW N

dER SI

+
dσW N

dER SD

=
mN

2µ2
N v2

σSI
0 F 2

SI (ER) + σSD
0 F 2

SD (ER) , (2.3)

where σ
SI , SD
0 are the spin-independent and -dependent cross sect ions at zero momen-

tum transfer, and the form factors FSI , SD (ER) account for the coherence loss which

leads to a suppression in the event rate for heavy WIMPs or nucleons in the SI and

SD contribut ions.

The observed number of dark matter events and the different ial rate are subject

to uncertaint ies in the nuclear form factors and the parameters describing the dark

matter halo. Determining the impact of these is crucial to understand the capability
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WIMP mass (GeV)
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-710
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-510

-410

-310

503

DAMA/LIBRA

CRESST

CDMS II (Si)

CoGeNT

CDMSlite

XENON10

CoGeNT

XENON100

LUX

Possible hints of light WIMPs (mX~10-50 GeV) 

• CDMS II (Si) (140.2 kg days) 

• CoGeNT (Ge) Irreducible background compatible with m~12 GeV Collar et al. ‘10- ‘13 

... with annual modulation ... (maybe (?)) 

• CRESST II (CaWO4) (730 kg day) Excess over the known background Angloher et al. ‘11 

DAMA/LIBRA Coll. ‘10 

• DAMA/LIBRA (NaI) Annual modulation signal (cumulative exposure 427,000 kg day) 

3 events (expected ~0.7)  

Agnese et al.  PRL 111 (2013)  

Agnese et al.  PRD 88 (2013)  

Reconstruction of the compatible 
regions in the WIMP Spin-
independent cross section vs mass 
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Non-observation in other experiments set upper bounds on the cross section 

XENON10, XENON100, LUX (Xe), CDMSlite, SuperCDMS, Edelweiss (Ge), COUPP (CF3I)  
have not observed any DM signal, which constrains the scattering cross section 

DISCLAIMER:  
 
THIS PLOT ASSUMES 
• Isothermal Spherical Halo 
• WIMP with only spin-independent interaction 
• coupling to protons = coupling to neutrons 

• elastic scattering 
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2

sect ion is dσ/ dER = σ̂A mA / (2v2µ2
A ), with

σ̂A =
µ2

A

M 4
∗

[f pZF
p
A (ER ) + f n (A− Z)F n

A (ER )]
2

, (2)

where f p,n are the couplings to protons and neutrons,

normalized by thechoiceof massscaleM ∗ , and F
p,n
A (ER )

are the proton and neutron form factors for nucleus A.

F
p
A (ER ) and F n

A (ER ) are not ident ical. F
p
A (ER ) is

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

be probed, for example, through neutrino and electron

parity-violat ing scattering off nuclei [14]. However, since

the isospin violat ion from this effect is small compared to

the potent ially large effects of varying f n / f p, we will set

both form factors equal to FA (ER ). With this approxi-

mat ion, the event rate simplifies to R = σA I A , where

σA =
µ2

A

M 4
∗

[f pZ + f n (A − Z )]
2

(3)

I A = NT nX dER

vm ax

vm i n

d3v f (v)
mA

2vµ2
A

F 2
A (ER ) , (4)

and σA is the zero-momentum-transfer SI cross sect ion

from part icle physics, and I A depends on experimental,

astrophysical, and nuclear physics inputs. If f n = f p,

we recover the well-known relat ion R ∝ A2. For IVDM,

however, the scat tering amplitudes for protons and neu-

trons may interfere destruct ively, with complete destruc-

t ive interference for f n / f p = − Z/ (A − Z).

We assume that each detector either has only one el-

ement, or that the recoil spectrum allows one to dist in-

guish one element as the dominant scat terer. But it is

crucial to includethepossibility of mult iple isotopes. The

event rate is then R = i ηiσA i
I A i

, where the sum is

over isotopes A i with fract ional number abundance ηi .

I V DM and cur rent dat a. It will be convenient

to define two nucleon cross sect ions. The first is σp =

µ2
pf 2

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

R = σp

i

ηi

µ2
A i

µ2
p

I A i
[Z + (A i − Z )f n / f p]

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 simplificat ion that the

I A i
vary only mildly for different i , we find

σp

σZ
N

=
i ηi µ

2
A i

A2
i

i ηi µ
2
A i

[Z + (A i − Z )f n / f p]2
≡ FZ . (6)

If one isotope dominates, the well-known result , FZ =

[Z/ A + (1− Z/ A)f n / f p]− 2, is obtained.

In Fig. 1 we show regions in the (mX ,σZ
N ) plane and

the (mX ,σp) plane for f n / f p = − 0.7 that arefavored 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 f n / f p = − 0.7 (bot tom).

and that thesignal arisesent irely from Na scat tering; the

CoGeNT 90% CL favored region [2]; 90% CL exclusion

contours from XENON100 [3] and XENON10 [4]; and

90% CL boundsfrom CDMSGeand Si [5, 6]. Theisotope

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 scint illat ion efficiency at low

energies is uncertain, and there are quest ions about the

assumpt ion of Poisson fluctuat ions in the expected pho-

toelectron count for light dark matter. We have also not

accounted for uncertaint ies 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

mat ter velocity distribut ionsadopted by thevariousanal-

yses, which would slight ly shift the contours.

Remarkably, for − 0.72 <
∼ f n / f p

<
∼ − 0.66, the DAMA-

and CoGeNT-favored regions overlap and the sensit ivity

of XENON is sufficient ly reduced to be consistent with

these signals, since this choice of f n / f p leads to nearly

Isospin-Violating Dark Matter can ease this discrepancy 
2
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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 f n / f p = − 0.7 (bot tom).

and that the signal arises ent irely from Na scat tering; the

CoGeNT 90% CL favored region [2]; 90% CL exclusion

contours from XENON100 [3] and XENON10 [4]; and

90% CL bounds from CDMSGeand Si [5, 6]. The isotope

abundances are given in Tables I and I I.

There are controversies regarding the exclusion con-

tours for xenon-based detectors at low mass [18]. The

energy dependence of the scint illat ion efficiency at low

energies is uncertain, and there are quest ions about the

assumpt ion of Poisson fluctuat ions in the expected pho-
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accounted for uncertaint ies 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 dist ribut ionsadopted by thevariousanal-

yses, which would slight ly shift the contours.
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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 f n / f p = − 0.7 (bot tom).

and that thesignal arisesentirely from Na scattering; the

CoGeNT 90% CL favored region [2]; 90% CL exclusion

contours from XENON100 [3] and XENON10 [4]; and

90%CL boundsfrom CDMSGeand Si [5, 6]. Theisotope

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 scint illat ion efficiency at low

energies is uncertain, and there are questions about the

assumption of Poisson fluctuat ions in the expected pho-

toelectron count for light dark matter. We have also not
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curves of Fig. 1. We have also not adjusted the favored

regionsand bounds to account for differences in the dark
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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 f n / f p = − 0.7 (bot tom).

and that thesignal arisesentirely from Na scattering; the

CoGeNT 90% CL favored region [2]; 90% CL exclusion

contours from XENON100 [3] and XENON10 [4]; and

90%CL boundsfrom CDMSGeand Si [5, 6]. Theisotope

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 scint illat ion efficiency at low

energies is uncertain, and there are quest ions about the

assumption of Poisson fluctuat ions in the expected pho-

toelectron count for light dark matter. We have also not

accounted for uncertaint ies 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 distributionsadopted by thevariousanal-

yses, which would slightly shift the contours.

Remarkably, for − 0.72 <
∼ f n / f p

<
∼ −0.66, the DAMA-

and CoGeNT-favored regions overlap and the sensit ivity

of XENON is sufficiently reduced to be consistent with

these signals, since this choice of f n / f p leads to nearly

Figur e 6. Isospin-dependent couplings. Left : Combined parameter est imat ion of f n / f p, mχ and σn

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

is a preference for f n / f p = − 0.7 but the 2σ confidence region extends up to f n / f p − 0.2. Right :

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

best -fit point is indicated with a white cross.

F igur e 7. Alternat ive choices for isospin-dependent couplings. No significant fine-tuning of f n / f p

is required to weaken the XENON10/ 100 bounds relat ive to CDMS-Si. Note the change of scales in

these figures.

st rongest const raintson CDMS-Si arisefrom SIMPLE [55] and theCRESST-I I commissioning

run [56] (not shown). For f n / f p = − 0.7 these experiments require σn 10− 39 cm2 at

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

In spite of the preference for f n / f p − 0.7, we observe that much larger values of f n / f p

st ill give a good fit to the data. At 1σ confidence level, we find − 0.76 < f n / f p < − 0.58

and the 2σ confidence region extends up to f n / f p − 0.2. To illust rate this point , we show

the cases f n / f p = − 0.5 and f n / f p = − 0.2 in Fig. 7. We conclude that lit t le fine-tuning

is required to suppress the bounds from XENON10/ 100, in part icular 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)    

2

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

σ̂A =
µ2

A

M 4
∗

[f pZF
p
A (ER ) + f n (A− Z)F n

A (ER )]
2

, (2)

where f p,n are the couplings to protons and neutrons,

normalized by thechoiceof massscaleM ∗ , and F
p,n
A (ER )

are the proton and neutron form factors for nucleus A.

F
p
A (ER ) and F n

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

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

be probed, for example, through neutrino and electron

parity-violat ing scattering off nuclei [14]. However, since

the isospin violat ion from this effect issmall compared to

the potentially large effects of varying f n / f p, we will set

both form factors equal to FA (ER ). With this approxi-

mation, the event rate simplifies to R = σA I A , where

σA =
µ2

A

M 4
∗

[f pZ + f n (A − Z)]
2

(3)

I A = NT nX dER

vm ax

vm i n

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 I A depends on experimental,

astrophysical, and nuclear physics inputs. If f n = f p,

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-

t ive interference for f n / f p = −Z/ (A − Z).

We assume that each detector either has only one el-

ement, or that the recoil spectrum allows one to dist in-

guish one element as the dominant scatterer. But it is

crucial to includethepossibility of mult iple isotopes. The

event rate is then R = i ηiσA i
I A i

, where the sum is

over isotopes Ai with fract ional number abundance ηi .

IV DM and cur rent dat a. 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
A i

µ2
p

I A i
[Z + (Ai − Z)f n / f p]

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

I A i
vary only mildly for different i , we find

σp

σZ
N

=
i ηiµ

2
A i

A2
i

i ηiµ
2
A i

[Z + (Ai − Z)f n / f p]2
≡ FZ . (6)

If one isotope dominates, the well-known result , FZ =

[Z/ A + (1− Z/ A)f n / f p]− 2, is obtained.

In Fig. 1 we show regions in the (mX ,σZ
N ) plane and

the(mX ,σp) planefor f n / f p = −0.7 that arefavored and

excluded by current bounds. These include the DAMA

3σ favored region [15, 16], assuming no channeling [17]
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)
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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 f n / f p = − 0.7 (bot tom).

and that thesignal arisesentirely from Na scattering; the

CoGeNT 90% CL favored region [2]; 90% CL exclusion

contours from XENON100 [3] and XENON10 [4]; and

90%CL boundsfrom CDMSGeand Si [5, 6]. Theisotope

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 scint illat ion efficiency at low

energies is uncertain, and there are questions about the

assumption of Poisson fluctuat ions in the expected pho-

toelectron count for light dark matter. We have also not

accounted for uncertaint ies 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

regionsand bounds to account for differences in the dark

matter velocity distributionsadopted by thevariousanal-

yses, which would slight ly shift the contours.

Remarkably, for −0.72 <
∼ f n / f p

<
∼ −0.66, the DAMA-

and CoGeNT-favored regions overlap and the sensit ivity

of XENON is sufficiently reduced to be consistent with

these signals, since this choice of f n / f p leads to nearly

Feng, Kumar, Marfatia, Sanford 2011  

10 

The effective interaction of DM particles with nuclei can 

be more diverse than previously considered 

Fitzpatrick, Wick et al. 2012-2014 



Future detectors will extend the sensitivity by over an order of magnitude.  
SuperCDMS @ SNOLAB will have an excellent coverage of the light mass window. 

11 

Are there viable DM candidates in this mass range?  
 
Can they be detected in future detectors? 
 
How does this compare to other searches  

(indirect/colliders) 
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1) Reproducing (thermally) the correct relic abundance 

Theoretical models for low-mass WIMPs face some complications 

2) Satisfying constraints from DM searches 

3) Collider bounds on low-energy observables and from the Higgs sector 

4) Naturalness of the small mass 

For concreteness I will concentrate on the case of a Right-Handed sneutrino in 

the Next-to-Minimal Supersymmetric Standard Model (NMSSM) 

DGC, Muñoz, Seto 2007  
DGC, Huh, Peiro, Seto 2011 
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1) Reproducing (thermally) the correct relic abundance 

SM annihilation products: ff (generally bb) 
 

Annihilation into other SM particles 
kinematically forbidden 

Theoretical models for low-mass WIMPs face some complications 

This diagram is related to the direct 

detection scattering cross section off 

quarks 

Fixing the relic abundance also fixes the direct 
detection rate 
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1) Reproducing (thermally) the correct relic abundance 

SM annihilation products: ff (generally bb) 
 

Annihilation into other SM particles 
kinematically forbidden 
 

 

Theoretical models for low-mass WIMPs face some complications 

This diagram is related to the direct 

detection scattering cross section off 

quarks 

Fixing the relic abundance also fixes the direct 
detection rate 

If the only mediator is the SM Higgs 

boson, there is only one coupling to fix 

H 

   

H 
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Right-handed sneutrino in the NMSSM 

EW-scale 

Higgsino-mass 

parameter 

& 

Majorana 

neutrino mass 

DGC, Muñoz, Seto 2007 , DGC, Seto 2009 
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Majorana mass of order of the EW scale  small neutrino Yukawa  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
N v2

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 oscillat ion data we would need to introduce the genera-

t ion 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 generat ion case, but one may regard that the considered

sneutrino corresponds to the lightest one among mult i-generat ions.

2.2 Sneut r ino masses

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

and Ñ

V(L̃ , Ñ ) ⊂ |yN H2Ñ |2 + |2λN SÑ |2 + | − λSH1 + yN L̃ Ñ |2

+ | − λH1H2 + κS2 + λN Ñ 2|2 + D − term

+ m2
L̃
|L̃ |2 + m2

Ñ
|Ñ | + λN AλN

SÑ 2 + yN AyN
L̃H2Ñ + H.c. . (2.9)

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

ν̃L ≡
1
√

2
(ν̃L 1 + i ν̃L 2), Ñ ≡

1
√

2
(Ñ1 + iÑ2), (2.10)

the sneutrino quadrat ic term can be writ ten as

1

2
(ν̃L 1, Ñ1, ν̃L 2, Ñ2)M

2
Sneut rino

ν̃L 1

Ñ1

ν̃L 2

Ñ2

, (2.11)

with

M 2
Sneut rino

=

m2
L L̄

m2
L R

+ m2
L R̄

+ c.c

2
0 i

m2
L R

− m2
L R̄

− c.c

2
m2

L R
+ m2

L R̄
+ c.c

2
m2

RR̄
+ m2

RR + m2∗
RR i

m2
L R

− m2
L R̄

− c.c

2
i (m2

RR − m2∗
RR )

0 i
m2

L R − m2
L R̄

− c.c

2
m2

L L̄

− m2
L R + m2

L R̄
+ c.c

2

i
m2

L R
− m2

L R̄
− c.c

2
i (m2

RR − m2∗
RR )

− m2
L R

+ m2
L R̄

+ c.c

2
m2

RR̄
− m2

RR − m2∗
RR

.
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being therefore of order of theelectroweak scale. Then, in order to reproduce the small

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

mνL
=

y2
N v2

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 oscillat ion data we would need to introduce thegenera-

t ion 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 onegenerat ion case, but one may regard that the considered

sneutrino corresponds to the lightest one among mult i-generat ions.

2.2 Sneut r ino masses

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

and Ñ

V(L̃, Ñ ) ⊂ |yN H2Ñ |2 + |2λN SÑ |2 + | − λSH1 + yN L̃Ñ |2

+ | − λH1H2 + κS2 + λN Ñ 2|2 + D − term

+ m2
L̃
|L̃ |2 + m2

Ñ
|Ñ | + λN AλN

SÑ 2 + yN AyN
L̃H2Ñ + H.c. . (2.9)

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

ν̃L ≡
1
√

2
(ν̃L 1 + i ν̃L 2), Ñ ≡

1
√

2
(Ñ1 + iÑ2), (2.10)

the sneutrino quadrat ic term can be writ ten as

1

2
(ν̃L 1, Ñ1, ν̃L 2, Ñ2)M

2
Sneut rino

ν̃L 1

Ñ1

ν̃L 2

Ñ2

, (2.11)

with

M 2
Sneut rino

=

m2
L L̄

m2
L R

+ m2
L R̄

+ c.c

2
0 i

m2
L R

−m2
L R̄

− c.c

2
m2

L R + m2
L R̄

+ c.c

2
m2

RR̄
+ m2

RR + m2∗
RR i

m2
L R − m2

L R̄
− c.c

2
i (m2

RR − m2∗
RR )

0 i
m2

L R − m2
L R̄

− c.c

2
m2

L L̄

− m2
L R + m2

L R̄
+ c.c

2

i
m2

L R
− m2

L R̄
− c.c

2
i (m2

RR − m2∗
RR)

− m2
L R

+ m2
L R̄

+ c.c

2
m2

RR̄
− m2

RR − m2∗
RR

.
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where flavour indices are omit ted and the dot denotes the SU(2)L ant isymmetric 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 superpotent ial. Note that the term

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

included. Not ice 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 potent ial 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+ yN H2Ñ |2 + |YeH1L̃ |2

+ |YdQ̃d̃ + yN L̃ ẽ− λSH2|2 + |YuQ̃ũ − λSH1 + yN L̃ Ñ |2

+ | − λH1H2 + κS2 + λN Ñ 2|2 + |2λN SÑ + 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

τ a

2
H1 + H

†
2

τ a

2
H2 + Q̃†τ

a

2
Q̃ + L̃†τ

a

2
L̃

2

. (2.4)

The soft SUSY breaking terms are

− L scalar mass = m2

Q̃
|Q̃|2 + m2

ũ |ũ|2 + m2

d̃
|d̃|2 + m2

L̃
|L̃ |2 + m2

ẽ|ẽ|2

+ m2
H 1

|H1|2 + m2
H 2

|H2|2 + m2
S|S|2 + m2

Ñ
|Ñ |, (2.5)

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

− L A− terms = AuYuH2Q̃ũ + AdYdH1Q̃d̃ + AeYeH1L̃ ẽ+ H.c.

+ − λAλSH1H2 +
1

3
κAκS3 + H.c.

+ λN AλN
SÑ 2 + yN AyN

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 potent ial.

2.1 N eut r ino mass

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

the non-vanishing VEV of the singlet Higgs as

MN = 2λN vs , (2.7)
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whereflavour indices areomitted and thedot denotes theSU(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
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2 + |YuQ̃ũ − λSH1 + yN L̃Ñ |2
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−1
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1

2
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Q̃ + ũ†

−1

3
ũ + d̃†

1

3
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+
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2
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H
†
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2
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†
2

τ a

2
H2 + Q̃†τ
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2
Q̃ + L̃†τ

a

2
L̃

2

. (2.4)

The soft SUSY breaking terms are

−L scalar mass = m2

Q̃
|Q̃|2 + m2

ũ|ũ|2 + m2

d̃
|d̃|2 + m2

L̃
|L̃ |2 + m2

ẽ|ẽ|2

+ m2
H 1

|H1|
2 + m2

H 2
|H2|

2 + m2
S|S|2 + m2

Ñ
|Ñ |, (2.5)

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

−L A− terms = AuYuH2Q̃ũ + AdYdH1Q̃d̃ + AeYeH1L̃ ẽ+ H.c.

+ − λAλSH1H2 +
1

3
κAκS

3 + H.c.

+ λN AλN
SÑ 2 + yN AyN

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 Neut r ino mass

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

the non-vanishing VEV of the singlet Higgs as

MN = 2λN vs , (2.7)

5

small LR mixing of the neutrino/sneutrino 
sector 
 
Pure Right and Left-handed fields 

The correct relic density can be 

obtained for lN~0.1 (it is a WIMP) and 

a wide range of sneutrino masses 

Light RH sneutrinos are viable and 

with a large scattering cross section 

Ñ f̄

fÑ

H 0
i

∼ λN

Three mediator 

HIGGSES 
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Light Higgs-portal models predict a large scattering cross section 

The predicted scattering cross-section is remarkably close to some of the 

“hints” from direct detection searches 

E.g., RH sneutrino in the Next-to-MSSM 

Similar to the neutralino in the MSSM 

(before experimental constraints ruled 

out this region) 

 

And the same as in generic Higgs 

portal models. 

However, these results are inconsistent 

with LUX, XENON, SuperCDMS... 

RH sneutrino 

NMSSM 

DGC. Huh, Peiro, Seto, 2011 
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Light Higgs-portal models predict a large scattering cross section 

The predicted scattering cross-section is remarkably close to some of the 

“hints” from direct detection searches 

E.g., RH sneutrino in the Next-to-MSSM 

Similar to the neutralino in the MSSM 

(before experimental constraints ruled 

out this region) 

 

And the same as in generic Higgs 

portal models. 

However, these results are inconsistent 

with LUX, XENON, SuperCDMS... 

neutralino 

MSSM 
(obsolete) 

Bottino, Donato, Fornengo, Scopel 2008 
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Lower scattering cross section is also possible 

The correlation between the annihilation cross section and the direct 

detection rate can be broken in the presence of new light particles 

 
E.g., light scalar and pseudoscalar (singlet-like) Higgses in the NMSSM 

If these channels dominate, the 

interaction with fermions is smaller. 

DGC. Huh, Peiro, Seto, 2011 

H 

    

A 

A 



LHC searches constrain DM models 

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

Constraints on SUSY particles and low-energy observables  

Set INDIRECT bounds on SUSY dark matter (mass and 
interactions) 

LHCb 2012, 2013 
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Dark matter production with initial 
state radiation  

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

(remember previous talk by O. Buchmueller) 

gluino mass [GeV]
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SUSY 2013
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CMS Preliminary

1

0
c~ t t ®g

~
 production,  g

~
-g

~

-1) 19.4 fb
T

+HTESUS-12-024 0-lep (
-1

SUS-13-004 0+1-lep (razor) 19.3 fb
-1 6) 19.4 fb³

jets
SUS-13-007 1-lep (n

-1SUS-13-013 2-lep (SS+b) 19.5 fb
-1

SUS-13-008 3-lep (3l+b) 19.5 fb

1

σSI = 10− 9 pb

σSD = 10− 5 pb

mχ = 50 GeV

= 300 kg yr (1)

σSI = 0

σSD = 10− 3 pb

mχ = 70 GeV

= 300 kg yr (2)

σSI = 10− 8 pb

σSD = 10− 5 pb

mχ = 10 GeV

= 300 kg yr (3)

Ge = 300 kg yr Si = 40 kg yr (4)

(f p/ f n )Ge = 0.79 (5)

(f p/ f n )Si = 1 (6)

(f p/ f n )X e = 0.70 (7)

(f p/ f n )N a = 0.92 (8)

(f p/ f n )F = 0.9 (9)

(10)

Ωνh2 = i mν i

91.5eV
0.003 (11)

B(Bs → µ+ µ− ) = 2.9± 1.4× 10− 9
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Important for light WIMPs (mDM < mH/2) 

BS → µ+ µ− . Following the recent observat ional 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 significant ly affect ing the

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

within each NMSSM benchmark point .

2.1 Const raint s on t he H iggs invisible decay widt h

The recent ly discovered scalar part icle at the LHC is compat ible with a Higgs boson with a

mass of 126 GeV and SM-like branching rat ios [DC: citat ion needed]. Within the NMSSM

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

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

new contribut ions to the Higgs mass from the λSHuHd term in the superpotent ial, which

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

situat ion 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 most ly singlet-like

All these features are st ill valid in our construct ion, however, when implement ing con-

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

RH neutrinos or sneutrinos can contribute significant ly 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(h0
SM → inv) 0.20− 0.65 [?,?,?,?].

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

ΓH 0
i →Ñ Ñ =

|CH 0
i ν̃ ν̃

|2

32πmH 0
i

1−
4m2

ν̃

m2
H 0

i

1/ 2

, (2.9)

ΓH 0
i →N N =

λ2
N (S3

H 0
i
)2

32π
mH 0

i
1−

4m2
N

m2
H 0

i

3/ 2

, (2.10)

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

CH 0
i ν̃ ν̃

=
2λλN M W

√
2g

sinβS1
H 0

i
+ cosβS2

H 0
i

+ (4λ2
N + 2κλN )vs + λN

AλN√
2

(S3
H 0

i
)2 . (2.11)

In terms of these, the total invisible branching rat io reads

BR(h0
SM → inv) =

ΓH 0
i →Ñ Ñ + ΓH 0

i →N N

ΓN M SSM + ΓH 0
i →Ñ Ñ + ΓH 0

i →N N

, (2.12)

5

e.g., Djouadi et al. 2013 

Observation of a SM-like Higgs boson with mH~125.5 GeV 

Bound on the invisible decay width of the Higgs 

Ñ Ñ

H 0
i

q q

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

off quarks.

3 D irect det ect ion

Let us now address the detectability of these part icles in direct detect ion experiments.

In general, WIMPs could be observed through their elast ic scat tering off nuclei (see

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

fect ive Lagrangian that is valid in the non-relat ivist ic regime where the collision takes

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

at t ree 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 interact ion which only

contains a scalar coupling,

L ef f ⊃ αqi
Ñ Ñ q̄i qi (3.17)

with

αqi
≡

3

j = 1

CH 0
i Ñ Ñ Yqi

m2
H o

j

(3.18)

where CH 0
i Ñ Ñ 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 thesneutrino-nucleon elast ic scat tering cross sect ion thus

reads

σSI
Ñ p

=
1

π

m2
p

(mp + mÑ 1
)2

f 2
p , (3.19)

where mp is the proton mass and

f p

mp

=

qi = u,d,s

f
p
T qi

αqi

mqi

+
2

27
f

p
T G

qi = c,b,t

αqi

mqi

. (3.20)

The hadronic matrix elements, f
p
T q(= f n

T q = f T q) and f
p
T G(= f n

T G = f T G), are defined

as p|mqq̄q|p = mpf
p
T q and f

p
T q = 1− q= u,d,s f

p
T q, and determined experimentally as
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An extended Higgs sector helps avoiding 
these bounds (NMSSM) 
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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).

H 0
i

N

N

l

ν

W

Z

j 1

j 2

l1

l2

H 0
i

l

N
W

j 1

j 2

l1

ν

WN

l2

Figure 6: Diagrams that contribute to the signal 3 + 2j ets + /E T .

With these configurat ion, 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 determinat ion 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 part icles as

m2
j j l = p

µ
j 1

+ p
µ
j 2

+ p
µ
l (pj 1µ + pj 2µ + plµ) , (1)

where the p
µ
i are the Lorentz vectors of the different part icles. This variable is characterized

by a peak in the mass of the mother part icle, 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
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After imposing all these constraints the predictions for direct detection 

span many orders of magnitude 

DGC, Peiró, Robles 
JCAP 08 (2014) 005 

Excellent motivation for direct searches at low masses  

(preferably with various targets) 
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Internal 

bremsstrahlung 

Continuum (secondary photons) 

Light WIMPs in indirect searches: Gamma rays from DM annihilation 

Direct gamma emission (features, lines) 

Fragmentation, 

hadronization and 

decays of SM 

particles 

f̄

f

γ

χ

χ

η

f̄

f

γ

χ

χ

η

f̄

f

γ

χ

χ

η

Figur e 1. Feynman diagrams of the processes that contribute in leading order to the three-body

annihilat ion cross-sect ion and produce internal bremsstrahlung. The first diagram very roughly cor-

responds to VIB, the second and third to FSR (but note that these contribut ions can be properly

defined and separated in a gauge-invariant way [22]).

mass-split t ing of µ = 1.1. The spectra of secondary photons that stem from the subsequent

decay or fragmentat ion of the produced fermions are derived using Pyt hia 6.4.19 [56]. Note

that in case of bot tom-quark final states we also take into account the product ion of VIB

gluons following Refs. [48, 57].1 For two-body annihilat ion, we cross-checked our results

with the analyt ical fits from Ref. [58, 59] and find very good agreement . From Fig. 2 it

is clear that for small enough mass-split t ings the gamma-ray spectrum at high energies is

completely dominated by VIB photons, which show up as a pronounced peak at energies

close to the dark matter mass. Secondary photons and FSR only become relevant at lower

energies, or for larger values of µ. In our spectral analysis of galact ic center fluxespresented in

Sect ion 3, we will ent irely concentrate on the spectral VIB feature and neglect the featureless

secondary photons. We will consider the range 1 < µ 2, because the VIB feature is most

important in the nearly degenerate case. In this range, the shape of the VIB spectrum is

almost independent of µ (it becomes slight ly wider for larger µ), but its normalizat ion can

vary rather st rongly: for µ = 1.1 (µ = 2.0), the rate is already suppressed by a factor of 0.55

(0.05) with respect to the exact ly degenerate µ = 1 case; for large µ, the rate scales as∝ µ− 4

(whereas the two-body annihilat ion rate scales like ∝ µ− 2). For comparison with our main

results, we will also derive limits from dwarf galaxy observat ions (see Sect ion 4.1); in this

case we will take into account both VIB and secondary photons.

2.2 Connect ion t o t he M SSM

Before cont inuing, let us briefly ment ion the connect ion between our toy model and the much

more often studied case of supersymmetry. The minimal supersymmetric extension to the

standard model (MSSM) is extremely well mot ivated from a part icle physics point of view—

leading, in part icular, to a unificat ion of gauge couplings and strongly mit igat ing fine-tuning

issues in the Higgs sector—and the stability of the lightest supersymmetric part icle (LSP)

is guaranteed by the conservat ion of R-parity; if it is neutral and weakly interact ing, the

LSP thus makes for an ideal DM candidate (for a comprehensive and pedagogical primer to

supersymmetry and the MSSM see e.g. Ref. [61]).

In most cases, the lightest neutralino is the LSP, and thus a prime candidate for WIMP

DM [3]. It is a linear combinat ion of the superpartners of the neutral components of the

1We use throughout the values αs = 0.118 and αem = 1/ 128 as evaluated at the mass of the Z boson. For

DM masses mχ = 40 to 300 GeV this approximat ion af fects the VIB photon cross-sect ion at the few percent

level, and the gluon VIB cross-sect ion by 20%.
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130 GeV dark mat t er and t he Fermi gamma-ray l ine

James M. Cline∗

Department of Physics, McGi l l Universi ty, 3600 Rue Universi ty, Montréal, Québec, Canada H3A 2T8

Based on tentat ive evidence for a peak in the Fermi gamma-ray spect rum originat ing from near

the center of the galaxy, it has been suggested that dark mat ter of mass ∼ 130 GeV is annihilat ing

direct ly into photons with a cross sect ion ∼ 24 t imes smaller than that needed for the thermal
relic density. We propose a simple part icle physics model in which the DM is a scalar X , with a
coupling λX X 2 |S|2 to a scalar mult iplet S carrying elect ric charge, which allows for X X → γγ at
one loop due to the virtual S. We predict a second monochromat ic photon peak at 114 GeV due
to X X → γZ . The S is colored under a hidden sector SU(N) or QCD to help boost the X X → γγ

cross sect ion. The analogous coupling λh h2 |S|2 to the Higgs boson can naturally increase the part ial
width for h → γγ by an amount comparable to it s standard model value, as suggested by recent

measurements from CMS. Due to the hidden sector SU(N) (or QCD), S binds to it s ant ipart icle
to form S-mesons, which will be pair-produced in colliders and then decay predominant ly to X X ,
hh, or to glueballs of the SU(N) which subsequent ly decay to photons. The cross sect ion for X on

nucleons is close to the Xenon100 upper limit , suggest ing that it should be discovered soon by direct
detect ion.

Refs. [1, 2] have recent ly found tentat ive evidence for
a narrow spectral feature at Eγ = 130 GeV in the Fermi-
LAT [3] data (a 4.6σ excess, or 3.3σ taking into account
the look-elsewhereeffect ), and have interpreted it aspho-
tons from the annihilat ion of dark matter (DM) of the
same mass. The Fermi collaborat ion does not yet re-
port such a signal, but their most recent upper limit of
σv ∼ 10− 27cm3s− 1 (assuming an Einasto profile) for

130 GeV DM to annihilate into two photons [4] is con-
sistent with the required cross sect ion found in [2]. The
DM interpretat ion was bolstered in ref. [5], which showed
that the two-photon annihilat ion channel gives a bet ter
fit to the feature than do other final states leading to
photons, the others tending to give a broader peak than
is observed. Ref. [6] has suggested that the excess has
an astrophysical origin associated with the Fermi bub-
ble regions, but ref. [5] claims to locate the spat ial re-
gions in which the signal is maximized, indicat ing that
the strongest emission is coming from close to the galac-
t ic center and not the Fermi bubble regions. In this note
we adopt the annihilat ing DM hypothesis and propose a
model which can account for the monochromat ic photon
line.1

q e

q e

l
X

l
X

g

g

+S

X

X s

s

2
(q e)

s

FIG. 1: Feynman diagrams for the annihilat ion X X → γγ
mediated by virtual S.

∗Elect ronic address: jcline@physics.mcgill.ca
1 For an alternat ive model involving an ext ra U(1) gauge boson

see [7]. See also [8] for an earlier model t hat can provide gamma

ray lines from DM annihilat ion.

Dark mat ter (here denoted by X ) should couple only
weakly to photons, if at all, at t ree-level [9, 10]. One way
to insure the “ darkness” of the DM is for it to couple
to photons only via loops. At one loop, the DM should
couple direct ly to charged part icles S. To make a renor-
malizable coupling of this type, both X and S must be
bosons, since the stability of X and the conservat ion of
charge require X 2 and |S|2. This leads us to consider the
interact ions

L int =
λX

2
X 2 |S|2 + λh |H |2 |S|2 +

λhX

2
|H |2 X 2 (1)

between X , theHiggsdoublet H , and S. Thesecond cou-
pling isnot necessary, but neither is there is any reason to
forbid it , and in fact we will show that it can naturally
give rise to an interest ing enhancement in the h → γγ
branching rat io, for the same values of the S mass and
charge as needed to explain the Fermi line. The third
coupling is useful for achieving the correct relic density
of X [11], as we will discuss. The stability of X is insured
by the Z2 symmetry X → − X .

D ecays of S. It is necessary to make S unstable
in order to avoid charged relics, on whose abundance
there are very stringent bounds from terrestrial searches
for anomalous heavy isotopes [12, 13] and from their ef-
fects on big bang nucleosynthesis [14, 15]. We will also
find it useful to let S transform under QCD or a hid-
den SU(N) gauge symmetry, in order to boost the cross
sect ion for X X → γγ. Suppose S is in the fundamen-
tal representat ion of SU(N) for definiteness. If SU(N)
is QCD and S has charge 4/ 3, it can decay into right-
handed up-type quarks through the renormalizable op-
erator αβγSα ūR ,βuc

R ,γ . I f the SU(N) is exot ic, then S
could decay into a lighter, neutral fundamental repre-
sentat ion field T and two charged right-handed fermions
through a dimension 5 operator. For example, if S has
charge qS = 2, the decay into T + e+ + e+ occurs via the

2 Gamma-ray flux from dark mat t er annihilat ion

The cont inuum gamma-ray different ial flux from DM annihilat ion from a given observational region

∆ Ω in the galact ic halo has two main contribut ions: Prompt and Inverse Comptom Scattering

(ICS),

dΦγ

dEγ
(Eγ ,∆Ω) =

dΦγ

dEγ pr ompt

+
dΦγ

dEγ I CS

. (1)

We detail both contribut ions in the next subsect ions.

2.1 Prompt gamma rays

A cont inuous spectrum of gamma rays is produced by the decays of π0’s generated in the cascading

of annihilat ion products and by internal bremsstrahlung. While the former process is completely

determined for each given final state of annihilat ion, the lat ter depends on the details of the DM

model, such as the spin of the DM part icle and the propert ies of the mediat ing part icle. Neverthe-

less, it is known that internal bremsstrahlung always contains much model-independent final state

radiat ions, which are emit ted direct ly from charged part icles in the final states. In our analysis of

generic DM models, we only consider these components of the continuum spectrum (HOW IMPOR-

TANT ARE THE OTHERS?). It is a safe choice for the conservat ive approach that we follow, since

the inclusion of model-dependent components like (WHICH ARE THE OTHERS?) virtual internal

bremsstrahlung would make constraints stronger.

The prompt contribut ion can be writ ten as

dΦγ

dEγ pr ompt

=

i

dN i
γ

dEγ
σi v

1

8πm2
D M

J̄ (∆Ω)∆Ω , (2)

where the discrete sum is over all DM annihilat ion channels, dN i
γ / dEγ is the different ial gamma-ray

yield, σi v is the annihilat ion cross sect ion averaged over its velocity distribut ion, mD M is the mass

of the DM part icle, and the quantity J̄ (∆Ω), commonly known as the J-factor, is defined as

J̄ (∆Ω) ≡
1

∆ Ω
dΩ

l .o.s.

ρ2(r (l ,Ψ)) dl . (3)

Thisquant ity accounts for both theDM distribut ion and thegeometry of theproblem1. The integral

of the DM squared density ρ2 in the direct ion of observat ion Ψ is along the line of sight (l.o.s), and

r and l represent the galactocentric distance and the distance to the Earth, respect ively.

In eq. (2), all the dependence on astrophysical parameters is contained in the factor J̄ (∆Ω)∆ Ω,

whereas the rest of the terms contain the part icle physics details2. The most crucial aspect in the

calculat ion of J̄ (∆Ω)∆Ω is related to the modeling of the DM distribut ion.

1In other works it also includes inst rumental effects such as the Point Spread Funct ion, see e.g., Refs.[4, 5, 6, 7].

CHECK THIS COMMENT
2St rict ly speaking, both terms are not completely independent each other, as the minimum predicted mass for

DM halos is set by the propert ies of the DM part icle and it is expected to play an important role also in the J-factor.

CHECK THIS COMMENT
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Astrophysical input 

DM Density profile 

Region of observation (backgrounds) 

Theoretical input 

DM annihilation cross section IN THE HALO 

23 



Fermi-LAT ‘11 

Fermi-LAT can provide constraints for light WIMPs 

Upper bounds are normally expressed 
for “pure” annihilation channels.  

Constraint on 

light WIMPs 

Fermi-LAT ‘11 

Fermi-LAT observation of Dwarf 
Spheroidals 

Thermal cross-section excluded for 
some channels (bb and tt) 

 

- They are nearby  
- Largely dark matter dominated systems 
- Relatively free from gamma-ray emission from other 

astrophysical sources  

Dwarf spheroidal galaxies are ideal objects to look for dark matter 

m>27 GeV for the bb channel  
 

m>37 GeV for the +- channel 
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Fermi-LAT ‘14 

Fermi-LAT can provide constraints for light WIMPs 

Constraint on 

light WIMPs 

Fermi-LAT ‘11 

Fermi-LAT observation of Dwarf 
Spheroidals 

Thermal cross-section excluded for 
some channels (bb and tt) 

m>100 GeV for the bb channel  
 

25 TAE Benasque 2014 Abdo et al. 1001.4531 

“Thermal” DM might have a smaller <sv> in the halo  

Coannihilation effects,  
velocity-dependent cross-section 
resonances 

Neutralino MSSM 
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Hooper, Goodenough 2010  

Hooper, Linden 2011 

Compatible with the annihilation of a 

light WIMP ~10-50 GeV 

Abazajian 1011.4275 

Chernyakova 1009.2630 

 Boyarsky, Malyshev, Ruchayskiy, 1012.5839 

or millisecond pulsars, cosmic ray effects 

or different spectrum at galactic centre.  

Cañadas, Morselli, Vitale 2010 

Excess at low energies in Fermi-LAT data from the GC 

Calore, Weniger 2014 

Hooper, linden 2012 

Pulsars do not have the right morphology 

Fits normally done for pure annihilation channels 

 

Compatible with WIMP DM 

2

annihilat ion] cross sect ion [DC: in the Early Universe of

σv ∼] 1-2× 10− 26 cm3/ s, [DC: remarkably close to that

expected for a thermal relic]. σv ∼ 10− 26 cm3/ s

This situat ion has triggered many studies interpret ing

theexcess from thepart iclephysicspoint of view [12–39].

However, as pointed out in Ref. [40], it is [DC: crucial]

to understand if this excess [DC: can be obtained within]

a complete theoret ical framework. [DC: In] the case of

SUSY this is highly non-trivial, [DC: however very re-

cent ly,] a new study has shown that the neutralino in

the MSSM, and other simplified DM models can st ill de-

scribe the excess for DM masses up to hundreds of GeV

depending on theprimary annihilat ion channel [41]. [DC:

Do they include direct detect ion bounds and LHC con-

straints as we do?]

In this work, we extend our previous analysis [42] to

demonstrate that the right-handed (RH) sneutrino DM

in the NMSSM is an excellent scenario to account for the

excess while fulfilling constraints from direct detect ion

experiments, LHC and low energy observables. In our

analysis we also incorporateFermi-LAT constraints from

dwarf spheroidal galaxies(dSph), including an est imation

of theeffect that themost recent resultshaveon our data.

[DC: Modify this paragraph, more details, similar to the

abstract].

RH SN EU T RI N O D M I N T H E N M SSM

This model hasbeen extensively described in Refs. [45,

46]. It is an extended version of the NMSSM, in which a

new gaugesinglet superfield, N , is introduced in order to

account for RH neutrino and sneutrino (Ñ i ) states [DC:

as in [43, 44]]. The superpotent ial of this construct ion is

given by

W = WNM SSM + λN SN N + yN L ·H2N, (1)

whereflavour indicesareomit ted and thedot denotes the

antisymmetric SU(2)L product. WNM SSM is theNMSSM

superpotent ial, λN is a new dimensionless coupling, yN

is the neutrino Yukawa coupling, and H1,2 are the down

and up type doublet Higgs components, respect ively. As

in the NMSSM, a global Z3 symmetry is imposed so that

there are no supersymmetric mass terms in the superpo-

tent ial. Since we assume R-parity conservat ion in order

to guarantee the stability of the LSP, the terms N N N

and SSN are forbidden. Furthermore, we do not con-

sider CP violat ion in the Higgs sector.

After radiat ive electroweak symmetry-breaking the

Higgs fields get non-vanishing vacuum expectat ion val-

ues (VEVs) and thephysical Higgsstatescorrespond to a

superposit ion of the H1, H2 and S fields. The RH sneu-

trino interacts with the SM part icles through the mix-

ing in the Higgs sector thanks to the coupling λN SN N ,

thereby behaving as a WIMP.

[DC: Interest ingly, light RH sneutrinos with masses in

the range of 10− 150 GeV are viable as DM candidates

[49] and const itute ideal candidates to account for the

GCE, as we already pointed out in Ref. [42]. Their phe-

nomenology is very rich, as they can annihilate into a

variety of final states, some of which include scalar and

pseudoscalar Higgses. In part icular, if mÑ 1
> mH 0

1 (A 0
1 ) ,

the annihilat ion final state of sneutrinos is dominated

by a H 0
1 H 0

1 (A0
1A0

1) pair in vast regions of the param-

eter space. It must be not iced that through the pro-

cess Ñ1Ñ1 → H 0
1 H 0

1 (A0
1A0

1) with the subsequent decay

H 0
1 (A0

1) → f f̄ , GḠ where f denotes a fermion and G a

gauge boson, a non-standard final state is produced. In

general, thisprocesswill createa gammaray flux contain-

ing a continuum component plusspectral featurescoming

from the γγ final states. ]

[DC: Given that the final state is not a pure channel

and include exotic configurat ions the model independent

approach generally found in the literature is not applica-

ble. In the next sect ion we describe in detail how the fit

to the Fermi-LAT GCE is performed.]

FI T T I N G T H E GCE W I T H RH SN EU T R I N OS

Previousanalysesof theGCE employ different assump-

t ions on the Galact ic diffuse and point source compo-

nents. Consequent ly, the reconstructed DM mass and

annihilat ion cross sect ion differ slight ly. In this work we

have followed the results of Ref. [10] where the authors

take into account theoret ical model systematics by ex-

ploring a large rangeof Galact ic diffuse emission models.

When these systematics are included as correlated er-

rors in the residual spectrum, the best fit for the DM

interpretat ion corresponds to a b̄bfinal state with a mass

of 49+ 6.4
− 5.4 GeV and a velocity averaged cross sect ion of

1.76+ 0.28
− 0.27 × 10− 26 cm3/ s.

To implement this analysis in our model, we have per-

formed a series of scans over the parameter space of the

model, implement ing theboundsfrom collider, direct and

indirect detect ion experiments (for more details on the

scan and constraints the reader is referred to Ref. [42]).

All [DC: computing the gamma ray spectrum as well

as the RH sneutrino relic abundance with] mi cr OMEGAs

3. 6. 9 [50]. We set an upper bound on the RH sneu-

trino relic abundance, ΩÑ 1
h2 < 0.13, consistent with

the latest Planck results [51]. Besides, we have con-

sidered the possibility that RH sneutrinos only con-

tribute to a fract ion of the total relic density, and set

for concreteness a lower bound on the relic abundance,

0.001 < ΩÑ 1
h2. To deal with these cases, the fract ional

density, ξ = min[1,ΩÑ 1
h2/ 0.11], will be introduced to ac-

count for thereduct ion in therates for direct and indirect

searches (assuming that the RH sneutrino is present in

the DM halo in the same proport ion as in the Universe).

[DC: We .]

2

annihilat ion] cross sect ion [DC: in the Early Universe of

σv ∼] 1-2× 10− 26 cm3/ s, [DC: remarkably close to that

expected for a thermal relic]. mD M ∼ 20− 100 GeV

This situat ion has triggered many studies interpret ing

theexcess from thepart iclephysicspoint of view [12–39].

However, as pointed out in Ref. [40], it is [DC: crucial]

to understand if this excess [DC: can be obtained within]

a complete theoret ical framework. [DC: In] the case of

SUSY this is highly non-trivial, [DC: however very re-

cently,] a new study has shown that the neutralino in

the MSSM, and other simplified DM models can st ill de-

scribe the excess for DM masses up to hundreds of GeV

depending on theprimary annihilat ion channel [41]. [DC:

Do they include direct detect ion bounds and LHC con-

straints as we do?]

In this work, we extend our previous analysis [42] to

demonstrate that the right-handed (RH) sneutrino DM

in the NMSSM is an excellent scenario to account for the

excess while fulfilling constraints from direct detect ion

experiments, LHC and low energy observables. In our

analysis we also incorporateFermi-LAT constraints from

dwarf spheroidal galaxies(dSph), including an est imat ion

of theeffect that themost recent resultshaveon our data.

[DC: Modify this paragraph, more details, similar to the

abstract].

RH SN EU T RI N O D M I N T H E N M SSM

This model hasbeen extensively described in Refs. [45,

46]. It is an extended version of the NMSSM, in which a

new gaugesinglet superfield, N , is introduced in order to

account for RH neutrino and sneutrino (Ñ i ) states [DC:

as in [43, 44]]. The superpotent ial of this construct ion is

given by

W = WNM SSM + λN SN N + yN L ·H2N, (1)

whereflavour indicesareomit ted and thedot denotes the

ant isymmetric SU(2)L product. WNM SSM is theNMSSM

superpotent ial, λN is a new dimensionless coupling, yN

is the neutrino Yukawa coupling, and H1,2 are the down

and up type doublet Higgs components, respect ively. As

in the NMSSM, a global Z3 symmetry is imposed so that

there are no supersymmetric mass terms in the superpo-

tent ial. Since we assume R-parity conservat ion in order

to guarantee the stability of the LSP, the terms N N N

and SSN are forbidden. Furthermore, we do not con-

sider CP violat ion in the Higgs sector.

After radiat ive electroweak symmetry-breaking the

Higgs fields get non-vanishing vacuum expectat ion val-

ues (VEVs) and thephysical Higgsstatescorrespond to a

superposit ion of the H1, H2 and S fields. The RH sneu-

trino interacts with the SM part icles through the mix-

ing in the Higgs sector thanks to the coupling λN SN N ,

thereby behaving as a WIMP.

[DC: Interest ingly, light RH sneutrinos with masses in

the range of 10− 150 GeV are viable as DM candidates

[49] and constitute ideal candidates to account for the

GCE, as we already pointed out in Ref. [42]. Their phe-

nomenology is very rich, as they can annihilate into a

variety of final states, some of which include scalar and

pseudoscalar Higgses. In part icular, if mÑ 1
> mH 0

1 (A 0
1 ) ,

the annihilat ion final state of sneutrinos is dominated

by a H 0
1 H 0

1 (A0
1A0

1) pair in vast regions of the param-

eter space. It must be not iced that through the pro-

cess Ñ1Ñ1 → H 0
1 H 0

1 (A0
1A0

1) with the subsequent decay

H 0
1 (A0

1) → f f̄ , GḠ where f denotes a fermion and G a

gauge boson, a non-standard final state is produced. In

general, thisprocesswill createa gammaray flux contain-

ing a cont inuum component plusspectral featurescoming

from the γγ final states. ]

[DC: Given that the final state is not a pure channel

and include exot ic configurat ions the model independent

approach generally found in the literature is not applica-

ble. In the next sect ion we describe in detail how the fit

to the Fermi-LAT GCE is performed.]

FI T T I N G T H E GCE W I T H RH SN EU T R I N OS

Previousanalysesof theGCE employ different assump-

t ions on the Galact ic diffuse and point source compo-

nents. Consequent ly, the reconstructed DM mass and

annihilat ion cross sect ion differ slight ly. In this work we

have followed the results of Ref. [10] where the authors

take into account theoret ical model systematics by ex-

ploring a large rangeof Galact ic diffuse emission models.

When these systematics are included as correlated er-

rors in the residual spectrum, the best fit for the DM

interpretat ion corresponds to a b̄bfinal state with a mass

of 49+ 6.4
− 5.4 GeV and a velocity averaged cross sect ion of

1.76+ 0.28
− 0.27 × 10− 26 cm3/ s.

To implement this analysis in our model, we have per-

formed a series of scans over the parameter space of the

model, implementing theboundsfrom collider, direct and

indirect detect ion experiments (for more details on the

scan and constraints the reader is referred to Ref. [42]).

All [DC: computing the gamma ray spectrum as well

as the RH sneutrino relic abundance with] mi cr OMEGAs

3. 6. 9 [50]. We set an upper bound on the RH sneu-

trino relic abundance, ΩÑ 1
h2 < 0.13, consistent with

the latest Planck results [51]. Besides, we have con-

sidered the possibility that RH sneutrinos only con-

tribute to a fract ion of the total relic density, and set

for concreteness a lower bound on the relic abundance,

0.001 < ΩÑ 1
h2. To deal with these cases, the fract ional

density, ξ = min[1,ΩÑ 1
h2/ 0.11], will be introduced to ac-

count for thereduct ion in therates for direct and indirect

searches (assuming that the RH sneutrino is present in

the DM halo in the same proport ion as in the Universe).

[DC: We .]
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Low-mass WIMPs are still an very attractive possibility  

 

The excess in the GCE emission observed by Fermi-LAT is nowadays the 

best experimental motivation 

 

From the theoretical point of view, Direct, indirect detection and LHC 

constraints imply 

 - extra light particles 

 - extended Higgs sectors 

 

The RH sneutrino in the NMSSM is an excellent example of a complete 

model with these properties. 



Antiproton searches show no hint for DM 

The antiproton data is good enough to constrain very light WIMPs 

Donato et al. 2008 

Salati, Donato, Fornengo 2010 

... also a potentially promising future in antideuteron searches...  

Bottino, Donato, Fornengo, Salati 2005 

Salati, Donato, Fornengo 2010 

The predicted flux for a very light WIMP 
annihilating into quarks may exceed  
observations 

Lavalle 2010 

DGC, Delahaye, Lavalle 2012 

Light WIMPs annihilating in scalar 

particles? 

See also latest results by BESS-II 

BESS-II ‘11 
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Weniger 1204.2797 

Internal bremsstrahlung 

Bringmann et al. 1203.1312  

130 GeV WIMP annihilation into  

Instrumental effect?  
(it appears in data from Earth’s limb) 

These bounds are very sensitive to the DM halo properties 

The search for “features” also sets 
constraints on low-mass WIMPs 

Ackerman et al. 1305.5597 

Bound on loop-suppressed processes 



Fermi-LAT ‘11 

Fermi-LAT observation of Dwarf 
Spheroidals 

Very light DM can be further constrained with data from the Galactic 

Centre  

Thermal cross-section excluded for 
some channels (bb and tt) 

Fermi-LAT data from GC 

Hooper et al. `12 Similar bounds 

Using a model for the foreground 
emission to get rid of the 
astrophysical background. 

Hooper et al. `12 
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Figure 5: 3σ upper limits on the annihilat ion cross-sect ion of models in which DM annihilates into

b̄b, µ+ µ− (upper panel), τ + τ − or W + W − (lower panel), for the four DM density profiles discussed

in the text . Upper limits set without including the ICS component in the computat ion are also

given as dashed curves (prompt) for comparison. The uncertainty in the diffusion model is shown

as the thickness of the solid curves (from top to bot tom: MIN, MED, MAX) while the lighter

shaded regions represent the impact of the different st rengths of the Galact ic magnet ic field with

lower(higher) values of the cross-sect ion corresponding to B0 = 1 µG(B0 = 10 µG). The horizontal

line corresponds to the expected value of the thermal cross-sect ion for a generic WIMP candidate.

contribut ion from prompt gamma rays and the total contribut ion from prompt plus ICS gamma

rays.

First , it is worth not ing that if the DM density follows an Einasto, NFW or Burkert profile,

the upper limits on the annihilat ion cross sect ion are above the value of the thermal cross-sect ion

for any annihilat ion channel. Nevertheless, the situat ion is drast ically different when we consider

the DM compression due to baryonic infall in the inner region of the Galaxy. Indeed, by adopt ing

14

Very strong for COMPRESSED haloes 

Gómez-Vargas et al. [with Fermi Coll.]  

JCAP 10 (2013)  

These bounds are very sensitive to the DM halo properties 

Fermi-LAT observation of dSph 

Thermal cross-section excluded for 
some channels (bb and tt) 

Fermi-LAT bounds from Galactic Centre 

31 


