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Can one elucidate the dark matter problem 
if no new physics is found at LHC?
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‘’Long lived’’ expectations since the 1980s

The interest in e+e- 
experiments at LEP energies

LEP should also provide us with useful 
information relevant to grand unified theories,

supersymmetry and dynamical symmetry breaking

J. R. Ellis, 16th June, 1980
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Would the LHC be the ultimate “kill-hope” machine ?

LEP has not provide us with useful 
information relevant to grand unified 
theories, supersymmetry and dynamical 
symmetry breaking

Quid of LHC?

SM Higgs Exclusion Limits!

In the low mass part (114-149 GeV) we see a couple of interesting regions 
showing excesses. Further study with new data will give us hopefully a better 
understanding. 

Expected exclusion: 127-420 GeV 
Observed exclusion: 149-206 GeV  
 + 300-440 GeV + parts in 
between 

CMS PAS-HIG-11-011  

Breaking  
news 

Higgs?
SUSY?

35 

Z’ !  tt Search 
Search in the all hadronic decay channel for the tops 
Tops are boosted for high mass Z’, jets merge 
Start from Cambridge-Aachen fat jets and apply jet pruning to find sub-jets 
QCD background estimate from data (mistag method)  

CMS-EXO-11-006 

Exclude KK-Gluons  1<M<1.5 GeV 
Others?

    

Physics Beyond the Standard Model 

Extra Dimensions? Black Holes??? Long lived particles? 

ZZ/WW resonances? 
Leptoquarks? 

Supersymmetry 

We do not know what is out there for us… 
A large variety of possible signals. We have to be ready for that 

New Gauge Bosons? 

Compositness? 

Add additional uncertainties in 
predicted signal (PDF, higher 
orders) 

Results from  
EPS-2011 
on Saturday 
 
Full talk 

Simplified model 
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But there is definitely new physics (whatever it is...)
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Two possible explanations... 

Modifying gravity:

New neutral particles:

4

2ϕ). The perturbation in the scalar field will support the
perturbations through recombination yet still allow the
damping of anisotropies in the photon fluid. Unlike the
case of dark matter however, the coupling between the
scalar field and the metric is such that ρφ does not play
a role in the magnitude of the effect. Even for minute
values of Ωφ we can still have a non-negligible effect. As
we can see in Fig. 3, the net result is that decreasing
µ0, #B or K will boost small scale power in such a way
as to overcome the damping of perturbations. This is an

FIG. 4: The angular power spectrum of the CMB (top panel)
and the power spectrum of the baryon density (bottom panel)
for a MOND universe (with a0 ! 4.2×10−8cm/s2) with ΩΛ =
0.78 and Ων = 0.17 and ΩB = 0.05 (solid line), for a MOND
universe ΩΛ = 0.95 and ΩB = 0.05 (dashed line) and for the
Λ-CDM model (dotted line). A collection of data points from
CMB experiments and Sloan are overplotted.

intriguing effect that goes in tandem with what we saw in
the CMB. While decreasing #B (and a sufficiently small
K and µ0) will contaminate the large scale power in the

angular power spectrum of the CMB, it can also play a
role in counteracting Silk damping of density perturba-
tions.

Given these two effects on the dynamics of large scale
structure, is it possible to construct a MOND universe
which can reproduce current observations of the CMB
and galaxy surveys? There is clearly a competition be-
tween overproducing large scale power in the CMB but
also overcoming damping on small scale. In Fig. 4 we
present two MOND universes compared to data [13, 14].
As mentioned above, a universe with a very large contri-
bution of Λ will not fit the current CMB data. By having
the three neutrinos with a mass of mν ! 2 eV each we
are able to resolve this mismatch. With an appropriate
choice of K, µ0 and #B it is possible to reproduce the
power spectrum of galaxies as inferred from the Sloan
Digital Sky Survey [14]. The possibility of using massive
neutrinos to resolve some of the problems with clusters
in a MOND universe has been mooted in [15].

We have focused on one very specific model proposed
by Bekenstein with a somewhat artificial potential for
the new degrees of freedom. This phenomenological ap-
proach needs a firmer theoretical underpinning which
might come from the various approaches which are being
taken in the context of brane worlds, M-theory and a rich
array of theories of modified gravity. However, Beken-
stein’s theory can play an important role in opening up
an altogether different approach to the dark matter prob-
lem. It serves as a proof of concept which will clearly
lead to a new, very different view of the role played by
the gravitational field in cosmology.

Acknowledgments: We thank J. Bekenstein, J. Binney,
M. Doran, J. Dunkley, O. Elgaroy, J-M Frere, D. Hooper,
S. Pascoli and O. Vives for discussions. C.S is supported
by PPARC Grant No. PPA/G/O/2001/00016. D.F.M.
is supported by Research Council of Norway through
Project No. 159637/V30.
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Hence “weakly” interacting when 
it comes to emitting photons but 
perhaps not that weakly interacting...

Bekenstein’s theory (TeVeS)
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! DM particles must have a mass 
! DM particles must have interactions
! DM particles experience the thermal history of the Universe 

" mass = non relativistic transition time
" interactions = decoupling time
" thermal history = equality time

What kind of neutral particle?

Monday, 14 November 2011



!"#$%!&'#(!%)*+

!"#$%&'(

)*+,-!%$'&.&/'&0

1!0*#2%&+3

45/&62%!57#'52*8!-9#%50%$//&9&0$'&*+

:&-/'5;!0*#2%!<5'=!+5+*+5-!%$'&.&/'&0>5+!#'-&+*/

:&-/'5+*+5-!%$'&.&/'&0<5'=!+5;!0*#2%!> +!#'-$%&+*/

!$)+*,-./0012304

!"
#$
%&
'#
()
"*
%&
#$
*&
#*+

$'
),

-.
("
/0

12*3&44

5#%)"/.6*("#$%&'#("/*12

7$&8.6*!"#$%&'#("/*12

8$9 2$9 :$9 ;$9

<$/()"*!

<$/()"*!!

<$/()"*!!!

=>,&.(#6
?*;@)34)"

CB, P. Fayet and R. Schaeffer, astro-ph/0012504

Need for a neat classification of all types of DM candidates
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      Locate your favourite DM candidates

           (forget about CDM and WDM for the moment)
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Theoretical parameter space 

Theoretically, we have explored a small region of the parameter space.
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DM parameter space investigated experimentally/observationally

!"
#$
%&
'#
()
"*
%&
#$
*&
#*+

$'
),

-.
("
/0

12*3&44

5#%)"/.6*("#$%&'#("/*12

7$&8.6*!"#$%&'#("/*12

8$9 2$9 :$9 ;$9

<$/()"*!

<$/()"*!!

<$/()"*!!!

=>,&.(#6
?*;@)34)"

Neutrino physics
gravitino

Using clusters, 
matter and Cl power spectra

 DD, ID, LHC
+

axion physics

Experimentally, explored about the same although a bit tricky
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We have to be very lucky for the DM to be the type of 
particles that we can discover with our present tools!
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Neutrino 

Using clusters, 
matter and Cl power spectra

 DD, ID, LHC

+
axion 

Experimentally, explored about the same although a bit 
tricky

LEP should also provide us with useful 
information relevant to grand unified 

theories,
supersymmetry and dynamical symmetry 

LHC
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      The WIMP region
‘thermal’ bulk only; 
I am discarding non-thermal candidates

!"
#$
%&
'#
()
"*
%&
#$
*&
#*+

$'
),

-.
("
/0

12*3&44

5#%)"/.6*("#$%&'#("/*12

7$&8.6*!"#$%&'#("/*12

8$9 2$9 :$9 ;$9

<$/()"*!

<$/()"*!!

<$/()"*!!!

=>,&.(#6
?*;@)34)"

Monday, 14 November 2011



• Hypothesis until the 2000s, working hypothesis:

!thermal (annihilating)

!symmetric (n_DM = n_antiDM)

!weakly interacting

The relic density paradigm

Thermal equilibrium

Expansion

dn

dt
= −3 H n − < σv > (n2 − n

2
eq)

Annihilations

Boltzmann equation
no Particle Physics!

Monday, 14 November 2011



Why is/was the thermal hypothesis so popular? 

• Solutions of the Boltzmann equation requires NO Particle Physics input !

• BUT ... it does give an information about DM particle properties:

�σv� = 3. 10−27cm3/s

Ωdmh2

Before that 
annihilations

reduce the DM 
number density

expansion has won!
Annihilations become ineffective

number of DM particles

a cross section 
defines the slope

Only one 
value of the cross

section works!

annihilations efficiency 
stop at the same x= m/T!

Monday, 14 November 2011



Will the CMSSM/mSUGRA survive? 
Predictions are being tested at LHC: quid of the light Higgs?

18
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Figure 12. The one-dimensional χ2 functions for Mh in the CMSSM (left) and the NUHM1 (right). The
solid lines are for fits including all the available data, except the LEP [55,56] constraints, with a red band
indicating the estimated theoretical uncertainty in the calculation of Mh of ∼ 1.5 GeV. The pre-LHC
results [5] are shown as dotted lines. The yellow shading in the left panel shows the LEP exclusion of
an SM Higgs boson, which applies also to the lightest CMSSM Higgs boson [57, 58]. The lighter yellow
shading in the right panel reflects the fact that this mass range is not completely excluded in the NUHM1
due to a possible suppression of the ZZh coupling. The beige shading in both panels indicates values of
Mh inaccessible in the supersymmetric models studied with GUT-scale unification.
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Figure 13. The one-dimensional χ2 functions for MA in the CMSSM (left) and the NUHM1 (right). The
solid lines are for fits including the LHC1/fb data, and the dotted lines are for fits based on the pre-LHC
data [5].

tioned earlier, which might be excluded by the ATLAS
1/fb 0-lepton search.

with lower values of σSI
p , though with best-fit val-

ues still∼ 10−45 cm2. We do not present here pre-
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Figure 14. The 68% and 95% CL contours (red and blue, respectively) in the CMSSM (left) and the
NUHM1 (right). The solid lines are for fits including the XENON100 [25] and LHC1/fb data, whereas
the dotted lines include only the pre-LHC data [5].

larger value of tanβ, but this may eventually
lead to subsidiary tension with the LHC H/A
constraints and the tightening experimental vise
on BR(Bs → µ+µ−). In any case, it will be
important to subject the (g − 2)µ constraint to
closer scrutiny, and the upcoming Fermilab and
J-PARC experiments on (g − 2)µ [66] are most
welcome and timely in this regard. In parallel, re-
finements of the experimental inputs for the pre-
diction of (g − 2)µ from both low-energy e+e−

and τ decay data would also be welcome. It will
be also necessary to subject the theoretical cal-
culations within the SM and the corresponding
estimates of the remaining theoretical uncertain-
ties to further scrutiny.

The dark matter upper limit on the sparticle
mass scale remains unchanged, and is respon-
sible for the disfavoured region above m1/2 ∼
2500 GeV visible in our figures for the CMSSM
and the NUHM1. On the other hand, the dark
matter constraint on m0 is not so strong, as also
seen in the figures, extending well beyond the
range displayed. Considering the impact of di-
rect jets + /ET searches only, the regions of the
CMSSM and NUHM1 (m0,m1/2) planes in Fig. 2
with p-values significantly non-zero extend be-
yond the likely reach even of the full-energy LHC

in its high-luminosity incarnation. A fortiori, the
same is true for the regions of these planes allowed
at the current 95% CL (∆χ2 = 5.99 relative to the
global minima, bounded by the blue contours in
Fig. 1). This is even more true of the full regions
of the CMSSM and NUHM1 (m0,m1/2) planes
that are allowed by the dark matter constraint.
In light of this discussion, under what circum-

stances could one conclude that the CMSSM or
NUHM1 is excluded? Currently, our best fits in
both these models have p-values above 10%, com-
parable to that of SM fits to precision electroweak
data from LEP and SLD, and the F-test shows
that both the CMSSM and NUHM1 are war-
ranted extensions of the SM, in the sense that in-
troducing their parameters provides an improve-
ment in χ2 that is valuable in both cases. More-
over, it seems unlikely that the LHC will soon be
able to explore all the region of the (m0,m1/2)
planes in Fig. 2 where the models’ p-values ex-
ceed 5%, nor does the LHC seem likely soon to
push Fχ (see Fig. 3) to uninterestingly low lev-
els. This is not surprising, as in the high-mass
limit the superpartners decouple and one is left
essentially with the SM with a light Higgs.
One way for the LHC to invalidate the mod-

els studied here would be to discover an SM-like

arXiv:1110.3568

One can obtain xfo by plugging the number density at equilibrium (neq = cst×m3× x−3/2 e−x) into
the Boltzmann equation (see Eq. 71). After simplifications, one obtains:

x−1
fo " ln

〈σ v〉 T 2
0 m

Hα (2π)3/2 √
xfo

. (76)

which indicates that the freeze-out occurs at T " m/12 for MeV particles and rather T " m/23 for
a 100 GeV particle.

The important point is that, whatever the mass of the dark matter particle, the ratio of the freeze-out
temperature to the dark matter mass is about the same order of magnitude (in between 10 and 25 for
realistic candidates ranging from 1 MeV to 1 TeV).

Reporting this range of values for xfo into Eq. 74, one readily sees that – if the cross section is
independent of the dark matter mass (as could be the case for scalars [40]) – then the relic densities
obtained for a 1 MeV or a 1 TeV candidates only differ by a factor two. Therefore, when the cross section
is independent of the dark matter mass, the relic density mostly constrains the type of interactions that
dark matter can have. If the cross section depends on the dark matter mass as m2/m4

X where mX would
be the mass of the exchanged particle (as it is the case for fermions), then the relic density does constrain
the dark matter mass. In this case, only candidates with a mass in between 1 GeV to 1 TeV can have
the observed relic density (using no other experimental contraint).

2.4 Exceptions to relic density calculations

In the previous section, we have explained how to estimate the relic density of a specific candidate and
show that there is a simple relationship between the dark matter pair annihilation cross section and the
relic density. We also mentioned that if the dark matter annihilation cross section was proportional to
the dark matter mass, it is rather straightfoward to constrain the dark matter mass using the relic density
criterion. However there are several exceptions to this method.

The first example is called coannihilation and denotes the situation where the dark matter is almost
mass degenerated with another particle (the next to lightest particle of the spectrum). Let us assume
that there is indeed new physics beyond the Standard Model of particle physics and that the lightest
particle associated with this new spectrum is our dark matter candidate (which will be referred to as d1

hereafter). Let us call the next to lightest particle of the spectrum by d2 and the next-to-next d3 and so
on.

If md1 ≤ md2 << md3 , then d3 decays long before d2. The particle d2 becomes non-relativistic slightly
before d1. Although d2 can decay into d1 particles + Standard Model particles, the phase space associated
with this 2-body decay is significantly reduced, thus increasing the lifetime of d2 particles. This means
that there are still many d2 particles when d1 becomes non-relativistic. Since d1 and d2 particles can
interact and eventually annihilate together, i.e. co-annihilate, one has to solve a system of two coupled
equations, namely:

dn1

dt
= −3Hn1 − 〈σv〉ann(n2

1 − n2
1,0

) − 〈σv〉coa(n1 n2 − n1,0 n2,0)

dn2

dt
= −3Hn2 − 〈σv〉ann(n2

2 − n2
2,0

) − 〈σv〉coa(n1 n2 − n1,0 n2,0)

where ni,0 denotes the equilibrium distribution of the i particle.
Since d2 is non-relativistic before d1, its equilibrium distribution is also Boltzmann suppressed. Hence

the efficiency of coannihilations can be estimated by comparing the coannihilation rate with the annihi-
lation rate:

Γann

Γcoann
=

〈σv〉ann

〈σv〉coa

n1

n2

=
〈σv〉ann

〈σv〉coa

md1

md2

e−β(md2−md1)

(77)

indicating that the difference of mass ∆m = md2 −md1 plays a fundamental role. When the difference
is too large, there are not enough d2 to coannihilate with and the annihilations are dominant. However,
this strongly depends on the ratio of the annihilation and coannihilation cross sections. Indeed, if d1

47
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Likely to be excluded, we have to move on

Summary for CMSSM

!"
#$
%&
'#
()
"*
%&
#$
*&
#*+

$'
),

-.
("
/0

12*3&44

5#%)"/.6*("#$%&'#("/*12

7$&8.6*!"#$%&'#("/*12

8$9 2$9 :$9 ;$9

<$/()"*!

<$/()"*!!

<$/()"*!!!

=>,&.(#6
?*;@)34)"

Monday, 14 November 2011



What (conventional) else in the thermal region?

    (Can we still have supersymmetry?)

CMSSM pMSSM

Monday, 14 November 2011



!"
#$
%&
'#
()
"*
%&
#$
*&
#*+

$'
),

-.
("
/0

12*3&44

5#%)"/.6*("#$%&'#("/*12

7$&8.6*!"#$%&'#("/*12

8$9 2$9 :$9 ;$9

<$/()"*!

<$/()"*!!

<$/()"*!!!

=>,&.(#6
?*;@)34)"

Thermal, low mass, annihilating candidates
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Are there light ([1-10] GeV) neutralinos in the 
pMSSM?

2

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

II. METHOD

To efficiently explore the multi-dimensional parameter space,
we have performed a Markov Chain Monte Carlo analysis
(based on the Metropolis-Hastings algorithm). We have used
micrOMEGAs2.4 [33, 34] to compute all observables. This
code relies in turn on SuSpect [35] for calculating the par-
ticle spectrum in the MSSM and on NMSSMTools [36] for
calculating the particle spectrum and the various collider and
B-physics constraints in the NMSSM.
We use the method of burn-in chains, i.e. we first explore the
parameter space till we find a point with a non-vanishing like-
lihood. When such a point is found, we continue the chains,
keeping all the points that are retained by the MCMC. How-
ever, since it is difficult and time-consuming to find a good
starting point, we require to speed up the process that the like-
lihood times the prior (hereafter referred to as Q) associated
with the starting point exceeds the value Q > 10−12, and use
an exponential prior on mχ to make sure that the starting point
is within close proximity of the low neutralino mass region.
However, when this point is found, we replace the exponen-
tial prior on mχ by a flat prior. Since low mass neutralinos
are quite unlikely with respect to heavier ones (and since find-
ing them also requires a certain amount of fine-tuning), we
have decided to perform two independent scans. One aims
at exploring the mass region ranging from 0 to 15 GeV (this
range of mass is particularly relevant for the CoGeNT and
DAMA/LIBRA interpretation) and the second one aims at
exploring the range from 0 to 50 GeV (to include the pre-
ferred region of the two WIMP recoil-like events reported by
CDMS-II). A proper exploration of the parameter space is ob-
tained after generating approximately 50 chains of 105 points
each.
The total likelihood function for each point is the product of
the likelihood functions evaluating the goodness-of-fit to all
the data set that are displayed in Table. I. These include B
physics observables, the anomalous magnetic moment of the
muon, (g−2)µ, the Higgs and sparticles masses obtained from
LEP and the corrections to the ρ parameter. For the MSSM
case, only LEP mass limits on new particles were taken as a
sharp discriminating criterion with L = 0 or 1. Other crite-
ria had some tolerance. For the NMSSM, limits on the Higgs
sector, on the Z partial width and on neutralino production as
computed by NMSSMTools were also taken as a sharp dis-
criminating criterion.
We use a Gaussian distribution for all observables with a pre-
ferred value µ±σ,

F2 (x,µ,σ) = e
− (x−µ)2

2σ2 (1)

and

F3 (x,µ,σ) =
1

1+ e
− x−µ

σ
. (2)

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

TABLE I: List of constraints, from Ref. [37] unless noted otherwise

constraint value/range tolerance applied

Smasses - none both
ΩWMAPh

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

sys: 4.9 10−10

∆ρ ≤ 0.002 0.0001 MSSM
b → sγ 3.52 10−4 [38, 39] th: 0.24 10−4 both

exp: 0.23 10−4

Bs → µ
+

µ
− ≤ 4.7 10−8 4.7 10−10 both

R(B → τν) 1.28 [38] 0.38 both
mH ≥ 114.4 1% MSSM

Z → χ1χ1 ≤ 1.7 MeV 0.3 MeV MSSM
none NMSSM

e
+

e
− → χ1χ2,3 ≤ 0.1 pb [40] 0.001 pb MSSM

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

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

exp: 0.033 10−13 GeV

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

100% ΩWMAPh
2 > Ωχh

2 > 10% ΩWMAPh
2, (3)

with ΩWMAPh
2 = 0.1131 ± 0.0034 [41]. The cases where

Ωχ < ΩWMAP should correspond to scenarios in which there
is either another (if not several) type of dark matter particles
in the galactic halo [42] or a modification of gravity (cf e.g.
[43]). In case of a multi component dark matter scenario, there
could be either very light e.g.[44–47] or very heavy particles
(including very heavy neutralinos), depending on the findings
of direct detection experiments.

III. MSSM SCENARIOS

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

l̃
for all

sleptons, and for all squarks mq̃ (but we have checked that we
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FIG. 1: MSSM-EWSB scenario for µ > 0 and mχ < 15 GeV. These plots represent the rescaled weight Q/Qmax of the points selected by the

MCMC versus the free parameters that we have considered. Curves in dark blue correspond to points with a likelihood greater than 99.4 %;

Curves in blue, correspond to points with likelihood greater than 95.4 % and smaller than 99.4 % of the maximum Likelihood and points in

pale blue are all the remaining points having a likelihood greater than 68 %.

FIG. 2: Q/Qmax with respect to the neutralino mass in MSSM-

EWSB scenario for µ > 0 and mχ < 15 GeV. We use the same color

code as in Fig. 1.

nos in the halo. In this case, not only would they be a minor

source of dark matter but also their energy density distribu-

tion in the halo may be affected by the nature of the main

candidate; this is hard to estimate. We have checked never-

theless that taking Ωχ � 10%ΩWMAP does not change our re-

sults. This can be understood easily. Taking Ωχ � ΩWMAP
requires a large pair annihilation cross-section (σvχχ). Yet,

σvχχ is proportional to the neutralino mass squared. Hence,

the lightest the neutralino, the smallest the pair annihilation

cross-section, that is the largest value of Ωχh2
. Thus, one can-

not take the neutralino mass arbitrarily small. To enhance the

FIG. 3: MSSM-EWSB scenario with µ > 0 and mχ < 15 GeV. Spin-

independent cross section on proton times the fraction of neutrali-

nos in the Milky Way dark halo (ξ) versus the neutralino mass mχ.

The dark red (light pink) points have a likelihood greater than 99.4%

(68%).

cross-section, the sole viable option is to invoke neutralino

pair annihilations through the exchange of a relatively light

pseudo-scalar Higgs (which is in agreement with our findings)

since neutralino co-annihilations with the Next-to-LSP is im-

possible owing to the smallness of the neutralino mass.

Theoretically: yes,
Experimentally: no (?)

excluded
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Very light MSSM neutralinos are out 
but that is not the end of the story (...yet!...) 
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at low values of the soft parameter, ml̃R . Furthermore, large
values of tanβ will induce a large mixing in the stau sector,
thus decreasing the lightest stau mass. As a result, all sleptons
are just above the LEP exclusion region. The tanβ distribution
thus extends to the highest values probed. The other two sce-
narios (B and C) require a LSP with as large as possible hig-
gsino component to ensure sufficient coupling to the Z or the
Higgs -this means small µ- even though the LSP is dominantly
bino since M1 � µ. Scenario B further requires a light pseu-
doscalar, hence the large peak in the distribution at low values
of MA. In this case, large values of tanβ also are needed for
efficient annihilation. However the low MA - large tanβ region
is strongly constrained by Tevatron searches. Furthermore the
R(Bu → τντ) ratio in the case of a light charged Higgs drops to
very low values around tanβ = 25, thus these values are disfa-
vored. Other parameters are constrained from several observ-
ables. For example, a squark contribution is needed to cancel
the Higgs contribution in the B(b → sγ), hence the peak at low
values of third generation squark masses Mq̃3 . This is relevant
only for scenario B.

FIG. 1: Frequency distributions of free parameters in the light MSSM
neutralino scenarios. Blue curves contain all allowed points while
green curves show the distribution for the points that pass all as-
troparticle physics constraints.

FIG. 2: Allowed points in the tanβ vs. MA plane in the mχ0
1
< 30 GeV

search. We show only the region where MA < 500 GeV. The ex-
clusion limit from CMS is also displayed. In yellow (red), points
excluded by one (two) constraint and in black those excluded by
three constraints (CMS, XENON100 and dSph as described in sec-
tion III A). The shading represents Q : weights of darker points are at
most at 1σ from Qmax while the lighter points are at most at 2σ and
3σ.

The allowed region displayed in the tanβ−MA plane, Fig. 2,
shows that when the pseudoscalar is light, large values of tanβ
are ruled out after taking into account Tevatron constraints on
Higgs decaying into tau pairs. Furthermore, the newer exclu-
sion limit from CMS [14] in the same channel (black line in
Fig. 2) further cuts into the parameter space, the only remain-
ing points for MA < 150 GeV correspond to tanβ ≤ 14.

To ensure that we have probed completely light neutralino sce-
narios, we did a further run imposing a prior mχ0

1
< 15 GeV.

The maximum weight in that region is of 0.22, and the maxi-
mum weight for the points with MA < 150 GeV is Q = 0.085
which is much lower than in the previous sample. The allowed
points in the MA − tanβ are displayed in Fig. 3, here we show
only the region with a light pseudoscalar, other points with
very large values of tanβ and light sleptons were also found
and will be discussed below. With the incorporation of the lat-
est Tevatron bounds, we have not found the same configura-
tions as in our previous analysis [10]. Those with large values
of tanβ are now ruled out by Higgs searches. We found more
scenarios where all Higgs bosons are around 100 GeV, indeed
all Higgs bosons have to be light in order to overcome the lim-
its on the Higgs mass from LEP. However most of these points
are now constrained by the latest CMS exclusion [14] imposed
after performing the fit. In this sample, there were neutralinos
below 10 GeV that passed all collider constraints, albeit with a
low weight. However, we will show that all these neutralinos
are ruled out by astroparticle limits (both from XENON100
and Fermi-LAT).

5

FIG. 5: Integrated γ-ray flux from the Draco dwarf spheroidal galaxy
as a function of the neutralino mass in the mχ0

1
< 30 GeV search. We

show limits from Fermi-LAT. Same color code as Fig. 4.

FIG. 6: Integrated γ-ray flux from the Draco dwarf spheroidal galaxy
as a function of the neutralino mass in the mχ0

1
< 15 GeV search. We

show limits from Fermi-LAT. Same color code as Fig. 4.

mass, furthermore they rely critically on the exact value taken
for the limit on light sleptons. These results are in qualitative
agreement with the recent results of [8].

IV. OTHER COLLIDER OBSERVABLES

We now consider the prospects for probing these scenarios at
the LHC. For this, we have computed the value for all the
observables used for the fit as well as the masses of spar-
ticles. One observable that is promising in the flavour sec-
tor is B(Bs → µ+µ−), since it is enhanced at large values of
tanβ and low values of MA. Even though this region is al-
ready constrained from Higgs searches, the predictions for
B(Bs → µ+µ−) together with the recent limit obtained from a
combination of LHCb and CMS results [31] as well as expec-

tations for the reach of LHCb [32] show that many scenarios
would be either further constrained or lead to a signal in the
very near future, see Fig. 7. However most of the configura-
tions with the best likelihood with neutralinos below 20 GeV
predict a rate much below the foreseen limit. These all belong
to the scenarios with light sleptons.

FIG. 7: Predictions for Br(Bs → µ+µ−) as a function of the LSP mass
in the mχ0

1
< 30 GeV search. The current Tevatron limit (full), the

combined LHCb and CMS limit (dot) [31] as well as the projected
LHCb limit (dash) [32] are also displayed. The color code is the
same as in Fig. 4

.

As mentioned above, we have not imposed the LHC con-
straints on squarks and gluinos in the MCMC analysis. We
have however checked a posteriori that these constraints did
not impact the lower limit on the neutralino mass. For this
we have used the limits set by ATLAS, mq̃ > 850 GeV and
mg̃ > 800 GeV [33], in a simplified model where the squarks
of the first generations are degenerate and assumed to decay
uniquely in jets plus missing energy. In our case the limits
are somewhat weaker as the squarks have reduced branching
ratios in jets plus missing energy. In any case, many of the
scenarios with a good likelihood have first generation squarks
and/or gluinos above the TeV scale (as indicated by the soft
mass distributions in Fig. 1). In particular many scenarios
with the best likelihoods have mg̃ > 2 TeV, that is above the
mass range that can be probed with the high energy, high lumi-
nosity LHC (

√
s = 14 TeV and L = 100fb−1). This is not sur-

prising since the color sector affects only the light neutralino
scenarios through some of the B-physics observables.
The points that survive all collider and astrophysical limits
nevertheless predict some light particles and can therefore be
probed further at the LHC. These points are displayed in the
mτ̃ −mχ̃ plane in Fig. 8 where it is shown that sleptons with
a mass below 120 GeV are predicted in all scenarios where
the LSP is below 26 GeV. The slepton pair production cross
section at the LHC-7TeV is around 20-50 fb and leads to a sig-
nature with two leptons and missing energy. These scenarios
can easily be studied at a future linear collider [34]. Finally
the points with a neutralino near 30 GeV that belong to sce-
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Ab = Aτ = 0. These parameters only play a role in the mix-
ing in the down sector (∝ Ab(τ)−µ tanβ), while a large mixing
can be induced by µ tanβ. To explore the parameter space we
have used the Markov Chain Monte-Carlo code presented in
[10] which is based on micrOMEGAs [20–22] for the compu-
tation of collider and flavour constraints as well as for dark
matter observables. We rely on Suspect [23] for the com-
putation of the spectrum. The constraints imposed are listed
in Table I of Ref. [10]. They include the WMAP constraint
on the abundance of dark matter [24], branching ratios for
B(b → sγ),B(Bs → µ+µ−),R(B → τν), the muon anomalous
magnetic moment, (g− 2)µ as well as LEP limits on sparti-
cle masses, on the invisible width of the Z and on the asso-
ciated production of the LSP with a heavier neutralino. For
the LEP limits we have used the values implemented in mi-
crOMEGAs, corresponding in particular to the values for the
sleptons, mẽ > 100 GeV, mµ̃ > 99 GeV, ml̃1 > 80.5 GeV and
mν̃ > 43 GeV. 1

In this analysis we have replaced the limit on the light Higgs
mass with improved limits on the Higgs sector obtained
from the HiggsBounds3.1.3 package [25, 26] linked to mi-
crOMEGAs2.4. In this way, we take into account both the
LEP constraints on the light Higgs as well as Tevatron con-
straints on heavy Higgs searches at large tanβ. The likeli-
hood for the Higgs constraint is taken to be 0 when a point is
rejected by HiggsBounds and 1 otherwise. We compute the
global weight Q by multiplying the global likelihood to the
global prior of each scenario. We use the likelihood and prior
functions described in [10].

Parameter Minimum Maximum Tolerance

M1 1 1000 3
M2 100 2000 30
M3 500 6500 10
µ 0.5 1000 0.1

tanβ 1 75 0.01
MA 1 2000 4
At -3000 3000 100

Ml̃R 70 2000 15
Ml̃L 70 2000 15

Mq̃1,2 300 2000 14
Mq̃3 300 2000 14

TABLE I: Intervals for MSSM free parameters (GeV units).

We have not included recent LHC results on heavy Higgs
searches [13, 14] in the fit but impose them a posteriori. Also
we have not included the recent results from the LHC on

1 We have not included the flavour constraint from K → lν, although con-
straining the light charged Higgs as shown in [6], this has no direct influ-
ence on the light neutralino.

squarks and gluino searches as they are somewhat model de-
pendent. Note that when imposing cosmological constraints
we allow for the possibility that neutralinos do not explain all
of the dark matter in the universe but only a fraction taken to
be as small as 10%, this has no major impact on our conclu-
sions since light neutralinos tend to be over abundant.
Light neutralinos can also be constrained by direct and indi-
rect detection. We will apply these constraints only after hav-
ing selected the best scenarios from a global fit. Specifically
we will consider the XENON100 results from direct detection
searches. In all cases with two scalar Higgses with a mass
around 100 GeV that must couple sufficiently to the LSP to
provide enough annihilation in the early universe, we expect
an important contribution of both Higgses to the spin indepen-
dent neutralino nucleon elastic scatttering cross section. This
will turn out to be an important constraint on light neutralinos
as will be discussed in the next section.
Pair annihilation of neutralino DM into quarks and/or τ’s
leads, after hadronization, to the production of gamma-rays.
Photons can also be radiated directly from an internal line
or from a final state before it decays. The photon flux is
proportional to 1/m2

χ0
1

thus a large flux is expected for light
dark matter. The observation of the photon flux from dwarf
spheroidal galaxies (dSph) by Fermi-LAT therefore provides
a constraint on light neutralino dark matter. For each viable
scenario found by the MCMC, we have computed the gamma
ray flux expected in the eight dwarfs observed by the Fermi
experiment. This value is then compared with the Fermi-LAT
95% limits [27] with the procedure described in [15]. The
most stringent limits are obtained for the Draco dSph.

III. THE LOWER LIMIT ON THE NEUTRALINO MASS

Viable scenarios with light neutralinos can be difficult to
find. Therefore, we have imposed the prior mχ0

1
< 30 GeV.

Since we already know that there are neutralinos at around
∼ 28GeV [10], there is no need to probe higher masses, which
would make the run less efficient.
Performing the MCMC analysis, we found the maximum
weight to be Qmax � 0.72. Nevertheless, only 2.9% of the
points have weights Q ≥ 0.23 (1σ away from Qmax), while
57% have weights Q ≥ 2.2×10−3 (3σ away from Qmax). We
find neutralinos with masses as low as 10.5 GeV, although
most points are located near 30 GeV, the prior upper bound
on the neutralino mass. The allowed parameter space, rep-
resented in Fig. 1, is best described in terms of the prop-
erties of the neutralinos that satisfy the relic density upper
limit. There are three dominant mechanisms that provide effi-
cient neutralino annihilation: A) annihilation into lepton pairs
through slepton exchange, B) annihilation via exchange of a
light pseudoscalar Higgs, C) annihilation via a Z boson. The
latter works better for masses near MZ/2, therefore neutrali-
nos below � 25 GeV are expected to correspond to scenarios
A and B.
The first scenarios (A) require a bino LSP and light slep-
tons, in particular right-handed sleptons which couple more
strongly to the bino. Consequently, we observe a large peak

mH± ! mt + mb
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FIG. 3: Allowed points in the tanβ vs. MA plane with the prior
mχ0

1
< 15 GeV showing only the region where MA < 150 GeV. The

exclusion limit from CMS is also displayed. The color code is the
same as in Fig. 2

A. Constraints from astroparticle physics

We now consider two different astroparticle constraints on the
light neutralino scenarios. First we consider the spin indepen-
dent direct detection limits from XENON100 as it provides
the most stringent limit on light neutralinos. Figure 4 repre-
sents the yields in the ξσSI vs. mχ0

1
plane along with limits

from XENON100 and CDMS-II. The three types of scenar-
ios have very different predictions for the spin independent
cross section on nucleons. In scenario A, the LSP can be pure
bino and therefore couples weakly to the Higgs, cross sec-
tions can therefore be much suppressed. It is in this class of
scenarios (green points) that we find the lightest viable neu-
tralino. In case B, cross sections which receive a contribu-
tion from both light scalar Higgses are large. All these points
are ruled out by XENON100 as was found in the previous
analysis. In scenario C, the LSP also has a higgsino compo-
nent but tends to have a lower cross section on nucleons since
it receives only the contribution of one light Higgs. Since
a smaller higgsino component is needed as one approaches
the Z resonance, some of these scenarios with mass near 30
GeV predict an elastic scattering cross section below the limit
of XENON100. When computing these predictions, we have
chosen rather conservative values for the quark coefficient in
the nucleon (σπN = 45 MeV, σ0 = 40 MeV) although recent
lattice QCD results [28] indicate that the s-quark content could
be smaller than previously thought, leading to a suppression of
the SI cross sections. Taking the central value from the result
would only lead to a 20% further reduction in the neutralino
proton cross section. This is not enough to make some of the
scenarios B drop below the XENON100 exclusion limit. An
improvement on the SI direct detection limit by a factor 4-8 is
required to close light neutralino scenarios up to 30 GeV.
We now compute the gamma ray flux originating from DM
annihilation in dSph assuming an NFW [30] profile and com-

FIG. 4: Points of the mχ0
1
< 30 GeV search represented in the ξσSI

vs. neutralino mass plane. Exclusion limits from CDMS-II [29] and
XENON100 are shown. The color code is the same as in Fig. 2,
green points are allowed.

pare this with the 95% limits from Fermi-LAT considering an
angular region of 0.5◦ and an integrated flux from 0.1GeV <
E < mχ̃0

1
. We found that many configurations -more specifi-

cally with the characteristics of scenario B- are excluded by
both limits (red points) while others are also constrained by
XENON100 (yellow points). The configurations allowed by
XENON100 (green points) satisfy all collider and astrophysi-
cal constraints. All these belong to scenario A for neutralinos
below 28 GeV. In these configurations, the photon flux just
reached the maximal value allowed by Fermi for the smallest
mass (recall that the flux goes as 1/m2

χ0
1
).

Since the parameter space allowing for light neutralinos is
rather fine-tuned, one might argue that somewhat lighter neu-
tralinos could be found with a refined analysis. With an ad-
ditional run with a prior set at mχ̃ < 15 GeV, we found that
the lower bound on the neutralino could be extended by a few
GeV’s when considering collider constraints. However the
lighter neutralinos were constrained by dSphs as displayed in
Fig. 6. In this run we found the lower limit on the neutralino
mass to be 12.6 GeV, corresponding to a point of weight
Q � 0.11 that is safe regarding XENON100, Fermi-LAT and
CMS. As before, it corresponds to scenarios with light slep-
tons.
After taking into account constraints from direct and indirect
DM searches and considering only the points with the highest
likelihood we find that the lightest neutralino has a mass of
mχ10 � 18.6 GeV, while 12.6 GeV is possible with the prior
mχ0

1
< 15 GeV. Other constraints are not a critical issue as

the light slepton is favorable for the muon anomalous mag-
netic moment and the large value for MA implies that the B-
physics constraints are weak. Furthermore the almost pure
bino LSP easily evades the LEP constraints on the Z invisible
width. These new configurations were not found in our pre-
vious study where we had assumed one common soft slepton
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FIG. 5: Integrated γ-ray flux from the Draco dwarf spheroidal galaxy
as a function of the neutralino mass in the mχ0

1
< 30 GeV search. We

show limits from Fermi-LAT. Same color code as Fig. 4.

FIG. 6: Integrated γ-ray flux from the Draco dwarf spheroidal galaxy
as a function of the neutralino mass in the mχ0

1
< 15 GeV search. We

show limits from Fermi-LAT. Same color code as Fig. 4.

mass, furthermore they rely critically on the exact value taken
for the limit on light sleptons. These results are in qualitative
agreement with the recent results of [8].

IV. OTHER COLLIDER OBSERVABLES

We now consider the prospects for probing these scenarios at
the LHC. For this, we have computed the value for all the
observables used for the fit as well as the masses of spar-
ticles. One observable that is promising in the flavour sec-
tor is B(Bs → µ+µ−), since it is enhanced at large values of
tanβ and low values of MA. Even though this region is al-
ready constrained from Higgs searches, the predictions for
B(Bs → µ+µ−) together with the recent limit obtained from a
combination of LHCb and CMS results [31] as well as expec-

tations for the reach of LHCb [32] show that many scenarios
would be either further constrained or lead to a signal in the
very near future, see Fig. 7. However most of the configura-
tions with the best likelihood with neutralinos below 20 GeV
predict a rate much below the foreseen limit. These all belong
to the scenarios with light sleptons.

FIG. 7: Predictions for Br(Bs → µ+µ−) as a function of the LSP mass
in the mχ0

1
< 30 GeV search. The current Tevatron limit (full), the

combined LHCb and CMS limit (dot) [31] as well as the projected
LHCb limit (dash) [32] are also displayed. The color code is the
same as in Fig. 4

.

As mentioned above, we have not imposed the LHC con-
straints on squarks and gluinos in the MCMC analysis. We
have however checked a posteriori that these constraints did
not impact the lower limit on the neutralino mass. For this
we have used the limits set by ATLAS, mq̃ > 850 GeV and
mg̃ > 800 GeV [33], in a simplified model where the squarks
of the first generations are degenerate and assumed to decay
uniquely in jets plus missing energy. In our case the limits
are somewhat weaker as the squarks have reduced branching
ratios in jets plus missing energy. In any case, many of the
scenarios with a good likelihood have first generation squarks
and/or gluinos above the TeV scale (as indicated by the soft
mass distributions in Fig. 1). In particular many scenarios
with the best likelihoods have mg̃ > 2 TeV, that is above the
mass range that can be probed with the high energy, high lumi-
nosity LHC (

√
s = 14 TeV and L = 100fb−1). This is not sur-

prising since the color sector affects only the light neutralino
scenarios through some of the B-physics observables.
The points that survive all collider and astrophysical limits
nevertheless predict some light particles and can therefore be
probed further at the LHC. These points are displayed in the
mτ̃ −mχ̃ plane in Fig. 8 where it is shown that sleptons with
a mass below 120 GeV are predicted in all scenarios where
the LSP is below 26 GeV. The slepton pair production cross
section at the LHC-7TeV is around 20-50 fb and leads to a sig-
nature with two leptons and missing energy. These scenarios
can easily be studied at a future linear collider [34]. Finally
the points with a neutralino near 30 GeV that belong to sce-

Light MSSM neutralinos should 
not resist a very long time...
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FIG. 8: Predictions for the lightest slepton mass as a function of the
LSP mass for points that pass all collider and astroparticle physics
constraints in the mχ0

1
< 30 GeV search. Dark points are those within

the 1σ region, and light points within 3σ.

nario C (annihilation through a Z exchange) and that also sur-
vive all constraints predict the chargino and the second neu-
tralino to be below 200 GeV. Both particles often decay into
a LSP and a gauge boson rather than into leptons, hence one
cannot exploit the limits from the trilepton searches set by the
Tevatron [35, 36].

V. DISCUSSION

This analysis shows that there are two windows of configu-
rations with light neutralinos with very different characteris-
tics and signatures. In the first, it is the light pseudoscalar
Higgs boson that dominates DM neutralino annihilation. A
large fraction of these configurations have been excluded by
the recent results from CMS on searches for associated Higgs
production decaying into τ pairs. Furthermore, their astropar-
ticle signatures, specifically in the SI direct detection exper-
iments and in the γ-ray signal from dSphs, are largely above
the observations published by the XENON100 and the Fermi-
LAT collaborations. In the second, light sleptons just above
the LEP limit are required to provide efficient neutralino an-
nihilations. The viable configurations feature a heavy pseu-
doscalar mass (MA ≥ 500 GeV) thus the heavy Higgs doublet
does not contribute significantly to the SI elastic scattering of
neutralinos off nucleons. This, combined with the fact that the

LSP is a bino, allows to escape the direct detection constraint.
These scenarios are safe regarding indirect detection limits.
The absolute lower bound on the light neutralino is found to
be 12.6 GeV.
The results presented here appear to disagree somewhat
with [4, 6] which obtain neutralinos lighter than 10 GeV ac-
companied with light pseudoscalars after taking into account
collider limits. This could be explained by the fact that there
are some differences as to the constraints taken into account
-we used a slightly more stringent constraint on the Higgs sec-
tor and on B(Bs → µ+µ−) and R(B → τν) as compared to [4]-
and/or on the definition of the allowed points -combined like-
lihood in our case and 2σ bound in other works. To verify this
we have also performed a random scan of the parameter space
using the procedure described in [6] and found similar results.
In any case, we claim that all these scenarios are constrained
by dSphs and by direct detection. The absolute lower bound
on the light neutralino that we find is in agreement with the
one found in Ref. [3] and in [8]. In these analyses, light slep-
tons are required to ensure sufficient annihilation of the bino
LSP.
In conclusion, the light neutralino scenarios that are allowed
by collider constraints are in many case challenged by direct
and indirect detection limits. The remaining scenarios do not
have a large scattering cross section on nuclei and cannot ex-
plain DAMA [1] and CoGeNT [2]. An improvement of less
than an order of magnitude on the spin independent direct de-
tection limit would allow to rule out all MSSM neutralinos
lighter than 30 GeV while a factor of two improvement in
sensitivity in gamma ray searches would probe all neutrali-
nos lighter than 20 GeV. Furthermore light neutralinos are
necessarily accompanied by other new particles at the elec-
troweak scale. In particular one expects sleptons with a mass
O(100GeV ) when neutralinos are lighter than 26 GeV and/or
charginos and other neutralinos with masses of O(200) GeV.
an an order of magnitude on the spin independent direct detec-
tion limit would allow to rule out all MSSM neutralinos lighter
than 30 GeV while a factor of two improvement in sensitiv-
ity in gamma ray searches would probe all neutralinos lighter
than 20 GeV. We therefore expect the lower limit on the light-
est neutralino mass to keep increasing as the LHC and direct
and indirect dark matter searches improve their sensitivity.
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Figure 12. The one-dimensional χ2 functions for Mh in the CMSSM (left) and the NUHM1 (right). The
solid lines are for fits including all the available data, except the LEP [55,56] constraints, with a red band
indicating the estimated theoretical uncertainty in the calculation of Mh of ∼ 1.5 GeV. The pre-LHC
results [5] are shown as dotted lines. The yellow shading in the left panel shows the LEP exclusion of
an SM Higgs boson, which applies also to the lightest CMSSM Higgs boson [57, 58]. The lighter yellow
shading in the right panel reflects the fact that this mass range is not completely excluded in the NUHM1
due to a possible suppression of the ZZh coupling. The beige shading in both panels indicates values of
Mh inaccessible in the supersymmetric models studied with GUT-scale unification.
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Figure 13. The one-dimensional χ2 functions for MA in the CMSSM (left) and the NUHM1 (right). The
solid lines are for fits including the LHC1/fb data, and the dotted lines are for fits based on the pre-LHC
data [5].

tioned earlier, which might be excluded by the ATLAS
1/fb 0-lepton search.

with lower values of σSI
p , though with best-fit val-

ues still∼ 10−45 cm2. We do not present here pre-
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FIG. 6: Predicted photon flux as a function of the LSP mass. The

horizontal lines correspond to the Fermi limit including the 1σ error

bars in the integral over the DM density distribution. Points excluded

by XENON100 are in yellow.

from 1 to 15 GeV and, for each of the 14 bins, we select the

point with the maximum value for ξ2σv/m2

χ0

1

and with a good

likelihood (defined as Q > 0.32Qmax) and which, yet, is safe

with respect to the Draco limits. This leads to 14 benchmark

points. The dominant annihilation channel for all of them is

into bb̄ for mχ0

1

> 4.2GeV and into ττ̄ otherwise. The bench-

marks are listed in Table I.

The results for the antiproton fluxes are displayed in Fig. 7

and compared to the background spectrum taken from the ap-

proximate analytical formulae in Ref [38]. This background

by itself provides a good fit to the data. The fluxes computed

are close to one order of magnitude below the background

from secondaries at energies below ≈ 2 GeV and drop rapidly

at higher energies. We therefore conclude that one cannot fur-

ther constrain these scenarios by measuring the antiproton flux

as the uncertainty in the background calculation (which ex-

ceeds 10%) is always larger than the signal.

Note that to compute these fluxes we have set the propaga-

tion parameters to the default values in micrOMEGAs, i.e. the

MED set of parameters (see Ref. [39]). For a different set of

propagation parameters, the expected fluxes can increase. In-

deed we find that the fluxes reach at most the background level

with the MAX set of propagation parameters (corresponding

to a larger diffusive zone, see Ref. [39, 40]).

For completeness, we have also computed the positron

fluxes for the 14 benchmark points, using the MED propaga-

tion parameter set [40]. The fluxes are always at least two or-

ders of magnitude below the background [41] , see Fig. 8. This

was to be expected since the scenarios that we have selected

predict dominant quark final states; hence a better signature in

antiprotons than in positrons. Note that the ττ̄ channel, which

leads to a hard positron spectrum, is dominant either at very

low masses or when the cross section is very small.

FIG. 7: Cosmic ray predictions for the antiproton spectra for 13

benchmark points in Table I. The first point in this table is ignored

as it is too light to give antiprotons. The maximal energy for each

spectrum corresponds to the neutralino mass. The background from

secondaries [38] (dash) is also displayed.

FIG. 8: Predictions for the positron spectra as compared to the back-

ground [41] (dash) for 14 benchmark points in Table I. The maximal

energy for each spectrum corresponds to the neutralino mass.

C. Comparison with direct detection

In the light neutralino scenarios there is a good comple-

mentarity between gamma ray searches and direct searches.

Indeed many scenarios which predict a spin independent cross

section below the XENON100 exclusion curve overpredict the

gamma ray flux in dSph galaxies, see Fig. 9. This is also il-

lustrated in the correlation plot displayed in upper panel of

Fig. 10, where we show the gamma ray flux as a function of

the spin independent cross section. Clearly, the Fermi dSph

limits constrain scenarios where the spin-independent cross

!"#$%#&''$'&()#$*+"#,-'&*.% &*$#)+$/0110

/+2$(-"(+$%&*('+#$1
3$*+"#,-'&*.% 4&*5'"6&*($%&*('&*. 5.78.*+*#9
3$:&((%+%;$)<=)>=)?$@$-<=->

Here we are, light neutralinos...
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mχ0
1

ξ �σv�×1027 BRττ̄ BRbb̄ BRss̄ R

[GeV] [cm3s−1]

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

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

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

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

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

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

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

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

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

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

But...

1107.1614
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FIG. 1: Relic density of light NMSSM neutralinos, the darker the dot
the larger the likelihood.

constraints, we can predict the energy spectrum of photons in
the galaxy and dSph as well as the flux of cosmic rays in the
MW. The comparison of the spin-independent cross section
with the limits from CDMS [3] and XENON100 [26] will en-
able us to set additional constraints. In view of the tension at
low dark matter mass between the results from the XENON,
CDMS, CoGeNT [1] and DAMA/LIBRA [2] experiments, we
will also investigate whether some scenarios can fall into the
low mass and large cross section region or not.

To perform this analysis, we have used the same
Markov Chain Monte-Carlo code presented in [4] based
on the NMSSMTools package [27] embedded in mi-
crOMEGAs [28]. Dark matter observables were computed
with micrOMEGAs [29, 30].

A. The model

The Next-to-Minimal Supersymmetric Standard Model
(NMSSM) is a simple extension of the MSSM that contains
an additional gauge singlet superfield. The VeV of this sin-
glet induces an effective µ term that is naturally of the or-
der of the electroweak scale, thus providing a solution to
the naturalness problem [31]. The model contains one ad-
ditional neutralino state, the singlino, as well as three scalar
(H1,H2,H3) and two pseudoscalar (A1,A2) Higgs bosons. An
important feature of the model is that the singlet fields can
be very light and escape the LEP bounds. This is because
these fields mostly decouple from the SM fields [31]. This
opens up the possibility for new annihilation mechanisms for
light neutralinos, in particular through the exchange of light
Higgs singlets as well as into light Higgs singlets [28]. The
model that we consider has input parameters which are de-
fined at the weak scale. The free parameters are taken to be
the gaugino masses M1,M2 = M3/3, the Higgs sector param-
eters µ, tanβ, λ,κ,Aλ,Aκ, a common mass for the sleptons m

l̃

and the squarks mq̃ as well as only one non-zero trilinear cou-
pling, At , for more details see [4]. We only consider scenarios

with a neutralino LSP lighter than 15 GeV.

B. Branching ratios in the Early Universe

We start by computing the relic density for each candidate.
The main assumption in these calculations is the conventional
freeze-out mechanism. As shown, in Fig. 1, we have found
many points with a relic density in the WMAP range. Hence,
although the candidates that we are interested in are light,
many have an acceptable relic density. In what follows, we
do also include the points with a smaller relic density even
though they can only partially contribute to the dark matter.

We can now determine the Branching Ratios (BR) associ-
ated with the different final states. The results are displayed in
Fig. 2. The dominant annihilation channel is either into Higgs
pairs, H1H1 and A1A1, or into Fermion pairs. We did not find
any configurations with H1A1 in the final state as it would re-
quire that both the scalar and pseudoscalar be very light. For
Fermionic modes, the dominant channel is determined by the
heaviest kinematically accessible Fermion. When the mass of
the neutralino is smaller than 1.7 GeV, the only possible final
states are into light quarks ss̄ and cc̄. If the neutralino mass
is larger than 1.7 GeV but smaller than 4.2 GeV (mb), the
dominant channel is ττ̄ at 90-100 %. Above the b mass, the
dominant Fermionic final state is usually bb̄. However, the as-
sociated branching ratio spans from below 1% to 100% as the
Higgs mode can also contribute significantly. Hence, for neu-
tralino masses above the b-quark mass, one expects also an-
nihilations into H1H1,A1A1 as well as some contribution from
ττ̄ and cc̄.

C. Branching ratios in Milky Way and Dwarf Spheroidal
galaxies

We can now compute the annihilation cross section and
branching ratios in the MW and dwarf spheroidal galaxies.
In effect, this is equivalent to studying the impact of the dark
matter velocity. To take into account the fact that neutralinos
may not be responsible for all of the dark matter in the uni-
verse and therefore that the halo may not be totally composed
of neutralinos, we introduce the parameter

ξ = 1 if Ωχh
2 ≥ ΩWMAPh

2

= Ωχh
2/ΩWMAPh

2 otherwise (1)

where Ωh
2
WMAP corresponds to the lower value of the WMAP

measurement. In what follows we will always rescale the local
neutralino density by the factor, ρχ0 = ξρDM.

The total annihilation cross section spans several orders of
magnitude as displayed in Fig. 3. In some cases, it can be
strongly enhanced with respect to its value in the Primordial
Universe. This ”boost” can occur when the annihilation pro-
ceeds through a s-channel exchange of a pseudoscalar Higgs
particle near resonance, the cross section is then sensitive to
the thermal kinetic energy : at small velocities, one gets the
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mχ0
1

ξ �σv�×1027 BRττ̄ BRbb̄ BRss̄ R

[GeV] [cm3s−1]

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

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

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

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

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

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

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

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

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

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

8

FIG. 13: Predictions for the branching ratio B(Bs → µ+µ−) in terms
of mχ1 together with the Tevatron limit and the LHCb projected limit,
same color code as Fig. 11.

IV. RADIO EMISSION IN THE GALACTIC CENTRE AND
THE COMA CLUSTER

Since light particles eventually produce electrons in the
MW, one expects a significant radio emission in the galactic
centre as well as in galaxy clusters as first pointed out in [21]
and discussed further in e.g. Ref. [22, 45–48].

This is true, in particular, for the points with large cross sec-
tions at v → 0 and ξ � 1 (i.e. canonical values in the primor-
dial Universe). Since these points have been already excluded
by using the Fermi dSph limits, we shall rather concentrate
on the part of the parameter space that is left after applying
the gamma ray constraint. We thus compute the radio flux
expected for the benchmark points displayed in Table I.

We repeat the same calculations as in Ref. [22] where we
assume the MED set of propagation parameters and set the
magnetic field, B, to 20 µG. This value is slightly higher than
that derived in [49] for very small scales but it is still con-
servative enough with respect to the very large value gener-
ally considered for the magnetic field in the galactic centre.
Choosing the MAX set of propagation parameter would in
fact decrease the intensity of the radio emission expected in
the galactic centre but it would also lead to a broader radio
emission in the galaxy. On the contrary, for the MIN set of
propagation parameters, one expects a brighter emission in
the galactic centre which should be easier to constrain in prin-
ciple.

We focus on one radio frequency, namely 330 MHz where
the emission is about 360 Jy (for an angular resolution of 7’)
and compute the ratio R of the “dark” emissivity to the obser-
vation at this frequency in the galactic centre, for each of the
points mentioned above. The results are displayed in Table I,
in the last column. We find that all the benchmark points have
a negligible radio flux. This can be explained by the fact that,
in all these scenarios, the total number of electron produced

in the 0.5 to 15 GeV range is about unity (a minimal injection
energy of 1 GeV is required for B = 20 µG to produce syn-
chrotron emission at 330 MHz). Indeed, all the benchmark
points annihilate preferably into b or τ-pairs. This leads to a
very small number of electrons per energy unit for E > 1 GeV.

Note that the determination of the magnetic field value is
of particular importance because it changes the synchrotron
emission (hence the radio predictions) and the losses. How-
ever, it also determines other possible signatures such as an
anomalous submillimetre emission in the galaxy which could
contribute as a new source of foreground in Cosmological Mi-
crowave Background studies. For example, to get a signal at
33 GHz (relevant for both WMAP and Planck) from a 10 GeV
dark matter particle, the magnetic field should be greater than
25µG [50]. If such a value is indeed attained in the galactic
centre or in the outer parts, one can hope to correlate ”dark”
radio emission with WMAP and Planck observations e.g. [50–
53].

One can also estimate the radio emission in clusters of
galaxies to determine whether light dark matter particles are
potentially constrained by radio observations in these objects
[21, 22, 45]. To compute the flux, we consider the Coma clus-
ter and extend the procedure described in [21, 22] to account
for the energy distribution of electrons. We assume a NFW
profile [54] with ρ0 = 4.4 10−2 GeV/cm3, rs = 400 kpc, a de-
tector angular resolution of 1 deg, a magnetic field of 4.7 µG
and a density of electrons of 3 10−3 cm−3.

The results for our benchmark points are displayed in
Fig.14 2. Our prediction shows that none of these points are
excluded by the observation in the Coma cluster, as expected
already from our computations in the galaxy.

These results do not account for substructures. Also, they
assume a specific value of the magnetic field. If we increase
this value by a significant amount, the radio flux becomes
larger and the emission becomes also possible at higher fre-
quencies. For example, increasing the value of the magnetic
field up to 12 µ G increases the radio flux at 4.58 GHz by a
factor ∼ 4.5 for the last benchmark point (corresponding to a
candidate with 14.48 GeV mass). Still this is not enough to
rule out this candidate.

V. CONCLUSION

In this article, we have investigated the astrophysical lim-
its on light NMSSM neutralinos. We have shown that the
Fermi searches for gamma rays from dwarf Spheroidal galax-
ies set stringent limits on the NMSSM parameter space. In
addition, combining these results with indirect and direct de-
tection searches restrict the parameter space even further. Yet
light neutralinos are not ruled out.

It may be extremely difficult to completely probe light neu-
tralinos in the forthcoming future. Indeed, this would require

2 We have checked that we could recover the results in [45] for a 40 GeV
candidates annihilating into a b b̄ pair and with the same cross section.

But LHC might help...

Direct Detection

Higgs...
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What (unconventional) else in the thermal region?

    (Did we miss something important?)
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The mass limit dogma

Hut-Lee&Weinberg (massive neutrinos):

" DM is a fermion

" A heavy particle is exchanged
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 general assumptions 

σv ∝ m2
dm

m4
F

= 3 10−26 cm3/s

Hence
   

mdm > O(1)GeV
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The mass limit dogma

!"#$%&'(%&)*+,-.(/&0&1/&1-

23(+$1/,/$-&

45+6$17&/(0$8-,+)&

9"#$%&'(%&)*+,-.(,1/&0&1/&1-

!"#$%%&'()"*$+)(",$-".)/ 0. :;<(=$.&- >?+) !6.@(ABBC

3?@-(D&(@?008&@@&/(-*(@$-,@E.(
-6&(7$FF$(8$.(+*1@-8$,1-

>$-?8$)).(@?008&@@&/(,1(-6&(7$)$5.
@*(@$-,@E,&@(-6&(7$FF$(8$.(+*1@-8$,1- !"#$%&'()$*+,&-.'&/00&1'2 $+,'&

34*))'%&5+-.&)6'7+8+",&9:&;<=>?@ABCDE;F

!"#$%&'#($$)*+,$-#./$0#(($+"#$'1+1$23+4

5##',$1$678$9.&)*(#

:;$%1,,$%3,+$2#$<3,+$1$)#0$;#=

>+$"1,$+&$2#$1$,?1(1.@155*"*(1+*5AB

!"#.#$%1/$2#$15$1,+.&9"/,*?1($
#C9(151+*&5BBBB$DDD

!GH&IJ&K"")'6H&LJ&D+$1H&MJ&!*88'H&LJ&E*#$&&E@B&NOOP&

!GH&A87*8+9*6H&E@I&NOOQ

A87*8+9*6H&L'*,H&!GH&R,"'%$8'%'6 M<@AD&NOOS

)6")*T*-+",&"U&)"8+-6",8&,"-&"9V+"#8&*-&-.'8'&','6T+'8

Exceptions to Hut-Lee&Weinberg are possible 
Annihilating DM can be lighter than 10 GeV

In fact, it can be as light as a few keV... 

But direct detection experiments 
cannot easily go down 10 GeV

Note that MeV DM could also be interesting (cf 511 keV line)!

σv ∝ 1

m2
F

= 3 10−26 cm3/s

mdm is not constrained!
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MeV DM possible but either no charged coloured particles 
or very heavy ones... 
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So what do we do if nothing is found at 
LHC?

   Implication for DM
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Start to explore new (and challenging) horizons

!"
#$
%&
'#
()
"*
%&
#$
*&
#*+

$'
),

-.
("
/0

12*3&44

5#%)"/.6*("#$%&'#("/*12

7$&8.6*!"#$%&'#("/*12

8$9 2$9 :$9 ;$9

<$/()"*!

<$/()"*!!

<$/()"*!!!

=>,&.(#6
?*;@)34)"

 self

Monday, 14 November 2011



Dark matter direct detection will become useless...unless...
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FIG. 5: Spin-independent elastic WIMP-nucleon cross-section

σ as function of WIMP mass mχ. The new XENON100 limit

at 90% CL, as derived with the Profile Likelihood method

taking into account all relevant systematic uncertainties, is

shown as the thick (blue) line together with the 1σ and 2σ
sensitivity of this run (shaded blue band). The limits from

XENON100 (2010) [7] (thin, black), EDELWEISS [6] (dotted,

orange), and CDMS [5] (dashed, orange, recalculated with

vesc = 544 km/s, v0 = 220 km/s) are also shown. Expecta-

tions from CMSSM are indicated at 68% and 95% CL (shaded

gray) [17], as well as the 90% CL areas favored by CoGeNT

(green) [18] and DAMA (light red, without channeling) [19].

and a density of ρχ = 0.3GeV/cm3. The S1 energy res-
olution, governed by Poisson fluctuations, is taken into
account. Uncertainties in the energy scale as indicated in
Fig. 1 as well as uncertainties in vesc are profiled out and
incorporated into the limit. The resulting 90% confidence
level (CL) limit is shown in Fig. 5 and has a minimum
σ = 7.0×10−45 cm2 at aWIMPmass ofmχ = 50GeV/c2.
The impact of Leff data below 3 keVnr is negligible at
mχ = 10GeV/c2. The sensitivity is the expected limit in
absence of a signal above background and is also shown
in Fig. 5 as 1σ and 2σ region. Due to the presence of
two events around 30 keVnr, the limit at higher mχ is
weaker than expected. This limit is consistent with the
one from the standard analysis, which calculates the limit
based only on events in the WIMP search region with an
acceptance-corrected exposure, weighted with the spec-
trum of a mχ = 100GeV/c2 WIMP, of 1471 kg × days.
This result excludes a large fraction of previously unex-

plored WIMP parameter space, and cuts into the region
where supersymmetric WIMP dark matter is accessible
by the LHC [17]. Moreover, the new result challenges
the interpretation of the DAMA [19] and CoGeNT [18]
results as being due to light mass WIMPs.
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less than 
neutrino-e interactions at 1 MeV

I think this tells a lot!

Plethora of experiments but ...
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One will have to explore in detail cosmic ray 
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at submillimetre frequencies
but predictions at 

radio, X and Gamma-ray too..

Can Planck constrain indirect detection of dark matter in our galaxy? 3

Following this procedure, we find that for 40 GeV par-
ticles, the annihilation cross section can be as large as
σv � 1.5 − 2.5 10−26cm3/s in our galaxy without being
in conflict with the FERMI data. This suggests that an-
nihilations in the primordial Universe were either occuring
mostly into particles other than electrons (and positrons) or
the velocity-dependent term in the pair annihilation cross
section into electrons is important (σv = a + bv2 with
a > b). For 100 GeV particles, the annihilation cross section
is about σv � 7 10−26cm3/s. This is somewhat larger than
the canonical thermal annihilation value required to explain
all the dark matter today (namely 3 10−26cm3/s) but is still
compatible with the FERMI measurement of the electron
+ positron flux in the Milky Way. Such a σv value could
suggest scenarios in which the annihilation cross section is
enhanced in the galaxy due to the small velocity dispersion
of the dark matter particles in the halo (c.f. the Sommer-
feld enhancement). Hence constraints from spheroidal dwarf
galaxies (dSph) may apply.
Although the FERMI limits on dark matter candidates ob-
tained from dSph are stringent, they do depend on the dark
matter mass and most notably on the adopted dark matter
profile. Using PLANCK data would therefore provide addi-
tional constraints and a means to cross check the FERMI
results.

3 “DARK” SYNCHROTRON EMISSION

In what follows, we will display the most significant syn-
chrotron map predictions. We focus on annihilating dark
matter particles. We use the “MED” (corresponding to
L = 4 kpc, δ = 0.7, K0 = 0.0112 kpc2/Myr) and “MAX”
(corresponding to L = 15 kpc, δ = 0.46, K0 = 0.0765
kpc2/Myr) set of propagation parameters. As demonstrated
in our previous work Bœhm et al. (2010), a smaller diffu-
sion zone (corresponding to the “MIN” set of parameters)
will lead to a more confined “dark matter”synchrotron emis-
sion (brighter in the centre and fainter outside) while a more
optimistic model of propagation (“MAX”) would lead to a
brighter emission at larger latitude and longitude. Of course,
the relative brightness of the emission at each frequency is
affected by the choice of propagation parameters but, in this
Letter, we do not attempt to perform a detailed analysis of
the propagation parameters. We only point out that if prop-
agation of cosmic rays in our galaxy is correctly described
by the “MED” and “MAX” parameter sets, PLANCK may
have the ability to constrain the dark matter mass.
To produce the dark matter-related synchrotron maps, we
assume a monochromatic emission (i.e. one frequency corre-
sponds to a single value of the electron energy). The relation
between injection energy and frequency then reads:

νmax = 16 MHz ×
�n
2

�2
×

�mdm

GeV

�2
×

�
B
µG

�
.

This well-known relation indicates that small dark matter
masses cannot “shine” at high frequencies unless the mag-
netic field is very strong. Although obvious, this property
turns out to be very important for dark matter searches.
In Fig. 1, we show that 10 GeV dark matter can shine at 33
GHz if the magnetic field is about 25 µG. However, no signal
is expected at higher frequencies unless the magnetic field

Figure 1. Synchrotron maps for 10 GeV dark matter particles,
B = 25µG. We use the MED parameter set and assume annihilat-
ing particles. The emission from astrophysical sources is displayed
in the left column; the dark matter prediction is shown in the mid-
dle panel and the sum of the two contributions is dispayed in the
right panel.

Figure 2. Synchrotron maps for 40 GeV dark matter particles,
B = 3µG. We use the MED parameter set and assume annihilat-
ing particles.

is stronger. The intensity of the emission is large enough to
be within the reach of PLANCK sensitiviy. The dark mat-
ter signal is very bright at the centre, as can be expected
from the large value of the magnetic field (the latter indeed
confines the electrons in the centre). However the sum of
the two contributions is bright enough at high latitudes to
have a chance of being detected by the LFI. This is consis-
tent with previous dark matter analyses performed in the
context of the WMAP haze (Hooper & Linden 2011). In-
terestingly enough, for such parameters one also expects a
radio signature in the galactic centre. As shown in Bœhm
et al. (2001); Boehm et al. (2010), one expects the radio
emission to be about ten times smaller than the emission
attributed to the central black hole. Therefore, in princi-
ple, the estimate of the radio emission should set a stronger
limit on the cross-section. I.e. it is likely to constrain cross-
sections greater than σv � 2 10−27 cm3/s. Nonetheless, one
still expects a visible signal in PLANCK/LFI and no signal
in HFI.
When the mass is about 40 GeV and the magnetic field is
close to the average value in the whole galaxy (cf. Fig. 2),
one observes an extinction of the dark matter contribution

Figure 3. Synchrotron maps for 100 GeV dark matter particles,
B = 3µG. We use the “MED” parameter set and assume annihi-
lating particles.

c� 2011 RAS, MNRAS 000, 1–5
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Figure 4: The regions on the parameter space ‘DM mass’ – ‘Annihilation cross section’ that

are excluded by the reionization and heating bounds. The first column of panels refers to DM

annihilations into e+e−, the second into µ+µ− and the third into τ+τ−; the three rows assume

respectively an NFW, an Einasto and a Burkert profile. Each panel shows the exclusion contour

due to exceeding the optical depth (blue short dashed line) and the exclusion contour imposed

by excessive heating of the intergalactic gas (red long dashed line). We also report the regions

that allow to fit the PAMELA positron data (green and yellow bands, 95 % and 99.999 % C.L.

regions) and the PAMELA positron + FERMI and HESS data (red and orange blobs, 95 % and

99.999 % C.L. regions). The horizontal orange band indicates the typically preferred value for

the thermal annihilation cross section.
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Figure 4. Synchrotron maps for 200 GeV dark matter particles,
B = 3µG. We use the MED parameter set and assume annihilat-
ing particles.

Figure 5. Synchrotron maps for 200 GeV dark matter particles,
B = 6µG. We use the MED parameter set and assume annihilat-
ing particles.

to the synchrotron emission at large frequencies. This was
to be expected from the frequency-energy relation but it
does demonstrate again that comparing maps in different
frequency channels is important. At 33 GHz, the sum of the
astrophysical and dark matter contribution becomes visible
close to the galactic centre at high latitudes, and it should
still be within the reach of LFI sensitivity. Finding the dark
synchrotron contribution will be difficult but possible, and
it is therefore important to compare all frequency channels
before removing the radio maps extrapolated to high ener-
gies.
The same features can be seen for 100 GeV (cf Fig.3), ex-
cept that the 33 GHz channel actually seems less anomalous
than the 143 GHz channel while there should be no visible
signal at very large HFI frequencies. This illustrates how im-
portant it is to perform a thorough comparison of the syn-
chrotron emission in the different frequency channels. Since
the emission is expected to be about a few Jy, detecting
the dark synchrotron emission would also be difficult but
perhaps feasible and rewarding.
At 200 GeV and B = 3µG (cf Fig. 4), we observe an in-

Figure 6. Synchrotron maps for 200 GeV dark matter particles,
B = 3µG. We use the MAX parameter set and assume annihilat-
ing particles.

Figure 7. Synchrotron maps for 800 GeV dark matter particles,
B = 3µG. We use the MAX parameter set and assume annihilat-
ing particles.

teresting effect: namely extinction of the dark synchrotron
emission at the lowest frequencies. Unlike what is shown
in the previous figures, we see that the signal is fainter at
low frequencies than that at high frequencies. The emis-
sion becomes clearly visible in the 857 GHz channel while
still present at lower frequencies. One could therefore cross-
correlate all channels to constrain the dark matter mass. The
same feature can be seen in Fig. 5 when one increases the
magnetic field. However, the signal is brighter and slightly
more concentrated towards the galactic centre. Again, this
was to be expected since a large value of the magnetic field
confines the electron in the galactic centre. As a result, the
synchrotron emission is brighter but also more confined to-
wards the centre.
The emission is easier to observe when the propagation pa-
rameters correspond to the MAX set. In this case, it is
broader (cf Fig. 6). However, in terms of intensity, it is quite
similar to the MED set of parameters.
Finally, it is interesting to note that the extinction of the
dark synchrotron emission at low frequencies is particularly
visible when the dark matter mass is about 800 GeV (cf
Fig.7). In this case, the LFI should not see any signal while
HFI could in principle have a detection. The emission at
857 GHz should be about 7 10−2 Jy. This is quite faint
but the synchrotron emission associated with astrophysical
sources is comparable. Hence, the ability for HFI to deter-
mine whether there is a “dark” synchrotron signal depends
on the level of accuracy required to remove the other fore-
grounds. These figures demonstrate that extrapolating radio
maps to high frequencies can lead to the wrong conclusions
since very high energy electrons can, depending on their in-
jection energy, shine at the highest frequencies only.
Concerning decaying dark matter, the emission is spatially
much broader and because the decay rate is constrained by
local cosmic-ray fluxes to be quite low (1–10 ×10−28 s−1,
it appears to be very difficult to distinguish from the astro-
physical background. Nearby galaxy cluster observations by
Fermi (Dugger et al. 2010; Ke et al. 2011) provide strong
constraints on gamma rays from b, b̄ and µ, µ̄ channels for
decaying dark matter because of the relatively broad emis-
sion profile, and it might be of interest to reexamine the im-
plications of Planck data for constraining dark matter via
leptonic decays in these systems.

c� 2011 RAS, MNRAS 000, 1–5

And we can still use the EM spectrum 
(although difficult with Planck foregrounds)
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The final states of DM annihilations thought again

• Direct Detection based on DM interactions with quarks:  Leptophilic DM could explain the absence of signal!

• Still a chance to explain PAMELA but FERMI experiment is very constraining!

• Leptophilic maybe ... but not necessarily quarkophobic!
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Minimal Dark Matter and PAMELA Marco Cirelli
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Figure 1: The PAMELA preliminary data [3] compared with the fermion 5-plet MDM prediction, at the
best-fit point for the astrophysical parameters.

should continue to grow, and that an anomaly should appear in the p̄ spectrum, unless p̄ have an
unfavorable boost factor or propagation in our galaxy.

Collateral constraints must be considered. The e± from DM annihilations lead to a synchrotron
radiation [5] at the level of ‘WMAP haze’ anomaly [12]. Ref. [10] claims that very strong bounds
on the DM annihilation cross section can be inferred from infrared and X-ray observations of
the galactic center region, modeled assuming a certain magnetic field and DM density, that gets
extremely high close to the central black hole leading to a high rate of DM annihilations. In this re-
gion DM becomes relativistic, and in the MDM case this means that the Sommerfeld enhancement
disappears, leaving a small annihilation cross section, σ ∼ α2

2/M2 ∼ 10−28 cm3/sec that would not
contradict the strong bounds of [10]. A dedicated computation of the MDM prediction together
with a precise description of the galactic center is necessary to quantitatively clarify this issue.

To conclude: we presented Minimal Dark Matter. Like string theory, MDM has no free param-
eters, and thereby makes univocal predictions, falsifiable by any single experimental result. The
preliminary data from PAMELA, presented during idm08, show an excess in the flux of cosmic ray
positrons at 10-60 GeV which matches the MDM prediction. Let us compare with supersymmetry,
the theoretically favored scenario: slepton masses can be fine-tuned to be quasi-degenerate with
the lightest neutralino in order to enhance 3-body annihilations obtaining the correct relic abun-
dance and a e+ spectrum that, with a boost factor of >∼104, can be compatible with the PAMELA
excess [13]: in such a case the e+ fraction should decrease at higher energy. MDM predicts the
continuing rise of fig. 1a. The PAMELA results recently published on the arXiv [3] have one extra
data-point at 80 GeV, still consistent with MDM predictions [5]. The nearby pulsars Geminga or
B0656+14 could also produce a rising e+ fraction, together with an angular anisotropy [14].

5
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What else can we do in absence of 

positive results at LHC?
   

Explore WDM/CDM more!
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LSS formation can reduce the parameter space quite a bit!
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The sole requirement that the free-streaming length  does not exceed the length of the smallest fluctuations 
needed to survive to explain the formation of objects down to ~10^6 Msol cuts part of the parameter space.

Primordial DM fluctuations are 
erased if DM freely propagate 

while still relativistic or so
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 In particular, it leads to mdm > keV,
not only in region I [that everybody knows] but also for region II and III with 

an interesting property for region II
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proper HDM

proper CDM

keV MeV

“Warm” DM
(collisionally warm!)

“Warm”DM
(collisionless warm!)

D
am

p
in

g
 a

t 
>

(~
)1

0^
8 

M
so

l

Definition of WDM revisited....
 astro-ph/0012504; astro-ph/0410591

excluded
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DM-neutrino interactions: a new damping effect

Boehm et al.: Dark Matter damping lengths 17

Fig. 4. Bounds in the [Dark Matter particles’ mass,
Dark Matter-neutrino interaction rate] parameter space
obtained from neutrino induced-damping in the NRFO
scenario. The Regions A, B and C are distinguished by dif-
ferent colorings. They correspond to different expressions,
given in the text, of the neutrino contribution to the Dark
Matter damping length. The dot-dashed lines separate the
domains in the parameter space where the ordering of the
Dark Matter - neutrino decoupling, the non-relativistic
transition, the epoch of equality of the energy-densities
changes. The hatches indicate the region in parameter
space which is forbidden because the neutrino induced-
damping yields damping above the 100kpc (∼ 108M!)
scale. The indications in this figure are schematic. Some
factors in general of order unity are omitted for simplicity.
The reader interested by these constraints should use the
expressions in the text, where all factors are given explic-
itly.

5.2.1. Expressions of the neutrino-induced damping
scales in Region A and B.

Region A :

lνd = rν

(
Γdm−ν

Γν−e

) 1
2

π
ct

a
|dec(dm−ν) , (71)

or more explicitly

lνd = 97 pc rνκg′
− 3

2
∗

(
Γ̃dm−ν

2.8 10−30s−1

) 5
2

. (72)

The largest value that this damping length can take is
when tdec(dm−ν) = tdec(ν−e). This case only provides rel-
evant limits if we require primordial fluctuations to exist

Fig. 5. Bounds in the [Dark Matter particles’ mass, Dark
Matter-neutrino cross-section] parameter space obtained
from neutrino induced-damping in the NRFO scenario.
The Regions A, B and C are distinguished by different col-
orings. They correspond to different expressions, given in
the text, of the neutrino contribution to the Dark Matter
damping length. The dot-dashed lines separate the do-
mains in the parameter space where the ordering of the
Dark Matter - neutrino decoupling, the non-relativistic
transition, the epoch of equality of the energy-densities
changes. The hatches indicate the region in parameter
space which is forbidden because the neutrino induced-
damping yields damping above the 100kpc (∼ 108M!)
scale. The indications in this figure are schematic. Some
factors in general of order unity are omitted for simplicity.
The reader interested by these constraints should use the
expressions in the text, where all factors are given explic-
itly.

down to very small scales of less than 100 pc (∼ 0.1 M!).
It can be obtained from eq.(72) by writing lνd < lstruct

but will not be evaluated explicitly here as not of direct
cosmological interest.

Region B :

lνd = rν

(
Γdm−ν

Γν−dm

) 1
2

π
ct

a
|dec(dm−ν) . (73)

Only the case of a radiation-dominated universe is rele-
vant here since the converse leads to prohibitive damp-
ing. Hence, as is readily seen in figs. (2) to (5), we need
to consider only the case where Dark Matter is rela-
tivistic (adec(dm−ν) < anr). With the symmetry relations

Forbidden regions

Allowed regions

Collisional WDM!

If DM interacts with neutrinos at nu-e decoupling, 
the neutrino free-streaming can be transmitted 

to the DM

 astro-ph/0012504; astro-ph/0410591

n_DM << n_neutrinos
neutrinos are almost decoupled
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(Coll)WDM with photons and baryons:
Let us now use the Power Spectrum!

DM interactions cannot be arbitrarily large (even with baryonic matter or themselves, cf self-interactions)

P(k) for DM interactions = u * Thomson cross section

The stronger the 
interactions, the more pronounced the oscillations 

σv � 10−31cm2

σv � 10−24cm2

astro-ph/0112522
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Oscillations are a distinctive sign
They should lead to a signature 

in the Planck Cl

Now time to zoom in!

CMB physics/PLANCK can be used to constrain 
the DM interactions
astro-ph/0112522
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 Conclusion

   Should we be worried if no Higgs 
and new physics is seen at LHC?
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Conclusion of 10-20-30-40 years of DM hunting
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self-interactions constrained by P(k)

Self-interactions

baryonic interactions constrained by P(k), 
bullet clusters, LHC, DM direct detection 

experiments
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If DM is in Region II, it is unlikely to be a light 
MSSM neutralinos. But we need to wait for the 

end of charged coloured particles + Higgs 
searches at LHC. 

If nothing is seen,we should start to explore 
the regions with green stars but chance of 

detection will be small so we will have to be 
inventive!!!!

But we are not there yet!
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