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Outline 

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

1) Dark Matter can be detected	
  

2) Particle Dark Matter Models 
 

3) Dark Matter in the (near?) future 
 
 

•  Direct DM detection 
•  Indirect Searches 
•  Collider implications	
  

•  WIMPs?  
•  Very light DM 

•  Identification of DM 
•  Complementarity of DM searches 

4) End (probably late)  



The evidence for Dark Matter is present in all scales of the Universe 	
  

Galaxies 
 

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

Coma Cluster 

Clusters of galaxies 
 

•  Peculiar velocities and gas temperature 
•  Weak lensing 

Motivation for dark matter 
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Xue et al. 2008	
  

Bidin, Carraro, Méndez, Smith 2012	
  

Bovy, Tremaine 2012	
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Fig. 2.— The surface density as a function of height using the invalid assumption that
∂V̄ /∂R = 0 (lower black curve) and the more realistic assumption that ∂Vc/∂R = 0 in the
mid-plane (upper black curve). The latter assumption is shown to give a robust lower limit

to the surface density in § 3. The dashed curve shows the effect of reducing the radial scale
length of the tracer from MB12’s value hR = 3.8 kpc to the more likely value of 2 kpc. Also

shown as the gray band is the range of surface densities that results from applying the lower
and upper curves in Figure 1 to correct the approximation that Vc is independent of height;

a similar gray band would apply to the dashed curve. 68% uncertainty intervals on the
observed surface density are shown at a few representative points. The curves representing
estimates of the visible matter (‘VIS’) and the predictions of various dark-matter halo models

(‘OM’,‘SHM’,‘N97’, and ‘MIN’), defined in § 4, are the same as in Figure 1 of MB12.

Observations of the Milky way are also consistent with the existence of DM at our 
position in the Galaxy 

where Mbulge ¼ 1:5 ; 1010 M", c0 ¼ 0:6 kpc, Mdisk ¼ 5 ;
1010 M" , and b ¼ 4 kpc (similar to Smith et al. 2007). The ra-
dial potential for a spherical NFWdensity profile can be expressed
as

!NFW(r) ¼ # 4!G"sr3vir
c3r

ln 1þ cr

rvir

! "
; ð13Þ

where c is a concentration parameter, defined as the ratio of the
virial radius to the scale radius. For standard"CDM cosmogonies
we do not attempt to constrain halo flattening. The parameter "s is
a characteristic density given by

"s ¼
"cr#m#th

3

c3

ln (1þ c)# c=(1þ c)
; ð14Þ

where "cr ¼ 3H2/8!G is the critical density of the universe, #m

is the contribution of matter to the critical density, and #th is the

critical overdensity at virialization. The virial mass can then be
determined from the virial radius using

Mvir ¼
4!

3
"cr#m#thr

3
vir: ð15Þ

For our analysis we adopt #m ¼ 0:3, #th ¼ 340, and H0 ¼
65 km s#1 Mpc#1. Given recent discussions (and doubts raised)
regarding whether the baryons modify the dark matter profile, as
expected from ‘‘adiabatic contraction’’ (Dutton et al. 2007), we
consider both an unaltered and an adiabatically contracted NFW
profile in the fit of !tot.

By fitting the observed Vcir(r) with (rd!/dr)1/2 from !tot(r),
shown as equation (10), we can constrain the halo mass of the
MilkyWay. In this fit, we simply adopt an unaltered NFWprofile
and a present-day relation between the mean value of c andMvir,

log10c ¼ 1:075# 0:12( log10Mvir # 12): ð16Þ

This relation is accurate over the range 11 ' logMvir ' 13 and
is based on the model of Macciò et al. (2007) with #m ¼ 0:3,
#" ¼ 0:7, $8 ¼ 0:9, and ni ¼ 1:0. Therefore, theMvir is derived

Fig. 17.—Same as Fig. 16, but here the circular velocity curves were derived
under the assumption of a contracted NFW profile. The solid line indicates the
best-fit circular velocity curve to the Vcir(r) estimates, while the large symbols
represent the Vcir(r) estimates. The contributions of the adoptedmodel components
(i.e., disk, bulge, and halo) and the circular velocity curves based on the Jeans
equation are plotted in different line styles. Estimates of virial mass,Mvir, virial ra-
dius, rvir , and concentration parameter, c, are labeled on the plots.

Fig. 16.—Circular curve estimates matched by a combination of a stellar
bulge and disk and an unaltered NFW dark matter profile. The solid line
indicates the best-fit circular velocity curve to the Vcir(r) estimates, while the
large symbols represent the Vcir(r) estimates. The contributions of the adopted
model components (i.e., disk, bulge, and halo) and the circular velocity curves
based on the Jeans equation are plotted in different line styles. Estimates of virial
mass, Mvir , virial radius, rvir , and concentration parameter, c, are labeled on the
plots.

MILKY WAY DARK MATTER HALO MASS FROM SDSS 1155No. 2, 2008

The rotation curve is known up to large 
distances 

And, despite some recent flawed analysis 

Observations show that there is need for 
dark matter in the solar neighbourhood 



Chandra, 21 Ago. 2006 

(Collisionless) 
dark matter 
 
(false colour) 

Hot gas (luminous matter) observed by Chandra 

Bullet Cluster 
Components with different 
behaviour observed 
through X-ray emission 
and weak lensing 

Motivation for dark matter 
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WMAP – 7yr 
 
The results from the WMAP 
satellite have allowed to 
measure the amount of DM 

Dark Matter differs from known matter  
(is non-baryonic)  

ΩCDM h2 = 0.110 ± 0.006	



73 %  
Dark Energy 

23%  
Dark Matter 

4%   
Baryons 

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

Good candidates for Dark Matter have to fulfil the following conditions	
  

•  Neutral 
•  Stable on cosmological scales 
•  Reproduce the correct relic abundance 
•  Not excluded by current searches 
•  No conflicts with BBN or stellar evolution	
  

Many candidates in Particle Physics	
  

•  Axions 
•  Weakly Interacting Massive Particles (WIMPs) 
•  SuperWIMPs and Decaying DM 
•  WIMPzillas 
•  Asymmetric DM 
•  SIMPs, CHAMPs, SIDMs, ETCs... 	
   ... they have very different properties	
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Direct Detection Indirect Detection 

Accelerator 
searches 

WIMP 

SuperWIMP 

Light DM 

Ax ion- l i ke 
particles 

R DDM 

Super 
Heavy DM 

PAMELA 
Fermi 

MAGIC 
AMS 

ANTARES 
IceCube 

CTA 
WMAP 

... 

LHC (ILC) 

Many DM models can be 
probed by the different 
experimental techniques 

“Redundant” detection can 
be used to extract DM 
properties 

DAMA/LIBRA 
CDMS 
XENON 
KIMS 
COUPP 
ZEPLIN 
CoGeNT 
CRESST 
ANAIS 
SIMPLE 
... 

Complementarity of DM searches 
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Scattered  
WIMP 

Recoiling 
Nucleus 

•  Ionization 
•  Scintillation light 
•  Increase of temperature (phonons) 
•  Bubble nucleation	
  

WIMP scattering with nuclei can be measured through	
  

Detection rate	
  

Astrophysical parameters	
  Experimental setup	
   Theoretical input	
  

Local DM density 
Velocity distribution factor	
  

Differential cross section 
(of WIMPs with quarks) 
 
Nuclear uncertainties 	
  

Target material (sensitiveness 
to spin-dependent and –
independent couplings) 
Detection threshold  

Direct detection, where do we stand? 

1 Introduction

2 Direct dark matter detection

Let us start by briefly reviewing some basic expressions describing the WIMP rate in

direct dark matter detection [1] (for a recent review see Ref. [2]).

The differential event rate for the elastic scattering of a WIMP with mass mχ off a

nucleus with mass mN is given by

dR

dER
=

ρ0
mN mχ

∫ ∞

vmin

vf(v)
dσWN

dER
(v, ER) dv , (2.1)

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

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

from the minimum WIMP speed which can induce a recoil of energy ER: vmin =√
(mNER)/(2µ2

N) and a escape velocity vesc, the maximum speed in the Galactic rest

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

rate is then calculated by integrating the differential event rate over all the possible

recoil energies,

R =

∫ ∞

ET

dER
ρ0

mN mχ

∫ ∞

vmin

vf(v)
dσWN

dER
(v, ER) dv . (2.2)

Here ET is the threshold energy, the smallest recoil energy which the detector is capable

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

In general, the WIMP-nucleus cross section can be separated into a spin-independent

(scalar) and a spin-dependent contribution, and the total WIMP-nucleus cross section

is calculated by adding coherently the above spin and scalar components, using nuclear

wave functions. The differential cross section thus reads

dσWN

dER
=

mN

2µ2
Nv

2

(
σSI
0 F 2

SI(ER) + σSD
0 F 2

SD(ER)
)
, (2.3)

where σSI, SD
0 are the spin-independent and -dependent cross sections at zero momen-

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

leads to a suppression in the event rate for heavy WIMPs or nucleons in the spin-

independent and -dependent contributions.

[DC: Not sure we should start with this since we do not determine the ex-

pressions of the effective Lagrangian and this is actually only for Fermions.

2
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The WIMP-nucleus cross section has two components 

Spin-independent contribution: scalar (or vector) coupling of WIMPs with quarks 	
  

Spin-dependent contribution: WIMPs couple to the quark axial current	
  

Total cross section with Nucleus scales as A2 	
  

Total cross section with Nucleus scales as J/(J+1) 	
  
Only present for nuclei with J≠ 0 and WIMPs with spin	
  

Present for all nuclei (favours heavy targets) and WIMPs	
  

2 Direct dark matter detection

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

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

The differential event rate for the elastic scattering of a WIMP with mass mχ off a

nucleus with mass mN is given by

dR

dER
=

ρ0
mN mχ

∫ ∞

vmin

vf(v)
dσWN

dER
(v, ER) dv , (2.1)

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

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

from the minimum WIMP speed which can induce a recoil of energy ER, vmin =
√

(mNER)/(2µ2
N), and a escape velocity vesc, the maximum speed in the Galactic rest

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

rate is then calculated by integrating the differential event rate over all the possible

recoil energies,

R =

∫ ∞

ET

dER
ρ0

mN mχ

∫ ∞

vmin

vf(v)
dσWN

dER
(v, ER) dv . (2.2)

Here ET is the threshold energy, the smallest recoil energy which the detector is capable

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

In general, the WIMP-nucleus cross section can be separated into a spin-independent

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

tion is calculated by adding coherently the above spin and scalar components, using

nuclear wave functions. The differential cross section thus reads

dσWN

dER
=

(

dσWN

dER

)

SI

+

(

dσWN

dER

)

SD

=
mN

2µ2
Nv

2

(

σSI
0 F 2

SI(ER) + σSD
0 F 2

SD(ER)
)

, (2.3)

where σSI, SD
0 are the spin-independent and -dependent cross sections at zero momen-

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

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

SD contributions.

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

to uncertainties in the nuclear form factors and the parameters describing the dark

matter halo. Determining the impact of these is crucial to understand the capability

4

loss which leads to a suppression in the event rate for heavy WIMPs or nucleons. In general,
we can express the differential cross section as

dσWN

dER
=

mN

2µ2
Nv2

(

σSI
0 F 2

SI(ER) + σSD
0 F 2

SD(ER)
)

, (5)

where σSI, SD
0 are the spin-independent and -dependent cross sections at zero momentum

transfer.
The origin of the different contributions is best understood at the microscopic level, by

analysing the Lagrangian which describes the WIMP interactions with quarks. The contribu-
tions to the spin-independent cross section arise from scalar and vector couplings to quarks,
whereas the spin-dependent part of the cross section originates from axial-vector couplings.
These contributions are characteristic of the particular WIMP candidate (see, e.g., [2]) and
can be potentially useful for their discrimination in direct detection experiments.

2.1 Spin-dependent contribution

The contributions to the spin-dependent (SD) part of the WIMP-nucleus scattering cross
section arise from couplings of the WIMP field to the quark axial current, q̄γµγ5q. For
example, if the WIMP is a (Dirac or Majorana) fermion, such as the lightest neutralino in
supersymmetric models, the Lagrangian can contain the term

L ⊃ αA
q (χ̄γ

µγ5χ)(q̄γµγ5q) . (6)

If the WIMP is a spin 1 field, such as in the case of LKP and LTP, the interaction term is
slightly different,

L ⊃ αA
q ε

µνρσ(Bρ

↔

∂µ Bν)(q̄γ
σγ5q) . (7)

In both cases, the nucleus, N , matrix element reads

〈N |q̄γµγ5q|N〉 = 2λN
q 〈N |JN |N〉 , (8)

where the coefficients λN
q relate the quark spin matrix elements to the angular momentum of

the nucleons. They can be parametrized as

λN
q $

∆(p)
q 〈Sp〉+∆(n)

q 〈Sn〉
J

, (9)

where J is the total angular momentum of the nucleus, the quantities ∆qn are related to

the matrix element of the axial-vector current in a nucleon, 〈n|q̄γµγ5q|n〉 = 2s(n)µ ∆(n)
q , and

〈Sp,n〉 = 〈N |Sp,n|N〉 is the expectation value of the spin content of the proton or neutron
group in the nucleus1. Adding the contributions from the different quarks, it is customary to
define

ap =
∑

q=u,d,s

αA
q√

2GF
∆p

q ; an =
∑

q=u,d,s

αA
q√

2GF
∆n

q , (10)

1These quantities can be determined from simple nuclear models. For example, the single-particle shell
model assumes the nuclear spin is solely due to the spin of the single unpaired proton or neutron, and therefore
vanishes for even nuclei. More accurate results can be obtained by using detailed nuclear calculations.

3

and

Λ =
1

J
[ap〈Sp〉+ an〈Sn〉] . (11)

The resulting differential cross section can then be expressed (in the case of a fermionic
WIMP) as

(

dσWN

dER

)

SD
=

16mN

πv2
Λ2G2

FJ(J + 1)
S(ER)

S(0)
, (12)

(using d|#q|2 = 2mNdER). The expression for a spin 1 WIMP can be found, e.g., in Ref. [2].
In the parametrization of the form factor it is common to use a decomposition into

isoscalar, a0 = ap + an, and isovector, a1 = ap − an, couplings

S(q) = a20S00(q) + a0a1S01(q) + a21S11(q) , (13)

where the parameters Sij are determined experimentally.

2.2 Spin-independent contribution

Spin-independent (SI) contributions to the total cross section may arise from scalar-scalar
and vector-vector couplings in the Lagrangian:

L ⊃ αS
q χ̄χq̄q + αV

q χ̄γµχq̄γ
µq . (14)

The presence of these couplings depends on the particle physics model underlying the WIMP
candidate. In general one can write

(

dσWN

dER

)

SI
=

mNσ0F 2(ER)

2µ2
Nv2

, (15)

where the nuclear form factor for coherent interactions F 2(ER) can be qualitatively under-
stood as a Fourier transform of the nucleon density and is usually parametrized in terms of
the momentum transfer as [3; 4]

F 2(q) =
(

3j1(qR1)

qR1

)2

exp
[

−q2s2
]

, (16)

where j1 is a spherical Bessel function, s % 1 fm is a measure of the nuclear skin thickness,
and R1 =

√
R2 − 5s2 with R % 1.2A1/2 fm. The form factor is normalized to unity at zero

momentum transfer, F (0) = 1.
The contribution from the scalar coupling leads to the following expression for the WIMP-

nucleon cross section,

σ0 =
4µ2

N

π
[Zfp + (A− Z)fn]2 , (17)

with
fp

mp
=

∑

q=u,d,s

αS
q

mq
fp
Tq +

2

27
fp
TG

∑

q=c,b,t

αS
q

mq
, (18)

where the quantities fp
Tq represent the contributions of the light quarks to the mass of the

proton, and are defined as mpf
p
Tq ≡ 〈p|mq q̄q|p〉. Similarly the second term is due to the

4
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DAMA/NaI (DAMA/LIBRA) signal on annual 
modulation 

Possible explanations in terms of “exotic” 
dark matter also constrained   

Kopp, Schwetz, Zupan ‘11 

•  Spin-dependent WIMP couplings 
•  Pseudoscalar DM 
•  Inelastic Dark Matter 
•  Very light WIMPs 
•  None of the above...? 

101 102 103
10�44

10�43

10�42

10�41

10�40

10�39

10�38

mΧ �GeV�
W
IM
P�
nu
cl
eo
n
cr
os
ss
ec
tio
n
Σ
SI
�cm2 �

Limits: 90�
Contours: 90�, 3Σ

v0 � 220 km�s, vesc � 550 km�s

CDM
S low

�thrX
enon�100

KIMS

CRESST�II

DAMA

CRES
ST co

mm.
run

CDMS

FIG. 1: Constraints on elastic, spin-independent, isospin-conserving DM–nucleon scattering. We show the

parameter regions preferred by the CRESST-II and DAMA signals (for CoGeNT see fig. 2), together with

constraints from KIMS, CDMS (high threshold and low threshold analyses), XENON-100 and the CRESST

commissioning run.

recent CRESST analysis and the commissioning run data are based on different acceptance

cuts, and a direct comparison might be subject to systematic uncertainties.

In order to quantify agreement or disagreement between data sets, we use the parameter

goodness of fit (PG) test [71]. This test is based on the χ2 function

χ2
PG = ∆χ2

1 +∆χ2
2 with ∆χ2

i = χ2
i (global bf)− χ2

i,min , (5)

where the index i = 1, 2 labels the data sets whose compatibility is to be tested, and

∆χ2
i is the difference between the χ2 of the i-th data set at the global best fit point (i.e.,

at the minimum of χ2
1 + χ2

2) and the minimum χ2 from a fit to the i-th data set alone.

χ2
PG measures the “price” one has to pay for combining the data sets, compared to fitting

them independently. χ2
PG follows a χ2 distribution with a number of degrees of freedom

corresponding to the number of parameters to which both data sets are sensitive (see [71]

for a precise definition). As shown in Table I, the PG test finds consistency between the

full CRESST-II data set and the data from the commissioning run at the level of 10%. The

combined best fit point is obtained at mχ = 12.9 GeV and σp = 2.0× 10−41 cm2.

For comparison we show in fig. 1 also constraints imposed on the eSI DM mass and cross

section by various null searches, confirming that an interpretation of CRESST data in terms

of elastically scattering spin-independent and isospin-conserving dark matter is ruled out by

XENON-100 [10], CDMS [8], and the CDMS low threshold analysis [9]. As we can see from

Table I, the PG test gives a probability for consistency between CRESST versus CDMS and

XENON of less than 10−5.

Below,we discuss modified particle physics models with the aim of bringing CRESST

results into agreement with those bounds. Before we do that, however, let us briefly address

9

cumulative exposure 427,000 kg x day 
(13 annual cycles) 

DAMA/LIBRA Coll. ‘10 

... however other experiments (CDMS, 
Xenon, CoGeNT, ZEPLIN, Edelweiss, ...) did 
not confirm (its interpretation in terms of 
WIMPs).  

An exciting experimental situation 
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Hints of light WIMPs in recent experimental results...? 

•  DAMA/LIBRA region extended to very light WIMPs (channelling, quenching factors, ...) 
Bottino, Fornengo, Scopel ‘09, DAMA/LIBRA ‘11 

•  CoGeNT finds irreducible background that can be compatible with 7-10 GeV WIMPs 

•  CRESST finds an excess over the expected background 
CRESST ‘11 

Collar et al. ‘10, ‘11 ... annual modulation (2.8 in 15 months data) in CoGeNT  
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10Direct WIMP Searches

Uncertainties in 
determination of DM 
parameters	
  

Belli et al. ‘11	
  

Isothermal sphere	
   Triaxial	
  
Many efforts in reconciling 
these results	
  

See, e.g., Schwetz, Zupan ‘11; 
Hooper, Kelso ‘11; 

Farina et al. ‘11;  
McCabe ‘11; 

Arina et al. ’11; 
... 
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However very light WIMPs have not shown up in other experiments 

•  XENON finds no light WIMPs: issues 
with scintillation efficiency (Leff)? 

Gelmini, Gondolo, Bozorgnia, 2009 2010 

CDMS 2011 

Xenon10, Xenon100  2011 

5

for moderate variations in the definition of any of the data
quality cuts. These events were observed on January 23,
February 12, and June 3, at 30.2 keVnr, 34.6 keVnr, and
12.1 keVnr, respectively. The event distribution in the
TPC is shown in Fig. 4. Given the background expecta-
tion of (1.8±0.6) events, the observation of 3 events does
not constitute evidence for dark matter, as the chance
probability of the corresponding Poisson process to re-
sult in 3 or more events is 28%.
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EDELWEISS (2011)

XENON10 (S2 only, 2011)

XENON100 (2010)

XENON100 (2011)
observed limit (90% CL)

Expected limit of this run: 

 expected! 2 ±
 expected! 1 ±

Buchmueller et al.

Trotta et al.

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 tak-
ing into account all relevant systematic uncertainties, is shown
as the thick (blue) line together with the expected sensitivity
of this run (yellow/green band). The limits from XENON100
(2010) [7], EDELWEISS (2011) [6], CDMS (2009) [5] (re-
calculated with vesc = 544 km/s, v0 = 220 km/s), CDMS
(2011) [19] and XENON10 (2011) [20] are also shown. Ex-
pectations from CMSSM are indicated at 68% and 95% CL
(shaded gray [21], gray contour [22]), as well as the 90% CL ar-
eas favored by CoGeNT [23] and DAMA (no channeling) [24].

The statistical analysis using the Profile Likelihood
method [17] does not yield a significant signal excess ei-
ther, the p-value of the background-only hypothesis is
31%. A limit on the spin-independent WIMP-nucleon
elastic scattering cross-section σ is calculated where
WIMPs are assumed to be distributed in an isothermal
halo with v0 = 220 km/s, Galactic escape velocity vesc =
(544+64

−46) km/s, and a density of ρχ = 0.3GeV/cm3. The
S1 energy resolution, governed by Poisson fluctuations of
the PE generation in the PMTs, is taken into account.
Uncertainties in the energy scale as indicated in Fig. 1,
in the background expectation and 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 a WIMP mass of
mχ = 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. Due to the presence of
two events around 30 keVnr, the limit at higher mχ is

weaker than expected. Within the systematic differences
of the methods, this limit is consistent with the one from
the optimum interval analysis, which calculates the limit
based only on events in the WIMP search region. Its
acceptance-corrected exposure, weighted with the spec-
trum of a mχ = 100GeV/c2 WIMP, is 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 [21]. Moreover, the new result challenges
the interpretation of the DAMA [24] and CoGeNT [23]
results as being due to light mass WIMPs.
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FIG. 1. (color online) The rate of CDMS II nuclear-recoil
band events is shown for the 5.0–11.9 keVnr interval (dark
blue), after subtracting the best-fit unmodulated rate, Γd,
for each detector. The horizontal bars represent the time
bin extents, the vertical bars show ±1σ statistical uncertain-
ties (note that one CDMS II time bin is of extremely short
duration). The CoGeNT rates (assuming a nuclear-recoil en-
ergy scale) and maximum-likelihood modulation model in this
energy range (light orange) are shown for comparison. The
CDMS exposure starts in late 2007, while the CoGeNT expo-
sure starts in late 2009.

rates in this energy range with amplitudes greater than

0.06 [keVnr kg day]−1 are excluded at the 99% C.L.

For comparison, a similar analysis was carried out us-

ing the publicly available CoGeNT data [19]. Our analy-

sis of CoGeNT data is consistent with previously pub-

lished analyses [6, 7, 14]. Figure 3 shows the modu-

lated spectrum of both CDMS II and CoGeNT, assum-

ing the phase (106 days) which best fits the CoGeNT

data over the full CoGeNT energy range. Compatibil-

ity between the annual modulation signal of CoGeNT

and the absence of a significant signal in CDMS is de-

termined by a likelihood-ratio test, which involves cal-

culating λ ≡ L0/L1, where L0 is the combined max-

imum likelihood of the CoGeNT and CDMS data as-

suming both arise from the same simultaneous best-fit

values of M and φ, while L1 is the product of the maxi-

mum likelihoods when the best-fit values are determined

for each dataset individually. The probability distribu-

tion function of −2 lnλ was mapped using simulation,

and agreed with the χ2 distribution with two degrees

of freedom, as expected in the asymptotic limit of large

statistics and away from physical boundaries. The simu-

lation found only 82 of the 5×103 trials had a likelihood

ratio more extreme than was observed for the two ex-

periments, confirming the asymptotic limit computation

which indicated 98.3% C.L. incompatibility between the

annual-modulation signals of CoGeNT and CDMS for the

5.0–11.9 keVnr interval.

We extend this analysis by applying the same method

to CDMS II single-scatter and multiple-scatter events

without applying the ionization-based nuclear-recoil cut.

These samples are both dominated by electron recoils.

Figure 4 shows the confidence intervals for the allowed
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FIG. 2. (color online) Allowed regions for annual modulation
of CoGeNT (light orange) and the CDMS II nuclear-recoil
sample (dark blue), for the 5.0–11.9 keVnr interval. In this
and the following polar plot, a phase of 0 corresponds to Jan-
uary 1st, the phase of a modulation signal predicted by generic
halo models (152.5 days) is highlighted by a dashed line, and
68% (thickest), 95%, and 99% (thinnest) C.L. contours are
shown.
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FIG. 3. (color online) Amplitude of modulation vs. energy,
showing maximum-likelihood fits for both CoGeNT (light or-
ange circles, 68% confidence interval shown with vertical line)
and CDMS nuclear-recoil singles (dark blue rectangles, 68%
confidence interval given by rectangle height). The phase that
best fits CoGeNT over all energies (106 days) was chosen for
this representation. The upper horizontal scale shows the
electron-recoil-equivalent energy scale for CoGeNT events.
The 5–11.9 keVnr energy range over which this analysis over-
laps with the low-energy channel of CoGeNT has been divided
into 3 (CDMS) and 6 (CoGeNT) equal-sized bins.
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sis of CoGeNT data is consistent with previously pub-

lished analyses [6, 7, 14]. Figure 3 shows the modu-

lated spectrum of both CDMS II and CoGeNT, assum-

ing the phase (106 days) which best fits the CoGeNT

data over the full CoGeNT energy range. Compatibil-

ity between the annual modulation signal of CoGeNT

and the absence of a significant signal in CDMS is de-

termined by a likelihood-ratio test, which involves cal-

culating λ ≡ L0/L1, where L0 is the combined max-

imum likelihood of the CoGeNT and CDMS data as-

suming both arise from the same simultaneous best-fit

values of M and φ, while L1 is the product of the maxi-

mum likelihoods when the best-fit values are determined

for each dataset individually. The probability distribu-

tion function of −2 lnλ was mapped using simulation,

and agreed with the χ2 distribution with two degrees
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statistics and away from physical boundaries. The simu-
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which indicated 98.3% C.L. incompatibility between the
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5.0–11.9 keVnr interval.
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These samples are both dominated by electron recoils.
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FIG. 3. (color online) Amplitude of modulation vs. energy,
showing maximum-likelihood fits for both CoGeNT (light or-
ange circles, 68% confidence interval shown with vertical line)
and CDMS nuclear-recoil singles (dark blue rectangles, 68%
confidence interval given by rectangle height). The phase that
best fits CoGeNT over all energies (106 days) was chosen for
this representation. The upper horizontal scale shows the
electron-recoil-equivalent energy scale for CoGeNT events.
The 5–11.9 keVnr energy range over which this analysis over-
laps with the low-energy channel of CoGeNT has been divided
into 3 (CDMS) and 6 (CoGeNT) equal-sized bins.
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CDMS does not see annual modulation 
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A recent analysis of CDMS II data has shown no evidence of modulation. 
 
This means a further constraint on CoGeNT observation 
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KIMS 
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ZEPLIN III 

Dedicated experiments with targets sensitive to spin-dependent WIMP couplings 

SD coupling to protons SD coupling to neutrons 

Tevatron 

The DAMA-LIBRA interpretation in terms of spin-dependent couplings is not consistent 
with other detectors 

Tevatron 

SuperK 

Spin-dependent searches have also become more sensitive 
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Spin-independent searches in the future... 

Future experiments (or upgrades of existing 
ones) will reach sensitivities ~ 10-9 -10 pb 

Advances in the light WIMP window are 
subject to improvements in low threshold 
experiments  
(e.g., CDMS, CRESST or CoGeNT?) 

How do these sensitivities compare with 
theoretical predictions for WIMP models? 

In case of a detection... (how well) can we determine the DM parameters? 

Xenon100 

CDMS (Soudan) 

CoGeNT 

DAMA-LIBRA 
(no channelling) 

DAMA-LIBRA 
(channelling) 

Xenon1T 

Super CDMS 

Plotted with DMTools 
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Observe the products of Dark Matter annihilation (or decay!) 

Subject to larger uncertainties and very dependent on the halo parameters  

Indirect detection, signals or backgrounds? 

(positrons, antiprotons, antideuterons) 

(e.g., from the galactic centre or other 
galaxies) 

(from the centre of the Sun or the 
Earth) 
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Recently there are potential indirect hints for DM annihilation 

Synchrotron emission from radio filaments in the inner galaxy  

Synchrotron emission from the inner galaxy (WMAP haze)  

Gamma rays from the Galactic centre (Fermi LAT data) 

Excess in the positron flux (PAMELA) 

Heavy DM (~300 GeV) annihilating mostly into leptons 

Large boost factor (non-thermal relic density?) 

Vely light DM (~10GeV) annihilating mostly into leptons 

Thermal relic density 

Difficult to disentangle these from possible astrophysical components 
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The antimatter puzzle... 

PAMELA satellite revealed an excess in the positron fraction but no excess in the 
antiproton signal.	
  

Too small signals in canonical models (WIMP)	
  

•  boost factors (inhomogeneities? IMBH?) 
•  play with propagation parameters 
•  non-thermal DM 
•  decaying dark matter	
  

Why are there no antiprotons?	
  

•  Majorana fermions disfavoured (neutralino) 
•  Leptophilic dark matter	
  

The interpretation in terms of DM was 
complicated	
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Fermi data on total flux of positrons and electrons came as a further constraint 

Astrophysical explanation in terms of pulsars is plausible.	
   See e.g., Delahaye et al. 2010 
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Still, antimatter searches might be good to constrain DM models 

The antiproton data is good enough to constrain very light WIMPs	
  

Donato et al. 2008 
Salati, Donato, Fornengo 2010 

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

Bottino, Donato, Fornengo, Salati 2005 
Salati, Donato, Fornengo 2010 

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

Lavalle 2010 

DGC Delahaye, Lavalle 2012 

Light WIMPs annihilating in scalar 
particles?	
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FIG. 7: Examples illustrating how dark matter annihilations and astrophysical sources could combine to make up the observed

residual emission surrounding the Galactic Center. In the upper left frame, we show results for a 10 GeV dark matter particle

with an annihilation cross section of σv = 7 × 10
−27

cm
3
/s and which annihilates only to leptons (e+e−, µ+µ−

and τ+τ−
,

1/3 of the time to each). In the upper right frame, we show the same case, but with 10% of the annihilations proceeding to

bb̄. In the lower frame, we show results for a 30 GeV dark matter particle annihilating to bb̄ with an annihilation cross section

of σv = 6 × 10
−27

cm
3
/s. In each case, the annihilation rate is normalized to a halo profile with γ = 1.3. The point source

spectrum is taken as the broken power-law shown in Fig. 4, and the Galactic Ridge emission has been extrapolated from the

higher energy spectrum reported by HESS [12], assuming a pion decay origin and a power-law proton spectrum. See text for

details.

these uncertainties in mind, one should consider all an-
nihilation cross sections shown in Fig. 6 and elsewhere in
this paper to be accurate only to within a factor of a few.

Of course, it is also expected that astrophysical sources
will contribute to the Galactic Center’s gamma ray spec-
trum between 300 MeV and 10 GeV. In Fig. 7, we show
three examples in which emission from a central point
source (as shown in Fig. 4), along with emission from the
Galactic Ridge (as extrapolated from the higher energy
HESS emission, assuming a spectral shape that results
from a power-law spectrum of protons) combine with a
contribution from dark matter to generate the observed
residual emission. Note that the lowest energy emission
is largely generated by the central point source (as sug-
gested by the observed morphology) while the highest
energy bin is dominated by emission from the Galactic
Ridge. Only the 300 MeV-10 GeV range is dominated by
dark matter annihilation products.

C. Millisecond Pulsars

A population of gamma ray point sources surround-
ing the Galactic Center could also potentially contribute
to the observed residual emission. Millisecond pulsars,
which are observed to produce spectra that fall off rapidly
above a few GeV, represent such a possibility [5, 17].

Observations of resolved millisecond pulsars by FGST
have found an average spectrum well described by
dNγ/dEγ ∝ E−1.5

γ exp(−Eγ/2.8GeV) [33]. Similarly, the
46 gamma ray pulsars (millisecond and otherwise) in the
FGST’s first pulsar catalog have a distribution of spec-
tral indices which peaks strongly at Γ =1.38, with 44
out of 46 of the observed pulsars possessing (central val-
ues of their) spectral indices greater than 1.0 [34] (see
Fig. 8). In contrast, to produce a sizable fraction of the
spatially extended residual emission between 300 MeV
and 10 GeV without exceeding the emission observed be-
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ing the Galactic Center could also potentially contribute
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above a few GeV, represent such a possibility [5, 17].
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have found an average spectrum well described by
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γ exp(−Eγ/2.8GeV) [33]. Similarly, the
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out of 46 of the observed pulsars possessing (central val-
ues of their) spectral indices greater than 1.0 [34] (see
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FIG. 2: The spectrum of residual gamma-ray emission from the inner 5 degrees surrounding the Galactic Center, after sub-

tracting the known sources and line-of-sight gas templates. The dashed line represents the spectrum of the central, point-like

emission, as found by the authors of Refs. [10], [34], and [35]. Above ∼300 MeV, the majority of the observed emission is

spatially extended, and inconsistent with originating from a point source. The dotted line shows the Galactic Ridge emission,

as extrapolated from the higher energy spectrum reported by HESS [36]. In the left frame, I show results for a 10 GeV dark

matter particle with an annihilation cross section of σv = 7× 10
−27

cm
3
/s and which annihilates only to leptons (e+e−, µ+µ−

and τ+τ−
, 1/3 of the time to each). In the right frame, I show the same case, but with an additional 10% of annihilations

proceeding to bb̄. In each case, the annihilation rate is normalized to a halo profile with γ = 1.3. This figure originally appeared

in Ref. [9].

gamma-rays, we include in Fig. 2 the spectrum from

the annihilations of a 10 GeV dark matter particle

(dot-dashed) and from a component extrapolated from

HESS’s observations of the Galactic Ridge (dots) [36].

The sum of these contributions (solid) provides a good fit

to the total observed spectrum, for dark matter which an-

nihilates mostly to leptons (the gamma-ray flux is dom-

inated by annihilations to τ+τ−), possibly with a sub-

dominant fraction proceeding to hadronic final states. To

accommodate the angular extent of the observed gamma-

ray signal, a dark matter distribution of approximately

ρDM ∝ r−1.25
to r−1.4

is required [9]. Interestingly,

the annihilation cross section required to normalize the

gamma-ray signal is not far from the value predicted for

a simple thermal relic (σv = 3 × 10
−26

cm
3
/s). Adopt-

ing central values for the local dark matter density [24],

the annihilation cross section to τ+τ− is required to be

σvττ ≈ (1− 5)× 10
−27

cm
3
/s for a dark matter distribu-

tion with an inner slope of 1.3 to 1.4. If the dark matter

also annihilates to electrons and muons at a similar rate,

the total annihilation cross section falls within a factor

of a few of the canonical estimate of 3× 10
−26

cm
3
/s.

1

1 While these results are largely based on the analysis of Ref. [9]
(and its predecessors Refs. [10, 37]), an independent analysis of
the Fermi data in the direction Galactic Center was also pre-
sented in Ref. [34]. The results of Ref. [34] are in good agree-
ment with those of Ref. [9]. In particular, Ref. [34] find that the
inclusion of a dark matter-like signal in their analysis improves
the log-likelihood of their fit by 25 with the addition of only one
new parameter, corresponding to a significance of approximately
5σ [34]. The Fermi Collaboration has also presented prelimi-

Although astrophysical origins of the gamma-ray emis-

sion observed from the Galactic Center region have been

discussed [9], considerable challenges are faced by such

interpretations. Possibilities that have been considered

include emission from the central supermassive black

hole [10, 35], and from a population of unresolved point

sources, such as millisecond pulsars [39].

In the case of the supermassive black hole, direct emis-

sion from this object is not consistent with the observed

morphology of the gamma-ray signal. The observed an-

gular extent of the emission could be reconciled, how-

ever, if the gamma-rays originate from cosmic rays that

have been accelerated by the black hole and then diffuse

throughout the surrounding interstellar medium, produc-

ing pions through interactions with gas [35, 40]. The

spectral shape of the spatially extended emission is very

difficult to account for with gamma-rays from pion decay,

however. Even for a monoenergetic spectrum of protons,

the resulting spectrum of gamma-rays from pion decay

does not rise rapidly enough to account for the observed

gamma-ray spectrum.

A large population of unresolved gamma-ray pulsars

surrounding the Galactic Center has also been proposed

to account for the observed emission [9, 10, 39]. The spec-

tra observed from among the 46 pulsars in the FGST’s

first pulsar catalog, however, are typically much softer

than is observed from the Galactic Center [9, 41]. Unless

the spectra among the population of pulsars surrounding

nary findings [38] which describe a spectrum of excess emission
consistent with that found in Ref. [9].

Hints for very light DM? 

Gamma rays from the Galactic centre (Fermi LAT data) 

Favours light dark matter:  

Hooper, Goodenough 2011; Hooper, Linden 2011 

THE INDIRECT SEARCH FOR DM FROM THE GALACTIC CENTER WITH THE FERMI LAT 5

Fig. 3. – Spectra from the likelihood analysis of the Fermi LAT data (number of counts vs
reconstructed energy) in a 7◦×7◦ region around the Galactic Center (number of counts vs
reconstructed energy)

Fig. 4. – Residuals ( (exp.data - model)/model) of the above likelihood analysis. The blue area
shows the systematic errors on the effective area.

tools [17]). The P6−v3 version of the Instrument Response Functions and event classifi-
cation was used. For this analysis a region of interest (RoI) of 7◦×7◦ was considered in
order to minimize the diffuse backgrounds contributions. The RoI was centered at the
Galactic Center position at RA = 266.46◦, Dec=-28.97◦. The events were selected to
have an energy between 400MeV and 100GeV, to be of the ”diffuse” class (high purity
sample) and to have converted in the front part of the tracker. The selection conditions
provided us with events with very well reconstructed incoming direction. Data have been
binned into a 100×100bins map for the subsequent likelihood analysis. In order to per-
form maximum likelihood analysis of the data, a model of the already known sources and
the diffuse background should be built. The used model is made of 11 sources from the
Fermi 1 year catalog [3] which are located within or very close to the considered region

Cañadas, Morselli, Vitale 2010 
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both dark matter and astrophysical scenarios, this may

be understood in a model where the filaments exist as an

entirely ordered magnetic enhancement superimposed on

a random diffuse magnetic field of approximately 10 µG
which permeates the Galactic center region. The differ-

ing ratios of the ordered to random magnetic fields (e.g

80% in the Northern Thread vs. nearly 100% in the Ra-

dio Arc) would then drive significantly enhanced parallel

diffusion in the Radio Arc. Alternatively, assumptions

that the Alfvèn velocity places an upper limit on the

speed of electron diffusion implies a diffusion timescale

which scales as B−1
and would approximately match the

ratio of diffusion timescales observed in these two sys-

tems (Alfvén 1942). We note, however, that this effect

is not well understood and remains a significant assump-

tion in our model. Lastly, it is possible that the magnetic

field structures at the edges of the NRFs are configured

to allow significant reflection of trapped electrons (Hey-

vaerts et al. 1988).

Another necessary feature in any dark matter model

of NRFs concerns the radial dependence of the electron

injection spectrum. As shown in Eqn. 3, the dark mat-

ter annihilation rate within a given filament falls off as

∼ r−2.5
, where r is the distance of the filament to the dy-

namical center of the galaxy. A quantitative observation

of the electron injection spectrum in individual filaments

is difficult, due to the varying lengths, widths, magnetic

fields, and diffusion constants in the observed filaments.

However, the distance from the Galactic center to var-

ious NRFs is thought to span nearly an order of mag-

nitude, which implies an injection spectrum that varies

by more than a factor of 300 throughout the NRF pop-

ulation. This makes the statistical observation of such a

feature possible, even with extremely crude estimations

for the astrophysical parameters of individual NRFs. In

order to examine this necessary trend, we have studied

the observations of 7 NRFs with integrated fluxes and

lengths observed at 330 MHz in the LaRosa et al. (2000)

catalog, as well as the 13 NRFs observed at 1.4 GHz in

the Yusef-Zadeh et al. (2004) catalog. In both cases, inte-

grated fluxes as well as lengths, are provided. We assume

a constant radial width for all NRF, noting that quoted

widths for most NRFs fall approximately within a factor

of two. For this reason, we have removed the Radio Arc

from our datasets as this assumption is particularly poor

for that filament.

The total luminosity of a NRF is expected to depend

sensitively on its length. In addition to the linear de-

pendence of the dark matter annihilation rate on the

length of a filament, longer filaments are expected to re-

tain electrons for longer periods of time and as a result

will deposit a greater fraction of their initial energy into

synchrotron radiation within the filament. In this work,

we consider three scenarios to account for the influence

of a NRF’s length. First, we we consider the case in

which electrons are effectively confined and lose their en-

ergy to synchrotron radiation on timescales much smaller

than the diffusion timescale (τ � 1). In this case the to-

tal flux in an NRF should depend only linearly on the

length of the filament. Second, in the case that electrons

free stream through the filaments on timescales much

smaller than the synchrotron energy loss time (τ � 1),

the amount of energy deposited by a single electron into

the filament is expected to scale with the length of the fil-

Fig. 4.— The synchrotron energy spectrum predicted from dark
matter annihilations (MDM = 8 GeV, annihilating to e+e−, µ+µ−

and τ+τ− with �σv� = 3 × 10−26 cm3 s−1) compared to the ob-
served intensity and spectrum of G0.2-0.0 (the Radio Arc, top left),
G0.08+0.15 (Northern Thread, top right), G0.16-0.14 (Arc Fila-
ment, bottom left) and G359.1-0.2 (the Snake, bottom right). The
magnetic fields, filamentary width, and synchrotron energy loss
times are shown for the synchrotron match to each filament.

ament, providing a total flux which scales with the length

of the filament squared. Finally, in the case that electrons

diffusively propagate through the filament on a timescale

smaller than the synchrotron energy loss time (τ � 1

with D0/c � filament length) the total energy deposited

by an electron inside the filament will vary as the square

of the filaments length, providing a total flux which varies

as the cube of the length of the filament. The cases in

which the total flux scales with l and l3 effectively bracket

the possible degrees of correlation between the length of

a NRF and it’s total flux, while the l2 case can be con-

sidered something of a median expectation.

We first examine the observed dataset at 330 MHz.

In the left frames of Fig. 5, we plot the flux per unit

length (top), per unit length squared (middle) and per

unit length cubed (bottom) as a function of the projected

distance of each NRF to the Galactic center. In each

case, we note no significant trend between the distance of

a given filament from the Galactic center. In other words,

the distance of a given filament from Galactic center does

not appear to have significant bearing on its emission

at 330 MHz, suggesting that astrophysical mechanisms

(i.e. not dark matter annihilations) are responsible for

the emission at this frequency.

The same conclusion is not found at 1.4 GHz, however.

At this frequency (right), we see a very significant corre-

lation between the projected distance of a filament to the

Galactic center and its observed intensity. In particular,

filaments closer to the Galactic center tend to be consid-

erably brighter at 1.4 GHz than those farther away. We

note that for the dark matter halo profile used in this

paper, we predict a flux which scales with r−2.5
, while a

more generic range of profiles predicts behavior between

roughly r−2
and r−3

.

There are several interesting features of the results

shown in Fig. 5. First, although the correlation observed

among the filaments in the 1.4 GHz dataset could have

Synchrotron emission from radio filaments in 
the inner galaxy  

Seem to contain spectrum of e+e- peaked at 10 
GeV 

Consistent with thermal very light WIMPs? 

WMAP Haze 

Linden, Hooper, Yusuf-Zadeh 2011 
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FIG. 5: Synchrotron emission from dark matter an-
nihilations as a function of latitude below the Galac-
tic Center for 10 GeV dark matter particles annihilating
equally to e+e−, µ+µ−, and τ+τ−, distributed as ρDM =
0.35GeV/cm3 × (r/8.5 kpc)−1.33, and with a total cross sec-
tion of σv = 7 x 10−27 cm3/s. The magnetic field model
used is given by B(r, z) = 22µG e−r/5.0 kpc e−|z|/1.8 kpc. This
figure was adapted from one originally appearing in Ref. [11].

foregrounds [59, 60]. This anomalous emission, known as
the “WMAP Haze”, is generally interpreted as hard syn-
chrotron emission from a population of energetic cosmic
ray electrons/positrons present in the inner kiloparsecs
of the Milky Way. Due to the morphology and overall
power of the WMAP Haze, it has been proposed that
this signal could be synchrotron emission from electrons
and positrons produced through dark matter annihila-
tions [11–13].2

To calculate the synchrotron signal predicted from the
annihilations of 10 GeV dark matter particles, one must
model the propagation of the electron and positron an-
nihilation products through the inner galaxy. We do
this using the cosmic ray propagation code Galprop [63],

2
More recently, a diffuse flux of gamma-rays has been identified at

high latitudes in the Fermi data, likely resulting from the Inverse

Compton scattering of ∼TeV electrons/positrons [61] (or possi-

bly the scattering of cosmic ray hadrons with gas [62]). While it

is possible that this emission (which goes by names such as the

Fermi Haze, the Fermi Bubbles, and the Fermi Lobes) is in some

way connected to the WMAP Haze, it is also possible that these

signals result from two separate populations of cosmic rays, with

considerably differing energies and which are evident in quite

different parts of the sky.

adopting conventional values for the diffusion coefficient
(3.5 × 1028 cm2/s) and Galactic Magnetic Field (B =
22µG e−r/5.0 kpc e−|z|/1.8 kpc, where r and z represent the
distance from the Galactic Center along and perpendic-
ular to the the Galactic Plane).
In Fig. 5, we compare the synchrotron haze predicted

from 10 GeV dark matter particles to that observed by
WMAP. Here, we have used the same dark matter model
as in the previous two subsection (with the exception of
a slightly different distribution, ρDM ∝ r−γ , γ = 1.33
rather than γ = 1.3, which should be of little conse-
quence). We find quite good agreement with the ob-
served features of the WMAP Haze. These fits to the
WMAP Haze were obtained with relatively little free-
dom in the astrophysical or dark matter parameters.
In particular, the mass, annihilation cross section, and
halo profile are each tightly constrained by the observed
features of the Galactic Center gamma-ray signal. Al-
though the choice of the magnetic field model allowed
us to adjust the morphology and spectrum of the of the
synchrotron emission to a limited degree, we had little
ability to significantly adjust the overall synchrotron in-
tensity. If the gamma-rays from the Galactic Center as
observed by Fermi are interpreted as dark matter annihi-
lation products, we are forced to expect a corresponding
synchrotron signal from the Inner Galaxy very much like
that observed by WMAP.
Dark matter particles annihilating in galaxies other

than the Milky Way will produce annihilation prod-
ucts which contribute to the diffuse isotropic radio back-
ground. Interestingly, data from ARCADE 2 (Abso-
lute Radiometer for Cosmology, Astrophysics and Diffuse
Emission), and a number of low frequency radio surveys
have revealed a sizable flux of isotropic power at radio
frequencies (<∼ 3 GHz), brighter than a factor of 5-6 than
that expected based on extrapolations of of the luminos-
ity functions of known radio sources. This emission also
exhibits a harder spectrum than is observed from resolved
sources such as radio galaxies [64]. In Ref. [65] it was sug-
gested that dark matter annihilations may account for
this excess. In particular, they point out that 10 GeV
dark matter particles annihilating to leptons can provide
a good fit to the observed radio background, without re-
lying on large boost factors [65, 66].

E. Indirect Evidence Summary and Constraints

Over the past several pages, I have summarized three
independent astrophysical observations which can be ex-
plained by the annihilations of a 10 GeV dark matter par-
ticle (four if you include the excess power in the diffuse
radio background). In this subsection, I will briefly dis-
cuss what these observations (if interpreted as dark mat-
ter annihilation products) tell us about the dark matter
particle and its distribution, and compare this to various
constraints that can be placed from other observations.
Beginning with the dark matter distribution, the an-

Could be further evidence of light (thermally 
produced) DM (m~10 GeV) annihilating mostly 
into leptons. 

Hints for very light DM? 
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considered in our analysis becomes

L(D|pW,{p}i) =
�

i

LLAT
i (D|pW,pi)

× 1

ln(10) Ji
√
2πσi

e−[log10(Ji)−log10(Ji)]
2
/2σ2

i ,

(1)

where LLAT
i denotes the binned Poisson likelihood that is

commonly used in a standard single ROI analysis of the

LAT data and takes full account of the point-spread func-

tion, including its energy dependence; i indexes the ROIs;

D represents the binned gamma-ray data; pW represents

the set of ROI-independent DM parameters (�σannv� and
mW ); and {p}i are the ROI-dependent model parame-

ters. In this analysis, {p}i includes the normalizations

of the nearby point and diffuse sources and the J factor,

Ji. log10(Ji) and σi are the mean and standard devia-

tions of the distribution of log10 (Ji), approximated to be

Gaussian, and their values are given in Columns 5 and

6, respectively, of Table I.

The fit proceeds as follows. For given fixed values of

mW and bf , we optimize − lnL, with L given in Eq. 1.

Confidence intervals or upper limits, taking into account

uncertainties in the nuisance parameters, are then com-

puted using the “profile likelihood”technique, which is

a standard method for treating nuisance parameters in

likelihood analyses (see, e.g., [32]), and consists of calcu-

lating the profile likelihood − lnLp(�σannv�) for several

fixed masses mW , where, for each �σannv�, − lnL is min-

imized with respect to all other parameters. The inter-

vals are then obtained by requiring 2∆ ln(Lp) = 2.71 for

a one-sided 95% confidence level. The MINUIT subrou-

tine MINOS [33] is used as the implementation of this

technique. Note that uncertainties in the background fit

(diffuse and nearby sources) are also treated in this way.

To summarize, the free parameters of the fit are �σannv�,
the J factors, and the Galactic diffuse and isotropic back-

ground normalizations as well as the normalizations of

near-by point sources. The coverage of this profile joint

likelihood method for calculating confidence intervals has

been verified using toy Monte Carlo calculations for a

Poisson process with known background and Fermi-LAT
simulations of Galactic and isotropic diffuse gamma-ray

emission. The parameter range for �σannv� is restricted

to have a lower bound of zero, to facilitate convergence of

the MINOS fit, resulting in slight overcoverage for small

signals, i.e., conservative limits.

RESULTS AND CONCLUSIONS

As no significant signal is found, we report upper lim-

its. Individual and combined upper limits on the anni-

hilation cross section for the bb̄ final state are shown in

Fig. 1; see also [34]. Including the J-factor uncertainties

FIG. 1. Derived 95% C.L. upper limits on a WIMP anni-
hilation cross section for all selected dSphs and for the joint
likelihood analysis for annihilation into the bb̄ final state. The
most generic cross section (∼ 3 · 10−26 cm3s−1 for a purely s-
wave cross section) is plotted as a reference. Uncertainties in
the J factor are included.

FIG. 2. Derived 95% C.L. upper limits on a WIMP annihila-
tion cross section for the bb̄ channel, the τ+τ− channel, the
µ+µ− channel, and the W+W− channel. The most generic
cross section (∼ 3 ·10−26 cm3s−1 for a purely s-wave cross sec-
tion) is plotted as a reference. Uncertainties in the J factor
are included.

in the fit results in increased upper limits compared to

using the nominal J factors. Averaged over the WIMP

masses, the upper limits increase by a factor up to 12

for Segue 1, and down to 1.2 for Draco. Combining the

dSphs yields a much milder overall increase of the upper

limit compared to using nominal J factors, a factor of

1.3.

The combined upper limit curve shown in Fig. 1 in-

cludes Segue 1 and Ursa Major II, two ultrafaint satel-

lites with small kinematic data sets and relatively large

Fermi-LAT ‘11 

Fermi-LAT observation of Dwarf 
Spheroidals 

Very light DM can be further constrained, however.  

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

Current bounds are still higher than 
what needed to account for Gamma 
ray and synchrotron hints. 

3

WMAP7 WMAP7+ACT WMAP7 Standard WMAP7+ACT Standard

pann[cm
3/s/GeV ] < 2.42 × 10−27 < 2.09 × 10−27 - -

ns 0.977 ± 0.015 0.971 ± 0.014 0.963 ± 0.014 0.962 ± 0.013
100Ωbh

2 2.266 ± 0.057 2.237 ± 0.053 2.258+0.057
−0.056 2.214 ± 0.050

Ωch
2 0.1115 ± 0.0054 0.1119 ± 0.0053 0.1109 ± 0.0056 0.1127 ± 0.0054

TABLE I: Constraints on the annihilation parameter pann and on the cosmological parameters that are more degenerate with
it, i. e. the scalar spectral index ns, the baryon density ωb and the dark matter density ωc. We report the results using WMAP7
data and WMAP7+ACT data. The constraints on pann are upper bound at 95% c.l., while for the other parameters we show
the marginalized value and their errors at 68% c.l. The last two columns reports the value of the cosmological parameters in
the standard ΛCDM case with no annihilation, as found by the WMAP7 team [24] and the ACT team [25].

the initial energy deposited into the gas is not constant
with cosmic time, even if the on–the–spot approximation
holds true at all redshifts of interest. This problem has
been addressed in [19], where the authors have computed
the evolution of the energy fraction f(z) for different pri-
mary species, and DM particle mass. As it can be seen
from their Figure 4, the f(z) is a smoothly varying func-
tion of redshift (even more so for the values of interest in
our problem 100 <

∼ z <
∼ 1000). We show the constraints

for time-varying f(z) in Figure 1. Interestingly, the new
results rule out ‘thermal’ WIMPs with mass mχ

<
∼ 10

GeV.
We have checked the constraints which is possible to

place using the redshift dependent shape of f presented in
Equation A1 and Table 1 of [19]. We have obtained con-
straints for purely DM models annihilating solely (and
separately) into electrons and muons, with different DM
masses, reported in Table II. This choice of annihila-
tion channels brackets the possible values of f(z): the
case of annihilation to other channels (except of course
neutrinos, which practically do not couple at all with the
plasma) falls between the two limiting cases studied here.
Although the implementation of the z-dependence of

f clearly leads to more accurate results, we found that
taking a simplified analysis with constant f , such that
f(z = 600) = fconst, leads to a difference with respect to
the full f(z) approach of less than ∼ 15%, depending on
the annihilation channel considered.
Discussion and Conclusions. In this brief report

we have provided new updated CMB constraints on
WIMP annihilations, with an improved analysis that
includes more recent CMB data (WMAP7 and the
ACT2008) and implementing the redshift evolution of the
thermal gas opacity to the high energy primary shower.
We have also found that a simplified analysis with con-
stant f = f(z = 600) leads to an error on the maximum
DM self-annihilation cross section smaller than ∼ 15%,
with respect to a treatment that fully takes into account
the redshift dependence of f(z).
While we were finalizing this paper, Hutsi et al.

(HCHR2011) [26] have reported results from a similar
analysis, using an averaged evolution of the f(z). They
provide 2− σ upper limits from WMAP7 with 1− σ un-
certainties on these limits due to the method used. These

FIG. 1: Constraints on the cross section < σv > in function
of the mass, obtained using a variable f(z) for particles anni-
hilating in muons (x signs) and in electrons (diamonds) using
WMAP7 data (red) and WMAP7+ACT data (black) at 95%
c.l.. The exclusion shaded areas are obtained for interpolation
of the WMAP7 + ACT data points for muons (dark shading)
and electrons (light shading). The black solid line indicates
the standard thermal cross-section < σv >= 3×10−26cm3/s.

results are a factor between 1.2 and 2 weaker than ours.
This is partially due to the fact that we account for ex-

tra Lyman radiation in our code, but this can account for
only less than 10% of the difference between the results.
As in GIBM09, we have calculated how much the

Planck satellite and a hypothetical Cosmic Variance Lim-
ited experiment will improve the constraints compared
to WMAP7 in the case of constant f (constraints for
Planck and CVL reported in GIBM09). We obtain im-
provement factors of 8 and 23 for Planck and CVL re-
spectively, which are compatible with the ones reported
in HCHR2011, 6 and 13. The difference for the CVL
experiment is attributed to the slightly different specifi-
cations used for the CVL experiment in HCHR2011 and
in GIBM09, namely the maximum multipole considered
in the analysis, as also stated in HCHR2011. Clearly the
data from the on-going Planck satellite mission, expected

Planck constraints on the CMB 

Also more important for light WIMPs 
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Current BSM-specific searches help constrain some DM candidates 
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TABLE I. Expected combinatorial background, B0
(s) → h+h�− background, cross-feed, and signal events assuming SM pre-

dictions, together with the number of observed events in the B0
s → µ+µ− and B0 → µ+µ− mass signal regions, in bins of

BDT.

Mode BDT bin 0.0 – 0.25 0.25 – 0.4 0.4 – 0.5 0.5 – 0.6 0.6 – 0.7 0.7 – 0.8 0.8 – 0.9 0.9 – 1.0

B0
s → µ+µ− Exp. comb. bkg 1889+38

−39 57+11
−11 15.3+3.8

−3.8 4.3+1.0
−1.0 3.30+0.92

−0.85 1.06+0.51
−0.46 1.27+0.53

−0.52 0.44+0.41
−0.24

Exp. peak. bkg 0.124+0.066
−0.049 0.063+0.024

−0.018 0.049+0.016
−0.012 0.045+0.016

−0.012 0.050+0.018
−0.013 0.047+0.017

−0.013 0.049+0.017
−0.013 0.047+0.018

−0.014

Exp. signal 2.55+0.70
−0.74 1.22+0.20

−0.19 0.97+0.14
−0.13 0.861+0.102

−0.088 1.00+0.12
−0.10 1.034+0.109

−0.095 1.18+0.13
−0.11 1.23+0.21

−0.21

Observed 1818 39 12 6 1 2 1 1

B0 → µ+µ− Exp. comb. bkg 2003+42
−43 61+12

−11 16.6+4.3
−4.1 4.7+1.3

−1.2 3.52+1.13
−0.97 1.11+0.71

−0.50 1.62+0.76
−0.59 0.54+0.53

−0.29

Exp. peak. bkg 0.71+0.36
−0.26 0.355+0.146

−0.088 0.279+0.110
−0.068 0.249+0.099

−0.055 0.280+0.109
−0.062 0.264+0.103

−0.057 0.275+0.108
−0.060 0.267+0.106

−0.069

Exp. cross-feed 0.40+0.11
−0.12 0.193+0.033

−0.030 0.153+0.023
−0.021 0.136+0.017

−0.015 0.158+0.019
−0.017 0.164+0.019

−0.017 0.187+0.022
−0.020 0.194+0.036

−0.033

Exp. signal 0.300+0.086
−0.090 0.145+0.027

−0.024 0.115+0.020
−0.017 0.102+0.014

−0.013 0.119+0.017
−0.015 0.123+0.016

−0.015 0.140+0.019
−0.017 0.145+0.030

−0.026

Observed 1904 50 20 5 2 1 4 1
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FIG. 2. CLs as a function of the assumed B for (left) B0
s → µ+µ− and (right) B0 → µ+µ− decays. The long dashed black

curves are the medians of the expected CLs distributions for B
0
s → µ+µ−, if background and SM signal were observed, and for

B0 → µ+µ−, if background only was observed. The yellow areas cover, for each B, 34% of the expected CLs distribution on
each side of its median. The solid blue curves are the observed CLs. The upper limits at 90% (95%) CL are indicated by the
dotted (solid) horizontal lines in red (dark gray) for the observation and in gray for the expectation.

TABLE II. Expected and observed limits on the B0
(s) → µ+µ−

branching fractions.

Mode Limit at 90% CL at 95% CL

B0
s → µ+µ− Exp. bkg+SM 6.3× 10−9 7.2× 10−9

Exp. bkg 2.8× 10−9 3.4× 10−9

Observed 3.8× 10−9 4.5× 10−9

B0 → µ+µ− Exp. bkg 0.91× 10−9 1.1× 10−9

Observed 0.81× 10−9 1.0× 10−9
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Note added in proof: while this paper was in prepa-

ration, the CMS collaboration released the results of an
updated search for these channels [16].
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Finally, NB0
(s)

→µ+µ− is the number of observed signal

events. The observed numbers of B+ → J/ψK+, B0
s →

J/ψφ and B0 → K+π− candidates are 340 100 ± 4500,
19 040 ± 160 and 10 120 ± 920, respectively. The three
normalization factors are in agreement within the uncer-
tainties and their weighted average, taking correlations
into account, gives αnorm

B0
s→µ+µ− = (3.19 ± 0.28) × 10−10

and αnorm
B0→µ+µ− = (8.38± 0.39)× 10−11.

For each bin in the two-dimensional space formed by
the invariant mass and the BDT we count the number
of candidates observed in the data, and compute the ex-
pected number of signal and background events.

The systematic uncertainties in the background and
signal predictions in each bin are computed by fluctu-
ating the mass and BDT shapes and the normalization
factors along the Gaussian distributions defined by their
associated uncertainties. The inclusion of the systematic
uncertainties increases the B0 → µ+µ− and B0

s → µ+µ−

upper limits by less than ∼ 5%.
The results for B0

s → µ+µ− and B0 → µ+µ− decays,
integrated over all mass bins in the corresponding signal
region, are summarized in Table I. The distribution of
the invariant mass for BDT>0.5 is shown in Fig. 1 for
B0

s → µ+µ− and B0 → µ+µ− candidates.

FIG. 1. Distribution of selected candidates (black points)
in the (left) B0

s → µ+µ− and (right) B0 → µ+µ− mass
window for BDT>0.5, and expectations for, from the top,
B0

(s) → µ+µ− SM signal (gray), combinatorial background

(light gray), B0
(s) → h+h�− background (black), and cross-

feed of the two modes (dark gray). The hatched area depicts
the uncertainty on the sum of the expected contributions.

The compatibility of the observed distribution of
events with that expected for a given branching frac-
tion hypothesis is computed using the CLs method [15].
The method provides CLs+b, a measure of the com-
patibility of the observed distribution with the signal
plus background hypothesis, CLb, a measure of the
compatibility with the background-only hypothesis, and
CLs = CLs+b/CLb.

The expected and observed CLs values are shown in
Fig. 2 for the B0

s → µ+µ− and B0 → µ+µ− channels,
each as a function of the assumed branching fraction.
The expected and measured limits for B0

s → µ+µ− and
B0 → µ+µ− at 90% and 95% CL are shown in Table II.
The expected limits are computed allowing the presence
of B0

(s) → µ+µ− events according to the SM branching
fractions, including cross-feed between the two modes.

The comparison of the distributions of observed
events and expected background events results in a p-
value (1− CLb) of 18% (60%) for the B0

s → µ+µ−

(B0 → µ+µ−) decay, where the CLb values are those cor-
responding to CLs+b = 0.5.

A simultaneous unbinned likelihood fit to the mass pro-
jections in the eight BDT bins has been performed to
determine the B0

s → µ+µ− branching fraction. The sig-
nal fractional yields in BDT bins are constrained to the
BDT fractions calibrated with the B0

(s) → h+h�− sam-

ple. The fit gives B(B0
s → µ+µ−) = (0.8+1.8

−1.3) × 10−9,
where the central value is extracted from the maximum
of the logarithm of the profile likelihood and the uncer-
tainty reflects the interval corresponding to a change of
0.5. Taking the result of the fit as a posterior, with a
positive branching fraction as a flat prior, the probabil-
ity for a measured value to fall between zero and the SM
expectation is 82%, according to the simulation. The
one-sided 90%, 95% CL limits, and the compatibility
with the SM predictions obtained from the likelihood, are
in agreement with the CLs results. The results of a fully
unbinned likelihood fit method are in agreement within
uncorrelated systematic uncertainties. The largest sys-
tematic uncertainty is due to the parametrization of the
combinatorial background BDT.

In summary, a search for the rare decays B0
s → µ+µ−

and B0 → µ+µ− has been performed on a data sam-
ple corresponding to an integrated luminosity of 1.0 fb−1.
These results supersede those of our previous publica-
tion [6] and are statistically independent of those ob-
tained from data collected in 2010 [12]. The data are
consistent with both the background-only hypothesis and
the combined background plus SM signal expectation at
the 1σ level. For these modes we set the most stringent
upper limits to date: B(B0

s → µ+µ−) < 4.5 × 10−9 and
B(B0 → µ+µ−) < 1.03× 10−9 at 95% CL.
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FOM and NWO (The Netherlands); SCSR (Poland);
ANCS (Romania); MinES of Russia and Rosatom (Rus-
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Mono-jet and Mono-γ (plus MET) searches constrain the region of light WIMPs 

Dark matter production with initial state 
radiation 	
  

Mono-jet and mono-photon signatures of dark matter

Idea: Pair production of DM + some visible particles

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

q

q̄

χ

χ̄

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

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

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

f

f̄

χ

χ̄

DELPHI (650 pb−1): hep-ex/0406019, 0901.4486
CDF (2 fb−1): 0807.3132
DØ(1 fb−1): 0803.2137
CMS (1.14 fb−1): CMS-PAS-EXO-11-058
Fox Harnik JK Tsai 1103.0240, 1109.4398
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Bounds depend on the DM effective 
operators to fermions	
  

LHC data 2011 (see also previous results from Tevatron)	
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The WIMP miracle (“survival of the weakest”) 

A (stable) particle with Electroweak-scale 
interactions can be thermally produced in the 
early Universe in the right amount to account for 
WMAP data	
  

Present in many models for Physics Beyond the SM	
  

•  Supersymmetry 
•  Theories with extra dimensions 
•  Little Higgs models 
•  Phenomenological scenarios 

... but WIMPs are not the only “natural” possibility.	
  

Particle dark matter models 
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Dark Matter  
 

Good candidates for Dark Matter have to fulfil the following conditions	
  

•  Neutral 
•  Stable on cosmological scales 
•  Reproduce the correct relic abundance 
•  Not excluded by current searches 
•  No conflicts with BBN or stellar evolution	
  

Many candidates in Particle Physics	
  

•  Axions 
•  Weakly Interacting Massive Particles (WIMPs) 
•  SuperWIMPs and Decaying DM 
•  WIMPzillas 
•  Asymmetric DM 
•  SIMPs, CHAMPs, SIDMs, ETCs...  ... they have very different properties	
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Supersymmetric dark matter  

Minimal SUSY extension 	
  

Goldberg ’83 
Ellis, Hagelin, Nanopoulos, Olive, Srednicki ’83 

 Krauss ‘83‏ 

Ibáñez ’84 
 Hagelin, Kane, Rabi ’84 

Sneutrino 
 
They annihilate very quickly and the regions 
where the correct relic density is obtained are 
already experimentally excluded 

Neutralino 
 
Good annihilation cross section. it is a WIMP 

Gravitino (Superpartner of the graviton) 
Axino (Superpartner of the axion) 

Extra-weakly interacting massive particles 
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Neutralino in the MSSM 

Linear Superposition of Bino, Wino and Higgsinos	
  

Its detection properties depend crucially on its composition	
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Neutralino in the MSSM 

The theoretical predictions can be within the range of future experiments	
  

Large cross section for a wide range 
of masses 

Ellis, Ferstl, Olive 2005 
Baek, D.G.C., Kim, Ko, Muñoz 2005‏ 

Xenon100 

CDMS (Soudan) 

CoGeNT 

DAMA-LIBRA 
(no channelling) 

DAMA-LIBRA 
(channelling) 

Xenon1T 

Super CDMS 
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Neutralino in the MSSM 

The theoretical predictions can be within the range of future experiments	
  

Very light Bino-like neutralinos with 
masses ~10 GeV could account for 
the DAMA signal 

Bottino, Donato, Fornengo, Scopel 2008 

This region is currently extremely 
constrained (if not ruled out) by 
current LHC bounds 

LHCb 2012 

Large cross section for a wide range 
of masses 

Ellis, Ferstl, Olive 2005 
Baek, D.G.C., Kim, Ko, Muñoz 2005‏ 
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Finally, NB0
(s)

→µ+µ− is the number of observed signal

events. The observed numbers of B+ → J/ψK+, B0
s →

J/ψφ and B0 → K+π− candidates are 340 100 ± 4500,
19 040 ± 160 and 10 120 ± 920, respectively. The three
normalization factors are in agreement within the uncer-
tainties and their weighted average, taking correlations
into account, gives αnorm

B0
s→µ+µ− = (3.19 ± 0.28) × 10−10

and αnorm
B0→µ+µ− = (8.38± 0.39)× 10−11.

For each bin in the two-dimensional space formed by
the invariant mass and the BDT we count the number
of candidates observed in the data, and compute the ex-
pected number of signal and background events.

The systematic uncertainties in the background and
signal predictions in each bin are computed by fluctu-
ating the mass and BDT shapes and the normalization
factors along the Gaussian distributions defined by their
associated uncertainties. The inclusion of the systematic
uncertainties increases the B0 → µ+µ− and B0

s → µ+µ−

upper limits by less than ∼ 5%.
The results for B0

s → µ+µ− and B0 → µ+µ− decays,
integrated over all mass bins in the corresponding signal
region, are summarized in Table I. The distribution of
the invariant mass for BDT>0.5 is shown in Fig. 1 for
B0

s → µ+µ− and B0 → µ+µ− candidates.

FIG. 1. Distribution of selected candidates (black points)
in the (left) B0

s → µ+µ− and (right) B0 → µ+µ− mass
window for BDT>0.5, and expectations for, from the top,
B0

(s) → µ+µ− SM signal (gray), combinatorial background

(light gray), B0
(s) → h+h�− background (black), and cross-

feed of the two modes (dark gray). The hatched area depicts
the uncertainty on the sum of the expected contributions.

The compatibility of the observed distribution of
events with that expected for a given branching frac-
tion hypothesis is computed using the CLs method [15].
The method provides CLs+b, a measure of the com-
patibility of the observed distribution with the signal
plus background hypothesis, CLb, a measure of the
compatibility with the background-only hypothesis, and
CLs = CLs+b/CLb.

The expected and observed CLs values are shown in
Fig. 2 for the B0

s → µ+µ− and B0 → µ+µ− channels,
each as a function of the assumed branching fraction.
The expected and measured limits for B0

s → µ+µ− and
B0 → µ+µ− at 90% and 95% CL are shown in Table II.
The expected limits are computed allowing the presence
of B0

(s) → µ+µ− events according to the SM branching
fractions, including cross-feed between the two modes.

The comparison of the distributions of observed
events and expected background events results in a p-
value (1− CLb) of 18% (60%) for the B0

s → µ+µ−

(B0 → µ+µ−) decay, where the CLb values are those cor-
responding to CLs+b = 0.5.

A simultaneous unbinned likelihood fit to the mass pro-
jections in the eight BDT bins has been performed to
determine the B0

s → µ+µ− branching fraction. The sig-
nal fractional yields in BDT bins are constrained to the
BDT fractions calibrated with the B0

(s) → h+h�− sam-

ple. The fit gives B(B0
s → µ+µ−) = (0.8+1.8

−1.3) × 10−9,
where the central value is extracted from the maximum
of the logarithm of the profile likelihood and the uncer-
tainty reflects the interval corresponding to a change of
0.5. Taking the result of the fit as a posterior, with a
positive branching fraction as a flat prior, the probabil-
ity for a measured value to fall between zero and the SM
expectation is 82%, according to the simulation. The
one-sided 90%, 95% CL limits, and the compatibility
with the SM predictions obtained from the likelihood, are
in agreement with the CLs results. The results of a fully
unbinned likelihood fit method are in agreement within
uncorrelated systematic uncertainties. The largest sys-
tematic uncertainty is due to the parametrization of the
combinatorial background BDT.

In summary, a search for the rare decays B0
s → µ+µ−

and B0 → µ+µ− has been performed on a data sam-
ple corresponding to an integrated luminosity of 1.0 fb−1.
These results supersede those of our previous publica-
tion [6] and are statistically independent of those ob-
tained from data collected in 2010 [12]. The data are
consistent with both the background-only hypothesis and
the combined background plus SM signal expectation at
the 1σ level. For these modes we set the most stringent
upper limits to date: B(B0

s → µ+µ−) < 4.5 × 10−9 and
B(B0 → µ+µ−) < 1.03× 10−9 at 95% CL.

We express our gratitude to our colleagues in the
CERN accelerator departments for the excellent perfor-
mance of the LHC. We thank the technical and admin-
istrative staff at CERN and at the LHCb institutes,
and acknowledge support from the National Agencies:
CAPES, CNPq, FAPERJ and FINEP (Brazil); CERN;
NSFC (China); CNRS/IN2P3 (France); BMBF, DFG,
HGF and MPG (Germany); SFI (Ireland); INFN (Italy);
FOM and NWO (The Netherlands); SCSR (Poland);
ANCS (Romania); MinES of Russia and Rosatom (Rus-
sia); MICINN, XuntaGal and GENCAT (Spain); SNSF

XL	
  Interna3onal	
  Mee3ng	
  on	
  Fundamental	
  Physics	
  -­‐	
  2012	
   David	
  G.	
  Cerdeño	
  



7

Bertone et al. (2011)

m1/2 (TeV)

m
0 (T

eV
)

Posterior pdf

Flat priors

Astro and hadronic fixed

0.5 1 1.5 20

1

2

3

4
Bertone et al. (2011)

tan !

A 0 (T
eV

)

Posterior pdf

Flat priors

Astro and hadronic fixed

0 20 40 60−4

−2

0

2

4
Bertone et al. (2011)

m
"

1
0 (GeV)

lo
g(
#

pSI
/p

b)

Posterior pdf

Flat priors

Astro and hadronic fixed

0 500 1000

−10

−9

−8

−7

−6

Bertone et al. (2011)

m1/2 (TeV)

m
0 (T

eV
)

Posterior pdf

Log priors

Astro and hadronic fixed

0.5 1 1.5 20

1

2

3

4
Bertone et al. (2011)

tan !

A 0 (T
eV

)

Posterior pdf

Log priors

Astro and hadronic fixed

0 20 40 60−4

−2

0

2

4
Bertone et al. (2011)

m
"

1
0 (GeV)

lo
g 10

(#
pSI

/p
b)

Posterior pdf

Log priors

Astro and hadronic fixed

0 500 1000

−10

−9

−8

−7

−6

Bertone et al. (2011)

m1/2 (TeV)

m
0 (T

eV
)

Profile likelihood

Astro and hadronic fixed

0.5 1 1.5 20

1

2

3

4
Bertone et al. (2011)

tan !

A 0 (T
eV

)

Profile likelihood

Astro and hadronic fixed

0 20 40 60−4

−2

0

2

4
Bertone et al. (2011)

m
"

1
0 (GeV)

lo
g 10

(#
pSI

/p
b)

Profile likelihood

Astro and hadronic fixed

0 500 1000

−10

−9

−8

−7

−6

FIG. 1: Black contours: posterior pdf (upper panels, for flat and log priors) and profile likelihood (lower panels) for the cMSSM
parameters, including all present-day constraints (WMAP 7-years and LHC first results included), except Xenon100. From the
inside out, contours enclose 68%, 95% and 99% of marginal posterior probability (top two rows) and the corresponding profiled
confidence intervals (bottom panels). The black cross represents the best fit, the black dot the posterior mean (for the pdf
plots). Parameters describing astrophysical and hadronic uncertainties have been fixed to their fiducial values. Grey contours
(very difficult to see, as they almost overlap with the black contours) represent the constraints obtained without inclusion of
LHC data. In the plots on the left, the dashed/blue line represents the current LHC exclusion limit, while in the right-most
plots the red/dashed line is the 90% exclusion limit from Xenon100 (for standard astrophysical assumptions).

profile likelihood perspective. We also point out that
the 99% region from the profile likelihood is much wider
than could be assumed just by qualitatively extending
either the 68% or the 95% range, and this owing to the
highly non-Gaussian nature of the tails of the distribu-
tion. Our results therefore indicate that a high-resolution

scan is necessary to map out the tails of the profile like-
lihood with sufficient accuracy in order to delimit the
99% region, whose extent is much larger than would be
inferred by assuming an approximately Gaussian distri-
bution from the 68% region. Finally, it is interesting that
the extent of the 99% profile likelihood region is actually

Bertone, Cerdeño., Fornasa, Ruiz de Austri,  Trotta 2011 

The negative results allow to exclude the Focus Point region, even with Astrophysical 
and Hadronic Uncertainties, and constrain neutralino masses below 250 GeV	
  

Impact of Xeon 100 and LHC results on the CMSSM 

LHC

Strege et al. (2011)
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Figure 2. As in Fig. 1, but now black contours include XENON100 data (considering hadronic and
astrophysical uncertainties as nuisance parameters), while the blue empty contours show for comparison the
case where no direct detection data are included (from the inside out: 68%, 95% and 99% regions). We observe
a strong suppression of the viability of the FP region. Notice that the XENON100 90% limit (red/dashed
line) has been included only to guide the eye, as our implementation of the XENON100 data is slightly more
conservative than the procedure adopted in Ref. [15].

data, as can be seen explicitly in the rightmost plot. This clearly illustrates the potential of
direct detection experiments to constrain SUSY.

3.3 Impact of the δaSUSY
µ constraint

The muon anomalous magnetic moment provides an interesting window to new Physics,
since it is very accurately measured. A constraint on the supersymmetric contribution to
this observable, δaSUSY

µ , can be extracted by comparing the experimental result [59], with
the theoretical evaluations of the Standard Model contribution [60–62]. Although the latter
have become increasingly precise in the last decade, they are still subject to theoretical uncer-

– 11 –

XL	
  Interna3onal	
  Mee3ng	
  on	
  Fundamental	
  Physics	
  -­‐	
  2012	
   David	
  G.	
  Cerdeño	
  



Neutralino in the Next-to-MSSM 

Linear Superposition of Bino, Wino and Higgsinos with a singlino component	
  

Its detection properties depend crucially on its composition	
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1 Introduction

2 Direct dark matter detection

Let us start by briefly reviewing some basic expressions describing the WIMP rate in

direct dark matter detection [1] (for a recent review see Ref. [2]).

The differential event rate for the elastic scattering of a WIMP with mass mχ off a

nucleus with mass mN is given by

dR

dER
=

ρ0
mN mχ

∫ ∞

vmin

vf(v)
dσWN

dER
(v, ER) dv , (2.1)

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

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

from the minimum WIMP speed which can induce a recoil of energy ER: vmin =√
(mNER)/(2µ2

N) and a escape velocity vesc, the maximum speed in the Galactic rest

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

rate is then calculated by integrating the differential event rate over all the possible

recoil energies,

R =

∫ ∞

ET

dER
ρ0

mN mχ

∫ ∞

vmin

vf(v)
dσWN

dER
(v, ER) dv . (2.2)

Here ET is the threshold energy, the smallest recoil energy which the detector is capable

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

In general, the WIMP-nucleus cross section can be separated into a spin-independent

(scalar) and a spin-dependent contribution, and the total WIMP-nucleus cross section

is calculated by adding coherently the above spin and scalar components, using nuclear

wave functions. The differential cross section thus reads

dσWN

dER
=

mN

2µ2
Nv

2

(
σSI
0 F 2

SI(ER) + σSD
0 F 2

SD(ER)
)
, (2.3)

where σSI, SD
0 are the spin-independent and -dependent cross sections at zero momen-

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

leads to a suppression in the event rate for heavy WIMPs or nucleons in the spin-

independent and -dependent contributions.

[DC: Not sure we should start with this since we do not determine the ex-

pressions of the effective Lagrangian and this is actually only for Fermions.

2

4.1 Energy dependence

The shape of the differential event rate depends on the WIMP and target masses, the WIMP
velocity distribution and the form factor. For the standard halo model the expression for the
differential event rate, eq. 1, can be rewritten approximately (c.f. Ref.[42]) as

dR

dER
≈

(

dR

dER

)

0
F 2(ER) exp

(

−
ER

Ec

)

, (26)

where (dR/dER)0 is the event rate in the E → 0 keV limit. The characteristic energy scale
is given by Ec = (c12µ2

Nv2c )/mN where c1 is a parameter of order unity which depends on
the target nuclei. If the WIMP is much lighter than the target nuclei, mχ $ mN , then
Ec ∝ m2

χ/mN while if the WIMP is much heavier than the target nuclei Ec ∝ mN . The total
recoil rate is directly proportional to the WIMP number density, which varies as 1/mχ.

In fig. 1 we plot the differential event rate for Ge and Xe targets and a range of WIMP
masses. As expected, for a fixed target the differential event rate decreases more rapidly with
increasing recoil energy for light WIMPs. For a fixed WIMP mass the decline of the differen-
tial event rate is steepest for heavy target nuclei. The dependence of the energy spectrum on
the WIMP mass allows the WIMP mass to be estimated from the energies of detected events
(e.g. Ref. [43]). Furthermore the consistency of energy spectra measured by experiments
using different target nuclei would confirm that the events were due to WIMP scattering
(rather than, for instance, neutron backgrounds) [42]. In particular, for spin independent
interactions, the total event rate scales as A2. The is sometimes referred to as the ‘materials
signal’.

The WIMP and target mass dependence of the differential event rate also have some
general consequences for experiments. The dependence of the total event rate on mχ means
that, for fixed cross-section, a larger target mass will be required to detect heavy WIMPs
than lighter WIMPs. For very light WIMPs the rapid decrease of the energy spectrum with
increasing recoil energy means that the event rate above the detector threshold energy, ET ,
may be small. If the WIMP is light, < O(10GeV), a detector with a low, < O( keV),
threshold energy will be required.

The most significant astrophysical uncertainties in the differential event rate come from
the uncertainties in the local WIMP density and circular velocity. As discussed in Sec. 3.1 the
uncertainty in the local DM density translates directly into an uncertainty in constraints on
(or in the future measurements of) the scattering cross-section. The time averaged differential
event rate is found by integrating the WIMP velocity distribution, therefore it is only weakly
sensitive to changes in the shape of the WIMP velocity distribution. For the smooth halo
models discussed in Sec. 3.2 the time averaged differential event rates are fairly similar to
that produced by the standard halo model [44; 45]. Consequently exclusion limits vary only
weakly [45; 46] and there would be a small (of order a few per-cent) systematic uncertainty
in the WIMP mass deduced from a measured energy spectrum [47]. With multiple detectors
it would in principle be possible to measure the WIMP mass without any assumptions about
the WIMP velocity distribution [48].

In the extreme case of the WIMP distribution being composed of a small number of
streams the differential event rate would consists of a series of (sloping due to the form
factor) steps. The positions of the steps would depend on the stream velocities and the
target and WIMP masses, while the relative heights of the steps would depend on the stream
densities.
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Figure 1: The dependence of the spin independent differential event rate on the WIMP mass
and target. The solid and dashed lines are for Ge and Xe respectively and WIMP masses of
(from top to bottom at ER = 0keV) 50, 100 and 200 keV. The scattering cross-section on
the proton is taken to be σSI

p = 10−8 pb.

4.2 Time dependence

The Earth’s orbit about the Sun leads to a time dependence, specifically an annual modula-
tion, in the differential event rate [29; 49]. The Earth’s speed with respect to the Galactic
rest frame is largest in Summer when the component of the Earth’s orbital velocity in the
direction of solar motion is largest. Therefore the number of WIMPs with high (low) speeds
in the detector rest frame is largest (smallest) in Summer. Consequently the differential event
rate has an annual modulation, with a peak in Winter for small recoil energies and in Summer
for larger recoil energies [50]. The energy at which the annual modulation changes phase is
often referred to as the ‘crossing energy’.

Since the Earth’s orbital speed is significantly smaller than the Sun’s circular speed the
amplitude of the modulation is small and, to a first approximation, the differential event rate
can, for the standard halo model, be written approximately as a Taylor series:

dR

dER
≈

¯(

dR

dER

)

[1 +∆(ER) cosα(t)] , (27)

where α(t) = 2π(t − t0)/T , T = 1 year and t0 ∼ 150 days. In fig. 2 we plot the energy

dependence of the amplitude in terms of vmin (recall that vmin ∝ E1/2
R with the constant of

proportionality depending on the WIMP and target nuclei masses). The amplitude of the
modulation is of order 1-10 %.

The Earth’s rotation provides another potential time dependence in the form of a diur-
nal modulation as the Earth acts as a shield in front of the detector [51; 52], however the
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Figure 2. The distribution of the maximum likelihood WIMP masses, mχ, and cross-
sections, σp, for exposures of (top row, left to right and then bottom row left to right)
E = 3 × 102, 3 × 103, 3 × 104 and 3 × 105 kg day. For E = 3 × 102 kg day we explicitly
plot the results from all 104 Monte Carlo experiments. For the larger exposures we
plot contours containing 68% and 95% of the probability distribution. In each panel
the large cross denotes the input parameters: mχ = 100 GeV, σp = 10−7 pb.

carried out assuming a Maxwellian speed distribution with vc = 220 km s−1. For each

experiment the extended likelihood is maximized for WIMP parameters which produce

an expected number of events equal to the actual number of events observed in that
experiment: λ(mχ, σp) = Nexpt. This means that, for fixed exposure, the ML parameters

are localized on curves corresponding to fixed Nexpt. For a given experiment the position

of the ML parameters on the curve depends on the energies of the observed events. For

E = 3 × 102 kg day, λin = 7.8, which is sufficiently small that the stratification of ML

parameters is clearly visible and we hence plot the actual pairs of mχ − σp values. For

the larger exposures the mean number of events expected is proportionately larger, the
stratification is no longer visible, the ML values are better localized in the mχ−σp plane

and we instead plot contours containing 68% and 95% of the simulated experiments.

We calculate the continuous probability distribution of mχ and σp by smoothing the ML

values from the 104 Monte Carlo simulations with a double gaussian kernel and summing
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1 Introduction

2 Direct dark matter detection

Let us start by briefly reviewing some basic expressions describing the WIMP rate in

direct dark matter detection [1] (for a recent review see Ref. [2]).

The differential event rate for the elastic scattering of a WIMP with mass mχ off a

nucleus with mass mN is given by

dR

dER
=

ρ0
mN mχ

∫ ∞

vmin

vf(v)
dσWN

dER
(v, ER) dv , (2.1)

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

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

from the minimum WIMP speed which can induce a recoil of energy ER: vmin =√
(mNER)/(2µ2

N) and a escape velocity vesc, the maximum speed in the Galactic rest

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

rate is then calculated by integrating the differential event rate over all the possible

recoil energies,

R =

∫ ∞

ET

dER
ρ0

mN mχ

∫ ∞

vmin

vf(v)
dσWN

dER
(v, ER) dv . (2.2)

Here ET is the threshold energy, the smallest recoil energy which the detector is capable

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

In general, the WIMP-nucleus cross section can be separated into a spin-independent

(scalar) and a spin-dependent contribution, and the total WIMP-nucleus cross section

is calculated by adding coherently the above spin and scalar components, using nuclear

wave functions. The differential cross section thus reads

dσWN

dER
=

mN

2µ2
Nv

2

(
σSI
0 F 2

SI(ER) + σSD
0 F 2

SD(ER)
)
, (2.3)

where σSI, SD
0 are the spin-independent and -dependent cross sections at zero momen-

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

leads to a suppression in the event rate for heavy WIMPs or nucleons in the spin-

independent and -dependent contributions.

[DC: Not sure we should start with this since we do not determine the ex-

pressions of the effective Lagrangian and this is actually only for Fermions.

2

4.1 Energy dependence

The shape of the differential event rate depends on the WIMP and target masses, the WIMP
velocity distribution and the form factor. For the standard halo model the expression for the
differential event rate, eq. 1, can be rewritten approximately (c.f. Ref.[42]) as

dR

dER
≈

(

dR

dER

)

0
F 2(ER) exp

(

−
ER

Ec

)

, (26)

where (dR/dER)0 is the event rate in the E → 0 keV limit. The characteristic energy scale
is given by Ec = (c12µ2

Nv2c )/mN where c1 is a parameter of order unity which depends on
the target nuclei. If the WIMP is much lighter than the target nuclei, mχ $ mN , then
Ec ∝ m2

χ/mN while if the WIMP is much heavier than the target nuclei Ec ∝ mN . The total
recoil rate is directly proportional to the WIMP number density, which varies as 1/mχ.

In fig. 1 we plot the differential event rate for Ge and Xe targets and a range of WIMP
masses. As expected, for a fixed target the differential event rate decreases more rapidly with
increasing recoil energy for light WIMPs. For a fixed WIMP mass the decline of the differen-
tial event rate is steepest for heavy target nuclei. The dependence of the energy spectrum on
the WIMP mass allows the WIMP mass to be estimated from the energies of detected events
(e.g. Ref. [43]). Furthermore the consistency of energy spectra measured by experiments
using different target nuclei would confirm that the events were due to WIMP scattering
(rather than, for instance, neutron backgrounds) [42]. In particular, for spin independent
interactions, the total event rate scales as A2. The is sometimes referred to as the ‘materials
signal’.

The WIMP and target mass dependence of the differential event rate also have some
general consequences for experiments. The dependence of the total event rate on mχ means
that, for fixed cross-section, a larger target mass will be required to detect heavy WIMPs
than lighter WIMPs. For very light WIMPs the rapid decrease of the energy spectrum with
increasing recoil energy means that the event rate above the detector threshold energy, ET ,
may be small. If the WIMP is light, < O(10GeV), a detector with a low, < O( keV),
threshold energy will be required.

The most significant astrophysical uncertainties in the differential event rate come from
the uncertainties in the local WIMP density and circular velocity. As discussed in Sec. 3.1 the
uncertainty in the local DM density translates directly into an uncertainty in constraints on
(or in the future measurements of) the scattering cross-section. The time averaged differential
event rate is found by integrating the WIMP velocity distribution, therefore it is only weakly
sensitive to changes in the shape of the WIMP velocity distribution. For the smooth halo
models discussed in Sec. 3.2 the time averaged differential event rates are fairly similar to
that produced by the standard halo model [44; 45]. Consequently exclusion limits vary only
weakly [45; 46] and there would be a small (of order a few per-cent) systematic uncertainty
in the WIMP mass deduced from a measured energy spectrum [47]. With multiple detectors
it would in principle be possible to measure the WIMP mass without any assumptions about
the WIMP velocity distribution [48].

In the extreme case of the WIMP distribution being composed of a small number of
streams the differential event rate would consists of a series of (sloping due to the form
factor) steps. The positions of the steps would depend on the stream velocities and the
target and WIMP masses, while the relative heights of the steps would depend on the stream
densities.
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Not really if we look at the whole parameter space... 	
  

Information on spin-dependent WIMP couplings can prove important to distinguish models 
3

FIG. 1: Theoretical predictions for σSD
p versus σSI

p obtained from a set of random scans in the various supersymmetric (effMSSM
and supergravity-inspired) scenarios (left) and in the UED scenario (right). All the points fulfil existing experimental constraints
and reproduce the correct dark matter relic density. The current and projected sensitivities of the CDMS detector (25 kg stage)
are also represented with solid and dot-dashed lines, respectively, together with the potential reach of COUPP (dashed lines).
The sensitivity of COUPP at 1 ton target mass is based on the goal of matching the lowest alpha-emitter concentrations so far
achieved in neutrino experiments [7] (e.g., KAMLAND [11]).

mq(1) . The resulting spin-dependent and -independent
LKP detection cross section is represented in Fig. 1b),
where (in view of the aforementioned theoretical uncer-
tainties on the B(1) parameters) we took a rather liberal
approach, and let the B(1) mass mB(1) , and the normal-
ized mass difference between the first level KK quarks
and the B(1), Rq(1) ≡ (mB(1) − mq(1))/mB(1) , to vary in-
dependently in the range 300 GeV ≤ mB(1) ≤ 2000 GeV,
and 0.01 ≤ Rq(1) ≤ 0.5. Note that masses mB(1) ! 300
GeV are excluded by electroweak precision data [25, 26].
As one can see, LKP models tend to populate a differ-
ent region of the parameter space with respect to SUSY
scenarios, due to the larger spin-dependent cross-section.

WIMP Discovery and Identification. The discovery of
neutralino DM might take place through either scalar or
axial coupling. In contrast, discovery of LKP DM is for
most, but not all, models expected to occur through ax-
ial coupling. The ability of COUPP to run with a target
such as CF3I, which has optimal SI, SDn, and SDp cou-
plings, is an advantage of this experiment in the race
for first detection. Supposing an experiment succeeds in
directly detecting DM particles, it is interesting to con-
sider how the nature of the DM (e.g. neutralino or LKP)
might be determined. The possibility of running with a
range of detection fluids makes COUPP well-poised to
determine the nature of DM upon successful detection.
As shown in Fig. 2(a), measurement of an event rate in a
single detector does reduce allowed models, but does not
generally place significant constraints on coupling param-
eters or on the nature of detected DM (i.e. neutralino or
LKP). However, as shown in Fig. 2b), subsequent detec-

tion of an event rate on a second target does substantially
reduce the allowed range of coupling parameters, and al-
lows, in most cases, an effective discrimination between
neutralino and LKP DM (it has recently been pointed
out [27] that a combination of direct and indirect detec-
tion techniques might also help distinguishing between
these two candidates). The combination of detector flu-
ids used in Fig. 2 is effective in reducing the allowed range
of σSI

p /σSD
p because massive iodine nuclei have a large SI

coupling, while fluorine nuclei have a large SDp coupling.
It must be noted that fluorine and iodine have very simi-
lar neutron cross sections. Monte Carlo simulations show
that CF3I and C3F8 or C4F10 exhibit essentially the same
response to any residual neutron background, i.e., neu-
trons cannot mimic an observed behavior such as that
described in the discussion of Fig. 2. Other combinations
of targets such as germanium and silicon are more prone
to systematic effects where residual neutron recoils can
mimic the response expected from a WIMP with domi-
nant spin-independent couplings.

Conclusions. As we have shown with Fig. 1, in cer-
tain phenomenological scenarios a detector sensitive ex-
clusively to one mode of interaction may lack sensitivity
to a large fraction of WIMP candidates. The possibility of
operating experiments, such as COUPP, with a range of
detection fluids, makes them ideally suited to determine
the nature of dark matter upon successful detection, i.e.,
to distinguish between LKP and neutralino candidates,
and in the second case, to pinpoint the properties of the
particle in an otherwise vast supersymmetric parameter
space. The arguments presented here for the case study
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Determining the full set of phenomenological parameters 
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Example 1: Complementarity of direct detection and collider searches 

Some DM (WIMP) properties can be determined in a collider ...but its relic 
density might be difficult to determine	
  

For example, assuming detection at the LHC 
(i.e., a set of measurements of the SUSY 
spectrum)	
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...but its relic density might be difficult to determine	
  

For example, assuming detection at the LHC 
(i.e., a set of measurements of the SUSY 
spectrum)	
  

The neutralino relic density can be extracted 
(from the most likely configurations)	
  

This determination can be inconclusive due to 
incomplete knowledge of the WIMP couplings	
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Combination of collider searches with DD removes the degeneracies 

Bertone, D.G.C., Fornasa, Ruiz de Austri Trotta 2010   LCC3 point LHC @ 14 TeV, 100 fb-1 

Scaling ansatz: The local dark matter density scales as 
the cosmological abundance	
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Target A ε Eth Emax ρχ λ

Ge 73 300 ton day 10 keV 100 keV 0.385 GeV cm−3 638

TABLE II: Relevant quantities for a SuperCDMS-like direct
detection experiment. The quantity λ gives the expected
number of WIMP recoils for our SUSY benchmark model.

where

R0 =
σSI

χ−p
ρχA2c2(mχ +mp)2√

πm3m2
pv0

, (5)

and

E0 =
2m2

χv
2
0Amp

(mχ +Amp)2c2
. (6)

Here, ρχ is the local WIMP density, A is the mass number
of the target nuclei (A = 73 in the case of Germanium),
mp is the proton mass, v0 is the characteristic WIMP
velocity and F 2(E) denotes the nuclear form factor. A
discussion on the values of the parameters c1 and c2 and
the functional form of F (E) can be found in Refs. [15,
16, 38]. The specific values of the quantities for our case
study are summarized in Table II.
In order to combine the result of a direct detection ex-

periment with LHC data, we run an additional scan of the
SUSY parameter space including in the likelihood func-
tion an additional Poisson-distributed term that com-
pares the number of events and their spectral shape pre-
dicted in each point in parameter space with the recoil
spectrum corresponding to the benchmark value of Table
II. The overall background rate and its spectral shape are
assumed to be known.
As shown by Eqs. (3)-(5), the number of detected

events is proportional to the product of the WIMP-
proton cross section and the local DM density λ ∝
σSI

χ−p
ρχ. Therefore, unless one specifies the value of ρχ,

any information on the number of events leaves the scat-
tering cross section practically unconstrained.
We propose two different strategies to specify ρχ:

1. Consistency check: we impose that

ρχ = ρDM , (7)

and we adopt for this quantity the value obtained
in a recent paper by Catena and Ullio [39], through
a careful analysis of dynamical observables in the
Galaxy, namely ρχ = 0.385 GeV cm−3 (see also
[40–42]). Although this assumption completely re-
moves the degeneracy between σSI

χ−p
and ρχ, it

forces the identification of neutralino with the DM
particle, irrespectively of the value of its thermal
relic density. This is therefore equivalent to as-
suming that, a non-standard cosmological history
of the Universe can correct any excess or deficit in
the thermal relic density and make it agree with
the WMAP result, for example, either by invoking

late injection of entropy, non-thermal production
through late-decaying particles (such as a modulus
or a gravitino [43]), scenarios with a low-reheating
temperature [44] (see also Ref. [45]) or a faster ex-
pansion rate [46, 47]. For these reasons this Ansatz
must be considered as a consistency check rather
than a proof of the identification of DM particles.

2. Scaling Ansatz: we assume that the local density of
the neutralino scales with the cosmological abun-
dance. More precisely, we propose the following
Ansatz

ρχ̃0
1
/ρDM = Ωχ̃0

1
/ΩDM. (8)

This Ansatz is strictly valid in the reasonable case
where the distribution of neutralinos in large struc-
tures, and in particular in the Galaxy, traces the
cosmological distribution of the DM. This Ansatz
is obviously true if neutralinos contribute all the
DM in the Universe, but is also valid in the case
where the neutralino is a subdominant component
of DM, provided that DM behaves, as expected, as
a cold collisionless particle. As shown below, this
simple assumption is powerful tool to remove de-
generacies in the parameter space.

The reconstruction of the neutralino relic density is
shown in Fig. 1. The left panel corresponds to the case
where only LHC constraints are considered. Consistently
with previous analyses [23], multiple peaks can be ob-
served, as a consequence of degeneracies in the SUSY
parameters space that the LHC constraints are unable
to break. In particular, the two observed peaks corre-
spond to neutralinos with different composition: mostly
Wino and mostly Bino, from left to right. This is a con-
sequence of the fact that the LHC is assumed to be able
to measure only the two lightest neutralino states, but
not the two more massive ones or the charginos. The
true value of the relic density for our benchmark point
(Ωχ̃0

1
h2 = 0.176), represented by a diamond in Fig. 1, is

indeed inside the peak corresponding to mostly Bino dark
matter. Although this value is about 60% larger than the
relic abundance measured by the WMAP satellite [30],
we expect our results to remain qualitatively correct for
other points in the co-annihilation region leading to the
correct cosmological relic abundance.
The constraints from LHC only data are also shown

in the left panel of Fig. 2, in the plane σSI

χ−p
vs Ωχ̃0

1
h2,

where the true value of those quantities is given by
(Ωχ̃0

1
h2 = 0.176, σSI

χ−p
= 7.1 × 10−8 pb). The left-

most region corresponds to a neutralino which has a lead-
ing Wino component, thereby displaying a smaller relic
abundance, whereas the region towards larger relic abun-
dance corresponds to Bino-like neutralinos, for which the
scattering cross section is also slightly smaller.
In the central and right panels of the two figures, we

show the impact of adding information from direct de-
tection experiments. These plots have been obtained by
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velocity and F 2(E) denotes the nuclear form factor. A
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16, 38]. The specific values of the quantities for our case
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SUSY parameter space including in the likelihood func-
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spectrum corresponding to the benchmark value of Table
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or a gravitino [43]), scenarios with a low-reheating
temperature [44] (see also Ref. [45]) or a faster ex-
pansion rate [46, 47]. For these reasons this Ansatz
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the neutralino scales with the cosmological abun-
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tures, and in particular in the Galaxy, traces the
cosmological distribution of the DM. This Ansatz
is obviously true if neutralinos contribute all the
DM in the Universe, but is also valid in the case
where the neutralino is a subdominant component
of DM, provided that DM behaves, as expected, as
a cold collisionless particle. As shown below, this
simple assumption is powerful tool to remove de-
generacies in the parameter space.

The reconstruction of the neutralino relic density is
shown in Fig. 1. The left panel corresponds to the case
where only LHC constraints are considered. Consistently
with previous analyses [23], multiple peaks can be ob-
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parameters space that the LHC constraints are unable
to break. In particular, the two observed peaks corre-
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Here, ρχ is the local WIMP density, A is the mass number
of the target nuclei (A = 73 in the case of Germanium),
mp is the proton mass, v0 is the characteristic WIMP
velocity and F 2(E) denotes the nuclear form factor. A
discussion on the values of the parameters c1 and c2 and
the functional form of F (E) can be found in Refs. [15,
16, 38]. The specific values of the quantities for our case
study are summarized in Table II.
In order to combine the result of a direct detection ex-
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SUSY parameter space including in the likelihood func-
tion an additional Poisson-distributed term that com-
pares the number of events and their spectral shape pre-
dicted in each point in parameter space with the recoil
spectrum corresponding to the benchmark value of Table
II. The overall background rate and its spectral shape are
assumed to be known.
As shown by Eqs. (3)-(5), the number of detected
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proton cross section and the local DM density λ ∝
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any information on the number of events leaves the scat-
tering cross section practically unconstrained.
We propose two different strategies to specify ρχ:
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and we adopt for this quantity the value obtained
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Example 2: Combination with Indirect detection can also remove degeneracies 

3

Mass Benchmark value, µ LHC error, σ

m(χ̃0
1) 139.3 14.0

m(χ̃0
2) 269.4 41.0

m(ẽ1) 257.3 50.0

m(µ̃1) 257.2 50.0

m(h) 118.50 0.25

m(A) 432.4 1.5

m(τ̃1)−m(χ̃0
1) 16.4 2.0

m(ũR) 859.4 78.0

m(d̃R) 882.5 78.0

m(s̃R) 882.5 78.0

m(c̃R) 859.4 78.0

m(ũL) 876.6 121.0

m(d̃L) 884.6 121.0

m(s̃L) 884.6 121.0

m(c̃L) 876.6 121.0

m(̃b1) 745.1 35.0

m(̃b2) 800.7 74.0

m(t̃1) 624.9 315.0

m(g̃) 894.6 171.0

m(ẽ2) 328.9 50.0

m(µ̃2) 328.8 50.0

TABLE I. Sparticle spectrum (in GeV) for our benchmark
SUSY point and relative estimated measurements errors at
the LHC (standard deviation σ).

The posterior encodes both the information contained
in the priors and in the experimental constraints, but,
ideally, it should be largely independent of the choice of
priors, so that the posterior inference is dominated by the
data contained in the likelihood. If some residual depen-
dence on the prior p(x) remains this should be consid-
ered as a sign that the experimental data employed are
not constraining enough to override completely different
plausible prior choices and therefore the resulting pos-
terior should be interpreted with some care, as it might
depend on the prior assumptions. For the practical im-
plementation of the Bayesian analysis sketched above we
employed the SuperBayeS code [47], extending the pub-
licly available version 1.35 RT: or v 1.5? to handle the
24 dimensions of our SUSY parameter space. To scan
in an efficient way the SUSY parameter space we have
upgraded the MultiNest [48] algorithm included in Su-
perBayeS to the latest MultiNest release (v 2.7). The
reader is referred to Paper I for full details. As in that
work, we find there that our results exhibit only a very
mild prior dependence.

Gf: In particular, we can stress that we en-
force that the particle found at the LHC is the
DM, when implementing upper limits. RT: still
to be done. More details about priors/likelihood
needed

III. FERMI LAT CONSTRAINTS FROM
DWARF SPHEROIDAL GALAXIES

The first 11 months of data gathered by the Fermi LAT
telescope in its survey mode of observation have been an-
alyzed in Ref. [49] to search for gamma-ray emission from
the position of 14 dShps including Draco. The lack of
detection was used to put constraints on the gamma-ray
emission from the direction of each dSph and, assuming
a certain DM content, on the DM annihilation cross sec-
tion (σv). The gamma-ray flux at energy Eγ due to DM
annihilations from the direction Ψ is usually factorized
into two terms:

dΦγ

dEγ
(Eγ ,Ψ) =

dΦPP

dEγ
(Eγ)× los(Ψ,∆Ω), (2)

where the first term depends on the particle physics
characteristics of the DM candidate as follows:

dΦPP

dEγ
(Eγ) =

1

4π

(σv)

2m2
χ̃0
1

∑

f

dNf
γ

dEγ
Bf . (3)

dNf
γ /dEγ is the differential photon spectrum per anni-

hilation relative to the final state f , Bf is the branching
ratio for that particular final state f and (σv) is the an-
nihilation cross section. While, the second term in Eq.
(2), called the astrophysical factor, indicates the integra-
tion of the squared DM density ρ(r) of the target over
the line-of-sight s and over the solid angle ∆Ω:

los(Ψ,∆Ω) =

∫

∆Ω

∫

ρ2(r(s,R!,Ψ))

s2
ds dΩ. (4)

r is the galactocentric distance, which can be expressed
as a function of the line-of-sight, the angular coordinate
Ψ and the distance R! of the Earth from the center of
the halo. From Eq. 2 is evident how an upper limit in
flux can be translated into an upper limit on (σv), once
we assume a certain DM profile for the dSph and, thus,
a certain value for los(Ψ,∆Ω).
The most stringent constraint on (σv) in Ref. [49]

comes from Draco and it is of the order of 10−25cm−3s−1

at mχ=100 GeV (for DM annihilation into b quarks.
In the recent Ref. [41], the collaboration updated their

results using 24 months of data and combine 10 dSphs
into the same likelihood analysis. One additional differ-
ence with respect to Ref. [49] is that the astrophysical
uncertainties on the astrophysical factor of each dSph are
taken into account.
The DM profile of a dSphs can be determined from

kinematics data of its member stars. In particular mea-
surements of stellar velocity dispersion are used to build a
likelihood function that depends on the parameters defin-
ing a DM halo profile [28]. Bayesian inference is then used
to derive a pdf for the astrophysical factor of each dSph.
These quantities are then included in the likelihood anal-
ysis of Fermi LAT data so that their final result correctly
account for our ignorance on the exact amount of DM in
the dSphs (refer to Ref. [41] for more details).
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Mass Benchmark value, µ LHC error, σ

m(χ̃0
1) 139.3 14.0

m(χ̃0
2) 269.4 41.0

m(ẽ1) 257.3 50.0

m(µ̃1) 257.2 50.0

m(h) 118.50 0.25

m(A) 432.4 1.5

m(τ̃1)−m(χ̃0
1) 16.4 2.0

m(ũR) 859.4 78.0

m(d̃R) 882.5 78.0

m(s̃R) 882.5 78.0

m(c̃R) 859.4 78.0

m(ũL) 876.6 121.0

m(d̃L) 884.6 121.0

m(s̃L) 884.6 121.0

m(c̃L) 876.6 121.0

m(̃b1) 745.1 35.0

m(̃b2) 800.7 74.0

m(t̃1) 624.9 315.0

m(g̃) 894.6 171.0

m(ẽ2) 328.9 50.0

m(µ̃2) 328.8 50.0

TABLE I. Sparticle spectrum (in GeV) for our benchmark
SUSY point and relative estimated measurements errors at
the LHC (standard deviation σ).

The posterior encodes both the information contained
in the priors and in the experimental constraints, but,
ideally, it should be largely independent of the choice of
priors, so that the posterior inference is dominated by the
data contained in the likelihood. If some residual depen-
dence on the prior p(x) remains this should be consid-
ered as a sign that the experimental data employed are
not constraining enough to override completely different
plausible prior choices and therefore the resulting pos-
terior should be interpreted with some care, as it might
depend on the prior assumptions. For the practical im-
plementation of the Bayesian analysis sketched above we
employed the SuperBayeS code [47], extending the pub-
licly available version 1.35 RT: or v 1.5? to handle the
24 dimensions of our SUSY parameter space. To scan
in an efficient way the SUSY parameter space we have
upgraded the MultiNest [48] algorithm included in Su-
perBayeS to the latest MultiNest release (v 2.7). The
reader is referred to Paper I for full details. As in that
work, we find there that our results exhibit only a very
mild prior dependence.

Gf: In particular, we can stress that we en-
force that the particle found at the LHC is the
DM, when implementing upper limits. RT: still
to be done. More details about priors/likelihood
needed

III. FERMI LAT CONSTRAINTS FROM
DWARF SPHEROIDAL GALAXIES

The first 11 months of data gathered by the Fermi LAT
telescope in its survey mode of observation have been an-
alyzed in Ref. [49] to search for gamma-ray emission from
the position of 14 dShps including Draco. The lack of
detection was used to put constraints on the gamma-ray
emission from the direction of each dSph and, assuming
a certain DM content, on the DM annihilation cross sec-
tion (σv). The gamma-ray flux at energy Eγ due to DM
annihilations from the direction Ψ is usually factorized
into two terms:
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dEγ
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where the first term depends on the particle physics
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hilation relative to the final state f , Bf is the branching
ratio for that particular final state f and (σv) is the an-
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(2), called the astrophysical factor, indicates the integra-
tion of the squared DM density ρ(r) of the target over
the line-of-sight s and over the solid angle ∆Ω:
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∫
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r is the galactocentric distance, which can be expressed
as a function of the line-of-sight, the angular coordinate
Ψ and the distance R! of the Earth from the center of
the halo. From Eq. 2 is evident how an upper limit in
flux can be translated into an upper limit on (σv), once
we assume a certain DM profile for the dSph and, thus,
a certain value for los(Ψ,∆Ω).
The most stringent constraint on (σv) in Ref. [49]

comes from Draco and it is of the order of 10−25cm−3s−1

at mχ=100 GeV (for DM annihilation into b quarks.
In the recent Ref. [41], the collaboration updated their

results using 24 months of data and combine 10 dSphs
into the same likelihood analysis. One additional differ-
ence with respect to Ref. [49] is that the astrophysical
uncertainties on the astrophysical factor of each dSph are
taken into account.
The DM profile of a dSphs can be determined from

kinematics data of its member stars. In particular mea-
surements of stellar velocity dispersion are used to build a
likelihood function that depends on the parameters defin-
ing a DM halo profile [28]. Bayesian inference is then used
to derive a pdf for the astrophysical factor of each dSph.
These quantities are then included in the likelihood anal-
ysis of Fermi LAT data so that their final result correctly
account for our ignorance on the exact amount of DM in
the dSphs (refer to Ref. [41] for more details).
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TABLE I. Sparticle spectrum (in GeV) for our benchmark
SUSY point and relative estimated measurements errors at
the LHC (standard deviation σ).

The posterior encodes both the information contained
in the priors and in the experimental constraints, but,
ideally, it should be largely independent of the choice of
priors, so that the posterior inference is dominated by the
data contained in the likelihood. If some residual depen-
dence on the prior p(x) remains this should be consid-
ered as a sign that the experimental data employed are
not constraining enough to override completely different
plausible prior choices and therefore the resulting pos-
terior should be interpreted with some care, as it might
depend on the prior assumptions. For the practical im-
plementation of the Bayesian analysis sketched above we
employed the SuperBayeS code [47], extending the pub-
licly available version 1.35 RT: or v 1.5? to handle the
24 dimensions of our SUSY parameter space. To scan
in an efficient way the SUSY parameter space we have
upgraded the MultiNest [48] algorithm included in Su-
perBayeS to the latest MultiNest release (v 2.7). The
reader is referred to Paper I for full details. As in that
work, we find there that our results exhibit only a very
mild prior dependence.

Gf: In particular, we can stress that we en-
force that the particle found at the LHC is the
DM, when implementing upper limits. RT: still
to be done. More details about priors/likelihood
needed

III. FERMI LAT CONSTRAINTS FROM
DWARF SPHEROIDAL GALAXIES

The first 11 months of data gathered by the Fermi LAT
telescope in its survey mode of observation have been an-
alyzed in Ref. [49] to search for gamma-ray emission from
the position of 14 dShps including Draco. The lack of
detection was used to put constraints on the gamma-ray
emission from the direction of each dSph and, assuming
a certain DM content, on the DM annihilation cross sec-
tion (σv). The gamma-ray flux at energy Eγ due to DM
annihilations from the direction Ψ is usually factorized
into two terms:

dΦγ

dEγ
(Eγ ,Ψ) =

dΦPP

dEγ
(Eγ)× los(Ψ,∆Ω), (2)

where the first term depends on the particle physics
characteristics of the DM candidate as follows:
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dNf
γ /dEγ is the differential photon spectrum per anni-

hilation relative to the final state f , Bf is the branching
ratio for that particular final state f and (σv) is the an-
nihilation cross section. While, the second term in Eq.
(2), called the astrophysical factor, indicates the integra-
tion of the squared DM density ρ(r) of the target over
the line-of-sight s and over the solid angle ∆Ω:

los(Ψ,∆Ω) =

∫

∆Ω

∫

ρ2(r(s,R!,Ψ))

s2
ds dΩ. (4)

r is the galactocentric distance, which can be expressed
as a function of the line-of-sight, the angular coordinate
Ψ and the distance R! of the Earth from the center of
the halo. From Eq. 2 is evident how an upper limit in
flux can be translated into an upper limit on (σv), once
we assume a certain DM profile for the dSph and, thus,
a certain value for los(Ψ,∆Ω).
The most stringent constraint on (σv) in Ref. [49]

comes from Draco and it is of the order of 10−25cm−3s−1

at mχ=100 GeV (for DM annihilation into b quarks.
In the recent Ref. [41], the collaboration updated their

results using 24 months of data and combine 10 dSphs
into the same likelihood analysis. One additional differ-
ence with respect to Ref. [49] is that the astrophysical
uncertainties on the astrophysical factor of each dSph are
taken into account.
The DM profile of a dSphs can be determined from

kinematics data of its member stars. In particular mea-
surements of stellar velocity dispersion are used to build a
likelihood function that depends on the parameters defin-
ing a DM halo profile [28]. Bayesian inference is then used
to derive a pdf for the astrophysical factor of each dSph.
These quantities are then included in the likelihood anal-
ysis of Fermi LAT data so that their final result correctly
account for our ignorance on the exact amount of DM in
the dSphs (refer to Ref. [41] for more details).
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considered in our analysis becomes

L(D|pW,{p}i) =
�

i

LLAT
i (D|pW,pi)

× 1

ln(10) Ji
√
2πσi

e−[log10(Ji)−log10(Ji)]
2
/2σ2

i ,

(1)

where LLAT
i denotes the binned Poisson likelihood that is

commonly used in a standard single ROI analysis of the

LAT data and takes full account of the point-spread func-

tion, including its energy dependence; i indexes the ROIs;

D represents the binned gamma-ray data; pW represents

the set of ROI-independent DM parameters (�σannv� and
mW ); and {p}i are the ROI-dependent model parame-

ters. In this analysis, {p}i includes the normalizations

of the nearby point and diffuse sources and the J factor,

Ji. log10(Ji) and σi are the mean and standard devia-

tions of the distribution of log10 (Ji), approximated to be

Gaussian, and their values are given in Columns 5 and

6, respectively, of Table I.

The fit proceeds as follows. For given fixed values of

mW and bf , we optimize − lnL, with L given in Eq. 1.

Confidence intervals or upper limits, taking into account

uncertainties in the nuisance parameters, are then com-

puted using the “profile likelihood”technique, which is

a standard method for treating nuisance parameters in

likelihood analyses (see, e.g., [32]), and consists of calcu-

lating the profile likelihood − lnLp(�σannv�) for several

fixed masses mW , where, for each �σannv�, − lnL is min-

imized with respect to all other parameters. The inter-

vals are then obtained by requiring 2∆ ln(Lp) = 2.71 for

a one-sided 95% confidence level. The MINUIT subrou-

tine MINOS [33] is used as the implementation of this

technique. Note that uncertainties in the background fit

(diffuse and nearby sources) are also treated in this way.

To summarize, the free parameters of the fit are �σannv�,
the J factors, and the Galactic diffuse and isotropic back-

ground normalizations as well as the normalizations of

near-by point sources. The coverage of this profile joint

likelihood method for calculating confidence intervals has

been verified using toy Monte Carlo calculations for a

Poisson process with known background and Fermi-LAT
simulations of Galactic and isotropic diffuse gamma-ray

emission. The parameter range for �σannv� is restricted

to have a lower bound of zero, to facilitate convergence of

the MINOS fit, resulting in slight overcoverage for small

signals, i.e., conservative limits.

RESULTS AND CONCLUSIONS

As no significant signal is found, we report upper lim-

its. Individual and combined upper limits on the anni-

hilation cross section for the bb̄ final state are shown in

Fig. 1; see also [34]. Including the J-factor uncertainties

FIG. 1. Derived 95% C.L. upper limits on a WIMP anni-
hilation cross section for all selected dSphs and for the joint
likelihood analysis for annihilation into the bb̄ final state. The
most generic cross section (∼ 3 · 10−26 cm3s−1 for a purely s-
wave cross section) is plotted as a reference. Uncertainties in
the J factor are included.

FIG. 2. Derived 95% C.L. upper limits on a WIMP annihila-
tion cross section for the bb̄ channel, the τ+τ− channel, the
µ+µ− channel, and the W+W− channel. The most generic
cross section (∼ 3 ·10−26 cm3s−1 for a purely s-wave cross sec-
tion) is plotted as a reference. Uncertainties in the J factor
are included.

in the fit results in increased upper limits compared to

using the nominal J factors. Averaged over the WIMP

masses, the upper limits increase by a factor up to 12

for Segue 1, and down to 1.2 for Draco. Combining the

dSphs yields a much milder overall increase of the upper

limit compared to using nominal J factors, a factor of

1.3.

The combined upper limit curve shown in Fig. 1 in-

cludes Segue 1 and Ursa Major II, two ultrafaint satel-

lites with small kinematic data sets and relatively large
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FIG. 1. Posterior probability function for the relic density Ωχh
2 (upper panels), in the plane (mχ, (σv)) (central panels) and

(Ωχh
2,σSI

χ−p) (lower panels). The first column represents the case of a scan of the MSSM parameter space included all the
observables in Tab. 1 and the Fermi LAT upper limit from the combined analysis of dSphs in Ref. [41]. While in the second
column, Tab. 1 is combined with the upper limit put by Planck from the reionization of the CMB radiation (see Ref. [42]).
Then, for the third column we implement (apart from the usual data in Tab. 1) an hypothetical detection of gamma-rays from
the Draco dSph obtained with CTA. The inner and outer contour encloses 68% and 95% probability regions, respectively. The
best fit is shown with the encircled black cross while the true value is given by the yellow/red diamond. In the central and
lower panels, we show for reference the LHC-only contours in grey.

actually depend on the particle physics characteristics of
the neutralino. Details estimations of f as in Ref. [43],
however, prove that this is a reasonable choice.

Results can be seen in the second column of Fig. 1.

V. CTA CONSTRAINTS FROM DRACO

A Cherenkov telescope detects gamma-rays indirectly,
from the detection of the electromagnetic shower emit-
ted when the primary gamma-ray enters the atmosphere.
The shape of the image created by the shower in the
telescope camera helps with background discrimination,
and also provides information on the incident gamma-
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FIG. 1. Posterior probability function for the relic density Ωχh
2 (upper panels), in the plane (mχ, (σv)) (central panels) and

(Ωχh
2,σSI

χ−p) (lower panels). The first column represents the case of a scan of the MSSM parameter space included all the
observables in Tab. 1 and the Fermi LAT upper limit from the combined analysis of dSphs in Ref. [41]. While in the second
column, Tab. 1 is combined with the upper limit put by Planck from the reionization of the CMB radiation (see Ref. [42]).
Then, for the third column we implement (apart from the usual data in Tab. 1) an hypothetical detection of gamma-rays from
the Draco dSph obtained with CTA. The inner and outer contour encloses 68% and 95% probability regions, respectively. The
best fit is shown with the encircled black cross while the true value is given by the yellow/red diamond. In the central and
lower panels, we show for reference the LHC-only contours in grey.

actually depend on the particle physics characteristics of
the neutralino. Details estimations of f as in Ref. [43],
however, prove that this is a reasonable choice.

Results can be seen in the second column of Fig. 1.

V. CTA CONSTRAINTS FROM DRACO

A Cherenkov telescope detects gamma-rays indirectly,
from the detection of the electromagnetic shower emit-
ted when the primary gamma-ray enters the atmosphere.
The shape of the image created by the shower in the
telescope camera helps with background discrimination,
and also provides information on the incident gamma-
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FIG. 1. Posterior probability function for the relic density Ωχh
2 (upper panels), in the plane (mχ, (σv)) (central panels) and

(Ωχh
2,σSI

χ−p) (lower panels). The first column represents the case of a scan of the MSSM parameter space included all the
observables in Tab. 1 and the Fermi LAT upper limit from the combined analysis of dSphs in Ref. [41]. While in the second
column, Tab. 1 is combined with the upper limit put by Planck from the reionization of the CMB radiation (see Ref. [42]).
Then, for the third column we implement (apart from the usual data in Tab. 1) an hypothetical detection of gamma-rays from
the Draco dSph obtained with CTA. The inner and outer contour encloses 68% and 95% probability regions, respectively. The
best fit is shown with the encircled black cross while the true value is given by the yellow/red diamond. In the central and
lower panels, we show for reference the LHC-only contours in grey.

actually depend on the particle physics characteristics of
the neutralino. Details estimations of f as in Ref. [43],
however, prove that this is a reasonable choice.

Results can be seen in the second column of Fig. 1.

V. CTA CONSTRAINTS FROM DRACO

A Cherenkov telescope detects gamma-rays indirectly,
from the detection of the electromagnetic shower emit-
ted when the primary gamma-ray enters the atmosphere.
The shape of the image created by the shower in the
telescope camera helps with background discrimination,
and also provides information on the incident gamma-
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χ−p) (lower panels). The first column represents the case of a scan of the MSSM parameter space included all the
observables in Tab. 1 and the Fermi LAT upper limit from the combined analysis of dSphs in Ref. [41]. While in the second
column, Tab. 1 is combined with the upper limit put by Planck from the reionization of the CMB radiation (see Ref. [42]).
Then, for the third column we implement (apart from the usual data in Tab. 1) an hypothetical detection of gamma-rays from
the Draco dSph obtained with CTA. The inner and outer contour encloses 68% and 95% probability regions, respectively. The
best fit is shown with the encircled black cross while the true value is given by the yellow/red diamond. In the central and
lower panels, we show for reference the LHC-only contours in grey.

actually depend on the particle physics characteristics of
the neutralino. Details estimations of f as in Ref. [43],
however, prove that this is a reasonable choice.

Results can be seen in the second column of Fig. 1.

V. CTA CONSTRAINTS FROM DRACO

A Cherenkov telescope detects gamma-rays indirectly,
from the detection of the electromagnetic shower emit-
ted when the primary gamma-ray enters the atmosphere.
The shape of the image created by the shower in the
telescope camera helps with background discrimination,
and also provides information on the incident gamma-
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2.1 Determination of WIMP properties

Upon a positive dark matter detection the ”phenomenological” WIMP properties, i.e.,

its mass and spin-dependent and -independent
1
couplings to nuclei,

�
m, σSI , σSD

p , σSD
n

�
(2.21)

can be reconstructed.

First, knowing the total WIMP rate in Eq. (2.2), and for a given choice of parameters

for the dark matter halo, the WIMP-nucleus elastic scattering cross section can be

determined with a certain precision (depending on the WIMP mass). Furthermore, the

dependence of the recoil energy spectrum (2.1) on the WIMP mass allows the WIMP

mass to be estimated from the energies of detected events. Normally this strategy is

applied to the determination of the WIMP mass and the spin-independent coupling

(e.g. Ref. [6]), since the latter usually dominates over spin-dependent contributions (for

heavy enough targets). However, in general both the spin-dependent and -independent

contribute to the detection rate and with only one target only the total WIMP-Nucleus

scattering cross section (2.3) can be determined. [DC: This is the idea but it

sounds a bit confusing...]

[DC: Comment on Green’s results? - when is the determination of the

mass good, etc Do not forget here the papers by Drees + collaborators.]

[DC: Comment here about uncertainties? - astro uncertainties?] [DC:

Note about the background - Mattia - Zaragoza group?]

[DC: Ji-Haeng, please include here the relevant formulae] [JHH: Though

redundant, this formula may clarify our basic idea] Combining Eq. (2.2) with

Eq. (2.3), we can see the degeneracy in the spin-dependent and -independent cross

section as follows

R = CSI(target,mN) σ
SI

0 + CSD(target,mN)

�
2Sp

�
σSD
p 0

+ 2Sn

�
σSD
n 0

�2

, (2.22)

where CSI/SD(target,mN) ≡
�
dER

�
dv(ρ0f(v)/2µ2

Nmχv)F 2
SI/SD.

R1 = A1σ
SI
0 +

�
Bp

1

�
σSD,p
0 +Bn

1

�
σSD,n
0

�2

, (2.23)

1Notice that in the following we will not distinguish between spin-independent coupling to protons

and neutrons and will only consider the total spin-independent cross section.

6

Example 3: Combination of Direct Detection experiments  

The same detected rate can be due to different combinations of SI-SD interactions 

Here ET is the threshold energy, the smallest recoil energy which the detector is capable

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

In general, the WIMP-nucleus cross section can be separated into a spin-independent

(scalar) and a spin-dependent contribution, and the total WIMP-nucleus cross section

is calculated by adding coherently the above spin and scalar components, using nuclear

wave functions. The differential cross section thus reads

dσWN

dER
=

mN

2µ2
Nv

2

(

σSI
0 F 2

SI(ER) + σSD
0 F 2

SD(ER)
)

, (2.3)

where σSI, SD
0 are the spin-independent and -dependent cross sections at zero momen-

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

leads to a suppression in the event rate for heavy WIMPs or nucleons in the spin-

independent and -dependent contributions.

[DC: Not sure we should start with this since we do not determine the ex-

pressions of the effective Lagrangian and this is actually only for Fermions.

For spin 1 is different.]The explicit expressions for the scattering cross section de-

pend on the specific particle physics model. The WIMP-nucleon interactions can be

described by means of an effective Lagrangian,

L ⊃ αS
q χ̄χq̄q + αV

q χ̄γµχq̄γ
µq + αA

q (χ̄γ
µγ5χ)(q̄γµγ5q) . (2.4)

The scalar (S) and vector (V) couplings contribute to the spin-independent part of

the cross section, while the coupling to the quark axial current (A) contributes to the

spin-dependent one.

Regarding the spin-dependent contribution it is customary to define the WIMP

couplings to proton and neutrons as

ap =
∑

q=u,d,s

αA
q√

2GF

∆p
q ; an =

∑

q=u,d,s

αA
q√

2GF

∆n
q , (2.5)

and

Λ =
1

J
[ap〈Sp〉+ an〈Sn〉] . (2.6)

The resulting differential cross section can then be expressed (in the case of a fermionic

WIMP [DC: Is it not possible to use a parametrization which is independent

of fermions-bosons? The kinematical pre-factor is different but as long as

we do not relate it to fundamental parameters...]) as
(

dσWN

dER

)

SD

=
16mN

πv2
Λ2G2

FJ(J + 1)
S(ER)

S(0)
, (2.7)
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Target-dependent	
  

Nuclear form factors	
  

A single experiment cannot determine the three WIMP couplings (the shape of the 
differential rate allows a determination of the WIMP mass) 

1 Introduction

2 Direct dark matter detection

Let us start by briefly reviewing some basic expressions describing the WIMP rate in

direct dark matter detection [1] (for a recent review see Ref. [2]).

The differential event rate for the elastic scattering of a WIMP with mass mχ off a

nucleus with mass mN is given by

dR

dER
=

ρ0
mN mχ

∫ ∞

vmin

vf(v)
dσWN

dER
(v, ER) dv , (2.1)

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

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

from the minimum WIMP speed which can induce a recoil of energy ER: vmin =√
(mNER)/(2µ2

N) and a escape velocity vesc, the maximum speed in the Galactic rest

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

rate is then calculated by integrating the differential event rate over all the possible

recoil energies,

R =

∫ ∞

ET

dER
ρ0

mN mχ

∫ ∞

vmin

vf(v)
dσWN

dER
(v, ER) dv . (2.2)

Here ET is the threshold energy, the smallest recoil energy which the detector is capable

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

In general, the WIMP-nucleus cross section can be separated into a spin-independent

(scalar) and a spin-dependent contribution, and the total WIMP-nucleus cross section

is calculated by adding coherently the above spin and scalar components, using nuclear

wave functions. The differential cross section thus reads

dσWN

dER
=

mN

2µ2
Nv

2

(
σSI
0 F 2

SI(ER) + σSD
0 F 2

SD(ER)
)
, (2.3)

where σSI, SD
0 are the spin-independent and -dependent cross sections at zero momen-

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

leads to a suppression in the event rate for heavy WIMPs or nucleons in the spin-

independent and -dependent contributions.

[DC: Not sure we should start with this since we do not determine the ex-

pressions of the effective Lagrangian and this is actually only for Fermions.
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2.1 Determination of WIMP properties

Upon a positive dark matter detection the ”phenomenological” WIMP properties, i.e.,

its mass and spin-dependent and -independent
1
couplings to nuclei,

�
m, σSI , σSD

p , σSD
n

�
(2.21)

can be reconstructed.

First, knowing the total WIMP rate in Eq. (2.2), and for a given choice of parameters

for the dark matter halo, the WIMP-nucleus elastic scattering cross section can be

determined with a certain precision (depending on the WIMP mass). Furthermore, the

dependence of the recoil energy spectrum (2.1) on the WIMP mass allows the WIMP

mass to be estimated from the energies of detected events. Normally this strategy is

applied to the determination of the WIMP mass and the spin-independent coupling

(e.g. Ref. [6]), since the latter usually dominates over spin-dependent contributions (for

heavy enough targets). However, in general both the spin-dependent and -independent

contribute to the detection rate and with only one target only the total WIMP-Nucleus

scattering cross section (2.3) can be determined. [DC: This is the idea but it

sounds a bit confusing...]

[DC: Comment on Green’s results? - when is the determination of the

mass good, etc Do not forget here the papers by Drees + collaborators.]

[DC: Comment here about uncertainties? - astro uncertainties?] [DC:

Note about the background - Mattia - Zaragoza group?]

[DC: Ji-Haeng, please include here the relevant formulae] [JHH: Though

redundant, this formula may clarify our basic idea] Combining Eq. (2.2) with

Eq. (2.3), we can see the degeneracy in the spin-dependent and -independent cross

section as follows

R = CSI(target,mN) σ
SI

0 + CSD(target,mN)

�
2Sp

�
σSD
p 0

+ 2Sn

�
σSD
n 0

�2

, (2.22)

where CSI/SD(target,mN) ≡
�
dER

�
dv(ρ0f(v)/2µ2

Nmχv)F 2
SI/SD.

R1 = A1σ
SI
0 +

�
Bp

1

�
σSD,p
0 +Bn

1

�
σSD,n
0

�2

, (2.23)

1Notice that in the following we will not distinguish between spin-independent coupling to protons

and neutrons and will only consider the total spin-independent cross section.
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where CSI/SD(target, mN ) ≡
∫

dER

∫

dv(ρ0f(v)/2µ2
Nmχv)F 2

SI/SD.

R1 = A1σ
SI
0 +

(

Bp
1

√

σSD,p
0 +Bn

1

√

σSD,n
0

)2

, (2.26)

R2 = A2σ
SI
0 +

(

Bp
2

√

σSD,p
0 +Bn

2

√

σSD,n
0

)2

, (2.27)

R3 = A3σ
SI
0 +

(

Bp
3

√

σSD,p
0 +Bn

3

√

σSD,n
0

)2

, (2.28)

2.2 Complementarity of direct dark matter experiments

Even if we discover the first signal of WIMP, a further independent measurement

by other experiment is still crucial for the identification of the dark matter model.

There are various target nuclei being used in different direct detection experiments,

thus having different sensitivities on spin-dependent or spin-independent interaction of

WIMP. Therefore combining analysis from the results of two non-identical experiments

would uncover degeneracy in the interaction strength.

Roughly speaking, relatively heavy nuclei are more sensitive to spin-independent

interaction than spin-dependent one, while nuclei with large spin interacts with WIMP

more through spin-dependent interaction. The difference does not come only from the

choices of the targets. Various schemes and techniques to reject and shield the target

from background are used. By these differences in detail, combining results requires

more careful analysis. Especially the threshold recoil energy Eth which is optimized

cut for a certain experimental setup sensitive in analyzing signals of relatively light

dark matter.

The detection of WIMP dark matter in more than one target would provide...For

example, the consistency of energy spectra measured by experiments using different

target nuclei would confirm that the events were due to WIMP scattering (rather

than, for instance, neutron backgrounds) [7]. [JHH: more explanations..]

[JHH: Greene paper, Drees paper should be here.]

The simultaneous measurement of spin-dependent and spin-independent interaction

have potential ability to discriminate DM model. In [8] it was shown that the use of

two different target can discriminate the lightest supersymmetric particle (LSP) in

7
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5.2.2 Light dark matter
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Figure 33: From top to bottom, Germanium only, Germanium and Xenon, and Germanium,

Xenon and COUPP for σSI = 10−9 pb, σSD = 10−5 pb and m = 50 GeV which is

represented by a full dot. Here we include background as well as halo uncertainties.
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where CSI/SD(target, mN ) ≡
∫

dER

∫

dv(ρ0f(v)/2µ2
Nmχv)F 2

SI/SD.

R1 = A1σ
SI
0 +

(

Bp
1

√

σSD,p
0 +Bn

1

√

σSD,n
0

)2

, (2.26)

R2 = A2σ
SI
0 +

(

Bp
2

√

σSD,p
0 +Bn

2

√

σSD,n
0

)2

, (2.27)

R3 = A3σ
SI
0 +

(

Bp
3

√

σSD,p
0 +Bn

3

√

σSD,n
0

)2

, (2.28)

2.2 Complementarity of direct dark matter experiments

Even if we discover the first signal of WIMP, a further independent measurement

by other experiment is still crucial for the identification of the dark matter model.

There are various target nuclei being used in different direct detection experiments,

thus having different sensitivities on spin-dependent or spin-independent interaction of

WIMP. Therefore combining analysis from the results of two non-identical experiments

would uncover degeneracy in the interaction strength.

Roughly speaking, relatively heavy nuclei are more sensitive to spin-independent

interaction than spin-dependent one, while nuclei with large spin interacts with WIMP

more through spin-dependent interaction. The difference does not come only from the

choices of the targets. Various schemes and techniques to reject and shield the target

from background are used. By these differences in detail, combining results requires

more careful analysis. Especially the threshold recoil energy Eth which is optimized

cut for a certain experimental setup sensitive in analyzing signals of relatively light

dark matter.

The detection of WIMP dark matter in more than one target would provide...For

example, the consistency of energy spectra measured by experiments using different

target nuclei would confirm that the events were due to WIMP scattering (rather

than, for instance, neutron backgrounds) [7]. [JHH: more explanations..]

[JHH: Greene paper, Drees paper should be here.]

The simultaneous measurement of spin-dependent and spin-independent interaction

have potential ability to discriminate DM model. In [8] it was shown that the use of

two different target can discriminate the lightest supersymmetric particle (LSP) in

7

The degeneracy cannot be fully 
removed unless assumptions are 
made on the WIMP model 

“ideal” case:  
1 Ton experiments 
1 year of data 

Detection with one experiment 

Ge detector (e.g. Super CDMS) 

1 Introduction

mW = 100 GeV ε = 333 kg yr

The detection and identification of the dark matter (DM) is a challenging goal

that is currently being pursued by a large number of experiments around the world

using different experimental techniques. Dark matter can be searched for directly

(attempting to observe its scattering off nuclei in a detector), indirectly (looking for

the products of its annihilation in those places where DM density is higher) or in

particle colliders (which explore the nature of physics at the TeV scale, the typical

scale for many models for particle DM). Such variety of strategies is sensitive to dark

matter candidates with very different properties, allowing us to explore many different

particle models. Among the various possibilities, a generic weakly-interacting massive

particle (WIMP) is well motivated since its thermal relic density is of the same order

of magnitude than the observed cold DM relic abundance.

Direct dark matter detection is undergoing an exciting moment since the last

decade. An annual modulation in the detection rate was observed by the DAMA

collaboration [1] and later confirmed by the extended experiment DAMA/LIBRA [2].

Recently, the CoGeNT collaboration observed an irreducible excess in their data [3]

that, if interpreted in terms of WIMPs, would correspond to a very light particle, with

mass in the range 7 − 12 GeV, and a large elastic scattering cross section, of order

10−4 pb. Furthermore, hints of an annual modulation in the CoGeNT experiment have

also been observed [4]. Moreover, the last data of the CRESST [?] collaboration also

display an excess that could be compatible with light WIMPs. Several analyses have

investigated the compatibility of these three signals [5, 6, 7, 8], although this only seems

possible if extreme assumptions are made for the different uncertainties, such as the

inclusion of large quenching factors or channeling effects.

These observations are, however, challenged by the negative results obtained in

searches by other experimental collaborations. Most notably, CDMS [9], XENON10

[10], XENON100 [11] and recently, SIMPLE [12] have set upper bounds on the spin-

independent part of the WIMP-proton cross section that are in tension with the regions

of the parameter space compatible with DAMA/LIBRA.

In the near future more sensitive experiments are going to continue probing the

DM parameter space. This will allow us to clarify the current situation regarding

light WIMPs and also explore DM candidates with smaller interaction cross sections.

In particular, some of the existing experiments will attempt to build detectors with

2

Uncertainties lead to a poorer 
reconstruction of parameters   

where CSI/SD(target, mN ) ≡
∫

dER

∫

dv(ρ0f(v)/2µ2
Nmχv)F 2

SI/SD.

σSI
0 = 10−9 pb (2.26)

σSD
0 = 10−5 pb (2.27)

mW = 100GeV (2.28)

R1 = A1σ
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0 +

(

Bp
1

√

σSD,p
0 +Bn

1

√
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0

)2

, (2.29)

R2 = A2σ
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(

Bp
2

√
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2

√

σSD,n
0

)2

, (2.30)

R3 = A3σ
SI
0 +

(

Bp
3

√

σSD,p
0 +Bn

3

√

σSD,n
0

)2

, (2.31)

2.2 Complementarity of direct dark matter experiments

Even if we discover the first signal of WIMP, a further independent measurement

by other experiment is still crucial for the identification of the dark matter model.

There are various target nuclei being used in different direct detection experiments,

thus having different sensitivities on spin-dependent or spin-independent interaction of

WIMP. Therefore combining analysis from the results of two non-identical experiments

would uncover degeneracy in the interaction strength.

Roughly speaking, relatively heavy nuclei are more sensitive to spin-independent

interaction than spin-dependent one, while nuclei with large spin interacts with WIMP

more through spin-dependent interaction. The difference does not come only from the

choices of the targets. Various schemes and techniques to reject and shield the target

from background are used. By these differences in detail, combining results requires

more careful analysis. Especially the threshold recoil energy Eth which is optimized

cut for a certain experimental setup sensitive in analyzing signals of relatively light

dark matter.
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2.2 Complementarity of direct dark matter experiments

Even if we discover the first signal of WIMP, a further independent measurement

by other experiment is still crucial for the identification of the dark matter model.

There are various target nuclei being used in different direct detection experiments,

thus having different sensitivities on spin-dependent or spin-independent interaction of

WIMP. Therefore combining analysis from the results of two non-identical experiments

would uncover degeneracy in the interaction strength.

Roughly speaking, relatively heavy nuclei are more sensitive to spin-independent

interaction than spin-dependent one, while nuclei with large spin interacts with WIMP

more through spin-dependent interaction. The difference does not come only from the

choices of the targets. Various schemes and techniques to reject and shield the target

from background are used. By these differences in detail, combining results requires

more careful analysis. Especially the threshold recoil energy Eth which is optimized

cut for a certain experimental setup sensitive in analyzing signals of relatively light

dark matter.
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2.2 Complementarity of direct dark matter experiments

Even if we discover the first signal of WIMP, a further independent measurement

by other experiment is still crucial for the identification of the dark matter model.

There are various target nuclei being used in different direct detection experiments,

thus having different sensitivities on spin-dependent or spin-independent interaction of

WIMP. Therefore combining analysis from the results of two non-identical experiments

would uncover degeneracy in the interaction strength.

Roughly speaking, relatively heavy nuclei are more sensitive to spin-independent

interaction than spin-dependent one, while nuclei with large spin interacts with WIMP

more through spin-dependent interaction. The difference does not come only from the

choices of the targets. Various schemes and techniques to reject and shield the target

from background are used. By these differences in detail, combining results requires

more careful analysis. Especially the threshold recoil energy Eth which is optimized
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5.2.2 Light dark matter
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Figure 33: From top to bottom, Germanium only, Germanium and Xenon, and Germanium,

Xenon and COUPP for σSI = 10−9 pb, σSD = 10−5 pb and m = 50 GeV which is

represented by a full dot. Here we include background as well as halo uncertainties.
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2.2 Complementarity of direct dark matter experiments

Even if we discover the first signal of WIMP, a further independent measurement

by other experiment is still crucial for the identification of the dark matter model.

There are various target nuclei being used in different direct detection experiments,

thus having different sensitivities on spin-dependent or spin-independent interaction of

WIMP. Therefore combining analysis from the results of two non-identical experiments

would uncover degeneracy in the interaction strength.

Roughly speaking, relatively heavy nuclei are more sensitive to spin-independent

interaction than spin-dependent one, while nuclei with large spin interacts with WIMP

more through spin-dependent interaction. The difference does not come only from the

choices of the targets. Various schemes and techniques to reject and shield the target

from background are used. By these differences in detail, combining results requires

more careful analysis. Especially the threshold recoil energy Eth which is optimized

cut for a certain experimental setup sensitive in analyzing signals of relatively light

dark matter.

The detection of WIMP dark matter in more than one target would provide...For

example, the consistency of energy spectra measured by experiments using different

target nuclei would confirm that the events were due to WIMP scattering (rather

than, for instance, neutron backgrounds) [7]. [JHH: more explanations..]

[JHH: Greene paper, Drees paper should be here.]

The simultaneous measurement of spin-dependent and spin-independent interaction

have potential ability to discriminate DM model. In [8] it was shown that the use of

two different target can discriminate the lightest supersymmetric particle (LSP) in
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The degeneracy cannot be fully 
removed unless assumptions are 
made on the WIMP model 

“ideal” case:  
1 Ton experiments 
1 year of data 

Detection with one experiment 

Ge detector (e.g. Super CDMS) 

1 Introduction

mW = 100 GeV ε = 333 kg yr

The detection and identification of the dark matter (DM) is a challenging goal

that is currently being pursued by a large number of experiments around the world

using different experimental techniques. Dark matter can be searched for directly

(attempting to observe its scattering off nuclei in a detector), indirectly (looking for

the products of its annihilation in those places where DM density is higher) or in

particle colliders (which explore the nature of physics at the TeV scale, the typical

scale for many models for particle DM). Such variety of strategies is sensitive to dark

matter candidates with very different properties, allowing us to explore many different

particle models. Among the various possibilities, a generic weakly-interacting massive

particle (WIMP) is well motivated since its thermal relic density is of the same order

of magnitude than the observed cold DM relic abundance.

Direct dark matter detection is undergoing an exciting moment since the last

decade. An annual modulation in the detection rate was observed by the DAMA

collaboration [1] and later confirmed by the extended experiment DAMA/LIBRA [2].

Recently, the CoGeNT collaboration observed an irreducible excess in their data [3]

that, if interpreted in terms of WIMPs, would correspond to a very light particle, with

mass in the range 7 − 12 GeV, and a large elastic scattering cross section, of order

10−4 pb. Furthermore, hints of an annual modulation in the CoGeNT experiment have

also been observed [4]. Moreover, the last data of the CRESST [?] collaboration also

display an excess that could be compatible with light WIMPs. Several analyses have

investigated the compatibility of these three signals [5, 6, 7, 8], although this only seems

possible if extreme assumptions are made for the different uncertainties, such as the

inclusion of large quenching factors or channeling effects.

These observations are, however, challenged by the negative results obtained in

searches by other experimental collaborations. Most notably, CDMS [9], XENON10

[10], XENON100 [11] and recently, SIMPLE [12] have set upper bounds on the spin-

independent part of the WIMP-proton cross section that are in tension with the regions

of the parameter space compatible with DAMA/LIBRA.

In the near future more sensitive experiments are going to continue probing the

DM parameter space. This will allow us to clarify the current situation regarding

light WIMPs and also explore DM candidates with smaller interaction cross sections.

In particular, some of the existing experiments will attempt to build detectors with
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2.2 Complementarity of direct dark matter experiments

Even if we discover the first signal of WIMP, a further independent measurement

by other experiment is still crucial for the identification of the dark matter model.

There are various target nuclei being used in different direct detection experiments,

thus having different sensitivities on spin-dependent or spin-independent interaction of

WIMP. Therefore combining analysis from the results of two non-identical experiments

would uncover degeneracy in the interaction strength.

Roughly speaking, relatively heavy nuclei are more sensitive to spin-independent

interaction than spin-dependent one, while nuclei with large spin interacts with WIMP

more through spin-dependent interaction. The difference does not come only from the

choices of the targets. Various schemes and techniques to reject and shield the target

from background are used. By these differences in detail, combining results requires

more careful analysis. Especially the threshold recoil energy Eth which is optimized

cut for a certain experimental setup sensitive in analyzing signals of relatively light

dark matter.
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2.2 Complementarity of direct dark matter experiments

Even if we discover the first signal of WIMP, a further independent measurement

by other experiment is still crucial for the identification of the dark matter model.

There are various target nuclei being used in different direct detection experiments,

thus having different sensitivities on spin-dependent or spin-independent interaction of

WIMP. Therefore combining analysis from the results of two non-identical experiments

would uncover degeneracy in the interaction strength.

Roughly speaking, relatively heavy nuclei are more sensitive to spin-independent

interaction than spin-dependent one, while nuclei with large spin interacts with WIMP

more through spin-dependent interaction. The difference does not come only from the

choices of the targets. Various schemes and techniques to reject and shield the target

from background are used. By these differences in detail, combining results requires

more careful analysis. Especially the threshold recoil energy Eth which is optimized

cut for a certain experimental setup sensitive in analyzing signals of relatively light

dark matter.
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2.2 Complementarity of direct dark matter experiments

Even if we discover the first signal of WIMP, a further independent measurement

by other experiment is still crucial for the identification of the dark matter model.

There are various target nuclei being used in different direct detection experiments,

thus having different sensitivities on spin-dependent or spin-independent interaction of

WIMP. Therefore combining analysis from the results of two non-identical experiments

would uncover degeneracy in the interaction strength.

Roughly speaking, relatively heavy nuclei are more sensitive to spin-independent

interaction than spin-dependent one, while nuclei with large spin interacts with WIMP

more through spin-dependent interaction. The difference does not come only from the

choices of the targets. Various schemes and techniques to reject and shield the target

from background are used. By these differences in detail, combining results requires

more careful analysis. Especially the threshold recoil energy Eth which is optimized
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Detection with one experiment 
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2.2 Complementarity of direct dark matter experiments

Even if we discover the first signal of WIMP, a further independent measurement

by other experiment is still crucial for the identification of the dark matter model.

There are various target nuclei being used in different direct detection experiments,

thus having different sensitivities on spin-dependent or spin-independent interaction of

WIMP. Therefore combining analysis from the results of two non-identical experiments

would uncover degeneracy in the interaction strength.

Roughly speaking, relatively heavy nuclei are more sensitive to spin-independent

interaction than spin-dependent one, while nuclei with large spin interacts with WIMP

more through spin-dependent interaction. The difference does not come only from the

choices of the targets. Various schemes and techniques to reject and shield the target

from background are used. By these differences in detail, combining results requires

more careful analysis. Especially the threshold recoil energy Eth which is optimized

cut for a certain experimental setup sensitive in analyzing signals of relatively light

dark matter.

The detection of WIMP dark matter in more than one target would provide...For

example, the consistency of energy spectra measured by experiments using different

target nuclei would confirm that the events were due to WIMP scattering (rather

than, for instance, neutron backgrounds) [7]. [JHH: more explanations..]

[JHH: Greene paper, Drees paper should be here.]

The simultaneous measurement of spin-dependent and spin-independent interaction

have potential ability to discriminate DM model. In [8] it was shown that the use of

two different target can discriminate the lightest supersymmetric particle (LSP) in
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Ge detector (e.g. Super CDMS) 5.2.2 Light dark matter
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Figure 33: From top to bottom, Germanium only, Germanium and Xenon, and Germanium,

Xenon and COUPP for σSI = 10−9 pb, σSD = 10−5 pb and m = 50 GeV which is

represented by a full dot. Here we include background as well as halo uncertainties.
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The degeneracy cannot be fully removed unless 
assumptions are made on the WIMP model 
 
(e.g., usually the SD contribution is considered negligible) 

1 Introduction

mW = 100 GeV ε = 333 kg yr

The detection and identification of the dark matter (DM) is a challenging goal

that is currently being pursued by a large number of experiments around the world

using different experimental techniques. Dark matter can be searched for directly

(attempting to observe its scattering off nuclei in a detector), indirectly (looking for

the products of its annihilation in those places where DM density is higher) or in

particle colliders (which explore the nature of physics at the TeV scale, the typical

scale for many models for particle DM). Such variety of strategies is sensitive to dark

matter candidates with very different properties, allowing us to explore many different

particle models. Among the various possibilities, a generic weakly-interacting massive

particle (WIMP) is well motivated since its thermal relic density is of the same order

of magnitude than the observed cold DM relic abundance.

Direct dark matter detection is undergoing an exciting moment since the last

decade. An annual modulation in the detection rate was observed by the DAMA

collaboration [1] and later confirmed by the extended experiment DAMA/LIBRA [2].

Recently, the CoGeNT collaboration observed an irreducible excess in their data [3]

that, if interpreted in terms of WIMPs, would correspond to a very light particle, with

mass in the range 7 − 12 GeV, and a large elastic scattering cross section, of order

10−4 pb. Furthermore, hints of an annual modulation in the CoGeNT experiment have

also been observed [4]. Moreover, the last data of the CRESST [?] collaboration also

display an excess that could be compatible with light WIMPs. Several analyses have

investigated the compatibility of these three signals [5, 6, 7, 8], although this only seems

possible if extreme assumptions are made for the different uncertainties, such as the

inclusion of large quenching factors or channeling effects.

These observations are, however, challenged by the negative results obtained in

searches by other experimental collaborations. Most notably, CDMS [9], XENON10

[10], XENON100 [11] and recently, SIMPLE [12] have set upper bounds on the spin-

independent part of the WIMP-proton cross section that are in tension with the regions

of the parameter space compatible with DAMA/LIBRA.

In the near future more sensitive experiments are going to continue probing the

DM parameter space. This will allow us to clarify the current situation regarding

light WIMPs and also explore DM candidates with smaller interaction cross sections.

In particular, some of the existing experiments will attempt to build detectors with

2

where CSI/SD(target, mN ) ≡
∫

dER

∫

dv(ρ0f(v)/2µ2
Nmχv)F 2

SI/SD.

σSI
0 = 10−9 pb (2.26)

σSD
0 = 10−5 pb (2.27)

mW = 100GeV (2.28)

R1 = A1σ
SI
0 +

(

Bp
1

√

σSD,p
0 +Bn

1

√

σSD,n
0

)2

, (2.29)

R2 = A2σ
SI
0 +

(

Bp
2

√

σSD,p
0 +Bn

2

√

σSD,n
0

)2

, (2.30)

R3 = A3σ
SI
0 +

(

Bp
3

√

σSD,p
0 +Bn

3

√

σSD,n
0

)2

, (2.31)

2.2 Complementarity of direct dark matter experiments

Even if we discover the first signal of WIMP, a further independent measurement

by other experiment is still crucial for the identification of the dark matter model.

There are various target nuclei being used in different direct detection experiments,

thus having different sensitivities on spin-dependent or spin-independent interaction of

WIMP. Therefore combining analysis from the results of two non-identical experiments

would uncover degeneracy in the interaction strength.

Roughly speaking, relatively heavy nuclei are more sensitive to spin-independent

interaction than spin-dependent one, while nuclei with large spin interacts with WIMP

more through spin-dependent interaction. The difference does not come only from the

choices of the targets. Various schemes and techniques to reject and shield the target

from background are used. By these differences in detail, combining results requires

more careful analysis. Especially the threshold recoil energy Eth which is optimized

cut for a certain experimental setup sensitive in analyzing signals of relatively light

dark matter.
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2.2 Complementarity of direct dark matter experiments

Even if we discover the first signal of WIMP, a further independent measurement

by other experiment is still crucial for the identification of the dark matter model.

There are various target nuclei being used in different direct detection experiments,

thus having different sensitivities on spin-dependent or spin-independent interaction of

WIMP. Therefore combining analysis from the results of two non-identical experiments

would uncover degeneracy in the interaction strength.

Roughly speaking, relatively heavy nuclei are more sensitive to spin-independent

interaction than spin-dependent one, while nuclei with large spin interacts with WIMP

more through spin-dependent interaction. The difference does not come only from the

choices of the targets. Various schemes and techniques to reject and shield the target

from background are used. By these differences in detail, combining results requires

more careful analysis. Especially the threshold recoil energy Eth which is optimized

cut for a certain experimental setup sensitive in analyzing signals of relatively light

dark matter.
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Figure 33: From top to bottom, Germanium only, Germanium and Xenon, and Germanium,

Xenon and COUPP for σSI = 10−9 pb, σSD = 10−5 pb and m = 50 GeV which is

represented by a full dot. Here we include background as well as halo uncertainties.
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Detection with two experiments 

Ge detector (e.g. Super CDMS) 

Xe detector (e.g. Xenon)  
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2.2 Complementarity of direct dark matter experiments

Even if we discover the first signal of WIMP, a further independent measurement

by other experiment is still crucial for the identification of the dark matter model.

There are various target nuclei being used in different direct detection experiments,

thus having different sensitivities on spin-dependent or spin-independent interaction of

WIMP. Therefore combining analysis from the results of two non-identical experiments

would uncover degeneracy in the interaction strength.

Roughly speaking, relatively heavy nuclei are more sensitive to spin-independent

interaction than spin-dependent one, while nuclei with large spin interacts with WIMP

more through spin-dependent interaction. The difference does not come only from the

choices of the targets. Various schemes and techniques to reject and shield the target

from background are used. By these differences in detail, combining results requires

more careful analysis. Especially the threshold recoil energy Eth which is optimized

cut for a certain experimental setup sensitive in analyzing signals of relatively light

dark matter.

The detection of WIMP dark matter in more than one target would provide...For

example, the consistency of energy spectra measured by experiments using different

target nuclei would confirm that the events were due to WIMP scattering (rather

than, for instance, neutron backgrounds) [7]. [JHH: more explanations..]

[JHH: Greene paper, Drees paper should be here.]

The simultaneous measurement of spin-dependent and spin-independent interaction

have potential ability to discriminate DM model. In [8] it was shown that the use of

two different target can discriminate the lightest supersymmetric particle (LSP) in
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Both experiments are mostly sensitive to the spin-
independent component  
 
Degeneracies cannot be completely removed but the 
upper bound on the spin-dependent component is more 
stringent  
 
Better determination of the WIMP mass 

1 Introduction

mW = 100 GeV ε = 333 kg yr

The detection and identification of the dark matter (DM) is a challenging goal

that is currently being pursued by a large number of experiments around the world

using different experimental techniques. Dark matter can be searched for directly

(attempting to observe its scattering off nuclei in a detector), indirectly (looking for

the products of its annihilation in those places where DM density is higher) or in

particle colliders (which explore the nature of physics at the TeV scale, the typical

scale for many models for particle DM). Such variety of strategies is sensitive to dark

matter candidates with very different properties, allowing us to explore many different

particle models. Among the various possibilities, a generic weakly-interacting massive

particle (WIMP) is well motivated since its thermal relic density is of the same order

of magnitude than the observed cold DM relic abundance.

Direct dark matter detection is undergoing an exciting moment since the last

decade. An annual modulation in the detection rate was observed by the DAMA

collaboration [1] and later confirmed by the extended experiment DAMA/LIBRA [2].

Recently, the CoGeNT collaboration observed an irreducible excess in their data [3]

that, if interpreted in terms of WIMPs, would correspond to a very light particle, with

mass in the range 7 − 12 GeV, and a large elastic scattering cross section, of order

10−4 pb. Furthermore, hints of an annual modulation in the CoGeNT experiment have

also been observed [4]. Moreover, the last data of the CRESST [?] collaboration also

display an excess that could be compatible with light WIMPs. Several analyses have

investigated the compatibility of these three signals [5, 6, 7, 8], although this only seems

possible if extreme assumptions are made for the different uncertainties, such as the

inclusion of large quenching factors or channeling effects.

These observations are, however, challenged by the negative results obtained in

searches by other experimental collaborations. Most notably, CDMS [9], XENON10

[10], XENON100 [11] and recently, SIMPLE [12] have set upper bounds on the spin-

independent part of the WIMP-proton cross section that are in tension with the regions

of the parameter space compatible with DAMA/LIBRA.

In the near future more sensitive experiments are going to continue probing the

DM parameter space. This will allow us to clarify the current situation regarding

light WIMPs and also explore DM candidates with smaller interaction cross sections.

In particular, some of the existing experiments will attempt to build detectors with
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2.2 Complementarity of direct dark matter experiments

Even if we discover the first signal of WIMP, a further independent measurement

by other experiment is still crucial for the identification of the dark matter model.

There are various target nuclei being used in different direct detection experiments,

thus having different sensitivities on spin-dependent or spin-independent interaction of

WIMP. Therefore combining analysis from the results of two non-identical experiments

would uncover degeneracy in the interaction strength.

Roughly speaking, relatively heavy nuclei are more sensitive to spin-independent

interaction than spin-dependent one, while nuclei with large spin interacts with WIMP

more through spin-dependent interaction. The difference does not come only from the

choices of the targets. Various schemes and techniques to reject and shield the target

from background are used. By these differences in detail, combining results requires

more careful analysis. Especially the threshold recoil energy Eth which is optimized

cut for a certain experimental setup sensitive in analyzing signals of relatively light

dark matter.
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Even if we discover the first signal of WIMP, a further independent measurement

by other experiment is still crucial for the identification of the dark matter model.
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Ideal for complementarity: targets which have large spin content 
	
  

TABLE I: The static spin matrix elements for various nuclei. For 3He see Moulin, Mayet and Santos [41]. For the
other light nuclei the calculations are from DIVARI [29]. For 73Ge and 127I the results presented are from Ressel et

al [30] (*) and the Finish group et al [31] (**). For 207Pb they were obtained by the Ioannina team (+). [40], [32].

3 He 19F 29Si 23Na 73Ge 127I∗ 127I∗∗ 207Pb+

Ω0(0) 1.244 1.616 0.455 0.691 1.075 1.815 1.220 0.552
Ω1(0) -1.527 1.675 -0.461 0.588 -1.003 1.105 1.230 -0.480
Ωp(0) -0.141 1.646 -0.003 0.640 0.036 1.460 1.225 0.036
Ωn(0) 1.386 -0.030 0.459 0.051 1.040 0.355 -0.005 0.516
µth 2.91 -0.50 2.22
µexp 2.62 -0.56 2.22
µth(spin)

µexp
0.91 0.99 0.57

with ap and an are the proton and neutron spin amplitudes, which, of course, depend on the model. In the case of
the LSP [25]

σ0 =
1

2π
(GF mp)

2 = 0.77 × 10−38cm2 = 0.77 × 10−2pb.

In extracting limits on the nucleon cross sections from the data we will find it convenient to write:

Σ̄spin = (
µr

µr(p)
)2σspin

nuc , σspin
nuc =

1

3
|Ωp

√
σp + Ωn

√
σneiδ|2 =

1

3
||Ωp|

√
σp + |Ωn|

√
σnei(δ+δA)|2, (13)

where Ωp(0) and Ωn(0) are the proton and neutron components of the static spin nuclear matrix elements, δA is the
relative phase between them (zero or π) and δ the relative phase between the amplitudes ap and an.
The nuclear spin ME are defined as follows:

Ωp(0) =

√

J + 1

J
≺ J J |σz(p)|J J $ , Ωn(0) =

√

J + 1

J
≺ J J |σz(n)|J J $ (14)

where J is the total angular momentum of the nucleus and σz = 2Sz. The spin operator is defined by Sz(p) =
∑Z

i=1 Sz(i), i.e. a sum over all protons in the nucleus, and Sz(n) =
∑N

i=1 Sz(i), i.e. a sum over all neutrons.
Furthermore

Ω0(0) = Ωp(0) + Ωn(0) , Ω1(0) = Ωp(0) − Ωn(0). (15)

The spin ME can be obtained in the context of a given nuclear model. Some such matrix elements of interest to the
planned experiments are given in table I. The shown results are obtained from DIVARI [29], Ressel et al (*) [30], the
Finish group (**) [31] and the Ioannina team (+) [40], [32].

Before concluding this section we should emphasize that from the spin matrix elements of Table I those associated
with 19F are the most reliable for the following reasons [29]:

• The light s-d nuclei are very well described within the interacting shell model.

• The magnetic moment of the ground state is dominated by the spin (the orbital part is negligible).

• The calculated magnetic moment is quite large and in good agreement with experiment.

To summarize: The proton and neutron spin cross sections can be obtained in a given particle model for the WIMP’s.
As we have seen there is a plethora of such models to motivate the experiments. Some of them may yield as high as
a few tens of events per kg of target per year [12]. But most of them depend on imput parameters that are not well
detemined. So none of them seems to be universally accepted. Thus in the present work, rather than following the
standard procedure of providing constrained parameter spaces, we will treat the proton and neutron cross sections as
parameters to be extracted from the data. This can be done, once the nuclear spin matrix elements are known, for
various values of the phase difference δ. The only particle parameter we will retain is the WIMP mass, which is the
most important, since it enters not only in the elementary cross sections but the kinematics as well.
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Ideally one also wants to further discriminate SD-proton and SD-neutron	
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How large do we need the target to be to obtain complementarity? 
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The signal is heat (phonons) 
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2.2 Complementarity of direct dark matter experiments

Even if we discover the first signal of WIMP, a further independent measurement

by other experiment is still crucial for the identification of the dark matter model.

There are various target nuclei being used in different direct detection experiments,

thus having different sensitivities on spin-dependent or spin-independent interaction of

WIMP. Therefore combining analysis from the results of two non-identical experiments

would uncover degeneracy in the interaction strength.

Roughly speaking, relatively heavy nuclei are more sensitive to spin-independent

interaction than spin-dependent one, while nuclei with large spin interacts with WIMP

more through spin-dependent interaction. The difference does not come only from the

choices of the targets. Various schemes and techniques to reject and shield the target

from background are used. By these differences in detail, combining results requires

more careful analysis. Especially the threshold recoil energy Eth which is optimized
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2.2 Complementarity of direct dark matter experiments

Even if we discover the first signal of WIMP, a further independent measurement

by other experiment is still crucial for the identification of the dark matter model.

There are various target nuclei being used in different direct detection experiments,

thus having different sensitivities on spin-dependent or spin-independent interaction of

WIMP. Therefore combining analysis from the results of two non-identical experiments

would uncover degeneracy in the interaction strength.

Roughly speaking, relatively heavy nuclei are more sensitive to spin-independent

interaction than spin-dependent one, while nuclei with large spin interacts with WIMP

more through spin-dependent interaction. The difference does not come only from the

choices of the targets. Various schemes and techniques to reject and shield the target

from background are used. By these differences in detail, combining results requires

more careful analysis. Especially the threshold recoil energy Eth which is optimized

cut for a certain experimental setup sensitive in analyzing signals of relatively light
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2.2 Complementarity of direct dark matter experiments
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1 Introduction

mW = 100 GeV ε = 333 kg yr

The detection and identification of the dark matter (DM) is a challenging goal

that is currently being pursued by a large number of experiments around the world

using different experimental techniques. Dark matter can be searched for directly

(attempting to observe its scattering off nuclei in a detector), indirectly (looking for

the products of its annihilation in those places where DM density is higher) or in

particle colliders (which explore the nature of physics at the TeV scale, the typical

scale for many models for particle DM). Such variety of strategies is sensitive to dark

matter candidates with very different properties, allowing us to explore many different

particle models. Among the various possibilities, a generic weakly-interacting massive

particle (WIMP) is well motivated since its thermal relic density is of the same order

of magnitude than the observed cold DM relic abundance.

Direct dark matter detection is undergoing an exciting moment since the last

decade. An annual modulation in the detection rate was observed by the DAMA

collaboration [1] and later confirmed by the extended experiment DAMA/LIBRA [2].

Recently, the CoGeNT collaboration observed an irreducible excess in their data [3]

that, if interpreted in terms of WIMPs, would correspond to a very light particle, with

mass in the range 7 − 12 GeV, and a large elastic scattering cross section, of order

10−4 pb. Furthermore, hints of an annual modulation in the CoGeNT experiment have

also been observed [4]. Moreover, the last data of the CRESST [?] collaboration also

display an excess that could be compatible with light WIMPs. Several analyses have

investigated the compatibility of these three signals [5, 6, 7, 8], although this only seems

possible if extreme assumptions are made for the different uncertainties, such as the

inclusion of large quenching factors or channeling effects.

These observations are, however, challenged by the negative results obtained in

searches by other experimental collaborations. Most notably, CDMS [9], XENON10

[10], XENON100 [11] and recently, SIMPLE [12] have set upper bounds on the spin-

independent part of the WIMP-proton cross section that are in tension with the regions

of the parameter space compatible with DAMA/LIBRA.

In the near future more sensitive experiments are going to continue probing the

DM parameter space. This will allow us to clarify the current situation regarding

light WIMPs and also explore DM candidates with smaller interaction cross sections.

In particular, some of the existing experiments will attempt to build detectors with
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2.2 Complementarity of direct dark matter experiments

Even if we discover the first signal of WIMP, a further independent measurement

by other experiment is still crucial for the identification of the dark matter model.

There are various target nuclei being used in different direct detection experiments,

thus having different sensitivities on spin-dependent or spin-independent interaction of

WIMP. Therefore combining analysis from the results of two non-identical experiments

would uncover degeneracy in the interaction strength.

Roughly speaking, relatively heavy nuclei are more sensitive to spin-independent

interaction than spin-dependent one, while nuclei with large spin interacts with WIMP

more through spin-dependent interaction. The difference does not come only from the

choices of the targets. Various schemes and techniques to reject and shield the target

from background are used. By these differences in detail, combining results requires

more careful analysis. Especially the threshold recoil energy Eth which is optimized

cut for a certain experimental setup sensitive in analyzing signals of relatively light

dark matter.
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2.2 Complementarity of direct dark matter experiments

Even if we discover the first signal of WIMP, a further independent measurement
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2.2 Complementarity of direct dark matter experiments

Even if we discover the first signal of WIMP, a further independent measurement

by other experiment is still crucial for the identification of the dark matter model.

There are various target nuclei being used in different direct detection experiments,

thus having different sensitivities on spin-dependent or spin-independent interaction of

WIMP. Therefore combining analysis from the results of two non-identical experiments

would uncover degeneracy in the interaction strength.

Roughly speaking, relatively heavy nuclei are more sensitive to spin-independent

interaction than spin-dependent one, while nuclei with large spin interacts with WIMP

more through spin-dependent interaction. The difference does not come only from the

choices of the targets. Various schemes and techniques to reject and shield the target

from background are used. By these differences in detail, combining results requires

more careful analysis. Especially the threshold recoil energy Eth which is optimized
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Advances in direct DM detection leave room for OPTIMISM:  
 
direct detection experiments are getting more sensitive 
possible hints in indirect searches 
LHC further constraining the parameter space for new physics 

In all these UNCERTAINTIES play an important role:   
 
To conclusively determine claim DM detection we will need observation using 
different experimental techniques.  
Direct detection is needed 

Dark matter IDENTIFICATION requires combination of data from different 
sources 
 
LHC alone cannot determine the DM properties (or if it is the DM at all), need 
combination with direct or/and indirect searches 
 
Combination of Direct Detection experiments seems promising to determine DM 
phenomenological parameters 

Conclusions 
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