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Many DM models can be probed 
by the different experimental 
techniques 

“Redundant” detection can be 
used to extract DM properties 

Constraints in one sector might 
affect observations in the other 
two. 
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Related to the 
Freeze-out of DM 

particles in the Early 
Universe 



It is very tempting to say that Accelerator and Indirect searches probe the 
same diagrams... however  

DM annihilation (Early Universe) DM Production in colliders? 

Problematic: does not leave a good signal (no hard energy deposition for detectors to trigger 
upon) (not impossible : very light WIMPs) 

If the spectrum of new physics is heavy might not be able to test directly the DM couplings to 
SM matter (problem for estimating the relic abundance) 

“Inverse” 
process 

GIVEN THE SUBTLETIES OF DM ANNIHILATION IN THE EARLY UNIVERSE, 
THIS MAKES IT DIFFICULT TO TAKE A MODEL INDEPENDENT APPROACH. 

M i s s i n g 
transverse 
energy 
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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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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].

Gamma rays from the Galactic centre (Fermi LAT data) 

Excess for light DM? 

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 

Combining constraints or testing potential observations 

One obvious way in which collider searches can complement indirect ones is by constraining 
potential observations or by combining bounds on the operators describing DM interaction.	  

Not yet confirmed by Fermi 
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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 (excess	  of	  microwave	  emission	  in	  the	  inner	  
20◦	  around	  the	  center	  of	  the	  Milky	  Way) 

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 in indirect searches 
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Dark matter production with initial state 
radiation 	  
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Leads to stringent bounds dependent on 
the DM effective operators to fermions	  
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Figure 3: Left panel: the constraints on the spin-dependent DM-proton scattering cross section for the
up, down and strange (bottom to top solid lines) axial-vector operators. Relevant experimental bounds
are also shown. Right panel: the same as the left panel but for the constraints on the spin-indepedent
DM-neutron scattering cross section.

between the two at high energies. Of the operators under consideration, spin dependent scattering is

caused by the axial vector operator O3. For a complete list of all operators, see [24].

Again, in order to compute the DM scattering cross section off a nucleon, N = p, n, we will need

〈N |O3|N〉, leading to

ONq
3 = ∆N

q

(

N̄γµγ5N
)

(χ̄γµγ5χ)

Λ2
,

with [21]

∆p
u = ∆n

d = 0.842 ± 0.012 ,

∆p
d = ∆n

u = −0.427 ± 0.013 ,

∆p
s = ∆n

s = −0.085 ± 0.018 . (8)

The total cross section is then

σNq
3 =

3µ2

π Λ4
(∆N

q )2 . (9)

The Tevatron limits on spin dependent dark matter scattering for the various operators are shown in

Figure 3 along with limits from XENON10 [4], COUPP [25], PICASSO [26] and ZEPLIN III [27]. For

the DM-proton spin-dependent scattering cross section (left panel) we have found that the Tevatron

limits are stronger than any other direct detection experiments for all three operators. For the DM-

neutron scattering in the right panel, the Tevatron limit is still the best for the up-type quark operator.

Limits for a flavor universal operator are close to those of the pure up operator.
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FIG. 3: Graph of the parameter space for spin-dependent direct detection of WIMPs, in terms

of the WIMP mass and cross section for scattering on a proton or neutron, including current

bounds from direct detection, Tevatron data, and the Fermi line search (solid lines, as labelled),

and projected lines for direct detection experiments and the LHC (dashed lines, as labelled). Fermi

bounds on Majorana fermion with M5 interaction are obtained by improving the D8 bounds for

the Dirac fermion by a factor of 2.

(MiDM) [36], in its electromagnetic (as opposed to dark photon) incarnation explains the

DAMA signal. In this model the WIMP χ is a Majorana fermion which scatters inelastically

into a slightly heavier state χ∗ through a flavor-changing magnetic dipole moment,

M χ̄σµνχ∗ Fµν +H.c. (10)

This operator also induces a line signal when two χ (or two χ∗) annihilate into γγ by

exchanging a χ∗(χ). The regions correspond to 90% and 99% CL consistent parameter

spaces in mχ andM (as found in [36]), mapped into the parameter space of indirect detection

under the assumption that the dark matter halo is composed entirely of χ or χ∗. The Fermi

line search is already providing interesting constraints on the model parameter space.
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Very light WIMPs can be searched for in colliders. 

FERMI constraints can be comparable	  



A “stable” particle at the detector scale does not imply stability in Cosmological scales	  

•  Upon detection... How can we test it is the dark matter?	  

Reconstruct its relic abundance (possible to some extent if DM couplings are measured)	  

1) Choose a point in the (SUSY) parameter space	  

2) Use the predicted spectrum determination (e.g. in LHC or LC) as constraints (use as mock data)	  

3) Scan in the phenomenological MSSM (24 parameters) for the best fit regions	  

4) Determine the posterior distribution function for the relic abundance	  

Using Bayesian statistics and Monte Carlo scanning techniques 	  

Dependent on the specific benchmark point	  

Benchmark in the Constrained MSSM satisfying all experimental constraints (*)	  

•  How well can we do this? (It depends on the model and the region of the parameter space)	  

EXERCISE	  
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Can colliders discover dark matter? 



In some regions of the parameter space the relic density can be well determined	  
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E.g., for the LCC1 point, where most of the 
spectrum can me measured	  

Baltz, Battaglia, Peskin, Wizanskt ‘06 

But this is in general not the case, especially 
if the SUSY spectrum gets heavier	  

Notice that these points are already excluded by 
LHC. They are used here for illustrative purposes.	  
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For other points of the parameter space things get more complicated	  

E.g., for the LCC3 point where masses are 
heavier	  

Baltz, Battaglia, Peskin, Wizansky ‘06 

Predicted for LHC @ 14 TeV  and luminosity 
of 300 fb-1	  
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Notice that these points are already excluded by 
LHC. They are used here for illustrative purposes.	  



•  A large part of the spectrum is well determined (notice that this is becoming a rather 
optimistic statement)	  

Most of the slepton and squark masses are 
measured	  

The neutralino-stau mass difference measured up 
to a few GeV	  

See e.g., Dutta, Arnowitt ‘08 

But not all the neutralinos (and no chargino) are 
measured... 	  

For other points of the parameter space things get more complicated	  
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Abstract

We study the prospects for the measurement of the τ̃–χ̃0
1 mass difference (#M) and the g̃ mass (Mg̃) in the supersymmetric co-annihilation

region of mSUGRA at the LHC using tau leptons. Recent WMAP measurements of the amount of cold dark matter and previous accelerator
experiments favor the co-annihilation region of mSUGRA, characterized by a small #M (5–15 GeV). Focusing on taus from χ̃0

2 → τ τ̃ → ττ χ̃0
1

decays in g̃ and q̃ production, we consider inclusive 3τ + jet + /ET production, with two τ ’s above a high ET threshold and a third τ above
a lower threshold. Two observables, the number of opposite-signed τ pairs minus the number of like-signed τ pairs, and the peak of the di-tau
invariant mass distribution, allow for the simultaneous determination of #M and Mg̃ for #M ! 6 GeV. For example, for #M = 9 GeV and
Mg̃ = 850 GeV with 30 fb−1 of data, we can measure #M to 15% and Mg̃ to 6%.
 2007 Elsevier B.V. All rights reserved.

1. Introduction

Supersymmetry (SUSY), a symmetry between fermions and
bosons, allows for the construction of models that link a wide
range of physical phenomena. While initially proposed on
aesthetic grounds, SUSY also allows for cancellation of the
quadratic Higgs divergence and, hence, opens the window for
consistent model building up to the grand unification (GUT)
or Planck scales. The extension of supersymmetry to a lo-
cal gauge theory, supergravity [1], led to the development of
GUT models [2,3] giving a description of physics from the
GUT scale down to the electroweak scale, in addition to in-
corporating the successes of the Standard Model (SM). This
idea of SUSY grand unification has been confirmed in the LEP
data [4]. Additionally, SUSY models with R-parity conserva-
tion automatically give rise to a cold dark matter candidate,

* Corresponding author.
E-mail address: dutta@physics.tamu.edu (B. Dutta).

the lightest neutralino, χ̃0
1 . Because these models are consis-

tent to very high energies, they provide descriptions of the
early universe that deeply link particle physics and cosmology.
Detailed theoretical calculations [5] confirm that GUT models
can account for the experimentally observed dark matter abun-
dance [6].

There is good reason to believe that SUSY can be discov-
ered at the Large Hadron Collider (LHC) and that it may be
possible to determine its parameters with enough precision to
distinguish among SUSY models that correctly predict the dark
matter content of the universe. While the ideal is to study the
prospects of measuring SUSY in as general a way as pos-
sible, we consider mSUGRA [2] here, a commonly studied
model, for concreteness. In mSUGRA, four parameters and one
sign determine all the masses and couplings: m0, the universal
scalar soft breaking mass at MGUT; m1/2, the universal gaugino
mass at MGUT; A0, the universal cubic soft breaking parame-
ter at MGUT; tanβ = 〈H1〉/〈H2〉, where 〈H1(2)〉 is the Higgs
vacuum expectation value which gives rise to the up (down)

0370-2693/$ – see front matter  2007 Elsevier B.V. All rights reserved.
doi:10.1016/j.physletb.2007.03.043
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quadratic Higgs divergence and, hence, opens the window for
consistent model building up to the grand unification (GUT)
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cal gauge theory, supergravity [1], led to the development of
GUT models [2,3] giving a description of physics from the
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Detailed theoretical calculations [5] confirm that GUT models
can account for the experimentally observed dark matter abun-
dance [6].

There is good reason to believe that SUSY can be discov-
ered at the Large Hadron Collider (LHC) and that it may be
possible to determine its parameters with enough precision to
distinguish among SUSY models that correctly predict the dark
matter content of the universe. While the ideal is to study the
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Studying the signal in 	  

76 R. Arnowitt et al. / Physics Letters B 649 (2007) 73–82

Fig. 1. The correlation between the leading jet ET and /ET for t t̄ (left) and SUSY (right) events after requiring 3τ ’s passing all ID and kinematic cuts in the final
state. The SUSY events are for our reference point. The luminosity is arbitrary for SUSY and t t̄ .

identification. For small "M the energy of the third τ , from the
τ̃ → τ χ̃0

1 decay, can be very low, often with ET ! 15 GeV. As
in [13], we loosen the ET requirement to 20 GeV as a balance
between keeping the maximum number of events while still be-
ing in a region of reasonable reproduction of the τ identification
capabilities at the LHC detectors.

To further reduce t t̄ backgrounds but retain signal we require
at least one jet and /ET as shown in Fig. 1. Since we expect
all events to end in two χ̃0

1 ’s, we require the /ET to be large.
In addition, as previously mentioned, squark decays result in
high energy jets. We impose the cuts /ET > 100 GeV, E

jet1
T >

100 GeV (|η| < 2.5), and /ET + E
jet1
T > 400 GeV. We require a

high threshold on the jet and /ET separately to insure that SM
events with unusually high jet ET or /ET have a low likelihood
of passing our cuts. This has the further advantage that events
passing the cuts should readily pass reasonable jet+/ET triggers
envisioned for the LHC.

The invariant mass of the τ pair from the χ̃0
2 decay forms

a distinct mass distribution and provides excellent rejection
against both backgrounds [18]. This can be seen by consider-
ing the τ pair in the chain χ̃0

2 → τ τ̃ → ττ χ̃0
1 in the rest frame

of the χ̃0
2 . In this case, the invariant mass is given by

(1)Mττ = Mχ̃0
2

√
1 − cos θ

2

√√√√1 − M2
τ̃

M2
χ̃0

2

√√√√1 −
M2

χ̃0
1

M2
τ̃

,

where θ is the opening angle between the τ ’s; the kinematic
endpoint of this distribution corresponds to the θ = π case.
Fig. 2 shows the visible di-tau mass, Mvis

ττ , distribution for
SUSY and t t̄ production. The endpoint is not visible because
of the lost neutrinos, but shows a clear peak that still depends
mostly on Mχ̃0

2
, Mτ̃ , and Mχ̃0

1
, of which Mχ̃0

2
and Mχ̃0

1
are re-

lated and depend heavily on Mg̃ from the mSUGRA relations.
We select τ pairs with Mvis

ττ < 100 GeV because this is just be-
yond the endpoint for all "M and Mg̃ values in our parameter

Table 2
The final selection criteria

3 identified τ candidates with |η| < 2.5 and ET > 40, 40 and 20 GeV
respectively
1 jet with ET > 100 GeV and |η| < 2.5
/ET > 100 GeV

/ET + E
jet1
T > 400 GeV

Mvis
ττ < 100 GeV where only τ1τ3 and τ2τ3 invariant mass combinations are

considered

range. This makes our results less sensitive to the fake rate un-
certainty because jets from squarks that fake τ ’s tend to have
large ET , which can produce large Mvis

ττ . In Fig. 2, we also see
that the number of events in the peak of the OS distribution in
excess above the LS distribution increases as a function "M . In
addition, the peak position also increases with "M [13]. Both
these features will be used in the next section. We note that the
t t̄ distribution also has a peak, but because of the kinematic re-
quirements the event rate is several orders of magnitude less
than the SUSY production even without standard isolation cuts,
and it is ignored throughout the rest of this Letter. We also note,
that as in Ref. [13], lowering the ET requirement of the τ3 to
20 GeV is needed for the peak to be visible.

3. Simultaneous measurement of !M and Mg̃

In this section we define our observables, the number of
counts, NOS–LS, and the visible di-tau mass peak position,
M

peak
ττ , and describe their values as a function of both "M

and Mg̃ . We then show how these two variables can be used
to simultaneously measure both "M and Mg̃ , and compare our
"M result to previous analyses that assume an independent Mg̃

measurement.
The variable NOS–LS is the number of LS τ pairs subtracted

from the number of OS τ pairs passing all the selection require-
ments in Table 2. Because we expect the τ3 to come from the

This is a situation that is conceivable, especially if the 
SUSY spectrum is heavy (as it seems to be the case)	  
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Multiple neutralino compositions are equally viable 
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FIG. 1. 1-D marginalized posterior probability density func-
tion (pdf) for the neutralino relic abundance after LHC hypo-
thetical measurements (given in Table 1) are taken as experi-
mental constraints. The true value is given by the yellow/red
diamond.

is mostly Wino-like (M2 < M1 < µ). Moreover, the µ
parameter is not well determined (since the heavier mass
eigenstates are not measured) and varies in a wide range1.
This implies that the Higgsino composition of the lightest
neutralino can vary significantly.
From the discussion above it is easy to identify which

is the neutralino composition associated to the different
solutions of the relic density in the pdf. The peak with
Ωχ̃0

1
h2 >

∼ 0.1 in Fig. 1 corresponds to points in the pa-
rameter space in which the neutralino is Bino-like (thus
having a smaller annihilation cross section and, conse-
quently, a larger relic abundance, compatible with the
relic density measured with cosmological data). The long
tail originating in this maximum and extending towards
smaller values of Ωχ̃0

1
h2 is obtained for neutralinos with

an increasing value of the Higgsino component (this is,
those for which the µ parameter is smaller in Fig. 2).
Finally, the second peak situated at Ωχ̃0

1
h2 ≈ 10−3 cor-

responds to Wino-like neutralinos, which annihilate very
efficiently in the early Universe.

III. INDIRECT DETECTION CONSTRAINTS

The indirect detection signals discussed here (gamma-
rays from dwarfs and modifications of CMB spectrum)

1 Notice that although in theory we could have also obtained a so-
lution in which the second-lightest neutralino was Higgsino-like
(that is, µ < M2), this possibility is constrained by the determi-
nation of masses in the Higgs sector, since a light pseudoscalar
would have also been present.

depend on the neutralino self-annihilation cross section,
(σv), on the neutralino mass, mχ̃0

1
and on the spectrum

of standard model particles produced in the annihilation
of neutralinos, which enters in the calculation of the to-
tal photon spectrum per annihilation (relevant for the
search of gamma-rays from dwarfs) and of the fraction of
energy that couples with the gas during recombination
(relevant for CMB constraints). Indirect searches can
therefore be used to constrain these parameters, under
specific assumptions on astrophysical quantities, and as
we shall see, they allow to exclude portions of the phe-
nomenological parameter space that would remain viable
under future high-luminosity LHC measurements.

A. Fermi LAT constraints from dwarf Spheroidal
galaxies

The first 24 months of data obtained by the Fermi LAT
telescope in survey mode have been analyzed in Ref. [46]
to search for gamma-ray emission from the position of
10 dShps including Draco. The lack of detection allowed
to set constraints on the gamma-ray emission from each
dSph and, assuming a certain DM content, on the DM
self-annihilation cross section (σv). The gamma-ray flux
at energy Eγ due to DM annihilations from the direction
Ψ is given by:

dΦγ

dEγ
(Eγ ,Ψ) =

1

4π

(σv)

2m2
χ̃0
1

dNγ

dEγ

∫

∆Ω

∫
ρ2(r(s,Ψ))

s2
ds dΩ

(3)
where dNγ/dEγ =

∑
f dN

f
γ /dEγ is the total differential

photon spectrum per annihilation, obtained by adding up
the contributions of all annihilation channels f , weighted
by the corresponding branching ratio Bf . The DM distri-
bution in the dwarf galaxies ρ(r) is assumed to be spher-
ically symmetric, and therefore it is a function only of
the radius r, which can itself be expressed as a function
of the distance along the line-of-sight from the observer
s, and the angle with respect to the center of the dwarf
Ψ. To obtain the annihilation rate, the square of the DM
density is then integrated along the line-of-sight s over
the solid angle ∆Ω.
If no excess emission is detected from the direction of

a dwarf (which is the case so far), then Eq. (3) allows one
to translate an upper limit in flux into an upper limit on
the DM parameters, once a specific DM profile is assumed
for the dSph. In Ref. [46], the Fermi LAT collaboration
combined the data from 10 dSphs into a single likelihood
analysis, obtaining an upper limit on (σv) of the order
of 10−25cm3s−1 for a DM mass around 130 GeV (in the
case of annihilation into bb̄). The analysis in Ref. [46]
accounts for the astrophysical uncertainties on the DM
profile for each dSph. The DM profile can be determined
from kinematic data of the member stars, and in partic-
ular measurements of stellar velocity dispersion can be
used to build a likelihood function that depends on the
parameters defining a DM halo profile [31]. These quan-
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This would be a more serious problem for a heavier spectrum	  



Figure 35: Relic density measurement for point LCC3. The wino peak at very small relic
density is clear. See Fig. 8 for description of histograms.

determined by annihilations of the stau. This plot makes clear how the measurement
of ΓA, which fixes tan β to about ±2, has such an important effect. At the ILC-1000,
there remains a weak correlation between the stau-neutralino mass splitting and relic
density, illustrated in Fig. 38.

6.3 Annihilation cross section

In Fig. 39, we show the prediction of our likelihood analysis for the neutralino
pair annihilation cross section at threshold. The dominant annihilation processes
contributing to the relic density at LCC3 are actually coannihilation reactions, and
these are not longer available, because all primordial staus have decayed long ago.
So we have a situation similar to that of LCC1, in which a subdominant annihilation
reaction for the relic density becomes the most important one for the threshold cross
section. The relevant reaction is the same one that was important at LCC1, χχ → bb,
by t-channel b̃ exchange, but also getting a contribution from the A0 s-channel reso-
nance. The relative influence of these two contributions is reflected in the sharpening
of the distribution after the A0 is determined at the 1000 GeV ILC. In the LHC distri-
bution, we again see a subsidiary peak at high values of the cross section that reflects
the possibility of solutions in which the lightest neutralino is wino- or Higgsino-like.
In Fig. 40, we show the similar evolution for the exclusive annihilation cross sections
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FIG. 1. 1-D marginalized posterior probability density func-
tion (pdf) for the neutralino relic abundance after LHC hypo-
thetical measurements (given in Table 1) are taken as experi-
mental constraints. The true value is given by the yellow/red
diamond.

is mostly Wino-like (M2 < M1 < µ). Moreover, the µ
parameter is not well determined (since the heavier mass
eigenstates are not measured) and varies in a wide range1.
This implies that the Higgsino composition of the lightest
neutralino can vary significantly.
From the discussion above it is easy to identify which

is the neutralino composition associated to the different
solutions of the relic density in the pdf. The peak with
Ωχ̃0

1
h2 >

∼ 0.1 in Fig. 1 corresponds to points in the pa-
rameter space in which the neutralino is Bino-like (thus
having a smaller annihilation cross section and, conse-
quently, a larger relic abundance, compatible with the
relic density measured with cosmological data). The long
tail originating in this maximum and extending towards
smaller values of Ωχ̃0

1
h2 is obtained for neutralinos with

an increasing value of the Higgsino component (this is,
those for which the µ parameter is smaller in Fig. 2).
Finally, the second peak situated at Ωχ̃0

1
h2 ≈ 10−3 cor-

responds to Wino-like neutralinos, which annihilate very
efficiently in the early Universe.

III. INDIRECT DETECTION CONSTRAINTS

The indirect detection signals discussed here (gamma-
rays from dwarfs and modifications of CMB spectrum)

1 Notice that although in theory we could have also obtained a so-
lution in which the second-lightest neutralino was Higgsino-like
(that is, µ < M2), this possibility is constrained by the determi-
nation of masses in the Higgs sector, since a light pseudoscalar
would have also been present.

depend on the neutralino self-annihilation cross section,
(σv), on the neutralino mass, mχ̃0

1
and on the spectrum

of standard model particles produced in the annihilation
of neutralinos, which enters in the calculation of the to-
tal photon spectrum per annihilation (relevant for the
search of gamma-rays from dwarfs) and of the fraction of
energy that couples with the gas during recombination
(relevant for CMB constraints). Indirect searches can
therefore be used to constrain these parameters, under
specific assumptions on astrophysical quantities, and as
we shall see, they allow to exclude portions of the phe-
nomenological parameter space that would remain viable
under future high-luminosity LHC measurements.

A. Fermi LAT constraints from dwarf Spheroidal
galaxies

The first 24 months of data obtained by the Fermi LAT
telescope in survey mode have been analyzed in Ref. [46]
to search for gamma-ray emission from the position of
10 dShps including Draco. The lack of detection allowed
to set constraints on the gamma-ray emission from each
dSph and, assuming a certain DM content, on the DM
self-annihilation cross section (σv). The gamma-ray flux
at energy Eγ due to DM annihilations from the direction
Ψ is given by:

dΦγ

dEγ
(Eγ ,Ψ) =

1

4π

(σv)

2m2
χ̃0
1

dNγ

dEγ

∫

∆Ω

∫
ρ2(r(s,Ψ))

s2
ds dΩ

(3)
where dNγ/dEγ =

∑
f dN

f
γ /dEγ is the total differential

photon spectrum per annihilation, obtained by adding up
the contributions of all annihilation channels f , weighted
by the corresponding branching ratio Bf . The DM distri-
bution in the dwarf galaxies ρ(r) is assumed to be spher-
ically symmetric, and therefore it is a function only of
the radius r, which can itself be expressed as a function
of the distance along the line-of-sight from the observer
s, and the angle with respect to the center of the dwarf
Ψ. To obtain the annihilation rate, the square of the DM
density is then integrated along the line-of-sight s over
the solid angle ∆Ω.
If no excess emission is detected from the direction of

a dwarf (which is the case so far), then Eq. (3) allows one
to translate an upper limit in flux into an upper limit on
the DM parameters, once a specific DM profile is assumed
for the dSph. In Ref. [46], the Fermi LAT collaboration
combined the data from 10 dSphs into a single likelihood
analysis, obtaining an upper limit on (σv) of the order
of 10−25cm3s−1 for a DM mass around 130 GeV (in the
case of annihilation into bb̄). The analysis in Ref. [46]
accounts for the astrophysical uncertainties on the DM
profile for each dSph. The DM profile can be determined
from kinematic data of the member stars, and in partic-
ular measurements of stellar velocity dispersion can be
used to build a likelihood function that depends on the
parameters defining a DM halo profile [31]. These quan-
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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:

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).

3

Mass Benchmark value, µ LHC error, σ

m(χ̃0
1) 139.3 14.0

m(χ̃0
2) 269.4 41.0
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Ψ and the distance R! of the Earth from the center of
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results using 24 months of data and combine 10 dSphs
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The DM profile of a dSphs can be determined from

kinematics data of its member stars. In particular mea-
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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).

3

Mass Benchmark value, µ LHC error, σ

m(χ̃0
1) 139.3 14.0

m(χ̃0
2) 269.4 41.0
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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
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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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For the LCC3 point, we determine the gamma ray flux that could be observed in dwarf 
Spheroidal galaxies	  

Imposing Fermi-LAT bound from the non-observation of gamma ray signal	  
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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

dSphs are “ideal” objects: dominated by DM and potentially less affected by 
uncertainties in J	  
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Figure 2: effMSSM in the (�σann v�, mDM) plane. All points are consistent with all

accelerator constraints and red points have a neutralino thermal relic abundance con-

sistent with WMAP. Blue points have a lower thermal relic density but it is assumed

that neutralinos still comprise all of the DM in virtue of additional non-thermal produc-

tion processes. The line indicate the Fermi 95% upper limits obtained from likelihood

analysis on the 8 selected dwarfs. Figure from [31].

of the parameter space are included. We can see in Fig. 2 that these (red) points remain

unconstrained.

No excess has been observed either from dSphs in Cherenkov telescopes like HESS,

VERITAS, MAGIC and Whipple, implying limits from these studies that vary between

a few times ∼ 10
−23

to a few times 10
−22

cm
3
s
−1

for a 1 TeV mass neutralino. Let us

remark that Cherenkov telescopes are more sensitive to DM particles with high masses

(higher than about 200 GeV), and their searches are thus complementary to those of

Fermi.

In a recent work [33], using 24 months of data, adding Segue 1 and Carina to

the sample of 8 dSphs analyzed in [31], and including the uncertainty in the DM

distribution, Fermi-LAT collaboration was able to obtain stronger constrains combining

all the dSph observations into a single joint likelihood function. The upper limits on

the annihilation cross section can be seen in Fig. 3 from ref. [33]. Thus WIMPs with

thermal cross sections are ruled out up to a mass of about 27 GeV for the bb̄ channel
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5

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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We considered only the bound from bb 

Simplifications 

This is not the case for neutralinos in the general parameter space and can be 
overconstraining general (however notice that it is not too different from WW). 3

FIG. 1: Illustration of the Neyman confidence belt construc-

tion used to generate upper limits on ΦPP. Each axis rep-

resents the number of events that could be observed from a

given dwarf (here, Dwarf A has a larger J value than Dwarf B

does). The shaded area, bordered by the solid line, represents

the confidence belt for a particular value of ΦPP. The dashed

lines are the borders of the confidence belts for different values

of ΦPP, with ΦPP increasing from left to right. The borders

are chosen to be normal to a vector of “sensitivities”, which

weights each dwarf according to the relative strength of its

dark matter signal. Once a measurement is made (shown by

the star) the confidence interval for ΦPP contains all values of

ΦPP whose confidence belt contains the measured point. The

dotted line shows the border for an alternative construction of

the confidence belts which gives equal weight to each dwarf.

the assumption that the empirically derived background
PMFs, exposures, and J values are correct, the belts have
the proper coverage.

In order to derive an upper limit on ΦPP, the N -space
should be divided into two simple parts and the belt
D(ΦPP) should consist of the “large” N values (i.e. the
region containing Ni = ∞). This is illustrated in Fig. 1
for an example joint analysis of two dwarfs. The sim-
plest choice for the confidence belt boundaries are planes
with normal vectors parallel to (1, . . . , 1), represented in
Fig. 1 by the dotted line. A measured set of Ni is in such
a confidence belt if the sum of the Ni is greater than
some value. This is equivalent to “stacking” the events
from each dwarf and then analyzing this single image.
However, because the dwarfs are treated equally, pho-
tons from a dwarf with a small J value are considered
as likely to have come from dark matter as are photons
from a dwarf with large J . This is an inefficient choice
for the confidence belts. Naively, one extra photon from
Draco (J ∝ 0.63) should raise the upper limit more than

FIG. 2: Derived 95% upper limit on �σAv� as a function of

mass for dark matter annihilation into bb̄ and τ+τ−
. The

shaded area reflects the 95-percentile of the systematic un-

certainty in the dark matter distribution of the dwarfs. The

canonical annihilation cross section for a thermal WIMP mak-

ing up the total observed dark matter abundance is shown by

the dashed line. The inset figure shows detail for lower masses.

an extra photon from Bootes I (J ∝ 0.05) because, a pri-
ori, a given photon from Bootes I is much more likely to
be from background than a photon from Draco.
To overcome this obstacle we take advantage of the

recent idea by Sutton [30] to use planes at angles other
than 45◦ as boundaries of the confidence belts. Sutton
suggests letting the normal vector to the planes be equal
to a vector representing the “sensitivity” of each observa-
tion. We take the sensitivity (or weight) of each dwarf ob-
servation to be proportional to the ratio of the expected
dark matter flux (AeffTobs J) to the mean expected em-
pirical background flux. In contrast, giving every dwarf
the same weight can weaken the limits by as much as
25%.
The number of photons received in the central ROI

containing each dwarf is the sum of the number of pho-
tons from dark matter annihilation and the number pro-
duced by all background processes. The number of signal
photons is governed by a Poisson distribution with mean
µ(ΦPP) (Eq. 1). The number of background photons is
described by the empirical background PMF. Therefore,
the total number of photons detected is distributed ac-
cording to the convolution of these two probability dis-
tributions. The counts found for each dwarf are indepen-
dent variables and so the joint probability of measuring
N is given by the product of the individual PMFs.
Using this statistical framework we derive a 95% upper
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Dwarf spheroidal galaxies are known to be excellent targets for the detection of annihilating
dark matter. We present new limits on the annihilation cross section of Weakly Interacting Massive
Particles (WIMPs) based on the joint analysis of seven Milky Way dwarfs using a frequentist Neyman
construction and Pass 7 data from the Fermi Gamma-ray Space Telescope. We exclude generic
WIMP candidates annihilating into bb̄ with mass less than 40 GeV that reproduce the observed relic
abundance. To within 95% systematic errors on the dark matter distribution within the dwarfs, the
mass lower limit can be as low as 19 GeV or as high as 240 GeV. For annihilation into τ+τ− these
limits become 19 GeV, 13 GeV, and 80 GeV respectively.
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Weakly Interacting Massive Particles (WIMPs) have

long been considered well-motivated and generic candi-

dates for dark matter [1–6]. By virtue of weak inter-

actions with standard model particles, WIMPs in ther-

mal equilibrium in the early universe “freeze out” by the

same mechanism which explains the observed abundance

of light nuclei. The present-day abundance of WIMPs is

governed by their annihilation cross section into standard

model particles.

Due to the form of their weak-scale cross section,

WIMPs have a dark matter density Ωχh2 � 3 ×
10

−27
cm

3
s
−1/�σAv�, roughly irrespective of the parti-

cle mass [7]. For the measured Ωχh2 � 0.1 [8], the

velocity-averaged annihilation cross section is �σAv� ∼
3× 10

−26
cm

3
s
−1

. Because a smaller cross section over-

produces the observed density, this value should be seen

as a relatively strong lower bound on �σAv� in the canoni-

cal thermal WIMP scenario. If observations can lower the

upper limit on �σAv� below this level, they will present a

serious challenge to the conventional WIMP hypothesis

(see e.g., [9–16]).

It is well known that Milky Way dwarf galaxies are ex-

cellent targets to search for dark matter annihilation sig-

natures: they are dark matter dominated objects with no

astrophysical backgrounds (no hot gas). Measurements

of the velocity dispersion of stars in these systems allows

the reconstruction of the potential well and thus the den-

sity profile of the dark matter distribution [17–19].

In order to place constraints on the annihilation cross

section, we must quantify how the value of �σAv� in-

fluences the number of γ-ray events detected with the

Large Area Telescope (LAT) onboard the Fermi Gamma-

ray Space Telescope (Fermi). There are two sources of

detected photon events: those arising from dark matter

matter annihilation (signal), and those produced by any

other processes (background).

In the canonical picture, dark matter annihilates and

gives rise to a γ-ray flux which factors into two inde-

pendent terms: one describing the dark matter particle

physics and one involving the astrophysical properties of

the dwarf galaxy. The expected number of signal events

is

µ(ΦPP) ≡ (AeffTobs)× ΦPP × J, (1)

where Aeff is the effective area of the detector and Tobs

is the observation time. The product AeffTobs is called

the exposure. The goal is to place limits on the quantity

ΦPP which encompasses the particle physics. For self-

conjugate particles it is defined as

ΦPP ≡ �σAv�
8πM2

χ

Mχ�

Eth

�

f

Bf
dNf

dE
dE,

where Mχ is the mass of the dark matter particle and

�σAv� is its total velocity-averaged cross section for an-

nihilation into standard model particles. The index f
labels the possible annihilation channels and Bf is the

branching ratio for each. For any channel, dNf/dE is the

final γ-ray spectrum. This quantity is integrated from a

threshold energy Eth to the mass of the dark matter par-

ticle.

The quantity J contains information about the distri-

bution of dark matter and is defined by

J ≡
�

∆Ω(ψ)

�

�

[ρ(�,ψ)]2 d� dΩ(ψ).

Here, the square of the dark matter density is integrated

along a line of sight in a direction ψ, and over solid angle

∆Ω.

Typically, the background is derived through detailed

modeling of possible contributions [20]. This was the ap-

proach taken in the Fermi Collaboration analysis [21–24].

In this work we eschew such detailed modeling of the ori-

gin and spectral properties of the γ-ray background, and

instead use the photon events in the region near each

dwarf to empirically derive the background from all un-

resolved sources.
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FIG. 3. 2-Dimensional marginal posterior pdf in the plane (mχ, (σv)) (top row) and (Ωχh
2,σSI

χ−p) (middle row), including
simulated future LHC data only (blue/empty contours) and adding Fermi LAT upper limit from the combined analysis of
dSphs (left column, filled regions). The second columns combines LHC data with the upper limit expected from Planck on the
reionization of the CMB radiation, while the third column combines LHC data with an hypothetical detection of gamma-rays
from the Draco dSph obtained with CTA. The bottom row shows the 1D marginal pdf for the relic density Ωχh

2. 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. The black continous line in the bottom row indicates the pdf of Ωχh

2

for the LHC-only case.

sources at once, and also to perform surveys of large por-
tions of the sky [64, 65]. CTA sensitivity is estimated
to go down by a factor of 10 with respect to current
Cherenkov telescopes, and the energy range will cover
the interval from 10 GeV to 200 TeV [63, 66]. The CTA
collaboration will complete its Design Phase in two years
from now. Currently different prototypes of the final tele-
scopes are already under construction and will be tested.

A realistic timescale for the construction of the experi-
ment is 5 years from now.

For our purposes, we will consider a rather optimistic
energy threshold of 20 GeV. Our benchmark point cor-
responds to a neutralino mass of 139.3 GeV (see Tab. I),
so gamma-rays from DM annihilation are expected to fall
in an energy range for which a reasonable estimation of
CTA effective are is 104m2 (contrary to the largest values
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FIG. 3. 2-Dimensional marginal posterior pdf in the plane (mχ, (σv)) (top row) and (Ωχh
2,σSI

χ−p) (middle row), including
simulated future LHC data only (blue/empty contours) and adding Fermi LAT upper limit from the combined analysis of
dSphs (left column, filled regions). The second columns combines LHC data with the upper limit expected from Planck on the
reionization of the CMB radiation, while the third column combines LHC data with an hypothetical detection of gamma-rays
from the Draco dSph obtained with CTA. The bottom row shows the 1D marginal pdf for the relic density Ωχh

2. 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. The black continous line in the bottom row indicates the pdf of Ωχh

2

for the LHC-only case.

sources at once, and also to perform surveys of large por-
tions of the sky [64, 65]. CTA sensitivity is estimated
to go down by a factor of 10 with respect to current
Cherenkov telescopes, and the energy range will cover
the interval from 10 GeV to 200 TeV [63, 66]. The CTA
collaboration will complete its Design Phase in two years
from now. Currently different prototypes of the final tele-
scopes are already under construction and will be tested.

A realistic timescale for the construction of the experi-
ment is 5 years from now.

For our purposes, we will consider a rather optimistic
energy threshold of 20 GeV. Our benchmark point cor-
responds to a neutralino mass of 139.3 GeV (see Tab. I),
so gamma-rays from DM annihilation are expected to fall
in an energy range for which a reasonable estimation of
CTA effective are is 104m2 (contrary to the largest values
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FIG. 2. 2-Dimensional marginalized posterior pdf in the (M1, M2) and in the (M2, µ) planes. The inner and outer contour
encloses 68% and 98% probability regions, respectively. The empty contours are for the case where LHC only data are applied,
whereas the filled regions include current Fermi LAT upper limits from the combined analysis of dSphs. The best fit is shown
with the encircled black cross while the true value is given by the yellow/red diamond.

tities have then been included in the likelihood analysis
of Fermi LAT data, so that their final result accounts for
our relatively poor knowledge of DM in dSphs (see Ref.
[46] for more details).

We focus here for definitiveness on the upper limit on
(σv) derived for a DM particle annihilating to b quarks,
taken from Fig. 2 of Ref. [46]. That same figures also
indicates how the upper limit depends on the dominant
annihilation channel. With a neutralino mass around
130 GeV, as is the case for our benchmark point, the
constraints are all within a factor of two from the case
of annihilation into b quarks, and this is not enough to
change our results significantly (see later). The only ex-
ception is for an annihilation predominantly into µ+µ−,
for which the Fermi LAT upper limit is approximately
an order of magnitude weaker. However, we checked that
the branching ratio into muons is subdominant (with a
branching ratio smaller than about 0.1) for all the sam-
ples in our scan, once LHC data are included, hence this
case can be discounted.

We include the information provided by Fermi LAT on
the combined analysis of the 10 dSphs by assigning a like-
lihood of 0 to all samples in our LHC-only scans that have
an annihilation cross section larger than the 95% upper
limit in Fig. 2 of Ref. [46]. A more detailed analysis would
include the full likelihood function in a more refined way,
but this is not necessary for the purpose of our study.
We stress that in order to implement the Fermi LAT
constraints we make the assumption that the neutralino
found at the LHC contributes 100% to the non-baryonic
DM in dwarf galaxies, similarly to the consistency check

approach of Paper I. The resulting two-dimensional pos-
terior pdf in the planes (mχ,σv) and (Ωχh2,σSI

χ−p) are
shown in the first column of Fig. 3 (filled contours), where
they are compared with the case where LHC only future
contraints are used (blue/emtpy contours). Focusing first
on the top panel, we notice that the LHC alone (empty
contours) is not going to be able to identify the correct
mode in the posterior distribution. The secondary mode,
at large values of σv, corresponds to the case where the
neutralino is Wino-like. This solution can however be
ruled out once the Fermi LAT information from dSphs
is included in the likelihood (filled contours). The re-
sulting identification of the correct cosmological solution
in terms of the predicted relic density is confirmed by
the plot in the second panel, showing how Fermi LAT
limits can eliminate the mode in the distribution corre-
sponding to subdominant relic density. The last row of
Fig. 3 shows the 1D marginalized pdf for the relic density,
comparing the LHC only constraints (empty histogram),
given in Fig. 1, with what can be otbained by combining
LHC with Fermi LAT. We see clearly that the Wino-like
neutralino solution disappears in this latter case.

The impact of Fermi LAT data can also be observed
in the reconstruction of the neutralino mass parameters
of Fig. 2, where Fermi can rule out the region where
M2 < M1. However, Fermi has little impact in the recon-
struction of the µ parameter, and therefore the Higgsino
composition of the neutralino is not well determined. As
a consequence, the reconstruction of the neutralino relic
density (bottom panel of Fig. 3) still displays the char-
acteristic long tail towards small values of Ωχ̃0

1
h2. In

In terms of parameters, the region with 
small mu parameter is disfavoured	  
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FIG. 3. 2-Dimensional marginal posterior pdf in the plane (mχ, (σv)) (top row) and (Ωχh
2,σSI

χ−p) (middle row), including
simulated future LHC data only (blue/empty contours) and adding Fermi LAT upper limit from the combined analysis of
dSphs (left column, filled regions). The second columns combines LHC data with the upper limit expected from Planck on the
reionization of the CMB radiation, while the third column combines LHC data with an hypothetical detection of gamma-rays
from the Draco dSph obtained with CTA. The bottom row shows the 1D marginal pdf for the relic density Ωχh

2. 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. The black continous line in the bottom row indicates the pdf of Ωχh

2

for the LHC-only case.

sources at once, and also to perform surveys of large por-
tions of the sky [64, 65]. CTA sensitivity is estimated
to go down by a factor of 10 with respect to current
Cherenkov telescopes, and the energy range will cover
the interval from 10 GeV to 200 TeV [63, 66]. The CTA
collaboration will complete its Design Phase in two years
from now. Currently different prototypes of the final tele-
scopes are already under construction and will be tested.

A realistic timescale for the construction of the experi-
ment is 5 years from now.

For our purposes, we will consider a rather optimistic
energy threshold of 20 GeV. Our benchmark point cor-
responds to a neutralino mass of 139.3 GeV (see Tab. I),
so gamma-rays from DM annihilation are expected to fall
in an energy range for which a reasonable estimation of
CTA effective are is 104m2 (contrary to the largest values
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FIG. 3. 2-Dimensional marginal posterior pdf in the plane (mχ, (σv)) (top row) and (Ωχh
2,σSI

χ−p) (middle row), including
simulated future LHC data only (blue/empty contours) and adding Fermi LAT upper limit from the combined analysis of
dSphs (left column, filled regions). The second columns combines LHC data with the upper limit expected from Planck on the
reionization of the CMB radiation, while the third column combines LHC data with an hypothetical detection of gamma-rays
from the Draco dSph obtained with CTA. The bottom row shows the 1D marginal pdf for the relic density Ωχh

2. 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. The black continous line in the bottom row indicates the pdf of Ωχh
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for the LHC-only case.

sources at once, and also to perform surveys of large por-
tions of the sky [64, 65]. CTA sensitivity is estimated
to go down by a factor of 10 with respect to current
Cherenkov telescopes, and the energy range will cover
the interval from 10 GeV to 200 TeV [63, 66]. The CTA
collaboration will complete its Design Phase in two years
from now. Currently different prototypes of the final tele-
scopes are already under construction and will be tested.

A realistic timescale for the construction of the experi-
ment is 5 years from now.

For our purposes, we will consider a rather optimistic
energy threshold of 20 GeV. Our benchmark point cor-
responds to a neutralino mass of 139.3 GeV (see Tab. I),
so gamma-rays from DM annihilation are expected to fall
in an energy range for which a reasonable estimation of
CTA effective are is 104m2 (contrary to the largest values
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FIG. 3. 2-Dimensional marginal posterior pdf in the plane (mχ, (σv)) (top row) and (Ωχh
2,σSI

χ−p) (middle row), including
simulated future LHC data only (blue/empty contours) and adding Fermi LAT upper limit from the combined analysis of
dSphs (left column, filled regions). The second columns combines LHC data with the upper limit expected from Planck on the
reionization of the CMB radiation, while the third column combines LHC data with an hypothetical detection of gamma-rays
from the Draco dSph obtained with CTA. The bottom row shows the 1D marginal pdf for the relic density Ωχh

2. 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. The black continous line in the bottom row indicates the pdf of Ωχh
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for the LHC-only case.

sources at once, and also to perform surveys of large por-
tions of the sky [64, 65]. CTA sensitivity is estimated
to go down by a factor of 10 with respect to current
Cherenkov telescopes, and the energy range will cover
the interval from 10 GeV to 200 TeV [63, 66]. The CTA
collaboration will complete its Design Phase in two years
from now. Currently different prototypes of the final tele-
scopes are already under construction and will be tested.

A realistic timescale for the construction of the experi-
ment is 5 years from now.

For our purposes, we will consider a rather optimistic
energy threshold of 20 GeV. Our benchmark point cor-
responds to a neutralino mass of 139.3 GeV (see Tab. I),
so gamma-rays from DM annihilation are expected to fall
in an energy range for which a reasonable estimation of
CTA effective are is 104m2 (contrary to the largest values
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In case of a future detection the relic density reconstruction improves 
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Hypothetical future CTA observation of Draco	  

Once more, the relic density is better 
reconstructed and the spurious maxima 
disappear	  

Assuming ETH = 20 GeV and effective area 104 m2	  
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Collider searches and indirect searches can provide complementary bounds 
on the effective operators that describe the DM interaction with WIMPs 

Conclusions 

21	  LCWS	  2012	  -‐	  David	  G.	  Cerdeño	  

E.g., the region with light WIMPs 	  

The combination of results is crucial in order to make claims about DM 

Reconstructing the DM relic density from collider data only might not be possible, 
especially if the SUSY spectrum is heavy	  

Indirect bounds (GR considered in this talk) can significantly reduce the uncertainty 
in the calculated Ωh2	  

In case of detection (e.g. CTA) the value of Ωh2 could be reconstructed (issues with 
astrophysical uncertainties)	  


