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 Importance: Dark matter is an astrophysical and cosmological 
problem that calls for a “fundamental physics” explanation 

 What kind of new physics? I will hopefully clarify some common 
misunderstanding (among particle physicists)

 The “WIMP paradigm”: collider, direct searches and indirect 
searches

          
 Current status and some near future expectations
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FIG. 1: The power spectrum of matter. Red points with error bars are the data from the Sloan

Digital Sky Survey [9]; heavy black curve is the ΛCDM model, which assumes standard general

relativity and contains 6 times more dark matter than ordinary baryons. The dashed blue curve is

a “No Dark Matter” model in which all matter consists of baryons (with density equal to 20% of

the critical density), and the baryons and a cosmological constant combine to form a flat Universe

with the critical density. This model predicts that inhomogenities on all scales are less than unity

(horizontal black line), so the Universe never went nonlinear, and no structure could have formed.

TeVeS (solid blue curve) solves the no structure problem by modifying gravity to enhance the

perturbations (amplitude enhancement shown by arrows). While the amplitude can now exceed

unity, the spectrum has pronounced Baryon Acoustic Oscillations, in violent disagreement with

the data.

matter model, on the other hand, the oscillations should be just as apparent in matter as

they are in the radiation. Indeed, Fig. 1 illustrates that – even if a generalization such

as TeVeS fixes the amplitude problem – the shape of the predicted spectrum is in violent
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I. Based on exact solutions or linear perturbation theory applied to simple physical 
systems (gravity, atomic physics...): credible and robust!

II. Suggests additional species, rather than a modification of gravity.

III. Tells us that the largest fraction of required dark matter is non-baryonic, rather 
than brown dwarf stars, planets, etc. 

Cosmological Evidence is of paramount importance for Particle Physics!
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Crucial conclusion 
Only possible SM candidate: ν’s (which are also “stable”). But they do not work being 

Ων =
ρν
ρc

�
�

i mi

45 eV
ΩDM≈0.3(WMAP)⇒Σmi ≈ 15 eV

Direct mass limits combined with splittings from oscillation experiments impose upper 
limit of about 7 eV to the sum (After Katrin, potentially improved to ~0.7 eV) 

1. too light
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Only possible SM candidate: ν’s (which are also “stable”). But they do not work being 

This implies that Dark Matter requires “new physics”, beyond
the theories of the SM and/or gravity known today.
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Is the production of DM by itself restrictive on BSM?
I.e, do we get major restrictions on particle physics scales and scenarios (not merely 
model parameters!) by requiring a dynamical mechanism for its generation? 

... Not really! A whole zoo exists, here is a sub-set:



Is the production of DM by itself restrictive on BSM?

 Coherent Field Oscillations 
Paradigmatic case: µeV to meV axions, whose final abundance depends on the value 
of the mass (or PQ scale,~O(1012 GeV)) and the initial misalignment angle (θ)
Searches via microwave cavities.

 Asymmetric DM (possibly with “strong” interactions)
Similar or even common origin of DM and baryons? Linked to baryogenesis, GUT 
scale? Linked to a strongly interacting sector BSM at TeV scale?

 Sterile (~1-100 keV) Neutrinos (coupled via Yukawas)
Populated (non-thermally, in general) by oscillations with active ones. Note: No new 
physics above the electroweak scale would be needed!
X-ray line signature?

 Superheavy Dark Matter (~1013 GeV, only gravity coupled) 
Spontaneous particle creation generically takes place in time-dependent gravitational 
background* 
If lifetime in a (relatively narrow) range, possible signatures in UHECRs...

I.e, do we get major restrictions on particle physics scales and scenarios (not merely 
model parameters!) by requiring a dynamical mechanism for its generation? 

... Not really! A whole zoo exists, here is a sub-set:

*Massive scalar field in FRW metric is equivalent to an auxiliary scalar field in Minkowski with t-dependent 
mass.  Hence its E is not conserved, particle production can take place at the expense of gravity.
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WIMPs: the “matter counterpart” of CMB?
 Early universe was a cosmic hot plasma, cooling down with time (expansion)

 We expect that all particles which exchange E quickly enough among themselves 
compared with the expansion rate of the universe will achieve kinetic equilibrium. Similarly, if 
number changing processes are fast, chemical equilibrium is achieved. Naively, compare:

 CMB formed this way: it is the best blackbody around, since 
it is negligibly affected by processes after decoupling

 Thermal WIMPs paradigm: non-relativistic, matter 
counterpart of the above background, which has right 
properties to be the dark matter... 

with

process at equilibrium freezing-out decoupled



ΩXh2 � 0.1 pb

�σv�

WIMP miracle... and hard facts

�σv� ∼ α2

m2
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dimensionally, for EW scale masses & couplings, 
one gets the right value!

 but the numerator  depends from widely different cosmological parameters (Hubble parameter, 
CMB temperature) and the Planck scale. Is this match simply a coincidence?

 The (dis)agreement can be used to constrain particle physics as in original Lee-Weinberg 
model: theories predicting too large relic values for a (meta)stable “X” are disfavoured/excluded.

 has even been used as guideline in TeV-scale BSM model-building! (e.g. split susy...)

A textbook calculation can prove that
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MicrOMEGAs: a code for the calculation
of Dark Matter Properties

including the relic density, direct and indirect rates 
in a general supersymmetric model
and other models of New Physics 

Geneviève Bélanger, Fawzi Boudjema, Alexander Pukhov and Andrei Semenov
http://www.physto.se/~edsjo/darksusy/

In practice, one has to take care of many effects (coannihilations, resonances,...) Relic density 
calculations have reached a certain degree of sophistication and are often automatized with 

publicly available software.
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Link with colliders

new particle

• If one has a strong prior for new TeV scale physics (~with ew. strength coupling) due to 
the hierarchy problem, precision ew data (e.g. from LEP) suggest that tree-level couplings 
SM-SM-BSM should be avoided!

we want to avoid!

• A straightforward solution (not unique!) is to impose a discrete “parity” symmetry: 
e.g. SUSY R-parity, K-parity in ED, T-parity in Little Higgs. New particles only appearing in pairs!

we want it!
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• If one has a strong prior for new TeV scale physics (~with ew. strength coupling) due to 
the hierarchy problem, precision ew data (e.g. from LEP) suggest that tree-level couplings 
SM-SM-BSM should be avoided!

we want to avoid!

• A straightforward solution (not unique!) is to impose a discrete “parity” symmetry: 
e.g. SUSY R-parity, K-parity in ED, T-parity in Little Higgs. New particles only appearing in pairs!

we want it!

➡ Automatically makes lightest new particle stable! 
➡ May have other benefits (e.g. respect proton stability bounds...)

In a sense, some WIMP DM (too few? too much?) is “naturally” expected for 
consistency of the currently favored framework for BSM physics at EW scale. 

Beware of the reverse induction: 
LHC is now testing this paradigm, but if no new physics is found at EW scale 

it is at best the WIMP scenario to be disfavored, not the “existence of DM” 



WIMP (not generic DM!) “discovery program”

W+, Z, γ, g, H, q+, l+

W -, Z, γ, g, H, q -,l -

ECM ≈ 
102±2 GeV

New
physics

X=χ, B(1),… 

New
physics

X

Early universe and indirect detection

Direct 
detection
(recoils on 
nuclei)

Collider Searches

multimessenger 
approach

 demonstrate that astrophysical DM is made of particles (locally, via DD; remotely, via ID)
 
 Possibly, create DM candidates in the controlled environments of accelerators

 Find a consistency between properties of the two classes of particles. Ideally, we would 
like to calculate abundance and DD/ID signatures → link with cosmology/test of production
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DM@colliders: The model-dependent way

Either one can limit oneself to processes involving 
“chains” ending with large    , which allow at most 
to check if a “stable” particle (on detector scale!) 
has been produced, and in some cases to 
constrain its mass (scale).

∄

For a review, Barr & Lester 1004.2732

Dark Matter studies at LHC are mostly model-dependent.
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DM@colliders: The model-dependent way

Either one can limit oneself to processes involving 
“chains” ending with large    , which allow at most 
to check if a “stable” particle (on detector scale!) 
has been produced, and in some cases to 
constrain its mass (scale).

∄

For a review, Barr & Lester 1004.2732

Dark Matter studies at LHC are mostly model-dependent.

Alternative Strategy: Pick “benchmark” models 
(e.g. in CMSSM), derive bounds on DM from 
bounds on “observable” object and theoretical 
relations, with plots  e.g. in  m0-m1/2 for different 
tan β... hope to learn “generic lessons”

For a review, Ellis & Olive 1001.3651
(results now outdated...)

WMAP preferredaµ



DM production at colliders, EFT approach
From the “WIMP paradigm” it follows that one can produce DM “as in the early 
universe”, via 

(SM)(SM) → XX

✤ Main problem: the dominating channel (SM)(SM) → XX is obviously invisible.
✤ One may consider the “large    ”  channel (SM)(SM) → XXY  with Y= γ, jet(s) 
unavoidably produced at least by initial state leptons/quarks. 

∄
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✤ Map the effective operators into signatures of missing energy+jet(s) as well as DD cross 
sections. Remarkable bounds already now!

✤ Of course breaks down when/if BSM physics at low scale is present, hence it is 
complementary to explicit models (troublesome already @ LHC-7 TeV...)

Incomplete list:
Beltran, Hooper, Kolb, Krusberg, Tait, 1002.4137 Bai,Fox, Harnik, 1005.3797
Goodman et al, 1005.1286 (majorana)   Goodman et al, 1008.1783 (dirac, scalar)
M. Buckley, 1104.1429 (EFT for asymmetric DM) ...

✤ One can parameterize DM-SM interactions in an EFT approach. E.g., for a Dirac fermion:



Well practiced at LHC...
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Figure 4: Comparison of the 90% CL upper limits on the dark matter-nucleon scattering

cross section versus mass of dark matter particle for the (left) spin-independent and (right)

spin-dependent models with results from CMS using monophoton signature [14], CDF [15],

XENON100 [16], CoGeNT [17], COUPP[18], CDMS II [19, 20], Picasso [21], SIMPLE [22], Ice-

Cube [23], and Super-K [24] collaborations.

Table 6: Observed 90% CL limits on the dark matter-nucleon cross section and effective contact

interaction scale Λ for the spin-dependent and spin-independent interactions.

Spin-dependent Spin-independent

Mχ (GeV/c2) Λ (GeV) σχN (cm2) Λ (GeV) σχN (cm2)

0.1 754 1.03 × 10−42 749 2.90 × 10−41

1 755 2.94 × 10−41 751 8.21 × 10−40

10 765 8.79 × 10−41 760 2.47 × 10−39

100 736 1.21 × 10−40 764 2.83 × 10−39

200 677 1.70 × 10−40 736 3.31 × 10−39

300 602 2.73 × 10−40 690 4.30 × 10−39

400 524 4.74 × 10−40 631 6.15 × 10−39

700 341 2.65 × 10−39 455 2.28 × 10−38

1000 206 1.98 × 10−38 302 1.18 × 10−37

Table 7: Observed and expected 95% CL lower limits on the ADD model parameter MD (in

TeV/c2) as a function of δ, with and without NLO K-factors applied.

LO NLO

δ Exp. Limit Obs. Limit Exp. Limit Obs. Limit

(TeV/c2) (TeV/c2) (TeV/c2) (TeV/c2)

2 3.81 4.08 4.20 4.54

3 3.06 3.24 3.32 3.51

4 2.69 2.81 2.84 2.98

5 2.44 2.52 2.59 2.71

6 2.28 2.38 2.40 2.51
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Figure 5. Inferred 90% CL ATLAS limits on spin-independent WIMP-nucleon scattering. Cross
sections are shown versus WIMP mass mχ. In all cases the thick solid lines are the observed
limits excluding theoretical uncertainties; the observed limits corresponding to the WIMP-parton
cross section obtained from the −1σtheory lines in figure 4 are shown as thin dotted lines. The
latter limits are conservative because they also include theoretical uncertainties. The ATLAS limits
for operators involving quarks are for the four light flavours assuming equal coupling strengths
for all quark flavours to the WIMPs. For comparison, 90% CL limits from the XENON100 [70],
CDMSII [71], CoGeNT [72], CDF [19], and CMS [21] experiments are shown.

scattering cross sections is done using equations (3) to (6) of ref. [32], and the results are

shown in figures 5 and 6.6 As in ref. [32] uncertainties on hadronic matrix elements are

neglected here. The spin-independent ATLAS limits in figure 5 are particularly relevant in

the low mχ region (< 10 GeV) where the XENON100 [70], CDMSII [71] or CoGeNT [72]

limits suffer from a kinematic suppression. Should DM particles couple exclusively to

gluons via D11, the collider limits would be competitive up to mχ of about 20 GeV, and

remain important over almost the full mχ range covered. The spin-dependent limits in

figure 6 are based on D8 and D9, where for D8 the M∗ limits are calculated using the D5

acceptances (as they are identical) together with D8 production cross sections. Both the

D8 and D9 cross-section limits are significantly smaller than those from direct-detection

experiments.

As in figure 4, the collider limits can be interpreted in terms of the relic abundance

6There is a typographical error in equation (5) of ref. [32] (cross sections for D8 and D9). Instead of

9.18 × 10−40cm2 the pre-factor should be 4.7× 10−39cm2.
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Figure 7. Inferred ATLAS 95% CL limits on WIMP annihilation rates 〈σ v〉 versus mass mχ.
〈σ v〉 is calculated as in ref. [15]. The thick solid lines are the observed limits excluding theoretical
uncertainties. The observed limits corresponding to the WIMP-parton cross section obtained from
the −1σtheory lines in figure 4 are shown as thin dotted lines. The latter limits are conservative
because they also include theoretical uncertainties. The ATLAS limits are for the four light quark
flavours assuming equal coupling strengths for all quark flavours to the WIMPs. For comparison,
high-energy gamma-ray limits from observations of Galactic satellite galaxies with the Fermi-LAT
experiment [75] for Majorana WIMPs are shown. The Fermi-LAT limits are scaled up by a factor
of two to make them comparable to the ATLAS Dirac WIMP limits. All limits shown here assume
100% branching fractions of WIMPs annihilating to quarks. The horizontal dashed line indicates
the value required for WIMPs to make up the relic abundance set by the WMAP measurement.

sensitive to annihilation to light and heavy quarks, whereas ATLAS probes mostly WIMP

couplings to lighter quarks and sets cross-section limits that are superior at WIMP masses

below 10 GeV for vector couplings and below about 100 GeV for axial-vector couplings. At

these low WIMP masses, the ATLAS limits are below the value needed for WIMPs to make

up the cold dark matter abundance (labelled Thermal relic value in figure 7), assuming

WIMPs have annihilated exclusively via the particular operator to SM quarks while they

were in thermal equilibrium in the early universe. In this case WIMPs would result in

relic densities that are too large and hence incompatible with the WMAP measurements.

For masses of mχ ≥ 200 GeV the ATLAS sensitivity worsens substantially compared to the

Fermi-LAT one. This will improve when the LHC starts operation at higher centre-of-mass

energies in the future.
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Direct Detection
Strategy: measure recoil energy (Not larger than ~O(100) 
keV!) from elastic scattering of local DM WIMPs with 
detectors underground (to shield them from cosmic-rays & 
their induced “activation”).
Observables: 
• Rate and spectrum of the recoils (different channels!)
• Time-dependence (modulation): distinctive feature
• Event Directionality (key for future! At R&D stage, requires gaseous detectors...)

e.g. MIMAC@LPSC
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In general, x-section σ is the sum of spin-dependent contribution plus spin-
independent (the latter typically dominant: ~A2 times bigger for coherence)
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One example w
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The exp. race: background rejection techniques
 despite low “noise” (high purity materials, low cosmic ray rate...), many phenomena can 
cause energy deposition (e.g. radioactive decays); largest worry is to separate “e.m.-like” 

recoils from “nucleon-like” recoils (like expected from WIMPs)

CRESST
Strategy: event by event, measure different channels 
energy is deposited into (+e.g. position in the detector, for 
surface vs. bulk events). Select region where expecting <1 
fake event leakage (based on known backgrounds)

CDMS

γ

β
n



Sometimes surprises...

*French group developing low-temperature 
bolometers for dark matter direct detection...

message: don’t be surprised if DM 
researchers should hit “new”, 
unexpected backgrounds...

*



Experimental situation

La battaglia di Marciano by Giorgio Vasari possibly covers a lost-and much more 
important!-work by Leonardo da Vinci, La battaglia di Anghiari

(“Cerca Trova”, masked in the back of the painting means “Seek Find” in Italian...)

Similarly, is the “conflicting” attitude in the community due to “hidden” big prize at stake?



Experimental situation

  R. Bernabei et al.  Eur. Phys. J. C  56, 333 (2008) arXiv:0804.2741

Long-standing result by DAMA (& DAMA-LIBRA) observing at >8 σ a modulation signal 
whose energy, frequency and phase properties are consistent with DM interpretation  

No known/proposed systematics seems to explain all the features of the signal



Experimental situation

  R. Bernabei et al.  Eur. Phys. J. C  56, 333 (2008) arXiv:0804.2741

Long-standing result by DAMA (& DAMA-LIBRA) observing at >8 σ a modulation signal 
whose energy, frequency and phase properties are consistent with DM interpretation  

No known/proposed systematics seems to explain all the features of the signal

Excesses of low-energy events (and low-significance hint of modulation) reported by 
CoGent, see e.g.  C.E. Aalseth et al., PRL 106, 131301 (2011)

Excess (no sensitivity to modulation) also reported by CRESST!
G. Angloher,  Eur. Phys. J. C 72, 1971 (2012) arXiv:1109.0702



Are signals & bounds consistent? Well...
from E. Aprile’s talk  at Dark 
Attack 2012

at face value, for standard 
assumptions (f(v), WIMP...) 
signals inconsistent among 

themselves and with bounds 
from XENON, CDMS.

BUT
I. many experimental subtleties 
(e.g. close to thresholds, 
background subtractions, 
energy-scales, channeling...) 
II. comparisons are intrinsically 
model-dependent



Are signals & bounds consistent? Well...
from E. Aprile’s talk  at Dark 
Attack 2012

CHALLENGE: for theory, have a coherent picture of all the data 
 it’s not astrophysics to blame for an apparent disagreement!
J. Herrero-Garcia, T. Schwetz and J. Zupan, arXiv:1205.0134

for experimentalists, perhaps should repeat a DAMA-type experiment
(it is mandatory to understand what was measured by DAMA)

at face value, for standard 
assumptions (f(v), WIMP...) 
signals inconsistent among 

themselves and with bounds 
from XENON, CDMS.

BUT
I. many experimental subtleties 
(e.g. close to thresholds, 
background subtractions, 
energy-scales, channeling...) 
II. comparisons are intrinsically 
model-dependent



WIMP indirect detection

W+, Z, γ, g, H, q+, l+

W -, Z, γ, g, H, q -,l -

ECM ≈ 
102±2 GeV

New
physics

X=χ, B(1),… 

New
physics

X

Early universe and indirect detection

Direct 
detection
(recoils on 
nuclei)

Collider Searches

multimessenger 
approach

❖ Signatures DO depend on b.r. of different channels (only total rate in early universe)

❖ rates depend on astrophysical distribution of DM... observations/simulations needed!

❖ S�σv�T�0 ∼ �σv�T=Tf Ok for S-wave annihl., otherwise must be specified

The link with early universe stands modulo some caveats

?
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❖ S�σv�T�0 ∼ �σv�T=Tf Ok for S-wave annihl., otherwise must be specified
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Where to look for Gamma rays

Springel et al. 2008

Galactic Center
high statistics, point-like
and diffuse backgrounds
halo-model dependence

Satellites 
(or Clusters)
low background (?),
low statistics

MW Halo
high statistics,
high diffuse background

Extragalactic 
high statistics, lot of
diffuse backgrounds

Lines/Spectral Features 

astrophysicsparticle physicsTo first approximation

 [particle] ⊗ (astro) factorization holds if <σ v > is v-independent & if prompt emission dominates

What is the picture of the “DM - gamma sky” suggested by simulations?
(but the actual gamma-ray sky is astrophysically crowded and bright...)



Ṅ = C − CAN
2

ΓA =
CA

2
Neq

2 =
C

2

C ∝ σ ρDM

Neutrinos from the Sun

ν

ν

If equilibrium is reached btw the two, the
annihilation signal rate writes:

“just like” (although not 
exactly)  DD experiments!



Ṅ = C − CAN
2

ΓA =
CA

2
Neq

2 =
C

2

C ∝ σ ρDM

Neutrinos from the Sun

ν

ν

If equilibrium is reached btw the two, the
annihilation signal rate writes:

“just like” (although not 
exactly)  DD experiments!

more sensitive to low-v tail of f(v), as well as averaged over time...



Φa(Ea) =

�
dNa

dEa
(Ea)

�σv�
8πm2

X

�
Fa(Ea, . . .)

What about charged particles?
Not only DM physics (sigma’s, b.r.) and astrophysics (halo distribution) 

matter, but also plasma astrophysics (diffusion in the Galaxy)
Antimatter is preferred due to lower astro background 

Additional complication for e+e-: relevant E-losses, local effects...

Functional of the
spectrum and 
astrophysics!



Different codes are available to solve for a given input

http://lpsc.in2p3.fr/usine/

http://galprop.stanford.edu/

http://www.desy.de/~maccione/DRAGON/

See also M. Cirelli et al.,
  “PPPC 4 DM ID: A Poor Particle Physicist Cookbook 
for Dark Matter IndirectDetection,”
  JCAP 1103, 051 (2011), arXiv:1012.4515

http://lpsc.in2p3.fr/usine/
http://lpsc.in2p3.fr/usine/
http://galprop.stanford.edu
http://galprop.stanford.edu
http://www.desy.de/~maccione/DRAGON/
http://www.desy.de/~maccione/DRAGON/


Goal 1. Probing the (thermal) WIMP paradigm

Stacked dwarfs analysis, 
Fermi-LAT collaboration, 1108.3546

Fermi-LAT data allow to do it already up to 
the scale of tens of GeV (for ττ & bb channels)
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FIG. 4: Upper limits on the velocity averaged DM annihilation cross-section including a model of the astrophysical background
compared with the limits obtained with no modeling of the background. Upper panel: Limits on models in which DM annihilates
into bb̄, for a DM distribution given by the NFW distribution (left) and isothermal distribution (right). In the left panel we
also add an uncertainty band (red dotted lines) in the 3σ no-background limits which would result from varying the local DM
density ρ0 in the range 0.2-0.7 GeV cm−3. A similar band, not shown in the plot for clarity, would be present for the limits
including a model of the astrophysical background (see discussion in the text). The horizontal line marks the thermal decoupling
cross section expected for a generic WIMP candidate. Middle panel: Upper limits for DM annihilation to µ+µ−. Lower panel:
The same, for DM annihilation to τ+τ−. The region excluded by the analysis with no model of the astrophysical background is
indicated in light blue, while the additional region excluded by the analysis with a modeling of the background is indicated in
light green. The regions of parameter space which provide a good fit to PAMELA [42] (purple) and Fermi LAT [43] (blue) CR
electron and positron data are shown, as derived in [6] and are scaled by a factor of 0.5, to account for different assumptions
on the local DM density (see text for more details).

Galactic Center: 
D. Hooper, C. Kelso and F. S. Queiroz, 
arXiv:1209.3015

Diffuse Galactic Gamma Rays, 
Ackermann et al. [Fermi-LAT], 1205.6475 
(w or w/o astro background)



Goal 2. Clarifying other Ind. Det. anomalies
Well-known example, testing “PAMELA e+-fraction anomaly” via multi-messengers 
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FIG. 4: Upper limits on the velocity averaged DM annihilation cross-section including a model of the astrophysical background
compared with the limits obtained with no modeling of the background. Upper panel: Limits on models in which DM annihilates
into bb̄, for a DM distribution given by the NFW distribution (left) and isothermal distribution (right). In the left panel we
also add an uncertainty band (red dotted lines) in the 3σ no-background limits which would result from varying the local DM
density ρ0 in the range 0.2-0.7 GeV cm−3. A similar band, not shown in the plot for clarity, would be present for the limits
including a model of the astrophysical background (see discussion in the text). The horizontal line marks the thermal decoupling
cross section expected for a generic WIMP candidate. Middle panel: Upper limits for DM annihilation to µ+µ−. Lower panel:
The same, for DM annihilation to τ+τ−. The region excluded by the analysis with no model of the astrophysical background is
indicated in light blue, while the additional region excluded by the analysis with a modeling of the background is indicated in
light green. The regions of parameter space which provide a good fit to PAMELA [42] (purple) and Fermi LAT [43] (blue) CR
electron and positron data are shown, as derived in [6] and are scaled by a factor of 0.5, to account for different assumptions
on the local DM density (see text for more details).

Ackermann et al. [Fermi-LAT], 1205.6475 

Diffuse Galactic Gamma Rays 

Different colors: different propagation parameters
Different linestyles: different halo shapes

Evoli et al, 
1108.0664

Wino in WW

Antiprotons

(btw, its DM interpretation is almost excluded: and one has to work quite a bit, to
make the “almost” not euphemistic...)

Carsten Rott / Nuclear Physics B Proceedings Supplement 00 (2012) 1–8 4

4.2. Gamma-rays / radio

Combined Fermi-LAT observations of various dwarf
spheroidal galaxies have constrained WIMP self-
annihilations with the thermal relic cross section for
WIMP masses below 10 GeV [21], limits significantly
weaken above on TeV. MAGIC has investigated dwarfs
Willman 1 [22] and Segue 1 and obtained limits around
10−22cm3s−1 and 10−23cm3s−1 for annihilation in µ+µ−
and τ+τ−, respectively, for WIMP masses between
200 GeV and 1.2 TeV [23]. VERITAS observed no sig-
nificant gamma-ray excess from Segue1 [24] and four
dwarf spheroidals and derived an upper limit on the
gamma-ray flux to constrain the self-annihilation cross
section. The most stringent limit of 10−22cm3s−1 is ob-
tained for mχ = 300 GeV [25]. H.E.S.S. reported cross
section constraints from 10−21cm3s−1 to 10−22cm3s−1

from the Sculptor and Carina dwarf galaxies depend-
ing on the assumed halo model [26]. Limits can also
be obtained from observations of γ−rays, produced via
final state radiation, inverse Compton scattering, or syn-
chrotron radiation, of the Galactic Center and Galactic
Ridge regions, as well as radio observation of the Galac-
tic Center [27]. Cosmic X-ray data further provides con-
straints on WIMP annihilation [28].

Spectral features such as a spectral line can be a con-
vincing signature for WIMP annihilations and could be
produced in χχ → γγ, hγ, and Zγ. In a search by
the Fermi-LAT collaboration in 2 yrs of Pass 6 data,
no signal was observed in the ROI (region of inter-
est), which consisted of the entire sky, but excluded the
Galactic plane and known γ-ray sources (1FGL). As-
suming the background is described by a power law
with a spectral index free to vary, limits were derived on
�σAv� [29]. The obtained limits are in mild tension with
claims of an observation of a 130 GeV γ-ray line near
the Galactic center in 4 years of Pass 7 data [30, 31].
While it is unlikely that the line originates from astro-
physical background [32], it could be an instrumental
effect, for example as the result of a non-linear energy
mapping. Fortunately, the energy mapping can be tested
in Earth limb data. While the Fermi-LAT collaboration
will have to clarify this topic, initial studies show indi-
cations of non-linear effects [33]. H.E.S.S. II data or
radio data could eventually also be used confirm or re-
fute the line in independent measurements. For anni-
hilations with final states Zγ or hγ, relativistic e± are
expected, which would generate synchrotron radiation
when interacting with Galactic magnetic fields. Exist-
ing radio data in the Galactic Center is already in minor
tension with the presence for a contracted NFW profile.
Currently running and future radio telescopes like Long

Wavelength Array, LOFAR and SKA have great poten-
tial in resolving this question further [34, 35].

4.3. Neutrinos
The indirect search for WIMP-induced neutrinos

aims to detect Galactic signals similar to the searches
with gamma-rays, but also from self-annihilating
WIMPs captured by the Sun and Earth. IceCube has
searched for signals from the Galactic halo [36] and
Galactic center [37] and improved upon theoretical pre-
dictions [38]. Tight constraints were also derived from
dwarf spheroidal galaxies [39] and the Virgo cluster.
Figure 3 shows a comparison of these present bounds on
the dark matter self-annihilation cross section as func-
tion of the WIMP mass for neutrinos and gamma-rays.
Neutrinos are in particular competitive for mχ > 1 TeV,
with best sensitivity achieved by clusters of galaxies if
substructure is taken into account [40].
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Figure 3. Comparison of gamma-ray bounds with those from neu-
trino telescopes and a dark matter model motivated by the PAMELA
positron excess for χχ→ τ+τ− [27].

WIMPs could accumulate in the Sun or Earth and
give rise to detectable neutrino signals. Energy loss in-
duced by an initial scatter of a WIMP on a nucleon in the
Sun can lead to the gravitational capture in the Sun. The
probability for such an interaction, which is the same
underlying physics process as being searched for in di-
rect detection experiments, depends on the WIMP nu-
cleon scattering cross section. WIMPs accumulate in
the Sun and start annihilating. The annihilation rate de-
pends on the amount of dark matter in the Sun. The
annihilation rate steadily increases with the number of
thermalized WIMPs near the center of the Sun up to a
point where it becomes equal to the capture rate. At this
point equilibrium has been reached and the annihilation
rate is independent of the self-annihilation cross section.
The neutrino flux from the Sun hence depends only on
the capture rate, which can then be linked to the WIMP

4

C. Rott, 
arXiv:1210.4161

Neutrinos



Goal 3.: cross-check(s) collider or DD claims 

Kappl & Winkler 1104.0679

SI

SD

relatively stronger 
SD bounds (Sun 
is made mostly of 
protons)!

neutrino bounds (from SK data)



Some expected 2013 highlights
★ Planck 
Interesting sensitivity to O(10) GeV WIMPs annihilating into light leptonic final states, via 
indirect effects on recombination.

★ HESS-II
First publications expected: some clarification of the Galactic Center region @ 100 GeV?

★ IceCube/DeepCore 
Presentation of new bounds possible

★ AMS
We are all excitingly waiting to know what we’ll learn...

★ Fermi-LAT
Pass8 data?

★ LHC
2012 data analyses

.... Plus much more!



Indirect probes (astrophysics & cosmology) tell us a lot: BSM physics is there! 
However, they do not tell us its scale, and blind searches are more and more 

challenging, facing little known astrophysics (but improving fast!)

If DM is made of WIMPS, the combination of direct searches, colliders and 
indirect ones should pin it down 

Colliders searches are progressing fast! 

Direct Detection sensitivity, too... but puzzling, conflicting situation 

Indirect Detection can profit of a large spectrum of detectors with largely 
improved reaches and is currently exploring “interesting” parameter space

But face poorly understood astrophysics and sometimes puzzling results! 

Consistency checks/constrained searches more promising than blind ones!
ongoing/near future ID experiments will help with more sensitivity and precision

as well as better understanding of astrophysical sources & propagation parameters

Outlook & take-home message
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Consistency checks/constrained searches more promising than blind ones!
ongoing/near future ID experiments will help with more sensitivity and precision

as well as better understanding of astrophysical sources & propagation parameters

Outlook & take-home message

Recent example of puzzling result: ~130 GeV line...



“Weniger et al.’s line”
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 Sharp feature!

C. Weniger 
1204.2797

By using a S/N “optimized” search strategy 
(dependent on background and signal 

morphology), Weniger et al. claim observation of a 
line-like feature around ~130 GeV corresponding 

to a cross section around ~10-27 cm3/s in the Fermi 
public data.

(note removal of Gal. Plane, higher background)
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(dependent on background and signal 
morphology), Weniger et al. claim observation of a 
line-like feature around ~130 GeV corresponding 

to a cross section around ~10-27 cm3/s in the Fermi 
public data.
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• Accounting for trials, the significance is a 
little above 3 sigma

• Mild preference (statistically insignificant) for
a doublet of lines, with another at ~110 GeV.
Rajaraman et al, 1205.4723, 
Su, Finkbeiner 1206.1616

Figure 4. Upper sub-panels: the measured events with statistical errors are plotted in black. The
horizontal bars show the best-fit models with (red) and without DM (green), the blue dotted line
indicates the corresponding line flux alone. In the lower sub-panel we show residuals after subtracting
the model with line contribution. Note that we rebinned the data to fewer bins after performing the
fits in order to produce the plots and calculate the p-value and the reduced χ2

r ≡ χ2/dof. The counts
are listed in Tabs. 1, 2 and 3.

– 8 –

❖ Is this a statistical fluke? 
❖ Is it instrumental?  (but why only towards GC?)
❖ Is it astrophysical (but of what sort)? 
❖ Is it the first glimpse of dark matter?



Theoretical Troubles
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• Line annihilation requires two-body final state channels containing at least 
one photon (for SM final states, γ γ , γ Z, γ H) yielding the spectrum 

• This must be a loop-level process, suppressed with respect to the tree-
level by α2~10-4

• Does it imply  <σv>~10-23 cm3/s, way too large for the thermal relic WIMP 
paradigm? How to produce it? Non-thermal WIMPs?

dN

dE
∝ δ(E − Eγ) , Eγ ≤ mχ



... or phenomenological ones: lack of continuum γ!?Continuum Constraints
• If the line really is dark matter 

annihilating, it should be accompanied 
by continuum gammas from annihilation 
too.

• One can remove the astrophysical 
uncertainty from the dark matter 
distribution by using the line signal to 
define the region of interest, and study 
the relative size of the ratio of 
continuum / line emission.

• Very robust limits can be derived by 
just asking that the WIMP annihilaiton 
not over-produce photons at lower 
energies.

• Somewhat more assumptions are built 
into a shape analysis which assumes a 
purely power law background. See also: Buckley, Hooper 1205.6811

Shape Constraint
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Annihilation contribution is highly suppressed, with 

R < 10!

Nearly a factor of 8 tighter than supersaturation constraint.

95 % C.L.
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FIG. 4: FIX CAPTION The 95% C.L. excluded region for Rob
, as defined in Eq. (10), versus mχ assuming

annihilation into W+W−
, Z0 Z0

for the supersaturation (left) and shape (right) analyses using the masked

data set. For the supersaturation case, the 1 σ statistical error bars are dashed. The plotted mass range

corresponds to the 2 σ best fit region. Note the different scale for the y-axes between plots; the shape

analysis constraint is O(10) stronger than the supersaturation constraint. For comparison, Rth

wino
� 200

and Rth

Higgsino
� 700. Pure wino and Higgsino dark matter are clearly excluded, as discussed in Sec. IV. In

Appendix C we provide constraints for annihilation to bb, τ+τ−, and µ+µ−
final states.

B. Constraint Utilizing Shape Information

In this section, we present a complimentary bound on Rob
which utilizes the shape of the con-

tinuum spectrum. This analysis is more constraining than the supersaturation results of Sec. III A,

but it does depend on the assumption that the γ ray background is described by a single power

law from 5–200 GeV. For this analysis we used the masked data as tabulated in Appendix A.

The ratio Nann/(Nγγ + NγZ ) is constrained by performing a log likelihood fit as described

in Sec. II B. For a given value of Nann/(Nγγ + NγZ ) and mχ, we marginalize over α, β, Nγγ ,

and NγZ . Note that we ignore additional contributions to the continuum, for example from inverse

Compton (IC) scattering of annihilation electrons off of CMB photons and starlight in the Galactic

Center [31]. For dark matter annihilations to W+W−
, the IC spectrum is subdominant to the

continuum spectrum, and we neglect this contribution in our fitting procedure.

The best fit point is the same as in Eq. (7), with Nann = 0. The fact that the fit prefers

no annihilation to W+W−
is not surprising. Figure 1 shows that a single power law provides a

remarkably good fit to the data between 5–100 GeV. The filled contours in Fig. 5 show the 1,

2, and 3 σ confidence regions about the best fit point. The black solid lines denote contours of

Nγγ + NγZ . There is some room for a non-zero annihilation contribution. For these cases, the

continuum spectrum explains the data below ∼15–20 GeV and the power law background becomes

important at larger energies. Typically, the best fit power law is shallower when Nann > 0 than

when Nann = 0.

The 2 σ confidence region for Nann/(Nγγ + NγZ ) can be converted into a bound on Rob
by

multiplying by 1/nγ
ann integrated over the appropriate energy range. The result is given in Fig. 4,

which shows the region excluded at 95% C.L. for Rob
. The maximum allowed value is Rob

max � 11

for a mass of 129 GeV (update with masked data). The entire range of Rob
is excluded outside

the plotted range for mχ because these masses do not provide a good fit to the data.

95% C.L. excluded region for W+W-, Z0Z0 annihilation 

Pure wino and pure Higgsino neutralinos are easily excluded!

Supersaturation Constraint

Cohen, Lisanti, Slatyer, 
Wacker,  1207.0800

χχ→WW,ZZ

MSSM W/H DM: R > 200!
~ ~~• If it is DM, it should be accompanied by 

continuum photons (fragmentation/decay 
of heavy SM particles)

• Even in absence of astrophysical 
background (unrealistic) stringent bounds 
can be put from line/continuum in the 
data: line b.r.≥10-2 !!!
Enough to exclude MSSM neutralinos
as cause of the feature...

• Under the assumption of power-law 
astro background b.r.≥0.1-0.2 !!!

 Definitely not what we had in mind!
What room one has to build 
meaningful models like that? Debate 
in the community...



Looking for test samples: the Albedo Puzzle...!"#$%&'("$)*+,-&),#./$&0$(#0($0&+1)#

C. Weniger’s talk at IDM 2012

See also D. P. Finkbeiner, M. Su and C. Weniger,
“Is the 130 GeV Line Real? A Search for Systematics 
in the Fermi-LAT Data,”  arXiv:1209.4562



Another 130 GeV line in part of limb data?
!"#$%"&'(")*+'"*+",-./"01"/2'")*34"5-/-



From Fermi Symposium 2012
17 

130GeV 

Points: Flight Data 
Curve: MC 

The efficiency at ~115Gev is 0.57/0.75 = 0.75 percent of the MC 
prediction.   This would imply a 30% boost in signal at 130GeV 
relative to the prediction from nearby energy bins.   

Same data as  
previous slide 

These dips in  
efficiency 
appear to be 
related to the 
CAL-TRK 
agreement. 

E. Charles



From Fermi Symposium 2012

•  The most compelling potential DM signal is a strong spectral 
feature at 130GeV near the Galactic Center 
–  Not caused by background contamination 

•  There is some indication that the feature in the GC is not a 
smooth distribution but actually 2 or 3 smaller “hot spots”  

•  A similar spectral feature is seen in the Earth Limb and is likely 
attributable to dips in efficiency at energies just above and 
below 130GeV 
–  The Earth Limb instrumental features are not enough to 

explain all of the feature near the GC, however when 
accounted for they reduce the significance of the GC 
feature by up to 30%-50% depending on the ROI under 
consideration. 

–  Hard-spectrum diffuse sources being “shaped” by features 
in the efficiency curve? 

27 

E. Charles

data cleaning and resolution improvements have lowered local 
significance from ~4.0 to 3.3 sigma... waiting for “Pass 8” processing

A. Albert



Crucial conclusion & important lesson
The only possible SM candidate are neutrinos (which are also “stable”). But neutrinos (at least 

known ones) do not work: i) too light and ii) decouple when relativistic (bad for structures)!

This implies that Dark Matter requires “new physics”, beyond
the theories of the SM and/or gravity known today.
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Crucial conclusion & important lesson
The only possible SM candidate are neutrinos (which are also “stable”). But neutrinos (at least 

known ones) do not work: i) too light and ii) decouple when relativistic (bad for structures)!

✤ On one side, Nature tells us a lot: we need new physics, with some specific 
properties (darkness, non-collisional nature, smooth distribution & “classical” @ 
astro scales, not moving relativistically)

✤ On the other side, it does not tell us what kind of physics it is. Notice that I haven’t 
mentioned yet TeV or electroweak scale, nor “WIMPs”: these aspects are theoretical 
creativity... but also prejudice. 

Q.: Is the mere existence of DM restrictive on the type of physics responsible for it?

I.e, do we get major restrictions on particle physics scales and models by requiring a 
dynamical mechanism for its generation? 

A.:  Not really!

This implies that Dark Matter requires “new physics”, beyond
the theories of the SM and/or gravity known today.


