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Outline

• Where we stand with indirect searches for DM.

• Anomalies over the past few years in direct and 
indirect detection.

• Robust current constraints from indirect searches:

• Limits from the cosmic microwave background

• Gamma-rays from dwarf galaxies

• The possible 130 GeV gamma-ray line in the Galactic 
center.



Focus of this talk

• WIMP dark matter (broadly defined): 

• ~few GeV - few TeV

• Self-annihilating

• Benchmark annihilation cross section is “thermal relic” 
value, <σv> ~3 x 10-26 cm3/s (annihilation in the early 
universe yields ~ the correct relic density).

• There are of course many other great possibilities, even 
in the context of collisionless cold CDM (axions, sterile 
neutrinos, asymmetric DM, etc).



Dark matter in the sky
• If WIMP dark matter annihilates to SM final states, can produce enormous 

range of observable signatures.

• Gamma-rays - all-sky observations with the Fermi Gamma-Ray Space 
Telescope, ground-based telescopes (e.g. HESS, VERITAS, MAGIC, 
CANGAROO) at higher energies. Produced directly in annihilations or 
by upscattering of photons by electrons/positrons from annihilation.

• Dwarf galaxies - high mass-to-light ratio.

• Galactic center - potential for high signal if a DM cusp is present.

• Galaxy clusters - may have copious small-scale substructure and 
corresponding large signal.

• Isotropic diffuse background - ongoing debate over whether 
astrophysics can explain the observe emission.



Dark matter in the sky

• Neutrinos, from the Galactic halo/center and DM capture in the 
Sun - new results from IceCube with 79-string data should be 
forthcoming in the near future!

• Microwaves/radio - can be produced as synchrotron when 
electrons/positrons from DM annihilation radiate in magnetic fields.

• Cosmic rays - measure electrons, positrons, antiprotons, etc 
produced by DM annihilation in the neighborhood of the Earth.

• Changes to the ionization history of the universe - injection of 
ionizing particles modifies the cosmic microwave background 
radiation.

• Not a comprehensive list!



Cosmic ray excesses

• PAMELA measures unexpected rise in positron fraction at 10-100+ GeV. Confirmed by Fermi 
up to 200 GeV, last year!

• ATIC, Fermi and HESS agree that e+ + e- spectrum is harder than prior predictions at 
300-1000 GeV (disagreement between ATIC and Fermi on existence of peak).

• Measurements consistent with a new source of hard-spectrum e+e- pairs - pulsars? cosmic 
ray reacceleration? dark matter?

• If dark matter, suggests TeV-scale DM with large (1-2 orders of magnitude above thermal 
relic) present-day annihilation rate, and leptonic final states.

Positron fraction measured by 
PAMELA (2008) and confirmed 

by Fermi (2011)



Light WIMPs?
• In direct detection, current 

claimed signals from DAMA/
Libra, CoGeNT, CRESST.

• Can each individually be 
explained with ~5-15 GeV WIMP 
scattering...

• BUT it is hard to evade limits 
from other experiments 
(XENON, CDMS) - need novel 
DM model. Consistency between 
experiments has similar issues.

• All experiments seeing “signal” 
are background-dominated and 
near threshold.

• Also some hints of possible light 
DM signals from Galactic Center, in 
gamma-rays and radio (Hooper & Linden 2010-11) 
- but astrophysical backgrounds are 
large and not well-known. 



The cosmic microwave 
background

• Cosmic microwave background radiation carries information from around z~1000, the 
epoch of hydrogen recombination. 

• No messy Galactic astrophysics, DM density perturbations are small and linear. 

• Great measurements from WMAP, ground-based polarization expts, soon from Planck.
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DM annihilation and 
the CMB

• During the cosmic dark ages (between reionization and 
recombination, z~30-1000) the universe is:

• Almost completely neutral: ionization fraction ~10-4.

• Almost homogeneous and isotropic, density fluctuations are 
small and perturbative.

• CMB photons come to us from the surface of last scattering at 
z~1000: temperature/polarization anisotropies sensitive to small 
changes in ionization during the dark ages.

• Even long after freezeout, weak-scale dark matter annihilation 
can change the redshift-dependent ionization fraction by O(1), 
predicting a signal close to current sensitivity.



Degeneracy between 
WIMP models

• CMB is ~ a calorimeter, for this search: measures total power 
absorbed in electrons+positrons+photons, from decays of initial 
annihilation products. (Neutrinos and (anti)protons largely 
escape.)

• Initial high-energy particles cool down and partition their energy 
into many keV-scale photons/electrons before ionizing the gas - 
lose almost all information on initial spectrum.

• Upside: very model-independent predictions and constraints, for 
DM annihilation! Especially sensitive to leptonic channels.

• Downside: if we do see something, hard to extract more than one 
piece of information.

• In contrast, DM annihilation vs decay CAN be distinguished.



Information from redshift 
dependence

• Studied in detail in Finkbeiner, Galli, Lin & TRS 1109.6322; consider energy 
absorption at different redshifts and computed the effect on the anisotropy 
spectra (using RECFAST/CosmoRec modified for additional ionizing energy).

Example: effect on 
the TT anisotropy 

spectrum for 
different redshifts - 
greatest effect is 
around z~600



The WIMP case

• Get energy absorption history, take dot product with black line: sets 
coefficient f of template for DM annihilation in CMB (f is generally 0.2-0.9).

f
�σv�
mDM

< 2.43 × 10−27cm3/s/GeV

• Conventional DM case described by 
only one parameter.
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Constraints on DM 
annihilation

• Models fitting PAMELA/
Fermi/ATIC (red squares/
diamonds/crosses) within a 
factor of a few of WMAP5 
limit.

• WMAP5 constraints 
(current limits are about 
40% better) rule out 
thermal relic DM with s-
wave annihilation below 
~2-7 GeV (depending on 
final state).

• Planck will probe thermal 
relic DM at 20-70 GeV.

Note: all the model points lie roughly parallel to the 
constraint line because the power injected in electrons/
photons  is also roughly what the cosmic-ray experiments 
measure.

Thermal relic



The Fermi Large Area 
Telescope

• Launched June 2008: now nearly 4 years of data.

• LAT has wide field of view, about 20% of sky.

• In continuous scan mode, covers entire sky every two 
orbits / three hours.

• Sensitive to gamma rays above ~30 MeV, although 
large systematics below ~300 MeV.

• All photon data made public.

• Angular resolution ~0.1-1° above 1 GeV, energy 
resolution ~10-15%.



Dwarf galaxies

• Satellite galaxies of the Milky Way, associated with bound subhalos 
of the main dark matter halo.

• High mass-to-light ratios make them good targets for DM searches.

• Fermi does not have good enough angular resolution to look within 
the dwarfs; integrate signal over entire volume.

• Model DM density profile + stellar profile, use statistics of stellar 
orbits (velocity anisotropy), assume hydrostatic equilibrium, 
determine mass (see e.g. talk by Louis Strigari at “Dark Matter 
Signatures in the Gamma-ray Sky” 2012.

• For DM density profiles less steep than r-1.5, integrated signal from 
inner 0.5° fairly insensitive to slope.



Constraints from 
dwarfs

• Geringer-Sameth and 
Koushiappas 1108.2914: 
take uncertainty on the DM 
profile into account as a 
systematic effect.

• Based on analysis of 7 Milky 
Way dwarfs, and 3 years 
Fermi data.

• Rule out annihilation to bb 
for thermal relic DM below 
~ 20 GeV.



Forecast

• Forecast 
limits for 
10yr Fermi 
data, and if 
optical 
surveys find 
new dwarf 
spheroidals.

Talk by Aldo Morselli, ICHEP 2012



The smoking gun

• So far: robust constraint channels, great for firmly 
ruling out hypotheses for the anomalies in terms of 
DM.

• But how would we convince ourselves of a DM 
signal?

• Standard answer: sharp spectral feature. In 
particular, a gamma-ray line would be nice...



A gamma-ray line at 
130 GeV?

• Initial observation detailed in two papers: Weniger 
1204.2797, see also Bringmann et al 1203.1312.

• Claimed result: detection of a gamma-ray line at 130 GeV, 
with a local significance of 4.6 σ, or 3.3 σ once the look-
elsewhere effect is taken into account.

• If interpreted as a signal of DM annihilation to γγ, if an 
Einasto density profile is assumed, the inferred best-fit cross 
section for annihilation is about 1/20 the thermal relic value:

�σv�χχ→γγ =
�
1.27± 0.32+0.18

−0.28

�
× 10−27cm3s−1



Regions of interest
• Novel approach taken in these papers, to choose regions 

of the sky to optimize signal-to-noise ratio.

• Use 1-20 GeV Fermi data (for |b| < 84°, |l| < 90°) as an 
estimate of the spatial distribution of background photons.

• Note! Important only in choosing the search region; the 
background is not modeled by the low-energy data in the 
actual analysis.

• Consider a range of DM density profiles for the signal: 
cored isothermal (core radius 3.5 kpc), Einasto (α = 0.17), 
NFW, contracted NFW (two prescriptions for 
contraction).



Regions of interest

Signal-to-background ratio
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Results

Flux from region of interest
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Significance as a 
function of energy



Significance as a 
function of energy

Target region and energy window sizes 
from Fermi line search



The best-fit lines

• From Reg4 SOURCE class (highest significance), 
center of line is extracted as 129.8±2.4+7-13 GeV.

• Fitted lines correspond to 46-88 photons.
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Best-fit cross sections

Best-fit 
cross 
sections 
and 
upper 
limits



Spatial distribution of 
the signal

• Tempel, Raidal and Hektor 1205.1045: study regions of varying 
size and location, conclude excess is localized mostly close to 
GC (l=-1, b=-0.7) and “West” region 10 degrees along the plane.



Sideband analysis
• Finkbeiner and Su 

1206.1616: map-
based analysis, 
again find excess 
localized in GC, 
best-fit centered 
at l=-1.5.

• Significance in 
both these papers 
accordingly 
higher than 
Weniger result, 
Finkbeiner and Su 
find 3.7σ after 
trials factor. 



Sideband analysis
• Finkbeiner and Su 

1206.1616: map-
based analysis, 
again find excess 
localized in GC, 
best-fit centered 
at l=-1.5.

• Significance in 
both these papers 
accordingly 
higher than 
Weniger result, 
Finkbeiner and Su 
find 3.7σ after 
trials factor. 



Gamma-ray lines from DM
• Annihilation can 

generically occur 
into either:

• γγ, E = mDM,

• γZ, E = mDM (1 
- mZ2/4mDM2).

• Look for possible 
two-line 
structure.

Jungman and Kamionkowski, hep-ph/9501365



Gamma-ray lines from 
astrophysics

• High-energy gamma-rays are produced by conventional astrophysics 
via:

• Scattering of high-energy electrons/positrons on photons (inverse 
Compton scattering or ICS),

• Pion production when high-energy protons interact with the gas,

• Bremsstrahlung when high-energy electrons scatter on the gas.

• Generally the first two dominate and both produce quite broad 
spectra, even for sharply peaked electron/proton spectra.

• To make a line-like (or edge-like) structure with ICS need very sharply 
peaked electron spectrum AND to be in the Klein-Nishina limit (high-
energy initial photon) where gamma-ray energy ~ electron energy.



If it’s DM...

• “Line” signal could also be fitted by internal bremsstrahlung / 
final state radiation from dark matter annihilation (1203.1312), 
although seems slightly disfavored by more recent spectra: in 
that case preferred mass is 149±4+8-15 GeV, with

• In either case, the cross section to these final states seems 
naively quite high (needs to be suppressed by a loop or by an 
extra power of the coupling).

• Generally difficult to probe 130 GeV thermal relic DM with 
indirect searches: stacked-dwarf analyses only constrain masses 
below a few 10s of GeV. How do we test?

�σv�χχ→f̄fγ =
�
5.7± 1.4+0.7

−1.0

�
× 10−27cm3s−1



Continuum vs line
• In the context of a particular DM model, can compare the line 

signal to the gamma-rays from products of other annihilation 
channels.

• Compare the same region of the sky: cancel out uncertainties on 
the DM density profile.

• Most conservative constraint: supersaturation. Require only that 
the number of photons observed by Fermi (in some energy range) 
is at least as large as the number of photons predicted for the 
continuum.

• Compare the quantity:

Rth ≡ σann

2σγγ + σγZ
Rob ≡ 1

nγ
ann

Nann

Nγγ + NγZ
to

Dependent on energy range chosen



Fitting the line

• Fit the spectrum as a power-law background + γγ line 
+ γZ line + (possibly) continuum (continuum set to 
zero to extract the line strength for saturation 
constraint).

• Parameters: amplitude (β) and slope (α) of power law 
background, DM mass, amplitudes of two lines.

• Taking the continuum to be zero to begin with, for 
each value of mDM and arctan(NγZ/Nγγ), maximize 
likelihood varying α, β, Nγγ.



One or two lines?
• Data fitted in 3 

degree region around 
the GC, from 5-200 
GeV.

• Solid black lines 
describe number of 
photons in the fitted 
peak(s). 

• For this (spatial and 
spectral) region of 
interest, a single line 
is preferred.



Supersaturation
• Rob is strictly greater than Rth 

(up to statistical fluctuations) in 
the presence of any background 
- can get closer to Rth by 
judicious choice of energy range.

• Choose energy range for each 
final state, based on where 
spectrum peaks relative to 
estimated background (estimated 
from cosmic-ray data, not 
observations).

• Count number of photons, 
compare to fitted number of 
photons in peak (as a function of 
mass).

W+W-, ZZ

bb



Shape constraint
• Can also compute a constraint 

based on the spectral shape, 
since the observed spectrum is 
very power-law-like.

• Repeat likelihood analysis, now 
allowing the continuum-to-line 
ratio to float as well.

• Constraints are not as robust as 
it is possible that there could be 
a spectral feature in the 
background canceling the 
spectral feature in the signal.



Neutralino dark matter?
• Robust lower bound for 

neutralino DM with non-
negligible annihilation cross 
section to γγ or γZ.

• Scan performed for M1, M2, |μ| 
from 100 GeV - 1 TeV, sfermion 
masses and mA at 3 TeV.

• Test effect of relaxing 
assumptions: changes lower 
bound on Rth at sub-percent 
level, for wino/higgsino-like 
DM.

• (Similar approach and 
conclusion in Buchmuller & 
Garny, 1206.7056)

Wino
Higgsino 

(blue: tanβ>5, 
red = tanβ<5)



The Fermi Bubbles
• Giant gamma-ray 

“bubbles” discovered by 
Su, Slatyer & Finkbeiner 
in 2010, using Fermi data.

• Hard spectrum 
extending from ~1-100 
GeV with evidence of a 
break above 100 GeV.

• Initial regions in which 
this signal was detected 
have substantial overlap 
with the bubbles.
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A line or an edge?
• A hard power law with a spectral 

break, superimposed on a soft power 
law, can create a line-like “bump” (in 
the case of poor statistics / energy 
resolution).

• Fermi bubble spectrum appears to 
have a downward break in the 100-200 
GeV range.

Profumo & Linden 
1204.6047

Update to Su, TRS & 
Finkbeiner 2010



Not the Bubbles?
• But later studies of line 

indicate it is quite localized 
around the GC (~3 degree 
radius).

• Template fits including both 
the bubbles and a GC-
centered excess do not show 
any feature in the bubbles at 
the line energy.

• The very sharp power-law 
break required is not expected 
from astrophysics. Finkbeiner and Su 1206.1616 



What else could it be?

•  Aharonian, Khangulyan and Malyshev 1207.0458: suggest cold 
ultrarelativistic pulsar winds as source of Galactic-plane gamma-ray lines.

• Test with telescopes with better angular resolution (e.g. HESS), if they 
can reach down to these energies?

• Boyarsky, Malyshev 
and Ruchayskiy 
1205.4700: claim there 
are other excesses 
and deficits of similar 
significance and line-
like sharpness in 
localized regions along 
the Galactic plane, at 
different energies. 



Conclusions
• Many exciting results from indirect detection. A few samples:

• Limits from dwarf galaxies robustly rule out thermal relic DM 
annihilating to bb with mass < 20 GeV, similar for τ+τ-.

• Planck should soon probe light DM candidates (<20-70 GeV) and DM 
explanations for CR excesses in a very model-independent way.

• 130 GeV line in the Galactic center detected at 3+sigma significance in 
Fermi data.

• Could be a smoking-gun signature of DM annihilation, but many 
questions still to answer.

• Can’t be neutralino DM, as expected low-energy continuum 
emission is not observed.

• Are there astrophysical backgrounds even for lines?



BONUS SLIDES



Bino DM?

• For light sfermions, bino is not inert.

• Tested benchmark point for 200 GeV sleptons, 130 
GeV LSP: find Rth ~ 1000.

• Have not performed comprehensive scan because 
cross sections to γγ, γZ are already so small (10-30 
cm3/s, 1000 times smaller than fitted by Weniger) that 
explaining the signal seems implausible even with a 
sharp DM peak.

• Perhaps something that could be improved in further 
work.



Fermi angular resolution

• Point spread function (PSF) describes distribution of measured photon 
arrival directions around true direction.

• Not important for this analysis: at high energies, PSF is small and stable.



Fermi energy resolution

• Energy resolution in the energy range of interest is 
10-15%.

• Absolute energy scale for the LAT is determined with 
an uncertainty of +2% -5%.



Fermi event selections

• Cosmic rays interacting with the telescope can fake a photon signal.

• Fermi Collaboration provides nested photon event classes, with increasingly stringent cuts to 
reject cosmic ray contamination, at the cost of reduced effective area.

• Event classes used in this analysis: SOURCE (default, designed for analysis of point sources and 
bright diffuse signals), ULTRACLEAN (smallest effective area - lower than SOURCE by ~12% at 
100 GeV - designed mostly as cross-check).



Cuts for DATACLEAN

• Limits transverse shower size to remove 
hadronic showers and minimum ionizing 
particles.

• Requires small charge deposition in the tracker 
to remove heavy ions.

• Discards events too close to the corners of the 
anticoincidence device, where the efficiency for 
charged particle rejection is lower.

• Adds a “more stringent and energy independent 
cut on the probability that an event is a photon”.



Fitting for a line signal

• Hold line energy fixed (in each energy window): fit for 
background slope and normalization + signal normalization.

• Find the maximum of the likelihood function with and 
without a signal (floating S or holding it to zero).  Use test 
statistic:

• Attribute 12.7 trials over a χ2k=1.35 distribution to the quasi-
continuous scan over line energies, from 20 GeV to 300 GeV 
(justified in next few slides).

dJ

dE
= Sδ(E − Eγ) + β

�
E

Eγ

�−γ

TS ≡ −2 ln
Lnull

Lbest



Estimating statistical 
significance

• Look at region of the sky where no signal is expected; 
measure distribution of TS values there.

• Exclude all data from the hemisphere toward the GC: look at 
|b| < 84°, |l| > 90°.

• Get test regions by randomly selecting pixels until the 
desired total number of events is reached (380k events, equal 
to the number of events above 1 GeV in Reg3 SOURCE). 

• 45k such test regions are generated.

• From each such test region, perform the analysis as for the 
standard regions, record the largest TS value.



Estimating statistical 
significance (II)

• Fit distribution of TS values as the PDF of the maximum from t trials 
over a χk2 distribution, leaving t and k free.

• Empirical results well reproduced by t=12.7, k=1.35.



The look-elsewhere 
effect

• Assume regions examined are uncorrelated (there 
were five other regions studied, results are not 
shown in the paper) => 10 spatial regions.

• Treat energy scan as 12.7 trials over k=1.35 χ2k 
distribution, so overall treat the region+energy 
scan as 127 trials over χ2k=1.35 distribution.

• Solve 

• CDF = cumulative distribution function (probability 
to draw a value smaller than the second argument).

CDF(χ2
k=1.35;TSmax)127 = CDF(χ2

k=1;σ
2)



Other cross-checks

• Signal appears in front-converting and back-
converting events separately; higher significance in 
back-converting events (not stated by what margin).

• Signal grew over time: TS = 2.4, 8.8, 16.9 when taking 
into account first 53, 107, 134 weeks of data from 
Reg3 SOURCE.

• Fixing the slope of the background power law to 2.6 
(2.5, 2.7) gives a TS of 20.4 (19.4, 21.5) for Reg4 
SOURCE. This is roughly the expected slope from 
gammas produced by proton collisions with the ISM.



The Fermi analysis
• Described in PhD thesis by 

Yvonne Edmonds.

• Based on P6v3 
DATACLEAN class.

• Region of interest: |b| > 10° 
plus |l| < 10° (i.e. high 
latitude plus a 20° by 20° 
square around the GC).

• Based on just under 2 years 
data (contrast to nearly 4 
years for current analysis).

• At 130 GeV placed limits of:
�σv�χχ→γγ < 1.4(1.0, 2.4) × 10−27cm3s−1

for NFW (Einasto, cored 
isothermal) profiles



Modeling the lineshape
• In earlier line search conducted by 
Fermi, MC simulations (GLEAM, 
based on GEANT4) calibrated by 
electron beam tests were used to 
study shape of gamma-ray lines. 
Good fits were given by 
superposition of three Gaussians 
(giving the line extended tails).

• In this analysis, standard line shape 
is given by publicly available 
Instrument Response Function 
provided by Fermi Collaboration; 
somewhat broader and different 
functional form.

Y Edmonds, PhD thesis, 2011



Effects of lineshape 
uncertainties

• Authors redo analysis using estimate of line shape 
from previous figure, as well as with a simple 
Gaussian with FWHM equal to that from public IRF.

• TS value in Reg4 with SOURCE class goes down by 
0.7 and 3.0 for MC-based profile and Gaussian, 
respectively.

• Respective best-fit cross sections lowered by 8% 
and 30%.



Dependence on width 
of energy window

• Hold line energy fixed at 129 
GeV, scan width of energy 
window and measure variation 
of test statistic.

• MC comparison: derive the 
best-fit model (with line) from 
factor-of-6.64 energy window.

• Generate 400 mock data sets 
from this model and refit them 
using smaller windows.



Spatial dependence of signal

• Low statistics prevent detailed study of morphology.

• Simple check: instead of using the optimized target regions, repeat analysis 
for circular target regions with a radius of 10°, moving the center along the 
Galactic plane or perpendicular to the plane (from the north to south poles).

• Non-zero cross section is only preferred at high confidence close to the GC.



A line or an edge?
• Profumo & Linden 1204.6047: 

study whether a line can be 
well distinguished from such 
an edge in this case, answer is 
no.

• Upper plot shows ratio of p-
value for a line vs p-value for 
an edge, in Reg3 and Reg4 
(SOURCE class for both), as a 
function of the width of the 
energy window.

• BUT - this assumes sharp 
break in photon power law.


