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Review of PAMELA, Fermi and all that

Dark Matter explanations (model indep’)

Which models fit the data?
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! Presently no indep’ experiment to directly 
confirm it (FERMI will try to reproduce it, then 
wait for AMS02)

Cosmic Rays Data - I
The satellite PAMELA 
measured the positron 
fraction in the range 
1-100 GeV

The fraction increases 
by a factor ~3 in the 
10-100 GeV range

Naive expectation is e+ 

fraction decreasing 
with energy (anomaly?)

Proton rejection factor 
needed O(105)
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Cosmic Rays Data - II
PAMELA also 
measured the 
antiproton/proton 
ratio in the range 
1-100 GeV

The ratio is 
consistent with the 
expectations

No excess in 
hadronic CR activity
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Does not confirm the ATIC bump!
(two experiments inconsistent with 
each other, need to resolve who’s right)

5

The final tuning of the event selection provides a maxi-
mum systematic error less than 20% at 1 TeV. The abso-
lute LAT energy scale, at this early stage of the mission,
is determined with an uncertainty of +5%

−10%. This esti-
mate is being further constrained using flight and beam
test data. The associated systematic error is not folded
into those above as it is a single scaling factor over the
whole energy range. Its main effect is to rigidly shift the
spectrum by +10%

−20% without introducing significant defor-
mations.

While event selection is explicitly energy-dependent to
suppress the larger high-energy background, it is not op-
timized versus the incident angle of incoming particles.
Nonetheless we have compared the spectra from selected
restricted angular bins with the final spectrum reported
here; they are consistent within systematic uncertainties.
A further validation of the event selection comes from
an independent analysis, developed for lower-energy elec-
trons, which produces the same results when extended up
to the the endpoint of its validity at ∼ 100 GeV. Our ca-
pability to reconstruct spectral features was tested using
the LAT simulation and the energy response from fig-
ure 1. We superimposed a Gaussian line signal, centered
at 450 ± 50 GeV rms, on a power law spectrum with an
index of 3.3. This line contains a number of excess counts
as from the ATIC paper [8], rescaled with the LAT GF.
We verified that this analysis easily detects this feature
with high significance (the full width of the 68% contain-
ment energy resolution of the LAT at 450 GeV is 18%).

Results and discussion. – More than 4M electron
events above 20 GeV were selected in survey (sky scan-
ning) mode from 4 August 2008 to 31 January 2009. En-
ergy bins were chosen to be the full width of the 68%
containment of the energy dispersion, evaluated at the
bin center. The residual hadronic background was es-
timated from the average rate of hadrons that survive
electron selection in the simulations, and subtracted from
the measured rate of candidate electrons. The result is
corrected for finite energy redistribution with an unfold-
ing analysis [20] and converted into a flux JE by scaling
with the GF, see table I. The distribution of E3 × JE is
shown in table I and in figure 3.

Fermi data points visually indicate a suggestive devi-
ation from a flat spectrum. However, if we conserva-
tively add point–to–point systematic errors from table I
in quadrature with statistical errors, our data are well
fit by a simple normalized E−3.04 power law (χ2 = 9.7,
d.o.f. 24).

For comparison, we show a conventional model [1] for
the electron spectrum, which is also being used as a ref-
erence in a related Fermi-LAT paper [21] on the Galactic
diffuse gamma-ray emission. This uses the GALPROP
code [4], with propagation parameters adjusted to fit a
variety of pre-Fermi CR data, including electrons. This
model has an electron injection spectral index of 2.54
above 4 GeV, a diffusion coefficient varying with energy

FIG. 3: (color) The Fermi LAT CR electron spectrum (red
filled circles). Systematic errors are shown by the gray band.
The two-headed arrow in the top-right corner of the figure
gives size and direction of the rigid shift of the spectrum im-
plied by a shift of +5%

−10%
of the absolute energy, corresponding

to the present estimate of the uncertainty of the LAT energy
scale. Other high-energy measurements and a conventional
diffusive model [1] are shown.

as E1/3, and includes a diffusive reacceleration term. As
can be clearly seen from the blue dashed line in figure 3,
this model produces too steep a spectrum after prop-
agation to be compatible with the Fermi measurement
reported here.

The observation that the spectrum is much harder than
the conventional one may be explained by assuming a
harder electron spectrum at the source, which is not
excluded by other measurements. However, the signif-
icant flattening of the LAT data above the model pre-
dictions for E ≥ 70 GeV may also suggest the pres-
ence of one or more local sources of high energy CR
electrons. We found that the LAT spectrum can be
nicely fit by adding an additional component of pri-
mary electrons and positrons, with injection spectrum
Jextra(E) ∝ E−γe exp{−E/Ecut}, Ecut being the cut-
off energy of the source spectrum. The main purpose
of adding such a component is to reconcile theoretical
predictions with both the Fermi electron data and the
Pamela data [7] showing an increase in the e+/(e− + e+)
fraction above 10 GeV. The latter cannot be produced
by secondary positrons coming from interaction of the
Galactic CR with the ISM. Such an additional compo-
nent also provides a natural explanation of the steepen-
ing of the spectrum above 1 TeV indicated by H.E.S.S.
data [9]. As discussed in [12] and references therein, pul-
sars are the most natural candidates for such sources.
Other astrophysical interpretations (e.g. [22]), or dark
matter scenarios, can not be excluded at the present
stage.

A detailed discussion of theoretical models lies out-

Cosmic Rays Data - III
The satellite FERMI 
measured the e++e- flux 
up to 1 TeV

High statistics

Spectrum is harder than 
previous low energy 
measurements

Flux consistent with a 
power-law, but shallow 
feature visible

Nature 450,362-365
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Cosmic Rays Data - IV
The Air-Shower 
Cherenkov Telescope 
HESS measured also 
the e++e- flux

Measurement at higher 
energies than FERMI 

Break at 700-800 GeV: 
significant steepening 
of the spectrum 
observed
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HESS later extended their 
measurement to lower energy to 
probe the break ! no ATIC peak...

Cosmic Rays Data - IV
The Air-Shower 
Cherenkov Telescope 
HESS measured also 
the e++e- flux

Measurement at higher 
energies than FERMI 

Break at 700-800 GeV: 
significant steepening 
of the spectrum 
observed

3

reduces the event statistics but enables to lower the
analysis threshold to 340 GeV. The effective collection
area at 340 GeV is ≈ 4 × 104 m2. With a live-time of
77 hours of good quality data, a total effective exposure
of ≈ 2.2 × 107 m2 sr s is achieved at 340 GeV. Owing to
the steepness of the electron spectrum, the measurement
at lower energies is facilitated by the comparatively
higher fluxes. The ζ distribution in the energy range of
340 to 700 GeV is shown in Fig. 1.

The low-energy electron spectrum resulting from
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FIG. 1: The measured distribution of the parameter ζ,
compared with distributions for simulated protons and elec-
trons, for showers with reconstructed energy between 0.34 and
0.7 TeV (the energy range of the extension towards lower en-
ergies compared to the analysis presented in [8]). The best
fit model combination of electrons and protons is shown as
a shaded band. The proton simulations use the SIBYLL
hadronic interaction model. Distributions differ from the ones
presented in Fig. 1 of [8] because of the energy dependence of
the ζ parameter.

this analysis is shown in Fig. 2 together with previ-
ous data of H.E.S.S. and balloon experiments. The
spectrum is well described by a broken power law
dN/dE = k · (E/Eb)−Γ1 · (1 + (E/Eb)1/α)−(Γ2−Γ1)α

(χ2/d.o.f. = 5.6/4, p = 0.23) with a normalization
k = (1.5 ± 0.1) × 10−4 TeV−1 m−2 sr−1 s−1, and a break
energy Eb = 0.9±0.1 TeV, where the transition between
the two spectral indices Γ1 = 3.0±0.1 and Γ2 = 4.1±0.3
occurs. The parameter α denotes the sharpness of the
transition, the fit prefers a sharp transition, α < 0.3.
The shaded band indicates the uncertainties in the
flux normalization that arise from uncertainties in the
modeling of hadronic interactions and in the atmospheric
model, and are derived in the same fashion as in the
initial paper [8]. The band is centered around the broken
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FIG. 2: The energy spectrum E3 dN/dE of cosmic-ray elec-
trons as measured by ATIC [4], PPB-BETS [12], emul-
sion chamber experiments [3] and H.E.S.S. Previous H.E.S.S.
data [8] are shown as blue points, the result of the low-energy
analysis presented here as red points. The shaded bands in-
dicate the approximate systematic error arising from uncer-
tainties in the modeling of hadronic interactions and in the
atmospheric model in the two analyses. The double arrow in-
dicates the effect of an energy scale shift of 15%, the approx-
imate systematic uncertainty on the H.E.S.S. energy scale.
The fit function is described in the text.

power law fit. The systematic error on the spectral
indices Γ1, Γ2 is ∆Γ(syst.) ! 0.3. The H.E.S.S. energy
scale uncertainty of 15% is visualized by the double
arrow.
The H.E.S.S. data show no indication of an excess and
sharp cutoff in the electron spectrum as reported by
ATIC. Since H.E.S.S. measures the electron spectrum
only above 340 GeV, one cannot test the rising section of
the ATIC-reported excess. Although different in shape,
an overall consistency of the ATIC spectrum with the
H.E.S.S. result can be obtained within the uncertainty of
the H.E.S.S. energy scale of about 15 %. The deviation
between the ATIC and the H.E.S.S data is minimal
at the 20 % confidence level (assuming Gaussian errors
for the systematic uncertainty dominating the H.E.S.S.
measurement) when applying an upward shift of 10 % in
energy to the H.E.S.S. data. The shift is well within the
uncertainty of the H.E.S.S. energy scale. In this case
the H.E.S.S. data overshoot the measurement of balloon
experiments above 800 GeV, but are consistent given the
large statistical errors from balloon experiments at these
energies. A model calculation of how a Kaluza-Klein
(KK) signature with a mass of 620 GeV [4] and a flux
approximated to fit the ATIC data would appear in the
H.E.S.S. data is shown in Fig. 3. Due to the limited
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Cosmic Rays Propagation 101

Cosmic Rays are diffused by magnetic field inhomogeneities 

CRs loose energy by interacting with the interstellar medium 
(electrons: synchrotron radiation and Inverse Compton Scattering onto starlight, IR and 
CMB photons) 

Electrons and protons are primary cosmic rays and are 
originated by astrophysical sources (SN remnants)

+L

-L

0200 pc
Earth

0
20 kpc

8.5 kpc

e+-

Diffusion Zone CR

−K(E, x)∇2np(E, x) = Qp(E, x)

−K(E, x)∇2ne−(E, x)− ∂
∂E (b(E, x)ne−(E, x)) = Qe−(E, x)

Friday, March 12, 2010



Cosmic Rays Propagation 101
Positrons (and antiprotons) are secondary cosmic rays and 
originate in collisions of cosmic rays with interstellar gas:

−K(E, x)∇2ne+(E, x)− ∂
∂E (b(E, x)ne+(E, x)) = Qe+(E, x)

Qe+ =
∫

d3x dE np(E, x) nH,He(x) σp→π++X(E)

K(E,x)"E" + energy loss ! high E e± come from nearby 

K(E,x) and Qe(E,x) sufficiently 
omogeneous around us (few kpc)

! positrons are softer than electrons

K(E,x)"E" , ">0 ! diffusion softens spectra

Standard 
assumption!
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ON POSSIBLE INTERPRETATIONS OF FERMI ELECTRON SPECTRUM 9

2.3. The positron excess problem. A serious problem that those GCRE models face is
that the positron fraction e+/(e+ + e−) they predict is not consistent with that measured
by PAMELA (Adriani et al. 2009, 2009b [11, 12]). While previous electron data allowed
sufficient uncertainty to accommodate the PAMELA positron fraction with a steep elec-
tron spectrum and standard secondary e+ production (see e.g. Delahaye et al. 2009 [58]),
Fermi’s precise measurement of a hard ≈ E−3 electron spectrum, no longer allows such
models. To modify the standard GCRE models by introducing source stochasticity does
not help to predict the PAMELA positron spectrum correctly. Reference models 0, 1 and
2 are shown in Fig. 3. They do not account for the rise in the positron fraction seen by
PAMELA, so to explain this data, some additional sources of positrons is required. This
situation does not improve by considering other possible combinations of the propagation
parameters and of the electron source spectral index that give a good fit to the Fermi-LAT
electron spectrum.

Figure 3. In this figure we compare the positron fraction corresponding to the same
models used to draw Fig. 1 with several experimental data sets (HEAT: Barwick et al.
1997 [13]; CAPRICE: Boezio et al. 2000 [32]; AMS-01: Aguilar et al. 2002 Aguilar et al.
2002 [2]; PAMELA: Adriani et al. 2009, 2009b [11, 12]). The line styles are coherent with
those in that figure. Note that our results use a solar modulation potential Φ = 0.55 GV
which is appropriate for the AMS-01 and HEAT data taking periods (Barwick et al. 1997
[13]). It is not appropriate for the PAMELA data taking period, and impacts agreement
among the experiments and our model with the PAMELA data below 10 GeV.

3. Pulsar Interpretation

Pulsars are undisputed sources of relativistic electrons and positrons, believed to be pro-
duced in the magnetosphere and subsequently possibly reaccelerated by the pulsar winds

FERMI measurement ! the denominator in the 
positron fraction is under control

PAMELA clearly observe a deviation from the 
standard picture

Cosmic Rays Propagation 101

Why?

Baldini et al. 2009
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What can explain 
the excess?

It’s just Cosmic Ray Propagation:

Some of the assumptions about homogeneity of K0, L, Qp,e 
(or energy indep’ of L) are not good approx‘ at these 
energies

Positrons have also a primary component

New source(s) are needed...

(Katz, Waxman; Piran  et al.)
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What can explain 
the excess?

New Astrophysical sources:

Positrons are created and accelerated in surroundings of 
pulsars (Pulsar Winds Nebulae) or in secondary accel’ of 
Supernova Remnants

Some nearby Pulsar may explain PAMELA and FERMI

HESS explanation: spectrum expected to be Ea exp(-E/Ec)

Plausible but not clear how positrons can escape to the 
Interstellar Medium

Friday, March 12, 2010



New Astrophysical sources

Indirect signal of Dark Matter:

Dark Matter in the Galactic Halo may annihilate or decay 
(on cosmological timescales)

Positrons (and electron excess) are DM products

☞ Explore this possibility in the rest of the talk....

What can explain 
the excess?

Friday, March 12, 2010



(Model indep’) Analysis
DM annihilations involving SM particles end up in 
electrons/positrons, (anti-)protons, photons, neutrinos.

Electron, positrons, (anti-)protons are constrained by 
PAMELA & FERMI & HESS

Photons are always present 

Neutrinos may or may not be present

! Fit PAMELA+FERMI+HESS and then look at 
gamma and neutrino observatories!

Friday, March 12, 2010



Relevant ! & # data

! Strongest constraints!

HESS measurements:

!’s from Galactic Center: # <0.1°

!’s from Galactic “Ridge”: |b|<0.3°, |l|<0.8°

SuperKamiokande: #’s in cone up to 30° around Gal 
Center

WMAP* 

Fermi: all sky gamma ray data

Friday, March 12, 2010



HESS: Galactic Center

HESS observes a region of dΩ=2 10-5 around the Galactic Center

A powerful source of gamma rays with a spectrum well fitted by a power 
law in the energy range of 200 GeV-30 TeV

An astrophysical source ! DM signal should be much smaller

Powerful to constrain very cuspy DM profiles, but looking in a larger area 
may be better...
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Larger area and smaller flux 
detected ! stronger constraints!

HESS: Galactic Ridge

A rectangle of 0.6˚x1.6˚ around the 
Galactic Center

After subtracting point sources it 
reveals areas of diffuse gamma 
ray emission

Power-law spectrum extending to 
10 TeV ! astrophysical
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SuperK upgoing muons
Neutrinos coming from 
the Galactic Center show 
up as up-going muons in 
detectors in the northern 
hemisphere (SuperK, 
Antares, ...)

Best bounds to date from 
SuperK

Very low signals from 
annihilations in the Sun 
and  Earth in these 
models ! IceCUBE less 
interesting

Friday, March 12, 2010



Fermi ! ray data
Full dataset released (~16M events, covering all sky)

Analysis software available
Divide the sky in different regions (exclude Gal plane)

Extract the differential ! flux in each region

!180 !90!135 !45 !10!20 0 10 20 45 90 135 180
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ee
s

IC bound on Σv!DM DM # Μ%Μ!" in 10!23cm3#sec for M & 1.3 TeV
isothermal DM profile with L & 4 kpc

Stronger 
constraints from 

inner 
10°<|b|<20°
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"e/e ! energy scale uncert.

Fermi ! ray data
Combine all the regions (and all energy bins) in one fit:

10!1 1 10 102 103
10!7

10!6

10!5

Photon energy in GeV
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Γ
!dEin

G
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!cm2 s
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sr

DM DM $ Μ&Μ!, M ' 1.3 TeV, Σv ' 2.8) 10!23 cm3!s
!20 * b * !10
10 * ! * 20
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FSR
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Figure 2: Left: Fermi data compared with an example of best-fit DM annihilation signal.

Photons above ≈ 100 GeV can be still contaminated by hadrons. The dotted line shows Inverse

Compton computed neglecting e± diffusion and the finite volume of the diffusion halo. Right:

Fermi extra-galactic data compared with an example of best-fit DM decay signal.

cross sections for each region. Fig. 2a compares the Fermi data in the single region that gives

the stronger bound for this particular model with the model prediction at its bets-fit point for

the PAMELA and Fermi e± excesses.

Various regions give comparable bounds. Thereby one can do slightly better, still maintain-

ing the absolute robustness of the bounds, by combining all regions in a global fit. We impose

the 3σ bound, χ2 < 9, where

χ2 =
∑

i

(ΦDM
i (Ei(1 + e))− Φexp

i )2

δΦ2
Θ(ΦDM

i − Φexp
i ) +

e2

δe2
, (4)

where Θ(x) = 1 if x > 0 and 0 otherwise; the sum runs over all angular and energy bins (with

mean energy Ei); the last term in the χ2 accounts for the δe ≈ 15% Fermi uncertainty on the

energy scale, that only has a minor effect on the bounds.

Typically, such global bound is a factor of few stronger than the bound obtained demanding

that no single point is exceeded at more than 3σ. Furthermore, there are conceptual advantages.

The ‘single point’ bound depends on how we choose the energy and angular binning and can

be dominated by the single bin where a downward statistical fluctuation happened in the total

rate. These drawbacks are avoided by the global fit.

2.3 Computing γ’s from DM

Since DM has no electric charge, γ-ray production from DM annihilations or decays occurs at

higher order in the electromagnetic coupling from many different processes with comparable

rates: i) bremsstrahlung from charged particles and π0 decays; ii) virtual emission, iii) loop

5

(Reduced dependence on the choice of the sky division/energy binning)

Require that DM contrib’ does not exceed the measured 
flux @ 3$

Do not try to subtract anything (be conservative)
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Fermi ! ray data

Fermi: extragalactic 
isotropic emission

(after removing foregrounds, more 
model dep’) PRELIMINARY

! constrain DM extragal’ contrib

M. Ackermann, Fermi Symposium 2009

(MP, A.Strumia 2009; M.Cirelli et al. 2009)

relevant for decaying DM (and may probe models 
with ! peaks beyond Fermi energy reach thru 
redshift)

decays, together with previous bounds from SK neutrino observations (for simplicity we do not

plot the previous HESS γ bounds, as they are now subdominant) and with the regions favored

by interpretations of the e± excesses in terms of DM decays. We see that such interpretations

are now constrained. Also in the case of DM decays, the remaining viable channels are 2µ,

4µ or 4e. Channels like τ ’s, producing π0 and other mesons decaying into photons, are now

disfavored. Even in this case, a significant fraction of the photons observed by Fermi around

100 GeV away from the Galactic Center should be due to DM.

The bound denoted as ‘exG-γ’ is obtained demanding that the cosmological γ flux from

DM annihilations does not exceed the extra-galactic isotropic flux observed by Fermi [3]. This

cosmological flux is expected to be comparable to the galactic flux:

Φcosmo

Φgalactic
∼ ρcosmoRcosmo

ρ!R!
∼ 1 (6)

where ρcosmo = ΩDMρcr ≈ 1.3 10−6 GeV/cm3 and Rcosmo ∼ 1/H0 ≈ 13 Gyr.2 The isotropic

cosmological γ flux is
dΦγ

dEγ
=

c

4π

∫ 1

0
da

e−τa

H(a)
·
dNγ(Ein

γ = Eγ/a)

dV dt dEin
γ

(7)

where the first term inside the integral generalizes the usual line of sight integrand ds, to the

cosmological geometry described by the Hubble rate H(a) = H0

√
ΩΛ + Ωm/a3, as function of

the scale factor a of the universe, which gives the Ein
γ = Eγ/a redshift3. The last term is

the usual space-time density of γ sources, equal to Γ(ρDM(a)/M)dNγ/dEin
γ in the case of DM

decays. We can neglect absorption of γ, as the optical depth is τ # 1 below a few TeV. Eq. (7)

can be directly applied to the computation of FSRγ.

The flux of photons generated by cosmological Inverse Compton scatterings of e± from

DM annihilations on Comic Microwave Background with energy density uγ(a) = πT 4/15 and

spectrum dnγ/dE = E2/π2/(eE/T − 1) at temperature T = T0/a can be written as:

dΦIC
γ

dEγ
=

9cm4
eΓρ0

32πH0M

∫ 1

0

da/a2

√
ΩΛ + Ωm/a3

∫∫
Ne(E

in
e )

1

uγ

dnγ

dEin
γ

dEin
e

Ein4
e

dEin
γ

Ein
γ

fIC , (8)

where Ne(E) =
∫ M
E dE ′ dNe/dE ′ and the function [35]

fIC = 2q ln q + (1 + 2q)(1− q) +
1

2

(εq)2

1 + εq
(1− q) (9)

describes IC scattering γ(Ein
γ )e(Ein

e ) → eγ(Eout
γ = Eγ/a) at Ein

e & me in terms of the dimen-

sionless variables

ε =
Eout

γ

Ein
e

, Γ =
4Ein

γ Ein
e

m2
e

, q =
ε

Γ(1− ε)
. (10)

2This bound was considered in [33] in the case of DM decays and in [34] in the case of DM annihilations.
In such a case the larger suppression, (ρcosmo/ρ!)2 is counteracted by DM clumping in structures and galaxies,
an effect which cannot be computed reliably.

3Thereby the cosmological signal is especially relevant for DM decay models (not considered in this paper)
that give hard photon emission only at energies higher than the Fermi reach, 400 GeV − 1 TeV.

13
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Many photons to consider
DM

DM

SM

SM

DM

DM

…
.

p±

H,He

π±,K,...

(π0’s)e± 

CMB,IR,SL !

DM

DM

SM

SM

Final State Rad’ 
(soft+collinear)

Hard emission Higher order 
processes

Inverse Compton !’s from proton int’ with ISM
Friday, March 12, 2010



Many photons to consider
DM

DM

SM

SM

DM

DM

…
.

p±

H,He

π±,K,...

(π0’s)e± 

CMB,IR,SL !

DM

DM

SM

SM

Final State Rad’ 
(soft+collinear)

Hard emission Higher order 
processes

+ !’s from hadro decays

Inverse Compton !’s from proton int’ with ISM
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Working out the signals

DM 
Source Propagation Experiments

How?
Cosmic Rays Propagation 

(Astrophysics)
Where?

DM galactic profile 
(Astrophysics)

What? 
Annihilation channels 

(Particle Physics)
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What? (Particle Physics Module)

Where? (Dark Matter Profile)

How? (Cosmic Rays Propagation)
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Particle Phys’ Module

annihilate

decay

DM can

2 Standard Model 
particles

4 or more SM particles
thru intermediate new 

(hidden) particles

3 SM particles (not 
covered here)
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Particle Phys’ Module
Fit specified by MDM, <$v> and final states

For 2-body final states ! look at all SM final states

For 4-body (or more) ! a (hidden) light new particle % 
required:

Generically % can decay back to the SM via Higgs or 
photon mixing (spin 0 or 1)

Look at % coupling to a single type of SM particle 
(e.g. 2&) or % coupling proportionally to electric 
charge
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Particle Phys’ Module
DM

DM

SM

SM

All SM final states

DM

DM

SM
SM

SM
SM

%

%

Leptons and pions 
(motivated by PAMELA)

And the same for decaying DM...

DM

DM

}%…
.

…
. }%

“Hidden” shower, softer spectra
(e.g. % spin 1 in non-Abelian gauge 

group) 
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What? (Particle Physics Module)

Where? (Dark Matter Profile)

How? (Cosmic Rays Propagation)
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Cosmic Rays Propagation
Galaxy is transparent to gamma rays and neutrinos:

Φγ,ν ∝ Qγ,ν J̄∆Ω

J̄ =
1

∆Ω

∫
dΩ

∫

line−of−sight

dl

r"

(
ρ(r)
ρ"

)2

Valid for prompt ! produced in annihilation/decay

No uncert’ from propagation, not too large 
uncertainties from DM Profile if not looking at the 
Center of the Galaxy

(single power of 
density if 

decaying DM)
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Inverse Compton
Electrons and positrons can up-scatter ambient light 
to gamma rays thru Compton scattering:
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Figure 3: Slices of the energy density profiles u(r, z) of star-light (red upper curve) re-scattered by

dust (blue), CMB (green horizontal line), and of the presumed galactic magnetic fields (dashed).

Left: Profiles as a function of the radius r, for a fixed z = 1 kpc. Right: Profiles as a function

of the height, z, for a fixed r = 0. The values corresponding to B = 1 and 10µG are indicated

in the right plot.

3.2 Computing γ from Inverse Compton

The IC process e±γ → e±′γ′ scattering of an e± with energy Ee and isotropic initial direction

on isotropic γ with energy Eγ gives γ′ with the following γ′ energy spectrum [35]:

dN ′
γ

dE ′
γ dt

= 2πr2
e

m2
e

E2
e

uγ

E2
γ

fIC(q, ε), (4)

fIC(q, ε) = 2q ln q + (1 + 2q)(1− q) +
1

2

(εq)2

1 + εq
(1− q). (5)

Here Ee # me and ε, Γ, q are the dimensionless variables defined as:

ε =
E ′

γ

Ee
, Γ =

4EγEe

m2
e

, q =
ε

Γ(1− ε)
. (6)

Eγ′ lies in the range Eγ/Ee ≤ ε ≤ Γ/(1+Γ). The non-relativistic (Thompson) limit corresponds

to Γ% 1, so that ε% 1, the last term in fIC is negligible, and 0 ≤ q ≤ 1. The total energy loss

rate in eq. (2) is recovered by integrating eq. (4) over E ′
γ.

The ICS flux Φγ = dNγ/dS dt obtained for a given line of sight and generic energy and

spatial distributions of initial e± and γ, is found to be,

dΦγ′

dEγ′dΩ
=

1

2
α2

em

∫

l.o.s.
ds

∫ ∫ dne

dEe

duγ

dEγ

dEe

E2
e

dEγ

E2
γ

fIC. (7)

Here we do not include the anisotropic correction to 7 due to the fact that light is emitted

preferentially from the galactic plane. The effect in the FERMI region is O(10%) [55]. The
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!
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Figure 2: Left: Energy spectra of the 3 galactic light components [54], normalized to unity.

Right: The functions Ri(Ee) which encode the relativistic corrections to the ICS energy loss.

The black think line shows the function R(Ee) defined below Eq. (11).

being composed of three components (hence the sum over i in the above equation):

1. A constant CMB with energy spectrum du/dEγ = E3
γ/π

2/(eEγ/T − 1) and mean energy

〈EγCMB〉 = 0.6 meV.

2. Star-light concentrated in the galactic center, with optical mean energy 〈Eγstar〉 = 1.1 eV.

3. Star-light re-scattered by dust, with mean energy 〈Eγdust〉 = 0.01 eV.

We plot the spectral shape of the three components in Fig.2a. The functions Ri(Ee) in the

above eq. (2) encode the relativistic correction to the non-relativistic Thompson limit of IC

scattering and are plotted in Fig. 2b. They equal to unity at Ee $ m2
e/〈Eiγ〉 and exhibit a E−2

e

suppression at higher energies. In practice, this relativistic effect must be taken into account

for ICS on star-light for e± energies, Ee >∼ 250 GeV.

Magnetic fields, on the other hand, are not precisely known: they likely lie between 1 and

10µG, and may have the approximated profile [53],

B(r, z) ≈ 11µG · exp(−r/10 kpc− |z|/2 kpc). (3)

They give rise to energy losses into synchrotron radiation probed down to microwave frequencies.

Thereby, while we know that essentially all the e± energy goes into photons, it is hard to

establish the precise relative proportion of the two effects discussed above. Assuming the form

of B(r, z) given in Eq. (3), Fig. 3 demonstrates the energy densities uB and uγi. We see

that synchrotron energy losses are everywhere subdominant by about one order of magnitude.

In view of the relativistic effect discussed in the previous paragraph there is only one possible

exception: synchrotron and ICS give comparable energy losses in the inner few kpc at Ee >∼ TeV,

where ICS energy losses on star-light are suppressed by the relativitic factor Rstar.
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of the height, z, for a fixed r = 0. The values corresponding to B = 1 and 10µG are indicated
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Eγ′ lies in the range Eγ/Ee ≤ ε ≤ Γ/(1+Γ). The non-relativistic (Thompson) limit corresponds

to Γ% 1, so that ε% 1, the last term in fIC is negligible, and 0 ≤ q ≤ 1. The total energy loss

rate in eq. (2) is recovered by integrating eq. (4) over E ′
γ.

The ICS flux Φγ = dNγ/dS dt obtained for a given line of sight and generic energy and

spatial distributions of initial e± and γ, is found to be,
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Here we do not include the anisotropic correction to 7 due to the fact that light is emitted

preferentially from the galactic plane. The effect in the FERMI region is O(10%) [55]. The
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Inverse Compton
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Figure 4: Inverse Compton: exact vs approximated. We compare our full calculation for

ICS (solid curves) with the diffusion-less I = 1 approximation of eq. (10) (dashed curves) for

the ‘10◦ ÷ 20◦’ region and DM annihilating into µ+µ− with σv = 10−22cm3/s and NFW with

MED propagation. Additionally we plot the individual contributions to ICS from CMB (blue),

dust (green) and starlight (red), while the total contribution is in black. The ICS approximation

is good within a factor of two.

majority of models that fit FERMI, PAMELA and HESS and therefore the ICS spectra are

very similar in the various cases. We provide more evidence to this statement in section 4.

This observation is in contrast to the FSR γ fluxes (red dashed lines in Fig. 1) which are highly

model dependent [11, 12, 13] and typically dominate over ICS at higher energies close to the

DM mass.

In conclusion, the prediction for the ICS γ flux is robust: in the ‘10 ÷ 20’ region the DM

contribution should be visible at Eγ >∼ 100 GeV, and other regions offer better sensitivities.

Reducing the IC DM signal would require unexpected astrophysics: either very large galac-

tic magnetic fields (such that the detectable signal anyhow moves from ICS to synchrotron

radiation) or perhaps a very thin diffusion cylinder.

4 Interpreting the PAMELA and FERMI Observations

We now demonstrate the viable models that can fit all the available data for charged cosmic

rays including the new FERMI and HESS data. For our analysis we fit to the PAMELA

e+/(e++e−) data and the e++e− data from FERMI and HESS. We also include the preliminary

un-normalized PAMELA e− spectrum available at [17], although it has a minor impact. We

then describe the predictions and bounds for ICS as discussed in Section 3, and include bounds

from several other observations previously studied in [11, 38, 37, 12]. These include the bounds
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Simple formula if energy loss dominates over 
diffusion (good up to factor of 2)

DM ICS flux depends on the e± density f = dne/dE. It is computed by numerically solving

the diffusion-loss equation

−K(E) ·∇2f − ∂

∂E
[b(r, z, E)f ] =

1

2

(
ρ

M

)2

〈σv〉dNe

dE
(8)

where dNe/dE is the spectrum produced by one DM annihilation while b(r, z, E) is given in

Eq. (2). For more details on the above diffusion-loss equation and its approximate solutions see

e.g. [36, 37, 12] and references therein. On the practical level, we work on a grid in cylindrical

coordinates r, z, E and discretize the differential equation (8) and its boundary conditions into a

system of thousands of linear equations, easily solved with Mathematica. We take into account

the spatial dependence of the energy loss term b assuming that each of the light components

uγi, uB, can be factorized in space and energy as discussed below.

3.3 Approximating the Diffuse γ-ray Flux

In order to gain more intuition, it is beneficial to study the ICS spectrum in an a approxi-

mate manner. Let us, therefore, obtain a simplified expression for the diffuse gamma-ray flux

which illuminates the physics. The photon spectrum is the sum of 3 components (star-light,

dust, CMB) which have position-dependent intensity, and roughly the same energy spectra at

any point: dnγ/dEγ =
∑

i fγi(Eγ)uγi(r)/〈Eγi〉 where uγi is the total energy density, and the

functions fγi are plotted in fig. 2a and normalized to unity:
∫

dEγfγi = 1.

Assuming that e± diffusion is negligible1 the energy spectrum of e± generated by DM has

the same shape at any position:

dne−

dE
=

dne+

dE
=

3m2
e

4σT utot

Ne(E)

E2
× σv

2

(
ρ(R)

M

)2

, Ne(E) =
∫ M

E
dE ′ dNe

dE ′ · I, (9)

where I is defined as in [36, 37]. Therefore the ICS spectrum simplifies to

dΦγ′

dEγ′
=

∑

i

GiIC(E ′
γ)JiIC

9r"〈σv〉
64π〈Eγi〉

(
ρ"
M

)2

(10)

where the dimensionless factors JIC and GIC respectively encode astrophysics and particle-

physics:

JiIC =
∫

dΩ
∫

l.o.s.

ds

r"

(
ρ(r)

ρ"

)2
uγi

utot
, GiIC = m4

e

∫∫
Ne(Ee)fγi(Eγ)

dEe

E4
e

dEγ

Eγ

fIC

R(Ee)
. (11)

We explicitly see that the overall amount of energy utot = uB +
∑

i uγi does not matter, but

only the ratios among the different components, up to the relativistic correction R(Ee) ≡ [uB +
∑

i uγiRi(Ee)]/utot. Unfortunately, in general this last factor is position-dependent and therefore

GiIC is not purely determined by particle-physics. Nevertheless, this latter dependence is weak

and to leading order GiIC encodes the particle physics information which enters the diffuse

1In the halo-function formalism [36, 37] this corresponds to assuming unity halo-fuction, I ' 1.
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In principle one should propagate e± first, but...

Friday, March 12, 2010



Results

(some highlights...)

Friday, March 12, 2010



1000 10000300 3000 30000
20

25

30

35

40

45

50

DM mass in GeV

Χ2

DM annihilation

4e

4Μ

4Τ

Μ$Μ%

Τ$Τ%

qq

bb

hh

pulsar with

& ' E%pe%E!M

4Μ%sh

1000 100003000
20

25

30

35

40

45

50

DM mass in GeV

Χ2

DM decay4e

4Μ

4Τ

Μ$Μ%

Τ$Τ%

W
&Μ!

W
&Τ!

Figure 5: Global fit to PAMELA, FERMI and HESS data. The labels on each curve indicate

the primary DM annihilation (left) or decay (right) channel. In the left panel a hypothetical flux

from a pulsar is also plotted, with an assumption that the flux is given by Φ = E−pe−E/M . In

the left panel all final states for DM annihilation do not include hidden sector FSR, except for

the curve labelled 4µ− sh. This curve demonstrates that by including the hidden sector shower

the χ2 is significantly improved and is as good of fit as any other hypothesis.

from the HESS photon measurements in the Galactic Center and Galactic Ridge and from

up-going muons measured at SuperKamiokande.

The FERMI data is conservatively fitted adding in quadrature statistical with systematic

uncertainties independently for each data-point. We consider uncertainties on the smooth DM

halo profile ρ(r), e± propagation, and the spectral index and normalization of the e+ and of

the e− astrophysical backgrounds. We keep fixed the local DM density, ρ" = 0.3 GeV/ cm3.

Changing it would be equivalent to an overall rescaling of the DM annihilation or decay rate,

which renormalizes in the same way all indirect DM observables. Therefore, the comparison

between the regions favored by the e± excesses and the constraints from γ and ν observations

remains fully meaningful. In Appendix B we describe further how our fit is performed, and

here we simply summarize the main points.

Other, less established bounds, are not included. In particular, ref. [39] finds that angular

regions distinct from the one observed by FERMI and so far observed only by EGRET, provide

stronger constraints. We do not use here the controversial EGRET observations. Once FERMI

will present data corresponding to other regions, it will be easy to establish bounds with the use

of our approximation described in the previous section. This is done by simply rescaling our

predictions for the ‘10◦ ÷ 20◦’ region using the new J factors for the additional (yet unknown)

regions. Furthermore, we do not consider the ‘WMAP haze’ [40] which is a hint that a possible

excess in synchrotron radiation could be due to DM. The haze has been shown to be consistent

with a wide variety of DM masses and final states and therefore will not constrain the space

of models compared to other measurements. It would however, be interesting to study in more

detail the precise predictions for the haze for those models that can fit the rest of the data.
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Other, less established bounds, are not included. In particular, ref. [39] finds that angular

regions distinct from the one observed by FERMI and so far observed only by EGRET, provide

stronger constraints. We do not use here the controversial EGRET observations. Once FERMI

will present data corresponding to other regions, it will be easy to establish bounds with the use

of our approximation described in the previous section. This is done by simply rescaling our

predictions for the ‘10◦ ÷ 20◦’ region using the new J factors for the additional (yet unknown)

regions. Furthermore, we do not consider the ‘WMAP haze’ [40] which is a hint that a possible

excess in synchrotron radiation could be due to DM. The haze has been shown to be consistent

with a wide variety of DM masses and final states and therefore will not constrain the space

of models compared to other measurements. It would however, be interesting to study in more

detail the precise predictions for the haze for those models that can fit the rest of the data.
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Figure 9: Hidden sector shower. Left: the χ2 with and without shower, for various light

gauge boson masses of 250, 450, and 650 MeV (blue, red, green respectively) that kinetically

mix with the photon. Additionally, a curve for a 4τ final state without shower is shown for

comparison of the overall χ2. Right: Contour lines for various bounds in the σ vs αDM plane,

for a DM mass of 3 TeV and light gauge boson of mass 650 MeV with an Einasto profile.

constant DM density profiles. DM can annihilate through a light state that can be long lived on

astrophysical scales [32]. There is one additional parameter, the lifetime d, that effectively acts

such that indirect DM signals must be computed replacing the DM density profile ρ(r) with its

value averaged over a length d. If d ! r! a constant ρ is effectively obtained. In our analysis

this possibility is effectively described by the quasi-constant isothermal profile. For smaller

values of d the effective ρ(r) flattens to a constant only at r <∼ d rather than diverging as in

the NFW or Einasto profiles; the main consequence is relaxing the bounds from γ observations

from the GC region at r <∼ d that we consider.

4.3 DM Decays

The PAMELA and FERMI excesses can be explained if DM decays into leptons with a life-time

about 109 times longer than the age of the universe, which is the typical lifetime of a TeV-scale

particle that decays via a dimension 6 operator suppressed by the GUT scale, 1016 GeV [47, 48].

As discussed in [47] this scenario is compatible with the γ bounds even for a NFW scenario,

as the DM decay rate is proportional to the DM density ρ, while the annihilation rate is

proportional to ρ2 and thereby significantly enhanced close to the Galactic Center.

Here we remark that cosmology offers other constraints on DM annihilations: BBN [49],

reionization [50] and extra-galactic γ [51]. These constraints are uncertain and possibly too

strong, thank to the fact that the DM annihilation rate was enhanced in the early universe by

the square of the larger DM density, that started to cluster at redshift z <∼ 100. Therefore these

constraints do not apply to the alternative interpretation in terms of DM decays.

Fig. 5b shows that DM decays can fit the PAMELA, FERMI and HESS e± excesses as

well as DM decays, with some minor differences, mostly due to the fact that only in the DM

annihilation case a sizable amount of lower-energy e± can reach us from the Galactic Center,

22

How well can DM fit?

Hidden sector shower always improves the fit

Combinations of e±,(±,π± (hidden spin-1 intermediate 
particles that mixes with photon) provide good fits
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Figure 8: Best fits for DM annihilations. We assume the MED propagation model and the

Einasto profile with α = 0.17. We plot the best fit models for DM annihilations into 4e, 4µ, 4τ ,

and final states dictated by coupling through kinetic mixing with the photon (mφ = 650 MeV)

see figure 9. All curves include showering with αDM ∼ 0.1 which increases the goodness of their

fit compared to the unshowered spectra. The plots in the upper row from left to right are for the

PAMELA positron fraction, e+ + e− flux recently measured by FERMI and HESS, and the ICS

+ FSR predictions for these models. In the bottom row we plot from left to right, the photon

predictions for the HESS measurement of the Galactic Center, Galactic Ridge, and the bounds

coming from SuperK for those models which create ν’s.

4.2.2 A Quasi-constant DM Density and Long Lived Intermediate States

DM annihilations into 2µ and 2τ are still compatible with bounds on the associated γ flux if the

DM density does not significantly grow towards the Galactic Center. This possibility is realized

in practice by plotting the ‘isothermal core’ DM density profile. This profile is disfavored by

N -body simulations and it has no a priori theoretical motivation. However, in principle there

could be some weakening of the more cuspy DM profiles preferred by N -body simulations

when baryons, which should be important near the center of the galaxy, are included in future

simulations. To explore the effects of a shallower DM density profile we have shown in the

lower row of Fig. 1 the best fits for DM annihilations into 2τ assuming the extremal isothermal

profile and MED propagation.

For the case of ≥ 4 SM final states there is one other possibility to obtain an effective quasi-
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Best fits

Xsec required ! O(1000) larger than thermal freeze-out xsec

Particle Physics explanation: Sommerfeld enhancement (ok with 4 
body final states)
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Figure 8: Best fits for DM annihilations. We assume the MED propagation model and the

Einasto profile with α = 0.17. We plot the best fit models for DM annihilations into 4e, 4µ, 4τ ,

and final states dictated by coupling through kinetic mixing with the photon (mφ = 650 MeV)

see figure 9. All curves include showering with αDM ∼ 0.1 which increases the goodness of their

fit compared to the unshowered spectra. The plots in the upper row from left to right are for the

PAMELA positron fraction, e+ + e− flux recently measured by FERMI and HESS, and the ICS

+ FSR predictions for these models. In the bottom row we plot from left to right, the photon

predictions for the HESS measurement of the Galactic Center, Galactic Ridge, and the bounds

coming from SuperK for those models which create ν’s.

4.2.2 A Quasi-constant DM Density and Long Lived Intermediate States

DM annihilations into 2µ and 2τ are still compatible with bounds on the associated γ flux if the

DM density does not significantly grow towards the Galactic Center. This possibility is realized

in practice by plotting the ‘isothermal core’ DM density profile. This profile is disfavored by

N -body simulations and it has no a priori theoretical motivation. However, in principle there

could be some weakening of the more cuspy DM profiles preferred by N -body simulations

when baryons, which should be important near the center of the galaxy, are included in future

simulations. To explore the effects of a shallower DM density profile we have shown in the

lower row of Fig. 1 the best fits for DM annihilations into 2τ assuming the extremal isothermal

profile and MED propagation.

For the case of ≥ 4 SM final states there is one other possibility to obtain an effective quasi-
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Charge = (0.23,0.22,0.55) in e±,(±,π±

4body ann’, Einasto
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Figure 6: Bounds on DM annihilations into leptonic channels. The Fermi bounds

are denoted as FSRγ (continuous blue line) and ICγ (red curves, for L = 1, 2, 4 kpc from

upper to lower). Other bounds are described in the text. Cosmological freeze-out predicts σv ≈
3 10−26 cm3/ sec (lower horizontal band) and connections with the hierarchy problem suggest

M ∼ (10 ÷ 1000) GeV. The region that can fit the PAMELA and Fermi e± excesses survives

only if DM annihilates into e’s or µ’s and DM has an isothermal profile. All bounds are at 3σ.

unseen excess would be present at larger scales where N -body simulations are under control

and favor these profiles. Furthermore, channels involving τ are now disfavored even for an

isothermal profile.

The allowed solutions predict that a sizable fraction of the photons observed by Fermi

around 100 GeV must be due to ICγ from DM e±. The Fermi bound on ICγ becomes weaker

if the diffusive volume of our galaxy is thin, L ≈ 1 kpc (dotted red curves).

Another way of weakening the bound is assuming that a fraction of the local DM density

is stored in a Dark Disk component. However, to relax the conclusions on the DM profile, one

needs this fraction to be large, of order unity.

On the other hand, the Fermi bound can be made stronger subtracting from the γ spectra

10
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Figure 8: Bounds on DM decays. In the upper rows we consider the leptonic channels that

can fit the e± excesses. In the lower row we consider the ‘traditional’ channels.
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Robustness of the bounds?
Bounds come from intermediate latitudes ! smaller 
DM profile uncertainties!

Main uncertainties coming from:

Magnetic field in the Inner Galaxy                    
(if factor of 2 larger may relax bounds up to factor of 1.5÷2)

Size of the diffusion halo: small effects except in 
very unrealistic cases (L~1kpc terminating abruptly)

Disk-like component for DM (Dark Disk): small 
effect unless O(1) fraction of local DM is stored in 
disk (effectively making profile shallower)

Friday, March 12, 2010



Fermi ! constraints
Final states with too much hard radiation (π0’s in &’s) are now 
excluded both in annihilating and decay models

No way to hide signals with the Annihilating vs. Decay ()2 vs ) 
“trick” that worked for the Galactic Center)  

Other leptonic 4-body final states are in tension in annihilating 
models for cuspy profiles (~ factor of 2. Uncert’ larger)

But...
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Figure 2: Left: Fermi data compared with an example of best-fit DM annihilation signal.

Photons above ≈ 100 GeV can be still contaminated by hadrons. The dotted line shows Inverse

Compton computed neglecting e± diffusion and the finite volume of the diffusion halo. Right:

Fermi extra-galactic data compared with an example of best-fit DM decay signal.

cross sections for each region. Fig. 2a compares the Fermi data in the single region that gives

the stronger bound for this particular model with the model prediction at its bets-fit point for

the PAMELA and Fermi e± excesses.

Various regions give comparable bounds. Thereby one can do slightly better, still maintain-

ing the absolute robustness of the bounds, by combining all regions in a global fit. We impose

the 3σ bound, χ2 < 9, where

χ2 =
∑

i

(ΦDM
i (Ei(1 + e))− Φexp

i )2

δΦ2
Θ(ΦDM

i − Φexp
i ) +

e2

δe2
, (4)

where Θ(x) = 1 if x > 0 and 0 otherwise; the sum runs over all angular and energy bins (with

mean energy Ei); the last term in the χ2 accounts for the δe ≈ 15% Fermi uncertainty on the

energy scale, that only has a minor effect on the bounds.

Typically, such global bound is a factor of few stronger than the bound obtained demanding

that no single point is exceeded at more than 3σ. Furthermore, there are conceptual advantages.

The ‘single point’ bound depends on how we choose the energy and angular binning and can

be dominated by the single bin where a downward statistical fluctuation happened in the total

rate. These drawbacks are avoided by the global fit.

2.3 Computing γ’s from DM

Since DM has no electric charge, γ-ray production from DM annihilations or decays occurs at

higher order in the electromagnetic coupling from many different processes with comparable

rates: i) bremsstrahlung from charged particles and π0 decays; ii) virtual emission, iii) loop

5

Less contaminated events will 
strengthen the bounds
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Fermi ! constraints
Final states with too much hard radiation (π0’s in &’s) are now 
excluded both in annihilating and decay models

No way to hide signals with the Annihilating vs. Decay ()2 vs ) 
“trick” that worked for the Galactic Center)  

Other leptonic 4-body final states are in tension in annihilating 
models for cuspy profiles (~ factor of 2. Uncert’ larger)

But...
Less contaminated events will 
strengthen the bounds

Galactic emission models fit ! 
data reasonably well without 
DM

!!

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

T.Porter, Fermi Symposium 2009

☞ DM should give O(1) fraction of ! emission at high energy
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Making Progress
AMS02: can tell whether positron fraction will 
continue to increase or not (necessary if DM is 
heavy); will drastically reduce CR propagation 
uncert’; will test some of the astro explanations

FERMI: Better bounds from less contaminated ! 
events and/or higher energy. Possible detection of 
DM subhalos !  Crucial to test the DM hypothesis, 
both for annihilating and for decay

Planck: very robust bounds from energy injection at 
recombination time can close the window for 
annihilating DM (Finkbeiner et al. 2009, Bertone et al. 2009)

Xenon/Lux: DM direct detection may have the 
chance to clarify the whole picture
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Ruled out by WMAP5
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 1 XDM µ+µ- 2500 GeV, BF = 2300
 2 µ+µ- 1500 GeV, BF = 1100
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 4 XDM e+e- 1000 GeV, BF = 300
 5 XDM 4:4:1 1000 GeV, BF = 420
 6 e+e- 700 GeV, BF = 220
 7 µ+µ- 1500 GeV, BF = 560
 8 XDM 1:1:2 1500 GeV, BF = 400
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12 XDM e+e- 150 GeV, BF = 16
13 e+e- 100 GeV, BF = 10

FIG. 6: Constraints on the annihilation cross-section 〈σAv〉
the efficiency factor f . The dark blue area is excluded by
WMAP5 data at 95% confidence, whereas the lighter blue
area shows the region of parameter space that will be probed
by Planck. The cyan area is the zone that can ultimately be
explored by a cosmic variance limited experiment with angu-
lar resolution comparable to Planck. Constraints are taken
from [42] (Fig. 4). The data points indicate the positions of
models which fit the observed cosmic-ray excesses, as fitted in
[20, 55]. Squares: PAMELA only. Diamonds: PAMELA and
Fermi. Crosses: PAMELA and ATIC. Error bars indicate the
factor-of-4 uncertainty in the required boost factor due to un-
certainties in the local dark matter density (any substructure
contributions are not taken into account). For models labeled
by “XDM” followed by a ratio, the annihilation is through an
XDM intermediate light state to electrons, muons and pions
in the given ratio (e.g. “XDM 4:4:1” corresponds to 4:4:1
annihilation to e+e−, µ+µ− and π+π−).

by WMAP5 constraints, either the enhancement must
be saturated over the redshift range in question (z ∼
100 − 4000), or α or f(z) must be extremely small – in
which case the model could not explain the cosmic-ray
anomalies described in the Introduction. For the models
of greatest interest, the enhancement S thus provides a
constant boost factor to the annihilation cross section at
z ∼ 1000, and our constraints apply directly.

At redshift z, the CMB temperature is ∼ 2.35 ×
10−4(1 + z) eV. This places an upper bound on the tem-
perature of the DM: however, after kinetic decoupling
the DM temperature evolves adiabatically as T ∝ z2,
and thus the WIMPs can be much colder than the pho-
ton temperature. [42] suggests v/c ∼ 10−8 at z ∼ 1000
for a 100 GeV WIMP.

If the enhancement is still unsaturated at such low ve-
locities, then the force carrier must be extremely light
compared to the WIMP mass. For the models recently
proposed in the literature [21, 23, 25, 57], the enhance-
ment has always saturated by this point as the force carri-
ers are much heavier than 10−8MDM. Other constraints
on models with very low-mass mediators also exist: as

one example, a 1/v enhancement which saturates at too
low a velocity can also cause runaway annihilations in
the first DM halos at the onset of structure formation
[58]. Furthermore, as shown in Fig. 6, models which fit
the recently observed cosmic-ray anomalies are already
close to being ruled out by WMAP5. If the Sommer-
feld enhancement in such models has not saturated by
(v/c) ∼ 10−8, this implies an effective cross section at re-
combination ∼ 4 − 5 orders of magnitude higher than in
the present-day Galactic halo. Such models are therefore
strongly excluded by WMAP5. Similarly, if the WIMP
annihilates to the same particle which mediates the Som-
merfeld enhancement, then in order for the enhancement
to evade the constraints in Fig. 6, the coupling α between
the WIMP and the force carrier must be extremely small
– reducing the annihilation cross section at freeze-out to
unacceptable levels for a thermal relic. Thus for a broad
range of well motivated models, it is self-consistent to as-
sume that the Sommerfeld enhancement is saturated for
the redshift range of interest (z ∼ 100 − 4000).

We can write the 95 % confidence limits from WMAP5
in terms of constraints on the total cross section,

〈σAv〉saturated <
3.6 × 10−24cm3/s

f

(

MDMc2

1TeV

)

, (6)

or as constraints on the maximum saturated enhance-
ment, relative to the thermal relic cross section 〈σAv〉 =
3 × 10−26 cm3/s,

Smax <
120

f

(

MDMc2

1TeV

)

. (7)

In both cases values of f for the different channels are
given in Table I.

These results directly limit the maximum boost fac-
tor possible from substructure, in Sommerfeld-enhanced
models. There has recently been considerable interest
in possible annihilation signals from dark matter sub-
halos, where the DM velocity dispersion is reduced and
the Sommerfeld-enhanced cross section is boosted (e.g.
[59, 60, 61, 62]). However, the saturated cross section
cannot be much larger than that required to fit the cos-
mic ray anomalies, so for models which fit the cosmic ray
anomalies, the lower velocity dispersion in subhalos will
not result in a higher annihilation cross section.

2. Sommerfeld-enhanced models fitting cosmic ray excesses

In Sommerfeld-enhanced models which produce the ob-
served excesses in e+e− cosmic rays, the saturation of
the enhancement is even more constrained than in the
general case. Since the cross sections required to fit
the cosmic ray anomalies are already nearly excluded by
WMAP5, as shown in Fig. 6, the enhancement must al-
ready be close to saturation at v ∼ 150 km/s (5×10−4c),
the estimated local WIMP velocity dispersion. Astro-
physical uncertainties – in the propagation of cosmic rays,
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Conclusions

Present data does not exclude DM annihilations or 
decays as an explanation for PAMELA & FERMI 
results (but bounds are tight and DM should give O(1) fraction of ! 
emission at high energy)

&’s final states are now excluded both for 
annihilating and decaying

Annihilations into many (e±), (±, π± and high DM 
mass (~2-5TeV) are required
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