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(b(E)f) +

∂
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(Vcf) = Qinj − 2hδ(z)Γspallf

h 2L

diffusion energy loss convective wind source spallations

Salati, Chardonnay, Barrau, 
Donato, Taillet, Fornengo, 
Maurin, Brun... ‘90s, ‘00s

spectrum
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What sets the overall expected flux?

    and      from  DM annihilations in halop̄ e+

astro&
cosmo

particle reference cross section:
σv = 3 · 10−26cm3/sec
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DM halo profiles
From N-body numerical simulations:

cuspy: NFW, Moore
mild: Einasto
smooth: isothermal

ρ⊙
=

0.3
GeV

/cm
3

r⊙

At small r: ρ(r) ∝ 1/rγ

Halo model α β γ rs in kpc

Cored isothermal 2 2 0 5

Navarro, Frenk, White 1 3 1 20

Moore 1 3 1.16 30

ρ(r) = ρ⊙
�r⊙

r

�γ
�
1 + (r⊙/rs)

α

1 + (r/rs)
α

�(β−γ)/α

10�3 10�2 10�1 1 10 102
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103

104

r in kpc

Ρ D
M
in
G
eV
�cm3

Kra

NFW

Moore

Iso

Einasto

ρ(r) = ρs · exp
�
− 2

α

��
r

rs

�α

− 1
�� Einasto | α = 0.17 rs = 20 kpc ρs = 0.06 GeV/cm3
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W−, Z, b, τ−, t, h . . . � e∓,
(−)
p ,

(−)

D . . .

primary 
channels

final 
products

de
ca

y
So what are the 
particle physics 
parameters?

1. Dark Matter mass 
2. primary channel(s)

DM

DM
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Positrons from PAMELA:

M.Boezio (PAMELA coll.) 2008

 - steep      excess 
above 10 GeV!

- very large flux!

e+

background ?

[backgnd]

(9430 e+ collected)
(errors statistical only, 

that’s why larger at high energy)

e+

e+ + e−
positron fraction:
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Electrons + positrons adding FERMI and HESS:

 - no                 excess e+ + e−

background ?

[formerly predicted GLAST sensitivity]

 - spectrum               .∼ E−3.04

�
�
����

�
�
�

�
�
�

�
�

�

�

�

�
� �����

� � � ��

�

�
�

�

�
�

�
�

�

�

� �
�

�

�
�

�
���

�

�
��

�

�

� �
� � � �

� �

�

�
�
�

�

�
� � � �

�

�
���

���� �
�
�
�

�

�

�

� � � �
� � �

�

�

�

������������������������
� �

10 102 103 104
10�3

10�2

10�1

energy in GeV

E3
�e� �e

�
�GeV

2 �cm2
se
c

FERMI 2009
HESS 2009
HESS 2008
ATIC 2008
PPB�BETS

EC
AMS
HEAT

CAPRICE94
Tang et al. 1984

 - a (smooth) cutoff?               .
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Are these signals of Dark Matter?

YES:

NO:

few TeV, leptophilic DM 
with huge 

a formidable ‘background’ for future searches

�σv� ≈ 10−23 cm3/sec

�σv� ≈ 10−24 cm3

sec

1 TeV, DM DM→ µ+µ−

Einasto, MAX
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from outside the Galaxy  γ

- isotropic flux of prompt and ICS gamma rays, integrated over z and r
- depends strongly on halo formation details and history

redshift z

e.
Indirect Detection: constraints
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Figure 1: Gamma ray fluxes for a few sample DM candidates, compared to the Fermi datapoints
in the different observation regions that we consider. See text for details.

3 Results

We start by reporting, in Fig. 1, the gamma-ray fluxes for a few typical TeV DM candidates with
large annihilation cross section in leptonic channels (of the type invoked to explain the anomalies
in e± data), in different angular windows and for different halo profiles. For each case we plot the
total gamma-ray flux and its different components: the prompt gamma-ray emission and the ICS
emission on StarLight (SL), on InfraRed light (IR) and on the CMB. Similar plots can be drawn
for the decaying DM case.

As apparent, in all these cases the spectral shapes of the curves of the DM signals are very
different from what is observed. In a �2 dΦ/d� plot, the Fermi data point show a decreasing
behaviour (that often seems well-accounted for by a simple, likely astrophysical, power-law), while
a curve rising up to∼TeV energy, possibly with a “double bump” feature (characteristic of the high
energy prompt and low energy ICS emissions) is expected from DM. This immediately reasserts
that a significant astrophysical signal is needed to account for the data, confirming the conservative
approach of our analysis.

The first two panels of Fig. 1 show the predicted signal in the ‘3◦×3◦’ and ‘5◦×30◦’ regions from
a DM candidate of mass 1.5 TeV, annihilating with 100% B.R. into µ+µ− with a cross section
of 3 10−23 cm3/sec, assuming an NFW or Einasto (i.e. those suggested by numerical N-body
simulations) respectively. It is evident that the predicted signal overshoots the data points, very
evidently in the first case but also significantly in the second case. These kind of DM candidates
are therefore clearly excluded by observations.
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Figure 1: Gamma ray fluxes for a few sample DM candidates, compared to the Fermi datapoints
in the different observation regions that we consider. See text for details.

3 Results

We start by reporting, in Fig. 1, the gamma-ray fluxes for a few typical TeV DM candidates with
large annihilation cross section in leptonic channels (of the type invoked to explain the anomalies
in e± data), in different angular windows and for different halo profiles. For each case we plot the
total gamma-ray flux and its different components: the prompt gamma-ray emission and the ICS
emission on StarLight (SL), on InfraRed light (IR) and on the CMB. Similar plots can be drawn
for the decaying DM case.

As apparent, in all these cases the spectral shapes of the curves of the DM signals are very
different from what is observed. In a �2 dΦ/d� plot, the Fermi data point show a decreasing
behaviour (that often seems well-accounted for by a simple, likely astrophysical, power-law), while
a curve rising up to∼TeV energy, possibly with a “double bump” feature (characteristic of the high
energy prompt and low energy ICS emissions) is expected from DM. This immediately reasserts
that a significant astrophysical signal is needed to account for the data, confirming the conservative
approach of our analysis.

The first two panels of Fig. 1 show the predicted signal in the ‘3◦×3◦’ and ‘5◦×30◦’ regions from
a DM candidate of mass 1.5 TeV, annihilating with 100% B.R. into µ+µ− with a cross section
of 3 10−23 cm3/sec, assuming an NFW or Einasto (i.e. those suggested by numerical N-body
simulations) respectively. It is evident that the predicted signal overshoots the data points, very
evidently in the first case but also significantly in the second case. These kind of DM candidates
are therefore clearly excluded by observations.
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Figure 1: Gamma ray fluxes for a few sample DM candidates, compared to the Fermi datapoints
in the different observation regions that we consider. See text for details.

3 Results

We start by reporting, in Fig. 1, the gamma-ray fluxes for a few typical TeV DM candidates with
large annihilation cross section in leptonic channels (of the type invoked to explain the anomalies
in e± data), in different angular windows and for different halo profiles. For each case we plot the
total gamma-ray flux and its different components: the prompt gamma-ray emission and the ICS
emission on StarLight (SL), on InfraRed light (IR) and on the CMB. Similar plots can be drawn
for the decaying DM case.

As apparent, in all these cases the spectral shapes of the curves of the DM signals are very
different from what is observed. In a �2 dΦ/d� plot, the Fermi data point show a decreasing
behaviour (that often seems well-accounted for by a simple, likely astrophysical, power-law), while
a curve rising up to∼TeV energy, possibly with a “double bump” feature (characteristic of the high
energy prompt and low energy ICS emissions) is expected from DM. This immediately reasserts
that a significant astrophysical signal is needed to account for the data, confirming the conservative
approach of our analysis.

The first two panels of Fig. 1 show the predicted signal in the ‘3◦×3◦’ and ‘5◦×30◦’ regions from
a DM candidate of mass 1.5 TeV, annihilating with 100% B.R. into µ+µ− with a cross section
of 3 10−23 cm3/sec, assuming an NFW or Einasto (i.e. those suggested by numerical N-body
simulations) respectively. It is evident that the predicted signal overshoots the data points, very
evidently in the first case but also significantly in the second case. These kind of DM candidates
are therefore clearly excluded by observations.
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Figure 2: The regions on the parameter space mχ–�σv� that are excluded by the diffuse galactic
gamma ray measurements by the Fermi satellite. The first column of panels refers to DM annihila-
tions into e+e−, the second into µ+µ− and the third into τ+τ−; the three rows assume respectively
an NFW, an Einasto and a cored Isothermal profile. Each panel shows the exclusion contour due
to Fermi observations of the ‘3◦ × 3◦’ region (blue short dashed line), ‘5◦ × 30◦’ region (orange
dashed line), the ‘10◦ − 20◦ strip’ (red long dashed line) and the ‘Galactic Poles’ |b| > 60◦ region
(black long dashed line). We also report the regions that allow to fit the PAMELA positron data
(green and yellow bands, 95 % and 99.999 % C.L. regions) and the PAMELA positron + Fermi and
HESS data (red and orange blobs, 95% and 99.999% C.L. regions).
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Figure 2: The regions on the parameter space mχ–�σv� that are excluded by the diffuse galactic
gamma ray measurements by the Fermi satellite. The first column of panels refers to DM annihila-
tions into e+e−, the second into µ+µ− and the third into τ+τ−; the three rows assume respectively
an NFW, an Einasto and a cored Isothermal profile. Each panel shows the exclusion contour due
to Fermi observations of the ‘3◦ × 3◦’ region (blue short dashed line), ‘5◦ × 30◦’ region (orange
dashed line), the ‘10◦ − 20◦ strip’ (red long dashed line) and the ‘Galactic Poles’ |b| > 60◦ region
(black long dashed line). We also report the regions that allow to fit the PAMELA positron data
(green and yellow bands, 95 % and 99.999 % C.L. regions) and the PAMELA positron + Fermi and
HESS data (red and orange blobs, 95% and 99.999% C.L. regions).
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Figure 2: The regions on the parameter space mχ–�σv� that are excluded by the diffuse galactic
gamma ray measurements by the Fermi satellite. The first column of panels refers to DM annihila-
tions into e+e−, the second into µ+µ− and the third into τ+τ−; the three rows assume respectively
an NFW, an Einasto and a cored Isothermal profile. Each panel shows the exclusion contour due
to Fermi observations of the ‘3◦ × 3◦’ region (blue short dashed line), ‘5◦ × 30◦’ region (orange
dashed line), the ‘10◦ − 20◦ strip’ (red long dashed line) and the ‘Galactic Poles’ |b| > 60◦ region
(black long dashed line). We also report the regions that allow to fit the PAMELA positron data
(green and yellow bands, 95 % and 99.999 % C.L. regions) and the PAMELA positron + Fermi and
HESS data (red and orange blobs, 95% and 99.999% C.L. regions).
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Figure 5. Cross section �σv� limits on dark matter annihilation into bb̄ final states. The blue regions
mark the (90, 95, 99.999)% exclusion regions in the MSII-Sub1 ∆2(z) DM structure scenario (and
for the other structure scenarios only 95% upper limit lines). The absorption model in Gilmore et
al. [68] is used, and the relative effect if instead using the Stecker et al. [69] model is illustrated by the
upper branching of the dash-dotted line in the MSII-Res case. Our conservative limits are shown on
the left and the stringent limits on the right panel. The grey regions show a portions of the MSSM7
parameter space where the annihilation branching ratio into final states of bb̄ (or bb̄ like states) is
> 80%. See main text for more details.

particle propagation in the Galaxy. In the preparation of this paper, Fermi-LAT data was
used in [10, 11] to set cross section limits on Galactic DM induced gamma-rays. In these two
papers, their data analysis method is more similar to our conservative analysis approach, and
the presented limits are comparable to our conservative MSII-sub1 limits when their Galactic
DM halos are described by a smooth Einasto or NFW DM density profile. As mentioned, most
hadronic channels are very similar in their gamma-ray production. To within roughly a factor
of two (if final states are not very close to, or below, production thresholds) our cross section
limits are also valid for prompt annihilation into the standard model gauge bosons, other
quarks, as well as (for WIMP masses below about 100 GeV) into the leptonic τ+τ− channel.

Figure 6 shows the exclusion region for the leptonic DM model, together with the 2σ
best fit region for this model to the PAMELA and Fermi-LAT positron and electron data.
The sharp upper endings of the gray best fit regions come from the constrain to not overshoot
HESS data [104]. Both the best fit regions and the exclusion regions for all our discussed
DM scenarios are calculated in a self-consistent way, modulo minor corrections. Below a DM
mass of about 500GeV, the limits on these models are determined by the FSR signal at the
high-energy end of the DM spectra, see figure 4, and therefore depend more substantially
on the choice of the absorption model. We note here that this conclusion holds even if one
considers the constraints that the low energy COMPTEL [105] and EGRET [25, 26] data
would pose on the first (IC) peak in the spectra. The difference between the Stecker et
al. [69] and the Gilmore et al. [68] absorption model results in a difference in the FSR signal
calculated in the two cases by a factor � 2, and affects our limits correspondingly.
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Table 4. Properties of the dark matter halos of dwarf spheroidals used in this study.

Name [〈R〉, 〈P〉]
[

〈R2〉 − 〈R〉2, 〈P2〉 − 〈P〉2, 〈RP〉 − 〈R〉〈P〉
]

JNFW

R ≡ log10(rs/kpc), P ≡ log10(ρs/M% kpc
−3) (1019 GeV2

cm5 )

Ursa Major II [−0.78, 8.54] [0.0417, 0.0986, −0.0554] 0.58+0.91
−0.35

Coma Berenices [−0.79, 8.41] [0.0603, 0.132, −0.0820] 0.16+0.22
−0.08

Bootes I [−0.57, 8.31] [0.0684, 0.165, −0.0931] 0.16+0.35
−0.13

Usra Minor [−0.19, 7.99] [0.0430, 0.116, −0.0697] 0.64+0.25
−0.18

Sculptor [−0.021, 7.57] [0.0357, 0.0798, −0.0528] 0.24+0.06
−0.06

Draco [0.32, 7.41] [0.0236, 0.0364, −0.0286] 1.20+0.31
−0.25

Sextans [−0.43, 7.93] [0.0302, 0.109, −0.0570] 0.06+0.03
−0.02

Fornax [−0.24, 7.82] [0.0474, 0.140, −0.0798] 0.06+0.03
−0.03

Note. — These parameters are obtained from measured stellar (line of sight) velocities. ρs and rs are

the density and scale radius for the dark matter halo distribution. The first column, [log10(ρs), log10(rs)],

is the average in the joint log10(rs) − log10(ρs) parameter space, whose posterior is well described by a

Gaussian distribution centered on the average value given. The second column gives the diagonal and

off diagonal components of the covariance matrix that may be used to approximate the joint probability

distribution of ρs and rs as a Gaussian in log10(rs) and log10(ρs). The last column provides JNFW (see

Eq. 4), which is proportional to the pair annihilation flux coming from a cone of solid angle 2.4 10−4 sr

centered on the dwarf. The errors on JNFW are obtained from the full MCMC probability distribution

and bracket the range which contains 68% of the total area under the probability distribution.
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Figure 7: Best fit annihilating DM models (with Einasto density profile) for the isotropic diffuse
gamma-ray background (upper left panel). The solid and dashed lines represent the models without
and with the Galactic substructure, respectively. For the case with substructure we have assumed
ρeffsub = 10 × ρ⊙. The averaged spectra of the same models in several Galactic regions are also
shown: b > 60 (upper right panel), 20 < b < 60 (lower left panel), 10 < b < 20 (lower right panel).
NOTE: The fit is performed only for the isotropic diffuse component (upper left panel). For the
other regions the minimal requirement for acceptability is that models should not exceed the data
points.

are many possible sources like AGNs, emission from starburst galaxies, gamma-rays from

structure formation shocks etc that might contribute to the isotropic diffuse gamma-ray

background, it is not completely unrealistic that a large portion of this signal might be due

to DM. Under that brave assumption we have carried out a fitting procedure using both

annihilating and decaying DM models.

As expected, there are indeed regions in the parameter space which provide acceptable

fits. By looking at Fig. 1 it is clear that in order to obtain an acceptable fit for the an-

nihilating DM one has to keep the extragalactic component as small as possible, which is
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FIG. 7. Best fit for the annihilating dark matter scenario, with χ2
red ≈ .44. The spatial profile of the dark matter is Einasto

with α = 0.22. Black dashed lines are the background prediction for a model with γe = 2.5 and Br = 8.5 kpc. Red dashed
lines give the contribution of the new source injection, and solid red lines are the total. The gray shaded region is the error
estimate on the best-fit injection spectrum.

B. Decaying Dark Matter Results

For the decaying dark matter case, we assume the same
range of dark matter density profiles as in the annihilat-
ing case. Again, in practice we will be limited to the case
where α = 0.12. This time a steeper profile is required to
produce sufficient synchrotron signal to fit the WMAP
data.
The model parameters can be determined from Eq. 12

and Eq. 14. We assume dN/dE cuts off at around mχ/2
this time. Again, this cutoff is rather sensitive to the
high-energy part of the spectrum, which has large error
bars, but values of ! 2 TeV are expected given the data.
By definition, dN/dE satisfies

∫

E
dN

dE
dE = mχ/2. (20)

Again, we integrate the local injection multiplied by en-
ergy, giving

∫

E Q1(E, "x0) dE = τ−1
χ

ρ0
2

fE(e+e−)

2
. (21)

This allows us to determine the dark matter lifetime over
the energy fraction. However, note that in many cases,
dN/dE does not cut off in the energy ranges we consider
and the spectrum is essentially unconstrained at higher
energies. Then we only obtain bounds on the mass and
lifetime.
The best fit is shown in Fig. 8. There is no clear mass

cutoff in the best-fit spectrum, so the mass of the particle
can be from ∼ 4 TeV to greater than 16 TeV.
Because in the decaying scenario the injected power is

proportional to ρχ and not ρ2χ, generally it is harder to
generate enough synchrotron and IC signal. Both of these
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FIG. 7. Best fit for the annihilating dark matter scenario, with χ2
red ≈ .44. The spatial profile of the dark matter is Einasto

with α = 0.22. Black dashed lines are the background prediction for a model with γe = 2.5 and Br = 8.5 kpc. Red dashed
lines give the contribution of the new source injection, and solid red lines are the total. The gray shaded region is the error
estimate on the best-fit injection spectrum.

B. Decaying Dark Matter Results

For the decaying dark matter case, we assume the same
range of dark matter density profiles as in the annihilat-
ing case. Again, in practice we will be limited to the case
where α = 0.12. This time a steeper profile is required to
produce sufficient synchrotron signal to fit the WMAP
data.
The model parameters can be determined from Eq. 12

and Eq. 14. We assume dN/dE cuts off at around mχ/2
this time. Again, this cutoff is rather sensitive to the
high-energy part of the spectrum, which has large error
bars, but values of ! 2 TeV are expected given the data.
By definition, dN/dE satisfies

∫

E
dN

dE
dE = mχ/2. (20)

Again, we integrate the local injection multiplied by en-
ergy, giving

∫

E Q1(E, "x0) dE = τ−1
χ

ρ0
2

fE(e+e−)

2
. (21)

This allows us to determine the dark matter lifetime over
the energy fraction. However, note that in many cases,
dN/dE does not cut off in the energy ranges we consider
and the spectrum is essentially unconstrained at higher
energies. Then we only obtain bounds on the mass and
lifetime.
The best fit is shown in Fig. 8. There is no clear mass

cutoff in the best-fit spectrum, so the mass of the particle
can be from ∼ 4 TeV to greater than 16 TeV.
Because in the decaying scenario the injected power is

proportional to ρχ and not ρ2χ, generally it is harder to
generate enough synchrotron and IC signal. Both of these
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FIG. 7. Best fit for the annihilating dark matter scenario, with χ2
red ≈ .44. The spatial profile of the dark matter is Einasto

with α = 0.22. Black dashed lines are the background prediction for a model with γe = 2.5 and Br = 8.5 kpc. Red dashed
lines give the contribution of the new source injection, and solid red lines are the total. The gray shaded region is the error
estimate on the best-fit injection spectrum.

B. Decaying Dark Matter Results

For the decaying dark matter case, we assume the same
range of dark matter density profiles as in the annihilat-
ing case. Again, in practice we will be limited to the case
where α = 0.12. This time a steeper profile is required to
produce sufficient synchrotron signal to fit the WMAP
data.
The model parameters can be determined from Eq. 12

and Eq. 14. We assume dN/dE cuts off at around mχ/2
this time. Again, this cutoff is rather sensitive to the
high-energy part of the spectrum, which has large error
bars, but values of ! 2 TeV are expected given the data.
By definition, dN/dE satisfies

∫

E
dN

dE
dE = mχ/2. (20)

Again, we integrate the local injection multiplied by en-
ergy, giving

∫

E Q1(E, "x0) dE = τ−1
χ

ρ0
2

fE(e+e−)

2
. (21)

This allows us to determine the dark matter lifetime over
the energy fraction. However, note that in many cases,
dN/dE does not cut off in the energy ranges we consider
and the spectrum is essentially unconstrained at higher
energies. Then we only obtain bounds on the mass and
lifetime.
The best fit is shown in Fig. 8. There is no clear mass

cutoff in the best-fit spectrum, so the mass of the particle
can be from ∼ 4 TeV to greater than 16 TeV.
Because in the decaying scenario the injected power is

proportional to ρχ and not ρ2χ, generally it is harder to
generate enough synchrotron and IC signal. Both of these
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Figure 7: Best fit annihilating DM models (with Einasto density profile) for the isotropic diffuse
gamma-ray background (upper left panel). The solid and dashed lines represent the models without
and with the Galactic substructure, respectively. For the case with substructure we have assumed
ρeffsub = 10 × ρ⊙. The averaged spectra of the same models in several Galactic regions are also
shown: b > 60 (upper right panel), 20 < b < 60 (lower left panel), 10 < b < 20 (lower right panel).
NOTE: The fit is performed only for the isotropic diffuse component (upper left panel). For the
other regions the minimal requirement for acceptability is that models should not exceed the data
points.

are many possible sources like AGNs, emission from starburst galaxies, gamma-rays from

structure formation shocks etc that might contribute to the isotropic diffuse gamma-ray

background, it is not completely unrealistic that a large portion of this signal might be due

to DM. Under that brave assumption we have carried out a fitting procedure using both

annihilating and decaying DM models.

As expected, there are indeed regions in the parameter space which provide acceptable

fits. By looking at Fig. 1 it is clear that in order to obtain an acceptable fit for the an-

nihilating DM one has to keep the extragalactic component as small as possible, which is
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FIG. 7. Best fit for the annihilating dark matter scenario, with χ2
red ≈ .44. The spatial profile of the dark matter is Einasto

with α = 0.22. Black dashed lines are the background prediction for a model with γe = 2.5 and Br = 8.5 kpc. Red dashed
lines give the contribution of the new source injection, and solid red lines are the total. The gray shaded region is the error
estimate on the best-fit injection spectrum.

B. Decaying Dark Matter Results

For the decaying dark matter case, we assume the same
range of dark matter density profiles as in the annihilat-
ing case. Again, in practice we will be limited to the case
where α = 0.12. This time a steeper profile is required to
produce sufficient synchrotron signal to fit the WMAP
data.
The model parameters can be determined from Eq. 12

and Eq. 14. We assume dN/dE cuts off at around mχ/2
this time. Again, this cutoff is rather sensitive to the
high-energy part of the spectrum, which has large error
bars, but values of ! 2 TeV are expected given the data.
By definition, dN/dE satisfies

∫

E
dN

dE
dE = mχ/2. (20)

Again, we integrate the local injection multiplied by en-
ergy, giving

∫

E Q1(E, "x0) dE = τ−1
χ

ρ0
2

fE(e+e−)

2
. (21)

This allows us to determine the dark matter lifetime over
the energy fraction. However, note that in many cases,
dN/dE does not cut off in the energy ranges we consider
and the spectrum is essentially unconstrained at higher
energies. Then we only obtain bounds on the mass and
lifetime.
The best fit is shown in Fig. 8. There is no clear mass

cutoff in the best-fit spectrum, so the mass of the particle
can be from ∼ 4 TeV to greater than 16 TeV.
Because in the decaying scenario the injected power is

proportional to ρχ and not ρ2χ, generally it is harder to
generate enough synchrotron and IC signal. Both of these
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FIG. 7. Best fit for the annihilating dark matter scenario, with χ2
red ≈ .44. The spatial profile of the dark matter is Einasto

with α = 0.22. Black dashed lines are the background prediction for a model with γe = 2.5 and Br = 8.5 kpc. Red dashed
lines give the contribution of the new source injection, and solid red lines are the total. The gray shaded region is the error
estimate on the best-fit injection spectrum.

B. Decaying Dark Matter Results

For the decaying dark matter case, we assume the same
range of dark matter density profiles as in the annihilat-
ing case. Again, in practice we will be limited to the case
where α = 0.12. This time a steeper profile is required to
produce sufficient synchrotron signal to fit the WMAP
data.
The model parameters can be determined from Eq. 12

and Eq. 14. We assume dN/dE cuts off at around mχ/2
this time. Again, this cutoff is rather sensitive to the
high-energy part of the spectrum, which has large error
bars, but values of ! 2 TeV are expected given the data.
By definition, dN/dE satisfies

∫

E
dN

dE
dE = mχ/2. (20)

Again, we integrate the local injection multiplied by en-
ergy, giving

∫

E Q1(E, "x0) dE = τ−1
χ

ρ0
2

fE(e+e−)

2
. (21)

This allows us to determine the dark matter lifetime over
the energy fraction. However, note that in many cases,
dN/dE does not cut off in the energy ranges we consider
and the spectrum is essentially unconstrained at higher
energies. Then we only obtain bounds on the mass and
lifetime.
The best fit is shown in Fig. 8. There is no clear mass

cutoff in the best-fit spectrum, so the mass of the particle
can be from ∼ 4 TeV to greater than 16 TeV.
Because in the decaying scenario the injected power is

proportional to ρχ and not ρ2χ, generally it is harder to
generate enough synchrotron and IC signal. Both of these
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red ≈ .44. The spatial profile of the dark matter is Einasto

with α = 0.22. Black dashed lines are the background prediction for a model with γe = 2.5 and Br = 8.5 kpc. Red dashed
lines give the contribution of the new source injection, and solid red lines are the total. The gray shaded region is the error
estimate on the best-fit injection spectrum.

B. Decaying Dark Matter Results

For the decaying dark matter case, we assume the same
range of dark matter density profiles as in the annihilat-
ing case. Again, in practice we will be limited to the case
where α = 0.12. This time a steeper profile is required to
produce sufficient synchrotron signal to fit the WMAP
data.
The model parameters can be determined from Eq. 12

and Eq. 14. We assume dN/dE cuts off at around mχ/2
this time. Again, this cutoff is rather sensitive to the
high-energy part of the spectrum, which has large error
bars, but values of ! 2 TeV are expected given the data.
By definition, dN/dE satisfies

∫

E
dN

dE
dE = mχ/2. (20)

Again, we integrate the local injection multiplied by en-
ergy, giving

∫

E Q1(E, "x0) dE = τ−1
χ

ρ0
2

fE(e+e−)

2
. (21)

This allows us to determine the dark matter lifetime over
the energy fraction. However, note that in many cases,
dN/dE does not cut off in the energy ranges we consider
and the spectrum is essentially unconstrained at higher
energies. Then we only obtain bounds on the mass and
lifetime.
The best fit is shown in Fig. 8. There is no clear mass

cutoff in the best-fit spectrum, so the mass of the particle
can be from ∼ 4 TeV to greater than 16 TeV.
Because in the decaying scenario the injected power is

proportional to ρχ and not ρ2χ, generally it is harder to
generate enough synchrotron and IC signal. Both of these
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Gamma reach
‘Fermi pre-launch estimates’, Baltz et al., 0806.2911

Diffuse galactic gamma (bb channel) (tt, WW channel)

Dwarf Satellites

With a bit of luck, 
Fermi will see signals.



production at colliders

direct detection

indirect

 from annihil in galactic center or halo
 and from synchrotron emission

from annihil in galactic halo or center
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from annihil in galactic halo or center
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ν, ν̄ from annihil in galactic center

D̄ from annihil in galactic halo or center
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PAMELA, ATIC, Fermi

bonus track: cosmology

Indirect Detection: constraints



Cosmology: 
bounds from reionization

DM particle
annihilations
produce
free electrons
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ICS 
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hydrogen and helium gas is assumed to be ionized below redshift 6, and helium is also doubly
ionized below redshift z = 3. Recalling that helium constitutes about 24% in mass [39] of the
baryonic content of the universe (so that the number of helium atoms nHe = 0.06 nb, while for
hydrogen nH = 0.76 nb), one can simply express τ in terms of the number density of atoms
today nA = (0.76 + 0.06) nb = 0.82 ρcΩb/mp � 1.92 · 10−7cm−3 as

τ = nA σT
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In the above relations, nb and Ωb represent the number density and energy fraction of baryons
today (mp being the proton mass) and the factors of (1+z)3 rescale the densities to any redshift.

δτ denotes the amount of early optical depth caused by the unknown fraction xion(z) of
(singly) ionized atoms above redshift 6. Such reionized fraction obeys the differential equation

nA(1 + z)3
dxion(z)

dt
= I(z)−R(z), (6)

or, equivalently, in terms of redshift

−nAH0
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ΩM(1 + z)11/2
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= I(z)−R(z). (7)

On the right hand side are the rate of ionization per volume I(z), that tends to increase xion,
and the rate per volume R(z) = RH(z) + RHe(z) with which hydrogen and helium atoms of the
IGM tend to recombine even while reionization is proceeding. These recombination rates are
explicitly given by the following expressions. For hydrogen

RH(z) = κH nH ne− = κH
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where κH � 3.75 · 10−13
�
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�0.724
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/sec is an effective coefficient determined by fits to
experimental data [40]. Tigm(z) is the temperature of the IGM, also affected by DM annihila-
tions, that we will discuss below. Similarly, for helium

RHe(z) = κHe
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with κHe � 3.925 · 10−13
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/sec [40].
The rate of ionizations per volume produced by DM annihilations at any given redshift z is

given by

I(z) =

� mχ
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dEγ
dn

dEγ
(z) · P (Eγ, z) · Nion(Eγ) (10)

where dn
dEγ

(z) is the spectral number density of DM-produced photons that are present at
redshift z, which we will discuss extensively below, and one has to integrate over all photon
energies Eγ from the H ionization energy ei (or the He one, we here for simplicity do not
distinguish the two) up to the maximum energy mχ. P (Eγ, z) is the probability of primary
ionizations per second, given by

P (Eγ, z) = nA(1 + z)3 [1− xion(z)] · σtot(Eγ), (11)
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redshift z, which we will discuss extensively below, and one has to integrate over all photon
energies Eγ from the H ionization energy ei (or the He one, we here for simplicity do not
distinguish the two) up to the maximum energy mχ. P (Eγ, z) is the probability of primary
ionizations per second, given by

P (Eγ, z) = nA(1 + z)3 [1− xion(z)] · σtot(Eγ), (11)
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In the above relations, nb and Ωb represent the number density and energy fraction of baryons
today (mp being the proton mass) and the factors of (1+z)3 rescale the densities to any redshift.

δτ denotes the amount of early optical depth caused by the unknown fraction xion(z) of
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since the first terms represent the number of target atoms that can be ionized and σtot is total

cross section for all the interactions suffered by the DM-sourced photon and that result in the

production of free electrons. It contains several contributions (we follow e.g. the discussion

in [37]): the cross section for atomic photo-ionization γA→ e−A+
[41] (dominant up to about

1 MeV), the Klein-Nishina cross section for Compton scattering γe− → γe− [42] (dominant to

about 1 GeV) and the cross section for pair production on matter γA→ e±A�
[41] (important at

energies larger than 1 GeV). At higher energies, another processes that produces free electrons

becomes important: pair production on CMB photons γ γCMB → e+e−. At redshift z � few

hundred in which we are interested, its threshold is however above 10 TeV. We do not include

the scatterings γ γCMB → γ γ, as they do not result in free electrons but just redistribute the

photon energies.

Nion(Eγ) is the number of final ionizations that the primary-ionization electron generated

by a single photon of energy Eγ produces. It is simply given by

Nion(Eγ) = ηion(xion(z)) Eγ

�
nH

nA

1

ei,H
+

nHe

nA

1

ei,He

�
= ηion(xion(z))

Eγ

GeV
µ (12)

in terms of the ionization potential energies of hydrogen ei,H = 13.7 eV and helium ei,He =

24.6 eV and their respective number abundances in the IGM. Here µ = 2.35 · 10
7

GeV
−1

corresponds to the number of ionizations that an electron of 1 GeV would end up causing if

it were to release all of its energy in reionizations. The factor ηion takes into account the fact

that only a portion of that energy actually goes into ionizations, the rest causing only heating

and atomic excitations. Such fraction depends in turn on xion(z) itself, as determined by the

detailed studies in [43, 44]:

ηion

�
xion(z)

�
=

1− xion(z)

3
. (13)

The spectral number density of DM-produced photons
dn

dEγ
(z) present at redshift z is ob-

tained by integrating the fluxes of photons produced at all previous redshifts (z�) taking into

account, with an absorption factor, the fact that some of them have already deposited their

energies at previous redshifts. In formulæ
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dEγ
(z) =
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dN

dE �
γ

(z�)
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3

(1 + z�)3
· A(z�) · exp
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�
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Here
dN
dE�

γ
(z�) is the spectrum of photons produced at z� by one single annihilation. The factors

of (1 + z)
3/(1 + z�)3

rescale the number densities taking into account the expansion of the

Universe. The absorption coefficient Υ reads

Υ(z, z�, E �
γ) � −

� z

z�
dz��

dt

dz��
nA(1 + z��)3σtot(E

��
γ ) (15)

where here E ��
γ = E �

γ(1+z��)/(1+z�). A(z�) represents the rate of DM annihilations per volume.

It encodes therefore the information about the density of annihilating DM particles and in

particular the halo formation history, that we discuss in the next subsection.

As we already anticipated, beside producing ionization, DM annihilations have also the

effect of heating the gas. The other important quantity that we need to compute, therefore, is

Tigm(z) (that also enters in the recombination rates discussed above). It obeys the differential
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equation [12]

dTigm(z)

dz
=

2 Tigm(z)

1 + z

− 1

H0

√
ΩM (1 + z)5/2

�
xion(z)

1 + xion(z) + 0.073

TCMB(z)− Tigm(z)

tc(z)
+

2 ηheat(xion(z)) E(z)

3 nA(1 + z)3

�
.

(16)

The first term just corresponds to the usual adiabatic cooling of the gas during the expansion

of the Universe. It would lead to Tigm(z) ∝ (1 + z)2.

The second term accounts for the coupling between the IG gas and the CMB photons, that

have a (redshift-dependent) temperature TCMB. When the gas is hotter than the surrounding

CMB, some of its energy is transferred to the photons and therefore the gas ‘Compton-cools’

down. On the contrary, if the gas is colder than the CMB, it is warmed up. The expression

for the term in eq. (16) is obtained by writing the rate of change between the free electrons of

the gas and the CMB photons as [45] dEe↔γ/dt = 4σT U kB ne(1 + z)3 (TCMB − Tigm)/me and

then translating in terms of the rate of change of Tigm of all particles in the gas dEe↔γ →
3/2 kBntot(1 + z)3

dTigm (finally using eq. (4) to pass to redshift) [46]. In these relations

U = ς T
4

CMB
is the energy density in the CMB blackbody bath (with ς the Stefan-Boltzmann

constant [47]) and me is the electron mass. Thus in eq. (16) tc(z) = 3me/(8 σT ς T
4

CMB
(z)). The

various factors of (1 + z)3 rescale the number densities with redshift. ne = xion(z) nA is the

fraction of free electrons while ntot = ne +nH+ +nH +nHe = nA(xion(z)+1+0.073) contains the

number density of all types of relevant particles in the gas, because it is assumed that collisions

keep them at the same temperature (helium is here assumed to remain neutral, for simplicity).

The third term accounts for the heating induced by DM annihilations. As DM injects energy

at a rate E(z), the temperature changes at a rate given by 3/2 kB nA(1 + z)3
dTigm/dt = ηheatE

(then translated into a rate of change with z as usual). Analogously to eq. (13), the factor ηheat

expresses the fact that only a portion of the energy goes into heating. We adopt [43]

ηheat

�
xion(z)

�
= C

�
1− (1− x

a
ion

)
b
�

(17)

with C = 0.9971, a = 0.2663, b = 1.3163. In terms of the quantities introduced above, the

total energy deposited per second per volume by the photons in the intergalactic medium at a

given redshift z reads

E(z) =

� mχ

0

dEγ
dn

dEγ
(z) · nA(1 + z)

3 · σtot(Eγ) · Eγ. (18)

Solving numerically the coupled differential equations (7) and (16) allows to obtain two

expressions for xion(z) (from which the value for δτ in eq.(5)) and Tigm(z), to be compared with

the observational constraints discussed in the Introduction (eqs. (1) and (2)). We integrate the

equations from z = 600 to z = 6.

2.1 Structure Formation theory

The annihilation rate per volume at any given redshift can be thought of as the sum of two parts

A(z) = A
sm(z) + A

struct(z). The former comes from a uniform density field of Dark Matter, to

which we refer as “smooth”, dominant before structure formation at redshifts z �100, and can

be written as

A
sm

(z) =
�σv�
2 m2

χ

ρ2

DM,0 (1 + z)
6
, (19)
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Figure 1: The evolution of the effective DM density ρeff
DM as a function of redshift. Blue,

magenta and orange lines refer to Mmin=10−9M⊙/10−6M⊙/10−3M⊙, respectively (from top to
bottom). The different panels assume different halo profiles.

where Mmin is the mass of the smallest halos that form, on which we will return below. In its
final form the annihilation rate at any given redshift reads

A(z) =
�σv�
2 m2

χ

ρ2
DM,0(1 + z)6 (1 + Bi(z)) , (27)

thus allowing us to define an effective, averaged DM density resulting from structure formation,
ρeff

DM(z) = ρDM,0 (1 + z)3
�

1 + Bi(z) which we plot in figure 1, for different cases. We discuss it
in the following section.

3 Discussion

Armed with the formalism above, we are able to compute the total optical depth and the
final temperature of the IG gas resulting from DM annihilations. We now discuss its practical
implementation.

3.1 Structure formation parameters

A critical quantity for the integration of eq. (26) is the concentration parameter cvir(M, z), which
can be thought of the (normalized) physical radius of a halo of given mass M . It is usually
obtained by the results of numerical simulations, and in particular is found to be inversely
proportional to the redshift z, namely cvir(M, z)=cvir(M, 0)/(1 + z) (Bullock et al. (2001) in
[49]), as the radius of a halo of given mass grows with the redshift as the Universe expands. We
have adopted the cvir(M, 0) best fitting a WMAP3 cosmology [50], from [51] (Eq. 9). The core
radius rs(M) is instead the radius of the core of a halo of given mass M , and its size depends
on the chosen profile. In the table at page 11 we give the adopted values of rs(M) for a Milky
Way sized halo, and the corresponding energy density ρs.

The Dark Matter profiles of the forming halos are assumed to be determined by numerical
simulations. Recent, state-of-the-art computations seem to converge towards the so called

9

with mχ being the mass of the DM particle, �σv� the self-annihilation rate, and ρDM,0 is the

“smooth” DM density today ρDM,0 = ΩDMρc, ρc being the critical density of the Universe today.

As DM collapses into gravitationally bound structures, the rise of local density will provide an

increase in the rate of annihilations averaged over large volumes; such additional contribution

from structure formation can be cast in terms of the number of halos of a given mass M to

form at a given redshift z, and on the DM density distribution inside them, namely

Astruct
(z) =

�σv�
2 m2

χ

�
dM

dn

dM
(z,M) (1 + z)

3

�
dr 4πr2 ρ2

i (r,M(z)). (20)

For the halo mass distribution dn/dM we adopt the Press-Schechter formalism [48]

dn

dM
(M, z) =

�
π

2

ρM

M
δc (1 + z)

dσ(R)

dM

1

σ2(R)
exp

�
−δ2

c (1 + z)
2

2σ2(R)

�
(21)

where σ(R) is the variance of the density field inside a radius R and δc = 1.28.

We will consider different cases for the most common halo DM profiles ρi(r), commenting more

about them in Section 3. The integral on the halo density squared in eq. (20) can be recast in

terms of the virial mass of the halo

M(z) =
4

3
πr3

s ∆vir(z) ΩM ρ(z) c3
vir(M, z). (22)

and the DM halo mass MDM(z) obtained by integrating the DM profile up to the cutoff
cvir(M, z) = rvir(M, z)/rs (the concentration parameter)

MDM(z) =

�
ΩDM

ΩM

�
M(z) = 4πr3

s ρs(M(z))

� cvir(M,z)

0

x2 fi(x) dx. (23)

Here rvir is the virial radius. The integration variable is defined as x ≡ r/rs, rs is the core

radius of the given profile, ρs(r,M(z)) = ρi(M(z))/fi(x) and fi(x) is a functional form for the

given type of profile. We discuss our choices for cvir(M, z) and fi(x), and their impact on the

final results in Section 3.

∆vir(z) is the virial overdensity of the Universe due to the DM clustering at any given redshift

(the radius within which the mean energy density in the halo is ∆vir(z) times the smooth density

at the given redshift ρ(z) = ρcΩM(1 + z)
3
), depends only on the given cosmology and for a flat

ΛCDM universe can be written as [64]

∆vir(z) =

�
18π2

+ 82(ΩM(z)− 1)− 39(ΩM(z)− 1)
2

ΩM(z)

�
, (24)

being a smooth function of the redshift. It is approximately 18π2
for large enough redshifts.

By defining the concentration function

Fi(M, z) = cvir(M, z)
3

� cvir(M,z)

0 x2 fi(x)
2 dx

�� cvir(M,z)

0 x2 fi(x) dx
�2 , (25)

we can conveniently recast Astruct
(z) in terms of a “boost” Bi(z) due to the structure formation:

Bi(z) =
∆vir(z)

3 ρcΩM

� ∞

Mmin

dM M
dn

dM
(z,M) Fi(M, z), (26)
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Here rvir is the virial radius. The integration variable is defined as x ≡ r/rs, rs is the core

radius of the given profile, ρs(r,M(z)) = ρi(M(z))/fi(x) and fi(x) is a functional form for the

given type of profile. We discuss our choices for cvir(M, z) and fi(x), and their impact on the

final results in Section 3.

∆vir(z) is the virial overdensity of the Universe due to the DM clustering at any given redshift

(the radius within which the mean energy density in the halo is ∆vir(z) times the smooth density

at the given redshift ρ(z) = ρcΩM(1 + z)
3
), depends only on the given cosmology and for a flat

ΛCDM universe can be written as [64]

∆vir(z) =

�
18π2

+ 82(ΩM(z)− 1)− 39(ΩM(z)− 1)
2

ΩM(z)

�
, (24)

being a smooth function of the redshift. It is approximately 18π2
for large enough redshifts.

By defining the concentration function

Fi(M, z) = cvir(M, z)
3

� cvir(M,z)

0 x2 fi(x)
2 dx

�� cvir(M,z)

0 x2 fi(x) dx
�2 , (25)

we can conveniently recast Astruct
(z) in terms of a “boost” Bi(z) due to the structure formation:

Bi(z) =
∆vir(z)

3 ρcΩM

� ∞

Mmin

dM M
dn

dM
(z,M) Fi(M, z), (26)
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Cosmology: 
bounds from reionization

Figure 2: History of the ionization fraction as a function of redshift. The black solid
line corresponds to the standard recombination history, without dark matter annihilation
effects. Also shown are the cases of dark matter with annihilation cross section 〈σv〉e+e− =
10−24 and 5 × 10−24 cm3s−1 with the dark matter mass mχ=1 TeV.

where ERy = 13.6 eV is the Rydberg energy, mχ and nχ are the mass and number density
of the dark matter particle, nH is the number density of the hydrogen atom.

−

[

dTb

dz

]

DM

=
∑

F

∫

z

dz′

H(z′)(1 + z′)

2n2
χ(z′)〈σv〉F
3nH(z′)

mχ

dχ(F )
h (E, z′, z)

dz
. (12)

Here we have defined

dχ(F )
i,h (E, z′, z)

dz
=

∫

dE
E

mχ

[

dN (e)
F

dE

dχ(e)
i,h(E, z′, z)

dz
+

dN (γ)
F

dE

dχ(γ)
i,h (E, z′, z)

dz

]

, (13)

where dN (e,γ)
F /dE denotes the spectrum of the electron and photon produced per dark

matter annihilation into the mode F , and 〈σv〉F denotes the annihilation cross section
into that mode. We have included these terms in the RECFAST code [22], which is
implemented in the CAMB code [23] for calculating the CMB anisotropy. Here and
hereafter, we fix the cosmological parameters to the WMAP five year best fit values [24].
The reionization optical depth is also fixed to be the best fit value and need not be
reevaluated when the dark matter annihilation effect is included, since it depends only
on the reionization history at low-redshift. It is noted that the energy integral in (13) for
given final states F can be performed before solving the evolution equation once we have
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- Minimal extensions of the SM: 
heavy WIMPS (Minimal DM, Inert Doublet) 

- More drastic extensions: 
New models with a rich Dark sector

- Decaying DM

Model building

Tytgat et al. 0901.2556Cirelli, Strumia et al. 2005-2009

Ibarra et al., 2007-2009          Nardi, Sannino, Strumia 0811.4153

M.Pospelov and A.Ritz, 0810.1502: Secluded DM - A.Nelson and C.Spitzer, 0810.5167: Slightly Non-Minimal DM - Y.Nomura and J.Thaler, 0810.5397: DM through the 
Axion Portal - R.Harnik and G.Kribs, 0810.5557: Dirac DM - D.Feldman, Z.Liu, P.Nath, 0810.5762: Hidden Sector - T.Hambye, 0811.0172: Hidden Vector - K.Ishiwata, 
S.Matsumoto, T.Moroi, 0811.0250: Superparticle DM - Y.Bai and Z.Han, 0811.0387: sUED DM - P.Fox, E.Poppitz, 0811.0399: Leptophilic DM - C.Chen, F.Takahashi, 
T.T.Yanagida, 0811.0477: Hidden-Gauge-Boson DM - E.Ponton, L.Randall, 0811.1029: Singlet DM - S.Baek, P.Ko, 0811.1646: U(1) Lmu-Ltau DM - I.Cholis, G.Dobler, 
D.Finkbeiner, L.Goodenough, N.Weiner, 0811.3641: 700+ GeV WIMP -  K.Zurek, 0811.4429: Multicomponent DM - M.Ibe, H.Murayama, T.T.Yanagida, 0812.0072: Breit-
Wigner enhancement of DM annihilation - E.Chun, J.-C.Park, 0812.0308: sub-GeV hidden U(1) in GMSB - M.Lattanzi, J.Silk, 0812.0360: Sommerfeld enhancement in 
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τDM � 3 · 1027sec
�

1 TeV
MDM

�5 �
MGUT

2 · 1016 GeV

�4

Decaying DM
DM need not be absolutely stable, 
just                                                  .τDM � τuniverse � 4.3 1017sec

Motivations from theory?
- dim 6 suppressed operator in GUT

- or in TechniColor

Arvanitaki, Dimopoulos et al., 2008+09

Nardi, Sannino, Strumia 2008

The current CR anomalies can be due to decay with:

- gravitino in SuSy with broken R-parity...

τdecay ≈ 1026sec
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FIG. 10: Same as Fig. 1, but for the decay channels φDM → "+"−. Upper panels: φDM → e+e−

with MDM = 2000GeV (solid) and 300GeV (dotted). Middle panels: φDM → µ+µ− with MDM =

2500GeV (solid) and 600GeV (dotted). Lower panels: φDM → τ+τ− with MDM = 5000GeV

(solid) and 2000GeV (dotted).

with present measurements of the antiproton flux and the diffuse extragalactic gamma-ray

flux. The most promising decay channels for a fermionic or a scalar dark matter particle are

listed in Tab. II, where we also show the approximate mass and lifetime which provide the

best fit to the data. It should be borne in mind that the astrophysical uncertainties in the

propagation of cosmic rays and in the determination of the background fluxes of electrons

and positrons are still large. Besides, the existence of a possibly large primary component

of electrons/positrons from astrophysical sources, such as pulsars, cannot be precluded.

21

FIG. 5: Same as Fig. 1, but for the decay channels ψDM → "±"∓ν. Upper panels: ψDM → e−e+ν

with MDM = 2000GeV (solid) and 400GeV (dotted). Middle panels: ψDM → µ−µ+ν with MDM =

3500GeV (solid) and 1000GeV (dotted). Lower panels: ψDM → τ−τ+ν with MDM = 5000GeV

(solid) and 2500GeV (dotted).

In some decaying dark matter scenarios, the dark matter particles decay into charged

leptons of different flavors and not exclusively in just one channel. As an illustration of the

predictions of this class of scenarios, we show in Fig. 4 the positron fraction and the total

electron plus positron flux for a dark matter particle that decays democratically into the three

flavors, for MDM = 2000 GeV (solid) and 300 GeV (dotted). Although these scenarios could

explain the PAMELA excess, the predicted spectral shape of the total flux is not consistent

with the Fermi data: either the energy spectrum falls off at too low energies or it presents

16

Decaying DM
Which DM spectra can fit the data?
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E.g. a fermionic                             with                             : MDM = 3.5 TeV

E.g. a scalar                           with                            : 

DM→ µ+µ−ν

DM→ µ+µ− MDM = 2.5 TeV
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Figure 10: DM decay. As in fig. 6, here for DM decaying into µ+µ− (middle), τ+τ− (right),

4µ (left). We do not consider decay modes into e+e−, as they do not allow to fit the FERMI

data.
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- Minimal extensions of the SM: 
heavy WIMPS (Minimal DM, Inert Doublet) 

- More drastic extensions: 
New models with a rich Dark sector

- Decaying DM

Model building

Tytgat et al. 0901.2556Cirelli, Strumia et al. 2005-2009

Ibarra et al., 2007-2009          Nardi, Sannino, Strumia 0811.4153

M.Pospelov and A.Ritz, 0810.1502: Secluded DM - A.Nelson and C.Spitzer, 0810.5167: Slightly Non-Minimal DM - Y.Nomura and J.Thaler, 0810.5397: DM through the 
Axion Portal - R.Harnik and G.Kribs, 0810.5557: Dirac DM - D.Feldman, Z.Liu, P.Nath, 0810.5762: Hidden Sector - T.Hambye, 0811.0172: Hidden Vector - K.Ishiwata, 
S.Matsumoto, T.Moroi, 0811.0250: Superparticle DM - Y.Bai and Z.Han, 0811.0387: sUED DM - P.Fox, E.Poppitz, 0811.0399: Leptophilic DM - C.Chen, F.Takahashi, 
T.T.Yanagida, 0811.0477: Hidden-Gauge-Boson DM - E.Ponton, L.Randall, 0811.1029: Singlet DM - S.Baek, P.Ko, 0811.1646: U(1) Lmu-Ltau DM - I.Cholis, G.Dobler, 
D.Finkbeiner, L.Goodenough, N.Weiner, 0811.3641: 700+ GeV WIMP -  K.Zurek, 0811.4429: Multicomponent DM - M.Ibe, H.Murayama, T.T.Yanagida, 0812.0072: Breit-
Wigner enhancement of DM annihilation - E.Chun, J.-C.Park, 0812.0308: sub-GeV hidden U(1) in GMSB - M.Lattanzi, J.Silk, 0812.0360: Sommerfeld enhancement in 
cold substructures - M.Pospelov, M.Trott, 0812.0432: super-WIMPs decays DM - Zhang, Bi, Liu, Liu, Yin, Yuan, Zhu, 0812.0522: Discrimination with SR and IC - Liu, Yin, 
Zhu, 0812.0964: DMnu from GC - M.Pohl, 0812.1174: electrons from DM - J.Hisano, M.Kawasaki, K.Kohri, K.Nakayama, 0812.0219: DMnu from GC - R.Allahverdi, 
B.Dutta, K.Richardson-McDaniel, Y.Santoso, 0812.2196: SuSy B-L DM - S.Hamaguchi, K.Shirai, T.T.Yanagida, 0812.2374: Hidden-Fermion DM decays - D.Hooper, 
A.Stebbins, K.Zurek, 0812.3202: Nearby DM clump - C.Delaunay, P.Fox, G.Perez, 0812.3331: DMnu from Earth - Park, Shu, 0901.0720: Split-UED DM - .Gogoladze, 
R.Khalid, Q.Shafi, H.Yuksel, 0901.0923: cMSSM DM with additions - Q.H.Cao, E.Ma, G.Shaughnessy, 0901.1334: Dark Matter: the leptonic connection - E.Nezri, M.Tytgat, 
G.Vertongen, 0901.2556: Inert Doublet DM - J.Mardon, Y.Nomura, D.Stolarski, J.Thaler, 0901.2926: Cascade annihilations (light non-abelian new bosons) - P.Meade, 
M.Papucci, T.Volansky, 0901.2925: DM sees the light - D.Phalen, A.Pierce, N.Weiner, 0901.3165: New Heavy Lepton - T.Banks, J.-F.Fortin, 0901.3578: Pyrma baryons - 
K.Bae, J.-H. Huh, J.Kim, B.Kyae, R.Viollier, 0812.3511: electrophilic axion from flipped-SU(5) with extra spontaneously broken symmetries and a two component DM 
with Z2   parity - ...

A.Arvanitaki, S.Dimopoulos, S.Dubovsky, P.Graham, R.Harnik, S.Rajendran, 0812.2075
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- TeV mass DM
- new forces (that Sommerfeld enhance)
- leptophilic because: - kinematics (light mediator)

                  - DM carries lepton #
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The “Theory of DM”
Arkani-Hamed, Weiner, Finkbeiner et al. 0810.0713

0811.3641

Basic ingredients:
Dark Matter particle, decoupled from SM, mass             
new gauge boson (“Dark photon”), 

couples only to DM, with typical gauge strength, 
- mediates Sommerfeld enhancement of         annihilation:

        fulfilled

- decays only into            or              
for kinematical limit

χ
φ

χχ̄

e+e− µ+µ−

M ∼ 700+ GeV

mφ ∼ few GeV

αM/mV � 1
χ

χ̄

γ, Zφ

φ γ, Z

e+

e−

µ−

µ+
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Basic ingredients:
Dark Matter particle, decoupled from SM, mass             
new gauge boson (“Dark photon”), 

couples only to DM, with typical gauge strength, 
- mediates Sommerfeld enhancement of         annihilation:

        fulfilled

- decays only into            or              
for kinematical limit

χ
φ

χχ̄

e+e− µ+µ−

M ∼ 700+ GeV

mφ ∼ few GeV

αM/mV � 1
χ

χ̄

γ, Zφ

φ γ, Z

e+

e−

µ−

µ+

Extras:
χ       is a multiplet of states and        is non-abelian gauge boson:

    splitting                                (via loops of non-abelian bosons)
- inelastic scattering explains DAMA
- eXcited state decay                     explains INTEGRAL

φ
δM ∼ 200 KeV

χχ→ χχ∗

�→ e+e−



The “Theory of DM”
Phenomenology:

MDM
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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; their labels appear along the corresponding lines
only when these bounds are significant enough to appear within the plots. Cosmological freeze-
out predicts σv ≈ 3 10

−26
cm

3/ sec (lower horizontal band) and connections with the hierarchy
problem suggest M ∼ (10 ÷ 1000)GeV. The region that can fit the e± excesses survives only
if DM annihilates into e’s or µ’s and DM has an isothermal profile. All bounds are at 3σ;
the green bands are favored by PAMELA (at 3σ for 1 dof) and the red ellipses by PAMELA,
FERMI and HESS (at 3 and 5σ, 2 dof, as in [9]).

time [22]; c) more realistic boundary conditions as described above; and presumably d) the fact

that Fermi observes 100GeV γ rays also away from the GC suggests that L is not small.

Fig.s 6 and 7 show again the Fermi bounds at 3σ (the ICγ bounds is plotted for a few values

of the height of the diffusion volume, L = 1, 2, 4 kpc), together with the regions favored by the

e± excesses and with various other 3σ bounds already considered in previous papers [15, 23, 9]:

- The GC-γ (blue continuous curves) and GR-γ (dot-dashed blue curves) bounds refer to the

HESS observations [24, 25] of the photon spectrum above ≈ 200GeV (so that it constrains

FSRγ and heavier DM, rather than ICγ and lighter DM) in the ‘Galactic Center’ region

(
√
�2 + b2 < 0.1◦) and in the ‘Galactic Ridge’ region (|�| < 0.8◦ and |b| < 0.3◦). In these
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of the height of the diffusion volume, L = 1, 2, 4 kpc), together with the regions favored by the

e± excesses and with various other 3σ bounds already considered in previous papers [15, 23, 9]:

- The GC-γ (blue continuous curves) and GR-γ (dot-dashed blue curves) bounds refer to the

HESS observations [24, 25] of the photon spectrum above ≈ 200GeV (so that it constrains

FSRγ and heavier DM, rather than ICγ and lighter DM) in the ‘Galactic Center’ region

(
√
�2 + b2 < 0.1◦) and in the ‘Galactic Ridge’ region (|�| < 0.8◦ and |b| < 0.3◦). In these
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Variations
(selected)

Axion Portal:       is pseudoscalar axion-like
Nomura, Thaler 0810.5397

φ

pioneering: Secluded DM, U(1) Stückelberg extension of SM
Pospelov, Ritz et al 0711.4866 P.Nath et al 0810.5762

singlet-extended UED:      is KK RNnu,      is an extra bulk singlet
Bai, Han 0811.0387

χ φ

DM carrying lepton number:      charged under                    ,      gauge bosonU(1)Lµ−Lτ
χ φ

Cirelli, Kadastik, Raidal, Strumia 0809.2409 Fox, Poppitz 0811.0399 (mφ ∼ tens GeV)

split UED:     annihilates only to leptons because quarks are on another braneχ
Park, Shu 0901.0720

New Heavy Lepton:     annihilates into       that carries lepton number and 
decays weakly

χ Ξ

Phalen, Pierce, Weiner 0901.3165

(∼ TeV) (∼ 100s GeV)

......
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positrons, electrons, neutrinos, gamma rays...
but you don’t want to mess around with astrophysics?

You need a quick reference for formulæ and methods 
to compute indirect detection signals?



Advertisement
You want to compute all signatures of your DM model in 
positrons, electrons, neutrinos, gamma rays...
but you don’t want to mess around with astrophysics?

PPPC 4 DM ID

‘The Poor Particle Physicist Cookbook 
for Dark Matter Indirect Direction’

www.marcocirelli.net/PPPC4DMID.html

1012.4515 [hep-ph]

Cirelli, Corcella, Hektor, 
Hütsi, Kadastik, Panci, 
Raidal, Sala, Strumia

We provide ingredients and recipes for computing signals of TeV-scale 
Dark Matter annihilations and decays in the Galaxy and beyond.

http://www.marcocirelli.net/PPPC4DMID.html
http://www.marcocirelli.net/PPPC4DMID.html


Advertisement
You want to compute all signatures of your DM model in 
positrons, electrons, neutrinos, gamma rays...
but you don’t want to mess around with astrophysics?

www.marcocirelli.net/PPPC4DMID.html

http://www.marcocirelli.net/PPPC4DMID.html
http://www.marcocirelli.net/PPPC4DMID.html
http://www.marcocirelli.net/PPPC4DMID.html


Advertisement
You want to compute all signatures of your DM model in 
positrons, electrons, neutrinos, gamma rays...
but you don’t want to mess around with astrophysics?

www.marcocirelli.net/PPPC4DMID.html

Main added value features:

    compare different MCs

    include EW corrections

    improved         propagation

    improved ICS    -ray computation

Ciafaloni, Riotto 
et al., 1009.0224

e±

γ

http://www.marcocirelli.net/PPPC4DMID.html
http://www.marcocirelli.net/PPPC4DMID.html
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At least two pieces of information in order to

recognize nuclear recoil

extract rare events from background

  (self consistency)

+ fiducial cuts (self shielding, bad regions)

A blooming field

As much information 

As large a signal to noise ratio 

as possible

1. WIMPs
2. CDMS
3. Future

[credit: B.Sadoulet]

Background rejection Ionization YieldIonization Yield

Calibration Data
! Ionization yield: ionization signal 

13x our WIMP-search background

Calibration Data
y g

divided by recoil energy.

!
133Ba !-source used to define the 

electron recoil bandelectron-recoil band.

!
252Cf n-source used to define the 

nuclear-recoil band.

! The bands are well separated 

down to below 10 keV!

6

CDMS coll.

electron recoil band

calibrated with    -source

nuclear recoil band

calibrated with  n-source

γ

measure two quantities to discriminate Sign & Bkgd,
on event-by-event basis
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Annual modulation seen (     ):8σ

DAMA/Libra
Direct Detection: hints

DAMA Coll., 0804.2741, 2008

NaI(Tl)
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Direct Detection: hints

Annual modulation seen (     ):8σ

DAMA/Libra

DAMA Coll., 0804.2741, 2008

An instrumental effect?

e.g. P.Belli, KITP workshop 12.2009‘NO!’
e.g. D.Nygren, 1102.0815

NaI(Tl) crystals might be activated 
by cosmic muons (modulated!) and 
release pulses minutes/days later.
IceDM will test perhaps.



Direct Detection: hints

Annual modulation seen (     ):8σ

DAMA/Libra
CDMS

CDMS coll., Science 327 (2010), 0912.3592

2 events seen, 
with 0.6 exp’d background

detector T1Z5

Events Passing Timing Cut

All WIMP search data 

passing the timing cut

Event 1:            

Tower 1, ZIP 5 (T1Z5)           

Sat Oct 27 2007Sat. Oct. 27, 2007

8:48pm CDT

Event 2:            

Tower 3 ZIP 4 (T3Z4)Tower 3, ZIP 4 (T3Z4)           

Sun. Aug. 5, 2007

2:41 pm CDT

12

2 events in the NR band pass the timing cut!

DAMA Coll., 0804.2741, 2008

Ge+Si

cited 250 times



1 event seen, 
with 0.24 exp’d background

Direct Detection: hints

Annual modulation seen (     ):8σ

DAMA/Libra Edelweiss
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Figure 2: Ionization yield vs recoil energy of fiducial events recorded by EDELWEISS-II in an
exposure of 160 kg·d. The WIMP search region is defined by recoil energies greater than 20
keV (vertical dashed line). The 90% acceptance nuclear and electron recoil bands (full blue
and red lines, respectively) are calculated using the average detector resolutions. Also shown
as dashed lines are the 99.98% acceptance band for the γ (blue) and the 3 keV ionisation
threshold (green).
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Edelweiss coll. PLB 687 (2010), 0912.0805DAMA Coll., 0804.2741, 2008

Ge

cited 250/10 = 25 times



Direct Detection: hints

Annual modulation seen (     ):8σ

DAMA/Libra Edelweiss

Edelweiss coll, TeVPA 2010

3 events seen
‘background starts to appear’

DAMA Coll., 0804.2741, 2008

Ge
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cited 250/10 = 25 times
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Annual modulation seen (     ):8σ

DAMA Coll., 0804.2741, 2008

DAMA/Libra CoGeNT

We lack a satisfactorily explanation [...]. 
It is tempting to consider a cosmological 
origin [...]. Prudence and past experience 
prompt us to continue work to exhaust 
less exotic possibilities.

3

FIG. 3: Low-energy spectrum after all cuts, prior to efficiency
corrections. Arrows indicate expected energies for all viable
cosmogenic peaks (see text). Inset: Expanded threshold re-
gion, showing the 65Zn and 68Ge L-shell EC peaks. Over-
lapped on the spectrum are the sigmoids for triggering ef-
ficiency (dotted), trigger + microphonic PSD cuts (dashed)
and trigger + PSD + rise time cuts (solid), obtained via high-
statistics electronic pulser calibrations. Also shown are ref-
erence signals (exponentials) from 7 GeV/c2 and 10 GeV/c2

WIMPs with spin-independent coupling σSI = 10−4pb.

Fig. 3 displays Soudan spectra following the rise time
cut, which generates a factor 2-3 reduction in background
(Fig. 2). Modest PSD cuts applied against microphonics
are as described in [1]. This residual spectrum is domi-
nated by events in the bulk of the crystal, like those from
neutron scattering, cosmogenic activation, or dark mat-
ter particle interactions. Several cosmogenic peaks are
noticed, many for the first time. All cosmogenic prod-
ucts capable of producing a monochromatic signature are
indicated. Observable activities are incipient for all.

We employ methods identical to those in [1] to ob-
tain Weakly Interacting Massive Particle (WIMP) and
Axion-Like Particle (ALP) dark matter limits from these
spectra. The energy region employed to extract WIMP
limits is 0.4-3.2 keVee (from threshold to full range of
the highest-gain digitization channel). A correction is
applied to compensate for signal acceptance loss from
cumulative data cuts (solid sigmoid in Fig. 3, inset).
In addition to a calculated response function for each
WIMP mass [1], we adopt a free exponential plus a
constant as a background model to fit the data, with
two Gaussians to account for 65Zn and 68Ge L-shell
EC. The energy resolution is as in [1], with parameters
σn=69.4 eV and F=0.29. The assumption of an irre-
ducible monotonically-decreasing background is justified,
given the mentioned possibility of a minor contamination
from residual surface events and the rising concentration

FIG. 4: Top panel: 90% C.L. WIMP exclusion limits from
CoGeNT overlaid on Fig. 1 from [6]: green shaded patches
denote the phase space favoring the DAMA/LIBRA annual
modulation (the dashed contour includes ion channeling).
Their exact position has been subject to revisions [7]. The
violet band is the region supporting the two CDMS candi-
date events. The scatter plot and the blue hatched region
represent the supersymmetric models in [8] and their uncer-
tainties, respectively. Models including WIMPs with mχ ∼7-
11 GeV/cm2 provide a good fit to CoGeNT data (red contour,
see text). The relevance of XENON10 constraints in this low-
mass region has been questioned [14]. Bottom panel: Limits
on axio-electric coupling gaēe for pseudoscalars of mass ma

composing a dark isothermal galactic halo (see text).

towards threshold that rejected events exhibit. A sec-
ond source of possibly unaccounted for low-energy back-
ground are the L-shell EC activities from observed cos-
mogenics lighter than 65Zn. These are expected to con-
tribute < 15% of the counting rate in the 0.5-0.9 keVee
region (their L-shell/K-shell EC ratio is ∼ 1/8 [5]). A
third possibility, quantitatively discussed below, consists
of recoils from unvetoed muon-induced neutrons.

Fig. 4 (top) displays the extracted sensitivity in spin-
independent coupling (σSI) vs. WIMP mass (mχ). For
mχ in the range ∼7-11 GeV/c2 the WIMP contribu-
tion to the model acquires a finite value with a 90%
confidence interval incompatible with zero. The bound-
aries of this interval define the red contour in Fig. 4.
However, the null hypothesis (no WIMP component in
the model) fits the data with a similar reduced chi-
square χ2/dof =20.4/20 (for example, the best fit for
mχ = 9 GeV/c2 provides χ2/dof =20.1/18 at σSI =
6.7 × 10−41cm2). It has been recently emphasized [6]
that light WIMP models [1, 8, 9] provide a common ex-

‘irreducible excess of bulk 
events below 3 KeVee’

CoGeNT Coll., 1002.4703

Ge
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Figure 4: Data of detector module ch5/6. The magenta colored area is the oxygen band, where 80%

of the oxygen recoils are expected (90% below the upper and 10% below the lower end). Tungsten and

alpha bands are shown in brown and yellow.

ciently shielded by the 45 cm of polyethylene. Indeed, Monte Carlo simulations would give a rate of

only ∼10−5/kg-day [2]. Fast neutrons produced by high energy muons in the rock are more difficult to

estimate. Monte Carlo studies would give a rate of ∼1 event/400 kg-days [3]. With good probability

fast neutrons should multiply in the Pb/Cu shielding, and a higher level of coincidences may be ex-

pected for such neutrons compared to neutrons from spontaneous fission or alpha-n reactions. To learn

more about the origin of the observed 2 coincident events in the data, we compare their event structure

with that of oxygen recoils tagged by the muon veto and with that of oxygen recoils measured in the

neutron test. In total, we have observed 25 muon coincident events with an oxygen recoil in the signal

energy range in at least one of the detector modules. 19 of these coincident events are from through

going muons, i.e. the muon was registered in more than one muon panel. The average multiplicity of

the events from the muon induced neutrons is higher than that of the the neutron test. Most of the

coincidences of the neutron test are neutron oxygen scatters in 2 detectors, a few are a neutron oxygen

scatter in one detector and a low energy gamma in another, and very few are triple coincidences. Only

one in 1193 recoil events is accompanied by an MeV gamma. Thus, with high probability the event

structure of the 2 coincident events in the data is not compatible with that of the neutron test. The

muon induced events, on the other hand, are characterized by significantly higher multiplicities and

include MeV gammas, similar to the 2 coincident events in the data. The event structure thus clearly

suggests that the 2 coincident events in the data are either due to muon induced neutrons not tagged

by the veto, or possibly also high energy neutrons which multiplied in the Pb/Cu shields. It appears

therefore justified to use the ratio of coincident/single = 17/8 = 2.1±0.9 of the muon induced neutron

events to estimate a single neutron background of 0.94 ± 0.83 events in the signal energy range of the

oxygen band. This has to be compared to the observed 32 events in this region.

Besides the discrete alpha lines from alpha emitters in the volume of the crystal we observe a

continuum of degraded alphas extending down to energy E=0, very roughly with constant spectral

energy density dn/dE. The alpha band, shown in yellow in Fig. 4, overlaps with the oxygen band at

energies below 60 keV and some alpha events may leak into the oxygen band. To estimate the alpha
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composite target like CaWO4, the total scattering rate is dominated by recoils of tungsten. However,
in a real experiment with a finite energy threshold other nuclei can be relevant, as tungsten recoils
may not be energetic enough to be detected. Fig. 1 shows the contribution of the three types of nuclei
in CaWO4 to a recoil spectrum measured in the energy interval from 10 to 40 keV. WIMPs with a
mass below 10 GeV would not be able to produce visible tungsten recoils above threshold, most of the
observable recoils would be on oxygen and some on Ca. For a small range of WIMP masses above 10
GeV, Ca is most important while for WIMP masses above 20 GeV tungsten recoils dominate.

Figure 1: Relative contribution of the three types of recoil nuclei in CaWO4 as a function of the WIMP
mass. The calculation assumes that recoils above 10 keV can be measured.

2 Detection Principle and Setup

The low-temperature calorimeters consist of a target crystal with a superconducting phase transition
thermometer on its surface. The thermometer is made of a tungsten film evaporated onto the target
crystal. Its temperature is stabilized within the transition from the superconducting to the normal
conducting state, which occurs at temperatures of about 10mK. A typical width of the transition is
about 1mK. A small temperature rise, e.g. from a WIMP–nucleus scattering event, of typically some
µK, leads to an increase of resistance of some µΩ, which is measured with a SQUID (Superconducting
Quantum Interference Device). A weak thermal coupling of the thermometer to the heat bath restores
the equilibrium temperature again after an interaction. In CRESST-II, 300 g scintillating CaWO4

crystals are used as target. In these crystals a particle interaction creates mostly phonons which are
detected by the phase transition thermometer. In addition, a small fraction of 1 to 2% of the deposited
energy is transformed into scintillation light and detected in a separate cryogenic detector, optimized for
light detection. The thermal signal measures the energy deposited in the scintillating target crystal with
high accuracy, while the amplitude of the corresponding light signal depends on the type of interaction.
Nuclear recoils from WIMP or neutron scattering events emit substantially less scintillation light than
fully ionizing interactions, e.g. γ or β interactions. As the overwhelming part of the background consists
of β and γ interactions, this phonon/light technique provides a very effective method of background
suppression.

For a particular class of background events, it is desirable that all the inside of the detector housing
is scintillating. These are events from surface alpha decays. The main source of such backgrounds is the

2
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(preliminary) dark matter exclusion limits

•Max Gap 90% C.L. upper limit 
between 1.6 keVr and 3.8 keVr 
•12.5 live days
•1.2 kg target
•conservative -1σ Qy energy 
calibration
•no account of resolution (this 
would improve limits)

XENON10 S2-only 
(no discrimination)

arXiv:1001.2834

arXiv:1007.1005

Notice:  this S2-only exclusion limit curve is preliminary, and has not been fully reviewed by 
the XENON10 collaboration.  Pending review it is subject to change.

Footnote: 
Xenon10 & CDMS w/o background 
discrimination also impose limits
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FIG. 3. (color online). Top: comparison of the spin-
independent (SI) exclusion limits from these data (solid) to
previous results in the same mass range (all at 90% C.L.).
Limits from a low-threshold analysis of the CDMS shallow-
site data [16] (dashed), CDMS II Ge results with a 10 keV
threshold [13] (dash-dotted), recalculated for lower WIMP
masses, and XENON100 with constant (+) or decreasing (!)
scintillation-efficiency extrapolations at low energy [17] are
also shown. The filled regions indicate possible signal regions
from DAMA/LIBRA [6, 8] (dark), CoGeNT (light) [7, 8], and
a combined fit to the DAMA/LIBRA and CoGeNT data [8]
(hatched). Bottom: comparison of the WIMP-neutron spin-
dependent (SD) exclusion limits from these data (solid),
CDMS II Ge results with a 10 keV threshold (dash-dotted),
XENON10 [18] (!), and CRESST [19] (dotted). The filled
region denotes the 99.7% C.L. DAMA/LIBRA allowed region
for neutron-only scattering [20]. An escape velocity of 544
km/s was used for the CDMS and XENON100 exclusion lim-
its, whereas the other results assume an escape velocity from
600–650 km/s.

event energies and selection efficiencies for each detec-
tor are given in [22]. For this analysis, energy inter-
vals from T1Z5 provide the strongest constraints in the
5–10 GeV/c2 mass range. The standard halo model de-
scribed in [23] is used, with specific parameters given
in [16, 22].
The limits do not depend strongly on the extrapola-

tion of the ionization yield used at low energies since the
Neganov-Luke phonon contribution is small for recoil en-
ergies below 4 keV. Conservatively assuming 50% lower
ionization yield near threshold would lead to only ∼5%
weaker limits in the 5–10 GeV/c2 mass range.
Figure 3 (upper panel) compares the 90% upper confi-

dence limit on the spin-independent WIMP-nucleon scat-
tering cross section from this analysis to previous re-

sults in the same mass range. This analysis provides
stronger limits than previous CDMS II Ge results for
WIMP masses below ∼9 GeV/c2, and excludes param-
eter space previously excluded only by the XENON100
experiment assuming a constant extrapolation of the liq-
uid xenon scintillation response for nuclear recoils below
5 keV [17]. This parameter space is not excluded by
XENON100 when more conservative assumptions for the
scintillation response are used [8, 17, 24].
Spin-dependent limits on the WIMP-neutron cross sec-

tion are shown in Fig. 3 (lower panel), using the form fac-
tor from [25]. XENON10 constraints, calculated assum-
ing a constant extrapolation of the scintillation response
at low energy [18, 24], are stronger than these results for
WIMP masses above ∼7 GeV/c2.
These results exclude interpretations of the

DAMA/LIBRA annual modulation signal in terms
of spin-independent elastic scattering of low-mass
WIMPs (e.g., [8, 26]). We ignore the effect of ion
channeling on the DAMA/LIBRA allowed regions
since recent analyses indicate channeling should be
negligible [26]. These results are also incompatible with
a low-mass WIMP explanation for the low-energy events
seen in CoGeNT [7, 8].
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independent (SI) exclusion limits from these data (solid) to
previous results in the same mass range (all at 90% C.L.).
Limits from a low-threshold analysis of the CDMS shallow-
site data [16] (dashed), CDMS II Ge results with a 10 keV
threshold [13] (dash-dotted), recalculated for lower WIMP
masses, and XENON100 with constant (+) or decreasing (!)
scintillation-efficiency extrapolations at low energy [17] are
also shown. The filled regions indicate possible signal regions
from DAMA/LIBRA [6, 8] (dark), CoGeNT (light) [7, 8], and
a combined fit to the DAMA/LIBRA and CoGeNT data [8]
(hatched). Bottom: comparison of the WIMP-neutron spin-
dependent (SD) exclusion limits from these data (solid),
CDMS II Ge results with a 10 keV threshold (dash-dotted),
XENON10 [18] (!), and CRESST [19] (dotted). The filled
region denotes the 99.7% C.L. DAMA/LIBRA allowed region
for neutron-only scattering [20]. An escape velocity of 544
km/s was used for the CDMS and XENON100 exclusion lim-
its, whereas the other results assume an escape velocity from
600–650 km/s.

event energies and selection efficiencies for each detec-
tor are given in [22]. For this analysis, energy inter-
vals from T1Z5 provide the strongest constraints in the
5–10 GeV/c2 mass range. The standard halo model de-
scribed in [23] is used, with specific parameters given
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The limits do not depend strongly on the extrapola-

tion of the ionization yield used at low energies since the
Neganov-Luke phonon contribution is small for recoil en-
ergies below 4 keV. Conservatively assuming 50% lower
ionization yield near threshold would lead to only ∼5%
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tor from [25]. XENON10 constraints, calculated assum-
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at low energy [18, 24], are stronger than these results for
WIMP masses above ∼7 GeV/c2.
These results exclude interpretations of the
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FIG. 1: All published data on Leff: The black datapoints

– used for the global fit in the XENON100 paper [1] – are

all published direct measurements of Leff. The red data

(Sorensen (XENON10) [5] and Lebedenko (ZEPLINIII) [6])

are from comparisons of data with Monte Carlo simulations.

They were not used on the global fit because of their possibly

larger systematic uncertainties. The three blue solid contours

are the result from a global fit to all direct measurements

(black) in the region from 5 – 100 keVr. The thinner contours

above and below are the ±90% confidence level contours. The

dashed lines below 5 keVr are the extrapolations as explained

in the text. For the first XENON100 data analysis, only the

best fit and the lower 90% CL contour are used.

extrapolation below 5 keVr as explained above. The thin-
ner contours above and below are the ±90% confidence
level contours from this fit. To be very conservative, the
lower contour is logarithmically extrapolated to energies
below 5 keVr, with Leff = 0 around 1 keVr. The slope
of the extrapolation is far from “arbitrary” but fixed by
a fit to the low energy part of the Yale points [7] and
matched to the lower 90% confidence contour at 5 keVr.

The logarithmic extrapolation is very conservative
since a linear extrapolation describes the low energy part
of the data points from ref. [7] equally well, and would re-
sult in a much higher Leff and hence stronger constraints
on low-mass WIMPs. From the three contours in Fig. 1,
only the central (“global fit”) and the lower one (“lower
90% CL contour”) are used in the XENON100 analysis,
as clearly stated in [1].

3. No satisfactory theory describing the behaviour of
Leff in liquid xenon exists so far. The authors state that
a kinematic cutoff to the production of scintillation is
expected whenever the minimum excitation energy Eg of
the system exceeds the maximum possible energy transfer
to an electron by a slow-moving recoil ion, Emax. They
refer to papers by Ahlen&Tarle [9] and Ficenec, Ahlen,
Tarle et al. [10]. These papers deal with protons in or-
ganic scintillators. Their arguments do not necessarily
apply to Xe-Xe collisions. It is known in fact that Lind-
hard theory [11, 12] is not adequate at very low energies,
where mostly the tails of the ion-ion potential are probed

and the Thomas-Fermi treatment becomes a crude ap-
proximation. For Xe-Xe collisions this corresponds to
about 10 keVr. The electron cannot be treated separately
from the Xe atom and the maximum energy transferred
to an electron cannot be given by simple kinematics, as
advocated in [2].
The collision mechanism for heavy ions at very low

energies may be better described by, e.g., the molecu-
lar orbit theory [13], which involves many-body kinemat-
ics. The argument by Collar and McKinsey is based on
two-body kinematics and would not apply for heavy ion
collisions in the energy region concerned here. In fact,
Ficenec et al. [10] state that “No evidence for a response
cutoff is observed at velocities extending well below the
electron-excitation threshold of 6× 10−4c expected from
two-body kinematics” even for protons. Besides, if Emax

for Xe-Xe is 39 keVr, the kinematics argument cannot
explain the scintillation observed below 39 keVr at all.
Apart from the uncertainty in stopping power calcula-
tions which affect directly nuclear quenching, other fac-
tors may affect Leff through electronic quenching. How-
ever, the current experimental and theoretical situation
is such that there is no proven mechanism which justi-
fies a decreasing Leff with decreasing energy, as strongly
advocated by Collar and McKinsey.
We are fully aware of the impact of Leff on the over-

all sensitivity of noble liquid dark matter experiments
and our answer is simply that we will measure it again,
extending it to the lowest possible energies. We need
accurate data on this quantity and, within the XENON
collaboration, we have already developed two new and in-
dependent set-ups optimized to measure the energy and
field dependence of both electron and nuclear recoils in
liquid xenon.
4. Finally, Collar and McKinsey doubt that we have

properly taken into account the effects of the low number
of photoelectrons at our threshold. (Note that this effect
had not been accounted for in the preliminary plots pre-
sented in their reference [17].) We agree that this has a
crucial impact on the XENON100 sensitivity to low mass
WIMPs, however, it is a fact that an imperfect thresh-
old due to a finite energy resolution leads to a mixing of
events below threshold into the sample and vice versa.
Since the expected WIMP spectrum is a steeply falling
exponential (see Fig. 2), many more sub-threshold events
fall in the energy region above threshold than vice versa.
Due to the low number of detected photoelectrons at

the XENON100 threshold, the energy resolution is com-
pletely dominated by counting statistics, therefore the
expected true differential rate is convoluted with a Pois-
son function to account for this behavior. We also point
out that the XENON100 efficiency is still very high down
to 3 PE.
Figure 2 shows the effect of Poisson broadening of our

threshold for a DAMA benchmark case: There is a small
amount of rate from a 10 GeV/c2 WIMP with a cross

scintillation efficiency in LXe
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FIG. 4: 90% C.L. upper limits on the WIMP-nucleon spin-

independent cross section as a function of WIMP mass. The

red (upper) solid line shows the limit obtained from the ex-

posure analyzed in this work. The solid black line shows

the combined limit for the full data set recorded at Soudan.

The dotted line indicates the expected sensitivity for this ex-

posure based on our estimated background combined with

the observed sensitivity of past Soudan data. Prior results

from CDMS [11], EDELWEISS II [12], XENON10 [13], and

ZEPLIN III [14] are shown for comparison. The shaded re-

gions indicate allowed parameter space calculated from cer-

tain Minimal Supersymmetric Models [20, 21] (Color online.)

a doubling of previously analyzed exposure, the observa-
tion of two events leaves the combined limit, shown in
Fig. 4, nearly unchanged below 60 GeV/c2 and allows
for a modest strengthening in the limit above this mass.

We have also analyzed our data under the hypothesis
of WIMP inelastic scattering [23], which has been pro-
posed to explain the DAMA/LIBRA data [24] . We com-
puted DAMA/LIBRA regions allowed at the 90% C.L.
following the χ2 goodness-of-fit technique described in
[25], without including channeling effects [26]. Limits
from our data and that of XENON10 [27] were com-
puted using the Optimum Interval Method [22]. Re-
gions excluded by CDMS and XENON10 were defined
by demanding the 90% C. L. upper limit to completely
rule out the DAMA/LIBRA allowed cross section in-
tervals for allowed WIMP masses and mass splittings.
The results are shown in Fig. 5. The CDMS data dis-
favor all but a narrow region of the parameter space al-
lowed by DAMA/LIBRA that resides at a WIMP mass
of ∼100 GeV/c2 and mass splittings of 80–140 keV.

The data presented in this work constitute the final
data runs of the CDMS II experiment and double the
analyzed exposure of CDMS II. We observed two can-
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FIG. 5: The shaded green region represents WIMP masses

and mass splittings for which there exists a cross section com-

patible with the DAMA/LIBRA [24] modulation spectrum

at 90% C. L. under the inelastic dark matter interpretation

[23]. Excluded regions for CDMS II (solid-black hatched) and

XENON10 [27] (red-dashed hatched) were calculated in this

work using the Optimum Interval Method. (Color online.)

didate events. These data, combined with our previous
results, produce the strongest limit on spin-independent
WIMP-induced nuclear scattering for WIMP masses
above 42GeV/c2 ruling out new parameter space.
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Figure 5: Inelastic dark matter limits for mass splittings δ of 80 and 120 keV.

leakage in the signal energy range we use the upper half of the alpha band, above the energy Ecross, at
which the center of the alpha band intersects with the upper 90% line of the oxygen band. We count
the alpha events in the energy range from Ecross to Ecross + 100 keV in the upper half of the band
of each detector and convert them into a constant spectral energy density dn/dE. With this value of
dn/dE, the number of expected alpha events in the signal region is then computed. This estimate gives
a total alpha background of 6.9 ± 1.2 in the signal region of the oxygen band of all detectors.

The estimated total background from alphas and muon induced neutrons of 8.1±1.4 is considerably
smaller than the observed 32 events. This excess, when interpreted as dark matter, implies a WIMP
mass in the range of ∼15 GeV (or less) and an elastic scattering cross section with nucleons of a few
times 10−5 pb. However, in view of the importance of such a discovery, we feel that we still have to
investigate some questions related to high energy neutrons, and, more importantly, get rid of the alpha
related backgrounds before making any kind of definite claim. We are planning a further run with an
improved design of the clamps which should completely avoid the alpha related backgrounds. We also
plan to roughly double the number of running detector modules in this next run.

3.1 Inelastic Dark Matter limits

Inelastic dark matter has been proposed to make a WIMP interpretation of the annual modulation of the
rate reported by DAMA/LIBRA compatible with the null results of other experiments. In this model
the WIMP has to make a transition to an excited state in order to be able to scatter. This mechanism
allows to increase the modulation amplitude and to lower or even suppress the WIMP nucleus scattering
rate with light target nuclei. Due to the large mass of the tungsten nucleus, CRESST is very sensitive
for inelastic dark matter. Our limits for different mass splittings δ in the relevant range obtained from
our data in the tungsten band are shown in Fig. 5 together with the regions compatible with DAMA. An
explanation of the DAMA results with a simple inelastic scattering model is excluded by these results.
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The cosmic inventory
Most of the Universe is Dark

Ωlum ∼ 0.01

Ωb ! 0.040 ± 0.005 -BBN
-CMB

- CMB + SNIa
- CMB - DM
- acoustic peak in baryons

ΩDM ∼ 0.23

Ωde ∼ 0.72

72%

1%
4%

23%

�
Ωx =

ρx

ρc
; CMB first peak⇒ Ωtot = 1 (flat); HST h = 0.71± 0.07

�
what’s the difference 
between DM and DE?
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1) galaxy rotation curves

2) clusters of galaxies
- “rotation curves”
- gravitation lensing

“bullet cluster” - NASA 
astro-ph/0608247

ΩM ! 0.1

ΩM ∼ 0.2 ÷ 0.4

[further developments]

The Evidence for DM
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3) CMB+LSS(+SNIa:) 

M.Cirelli and A.Strumia, astro-ph/0607086

ΩM ! 0.1

ΩM ∼ 0.2 ÷ 0.4

1) galaxy rotation curves

2) clusters of galaxies

The Evidence for DM

WMAP Millennium
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Andrey Kravtsov, cosmicweb.uchicago.edu

DM N-body simulations
2 106 CDM particles, 43 Mpc cubic box 

[back]

http://cosmicweb.uchicago.edu
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DM N-body simulations

Springel, Frenk, White, Nature 440 (2006)

SDSS: 106 galaxies,
2 billion lyr

2dF: 2.2 105 galaxies

Millennium: 
1010 particles,
500 h-1 Mpc

[back]
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The Evidence for DM

How would the power spectra be without DM? (and no other extra ingredient) 2

FIG. 1: Power spectrum of matter fluctuations in a the-
ory without dark matter as compared to observations of the
galaxy power spectrum. The observed spectrum [14] does
not have the pronounced wiggles predicted by a baryon-only
model, but it also has significantly higher power than does
the model. In fact ∆2, which is a dimensionless measure of
the clumping, never rises above one in a baryon-only model,
so we would not expect to see any large structures (clusters,
galaxies, people, etc.) in the universe in such a model.

small. The first failure has been exploited by many au-
thors to prove the existence of non-baryonic dark mat-
ter [16, 17], the statistical significance for which now
exceeds 5-sigma. The second failure is often ignored be-
cause analysts typically marginalize over the amplitude
of the power spectrum on the grounds that the power
spectrum of galaxies is likely to differ by an overall nor-
malization factor (the bias) from the power spectrum of
matter. But a baryon-only model fails miserably at get-
ting anywhere near the amplitude required to generate
galaxies and galaxy clusters even with an absurd amount
of bias. So if we really want to do away with dark matter,
we need to find a mechanism of growing perturbations
faster than in standard general relativity. This is pre-
cisely what Skordis et al. [15, 18] seemed to have found
in their treatment of perturbations around a smooth cos-
mological solution in TeVeS. Here we aim to move beyond
their numerical treatment to isolate what is causing en-
hanced growth. Our motivation goes beyond TeVeS, as
the exact Lagrangian in [13] will almost certainly need to
be altered even if the general idea turns out to be correct.
Indeed, as shown in Fig 1, even if structure grows faster
than in the standard theory, the shape of the baryon-
only spectrum does not match the observations. Rather,
we want to understand generally how to modify gravity
such that it solves not only the galactic rotation curve
problem but also the cosmological structure problem.

Cosmology in TeVeS. Ordinary matter couples to the
gravitational metric gµν in the standard way in the TeVeS
model. The metric which couples to matter, though, does
not appear in the standard way in the Einstein-Hilbert
action. Rather, it is useful to define a new tensor g̃µν

which is a functional of gµν and a scalar field φ and a
vector field Aµ. Specifically,

gµν ≡ e−2φ (g̃µν + AµAν) − e2φAµAν (1)

defines g̃µν . The action of g̃µν is the standard Einstein-
Hilbert action. The scalar and vector fields have dynam-
ics given, respectively, by the actions Ss and Sv:

Ss =
−1

16πG

∫

d4x(−g̃)1/2 [µ (g̃µν
− AµAν) φ,µφν + V ]

Sv =
−1

32πG

∫

d4x(−g̃)1/2
[

KFαβFαβ − 2λ
(

A2 + 1
)]

(2)

where µ is an additional non-dynamical scalar field,
Fµν ≡ Aµ,ν − Aν,µ, and indices are raised and lowered
with the metric g̃µν . The potential V (µ) is chosen to
give the correct non-relativistic MONDian limit. We will
consider the form proposed by Bekenstein [13]:

V =
3µ2

0

128π $2
B

[

µ̂(4 + 2µ̂ − 4µ̂ + µ̂3) + 2 ln (µ̂ − 1)2
]

(3)
with µ̂ ≡ µ/µ0. There are three free parameters that
appear in the TeVeS action: µ0, $B and KB. The pa-
rameter λ in the vector field action is completely fixed
by variation of the action.

Armed with this action, we can solve [13, 15] for
the evolution of the scale factor a of a homogeneous
Friedman-Robertson-Walker (FRW) metric. This evo-
lution turns out to be very similar to the standard case,
with several small deviations. First, Newton’s constant
gets generalized to Ge−4φ/(1+dφ/d ln(a))2. Second, the
Friedman equation governing the evolution of a has, in
addition to the standard source terms of the matter and
radiation energy densities, the energy density of φ:

ρφ =
e2φ

16πG
(µV ′ + V ) . (4)

FIG. 2: Evolution of homogeneous TeVeS fields. Dashed line
shows logarithmic approximation for φ valid in the regime
when µ is constant. In that regime, ρφ scales as the ambient
density, with the ratio equal to (6µ0)

−1 in the matter era.
Early on, ρφ/ρtotal = −φ = 15/(4µ).

The TeVeS modifications to the standard cosmology
then depend on the evolution of the scalar field φ. Dur-
ing the radiation dominated era, ρφ is much smaller than

D
od

el
so

n,
 L

ig
uo

ri
 2

00
6

no DM

datano DM
CA

M
B

 o
nl

in
e

0 500 1000 1500 2000
0

2000

4000

6000

8000

Multipole �

����
1
�C �

�2Π
i
n
Μ
K
2

data

(in particular: no DM => no 3rd peak!)
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1) galaxy rotation curves

2) clusters of galaxies
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Caveat: this is only 

one of the possibilit
ies!
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Indirect Detection
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Solar wind Modulation of cosmic rays:

spectrum 
at Earth

dΦp̄⊕
dT⊕

=
p2
⊕

p2

dΦp̄

dT
, T = T⊕ + |Ze|φF

spectrum 
far from Earth

Fisk 
potential φF � 500 MV
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Indirect Detection
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Solar polarity Modulation of cosmic rays:

+ solar 
polarity

- solar 
polarity

(11 yr)

solar magnetic polarity reverses at (the max of) each cycle;
during ‘- polarity’ state, positive particles are more deflected away

+ = rotation parallel 
to magnetic field;
- = antiparallel
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Figure 13: Fluxes of electrons or positrons at the Earth, after propagation, for the case
of annihilations (top row) and decay (bottom row). In the left panels the propagation parameters
are variated, while the halo profile is kept fixed. The opposite is done for the right panels. The
choices of annihilation or decay channels and parameters are indicated.

close to the galactic center where one has larger energy losses. As a consequence we expect
that the diffuse γ rays, produced by these propagated electrons/positrons everywhere (see
sec. 6), will be more sensitive to the difference between the two methods.

4.2.2 Antiprotons

Applying the recipe of eq. (27) it is straightforward to compute the fluxes of antiprotons
at Earth, for a given choice of halo profile and propagation parameters. We provide them
in numerical form on the website [29], both in the form of MathematicaR� interpolating
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Figure 14: Fluxes of antiprotons at the Earth, after propagation, for the case of an-
nihilations (top row) and decay (bottom row). In the left panels the propagation parameters are
variated, while the halo profile is kept fixed. The opposite is done for the right panels. The choices
of annihilation or decay channels and parameters are indicated.

functions and numerical tables.

Fig. 14 presents some examples of such fluxes, for the cases of annihilation and decay.
We do not correct for any solar modulation. It is apparent that the choice of propagation
parameters (MIN, MED or MAX) affects in a relevant way the final result, up to a couple
of orders of magnitude, even if the spectral shapes are not sensibly modified. The choice
of the DM halo profile, instead, has a limited impact and it is barely visible for the decay
case. This is already evident of course in the little variations of the halo function in Fig.10
and can be traced back to the fact that the decay signal, being proportional to the first
power of the DM density, is mainly sensitive to the local DM halo, where the profiles do

32

‘Astro’ uncertainties
e±

p̄

[back]



Predictions?!?



Predictions?!?



Predictions?!?
Is Dark Matter around the corner?



Predictions?!?
Is Dark Matter around the corner?

Look for model-independent ‘answers’.



Predictions?!?
Is Dark Matter around the corner?

In predictive models, a prediction can be given.
In general, generic statements are difficult.

Indirect detection: 
- need to understand ‘background’ astrophysics
- new DM models open new avenues with promising signals
- very promising if (Sommerfeld?) enhancement is at play

Direct detection: 
- experiments are digging into the relevant parameter space
- but the parameter space is huge



Predictions?!?
Is Dark Matter around the corner?

Maybe.


