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Outline

• Wino DM 


• Cross-section and annihilation spectra


• General CRs!

• Limits from Antiprotons, Positrons and future antideutrons probe. 
Include into the discussion all the important astrophysical 
uncertainties.


• Galactic Diffuse Gamma-rays, searching for a signal from the Milky 
Way in the continuum and from spectral features. Also discuss the 
impact of astrophysical assumptions. 


• Dwarf Spheroidals and Extragalactic structures


• Neutrinos from the GC


• Overall Picture/Comparisons/Conclusions



evidence for CDM 

• galactic rotation curves


• velocity dispersion of galaxies in clusters


• CMB data and SN Ia data


• distribution of galaxies


• strong lensing measurements of background 
objects (usually galaxies) 


• bullet cluster


• success of BBN (DM is non-baryonic)


• growth of structure (cold DM)

Most of the universe is beyond the standard 
model

DM is 

collisionless, not 

part of the 

standard model



Evidence for dark matter...

NGC 2403 rotation curve and model

Scales of dark matter

• DM tested in wide variety of arenas

Scales of dark matter
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Scales of dark matter

• DM tested in wide variety of arenas

Most of the universe is beyond the standard 
model

DM is 
collisionless, not 
part of the 
standard model



Wino DM, cross-section and annihilation

spectra

Supersymmetry provides a natural WIMP candidate for DM, the 

Lightest Supersymmetric Particle (LSP).

In the MSSM this is the lightest out of four neutralinos (linear combinations

 of R parity =-1 neutral Wino, Bino and Higgsinos).

We concentrate on the case of a pure Wino (the neutral member of an     

triplet)

!
Correct thermal relic density is achieved for Wino mass~3 TeV.

I will show results up to this mass scale. Lighter masses have higher

cross-sections (larger indirect signals) and have to be produced non-thermally. 
Heavier particles give too large relic abundance and no detectable signals.  

!
In general we use 3 different probes to study DM: Collider production, Direct 
detection and  Indirect detection.

!
For a ~2-3 TeV DM particle, Collider production at LHC has not enough energy, 
while direct detection suffers from low DM number density. (All direct dete-

ction experiments probe best ~100 GeV DM particles from a combination of 
kinematical and DM density reasons).    
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1 Introduction

Dark Matter (DM) composes 85% of the total matter in the Universe [1, 2] but its nature remains
one of the main questions in cosmology and high energy physics. In addition Supersymmetry has for
long been a favorable theory for the extension of the Standard Model providing a natural candidate,
the lightest supersymmetric particle (LSP) for a weakly interacting massive particle (WIMP). In the
Minimal Supersymmetric Standard Model (MSSM), the lightest out of the four neutralinos, each of
which is a linear combination of the R=-1 neutral Wino, Bino and Higgsinos, is the DM LSP. In
this paper we concentrate on the pure Wino case, for which at the thermal scenario, the correct relic
density is achieved at m� being at the order of 3 TeV [3, 4]. Much lighter Winos have to be produced
non-thermally, while heavier give too large relic abundance, and one has to invoke for example a
dilution via late entropy production or the decay of the Wino into a lighter state, such as a gravitino
or an axino.

TeV scale Wino evades all current direct detection and collider bounds. At such a high mass scale
the direct detection experiments lose sensitivity for a purely kinematical reason: the nuclei mass sets
the characteristic scale for sensitivity, which for all working direct detection experiments is optimal
around O(100GeV). A substantial upgrade of the technology is needed, which might be provided by
the DARWIN project [5], and other proposed ton-scale dark matter direct detection experiments. Also
for a pure Wino, the elastic scattering on a nucleus vanishes, because the coupling of the neutralino
to Z or Higgs bosons scales with gaugino-higgsino mixing. On the collider front, even the LHC at
14 TeV is not enough for a discovery of 2–3 TeV weakly interacting particle like Wino, see e.g. [6].
Thus the only sensitive probe for the Wino is through its indirect signals; either through cosmic rays
(CRs), �-rays, microwaves or neutrinos, which is the aim of this work.

On the indirect detection, signals can come from �� �! W+W� at tree level, with � being the
neutral member of the SU(2)L triplet. This gives CRs, �-rays and neutrinos from the decay of the
W± and the subsequent hadronization of their products. As CRs propagate in the Galaxy or at far
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Indirect detection is the only probe for Wino DM that is currently 
accessible.

At tree level the indirect signals come from 
where        decay and hadronize giving protons,antiprotons,electrons, 
positrons, neutrinos and gamma-rays. With a (tree-level) cross-section:

    the weak coupling const.,       the W mass     the Wino mass 
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where m� and mW are the Wino and W boson masses, respectively, and ↵
2

= g2
2

/(4⇡) with g
2

being
the weak coupling constant.

At this level one can distinguish two distinct phenomenologically relevant mass windows: i) low
mass (m� . 500 GeV) giving possibly measurable indirect detection signals, but too low thermal relic
density and ii) large mass (TeV scale) with relic abundance in accordance with thermal production,
but with very weak experimental signatures. However, this picture is significantly altered when higher
order corrections, and in particular the Sommerfeld e↵ect, are taken into account.

In the low mass regime, the main di↵erence comes from electroweak corrections, with Sommerfeld
e↵ect being negligible. The total cross section is changed only at a % level, but the spectrum becomes
softer, changing the predictions for the indirect detection signals and in consequence the experimental
bounds on this scenario. On the other hand, if the Wino mass is at the TeV scale the Sommerfeld
e↵ect starts to dominate. The total cross section can be enhanced by more than an order of magnitude
and in particular, if the Wino mass happens to be around m� ⇡ 2.4 TeV, this enhancement acquires
a strong resonance behavior. The cross section is then strongly boosted and can potentially lead to
observable signals.

Throughout this work we will assume that the Wino constitutes the whole DM, meaning that for
most of the considered possible values of m�, the main production mechanism in the early Universe
has to be non-thermal. Nevertheless, let us note that the considered higher order e↵ects also introduce
corrections to the thermal relic density, which are however significantly milder since the Sommerfeld
e↵ect is weaker at higher velocities [3, 14] (see also [15]).

2.1 Implications for the present-day DM annihilation

The consequences of these e↵ects for the indirect detection are encoded in the change of the anni-
hilation spectrum and the total cross section. If by A��!SM

we call the perturbative annihilation
amplitude into generic SM states, then the full (Sommerfeld enhanced) amplitude is given by2

ASE

�0�0!SM

= s
0

A�0�0!SM

+ s±A�+��!SM

, (2.2)

where the s
0

and s± are called the Sommerfeld factors and are in general complex functions of the
relative velocity v and m�. They are obtained by summing the contributions of the ladder diagrams
or, equivalently, solving the appropriate Schrödinger equations (see [18] for details). In this approach,
the amplitudes A can be computed at any given order of perturbation theory, in our case O(g6), while
the Sommerfeld factors are treated as being non-perturbative. The cross section is then obtained
by integrating the modulus square of Eq. (2.2) over the phase space.3 For masses m� ⇠ mW

we have s
0

⇡ 1 and s± ⇡ 0 thus the total result is the perturbative one, while for m� � mW ,
|s

0

| � |s±| ⇠ O(1). Therefore compared to the perturbative result the one with Sommerfeld e↵ect
introduces three modifications: i) enhances the value of the cross section, ii) opens up the annihilation
channels ZZ, Z� and �� (without the SE they are of higher order), and finally iii) modifies the spectra.

On Fig. 1 we show the primary annihilation spectra for an example case of m� = 2.4 TeV.4 It
is chosen such to be near the resonance, where the impact of the Sommerfeld e↵ect is most clearly
visible. First of all note that the perturbative result, given just by the standard two- plus three-body
annihilation process (dotted lines), is normalized di↵erently than the full Sommerfeld one (solid lines).
The ploted spectra are per annihilation, i.e. normalized such that integrated over x give the total
number of produced primary particles. Therefore,

dNtot

dx
=

1

�tot

d�tot

dx
,

dN
SE

dx
=

1

�
SE

d�
SE

dx
. (2.3)

2See also recent works with di↵erent, e↵ective field theory approach for including the Sommerfeld e↵ect in case of
multiple channels [16, 17].

3In the phase space integration we neglect the mass di↵erence between �

± a �

0.
4The method of doing the computation of the spectra is discussed in the Appendix A.
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mass (m� . 500 GeV) giving possibly measurable indirect detection signals, but too low thermal relic
density and ii) large mass (TeV scale) with relic abundance in accordance with thermal production,
but with very weak experimental signatures. However, this picture is significantly altered when higher
order corrections, and in particular the Sommerfeld e↵ect, are taken into account.

In the low mass regime, the main di↵erence comes from electroweak corrections, with Sommerfeld
e↵ect being negligible. The total cross section is changed only at a % level, but the spectrum becomes
softer, changing the predictions for the indirect detection signals and in consequence the experimental
bounds on this scenario. On the other hand, if the Wino mass is at the TeV scale the Sommerfeld
e↵ect starts to dominate. The total cross section can be enhanced by more than an order of magnitude
and in particular, if the Wino mass happens to be around m� ⇡ 2.4 TeV, this enhancement acquires
a strong resonance behavior. The cross section is then strongly boosted and can potentially lead to
observable signals.

Throughout this work we will assume that the Wino constitutes the whole DM, meaning that for
most of the considered possible values of m�, the main production mechanism in the early Universe
has to be non-thermal. Nevertheless, let us note that the considered higher order e↵ects also introduce
corrections to the thermal relic density, which are however significantly milder since the Sommerfeld
e↵ect is weaker at higher velocities [3, 14] (see also [15]).

2.1 Implications for the present-day DM annihilation

The consequences of these e↵ects for the indirect detection are encoded in the change of the anni-
hilation spectrum and the total cross section. If by A��!SM

we call the perturbative annihilation
amplitude into generic SM states, then the full (Sommerfeld enhanced) amplitude is given by2

ASE

�0�0!SM

= s
0

A�0�0!SM

+ s±A�+��!SM

, (2.2)

where the s
0

and s± are called the Sommerfeld factors and are in general complex functions of the
relative velocity v and m�. They are obtained by summing the contributions of the ladder diagrams
or, equivalently, solving the appropriate Schrödinger equations (see [18] for details). In this approach,
the amplitudes A can be computed at any given order of perturbation theory, in our case O(g6), while
the Sommerfeld factors are treated as being non-perturbative. The cross section is then obtained
by integrating the modulus square of Eq. (2.2) over the phase space.3 For masses m� ⇠ mW

we have s
0

⇡ 1 and s± ⇡ 0 thus the total result is the perturbative one, while for m� � mW ,
|s

0

| � |s±| ⇠ O(1). Therefore compared to the perturbative result the one with Sommerfeld e↵ect
introduces three modifications: i) enhances the value of the cross section, ii) opens up the annihilation
channels ZZ, Z� and �� (without the SE they are of higher order), and finally iii) modifies the spectra.

On Fig. 1 we show the primary annihilation spectra for an example case of m� = 2.4 TeV.4 It
is chosen such to be near the resonance, where the impact of the Sommerfeld e↵ect is most clearly
visible. First of all note that the perturbative result, given just by the standard two- plus three-body
annihilation process (dotted lines), is normalized di↵erently than the full Sommerfeld one (solid lines).
The ploted spectra are per annihilation, i.e. normalized such that integrated over x give the total
number of produced primary particles. Therefore,

dNtot

dx
=

1

�tot

d�tot

dx
,

dN
SE

dx
=

1

�
SE

d�
SE

dx
. (2.3)

2See also recent works with di↵erent, e↵ective field theory approach for including the Sommerfeld e↵ect in case of
multiple channels [16, 17].

3In the phase space integration we neglect the mass di↵erence between �

± a �

0.
4The method of doing the computation of the spectra is discussed in the Appendix A.
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In addition we have three body processes:

away galaxies, they produce additional �-rays in their interactions with the local interstellar medium;
or microwaves from synchrotron emission; providing additional possible signals of Wino annihilations.
These energetic CRs can even impact the CMB at the recombination epoch.

In this setup the higher order corrections are crucial for making robust predictions for the indirect
detection. It is especially important, because this is the only feasible way of excluding (or detecting)
Wino DM, at least in the near future. Monochromatic �-rays, potentially giving a smoking-gun
signature of DM annihilation, can only be produced at the loop level. Additionally, three body final
state processes �� �! W+W��, W+W�Z and �� �! �+�� �! W+W��, W+W�Z have to be
included, as they modify the final spectra and total annihilation cross section.

Wino dark matter has been studied on its indirect detection prospects already in the past, see
e.g. [6–9]. Most of these works were interested in the low mass region, at most a few hundreds of GeV.
The reason is that at a tree level such Wino can have large cross sections possibly giving interesting
signals. On the other hand, when one goes beyond tree level approximation, and in particular includes
the Sommerfeld e↵ect, also TeV scale Wino starts to have an interesting phenomenology. Sommerfeld
e↵ects become important for m� � mW enhancing the current epoch (at ⇠ 10�3c velocities) annihi-
lation cross section and modifying the final annihilation products injection spectra. This was already
noticed in [10], where positron and antiproton signals were discussed, especially inspired by the HEAT
cosmic ray results. After PAMELA reported the positron fraction rise people were suggesting heavy
DM as a possible explanation and this model was also advocated as one of the possibilities [11, 12].
However, none of these works considered electroweak corrections and all concentrated on only one or
two detection channels.

In this work we discuss all possible channels, which is essential for making robust claims on
the exclusion or detection. More specifically, in section 2 we present the e↵ects of the Sommerfeld
enhancement and the electroweak corrections on the CR, neutrino and �-ray spectra produced from the
DM annihilations, as well as our general methodology for calculating the end product signals (after
galactic propagation of CRs). In section 3, we show our results for a variety of indirect detection
probes, that can provide more or less strong limits on Wino DM with masses anywhere between
0.5 and 3.2 TeV. We study the impact that DM annihilations can have on CR antiprotons and
positrons, galactic and extragalactic di↵use �-rays, in �-ray signals from nearby dwarf spheroidal
galaxies and from galaxy clusters. We also include current limits from observations of the CMB
angular temperature and polarization power spectra and also future perspectives from neutrinos from
the galactic center and from antideuterons. For each of these indirect detection probes, we study not
just a reference case, but include the most important astrophysical uncertainties that can impact the
strength of the derived limits. Those uncertainties can be related to the background production and
propagation assumptions of the CRs (for the CR probes), to the local DM density, to the DM density
profile of our Galaxy, to the impact of the DM substructures, or to the target selection (see more
details in the individual subsections of section 3). Such a study allows us a comparison on the strength
between the various indirect detection methods. Finally, in section 4 we discuss on the combination
of these indirect detection probes and conclude.

2 The Sommerfeld e↵ect and Wino DM

The Sommerfeld enhancement is a non-relativistic e↵ect, resulting in correcting the annihilation cross
section due to presence of some “long range force” between the particles in the incoming state. It can
be described as an e↵ect of distorting the initial wave function of the incoming two-particle state by
a non-relativistic potential. This potential is taken to be Yukawa or Coulomb, as the force arises due
to exchange of massive or massless boson.1 For a review of this e↵ect in the dark matter context we
refer the Reader to e.g. [13, 14] and references therein. Here, we would only like to stress the main
implications of this e↵ect for the Wino DM model. At the tree level, the annihilation cross section

1In the cosmological setting in reality the potentials are always Yukawa type, since in the thermal background due
to the plasma screening there are no strictly massless modes.
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χ0χ0

W−

W+

c)

t b̄Z, γ Z, γ

Figure 5: The diagrams for real production of the gauge bosons and the production of the tb̄ quark
pair.

Note the factor 2 in the definitions, which makes these coefficients to be the corrections to

the amplitude coming from the real production. Using this we can write that the production

cross-section provides a further correction:

C1−loop+rp = C1−loop + c2wC
rp
Z + s2wC

rp
γ . (2.16)

The full C1−loop+rp coefficient should go to a finite constant for mγ → 0, which we find

it is indeed the case. On the right plot of figure 6 we show the separate contributions from

one-loop corrections and the real production to show that their sum is independent of mγ .

Three body production involving t quark. There is a further, though very small,

contribution to the production cross-section at the order O(g6): the processes involving

the t quark in the final state

χ0χ0 → W−td̄, χ0χ0 → W−ts̄, χ0χ0 → W−tb̄,

χ0χ0 → W+t̄d, χ0χ0 → W+t̄s, χ0χ0 → W+t̄b

These processes are due to the couplings W+ → td̄, ts̄, tb̄ and their conjugate.

Notice that the other processes where in the final state there are a charged W and

either a charged lil̄j or a lighter charged qiq̄j pair must not be included, because they sum

up to the total width of the charged W , and therefore are implicitly taken into account

by unitarity when one takes the approximation of considering W as a stable particle. But

the top is more massive than the W and therefore the charged qq̄ pairs where one of the

quarks is t are not included in in the total width of the W and have to be added to the

correction.

Since the square of the coupling W+ → td̄ is negligible with respect to the sum of the

square of W+ → tb̄ and W+ → ts̄ (which all together add up to g2), and the masses of b, s

are negligible at our energy scale, by defining as before

2
g2

(4π)2
Ct ≡

σW−tb̄ + σW+t̄b

σtree2

, (2.17)

we get final result for the total correction to the tree amplitude

C1−loop+rp+t =
5

∑

i=1

Ci + s2w

(

4 log

(

m

mγ

)

+ Crp
γ

)

+ c2wC
rp
Z + Ct . (2.18)
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A. Hryczuk and R. Iengo  (2012)
χ+χ−

W−W+
W−W+

Z, γ

Z, γ

Z, γ

Z, γ

W+ W−

Figure 8: The diagrams the correction to the process χ+χ− → W+W− coming from the real
production of Z, γ.

Figure 9: The correction to the χ+χ− → W+W− amplitude (left plot) and dependence on the
photon mass (right plot). The notation is the same as in figure 6.

Note also that due to the difference in the normalizations of the initial states (Eqns.

(1.6) and (1.7)), at the tree level Atree
χ+χ−→W+W−

= 1√
2
Atree

χ0χ0→W+W−
.

2.3.2 The radiative correction due to the real production

Also in this case the computations goes in the same way, except that now the initial state

particles are coupled to Z and γ, which gives the initial state Bremsstrahlung process

(instead of internal one as in the χ0χ0 case). The diagrams to be computed are those on

figure 8.

2.3.3 The total result for the annihilation of χ+χ− → W+W−

On figure 9 we show the full radiative correction to the amplitude of the process χ+χ− →
W+W−. When compared to the case of nuetralino annihilations, one immediately sees

that although results are qualitatively similar, quantitatively are considerably smaller. In

fact, the full one-loop result without including the one-loop Sommerfeld effect is within

-10% range even up to 3 TeV.

– 15 –



and 1 loop calculations: 

into account these loops that give a further radiative correction not included into taking g

at the scale mW .

Note that, by computing the Feynman diagrams giving the vertex corrections and

the wave function renormalization and fixing the renormalization at the EW scale, we are

evaluating perturbatively how the coupling ”runs” from its EW value.

This is like expanding at the one-loop order the formula for the running coupling

constant, except that we do not have to include the W wave-function renormalization,

because it only depends on the square W -four-momentum which is equal to m2
W and

therefore it is already inside the definition of the coupling at the scale mW .

Let us also recall that the standard use of the renormalization group techniques holds

in the ”deep euclidean region” in which the external lines are quite off-shell. In our case

instead, the external particles are on-shell and therefore there occur not only the large log’s

related to the UV divergences but also large log’s due to IR effects. As we will discuss in

the following, we do not attempt a re-summation of the large log’s of various origin, and

this is another reason why we do not attempt to use a kind of non-perturbative formula for

the running coupling, suitably modified to take off the W -wave function renormalization,

which would correspond to some partial re-summation of one subset only.

2.2 The radiative corrections to χ0χ0 → W+W−

We start the discussion from the one-loop corrections to χ0χ0 annihilation. Firstly we will

discuss the method of doing the computations and the in section 2.2.3 we will give the

results. The way we present them is in terms of the correction to the tree level amplitude:

A = Atree

(

1 +
g2

(4π)2
Ci(m)

)

, (2.1)

where Ci(m) are the coefficients corresponding to the diagram i.

2.2.1 The UV divergent diagrams

The UV divergent one-loop diagrams come from the vertex corrections and the fermion

wave-function renormalization, as presented on figure 1.

χ0
χ0

W+

χ−

W−W+

χ0
χ0

W−W+

W−
Z, γ Z, γ

χ0
χ0

W−W+

χ0
χ0

W−W+

W±

1) 2) 3)

Figure 1: The UV divergent diagrams for χ0χ0 → W+W− process. The vertex corrections
(diagrams 1 and 2) and the fermion wave-function renormalization (both diagrams are included in
3).

For all these diagrams, we have done the computations using full analytical expressions

with Feynman parameters and integrated analytically (using Mathematica) over the first
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one and numerically over the second one.5 We took the Feynman-’t Hooft gauge for the

W propagator, which simplifies the computations, noting that χ is not coupled to the

Higgs bosons and that there is no vertex with two W ’s and one neutral unphysical Higgs.

We used dimensional regularization and dropped the terms O(1/ϵ) because they are taken

into account in the renormalization at the scale mW . In fact, the loop corrections to the

coupling g evaluated at the mW scale do contain the same O(1/ϵ) terms, which therefore

are part of the definition of the coupling at that scale. We also didn’t include the W

wave-function renormalization of the final W ’s for the same reason.6

2.2.2 The UV finite diagrams and the IR divergence

Besides the loops giving the radiative correction of the vertices and the χ wave-function

renormalization, there are two other loops, which are not UV divergent.7

χ0χ0

W−W+

4)

W+χ+ χ−

Z, γ

χ0χ0

W−W+

5)

Figure 2: The UV finite diagrams for χ0χ0 → W+W− process.

Diagram 4 represents a process in which the incoming χ0 pair goes to a virtual χ±

pair (which then annihilates in W±) by W± exchange (see figure 2, diagram 4). The

contribution of this loop is very large when m/mW is large. In fact, it is recognized that

it contains the first order contribution to s±.8 This is seen because, as shown in ref. [26],

the Sommerfeld effect comes by summing the non-relativistic part of the ladder diagrams,

and this diagram is precisely the first of the series.

More in detail, the statement for the Sommerfeld enhanced amplitude A = sA0 comes

from taking the amplitude as the non-relativistic approximation of a sum of ladder diagrams

5In the approximation of annihilation at rest all the diagrams can be expressed as a linear combination of

integrals with only two Feynman parameters, because in this case there are only two independent external

momenta.
6Except that we have to include the IR divergence of the W wave-function renormalization due to the

photon exchange, which is cancelled by a real photon emission, see section 2.2.4.
7The propagators and vertices of these diagrams give three powers of momentum in the numerator

and eight powers in the denominator therefore the integration in four dimensions is convergent by power

counting. In the case of diagram 5 the analytic integration on one parameter has been done using the

PrincipalValue prescription, in order to discard the absorptive part, due to intermediate W ’s being possibly

on-shell. This part does not interfere with the tree diagram and thus would give a higher order contribution.

The diagram containing the four vector boson vertex gives a vanishing contribution for the Wino anni-

hilation at rest in a spin-singlet state.
8Divided by the

√

2, due to the difference in the normalization of the initial two-body state for neutralino

and chargino pairs, see Eqns. (1.6) and (1.7).
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Figure 3: The results for the one-loop correction to the amplitude of the χ0χ0 → W+W− annihi-
lation. The total correction is obtained by summing all those contributions and including the real
production. The C5 contribution is made finite due to adding a small mass to the photon mγ = 0.1
GeV. In these result all the multiplicities of the diagrams were taken into account.

χ0χ0

W−
W+

W− γ

Figure 4: The IR divergent diagram present in the gauge boson wave-function renormalization.

From the computation we get that C1−loop < 0 and also that it diverges for mγ → 0.

The divergence is due to the graph 5 described above and to IR divergent part of the W

wave-function renormalization.

2.2.4 The radiative correction due to the real production and the cancellation

of the IR divergences

As we already mentioned, doing the computation of σ0 at the order O(g6), we have also to

add to σ0 the production cross-section of W+W−Z and W+W−γ, which are of the same

order (see figure 5). This has to be done on the level of the cross section. Hence, we start

from a short review of the cross-section computation. If we call the amplitude M, then

the formula for the differential cross-section in our case reads:

dσ =
1

4m2vr

(

∏

i

d3ki
(2π)32ωi

)

∑

pol

|M|2(2π)4δ4(P −
∑

i

ki), (2.7)
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(W±) (W∓)

W±

γ
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Figure 7: The diagrams for the one-loop corrections to χ+χ− → W+W− annihilation.

perturbative evaluation of the correction to σ0 looks like to be border-line-reliable up to

values of m of a few TeV.

This fact is not surprising: when m and therefore the overall scale of the process gets

large as compared to mW , the vector bosons resemble more and more to massless would-be

gluons of an unbroken SU(2), like an SU(2) version of QCD. There occur large Log’s of

the ratio m/mW , and powers of them, which are not related to the UV divergences (and

therefore cannot be included in a standard renormalization group treatment). Therefore,

for higher values of m, one would need to borrow from QCD sophisticate techniques of

re-summation of powers of large Log’s or semi-empirical formulae. All that is beyond the

scope of this work.

2.3 The radiative corrections to χ+χ− annihilation

Due to the Sommerfeld effect the χ+χ− annihilation gives a non-negligible contribution to

the χ0χ0 annihilation process, which in fact can be of the same order as the direct process.

Therefore, it is also important to compute the radiative correction to annihilation with

χ+χ− in the initial state. Because the computations are very similar to the χ0χ0 case, we

don’t discuss all the computations in detail, but rather stress the differences and present

the final results.

In this case, in the Feynman-’t Hooft gauge it occurs also the vertex of the charged

unphysical Higgs with the vector bosons. However, in the same way as for the physical

Higgs, its coupling is proportional to gmW and therefore the process involving it will be

suppressed by a factor m2
W /m2 and we neglect it.

2.3.1 One-loop corrections to χ+χ− → W+W−

In the case of the annihilation of χ+χ−, since they are charged, there are more diagrams

to be computed, see figure 7, the technique is however exactly the same.
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Figure 7: The diagrams for the one-loop corrections to χ+χ− → W+W− annihilation.
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For completeness, also in this case we show the IR cancellation and that our results

are independent of mγ .

2.4 The one-loop corrections to χ+χ− → ZZ,Zγ, γγ

The diagrams to be computed are given on figure 10. In this case there is no wave-function

renormalization of the final states, because they do not couple to the photon and thus do

not exhibit IR divergences. Moreover, in this case there are no IR divergences in the total

one-loop corrections, since the fermion wave-function renormalization cancels precisely the

IR divergence coming from the correction to the initial states (the bottom left diagram).

There is also no three body production, since the emission of three W 3 (a mixture of

Z and γ) is forbidden by the CP conservation: the initial state being spin singlet has an

even CP, while both Z and γ are CP-odd.10

The results for the radiative correction to these processes are presented on figure 11.

The corrections are very similar to each other, as could be expected from the fact that

since m is much larger than mZ , the differences in masses of the final states are not very

important. On the other hand, the differences in couplings are taken into account in the

tree level amplitudes for these processes (i.e. every of these three corrections is normalized

to its own tree level amplitude).

One can also see that the absolute value of these corrections is quite large, in fact

considerably larger than for the annihilation into charged final states. This might look

surprising, since there are less diagrams and none is IR divergent, but actually it can be

easily understood by the fact that in this case there is no compensating effect of the real

production.

10The processes involving two neutral gauge bosons one of them subsequently decaying into quark or

lepton pairs are allowed, but similarly to what was said for the t quark production they are very suppressed

and therefore we neglect them.
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AND Sommerfeld corrections to the annihilation cross-section, impor-

tant for               due to a long range interaction between the Winos

in the incoming state, with a resonance at ~2.4 TeV.

away galaxies, they produce additional �-rays in their interactions with the local interstellar medium;
or microwaves from synchrotron emission; providing additional possible signals of Wino annihilations.
These energetic CRs can even impact the CMB at the recombination epoch.

In this setup the higher order corrections are crucial for making robust predictions for the indirect
detection. It is especially important, because this is the only feasible way of excluding (or detecting)
Wino DM, at least in the near future. Monochromatic �-rays, potentially giving a smoking-gun
signature of DM annihilation, can only be produced at the loop level. Additionally, three body final
state processes �� �! W+W��, W+W�Z and �� �! �+�� �! W+W��, W+W�Z have to be
included, as they modify the final spectra and total annihilation cross section.

Wino dark matter has been studied on its indirect detection prospects already in the past, see
e.g. [6–9]. Most of these works were interested in the low mass region, at most a few hundreds of GeV.
The reason is that at a tree level such Wino can have large cross sections possibly giving interesting
signals. On the other hand, when one goes beyond tree level approximation, and in particular includes
the Sommerfeld e↵ect, also TeV scale Wino starts to have an interesting phenomenology. Sommerfeld
e↵ects become important for m� � mW enhancing the current epoch (at ⇠ 10�3c velocities) annihi-
lation cross section and modifying the final annihilation products injection spectra. This was already
noticed in [10], where positron and antiproton signals were discussed, especially inspired by the HEAT
cosmic ray results. After PAMELA reported the positron fraction rise people were suggesting heavy
DM as a possible explanation and this model was also advocated as one of the possibilities [11, 12].
However, none of these works considered electroweak corrections and all concentrated on only one or
two detection channels.

In this work we discuss all possible channels, which is essential for making robust claims on
the exclusion or detection. More specifically, in section 2 we present the e↵ects of the Sommerfeld
enhancement and the electroweak corrections on the CR, neutrino and �-ray spectra produced from the
DM annihilations, as well as our general methodology for calculating the end product signals (after
galactic propagation of CRs). In section 3, we show our results for a variety of indirect detection
probes, that can provide more or less strong limits on Wino DM with masses anywhere between
0.5 and 3.2 TeV. We study the impact that DM annihilations can have on CR antiprotons and
positrons, galactic and extragalactic di↵use �-rays, in �-ray signals from nearby dwarf spheroidal
galaxies and from galaxy clusters. We also include current limits from observations of the CMB
angular temperature and polarization power spectra and also future perspectives from neutrinos from
the galactic center and from antideuterons. For each of these indirect detection probes, we study not
just a reference case, but include the most important astrophysical uncertainties that can impact the
strength of the derived limits. Those uncertainties can be related to the background production and
propagation assumptions of the CRs (for the CR probes), to the local DM density, to the DM density
profile of our Galaxy, to the impact of the DM substructures, or to the target selection (see more
details in the individual subsections of section 3). Such a study allows us a comparison on the strength
between the various indirect detection methods. Finally, in section 4 we discuss on the combination
of these indirect detection probes and conclude.

2 The Sommerfeld e↵ect and Wino DM

The Sommerfeld enhancement is a non-relativistic e↵ect, resulting in correcting the annihilation cross
section due to presence of some “long range force” between the particles in the incoming state. It can
be described as an e↵ect of distorting the initial wave function of the incoming two-particle state by
a non-relativistic potential. This potential is taken to be Yukawa or Coulomb, as the force arises due
to exchange of massive or massless boson.1 For a review of this e↵ect in the dark matter context we
refer the Reader to e.g. [13, 14] and references therein. Here, we would only like to stress the main
implications of this e↵ect for the Wino DM model. At the tree level, the annihilation cross section

1In the cosmological setting in reality the potentials are always Yukawa type, since in the thermal background due
to the plasma screening there are no strictly massless modes.
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for pure Wino is given by:
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where m� and mW are the Wino and W boson masses, respectively, and ↵
2

= g2
2

/(4⇡) with g
2

being
the weak coupling constant.

At this level one can distinguish two distinct phenomenologically relevant mass windows: i) low
mass (m� . 500 GeV) giving possibly measurable indirect detection signals, but too low thermal relic
density and ii) large mass (TeV scale) with relic abundance in accordance with thermal production,
but with very weak experimental signatures. However, this picture is significantly altered when higher
order corrections, and in particular the Sommerfeld e↵ect, are taken into account.

In the low mass regime, the main di↵erence comes from electroweak corrections, with Sommerfeld
e↵ect being negligible. The total cross section is changed only at a % level, but the spectrum becomes
softer, changing the predictions for the indirect detection signals and in consequence the experimental
bounds on this scenario. On the other hand, if the Wino mass is at the TeV scale the Sommerfeld
e↵ect starts to dominate. The total cross section can be enhanced by more than an order of magnitude
and in particular, if the Wino mass happens to be around m� ⇡ 2.4 TeV, this enhancement acquires
a strong resonance behavior. The cross section is then strongly boosted and can potentially lead to
observable signals.

Throughout this work we will assume that the Wino constitutes the whole DM, meaning that for
most of the considered possible values of m�, the main production mechanism in the early Universe
has to be non-thermal. Nevertheless, let us note that the considered higher order e↵ects also introduce
corrections to the thermal relic density, which are however significantly milder since the Sommerfeld
e↵ect is weaker at higher velocities [3, 14] (see also [15]).

2.1 Implications for the present-day DM annihilation

The consequences of these e↵ects for the indirect detection are encoded in the change of the anni-
hilation spectrum and the total cross section. If by A��!SM

we call the perturbative annihilation
amplitude into generic SM states, then the full (Sommerfeld enhanced) amplitude is given by2

ASE

�0�0!SM

= s
0

A�0�0!SM

+ s±A�+��!SM

, (2.2)

where the s
0

and s± are called the Sommerfeld factors and are in general complex functions of the
relative velocity v and m�. They are obtained by summing the contributions of the ladder diagrams
or, equivalently, solving the appropriate Schrödinger equations (see [18] for details). In this approach,
the amplitudes A can be computed at any given order of perturbation theory, in our case O(g6), while
the Sommerfeld factors are treated as being non-perturbative. The cross section is then obtained
by integrating the modulus square of Eq. (2.2) over the phase space.3 For masses m� ⇠ mW

we have s
0

⇡ 1 and s± ⇡ 0 thus the total result is the perturbative one, while for m� � mW ,
|s

0

| � |s±| ⇠ O(1). Therefore compared to the perturbative result the one with Sommerfeld e↵ect
introduces three modifications: i) enhances the value of the cross section, ii) opens up the annihilation
channels ZZ, Z� and �� (without the SE they are of higher order), and finally iii) modifies the spectra.

On Fig. 1 we show the primary annihilation spectra for an example case of m� = 2.4 TeV.4 It
is chosen such to be near the resonance, where the impact of the Sommerfeld e↵ect is most clearly
visible. First of all note that the perturbative result, given just by the standard two- plus three-body
annihilation process (dotted lines), is normalized di↵erently than the full Sommerfeld one (solid lines).
The ploted spectra are per annihilation, i.e. normalized such that integrated over x give the total
number of produced primary particles. Therefore,

dNtot

dx
=

1

�tot

d�tot

dx
,

dN
SE

dx
=

1

�
SE

d�
SE

dx
. (2.3)

2See also recent works with di↵erent, e↵ective field theory approach for including the Sommerfeld e↵ect in case of
multiple channels [16, 17].

3In the phase space integration we neglect the mass di↵erence between �

± a �

0.
4The method of doing the computation of the spectra is discussed in the Appendix A.
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2.2 Fluxes at production

The W and Z bosons produced in the annihilation process will subsequently decay into quarks and
leptons. Quarks then undergo hadronization producing mesons and even baryons, which can be
stable, like protons and antiprotons, or fragment into leptons and photons. Additionally, the particles
produced in these process can have very high invariant masses, i.e. the primary particle can be o↵-
shell with large vitruality. The resulting process is then not a decay, but a splitting and the whole
process produces a shower of final particles. In particular, the primary gauge bosons produced in
the annihilation are very energetic: their invariant mass is of the order of the mass of the neutralino,
which in our case of interest is at the TeV scale.

All this processes can be described by the Dokshitzer-Gribov-Lipatov-Altarelli-Parisi (DGLAP)
evolution [20–22], which relies on the fact that the branching probabilities in the soft/collinear ap-
proximation are universal. They depend only on the virtuality µ2 and the so-called splitting functions,
which one can derive given field content and interactions.

This approach is very well know and exploited a lot in collider physics, especially in the sim-
ulations of jets. Because of this, since many years robust numerical codes taking care of all the
splitting/hadronization/fragemantation processes exist. Two most widely used are PYTHIA [23]
and HERWIG [24], from which in our work we used the former one, as it is already implemented
inside DarkSUSY [25]. Unfortunately, they are optimized for the high energy collisions and not non-
relativistic annihilations. Moreover, these codes concentrate mostly on the QCD jets and not EW
processes. They have also some peculiarities, e.g. PYTHIA does include the photon bremsstrahlung
from fermion states, but not from W±. One thus has to be careful when using them for the DM
annihilation. Nevertheless, this can be done, as we will describe below. We follow the approach of
[26] to include the additional electroweak splitting functions, that are missing in PYTHIA. However, in
contrary to what was done there and then used in the PPPC 4 DM ID code [27], for the photon and
W/Z bremsstrahlung we use our full O(g6) computation. In this way we take the advantage of our
model specific treatment, for which we have computed the whole loop corrections, with the Sommer-
feld e↵ect included. This allows to study possible spectral features (depending on the virtual internal
bremsstrahlung (VIB) and not the final state radiation (FSR) or related to the x ⇡ 1 region, in which
the collinear approximation fails), as well as includes also non-logarithmically enhanced corrections.

The first step is to compute the spectra of f = �, ⌫, e+, p̄, d̄ at production per annihilation, i.e.
the quantity:

dNf
tot

dx
=

1

�tot

d���!X!f
tot

dx
, (2.6)

where x = Ef/m, Ef is the kinetic energy of particle f , �tot is the total annihilation cross section

(summed over all possible annihilation channels), and ���!X!f
tot denotes the sum of cross sections for

all processes giving rise to particle f (with all multiplicities etc. included).5

We start from the final spectra of f = �, ⌫, e+, p̄ (for antideuterons see a separate discussion in
Sec. 3.10). In the total spectrum, including the order O(g6) terms, we have possible initial states
I = W,Z, �. To get final spectra one has to convolute the initial ones with the fragmentation tables
[26]:6

dNf
tot

dx
(M,x) =

X

I=W,Z,�

Z
1

x

dz SI DI(z)
dNMC

I!f

dx

⇣
zM,

x

z

⌘
, (2.8)

where

DI(z) = BRI
dNI

dz
(2.9)

5This implicitly assumes, that:

�

tot

⇡
Z

1

0

d�

��!X!f

tot

dx

dx, (2.7)

i.e. that the subsequent production of particle f from decay/fragmentation of primary annihilation products does not
change the total cross section. This is clearly justified, since all those additional contributions are of a higher order.

6Note that the final f spectra are vs. the kinetic energy x = E

k

/m, while in the formula z is the total energy
fraction carried by a given primary channel particle (e.g. W ); that is why x  z  1. The same applies to the splitting
functions, where z = E/m.
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A great new Era:The AMS-02 experiment

fraction is steadily increasing from 10 to !250 GeV, but, from 20 to 250 GeV, the slope decreases by

an order of magnitude. The positron fraction spectrum shows no fine structure, and the positron to

electron ratio shows no observable anisotropy. Together, these features show the existence of new

physical phenomena.
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The Alpha Magnetic Spectrometer (AMS-02) is a gen-
eral purpose high-energy particle physics detector. It was
installed on the International Space Station (ISS) on
19 May 2011 to conduct a unique long duration mission
(!20 years) of fundamental physics research in space. The
first AMS results reported in this Letter are based on the
data collected during the initial 18 months of operations on
the ISS, from 19 May 2011 to 10 December 2012. This
constitutes 8% of the expected AMS data sample. The
positron fraction, that is, the ratio of the positron flux to
the combined flux of positrons and electrons, is presented
in this Letter in the energy range from 0.5 to 350 GeV. Over
the past two decades, there has been strong interest in the
cosmic ray positron fraction in both particle physics and
astrophysics [1]. The purpose of this Letter is to present the
accurate determination of this fraction as a function of
energy and direction (anisotropy).

AMS detector.—The layout of the AMS-02 detector [2]
is shown in Fig. 1. It consists of nine planes of precision
silicon tracker, a transition radiation detector (TRD), four
planes of time of flight counters (TOF), a permanent
magnet, an array of anticoincidence counters (ACC), sur-
rounding the inner tracker, a ring imaging Čerenkov de-
tector (RICH), and an electromagnetic calorimeter
(ECAL). The figure also shows a high-energy electron of
1.03 TeV recorded by AMS.

The AMS coordinate system is concentric with the
center of the magnet. The x axis is parallel to the main
component of the magnetic field, and the z axis points
vertically. The (y-z) plane is the bending plane. AMS is
mounted on the ISS with a 12" roll to port to avoid the ISS
solar panels being in the detector field of view; terms such
as ‘‘above,’’ ‘‘below,’’ and ‘‘downward-going’’ refer to the
AMS coordinate system.

The tracker accurately determines the trajectory and
absolute charge (Z) of cosmic rays by multiple measure-
ments of the coordinates and energy loss. It is composed of
192 ladders, each containing double-sided silicon sensors,
readout electronics, and mechanical support [3,4]. Three
planes of aluminum honeycomb with carbon fiber skins are
equipped with ladders on both sides of the plane. These
double planes are numbered 3–8; see Fig. 1. Another three
planes are equipped with one layer of silicon ladders. As
indicated in Fig. 1, plane 1 is located on top of the TRD,
plane 2 is above the magnet, and plane 9 is between the
RICH and the ECAL. Plane 9 covers the ECAL accep-
tance. Planes 2–8 constitute the inner tracker. Coordinate
resolution of each plane is measured to be better than

10 !m in the bending direction, and the charge resolution
is !Z ’ 0:06 at Z ¼ 1. The total lever arm of the tracker
from plane 1 to plane 9 is 3.0 m. Positions of the planes of
the inner tracker are held stable by a special carbon fiber
structure [5]. It is monitored by using 20 IR laser beams
which penetrate through all planes of the inner tracker and
provide micron-level accuracy position measurements.
The positions of planes 1 and 9 are aligned by using cosmic
ray protons such that they are stable to 3 !m (see Fig. 2).
The TRD is designed to use transition radiation to dis-

tinguish between e$ and protons, and dE=dx to indepen-
dently identify nuclei [6]. It consists of 5248 proportional
tubes of 6 mm diameter with a maximum length of 2 m
arranged side by side in 16-tube modules. The 328 modules

TRD

Tracker 

ECAL 

RICH

FIG. 1 (color). A 1.03 TeV electron event as measured by the
AMS detector on the ISS in the bending (y-z) plane. Tracker
planes 1–9 measure the particle charge and momentum. The
TRD identifies the particle as an electron. The TOF measures
the charge and ensures that the particle is downward-going. The
RICH independently measures the charge and velocity. The
ECAL measures the 3D shower profile, independently identifies
the particle as an electron, and measures its energy. An electron
is identified by (i) an electron signal in the TRD, (ii) an electron
signal in the ECAL, and (iii) the matching of the ECAL shower
energy and the momentum measured with the tracker and
magnet.
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Figure 1). The average time resolution of each counter has 
been measured to be 160 picoseconds, and the overall beta 
��	����� ������������� �������em has been measured to be 
��� ���� ���� �
�������� 
��������� ��� ��� ������
specifications. 

The Anti-Coincidence Counters (ACC) surround the 
AMS silicon tracker, just inside the inner cylinder of the 
vacuum case, to detect unwanted particles that enter or 
leave the tracker volume and induce signals close to the 
main particle track such that it could be incorrectly 
measured, for example confusing a nucleus trajectory with 
that of an anti-nucleus.  The ACC consists of sixteen 
curved scintillator panels of 1 m length, instrumented with 
wavelength shifting fibers to collect the light and guide it 
to a connector from where a clear fiber cable guides it to 
the photomultiplier sensors mounted on the conical flange 
of the vacuum case. 

2.3. Silicon Tracker and Permanent Magnet 

The tracker is composed of 192 ladders, the basic unit 
that contains the silicon sensors, readout electronics and 
mechanical support. Three planes of honeycomb with 
carbon fiber skin, equipped with silicon ladders on both 
sides, constitute the inner part of the silicon tracker. Other 
three planes equipped with only one layer of silicon 
ladders are located on top of TRD, on top of the 
Permanent Magnet and in between Ring Image Cherenkov 
detector and Electromagnetic Calorimeters as indicated in 
Figure 1. 

Each ladder has 100µm pitch silicon strips aligned with 
3µm accuracy that measure coordinates of charged 
particles two orthogonal projections. Accuracy of the 
measurement in the bending plane is 10µm. Overall there 
are close to 200000 readout channels. Signal amplitude 
provides a measurement of the particle charge independent 
of other sub-detectors as presented in Figure 2. 

 

 
Figure 2: Correlation between bending plane amplitudes 
(charge S) and non-bending plane amplitudes (charge K) 
as measured in the heavy ion beam of 158 GeV/n. 
 

 Permanent Magnet with the central field of 1.4kG 
provides a bending power sufficient to measure protons up 
to Maximal Detectable Rigidity of 2.14TV. For He nuclei 
the Maximal Detectable rigidity is 3.75TV 

2.4. Ring Imaging Cherenkov detector 

The Ring Imaging Cerenkov (RICH) detector is 
designed to separate charged isotopes in cosmic rays by 
measuring velocities of charged particles with a precision 
of one part in a thousand.  The detector consists of a dual 
dielectric radiator that induces the emission of a cone of 
light rays when traversed by charged particles with a 
velocity greater than that of the phase velocity of light in 
the material.  The emitted photons are detected by an array 
of photon sensors after an expansion distance of 45 cm  
The measurement of the opening angle of the cone of 
radiation provides a direct measurement of the velocity of 
the incoming charged particle (�=v/c).  By counting the 
number of emitted photons the charge (Z) of the particle 
can be determined (see Figure 3).  

The radiator material of the detector consists of 92 tiles 
of silica aerogel (refractive index n=1.05) of 2.5 cm 
thickness and 16 tiles of sodium fluoride (n=1.33) of 
0.5 cm thickness.  This allows detection of particles with 
velocities greater than 0.953c and 0.75c respectively.  The 
detection plane consists of 10,880 photon sensors with an 
effective spatial granularity of 8.5 x 8.5 mm2.  To reduce 
lateral losses the expansion volume is surrounded by a 
high reflectivity reflector with the shape of a truncated 
cone. 

 
Figure 3: Shown on top are snapshots of the rings 
produced by the different nuclei as seen by RICH. Bottom 
figure is a spectrum of charges observed in 158 GeV/n 
heavy ion beam. 

2.5. Electromagnetic Calorimeter 

The AMS-02 electromagnetic calorimeter (ECAL) 
consists of a lead scintillating fiber sandwich with an 
active area of 648x648 mm2 and a thickness of 166.5 mm.  
The calorimeter is composed of 9 superlayers, each 
18.5 mm thick and made of 11 grooved, 1 mm thick lead 
foils interleaved with 10 layers of 1 mm diameter 
scintillating fibers. In each superlayer, the fibers run in one 
direction only.  The 3-D imaging capability of the detector 
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Effects of different CR Propagation 
assumptions
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Benchmark Fitted Fitted Goodness
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2

p̄/p

�

2

tot

[kpc] [kpc] [cm2s�1] [km s�1] GV
1 0.45 20 0.47 15.0 -0.57 2.12/2.36/2.3 14.5 0.38 0.31 0.66 0.79 0.55
1.4 0.45 20 0.70 15.0 -0.57 2.12/2.36/2.3 14.5 0.39 0.26 0.59 0.94 0.63
1.7 0.45 20 0.89 16.8 -0.57 2.12/2.36/2.3 14.5 0.42 0.24 0.58 0.71 0.52
2 0.45 20 1.12 18.8 -0.57 2.12/2.36/2.3 14.5 0.57 0.4 0.57 0.54 0.53
3 0.45 20 1.65 18.0 -0.57 2.18/2.37/2.3 14.0 0.44 0.49 0.54 0.52 0.55
4 0.45 20 2.2 18.0 -0.57 2.20/2.37/2.3 14.0 0.54 0.41 0.47 0.47 0.52
6 0.45 20 3.08 19.0 -0.57 2.18/2.37/2.3 14.0 0.65 0.47 0.45 0.47 0.52
8 0.45 20 3.6 18.5 -0.57 2.18/2.37/2.3 14.0 0.51 0.50 0.48 0.47 0.53
10 0.45 20 4.1 19.5 -0.57 2.10/2.35/2.2 15.5 0.62 0.90 0.47 0.50 0.69
15 0.45 20 4.6 18.5 -0.57 2.10/2.35/2.2 15.5 0.56 0.95 0.50 0.51 0.72
20 0.45 20 5.0 17.5 -0.57 2.10/2.34/2.2 14.2 0.56 0.53 0.46 0.47 0.53

Table 1. Benchmark propagation models. Everywhere the convection is neglected v

c

= 0. The second break
in the proton injection spectra is always 300 GV. For primary electrons we use a broken power-law with
spectral indices 1.6/2.59 and a break at 7 GV. For He and heavier nuclei we assumed one power-law with
index 2.3 and 2.25, respectively. The propagation parameters were obtained by fitting to B/C, proton and He
data, while the primary electrons were obtained from the measured electron flux. The values of antiproton
and p̄/p �

2s are then predictions. The total �2

tot

has been obtained by combining all the channels. See the
text for more details.

All considered propagation models give a very good fit to the CR data. As a second step, for
these models we calculate the predicted di↵use �-ray sky maps and check for consistency with the
Fermi data. We note also, that our probing of the di↵usive zone of the di↵usive zone thickness is
dense enough to be able to make an interpolation of the result for any 1 kpc  zd  20 kpc.

As an example of how our models match the observational data, on the Fig. 3 we show the fit
of the thin zd = 1 kpc, medium zd = 4 kpc and thick zd = 10 kpc cases. In the B/C and protons one
can see the strong solar modulation e↵ect at low energies (with doted lines everywhere corresponding
to unmodulated result), even for rather moderate values of the potential �.

In the case of electrons, the simple force field approximation is insu�cient in predicting the
correct spectra at energies below few GeV. Therefore, we chose to take into account only the data
with E > 10 GeV, due to the lack of full understanding of the solar modulation and also the precise
values of parameters for secondary production mechanisms at such low energies. Moreover, what seem
to be more robust choice is to insist on good agreement with the Fermi di↵use �-ray data and not the
low energy electrons, since the backgrounds are much better understood in this case. Therefore, our
prediction at energies below 10 GeV do not fit well the electron data, but gives much better agreement
with the di↵usive �-rays. The dashed lines on bottom right of Fig. 3 give the total spectrum including
the background and pulsar components. They are shown in order to convey that they are not very
sensitive to variation of the propagation model and that they also improve the agreement with the
electron data. For more discussion of these contributions see Sec. 3.2.

Anticipating the discussion of the dark matter originated fluxes, on Fig. 4 we show how they are
a↵ected by varying the propagation model. The dotted lines correspond to our benchmark models,
while solid ones single out the thin, medium and thick cases. As expected, the uncertainty associ-
ated with the propagation model is less important when going to higher energies, but even then it
remains substantial. Indeed, in the Wino model the phenomenologically most important e↵ect of this
uncertainty is the variation of high energy p̄ fluxes originating from the dark matter, as we discuss
below.

3 Search Channels for Indirect Wino DM detection

In the following we will discuss what are the indirect detection signals for the Wino dark matter
simultaneously in several channels. The questions we are going to answer are: i) for what range
of masses Wino is already excluded as a dark matter candidate, ii) what is the impact of various
uncertainties and how can they a↵ect the exclusion limits, and finally iii) does a configuration exist

– 9 –
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Antiprotons:
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excluded by p at 95% CL
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Sommerfeld enhancement corrections are important even 
at “light” Wino masses, Astrophysical Uncertainties, 
related to the diffusion properties of CR antiprotons are 
still significant. Yet, the resonance is always excluded.



Electrons, Positrons:
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Limits:
excluded by leptons at 95% CL
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Astrophysical Uncertainties, related to the diffusion 
properties of CR electrons, positrons are insignificant. 
Local energy losses and the local DM density are the 
most important astrophysical uncertainties in this probe. 
AGAIN, the resonance is always excluded.



Anti-deutrons; a probe for the future 
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Gamma-rays

Fermi SKY

Known sources for the observed gamma-rays are:

i)Galactic Diffuse: decay of pi0s (and other mesons) from pp (NN) 
collisions (CR nuclei inelastic collisions with ISM gas), bremsstrahlung 
radiation off CR e, Inverse Compton scattering (ICS): up-scattering of 
CMB and IR, optical photons from CR e

ii)from point sources (galactic or extra galactic) (1873 detected in the 
first 2 years)

iii)Extragalactic Isotropic 

iv)”extended sources”

iv)misidentified CRs (isotropic dew to diffusion of CRs in the Galaxy)
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Diffuse Gamma-Ray maps, examples
3

their contribution to the continuum γ-rays spectrum in
the | l |< 5◦, | b |< 5◦ observation window have been de-
rived. Typically, DM models have sizable branching ra-
tios into more than one of these channels. Yet apart from
the χχ −→ µ+µ− channel and mainly the χχ −→ e+e−

channel, in all the other annihilation channels to SM par-
ticles with a continuum spectrum, the γ-ray DM signal
at 111 and 129 GeV can not be explained/mimicked by
the continuum spectrum. Thus it originates from the
annihilation into Zγ and 2γ. For χχ −→ e+e− and
χχ −→ µ+µ−, the final state radiation (FSR) and virtual
internal bremsstrahlung (VIB) can contribute to the line
signal as discussed in [1, 19].
For simplicity we assume that the DM induced γ-rays

with energy 111 ± 5 GeV and 129 ± 6 GeV come from
the annihilation of a 129 GeV DM particle into Zγ and
2γ respectively. Alternatively, these γ-ray lines could
come from hγ and Zγ for the case of a 142 GeV DM
particle. The relevant ratio of the luminosity of two lines
is taken to be 1/2 for the 111/129 GeV lines as suggested
in [23], thus, for the case of 129 GeV DM particle, the
annihilation cross-sections to Zγ and 2γ are assumed to
be the same.
For the DM distribution we assume that it is a combi-

nation of a spherically symmetric ”main” DM halo and a
dark disk (DD). For the main halo we assume a spherical
Einasto DM profile:

ρsph(r) = ρEin exp

{

−
2

δ

[

(

r

rc

)δ

− 1

]}

, (1)

using δ = 0.13, 0.17, 0.22 [38] with rc = 20 kpc. The
values of δ = 0.13(0.22) result in a more (less) cuspy DM
distribution. The density normalization parameter ρEin

is set in terms of the local DM density, after including a
contribution of the DD.
The profile of the DD component is assumed to be

described by [39]

ρDD(R, z) = ρ0DD
exp

[

1.68 (R⊙ −R)

R1/2

]

exp

[

−
0.693 |z|

z1/2

]

,

(2)
where R1/2 and z1/2 are the half mass scale lengths in the
Galactic plane and perpendicular to the Galactic plane,
respectively, and R⊙ = 8.5 kpc. Here R is the cylindrical
radial coordinate.
The ratio of the local DM density in the dark disk to

the local DM density in the spherical halo ρ0DD
/ρ0sph

typically range between 0.2-1.5 [39], with the higher ra-
tios being related to higher mass densities in the thick
stellar disk rather than in the thin stellar disk. The
thick stellar disk can be populated by thin stellar disk
stars, if the thin stellar disk gets heated by very massive,
high-redshift mergers. Another cause could be multiple
pro-grate and low inclination mergers [39].
In the template analysis performed below we will re-

strict to the case:

α/2 ≡ ρ0DD
/(ρ0sph + ρ0DD

) ≤ 0.5. (3)

fixing [40, 41]:

ρ0sph + ρ0DD
= 0.4 GeV cm−3. (4)

Regarding the dark disc thickness, some authors [42]
have suggested thicker disks, while thinner and less sig-
nificant dark disks can also be the case; keeping in the
parametrization of eq. 2 R1/2 = 11.7 fixed [39], we will
test the half mass scale length values of z1/2 = 0.5, 1.0,
1.5, 3.0 kpc.
In the standard model for cosmology, cold DM struc-

tures form hierarchically, with small DM halos collaps-
ing first and subsequently merging into larger and larger
objects. Since tidal disruption may only be partially ef-
fective, massive DM halos, such as the halo of our own
Galaxy, are expected to contain a vast population of sub-
halos, with mass spanning from a tiny seed mass up to a
fraction of the hosting halo mass. The minimum mass is
essentially associated to the free-streaming scale of DM
particles, in turns depending on their temperature of ki-
netic decoupling in the early Universe; for WIMPs the
minimum mass can be as small as about mcut = 10−6M⊙

[43, 44], much lighter than the dwarf galaxy scale, pos-
sibly to the smallest environment which can host stellar
populations and hence a luminous counterpart. Because
of the highly non-linear nature of the merging process,
up to now the only efficient technique to model in detail
DM halos is the use of numerical N-body simulations; in-
deed large populations of substructures have been found
in such studies. We will assume as primary reference in
our analysis results from Via Lactea II (VLII)[45], one
of the highest resolution simulations up to date of Milky
Way-sized CDM halo (virial mass Mh = 1.9× 1012M⊙),
with over one billion DM ”particles” and nominal mass
resolution of about 4100 M⊙ (numerical effects appear
to enter well above this scale, possibly affecting the sub-
halo mass spectrum up to about ∼ 3 × 106M⊙). In
our analysis we will discuss both the DM pair annihi-
lation associated to individual DM substructures as well
as the collective effect from the whole subhalo popula-
tion; in both respects, the resolution of the simulations
appears insufficient to properly model the expected sig-
nals. Our approach will then be to use the simulation
results to properly calibrate the necessary extrapolations
to smaller masses: tuning, at given Galactocentric ra-
dius, the subhalo pericenter distribution and applying a
recipe for taking into account tidal stripping effects, we
derive a model which reproduces fairly well the subhalo
mass function and the distribution in halo concentration
as a function of radius in the VLII simulation, and we
use it as a prediction below its resolution (some details
about our approach are given in Appendix A).
The general trends in the DM subhalo distribution can

be understood from the fact that more massive objects
are more prone to tidal stripping than the less massive
ones, because they typically have smaller average density,
reflecting the fact that they collapsed later in the cosmic
history at a lower average background density. As the
result, when going toward the center of the host halo,
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their contribution to the continuum γ-rays spectrum in
the | l |< 5◦, | b |< 5◦ observation window have been de-
rived. Typically, DM models have sizable branching ra-
tios into more than one of these channels. Yet apart from
the χχ −→ µ+µ− channel and mainly the χχ −→ e+e−
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the continuum spectrum. Thus it originates from the
annihilation into Zγ and 2γ. For χχ −→ e+e− and
χχ −→ µ+µ−, the final state radiation (FSR) and virtual
internal bremsstrahlung (VIB) can contribute to the line
signal as discussed in [1, 19].
For simplicity we assume that the DM induced γ-rays

with energy 111 ± 5 GeV and 129 ± 6 GeV come from
the annihilation of a 129 GeV DM particle into Zγ and
2γ respectively. Alternatively, these γ-ray lines could
come from hγ and Zγ for the case of a 142 GeV DM
particle. The relevant ratio of the luminosity of two lines
is taken to be 1/2 for the 111/129 GeV lines as suggested
in [23], thus, for the case of 129 GeV DM particle, the
annihilation cross-sections to Zγ and 2γ are assumed to
be the same.
For the DM distribution we assume that it is a combi-

nation of a spherically symmetric ”main” DM halo and a
dark disk (DD). For the main halo we assume a spherical
Einasto DM profile:
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−
2

δ

[

(

r

rc

)δ

− 1

]}

, (1)

using δ = 0.13, 0.17, 0.22 [38] with rc = 20 kpc. The
values of δ = 0.13(0.22) result in a more (less) cuspy DM
distribution. The density normalization parameter ρEin

is set in terms of the local DM density, after including a
contribution of the DD.
The profile of the DD component is assumed to be

described by [39]
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]
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where R1/2 and z1/2 are the half mass scale lengths in the
Galactic plane and perpendicular to the Galactic plane,
respectively, and R⊙ = 8.5 kpc. Here R is the cylindrical
radial coordinate.
The ratio of the local DM density in the dark disk to

the local DM density in the spherical halo ρ0DD
/ρ0sph

typically range between 0.2-1.5 [39], with the higher ra-
tios being related to higher mass densities in the thick
stellar disk rather than in the thin stellar disk. The
thick stellar disk can be populated by thin stellar disk
stars, if the thin stellar disk gets heated by very massive,
high-redshift mergers. Another cause could be multiple
pro-grate and low inclination mergers [39].
In the template analysis performed below we will re-

strict to the case:

α/2 ≡ ρ0DD
/(ρ0sph + ρ0DD

) ≤ 0.5. (3)

fixing [40, 41]:

ρ0sph + ρ0DD
= 0.4 GeV cm−3. (4)

Regarding the dark disc thickness, some authors [42]
have suggested thicker disks, while thinner and less sig-
nificant dark disks can also be the case; keeping in the
parametrization of eq. 2 R1/2 = 11.7 fixed [39], we will
test the half mass scale length values of z1/2 = 0.5, 1.0,
1.5, 3.0 kpc.
In the standard model for cosmology, cold DM struc-

tures form hierarchically, with small DM halos collaps-
ing first and subsequently merging into larger and larger
objects. Since tidal disruption may only be partially ef-
fective, massive DM halos, such as the halo of our own
Galaxy, are expected to contain a vast population of sub-
halos, with mass spanning from a tiny seed mass up to a
fraction of the hosting halo mass. The minimum mass is
essentially associated to the free-streaming scale of DM
particles, in turns depending on their temperature of ki-
netic decoupling in the early Universe; for WIMPs the
minimum mass can be as small as about mcut = 10−6M⊙

[43, 44], much lighter than the dwarf galaxy scale, pos-
sibly to the smallest environment which can host stellar
populations and hence a luminous counterpart. Because
of the highly non-linear nature of the merging process,
up to now the only efficient technique to model in detail
DM halos is the use of numerical N-body simulations; in-
deed large populations of substructures have been found
in such studies. We will assume as primary reference in
our analysis results from Via Lactea II (VLII)[45], one
of the highest resolution simulations up to date of Milky
Way-sized CDM halo (virial mass Mh = 1.9× 1012M⊙),
with over one billion DM ”particles” and nominal mass
resolution of about 4100 M⊙ (numerical effects appear
to enter well above this scale, possibly affecting the sub-
halo mass spectrum up to about ∼ 3 × 106M⊙). In
our analysis we will discuss both the DM pair annihi-
lation associated to individual DM substructures as well
as the collective effect from the whole subhalo popula-
tion; in both respects, the resolution of the simulations
appears insufficient to properly model the expected sig-
nals. Our approach will then be to use the simulation
results to properly calibrate the necessary extrapolations
to smaller masses: tuning, at given Galactocentric ra-
dius, the subhalo pericenter distribution and applying a
recipe for taking into account tidal stripping effects, we
derive a model which reproduces fairly well the subhalo
mass function and the distribution in halo concentration
as a function of radius in the VLII simulation, and we
use it as a prediction below its resolution (some details
about our approach are given in Appendix A).
The general trends in the DM subhalo distribution can

be understood from the fact that more massive objects
are more prone to tidal stripping than the less massive
ones, because they typically have smaller average density,
reflecting the fact that they collapsed later in the cosmic
history at a lower average background density. As the
result, when going toward the center of the host halo,



Looking for DM annihilation signals

• Hardening of a spectrum without a clear cut-off 
localized in a certain region (Fermi haze->Fermi 
bubbles)


• Hardening of a spectrum with a clear cut-off: ~10 GeV 
DM claims towards the Galactic Center (GC) inner few 
degrees


• Line or lines 


• One of the most likely targets is the GC (though 
backgrounds also peak), others are the known 
substructure (dSphs) or Galaxy clusters  
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Figure 1: Various gamma-ray spectra expected from DM annihilation, all normalized to N(x > 0.1) =
1. Spectra from secondary particles (gray band) are hardly distinguishable. Pronounced peaks near the
kinematical endpoint can have different origins, but detectors with very good energy resolutions ∆E/E may
be needed to discriminate amongst them in the (typical) situation of limited statistics. See text for more
details about these spectra.

2.1. Lines
The direct annihilation of DM pairs into γX – where X = γ, Z,H or some new neu-

tral state – leads to monochromatic gamma rays with Eγ = mχ
[

1 − m2X/4m
2
χ

]

, providing
a striking signature which is essentially impossible to mimic by astrophysical contri-
butions [51]. Unfortunately, these processes are loop-suppressed with O(α2em) and thus
usually subdominant, i.e. not actually visible against the continuous (both astrophysical
and DM induced) background when taking into account realistic detector resolutions;
however, examples of particularly strong line signals exist [32, 33, 52–56]. A space-
based detector with resolution ∆E/E = 0.1 (0.01) could, e.g., start to discriminate be-
tween γγ and γZ lines for DM masses of roughly mχ ! 150GeV (mχ ! 400GeV) if at
least one of the lines has a statistical significance of" 5σ [57]. This would, in principle,
open the fascinating possibility of doing ‘DM spectroscopy’ (see also Section 5).

2.2. Internal bremsstrahlung (IB)
Whenever DM annihilates into charged particles, additional final state photons ap-

pear at O(αem) that generically dominate the spectrum at high energies. One may dis-
tinguish between final state radiation (FSR) and virtual internal bremsstrahlung (VIB)
in a gauge-invariant way [58], where the latter can very loosely be associated to pho-
tons radiated from charged virtual particles. FSR is dominated by collinear photons,
thus most pronounced for light final state particles, mf ≪ mχ, and produces a model-
independent spectrum with a sharp cut-off at Eγ = mχ [59, 60]; a typical example for a
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with charged particles. Suppressed by O(a), but 
with a much harder spectrum; FSR has an 
additional suppression factor of (mf/Mchi)^2

Two body annihilation to 
photons. Almost monochro-
matic Line, but suppressed 
at O(a^2).

2.2 Photon line constraints

Both Fermi and HESS searches for line-like features in the photon spectrum are already sensitive to the cross
section of wino dark matter annihilating into two photons or a photon and a Z boson [52, 53]. The difference is
that currently the Fermi search is only sensitive to photons with energy below 300 GeV, while HESS is sensitive
to photons in a higher energy range above 500 GeV. In this subsection, we will derive bounds on neutralino dark
matter annihilation from photon line searches.

2.2.1 Neutralino annihilations into two photons

Analytic results of the full one-loop calculation of neutralino annihilation into two photons or photon+Z have
been derived in [54–57]. The Sommerfeld enhancement for pure wino or pure higgsino have been calculated in [50,
51]. The two calculations are different and there are some limitations of both calculations, which we will discuss
in Appendix B. To understand the behavior of the cross sections, we first inspect the limit when the neutralino is
heavy and the lightest superpartner (LSP) and its corresponding charged state are nearly degenerate in masses. We
will neglect Sommerfeld enhancement for the moment. In this limit, only one type of box diagram dominates, as
shown in Fig. 2. Other contributions to the rate are suppressed by 1/m 2

� . The analytic formula of the cross sections
in this limit are given by

h�v i�̃0�̃0!�� ⇡ 4↵4⇡

m 2
W sin4✓W

⇡ 1.6⇥10�27 cm3/s (�̃0 = W̃ 0),

⇡ ↵4⇡

4m 2
W sin4✓W

⇡ 10�28 cm3/s (�̃0 = H̃ 0), (5)

h�v i�̃0�̃0!Z� ⇡ 8↵4⇡cos2✓W

m 2
W sin6✓W

⇡ 1.1⇥10�26 cm3/s (�̃0 = W̃ 0),

⇡ ↵
4⇡
Ä

sin2✓W �0.5
ä2

2m 2
W sin6✓W cos2✓W

⇡ 8.0⇥10�29 cm3/s (�̃0 = H̃ 0). (6)

We see that for heavy neutralino, without Sommerfeld enhancement, its annihilation cross section is approxi-
mately a constant, independent of its mass at the leading order. (Taking into account the small but finite mass
splitting leads to a gradual decline in this cross section at high masses.)

Figure 2: Dominant diagram in the wino or higgsino annihilation into photons at the one-loop level, in the limit when the
neutralino is heavy.

For pure winos, the Z� annihilation cross section is about one order of magnitude larger than �� annihilation,
whereas for pure higgsinos they are comparable. The differences in wino and higgsino production cross sections
originate from their couplings to Z and �. For a �� final state, there is an additional Bose factor of 1/2 compared to
Z�.

In Fig. 3, we plotted the total cross section of wino annihilation into photons weighted by the number of pho-
tons in the final state, 2h�v i�� + h�v iZ�, as a function of the wino mass. The cross section is a result of matching
between the one-loop analytic calculation, which is more reliable for light winos, and the calculation including
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Calculating spectra in different patches of the sky



Comparison of models to Data
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Different Choices of galactic CR diffusion:
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Figure 3. The impact of astrophysical uncertainties in deriving 3σ upper limits on the DM annihila-
tion cross section for three different channels and masses and a given DM Einasto profile. We compare
the 3σ upper limit derived under our reference assumptions for ISM gas and radiation field (model
A) to the 3σ upper limits derived under varied assumptions on either the ISM gas normalization, the
XCO radial profile, the radiation field metallicity gradient and the radiation field spacial distribution
(model Bi with i:1-4) (see text for more details). For each angular window, we calculate the four
ratios of σv3σBi

/σv3σA and present the value of the ratio that deviated the most from 1. This allows us to
check the robustness of the 3σ upper limits, where more robust limits come from windows that have
the presented ratio being closer to 1. This test also allows us to check, which type of astrophysical
assumptions -not related directly to DM- impact the most, the limits on DM. Darker regions give
more robust limits. Red regions refer to the cases where the main uncertainty on the DM limits,
comes from uncertainties on, either the ISM gas normalization, or the XCO radial profile (the ratio
value is written in normal fonds). Green regions refer to the cases where the main uncertainty on
the DM limit, comes from uncertainties on either the the radiation field metallicity gradient, or its
spacial distribution (the ratio value is written in italics). Top left: DM particles with mχ = 10 GeV
annihilating into bb̄. Top right: particles with mχ = 100 GeV annihilating into W+W−. Bottom:
particles with mχ = 1.6 TeV annihilating to intermediate light bosons φ which subsequently decay to
e+e−, µ+µ−, π+π− at a relative ratio of 1:1:2.

(see also [77]). We also note that the limits from bb̄ annihilation channel at intermediate
latitudes (9◦ < |b| < 25◦) are slightly tighter than those at low latitudes (1◦ < |b| < 9◦)
for mχ < 30 GeV, with the limits from antiprotons being the most competitive. Finally for
the annihilation channels to W+W− and to the tt̄ quarks, the γ-ray limits from the lower
latitude region are stronger than the limits derived from CR leptons at all masses up to 3
TeV and stronger than the limits from CR anti-protons for masses heavier than ∼ 500 GeV.

In deriving the 3σ limits, we allow the DM to contribute in the best fit to the data,
with respect to which the 3σ limits are defined. In Fig. 5 we show both limits with only
the prompt DM diffuse γ-ray component and limits with all the DM originated diffuse γ-ray
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Figure 2. Relative strength of 3σ upper limits on DM annihilation cross section for different channels
and masses and for a given DM profile. Darker regions give stronger limits. Numbers give the ratio
of the 3σ upper limit from each window to the lowest 3σ upper limit among 60 windows under study,
σv3σ/σv3σmin. Top left: DM particles with mχ = 10 GeV annihilating into bb̄. The window with
−5◦ < b < 0◦, −30◦ < l < 0◦ gives the tightest 3σ upper limit on annihilation cross section with
σv3σmin = 1.08× 10−27 cm3s−1. Top right: the same as left panel with the total gas contribution free
within a factor of 2. The tightest 3σ annihilation cross section is σv3σmin = 2.49×10−27 cm3s−1. Middle
left : DM particles with mχ = 100 GeV annihilating into W+W−. The tightest 3σ limit is from the
window of 5◦ < b < 10◦, 0◦ < l < 30◦ and is equal to σv3σmin = 1.11 × 10−25 cm3s−1. Middle right:
the same as left panel with ”free” total gas. The tightest 3σ limit is σv3σmin = 9.3 × 10−26 cm3s−1.
Bottom left : DM particles with mχ = 1.6 TeV annihilating into a pair of intermediate light bosons
φ which then decay to e+e−, µ+µ− and π+π− at a ratio of 1:1:2. The tightest 3σ limit is from the
window of −10◦ < b < −5◦, 0◦ < l < 30◦ and is equal to σv3σmin = 8.9× 10−25 cm3s−1. Bottom right:
the same as left panel with ”free” total gas. The tightest 3σ limit is σv3σmin = 7.1× 10−25 cm3s−1.

ratios of σv3σBi
/σv3σA and present in Fig. 3 the value of the ratio that deviated the most from

1. This is a probe for the robustness of the 3σ upper limits given that all these models have
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Limits on “light” Wino DM, in various patches of the sky (continuum 
emission) 

M. Tavakoli, I.C., C. Evoli, P. Ullio, JCAP 1401 (2014)
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A. Dark Matter Density Profile

Astrophysical uncertainties dominate the prediction of the wino annihilation flux. The

flux is proportional to the J-factor, defined as

J =
1

R�
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where s is the line-of-sight distance, l (b) is the Galactic longitude (latitude), r =
p
s2 +R2

� � 2sR� cos l cos b is the galactocentric distance, R� = 8.5 kpc is the distance to

the Sun from the Galactic Center, and ⇢
0

= 0.4 GeV cm�3 is the local density [55–58]. The

functional form for the DM density ⇢(r) is highly uncertain. It is often modeled with the

NFW profile [59]

⇢
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with r
s

= 20 kpc. Another often cited profile is Einasto [60], which takes the form
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FIG. 3: The NFW [solid, red], Einasto [dashed, blue], and Burkert with r

s

= 0.5 [green, dotted]
and 10 kpc [purple, dot-dashed] profiles as a function of the distance from the Galactic Center. The
table shows the J-factors for each of these profiles in the H.E.S.S. region of interest, normalized to
J

NFW

= 0.60.

The DM profile: Looking for spectral features (HESS):
3

overall γ-ray annihilation spectrum. Here a search for γ-
ray line-like signatures conducted with the H.E.S.S. ex-
periment in the energy range Eγ ∼ 500GeV − 25TeV
is reported, complementing a recent search at energies
between 7GeV and 200GeV with the Fermi-LAT instru-
ment [15] and studies discussing an indication for a line
feature at an energy of about 130GeV [16–18].
The search for a DM-induced spectral signature in the

H.E.S.S. data is performed separately for two sky regions
of interest. The first is the CGH, a promising region due
to its proximity and predicted large DM concentration.
Following [8], the search region is defined as a circle of
1◦ radius centred on the GC, where the Galactic plane is
excluded, by requiring |b| > 0.3◦. The second region is
the extragalactic sky covered by H.E.S.S. observations,
with regions containing known VHE γ-ray sources being
excluded from the analysis. For both data sets, the un-
certainty on the strength of a putative DM annihilation
signal is much reduced in comparison to the observations
of centres of galaxies: for the CGH, the very centre is not
considered, thus avoiding a region where the DM profile
is only poorly constrained [8]. For the extragalactic data
set, differences in DM density between individual sub-
structures are averaged out by observing many different
fields of view [19]. One should note, however, that a
potentially large (but highly uncertain) γ-ray flux from
Galactic DM annihilations may contribute to the extra-
galactic analysis [20].

METHODOLOGY AND RESULTS

The CGH data set is composed of 112 h (live time) of
GC observations recorded with the H.E.S.S. VHE γ-ray
instrument (see [21] and references therein) during the
years 2004–20082. The mean distance between the tele-
scope pointing positions and the GC is 0.7◦, with a max-
imum of 1.5◦ [8]. The extragalactic data set comprises
1153 h of H.E.S.S. observations taken during 2004–2007,
targeted at various extragalactic objects. Regions in the
field-of-view (FoV) containing known VHE γ-ray sources
are excluded by masking out a circular region (of radius
0.2◦ for point sources) around the source position.
Observations with zenith angles larger than 30◦ are

excluded from the analysis to lower the energy thresh-
old, resulting in a mean zenith angle of 14◦ (19◦) for the
CGH (extragalactic) observations. Only γ-ray-like events
are accepted for which the distance between the recon-
structed γ-ray direction and the observation direction of
the H.E.S.S. array is smaller than 2◦, avoiding showers

2 Data from later periods were excluded, since the gradual degra-
dation in time of the optical efficiency of the instrument would
result in an increased energy threshold.
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FIG. 1. Reconstructed flux spectrum of the CGH region, us-
ing 25 equidistant bins per unit of log10(Eγ). Flux points have
been multiplied by E2.7

γ . The data consist mostly of hadronic
cosmic ray background events, reconstructed using a γ-ray hy-
pothesis. The spectrum is well described by the parametriza-
tion introduced in Eq. 1, depicted by the black solid line. The
corresponding χ2-test probability is p = 0.34. The two contri-
butions P (x) and G(x) are shown by the dashed-dotted and
the dashed curve, respectively. Note that the shape of the
Gaussian function G(x) is much broader than the expected
monochromatic line feature from DM annihilations. As an
example, the red curve shows the expected signal of a line at
Eγ = 2TeV that would be detected with a statistical signifi-
cance of 5 standard deviations above the background.

being reconstructed too close to the edges of the ∼ 5◦ di-
ameter FoV of the H.E.S.S. cameras [21]. Furthermore,
events are considered only if they pass H.E.S.S. standard
γ-ray selection criteria defined in [21] and triggered all
four telescopes. Only 15% of the total event sample is
kept by the latter selection. However, compared to the
H.E.S.S. standard analysis, such selection leads to a bet-
ter signal to background ratio and an improved energy
resolution of Gaussian width σE (17% at 500GeV and
11% at 10TeV), and therefore increases the sensitivity
of the analysis to spectral features by up to 50%. The
energy threshold is 310GeV (500GeV) for the CGH (the
extragalactic) data set.

Differential flux spectra are calculated from the re-
constructed event energies separately for the CGH and
extragalactic data sets using zenith angle-, energy- and
offset-dependent effective collection areas from γ-ray sim-
ulations. Since sky regions containing known VHE γ-ray
sources were excluded from the analysis, the spectra con-
sist mostly of γ-ray-like cosmic-ray background events
(and a fraction of ∼ 10% of electrons). These spectra are
well described by the empirical parametrization

dN

dEγ
= a0

(

Eγ

1TeV

)−2.7

[P (x) + βG(x)] , (1)

The Limits on spectral features:
5

 (TeV)γE1 10

)
-1

 s
r

-1
 s

-2
(9

5%
 C

L)
 (m

Φ

-910

-810

-710

-610

-510

-410

-310

CGH MC detection
CGH limits
extragalactic limits

FIG. 2. Upper limits on γ-ray flux from monochromatic line
signatures, derived from the CGH region (red arrows with
full data points) and from extragalactic observations (black
arrows with open data points). For both data sets, the solid
black lines show the mean expected limits derived from a large
number of statistically randomized simulations of fake back-
ground spectra, and the gray bands denote the corresponding
68% CL regions for these limits. Black crosses denote the flux
levels needed for a statistically significant line detection in the
CGH dataset.
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FIG. 3. Flux upper limits on spectral features arising from
the emission of a hard photon in the DM annihilation pro-
cess. Limits are exemplary shown for features of comparable
shape to those arising in the models BM2 and BM4 given in
[14]. The monochromatic line limits, assuming mχ = Eγ , are
shown for comparison.

20%, depending on the energy and the statistics in the
individual spectrum bins. The maximum shift is ob-
served in the extragalactic limit curve and amounts to
40%. In total, the systematic error on the flux upper
limits is estimated to be about 50%. All flux upper
limits were cross-checked using an alternative analysis
framework [24], with an independent calibration of cam-
era pixel amplitudes, and a different event reconstruction
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FIG. 4. Limits on the velocity-weighted cross section for DM
annihilation into two photons calculated from the CGH flux
limits (red arrows with full data points). The Einasto density
profile with parameters described in [20] was used. Limits ob-
tained by Fermi-LAT, assuming the Einasto profile as well, are
shown for comparison (black arrows with open data points)
[15].

and event selection method, leading to results well con-
sistent within the quoted systematic error.
For the Einasto parametrization of the DM density

distribution in the Galactic halo [20], limits on the
velocity-weighted DM annihilation cross section into γ
rays, ⟨σv⟩χχ→γγ , are calculated from the CGH flux limits
using the astrophysical factors given in [8]. The result is
shown in Fig. 4 and compared to recent results obtained
at GeV energies with the Fermi-LAT instrument.

SUMMARY AND CONCLUSIONS

For the first time, a search for spectral γ-ray signatures
at very-high energies was performed based on H.E.S.S.
observations of the central Milky Way halo region and ex-
tragalactic sky. Both regions of interest exhibit a reduced
dependency of the putative DM annihilation flux on the
actual DM density profile. Upper limits on monochro-
matic γ-ray line signatures were determined for the first
time for energies between ∼ 500GeV and ∼ 25TeV, cov-
ering an important region of the mass range of particle
DM. Additionally, limits were obtained on spectral sig-
natures arising from internal bremsstrahlung processes,
as predicted by the models BM2 and BM4 of [14]. It
should be stressed that the latter results are valid for
all spectral signatures of comparable shape. Besides, all
limits also apply for potential signatures in the spectrum
of cosmic-ray electrons and positrons.
Flux limits on monochromatic line emission from the

central Milky Way halo were used to calculate upper lim-
its on ⟨σv⟩χχ→γγ . Limits are obtained in a neutralino

Wino Limits:
excluded by HESS g-line searches at 95% CL

NFW
Ein017
Ein022

Burk05

Burk10

500 1000 1500 2000 2500 3000
10-28

10-26

10-24

10-22

m @GeVD

<
s
v>
@cm

3 êsD

Cohen et al. JCAP (2013)

arXiv:1301.1173



Significance of dwarf spheroidal galaxies

for Dark Matter annihilation signals

Sculptor
dwarf Spheroidal galaxies are low luminosity 
galaxies (spheroidal in shape) containing ~10-100 
million stars with the observed ones being 
companions to our Galaxy or to Andromeda. Their 
typical mass is ~ 100 times smaller than our 
galaxy. 
Why we care:

among the most dark matter-dominated galaxies 
with very low baryonic gas densities, and 
suppressed star formation rates -> 

flux of gamma-rays from individual sources and  
CRs interacting with local medium is low (small 
backgrounds in gammas),

thus a “good” target to look for a DM signal in 
gamma-rays, especially for detectors as the

Fermi-LAT, Air-Cherenkov telescopes 
(Evans,Ferrer&Sarkar 04, Colafrancesco,Profumo,Ullio 07, 
Strigari, Koushiappas, Bullok, Koplinghat 07, ...)



Selecting Optimal search targets 

(IC & Paolo Salucci PRD 86 (2013))

Ursa Minor Sextans
Mass [GeV] 90% CL 95% CL 99.9% CL 90% CL 95% CL 99.9% CL

500 0.66 0.94 2.13 1.52 2.02 4.02
1000 3.19 4.77 11.8 7.17 9.67 19.7
2360 0.020 0.031 0.079 0.043 0.059 0.123
2400 0.033 0.051 0.132 0.071 0.097 0.203
2500 0.55 0.83 2.14 1.16 1.59 3.31
2700 3.69 5.61 14.46 7.84 10.7 22.4
3200 14.7 22.4 58.0 30.4 41.9 87.9

Table 3. The upper limits on the boost factors coming from two dSphs: Ursa Minor and Sextans. Values of
BFs smaller than one suggest the model is excluded.
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Figure 11. 95% CL upper limits on the total annihilation cross-section. The limits are derived individually
from Ursa Minor and from Sextans dwarf spheroidal galaxies, using the Fermi-LAT data (see text for details).

moving a bit further from the resonance the allowed boost factors are getting close to 1, and e↵ectively
all other masses are not constrained in any way by this search channel.

Note, that the biggest uncertainty here comes from the evaluation of the J-factor. The Fermi

collaboration itself following di↵erent assumptions on the uncertainties of the J-factors and the mod-
eling of the background+foreground emission has provided limits on several ”standard” channels of
annihilation by doing a stacked and a source by source analysis [102, 103]. For such an analysis our
limits would be for the individual Ursa Minor dSph a factor of ⇠3 weaker than those of Tab. 3. With
a joint likelihood analysis though the limits are a factor of 2 stronger, thus confining also the cases of
0.5 and 2.5 TeV mass. Also the authors of [116] using a di↵erent joint analysis strategy for the Milky
Way dSphs, have shown the significance in the uncertainties of the J-factors with their weaker limits
being a factor of 5 weaker than those of Tab. 3.

3.7 Limits from a �-ray line feature

A smocking gun signature in �-rays, from DM annihilations in the Galaxy is the presence of a line
feature toward the galactic center (see [117] for a recent review). Both Fermi and HESS have recently
searched for such an excess and published upper limits on monochromatic �-ray fluxes [118, 119]. As
can be indicated from Fig. 2, all the Wino mass range has a branching ratio to monochromatic �-rays
at the high energy end of the spectrum, allowing for such a search mode. For the case at hand, since
we are mostly interested in the masses at the TeV scale, the data of interest are those from HESS.
[120, 121], have recently suggested that the absence of any evident �-ray line feature in the HESS
data, can place very strong limits on the Wino DM models in most of the mass range. In Fig. 12,
using five di↵erent DM profiles for the smooth halo, we show the 95% CL upper limits on the total
annihilation cross-section coming from the �� �! �� and �� �! �Z partial cross-sections and also
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Constraints from High Latitudes (mainly extragalactic)

7

FIG. 8. Two examples of viable models which provide a good fit to the observed EGB. See text for details.

below the current resolution (the Aquarius simulation of
Milky Way-like halos, for example, resolves subhalos with
masses down to ⇠ 3 ⇥ 104 M� [79]). In particular, the
result of in Eq. 8 assumes that the subhalo mass function
extends down to a minimum mass of Mmin = 10�6 M�,
and that the mass-concentration relationship observed
among very massive simulated subhalos can be extrapo-
lated to much smaller subhalos. In regards to the min-
imum subhalo mass, the precise value of Mmin is de-
termined by the temperature at which the dark matter
particles decouple kinetically from the cosmic neutrino
background. And while the value of Mmin is model-
dependent, typical dark matter candidates with masses
and annihilation cross sections in the range of interest to
this study generically yield minimum masses in the range
of Mmin ⇠ 10�3 � 10�9 M� [80, 81]. If we had increased
the minimum subhalo mass assumed from 10�6 to 10�3

solar masses, the boost factors would be reduced by a fac-
tor of ⇠4 relative to those given by Eq. 8. Of potentially
greater importance, however, is the extrapolation of the
subhalo mass-concentration relationship. If the concen-
trations of low mass subhalos are not as large as sug-
gested by current extrapolations, the resulting boost fac-
tors could be very significantly reduced. As an example
of the variation found in the literature, we point out that
the boost factors presented in Ref. [83] for galaxy-sized
halos are a factor of ⇠30 smaller than those described in
Eq. 8. With this in mind, we plot in Fig. 9 the contribu-
tion to the EGB from extragalactic dark matter annihi-
lations, for a reference dark matter model (mDM = 100
GeV, annihilating to bb̄ with �v = 3⇥10�26 cm3/s), and
for three sets of assumptions regarding substructure. The
upper curve is our default case (Eq. 8), which the lower
dotted curve represents a more conservative case in which
the boost factor is reduced by a factor of 30. Also shown
as the lowest curve, which entirely neglects the contri-
bution from substructure. Notice that the conservative
case is almost indistinguishable from the case in which
we neglect substructures entirely.

We briefly mention that our results are slightly dif-
ferent from those of Ref. [68], due to di↵erences in our
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FIG. 9. The extragalactic dark matter annihilation con-
tribution to the EGB for a reference dark matter model
(mDM = 100 GeV, annihilating to bb̄ with �v = 3 ⇥ 10�26

cm3/s). The upper curve is the result using the substruc-
ture boost factor of Eq. 8, which is based on an extrapolation
of numerical simulations. The dotted curve assumes a boost
factor that is a factor of 30 lower than our default model.
The lowest curve neglects the contribution from substructure
entirely. See text for details.

underlying assumptions. Firstly, where as the authors of
Ref. [68] adopted a halo mass function based on an ellip-
soidal collapse model, we have instead adopted the model
of Ref. [71]. Secondly, we have updated our cosmologi-
cal parameters to include the recent results of the Planck
experiment [47]. In Fig. 10, we show that the combined
impact of these di↵erences reduces the overall normaliza-
tion of the extragalactic dark matter signal by a factor
of less than ⇠20% relative to the results of Ref. [68].

B. The Smooth Galactic Halo

The angle-averaged intensity from dark matter anni-
hilations in the halo of the Milky Way (neglecting sub-

I.C., S. McDermott, D. Hooper, JCAP 1402 (2014)

Extragalactic diffuse gamma-rays are isotropically distributed.There are 

many astrophysical sources that suffer from relatively large uncertainties. 
Correlating to radio we can extract some of their properties and model them 
out. —> Build models for the non-DM contribution and derive limits on DM.7

FIG. 8. Two examples of viable models which provide a good fit to the observed EGB. See text for details.

below the current resolution (the Aquarius simulation of
Milky Way-like halos, for example, resolves subhalos with
masses down to ⇠ 3 ⇥ 104 M� [79]). In particular, the
result of in Eq. 8 assumes that the subhalo mass function
extends down to a minimum mass of Mmin = 10�6 M�,
and that the mass-concentration relationship observed
among very massive simulated subhalos can be extrapo-
lated to much smaller subhalos. In regards to the min-
imum subhalo mass, the precise value of Mmin is de-
termined by the temperature at which the dark matter
particles decouple kinetically from the cosmic neutrino
background. And while the value of Mmin is model-
dependent, typical dark matter candidates with masses
and annihilation cross sections in the range of interest to
this study generically yield minimum masses in the range
of Mmin ⇠ 10�3 � 10�9 M� [80, 81]. If we had increased
the minimum subhalo mass assumed from 10�6 to 10�3

solar masses, the boost factors would be reduced by a fac-
tor of ⇠4 relative to those given by Eq. 8. Of potentially
greater importance, however, is the extrapolation of the
subhalo mass-concentration relationship. If the concen-
trations of low mass subhalos are not as large as sug-
gested by current extrapolations, the resulting boost fac-
tors could be very significantly reduced. As an example
of the variation found in the literature, we point out that
the boost factors presented in Ref. [83] for galaxy-sized
halos are a factor of ⇠30 smaller than those described in
Eq. 8. With this in mind, we plot in Fig. 9 the contribu-
tion to the EGB from extragalactic dark matter annihi-
lations, for a reference dark matter model (mDM = 100
GeV, annihilating to bb̄ with �v = 3⇥10�26 cm3/s), and
for three sets of assumptions regarding substructure. The
upper curve is our default case (Eq. 8), which the lower
dotted curve represents a more conservative case in which
the boost factor is reduced by a factor of 30. Also shown
as the lowest curve, which entirely neglects the contri-
bution from substructure. Notice that the conservative
case is almost indistinguishable from the case in which
we neglect substructures entirely.

We briefly mention that our results are slightly dif-
ferent from those of Ref. [68], due to di↵erences in our
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FIG. 9. The extragalactic dark matter annihilation con-
tribution to the EGB for a reference dark matter model
(mDM = 100 GeV, annihilating to bb̄ with �v = 3 ⇥ 10�26

cm3/s). The upper curve is the result using the substruc-
ture boost factor of Eq. 8, which is based on an extrapolation
of numerical simulations. The dotted curve assumes a boost
factor that is a factor of 30 lower than our default model.
The lowest curve neglects the contribution from substructure
entirely. See text for details.

underlying assumptions. Firstly, where as the authors of
Ref. [68] adopted a halo mass function based on an ellip-
soidal collapse model, we have instead adopted the model
of Ref. [71]. Secondly, we have updated our cosmologi-
cal parameters to include the recent results of the Planck
experiment [47]. In Fig. 10, we show that the combined
impact of these di↵erences reduces the overall normaliza-
tion of the extragalactic dark matter signal by a factor
of less than ⇠20% relative to the results of Ref. [68].

B. The Smooth Galactic Halo

The angle-averaged intensity from dark matter anni-
hilations in the halo of the Milky Way (neglecting sub-
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FIG. 10. The halo mass function, dn/dM , and the integral of
the (1+ z)�1 weighted halo mass function using the model of
Tinker et al. [71] (adopted in our calculations) and the ellip-
soidal collapse model adopted in Ref. [68]. We also show re-
sults using pre-Planck (dashed) and post-Planck (solid) values
for the relevant cosmological parameters. These di↵erences
have only a modest impact on the contribution of dark mat-
ter annihilations to the extragalactic gamma-ray background.

structures) is given by:
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where s is the distance from the center the halo, and b
and l are the direction in galactic coordinates. Again,
we take the dark matter to be distributed according to
an NFW profile, and adopt parameters consistent with
measurements: rs = 21.5 kpc, rvir = 258 kpc, andMvir =
1.0⇥ 1012 M� [84].

In Fig. 11, we plot the contribution to the EGB from
dark matter annihilations in the smooth component of
the Milky Way’s halo. Comparing this to the extragalac-
tic contribution, we find that this component is likely to
be subdominant, even for conservative assumptions per-
taining to extragalactic substructure.

C. Subhalos of the Milky Way

Although the smooth halo the Milky Way is predicted
to provide no more than a subdominant contribution to
the EGB, the intensity of gamma rays from dark mat-
ter annihilations in the subhalos of the Milky Way are
expected to be comparable to the intensity of gamma
rays from extragalactic structures. Each subhalo has a
di↵erential luminosity which is totally determined by its
density profile:
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FIG. 11. The contribution to the extragalactic gamma-ray
background from dark matter annihilations in the smooth
halo of the Milky Way, for a reference dark matter model
(mDM = 100 GeV, annihilating to bb̄ with �v = 3 ⇥ 10�26

cm3/s). See text for details.

For a subhalo of mass, M , at a distance, s, along the
line-of-sight, the photon intensity at earth is given by:

di(E� , s,M)

dE�
=
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dE�
(11)

=
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rs(M)3
g[c(M)],

where rs is the scale radius of the subhalo and bgs de-
scribes the contribution from substructure within each
subhalo, which we set equal to 2, irrespective of mass
[85]. The function g[c(M)] arises from the integral over
the volume of each satellite, and is given by:

g[c(M)] =
1

12⇡

"
1� 1

(1 + c)3

# 
ln(1 + c)� c

1 + c

��2

,

(12)
where c is the concentration of the subhalo. For our
default calculation, we set the subhalo concentrations
following the approach of Ref. [86], where the subhalo
is assumed to be initially described by an NFW profile
which is then tidally stripped, leaving only a very com-
pact and dark matter-dominated object. We will also
consider a more conservative scenario in which the con-
tribution from galactic subhalos is suppressed by a factor
of 30 relative to our default case.
The total intensity of gamma rays at Earth from dark

matter particles annihilating in galactic subhalos is then
given by integrating Eq. 11 over the distribution of Milky
Way subhalos. Thus we have

dIsub(E�)

dE�
=

Z
dV dM

dnsub(M, s, `, b)

dM

di(E� , s,M)

dE�
,

(13)
where dV = s2 cos b ds db d` is the volume element andR
dM dV dn/dM is the total number of subhalos in the
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FIG. 7: νµ+νµ events with energy between 500 GeV and 1.5 TeV from DM annihilation of Mχ = 1.5 TeV χχ −→ µ+µ− Einasto
prolate profile. Top Left : With IceCube DeepCore in 3 yr, with “Online Filter” atmospheric background (22477 νµ+νµ events)
and contribution from DM (368 νµ + νµ events). Top Right : With KM3NeT in 3yr using HOURS reconstruction technique,
atmospheric background (138560 νµ+νµ events) and contribution from DM (6482 νµ+νµ events). As in Fig. 2 events numbers
refer to the entire sky and we use the same mask of | b |< 5◦. Bottom left and bottom right : Zooming in the 60◦ × 60◦ window
for the IceCube (left) and KM3NeT (right) maps of the top row. Even in IceCube some excess of events is expected to be seen
towards the GC. With KM3NeT sensitivity and angular resolution a clear signal from that model will be observed or strong
constraints will be placed.

For the p-p inelastic processes the neutrinos are mainly
produced from charged pion decays. For the neutrino
spectra we follow the parametrization of [108], that was
based on SIBYLL [109] simulations of p-p collisions and
is optimal at energies above 100 GeV that we care for.
The neutrinos coming from the Bubbles will have the

same morphology as the γ-rays, which is relatively flat in
longitude and latitude with clear edges [2]. While it may
not be trivial for the CR protons and the ISM target
material transferred with them by the galactic winds,
to cause such a flat morphology in l and b, at γ-rays;
following the assumptions of [11] for the γ-rays we will
take the morphology of the neutrinos shown in Fig. 8 to
be flat within the Bubbles region, with clear edges as in
the Fermi Bubbles signal of [2].
As can be seen by comparing the morphology of Fig. 8

to those of Fig. 1, that are for neutrinos from DM sce-
narios which fit the Fermi and WMAP haze, the two
types of morphologies are distinctively different. More-
over the neutrino spectra and fluxes as we will show differ

dramatically. In both Figs. 1 and 8 we show the same
number of neutrino events without specifying the energy
range or period of observation and we are not taking into
account that any actual neutrino telescope has (or will
have) a strong angular dependence of its sensitivity. This
is done to “spotlight” the different morphologies of the
possible neutrino signals. Even after taking into account
the specific properties of neutrino telescopes that we show
results for, the different morphologies lead to searching
for these signals in different parts of the sky.
The total energy stored in the CR protons in the Bub-

bles is estimated to be ∼ 1056erg due to an estimated
averaged 1039erg/s of injected power to hard CR pro-
tons transferred from the GC via galactic winds in the
Fermi Bubbles regions. This process is estimated to have
been ongoing for a timescale of multi Gyrs [11]. These
assumptions can result in a quasi-steady state injected
energy from protons to γ, e± and ν of Q̇p ≃ 3.6 × 1038

erg/s from 10 GeV to 1 PeV [11]. Of that power from
approximate equal partition of energy to π0, π+ and π−,
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A possible enhanced signal of SM annihilation in the Milky Way

Only close to the resonance will we be 
able to observe such a signal. But the 
resonance has already been excluded 
by other indirect probes:



Comparisons and Conclusions

95% CL upper limits:
Upper limits on the Wino model, if it accounts for the whole DM
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Upper limits on the Wino model, varying its contribution to whole DM
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95% CL upper limits.

RELAXING the Wino relic density condition:
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