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• The dark matter puzzle as one of the deepest and longest-
standing problems in Science.!

• The evidence for dark matter is very solid, but any particle 
physics approach has been inconclusive so far: should we 
challenge the standard lore and search for new guidelines?!

• The LHC and it impact on the WIMP paradigm.!

• Hints of particle dark matter detection? A sample tentative 
signal and the broader picture.   

Outline of the talk:

Disclaimer: no attempt to be a compact, ultra-fast, all-inclusive 
review but rather take it as an introduction complementing to 
some of the topics which will be presented in coming talks. 



it accounts for the 
gravitational potential 
wells in which CMB 
acoustic oscillations  
take place: 

Credit: W. Hu website 

Planck Collaboration: The Planck mission
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Fig. 19. The temperature angular power spectrum of the primary CMB from Planck, showing a precise measurement of seven acoustic peaks, that
are well fit by a simple six-parameter⇤CDM theoretical model (the model plotted is the one labelled [Planck+WP+highL] in Planck Collaboration
XVI (2013)). The shaded area around the best-fit curve represents cosmic variance, including the sky cut used. The error bars on individual points
also include cosmic variance. The horizontal axis is logarithmic up to ` = 50, and linear beyond. The vertical scale is `(`+ 1)Cl/2⇡. The measured
spectrum shown here is exactly the same as the one shown in Fig. 1 of Planck Collaboration XVI (2013), but it has been rebinned to show better
the low-` region.
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Fig. 20. The temperature angular power spectrum of the CMB, esti-
mated from the SMICA Planck map. The model plotted is the one la-
belled [Planck+WP+highL] in Planck Collaboration XVI (2013). The
shaded area around the best-fit curve represents cosmic variance, in-
cluding the sky cut used. The error bars on individual points do not in-
clude cosmic variance. The horizontal axis is logarithmic up to ` = 50,
and linear beyond. The vertical scale is `(` + 1)Cl/2⇡. The binning
scheme is the same as in Fig. 19.

8.1.1. Main catalogue

The Planck Catalogue of Compact Sources (PCCS, Planck
Collaboration XXVIII (2013)) is a list of compact sources de-

tected by Planck over the entire sky, and which therefore con-
tains both Galactic and extragalactic objects. No polarization in-
formation is provided for the sources at this time. The PCCS
di↵ers from the ERCSC in its extraction philosophy: more e↵ort
has been made on the completeness of the catalogue, without re-
ducing notably the reliability of the detected sources, whereas
the ERCSC was built in the spirit of releasing a reliable catalog
suitable for quick follow-up (in particular with the short-lived
Herschel telescope). The greater amount of data, di↵erent selec-
tion process and the improvements in the calibration and map-
making processing (references) help the PCCS to improve the
performance (in depth and numbers) with respect to the previ-
ous ERCSC.

The sources were extracted from the 2013 Planck frequency
maps (Sect. 6), which include data acquired over more than two
sky coverages. This implies that the flux densities of most of
the sources are an average of three or more di↵erent observa-
tions over a period of 15.5 months. The Mexican Hat Wavelet
algorithm (López-Caniego et al. 2006) has been selected as the
baseline method for the production of the PCCS. However, one
additional methods, MTXF (González-Nuevo et al. 2006) was
implemented in order to support the validation and characteriza-
tion of the PCCS.

The source selection for the PCCS is made on the basis of
Signal-to-Noise Ratio (SNR). However, the properties of the
background in the Planck maps vary substantially depending on
frequency and part of the sky. Up to 217 GHz, the CMB is the

27

(Planck, 2013)

Relying on the assumption that GR is the theory of gravity; still, it is 
very problematic to explain, e.g., the prominence of the third peak in 
an alternative  theory of gravity and matter consisting of baryons only 

Plenty of (gravitational) evidence for non-baryonic cold (or coldish - as 
opposed to hot) DM being the building block of all structures in the 
Universe. E.g.:

Dark matter (indirectly) detected!
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opposed to hot) DM being the building block of all structures in the 
Universe. E.g.:

Dark matter (indirectly) detected!

Bullet cluster: 
offset between DM, mapped 
via gravitational lensing, and 
hot gas - the bulk of the 
baryonic in the system, traced 
via its X-ray emissivity, in the!
1E0657-558 cluster

Paraficz et al., arXiv: 1209.0384

magenta contours: Chandra 
X-ray image; blue contours: 
strong lensing map

12 D. Paraficz

Figure 7. F606W-band image of the Bullet Cluster. The size of the field of view is 15000 ⇥ 25000. The blue contours show the projected
mass density. The red line represent a critical line calculated using Faber-Jackson scaling relation to all cluster members while black line

represents the result from use of the two scaling relation Fundamental Plane to ellipticals and Tully-Fisher for spirals. The magenta lines

represent the contours of the Chandra X-rays brightness map.

existence and nature of dark matter but also provides an
exceptionally strong gravitational telescope.

In this work we have reconstructed a mass map of the
galaxy cluster 1E 0657-56 using strong lensing constraints
and X-rays data. Using deep, high-resolution optical data we
have revised the previously known multiple imaged systems
and identify new ones. As a result our model is based on
14 multiply imaged systems with 3 spectroscopic redshifts.
The model was sampled and optimized in the image plane by
a Bayesian Monte Carlo Markov chain implemented in the
publicly available software Lenstool. Our main conclusions
are as follows:

1. Using the strong lensing mass reconstruction we de-
rive a high-resolution mass map; we get a projected, en-
closed mass M

main

(< 250kpc) = 2.5 ± 0.1 ⇥ 1014M� and
M

sub

(< 250kpc) = 1.7 ± 0.2 ⇥ 1014M�. The main and sub
clump masses are respectively (11 ± 4)% and (27 ± 12)%
smaller to those predicted by (Bradač et al. 2006).

2. We have presented the implementation of the Fun-
damental Plane as a cluster members scaling relation and
X-rays gas mass maps into the strong lensing mass model-
ing.

3. We have found, in agreement with previous models of
1E 0657-56 that the major mass component (cluster scale-
DM halos) is in spatial agreement with the galaxies and not
with the X-rays gas, which confirms the collisionless nature
of dark matter. We detect the main and sub cluster DM peak
being aligned with their BCGs, both clearly o↵set from the
location of the X-ray gas in the system.

4. We have implemented the contribution of the X-ray

Figure 9. Contribution of the galaxy component to the total
mass as a function of radius (centered on the BCG 1). The vertical

dotted line shows the location of the 250 kpc radius where M
gal

=

11± 5%M
tot

.

gas mass in our mass modeling, which improved significantly
the lensing rms model.

The high accuracy mass map we have presented is made
available to the community and can be used to exploit 1E
0657-56 as a gravitational telescope, probing the high red-
shift universe (e.g. Kneib et al. 2004).

c� 0000 RAS, MNRAS 000, 000–000

Relying again on GR as a theory of gravity; again it is very problematic 
to introduce an alternative theory and explain the component 
segregation within a model without DM but having baryons only



Connection to a particle dark matter framework?

the DM term is treated as a classical, cold, pressure-less fluid subject to 
gravitational interactions only (no coupling to ordinary matter or photons, 
no self-coupling); tests of such gravitational coupling determine with 
accuracy its mean density: 

(Planck, 2013 + WMAP 7 yr pol.)⌦DM = 0.1199± 0.0027

and the spectrum of its perturbations (nearly scale invariant, as expected 
from inflation).

Reformulating the DM problem in terms of elementary particles in the 
dilute limit (two-body interactions dominating over multi-body interactions) 
is an assumption, and not the only possible extrapolation, e.g.: the recent 
attention on primordial black holes as DM; the recent interest on the 
possibility that DM is the form of (or, in certain regimes behaves like) a 
condensate. Will it be possible to single out this possibilities?

The standard model for cosmology, the ΛCDM model, does not aim to 
address questions regarding the nature of the DM component:



Observations and particle properties of DM
Assuming a particle formulation, astro/cosmo observables provide mainly 
informations on the properties that DM does not have, e.g.: it needs to be 
non-baryonic, non-relativistic at the phase of matter-radiation equality, …
This is enough to say that DM is NOT within the SM of particle physics.

The mass scale is essentially unconstraint, admitting ultralight bosons !
(                 with macroscopic de Broglie wavelength), fermions at the level of 
about            (Gunn-Tremaine bound from phase space density limits), and 
no relevant upper limits (up to the MACHO range tested via lensing 
searches and even beyond) 

10�22 eV
50 eV

The interaction scale has very tight limits with photons (DM millicharge, 
electric and magnetic dipole moments severely suppressed), significant with 
baryons, relatively weak for self-interactions (from galaxy clusters 
morphologies and mergers, such as from the Bullet cluster - early claims of 
evidence for self interaction from the Musket Ball cluster not confirmed) 

At the same time, loose bounds on the properties which are 
crucial for devising a detection strategy for DM particles - the 
mass and coupling to ordinary matter.



Observations and particle properties of DM
Assuming a particle formulation, astro/cosmo observables provide mainly 
informations on the properties that DM does not have, e.g.: it needs to be 
non-baryonic, non-relativistic at the phase of matter-radiation equality, …
This is enough to say that DM is NOT within the SM of particle physics.

At the same time, loose bounds on the properties which are 
crucial for devising a detection strategy for DM particles - the 
mass and coupling to ordinary matter.

Particle models cover a large part of 
the available range of masses and 
interactions: sub-eV axions, keV 
sterile neutrinos, GeV-TeV WIMPs, 
supermassive DM close to the Planck 
scale; gravitinos with gravitational 
interactions, numerous weakly 
interacting DM candidates, mirror 
DM with strong self-interactions, … 

Andreas Ringwald  | WISP Dark Matter Theory, Latest Results in Dark Matter Searches, Stockholm, 12-14 May 2014 |  Page 2 

Introduction 

>  Plenty of dark matter (DM) candi-
dates spanning huge parameter 
range in masses and couplings  

>  Two classes stand out because of 
their convincing physics case and 
the variety of experimental and 
observational probes:    

!  Weakly Interacting Massive Particles 
(WIMPs), such as neutralinos 

!  Very Weakly Interacting Slim (=ultra-
light) Particles (WISPs), such as axions, 
axion-like particles and hidden photons 
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Guidelines to narrow the DM problem?
Focussing corresponds almost always to ratify a prejudice. Possible criteria 
to support such option include:

• A clean production mechanism, e.g.: thermal production (symmetric, 
asymmetric), non-thermal states (e.g. from heavier state decays), 
production as a condensate, gravitational production, …!

• A motivation from an open problem in the SM of particle physics, e.g.: 
the naturalness problem, the violation of CP in strong interactions, a 
mechanism to explain neutrino masses, …!

• An impact on observables in cosmology or astrophysics, in connection, 
e.g., to the possibly discrepancies of the SM with observations on small 
scales (non-linear regime; galactic and sub-galactic scales; central over 
densities and abundance of substructures), e.g.: Warm DM, self-
interacting DM, DM carrying macroscopic quantum effects, DM with 
with non-standard couplings with photons or baryons. Numerical N-
body simulations are starting to touch these cases; still to be cleared is 
the role of baryons in DM numerical simulations.!



Guidelines to narrow the DM problem?
• An “aesthetic” motivation in analogy to other counterparts, e.g.: 

Asymmetric DM relying on a mechanism explaining the reason why the 
density of baryons and DM are comparable.!

• A “pragmatic” motivation: lacking incontrovertible evidence for new 
physics at accelerators, DM may be the only window for new physics.!

• A “contingent” motivation: given some “anomaly” (e.g. an excess in the 
radiation detected towards the GC) you study the class of compatible 
candidates (mass, interaction, annihilation or decay mode) without 
(necessarily) a reference particle framework.!

•  A systematic evaluation of what is experimentally accessible !

“Historical” DM candidates - (SUSY) WIMPs, axions, sterile neutrinos, … - 
have mainly been motivated as relying on a natural production mechanism 
and, at the same time, carrying a particle physics motivation; should one 
give up on such approach? 
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(freeze-out + entropy conservation)

(standard rad. dominated cosmology)

The WIMP recipe to embed a dark matter candidate in a SM extension:     
foresee an extra particle     that is stable (or with lifetime exceeding the age 
of the Universe), massive (non-relativistic at freeze-out) and weakly 
interacting. Plenty of frameworks in which it is viable to apply this recipe.

ma ∼ 10−5 eV (60)

1/ma ∝ fa (61)

1/ma ∝ fa (62)

gaii ∝
1

fa
(63)

Laγγ = gaγγ aE · B (64)

χ Mχ (65)

χχ̄ ↔ PP̄ (66)
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CDM particles as thermal relics
Thermal equilibrium of     enforced via:  

ma ∼ 10−5 eV (60)

1/ma ∝ fa (61)

1/ma ∝ fa (62)

gaii ∝
1

fa
(63)

Laγγ = gaγγ aE · B (64)

χ Mχ (65)

χχ̄ ↔ PP̄ (66)
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 WIMP coupling to ordinary matter:

crossing!
symmetry

Early Universe  
≈  halo annihilations 

 A model independent 
approach to WIMP 

detection?
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LHC impact on the WIMP framework so far
A very large impact on the underlying beyond-SM particle frameworks . E.g. 
for SUSY searches, ATLAS find 95% CL limits (Moriond 2014):

Natural SUSY searches 
Search for 3rd generation squarks, leptons, b-jets, jets, missing Et 
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LHC impact on the WIMP framework so far

The viability of a WIMP DM is significantly reshaped but not ruled out. !
E.g.: among the viable option for MSSM neutralino DM prior the LHC:    

1. light Bino (SU(2) singlet) annihilating into fermions via t- & u-channel 
exchange of moderately light sfermion (bulk region of the CMSSM);!

2. annihilation on a s-channel Higgs resonance;!

3. coannihilation with a sfermion quasi degenerate in mass;!

4. well-tempering of Bino-Higgsino fraction;!

5. pure Higgsino (SU(2) doublet) of 1.1 TeV mass or pure Wino (SU(2) 
triplet) of 2.5 TeV mass. 

only 1. has been wiped out by the LHC (but was already in trouble because 
of flavour observables and Higgs mass limits); 2. has been reshaped by the 
(SM) Higgs discovery; 3., 4. & 5. have not (or marginally) addressed.     

Direct detection target

Indirect detection target

The viewpoint that new states close to the EW scale are needed to address 
the hierarchy problem, a pillar of beyond-SM searches, is severely shaking.



LHC impact on the WIMP framework so far
The current (pragmatic) tendency  is to replace the model building attitude 
which was applied up to around early 2000 or so:  

Construct a natural theory; discover that WIMPs are predicted as 
part of the spectrum of such natural theory; argue that there is a 
mechanism enforcing the stability of the lightest of these; compute 
its thermal relic density and discover that you can solve the DM 
puzzle! (SUSY, large extra dimensions, Randall-Sundrum model, …)

with:

Give up on naturalness; construct ab-initio the model assuming the 
existence of a stable WIMP (sometimes protecting the stability by 
ah-hoc symmetry) with thermal relic density matching the DM 
density; match lab constraints, most often making the theory 
looking SM-like under flavour and EW observables. (split SUSY, 
minimal DM models, …) 

sometimes preserving extra virtue (e.g.: gauge coupling unification), 
sometimes as DM as the only target!



LHC impact on the WIMP framework so far
Models in which the DM sector is the only one relevant for phenomenology 
may be treated within effective field theory approaches, assuming contact 
term interactions suppressed over some heavy scale Λ; e.g. for a Dirac 
fermion    : 

4

of DM coupling to quarks through contact operators, and some simplified models which

UV complete these by introducing a mediator light enough to be accessible at the LHC.

We describe the razor analysis in Sec. III, beginning with a description of the analysis

in Sec. III A. In Sec. III C, we outline our results for the case of contact operators and

in Sec. III E, we compare the collider bounds with direct detection bounds. Finally, we

address the issues that arise with light mediators and the validity of using an e↵ective

theory in Sec. IV.

II. A SIMPLIFIED MODEL OF DARK MATTER INTERACTIONS

As mentioned above, searches for DM in many models of BSM physics utilize additional

features of the model, such as production of colored states that ultimately decay to DM.

Here, we wish to follow an approach that is more model independent and we introduce

simplified models [22] that couple DM to the SM. In addition to the SM, these models

contain the DM, �, which we assume to be a Dirac fermion 2, and a mediator particle that

couples to the DM and states in the SM. The nature of the mediator will determine the form

of the SM-DM coupling and whether the non-relativistic limit is spin-independent (SI) or

spin-dependent (SD). We will consider vector, axial-vector, and scalar mediators, which give

a representative sample of the di↵erent behaviors possible at colliders and direct detection

experiments; for a more complete list of possibilities see for example [8, 23].

We start by considering the limit of the simplified model where only the DM is accessible

at colliders [19], and the mediator is integrated out. In this limit, with very heavy mediators

(>⇠ few TeV), we can use the framework of e↵ective field theory. The resulting e↵ective

operators for each choice of mediator are:
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where q is a SM quark field and Ga
µ⌫ is the gluon field strength tensor. Note that in the case

2 This choice has little e↵ect on our results, although the vector coupling would not be allowed for the case

of Majorana DM.

or:

4

of DM coupling to quarks through contact operators, and some simplified models which

UV complete these by introducing a mediator light enough to be accessible at the LHC.

We describe the razor analysis in Sec. III, beginning with a description of the analysis

in Sec. III A. In Sec. III C, we outline our results for the case of contact operators and

in Sec. III E, we compare the collider bounds with direct detection bounds. Finally, we

address the issues that arise with light mediators and the validity of using an e↵ective

theory in Sec. IV.

II. A SIMPLIFIED MODEL OF DARK MATTER INTERACTIONS

As mentioned above, searches for DM in many models of BSM physics utilize additional

features of the model, such as production of colored states that ultimately decay to DM.

Here, we wish to follow an approach that is more model independent and we introduce

simplified models [22] that couple DM to the SM. In addition to the SM, these models

contain the DM, �, which we assume to be a Dirac fermion 2, and a mediator particle that

couples to the DM and states in the SM. The nature of the mediator will determine the form

of the SM-DM coupling and whether the non-relativistic limit is spin-independent (SI) or

spin-dependent (SD). We will consider vector, axial-vector, and scalar mediators, which give

a representative sample of the di↵erent behaviors possible at colliders and direct detection

experiments; for a more complete list of possibilities see for example [8, 23].

We start by considering the limit of the simplified model where only the DM is accessible

at colliders [19], and the mediator is integrated out. In this limit, with very heavy mediators

(>⇠ few TeV), we can use the framework of e↵ective field theory. The resulting e↵ective

operators for each choice of mediator are:

OV =
(�̄�µ�)(q̄�µq)

⇤2

, (1)

OA =
(�̄�µ�5�)(q̄�µ�

5

q)

⇤2

, (2)

OG = ↵s

(�̄�)(Ga
µ⌫G

aµ⌫)

⇤3

, (3)

where q is a SM quark field and Ga
µ⌫ is the gluon field strength tensor. Note that in the case

2 This choice has little e↵ect on our results, although the vector coupling would not be allowed for the case

of Majorana DM.

Focus on generic LHC signatures like the so-called mono-X emission:

q

q_

!

!

species
particles

     SM

  lighter
stable

annihilation

2-body final state

into, e.g., a

fragmentation

and/or

decay process

!

!

species
particles

     SM

  lighter
stable

annihilation

2-body final state

into, e.g., a

fragmentation

and/or

decay process

_
tag: via:

q

q_

!

!

species
particles

     SM

  lighter
stable

annihilation

2-body final state

into, e.g., a

fragmentation

and/or

decay process

!

!

species
particles

     SM

  lighter
stable

annihilation

2-body final state

into, e.g., a

fragmentation

and/or

decay process

_
F
IG

.
1:

F
eyn

m
an

d
iagram

s
for

th
e
D
M

an
n
ih
ilation

p
rocess.

L
ab

els
(a),

(b
)
an

d
(c)

d
en
ote

th
e

L
O
,
virtu

al
correction

an
d
real

correction
s,

resp
ectively.

th
e
relic

ab
u
n
d
an

ce
of

cold
d
ark

m
atter

(C
D
M
).

T
h
erefore,

th
e
relic

ab
u
n
d
an

ce
im

p
oses

con
straints

on
th
e
D
M
.
H
ere

w
e
u
se

th
e
exp

erim
ental

resu
lts

for
th
e
relic

ab
u
n
d
an

ce
in

R
ef.

[39]

Ω
C
D
M
h
2
=

0.1123
±
0.0035,

(2)

w
h
ere

Ω
C
D
M

is
th
e
C
D
M

en
ergy

d
en
sity

of
th
e
u
n
iverse

n
orm

alized
by

th
e
critical

d
en
sity

an
d
h
=

0.710
±
0.025

is
th
e
scaled

H
u
b
b
le

p
aram

eter.

T
h
e
relic

ab
u
n
d
an

ce
can

b
e
calcu

lated
from

th
e
totalan

n
ih
ilation

cross
section

of
D
M
,for

w
h
ich

th
e
F
eyn

m
an

d
iagram

s
are

sh
ow

n
in

F
ig.

1.
F
irst,

w
e
give

th
e
L
O

total
an

n
ih
ilation

cross
section

for
th
e
vector

op
erator

σ
a
n

B
,V

=
N

cN
f
κ
2

Λ
4

!

s
s
−
4m

2

s
+
2m

2

12π
,

(3)

w
h
ere

s
is
th
e
u
su
al

M
an

d
elstam

variab
le.

N
c
an

d
N

f
are

th
e
nu

m
b
ers

of
color

an
d
fl
avor

of
qu

arks,
resp

ectively.
m

is
th
e
m
ass

of
th
e
D
M
.
T
h
is
L
O

cross
section

is
con

sistent
w
ith

th
e
resu

lt
in

R
ef.

[37].
T
h
e
Q
C
D

N
L
O

correction
s
to

th
e
total

an
n
ih
ilation

cross
section

in
clu

d
e
tw

o
p
arts,

i.e.,

th
e
on

e-loop
virtu

al
correction

s
an

d
real

glu
on

em
ission

correction
s.

W
e
u
se

n
=

4
−

2ϵ

d
im

en
sion

al
regu

larization
to

regu
late

th
e
d
ivergen

ces
in

th
e
calcu

lation
.

T
h
e
resu

lts
of

virtu
al

correction
s
are

σ
a
n

v
,V

=
σ
a
n

B
,V

"

α
sC

F

2π

#

D
ϵ

"−
2ϵ
2
−

3ϵ
−
8
#

,

(4)
4

invisible

= Emiss
T

single jet / γ / Z / W 

�



LHC impact on the WIMP framework so far
Models in which the DM sector is the only one relevant for phenomenology 
may be treated within effective field theory approaches, assuming contact 
term interactions suppressed over some heavy scale Λ; e.g. for a Dirac 
fermion    : 

4

of DM coupling to quarks through contact operators, and some simplified models which

UV complete these by introducing a mediator light enough to be accessible at the LHC.

We describe the razor analysis in Sec. III, beginning with a description of the analysis

in Sec. III A. In Sec. III C, we outline our results for the case of contact operators and

in Sec. III E, we compare the collider bounds with direct detection bounds. Finally, we

address the issues that arise with light mediators and the validity of using an e↵ective

theory in Sec. IV.

II. A SIMPLIFIED MODEL OF DARK MATTER INTERACTIONS

As mentioned above, searches for DM in many models of BSM physics utilize additional

features of the model, such as production of colored states that ultimately decay to DM.

Here, we wish to follow an approach that is more model independent and we introduce

simplified models [22] that couple DM to the SM. In addition to the SM, these models

contain the DM, �, which we assume to be a Dirac fermion 2, and a mediator particle that

couples to the DM and states in the SM. The nature of the mediator will determine the form

of the SM-DM coupling and whether the non-relativistic limit is spin-independent (SI) or
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FIG. 5: Left frame: The value of the formal statistical �2� lnL (referred to as ��2) extracted from the likelihood fit, as
a function of the inner slope of the dark matter halo profile, �. Results are shown using gamma-ray data from the full sky
(solid line) and only the southern sky (dashed line). Unlike in the analysis of Ref. [8], we do not find any large north-south
asymmetry in the preferred value of �. Right frame: The spectrum of the dark matter component, for a template corresponding
to a generalized NFW halo profile with an inner slope of � = 1.26 (normalized to the flux at an angle of 5� from the Galactic
Center). Shown for comparison (solid line) is the spectrum predicted from a 35.25 GeV dark matter particle annihilating to bb̄
with a cross section of �v = 1.7⇥ 10�26 cm3/s ⇥ [(0.3GeV/cm3)/⇢

local

]2.

ground templates, we include an additional dark matter
template, motivated by the hypothesis that the previ-
ously reported gamma-ray excess originates from annihi-
lating dark matter. In particular, our dark matter tem-
plate is taken to be proportional to the line-of-sight inte-
gral of the dark matter density squared, J( ), for a gen-
eralized NFW density profile (see Eqs. 2–3). The spatial
morphology of the Galactic di↵use model (as evaluated
at 2 GeV), Fermi Bubbles, and dark matter templates
are each shown in Fig. 4.

As found in previous studies [8, 9], the inclusion of the
dark matter template dramatically improves the quality
of the fit to the Fermi data. For the best-fit spectrum and
halo profile, we find that the inclusion of the dark matter
template improves the formal fit by ��2 ' 1672, cor-
responding to a statistical preference greater than 40�.
When considering this enormous statistical significance,
one should keep in mind that in addition to statistical er-
rors there is a degree of unavoidable and unaccounted-for
systematic error, in that neither model (with or without
a dark matter component) is a “good fit” in the sense
of describing the sky to the level of Poisson noise. That
being said, the data do very strongly prefer the presence
of a gamma-ray component with a morphology similar
to that predicted from annihilating dark matter (see Ap-
pendices B and D for further details).2

2 Previous studies [8, 9] have taken the approach of fitting for the
spectrum of the Fermi Bubbles as a function of latitude, and then
subtracting an estimated underlying spectrum for the Bubbles
(based on high-latitude data) in order to extract the few-GeV

As in Ref. [8], we vary the value of the inner slope of
the generalized NFW profile, �, and compare the change
in the log-likelihood, � lnL, between the resulting fits in
order to determine the preferred range for the value of
�.3 The results of this exercise (as performed over 0.5-
10 GeV) are shown in the left frame of Fig. 5. While
previous fits (which did not employ any additional cuts
on CTBCORE) preferred an inner slope of � ' 1.2 [8],
we find that a slightly steeper value of � ' 1.26 provides
the best fit to the data. Also, in contrast to Ref. [8],
we find no significant di↵erence in the slope preferred
by the fit over the entire sky, and by a fit only over the
southern sky (b < 0). This can be seen directly from
the left frame of Fig. 5, where the full-sky and southern-
sky fits for the same level of masking are found to favor
quite similar values of � (the southern sky distribution
is broader than that for the full sky simply due to the
di↵erence in the number of photons).

In the right frame of Fig. 5, we show the spectrum of
the emission correlated with the dark matter template,
for the best-fit value of � = 1.26. While no significant
emission is absorbed by this template at energies above
⇠10 GeV, a bright and robust component is present at
lower energies, peaking near ⇠1-3 GeV. Relative to the

excess. However, this approach discards information on the true
morphology of the signal, as well as requiring an assumption for
the Bubbles spectrum. It was shown in Ref. [8] (and also in this
work, see Appendices B and D) that the excess is not confined
to the Bubbles and the fit strongly prefers to correlate it with a
dark matter template if one is available.

3 Throughout, we denote the quantity �2 lnL by �2.

GeV γ-ray excess 
at the GC? 
several authors, 
2009-14!

10 GeV the positron fraction decreases with increasing
energy as expected from the secondary production of
cosmic rays by collision with the interstellar medium.
The positron fraction is steadily increasing from 10 to
!250 GeV. This is not consistent with only the secondary
production of positrons [17]. The behavior above 250 GeV
will become more transparent with more statistics which
will also allow improved treatment of the systematics.

Table I (see also [13]) also presents the contribution of
individual sources to the systematic error for different bins
which are added in quadrature to arrive at the total system-
atic uncertainty. As seen, the total systematic error at the
highest energies is dominated by the uncertainty in the
magnitude of the charge confusion.

Most importantly, several independent analyses were
performed on the same data sample by different study
groups. Results of these analyses are consistent with those
presented in Fig. 5 and in Table I (see also [13]).

The observation of the positron fraction increase with
energy has been reported by earlier experiments: TS93
[18], Wizard/CAPRICE [19], HEAT [20], AMS-01 [21],
PAMELA [22], and Fermi-LAT [23]. The most recent
results are presented in Fig. 5 for comparison. The accu-
racy of AMS-02 and high statistics available enable the
reported AMS-02 positron fraction spectrum to be clearly
distinct from earlier work. The AMS-02 spectrum has the
unique resolution, statistics, and energy range to provide
accurate information on new phenomena.
The accuracy of the data (Table I and [13]) enables us to

investigate the properties of the positron fraction with
different models. We present here the results of comparing
our data with a minimal model, as an example. In this
model the eþ and e# fluxes,!eþ and!e# , respectively, are
parametrized as the sum of individual diffuse power law
spectra and the contribution of a single common source
of e$:

!eþ ¼ CeþE
#!eþ þ CsE

#!se#E=Es ; (1)

!e# ¼ Ce#E
#!e# þ CsE

#!se#E=Es (2)

(with E in GeV), where the coefficients Ceþ and Ce#

correspond to relative weights of diffuse spectra for posi-
trons and electrons, respectively, and Cs to the weight of
the source spectrum; !eþ , !e# , and !s are the correspond-
ing spectral indices; and Es is a characteristic cutoff energy
for the source spectrum. With this parametrization the
positron fraction depends on five parameters. A fit to the
data in the energy range 1–350 GeV based on the number
of events in each bin yields a "2=d:f: ¼ 28:5=57 and the
following: !e# # !eþ ¼ #0:63$ 0:03, i.e., the diffuse
positron spectrum is softer, that is, less energetic with
increasing energy, than the diffuse electron spectrum;
!e# # !s ¼ 0:66$ 0:05, i.e., the source spectrum is
harder than the diffuse electron spectrum; Ceþ=Ce# ¼
0:091$ 0:001, i.e., the weight of the diffuse positron flux
amounts to !10% of that of the diffuse electron flux;
Cs=Ce# ¼ 0:0078$ 0:0012, i.e., the weight of the com-
mon source constitutes only !1% of that of the diffuse
electron flux; and 1=Es ¼ 0:0013$ 0:0007 GeV#1, corre-
sponding to a cutoff energy of 760þ1000

#280 GeV. The fit is
shown in Fig. 6 as a solid curve. The agreement between
the data and the model shows that the positron fraction
spectrum is consistent with e$ fluxes each of which is the
sum of its diffuse spectrum and a single common power
law source. No fine structures are observed in the data. The
excellent agreement of this model with the data indicates
that the model is insensitive to solar modulation effects
[24] during this period. Indeed, fitting over the energy
ranges from 0.8–350 GeV to 6.0–350 GeV does not change
the results nor the fit quality. Furthermore, fitting the data
with the same model extended to include different solar
modulation effects on positrons and electrons yields simi-
lar results. This study also shows that the slope of the
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sum of the statistical and systematic uncertainties (see Table I
and [13]), and the horizontal positions are the centers of
each bin.
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a DM induced 
positron excess?!
Pamela, Fermi, 
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Figure 4. Upper sub-panels: the measured events with statistical errors are plotted in black. The
horizontal bars show the best-fit models with (red) and without DM (green), the blue dotted line
indicates the corresponding line flux component alone. In the lower sub-panel we show residuals
after subtracting the model with line contribution. Note that we rebinned the data to fewer bins
after performing the fits in order to produce the plots and calculate the p-value and the reduced
χ2
r
≡ χ2/dof. The counts are listed in Tabs. 1, 2 and 3.
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Figure 2: Model-independent residual rate of the single-hit scintillation events, mea-
sured by the new DAMA/LIBRA experiment in the (2 – 4), (2 – 5) and (2 – 6) keV
energy intervals as a function of the time. The residuals measured by DAMA/NaI and
already published in ref. [4, 5] are also shown. The zero of the time scale is January
1st of the first year of data taking of the former DAMA/NaI experiment. The exper-
imental points present the errors as vertical bars and the associated time bin width
as horizontal bars. The superimposed curves represent the cosinusoidal functions be-
haviours A cosω(t − t0) with a period T = 2π

ω = 1 yr, with a phase t0 = 152.5 day
(June 2nd) and with modulation amplitudes, A, equal to the central values obtained by
best fit over the whole data, that is: (0.0215± 0.0026) cpd/kg/keV, (0.0176± 0.0020)
cpd/kg/keV and (0.0129±0.0016) cpd/kg/keV for the (2 – 4) keV, for the (2 – 5) keV
and for the (2 – 6) keV energy intervals, respectively. See text. The dashed vertical
lines correspond to the maximum of the signal (June 2nd), while the dotted vertical
lines correspond to the minimum. The total exposure is 0.82 ton×yr.
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Figure 5. Top panels: 3�4 keV band of the stacked MOS (left panel) and stacked PN (right panel) spectra of the samples. The figures
show the energy band where the new spectral feature is detected. The Gaussian lines with maximum values of the flux normalizations of K
xviii and Ar xvii estimated using AtomDB were included in the models. The red lines in the top panels (shown only for the full sample)
show the model and the excess emission. The blue lines show the total model after another Gaussian line is added, representing the new
line. Middle panels shows the residuals before (red) and after (blue) the Gaussian line is added. The bottom panels show the e↵ective area
curves (the corresponding ARF). Redshift smearing greatly reduces variations of the e↵ective area in the high-z sample.

bution of each cluster i to the total DM line flux in the
stacked spectrum is

!i,dm =
Mproj

i,DM (< Rext)(1 + zi)

4⇡D2
i,L

ei
etot

. (4)

where zi is the redshift of ith cluster, and ei and etot are
the exposure time of ith cluster and the total exposure
time of the sample.
The dark matter mass within the extraction radius is

3.5 keV X-ray line? 
Bulbul et al., 2014

or away from a 
GeV/TeV DM 
state to a keV, 
e.g., sterile 
neutrino!
or a axion-like 
particle:
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 expectedσ 1 ±

FIG. 3: Result on spin-independent WIMP-nucleon scatter-
ing from XENON100: The expected sensitivity of this run is
shown by the green/yellow band (1�/2�) and the resulting
exclusion limit (90% CL) in blue. For comparison, other ex-
perimental limits (90% CL) and detection claims (2�) are also
shown [19–22], together with the regions (1�/2�) preferred by
supersymmetric (CMSSM) models [18].

3 PE. The PL analysis yields a p-value of � 5% for all
WIMP masses for the background-only hypothesis indi-
cating that there is no excess due to a dark matter sig-
nal. The probability that the expected background in
the benchmark region fluctuates to 2 events is 26.4% and
confirms this conclusion.

A 90% confidence level exclusion limit for spin-
independent WIMP-nucleon cross sections �� is calcu-
lated, assuming an isothermal WIMP halo with a lo-
cal density of ⇢� = 0.3GeV/cm3, a local circular veloc-
ity of v0 = 220 km/s, and a Galactic escape velocity of
vesc = 544 km/s [17]. Systematic uncertainties in the en-
ergy scale as described by the Le↵ parametrization of [6]
and in the background expectation are profiled out and
represented in the limit. Poisson fluctuations in the num-
ber of PEs dominate the S1 energy resolution and are
also taken into account along with the single PE resolu-
tion. The expected sensitivity of this dataset in absence
of any signal is shown by the green/yellow (1�/2�) band
in Fig. 3. The new limit is represented by the thick blue
line. It excludes a large fraction of previously unexplored
parameter space, including regions preferred by scans of
the constrained supersymmetric parameter space [18].

The new XENON100 data provide the most strin-
gent limit for m� > 8GeV/c2 with a minimum of
� = 2.0 ⇥ 10�45 cm2 at m� = 55GeV/c2. The max-
imum gap analysis uses an acceptance-corrected expo-
sure of 2323.7 kg⇥days (weighted with the spectrum of a
100GeV/c2 WIMP) and yields a result which agrees with
the result of Fig. 3 within the known systematic di↵er-
ences. The new XENON100 result continues to challenge
the interpretation of the DAMA [19], CoGeNT [20], and
CRESST-II [21] results as being due to scalar WIMP-
nucleon interactions.
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The direct detection puzzle:
Inconclusive picture, with some null results and some a potential signal 
(excess over background or an annual modulation signal); taking all of 
them at face value and making a (model dependent) projection on the 
plane WIMP-nucleon SI coupling - WIMP mass, tension among results: 
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A  γ-ray excess at ~ GeV energies towards the GC ?
When comparing the flux measured by Fermi in the Galactic center 
region against models accounting for diffuse emission and point sources, a 
residual  at the level of 10% of the total intensity emerges, Morselli & Vitale 

(Fermi Coll.), 0912.3828 (+ Goodenough & Hooper, 0910.2998):  
2009 Fermi Symposium, Washington, D.C., Nov. 2-5 5

FIG. 5: Spectra from the likelihood analysis of the
Fermi/LAT data (number of counts vs reconstructed en-
ergy). The likelihood analysis is the standard one used
with the LAT data. The main analysis steps are: (1) to
select data of high quality (selection cuts on events energy,
zenith angle, reconstruction and classification quality); (2)
to build a emission model of the region, based on the previ-
ous knowledge and experimental evidence of new excesses
with enough statistical significance; (3) to apply the like-
lihood analysis to the data and the considered model. For
each model component a fit of the free parameters and the
computation the statistical significance is obtained. Here
in the plot, from highest to the lowest: the black point are
the observed data; the black line is the sum of all the com-
ponents; the red line is the Galactic diffuse emission; the
lower black line is the isotropic extragalactic; the other
components are the sources detected. These results are
preliminary.

FIG. 6: Residuals ( (exp.data - model)/model ) of the
above likelihood analysis. For this residual spectrum the
model and data were integrated over the 7◦

×7◦ ROI. The
residual spectrum suggests that an unmodeled excess is
present in the ≈2-5 GeV range. The blue area shows the
systematic errors on the effective area. These results are
preliminary.

• a ROI of 7◦×7◦ was considered. This ROI was
used in order to minimize the background con-
tribution and to avoid significant leakage of the
gamma-ray signal under study;

• the ROI was centred at the position RA =
266.46◦, Dec=-28.97◦, ie the position of the

brightest source;

• the Data taken during the first 11 months
(8/2008-7/2009) have been used;

• the events were selected to have energy between
400 MeV and 100 GeV;

• only events classified of diffuse class and which
converted in the front part of the tracker have
been selected for the analysis. The selection
in energy, event classification and conversion
provided us with events with very well recon-
structed incoming direction and data have been
binned into a 100×100 bins map;

• the IRF and the events classification are
those relative to the Pass6V3 version of the
Fermi/LAT analysis software.

In order to perform the likelihood analysis for the
LAT data, a model of the already known sources and
the diffuse background should be built. The model in
use for the presented analysis contains 11 sources in
the Fermi 1 year catalog (to be published) which are
located into the considered ROI, or located very close
to the ROI boundaries and have a significant fraction
of their flux leaking within the studied region. These
sources have a point-like spatial model and a spectrum
in the form of a power-law. The model also contain
the diffuse gamma-ray background which is composed
by two components:

1. the Galactic Diffuse gamma-ray background.
The observed Galactic Diffuse emission was
modelled by means of the GALPROP code [29]
and [30], and the realization of the galactic
emission named gll−iem−54−87Xexph7S.fit was
used. During the likelihood maximization only
the normalization of the GALPROP model is
varied, not its components;

2. the Isotropic Background. This component
should account for both the Extragalactic
gamma-ray emission and residual charged parti-
cles. It is modelled as an isotropic emission with
a template spectrum.

The obtained results are illustrated in Fig. 5 and 6.
The bulk of the gamma-ray emission from this region
is explained by means of the above described compo-
nents, but a residual emission is left. The systematic
uncertainty of the effective area of the LAT is 10% at
100 MeV, decreasing to 5% at 560 MeV and increas-
ing to 20% at 10 GeV. This uncertainty propagates
to the model predictions and should be considered in
interpreting the residual spectrum in Fig 6.
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zenith angle, reconstruction and classification quality); (2)
to build a emission model of the region, based on the previ-
ous knowledge and experimental evidence of new excesses
with enough statistical significance; (3) to apply the like-
lihood analysis to the data and the considered model. For
each model component a fit of the free parameters and the
computation the statistical significance is obtained. Here
in the plot, from highest to the lowest: the black point are
the observed data; the black line is the sum of all the com-
ponents; the red line is the Galactic diffuse emission; the
lower black line is the isotropic extragalactic; the other
components are the sources detected. These results are
preliminary.
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model and data were integrated over the 7◦

×7◦ ROI. The
residual spectrum suggests that an unmodeled excess is
present in the ≈2-5 GeV range. The blue area shows the
systematic errors on the effective area. These results are
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• a ROI of 7◦×7◦ was considered. This ROI was
used in order to minimize the background con-
tribution and to avoid significant leakage of the
gamma-ray signal under study;

• the ROI was centred at the position RA =
266.46◦, Dec=-28.97◦, ie the position of the

brightest source;

• the Data taken during the first 11 months
(8/2008-7/2009) have been used;

• the events were selected to have energy between
400 MeV and 100 GeV;

• only events classified of diffuse class and which
converted in the front part of the tracker have
been selected for the analysis. The selection
in energy, event classification and conversion
provided us with events with very well recon-
structed incoming direction and data have been
binned into a 100×100 bins map;

• the IRF and the events classification are
those relative to the Pass6V3 version of the
Fermi/LAT analysis software.

In order to perform the likelihood analysis for the
LAT data, a model of the already known sources and
the diffuse background should be built. The model in
use for the presented analysis contains 11 sources in
the Fermi 1 year catalog (to be published) which are
located into the considered ROI, or located very close
to the ROI boundaries and have a significant fraction
of their flux leaking within the studied region. These
sources have a point-like spatial model and a spectrum
in the form of a power-law. The model also contain
the diffuse gamma-ray background which is composed
by two components:

1. the Galactic Diffuse gamma-ray background.
The observed Galactic Diffuse emission was
modelled by means of the GALPROP code [29]
and [30], and the realization of the galactic
emission named gll−iem−54−87Xexph7S.fit was
used. During the likelihood maximization only
the normalization of the GALPROP model is
varied, not its components;

2. the Isotropic Background. This component
should account for both the Extragalactic
gamma-ray emission and residual charged parti-
cles. It is modelled as an isotropic emission with
a template spectrum.

The obtained results are illustrated in Fig. 5 and 6.
The bulk of the gamma-ray emission from this region
is explained by means of the above described compo-
nents, but a residual emission is left. The systematic
uncertainty of the effective area of the LAT is 10% at
100 MeV, decreasing to 5% at 560 MeV and increas-
ing to 20% at 10 GeV. This uncertainty propagates
to the model predictions and should be considered in
interpreting the residual spectrum in Fig 6.
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FIG. 5: Spectra from the likelihood analysis of the
Fermi/LAT data (number of counts vs reconstructed en-
ergy). The likelihood analysis is the standard one used
with the LAT data. The main analysis steps are: (1) to
select data of high quality (selection cuts on events energy,
zenith angle, reconstruction and classification quality); (2)
to build a emission model of the region, based on the previ-
ous knowledge and experimental evidence of new excesses
with enough statistical significance; (3) to apply the like-
lihood analysis to the data and the considered model. For
each model component a fit of the free parameters and the
computation the statistical significance is obtained. Here
in the plot, from highest to the lowest: the black point are
the observed data; the black line is the sum of all the com-
ponents; the red line is the Galactic diffuse emission; the
lower black line is the isotropic extragalactic; the other
components are the sources detected. These results are
preliminary.

FIG. 6: Residuals ( (exp.data - model)/model ) of the
above likelihood analysis. For this residual spectrum the
model and data were integrated over the 7◦

×7◦ ROI. The
residual spectrum suggests that an unmodeled excess is
present in the ≈2-5 GeV range. The blue area shows the
systematic errors on the effective area. These results are
preliminary.
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structed incoming direction and data have been
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those relative to the Pass6V3 version of the
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In order to perform the likelihood analysis for the
LAT data, a model of the already known sources and
the diffuse background should be built. The model in
use for the presented analysis contains 11 sources in
the Fermi 1 year catalog (to be published) which are
located into the considered ROI, or located very close
to the ROI boundaries and have a significant fraction
of their flux leaking within the studied region. These
sources have a point-like spatial model and a spectrum
in the form of a power-law. The model also contain
the diffuse gamma-ray background which is composed
by two components:

1. the Galactic Diffuse gamma-ray background.
The observed Galactic Diffuse emission was
modelled by means of the GALPROP code [29]
and [30], and the realization of the galactic
emission named gll−iem−54−87Xexph7S.fit was
used. During the likelihood maximization only
the normalization of the GALPROP model is
varied, not its components;

2. the Isotropic Background. This component
should account for both the Extragalactic
gamma-ray emission and residual charged parti-
cles. It is modelled as an isotropic emission with
a template spectrum.

The obtained results are illustrated in Fig. 5 and 6.
The bulk of the gamma-ray emission from this region
is explained by means of the above described compo-
nents, but a residual emission is left. The systematic
uncertainty of the effective area of the LAT is 10% at
100 MeV, decreasing to 5% at 560 MeV and increas-
ing to 20% at 10 GeV. This uncertainty propagates
to the model predictions and should be considered in
interpreting the residual spectrum in Fig 6.
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diffuse emission according to a physical propagation model (with Galprop) 
tuned on data away from GC; isotropic background from all sky data; point 
sources from the Fermi catalogue. Still: it is tricky to include properly 
systematic effects and uncertainties in the modelling of each component. 
An exercise which has been repeated over the years with different 
assumptions, with the goal of addressing whether this is a DM excess:



A  γ-ray excess at ~ GeV energies towards the GC ?
The attractive feature is the morphology signature, as expected from the  
enhancement in DM density towards the Galactic center: Hooper & Linden, 

1110.0006 (building up from 0910.2998 and 1010.2752) use a template fitting 
procedure to claim a DM signal in the inner few degrees:
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FIG. 1: Contour maps of the gamma ray flux from the region surrounding the Galactic Center, as observed by the Fermi
Gamma Ray Space Telescope. The left frames show the raw maps, while the center and right frames show the maps after
subtracting known sources (not including the central source), and known sources plus emission from cosmic ray interactions
with gas in the Galactic Disk, respectively. All maps have been smoothed over a scale of 0.5 degrees. See text for more details.

residual flux in the innermost region of the Galaxy. We
include the observed spatial variations of the residuals as
a systematic error, which we propagate throughout this
study.

The residuals in this innermost region include
a roughly spherically symmetric component centered
around the Galactic Center, along with a sub-dominant
component that is somewhat extended along the disk.
Due to its similar angular extent, we consider it likely
that this component is associated with emission from
proton-proton collisions taking place in the Galactic

Ridge, as observed at higher energies by HESS [12]. The
remaining spherically symmetric component could plau-
sibly originate from dark matter annihilations, processes
associated with the Milky Way’s supermassive black hole,
gamma ray pulsars, or a combination of these and other
sources. We will return to these issues in Secs. III and
IV.

In Fig. 3, we show the spectrum of the emission from
the inner 5 degrees surrounding the Galactic Center, after
removing the known sources and disk emission templates.
The spectrum is clearly brightest between 300 MeV and
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consistent with                      , e.g. from 
N-body result                       + mild 
adiabatic contraction from baryon infall 
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Spectrum with ~ 10 GeV cutoff 
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FIG. 3: The spectrum of the residual emission from the inner
5 degrees surrounding the Galactic Center, after subtracting
the known sources and line-of-sight gas templates.

FIG. 4: Fits for the spectrum of the central emission, assum-
ing a point-like source morphology, from the previous work
of three di↵erent groups [5–7]. Despite the di↵erent analysis
approaches taken, these fits are all in reasonable agreement.
The dashed line is the broken power-law fit to this spectrum
as presented in Ref. [6].

of residual emission found in our analysis.1 Between 100-
300 MeV, there is good agreement, indicating that most
or even all of the residual gamma rays in this energy range
could originate from a single point source. At higher
energies, however, the residual emission consistently ex-
ceeds the flux attributable to point-like emission; by a
factor of ⇠2-3 between 0.3 and 3 GeV, and by a factor of
⇠5 above 3 GeV. When Boyarsky et al. included a spa-

1 HESS [15] and other ground based telescopes [16] have also ob-
served point-like emission from the Galactic Center at energies
above ⇠200 GeV. This very high energy gamma ray source may
be associated with the point-like emission observed at lower en-
ergies, as shown in Fig. 4.

FIG. 5: A comparison of the total residual emission found in
this study (black) with the spectra of point-like emission (red)
and extended emission (blue) (as in the case of annihilating
dark matter with ⇢DM / r�1.34) as presented in Ref. [7]. This
comparison supports our finding that this residual emission
below ⇠ 300 MeV is consistent with a point-like source ori-
gin, while much of the emission at higher energies is indeed
spatially extended.

tially extended component in their model (with a mor-
phology corresponding to that predicted for annihilating
dark matter with a distribution given by ⇢

DM

/ r�1.34),
they found that the fit improved considerably (reducing
the log-likelihood by 25 with the addition of only one
new parameter) [7]. The spectrum of this spatially ex-
tended component is also shown in Fig. 5. The spectrum
of the residual emission found in our analysis is in very
good agreement with the sum of point-like and extended
components as reported by Boyarsky et al. From these
comparisons, we conclude that in addition to the presence
of point-like emission from the Galactic Center, a com-
ponent of extended emission is also prominently present
at energies greater than ⇠300 MeV.2

IV. POSSIBLE ORIGINS OF THE OBSERVED
EMISSION

A number of proposals have been put forth to explain
the bright gamma ray emission observed from the Galac-
tic Center by the FGST. These possibilities include the
central supermassive black hole [5, 6], a population of

2 The spectrum of our residual as presented in Figs. 3 and 5 denotes
the residual within a 5 degree radius around the Galactic Center,
whereas the spectrum of extended emission reported in Ref. [7]
is taken from a similar, but not identical, inner 10�⇥10� region.
Given the highly concentrated nature of the morphology being
considered, however, this di↵erence is negligible.



A  γ-ray excess at ~ GeV energies towards the GC ?
Result confirmed in other independent works, considering slightly 
different approaches to model the background, see Abazajian & Kaplinghat,

1207.6047 and Gordon & Macias, 1306.5725:
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FIG. 3. LAT residual map after subtraction of our best fit model with an extended GC source, but without subtracting
the extended source model component. The counts were summed over the energy range 300 MeV�10 GeV. The map spans a
7� ⇥ 7� region of the sky centred at the Sgr A* position with pixel size of 0.1� ⇥ 0.1�. The residual has been smoothed with a
� = 0.3� Gaussian.
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FIG. 4. (a) Radial profile of the LAT residuals shown in Fig. (3) as obtained from a ring analysis computed around Sgr A*.
The histograms show the e↵ective LAT point spread function (PSF) for three di↵erent profile models: (i) NFW with inner slope
� ' 1.2 (red continuous line) for which we get �2/dof = 5.5/7. (ii) NFW with � = 1.3 (green dashed line) and �2/dof = 44.6/7,
and lastly (iii) the profile for a PS model (blue dotted line) with �2/dof = 2479.9/7. For all cases the spectra was modelled
with a Log Parabola. (b) Shown is the significance of NFW profiles with varying inner slope, where L� represents the likelihood
function at a given �. This was assessed by performing a set Fermi Tools runs where for each case the relaxation method was
used. The spectra was fitted with a Log Parabola function and only statistical uncertainties were taken into account.

normalizing to unity the hJ(b, l)i maps as explained in
the Cicerone. 2

These normalized maps were also used to fit for the in-
ner slope �. This was done with two equivalent methods:

• We first computed the residual emission shown in
Fig. (3). From this we produced a radial profile

2

http://fermi.gsfc.nasa.gov/ssc/data/analysis/scitools/extended

Fig. (4)-(a) of the photon excess. This was com-
pared with that expected from a PS and also from
well motivated spatially extended sources using a
�

2 test. The profiles for extended source shown
in the histograms Fig. (4)-(a) were obtained with
the gtmodel routine. The models entered to this
Tool were hJ(b, l)i maps normalized to unity with

again cuspy profile, !
not point source 
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FIG. 7. Spectrum of the extended source measured with the Fermi-LAT. As shown in the legends, the model for the spatial
distribution of the source is a NFW profile with inner slope � = 1.2. The red and black error bars show the (1�) systematic and
statistical errors, respectively. The upper limit is 2�. The fit over the full range is overlaid over the twelve band energy fluxes
on each figure as follows: (a) The continuous blue line and dashed black line represent the best fit spectrum for a population of
MSPs resembling a NFW spatial distribution, two typical curved spectra of these sources have been used. See text for details
on goodness of the fit. (b) Shown is the best fit DM spectrum. M

DM

, Bf and h�vi were treated as free parameters in the fit.
The black continuous line represents WIMP particles of 23.5 GeV self-annihilating 55% and 45% of the times into quarks bb̄
and leptons (here “leptons” denotes an unweighted mixture of e+e�, µ+µ� and ⌧+⌧�), respectively. (c) The figure shows 3
di↵erent examples of DM spectra with high TS values as obtained with Fermi Tools, where just h�vi was allowed to vary in
the fit. Although WIMPs of 10 GeV annihilating all the times into ⌧+⌧� or bb̄ only satisfy the TS > 25 criteria, they in fact
do not pass the goodness of fit threshold, see details in Sec. (IVB). As it can be seen, M

DM

= 30 GeV, 100% bb̄ exemplifies a
good fitting model with significant curved spectra.

tematics which is explained below Eq. (10). In Figure (7)
we show the SED of the extended source with the best fit
over the full range overlaid. The red error bars indicate
the total systematic errors and black error bars the sta-
tistical uncertainties. We also list the SED and errors in
Appendix A so that the reader may try fit other spectral
models.

In order to study the validity of the distinct types of

spectral shapes found with high TS values in our Fermi
Tools runs, we used the same spectral fit quality estima-
tor introduced in Ref. [6] except that we also added our

again a sharp cut-off 
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FIG. 12. Upper panel: Shown are the 95% CL upper limits on the velocity averaged cross-section for 100% bb̄ final states. The
horizontal dotted blue line denotes the thermal decoupling cross-section expected for WIMPs particles. Shown for comparison
are the upper limits obtained from the analysis of Dwarf Galaxies in Ref. [48] and GC analysis in Ref. [16] (see more details in
Fig. (11)). Lower panel: Shown are the regions of the parameter space which provide a good fit to Fermi-LAT data as derived
in this work (grey area) and in Hooper et al [16] (yellow area).

suppressed and the WIMPs are lighter than the top quark
then the prevailing annihilations final states are bb̄ and
⌧

+

⌧

�. By virtue of the color charge of the bottom
quarks [49], one would expect the production of bb̄ pairs
to be typically more than three times larger than those of
⌧

+

⌧

�. Thus, we note that one could easily accommodate
a theoretical model to these findings.

The best fit DM models, see Tables (II), (III), (IV),
Figures (9), and (10) have values for h�vi intriguingly

close to the simple thermal relic value. An even closer
match is obtained from a more precise WIMP relic abun-
dance cross-section of h�vi = 2.2 ⇥ 10�26 cm3s�1 which
has a feeble mass-dependence for masses above 10 GeV
[50].

Our SEDs are designed to be of the GC extended emis-
sion component only, while those of Ref. [16] also include
Sgr A* and a component known as the HESS ridge which
we will discuss later in this section. Also, comparing our

best fit with 
WIMP 
annihilations 
into b-quarks 
or leptons or a 
combination



A  γ-ray excess at ~ GeV energies towards the GC ?
Residuals searched for and found also in different parts of the sky; in 
particular Hooper & Slatyer, 1302.6589 find consistent energy spectrum and 
morphology at slightly higher latitudes, in the Fermi bubbles region, where 
assumptions on the background needs to be different, but still very 
uncertain (see also results from  Huang et al., 1307.6862):
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FIG. 7: The gamma-ray spectrum of the Fermi Bubbles after subtracting a contribution from inverse Compton emission,
derived using the electron spectrum (up to normalization) found in our best-fit to the |b| = 40� � 50� region. This illustrates
the characteristics of the additional (non-inverse Compton) component of the gamma-ray emission from the Fermi Bubbles,
which is quite bright at low Galactic latitudes. We caution that these extracted spectra are subject to a number of systematic
uncertainties, such as those associated with the interstellar radiation field model, and due to uncertainties and variations in the
electron spectra throughout the volume of the Bubbles. These extracted spectra can, however, be taken as indicative of the
broad spectral features of the non-inverse Compton component of the Bubbles emission. Shown as dashed lines is the predicted
contribution of gamma-rays from the annihilations of 10 GeV dark matter particles (to ⌧+⌧�) distributed according to a
generalized NFW profile with an inner slope of � = 1.2, as described in Sec. V. We remind the reader that the backgrounds are
largest near the disk and thus there are significant systematic uncertainties in the spectrum from the low latitude (|b| = 1��10�)
region, especially at low energies.

10

FIG. 7: The gamma-ray spectrum of the Fermi Bubbles after subtracting a contribution from inverse Compton emission,
derived using the electron spectrum (up to normalization) found in our best-fit to the |b| = 40� � 50� region. This illustrates
the characteristics of the additional (non-inverse Compton) component of the gamma-ray emission from the Fermi Bubbles,
which is quite bright at low Galactic latitudes. We caution that these extracted spectra are subject to a number of systematic
uncertainties, such as those associated with the interstellar radiation field model, and due to uncertainties and variations in the
electron spectra throughout the volume of the Bubbles. These extracted spectra can, however, be taken as indicative of the
broad spectral features of the non-inverse Compton component of the Bubbles emission. Shown as dashed lines is the predicted
contribution of gamma-rays from the annihilations of 10 GeV dark matter particles (to ⌧+⌧�) distributed according to a
generalized NFW profile with an inner slope of � = 1.2, as described in Sec. V. We remind the reader that the backgrounds are
largest near the disk and thus there are significant systematic uncertainties in the spectrum from the low latitude (|b| = 1��10�)
region, especially at low energies.

 final state 

⇢DM / r�1.2

M� = 10 GeV

⌧+⌧�

Hooper et al., 1305.0830 show that this is inconsistent with an unresolved 
population of millisecond pulsars (MSPs) with the same spectral features as 
those measured by Fermi for MSPs in the sun neighbourhood. This point 
has been questioned in other analyses, see Yuan & Zhang,1404.2318.



A  γ-ray excess at ~ GeV energies towards the GC ?
Latest update from Daylan et al., 1402.6703: better angular tagging (Fermi 
CTBCORE parameter discrimination), template fitting on large sky patch 
all the way from |b|>1°  to the Fermi bubble region, higher statistics:
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FIG. 6: Intensity maps (in galactic coordinates) after subtracting the best-fit Galactic di↵use model, Fermi bubbles, and
isotropic templates. At energies between ⇠0.5-5 GeV (i.e. in the first three frames), the dark-matter-like emission is clearly
visible around the Galactic Center.

analysis of Ref. [8], the cut on CTBCORE significantly
hardens the spectrum at energies below 1 GeV, render-
ing it more consistent with that extracted at higher lati-
tudes (see Appendix A). Shown for comparison (as a solid
line) is the spectrum predicted from a 35.25 GeV dark
matter particle annihilating to bb̄ with a cross section of
�v = 1.7 ⇥ 10�26 cm3/s ⇥ [(0.3GeV/cm3)/⇢

local

]2. The
spectrum of this component is in good agreement with
that predicted by this dark matter model, yielding a fit
of �2 = 26.4 over the 25 error bars between 0.3 and 100
GeV. We also note that the spectral shape of the dark
matter template is quite robust to variations in �, except
at energies below ⇠ 600 MeV, where the spectral shape

can vary non-negligibly with the choice of inner slope (see
Appendix C).

In Fig. 6, we plot the maps of the gamma-ray sky in
four energy ranges after subtracting the best-fit di↵use
model, Fermi Bubbles, and isotropic templates. In the
0.5-1 GeV, 1-2 GeV, and 2-5 GeV maps, the dark-matter-
like emission is clearly visible in the region surrounding
the Galactic Center. Much less central emission is vis-
ible at 5-20 GeV, where the dark matter component is
significantly less bright.
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matter template is quite robust to variations in �, except
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can vary non-negligibly with the choice of inner slope (see
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In Fig. 6, we plot the maps of the gamma-ray sky in
four energy ranges after subtracting the best-fit di↵use
model, Fermi Bubbles, and isotropic templates. In the
0.5-1 GeV, 1-2 GeV, and 2-5 GeV maps, the dark-matter-
like emission is clearly visible in the region surrounding
the Galactic Center. Much less central emission is vis-
ible at 5-20 GeV, where the dark matter component is
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FIG. 5: Left frame: The value of the formal statistical �2� lnL (referred to as ��2) extracted from the likelihood fit, as
a function of the inner slope of the dark matter halo profile, �. Results are shown using gamma-ray data from the full sky
(solid line) and only the southern sky (dashed line). Unlike in the analysis of Ref. [8], we do not find any large north-south
asymmetry in the preferred value of �. Right frame: The spectrum of the dark matter component, for a template corresponding
to a generalized NFW halo profile with an inner slope of � = 1.26 (normalized to the flux at an angle of 5� from the Galactic
Center). Shown for comparison (solid line) is the spectrum predicted from a 35.25 GeV dark matter particle annihilating to bb̄
with a cross section of �v = 1.7⇥ 10�26 cm3/s ⇥ [(0.3GeV/cm3)/⇢

local

]2.

ground templates, we include an additional dark matter
template, motivated by the hypothesis that the previ-
ously reported gamma-ray excess originates from annihi-
lating dark matter. In particular, our dark matter tem-
plate is taken to be proportional to the line-of-sight inte-
gral of the dark matter density squared, J( ), for a gen-
eralized NFW density profile (see Eqs. 2–3). The spatial
morphology of the Galactic di↵use model (as evaluated
at 2 GeV), Fermi Bubbles, and dark matter templates
are each shown in Fig. 4.

As found in previous studies [8, 9], the inclusion of the
dark matter template dramatically improves the quality
of the fit to the Fermi data. For the best-fit spectrum and
halo profile, we find that the inclusion of the dark matter
template improves the formal fit by ��2 ' 1672, cor-
responding to a statistical preference greater than 40�.
When considering this enormous statistical significance,
one should keep in mind that in addition to statistical er-
rors there is a degree of unavoidable and unaccounted-for
systematic error, in that neither model (with or without
a dark matter component) is a “good fit” in the sense
of describing the sky to the level of Poisson noise. That
being said, the data do very strongly prefer the presence
of a gamma-ray component with a morphology similar
to that predicted from annihilating dark matter (see Ap-
pendices B and D for further details).2

2 Previous studies [8, 9] have taken the approach of fitting for the
spectrum of the Fermi Bubbles as a function of latitude, and then
subtracting an estimated underlying spectrum for the Bubbles
(based on high-latitude data) in order to extract the few-GeV

As in Ref. [8], we vary the value of the inner slope of
the generalized NFW profile, �, and compare the change
in the log-likelihood, � lnL, between the resulting fits in
order to determine the preferred range for the value of
�.3 The results of this exercise (as performed over 0.5-
10 GeV) are shown in the left frame of Fig. 5. While
previous fits (which did not employ any additional cuts
on CTBCORE) preferred an inner slope of � ' 1.2 [8],
we find that a slightly steeper value of � ' 1.26 provides
the best fit to the data. Also, in contrast to Ref. [8],
we find no significant di↵erence in the slope preferred
by the fit over the entire sky, and by a fit only over the
southern sky (b < 0). This can be seen directly from
the left frame of Fig. 5, where the full-sky and southern-
sky fits for the same level of masking are found to favor
quite similar values of � (the southern sky distribution
is broader than that for the full sky simply due to the
di↵erence in the number of photons).

In the right frame of Fig. 5, we show the spectrum of
the emission correlated with the dark matter template,
for the best-fit value of � = 1.26. While no significant
emission is absorbed by this template at energies above
⇠10 GeV, a bright and robust component is present at
lower energies, peaking near ⇠1-3 GeV. Relative to the

excess. However, this approach discards information on the true
morphology of the signal, as well as requiring an assumption for
the Bubbles spectrum. It was shown in Ref. [8] (and also in this
work, see Appendices B and D) that the excess is not confined
to the Bubbles and the fit strongly prefers to correlate it with a
dark matter template if one is available.

3 Throughout, we denote the quantity �2 lnL by �2.
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previous fits (which did not employ any additional cuts
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we find that a slightly steeper value of � ' 1.26 provides
the best fit to the data. Also, in contrast to Ref. [8],
we find no significant di↵erence in the slope preferred
by the fit over the entire sky, and by a fit only over the
southern sky (b < 0). This can be seen directly from
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sky fits for the same level of masking are found to favor
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A  γ-ray excess at ~ GeV energies towards the GC ?
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FIG. 14: The quality of the fit (�2, over 25-1 degrees-of-freedom) for various annihilating dark matter models to the spectrum
of the anomalous gamma-ray emission from the Inner Galaxy (as shown in Fig. 5) as a function of mass, and marginalized
over the value of the annihilation cross section. In the left frame, we show results for dark matter particles which annihilate
uniquely to bb̄, cc̄, ss̄, light quarks (uū and/or dd̄), or ⌧+⌧�. In the right frame, we consider models in which the dark matter
annihilates to a combination of channels, with cross sections proportional to the square of the mass of the final state particles,
the square of the charge of the final state particles, democratically to all kinematically accessible Standard Model fermions, or
80% to ⌧+⌧� and 20% to bb̄. The best fits are found for dark matter particles with masses in the range of ⇠20-40 GeV and
which annihilate mostly to quarks.

FIG. 15: The range of the dark matter mass and annihilation cross section required to fit the gamma-ray spectrum observed
from the Inner Galaxy, for a variety of annihilation channels or combination of channels (see Fig. 14). The observed gamma-ray
spectrum is generally best fit by dark matter particles with a mass of ⇠20-40 GeV and that annihilate to quarks with a cross
section of �v ⇠ (1� 2)⇥ 10�26 cm3/s.

VII. IMPLICATIONS FOR DARK MATTER

In this section, we use the results of the previous sec-
tions to constrain the characteristics of the dark matter
particle species potentially responsible for the observed
gamma-ray excess. We begin by fitting various dark mat-
ter models to the spectrum of the gamma-ray excess as
found in our Inner Galaxy analysis (as shown in Fig. 5).
In Fig. 14, we plot the quality of this fit (�2) as a function

of the WIMP mass, for a number of dark matter annihila-
tion channels (or combination of channels), marginalized
over the value of the annihilation cross section. Given
that this fit is performed over 25-1 degrees-of-freedom,
a goodness-of-fit with a p-value of 0.05 (95% CL) cor-
responds to a �2 of approximately 36.8. We take any
value less than this to constitute a “good fit” to the Inner
Galaxy spectrum. Excellent fits are found for dark mat-
ter that annihilates to bottom, strange, or charm quarks
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Minor changes for slightly different angular and/or energy cuts; signal 
robustly associated with an approximately spherical component (not a 
contaminant from the disc) and extending up at least 10° (hardly 
compatible with a MSP component).

Latest update from Daylan et al., 1402.6703: better angular tagging (Fermi 
CTBCORE parameter discrimination), template fitting on large sky patch 
all the way from |b|>1°  to the Fermi bubble region, higher statistics:



What about the broader multi-messenger picture?

- measurements 
of the local 
antiproton flux;!
- measurements 
of the local 
lepton fluxes;!
- γ-rays at low, 
intermediate and 
high latitudes.

Figure 4. 3σ upper limits on WIMPs annihilation cross section versusmχ. The annihilation channels
are µ+µ− (top left), τ+τ− (top right), bb̄ (middle left), W+W− (middle right) and tt̄ (bottom). The
lines represent limits from γ-rays in |l| < 8◦, 1◦ < |b| < 9◦ (dotted green), γ-rays in |l| < 8◦, 9◦ <
|b| < 25◦ (dashed green), γ-rays in 0◦ < l < 360◦, |b| > 60◦ (dotted dashed green), antiprotons (red)
and leptons (blue). Our limits from leptons stop at 15 GeV since in our analysis we ignore leptonic
data at lower energies. The ISM gas normalization is kept to be free within a factor of 2 from the
reference distribution case (see text for more details). We include all diffuse γ-ray components of DM
origin (prompt, ICS, bremsstrahlung).

– 11 –

In most cases a given DM yield impacts several WIMP indirect detection 
channels at the same time: a multi-messenger and multi-wavelength 
opportunity to find a signal and cross check limits. A problem requiring a 
fully self-consistent approach when comparing different observables.!
E.g.: within a given WIMP yield, a given model for propagation of CRs in the 
galaxy, a given model for (radiative) γ-ray emissivities (connected to the gas 
and ISRF models), you can extract limits from (Tavakoli, PU et al., 1308.4135):
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particle species potentially responsible for the observed
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Daylan et al., 
1402.6703  
3σ GC signal 
region; 
shown to 
guide the eye 
only!!!
Inconsistent!
frameworks!



Model dependence of DM antiprotons predictions 
Predictions for secondary (background) antiprotons, stemming from CR 
propagation models calibrated on other secondary/primary CR ratios, are 
fairly robust; the same is not true primaries from DM annihilations:11

FIG. 2: Left panel: Comparison of reference models with B/C data (solid: modulated with a potential of 550 MV, dashed:
with a potential of 300 MV or 220 MV, see Sec. III). KRA (red), KOL (blue), THN (green), THK (orange), CON (gray), see
Table II. Right panel: The proton spectrum computed for the same models modulated with a potential given in Table II are
compared with PAMELA data [86].

FIG. 3: The 10Be/9Be ratio computed for the reference models in Table II, modulated with a potential Φ = 400 MV. The color
coding is the same as in Fig. 2.

measured spectrum above a few GeV. At lower energies the KOL model underproduces p̄ (see Fig. 5). This is a well
known feature of models with strong reacceleration (see e.g., [9]). From the right panel of Fig. 5 we see that the
maximal scatter on the secondary proton spectrum amounts to ±30 % in the 0.1÷ 102 GeV energy range which turns
into significant uncertainties on the room possibly left for a DM p̄ component.

secondary/primary B/C

12

FIG. 4: Left panel: Comparison of the local spectrum of secondary antiprotons for different propagation models (modulated
with a potential as given in Table II). Right panel: Fractional ratio between the different local spectrum and the KRA model.

B. Antiprotons from WIMP annihilations

For the same set of diffusion models we have just introduced, in Fig. 5 we show the predictions obtained with
DRAGON for a first sample WIMP model, a pure Wino with mass equal to 200 GeV, annihilating in pairs into W-
bosons with a cross section of ⟨σv⟩ = 2× 10−24 cm3s−1. For each propagation model results are shown for the three
spherical DM distributions introduced in Table I. As evident from the plot, the antiproton flux from WIMP DM
annihilations is much more dependent upon the propagation model than the secondary component. Predictions are
also clearly sensitive to how the source function changes away from the local neighborhood (the three halo profiles
are normalized in the same way at the local galactocentric distance), with the local antiproton flux being in some of
the models significantly larger for DM density profiles which are enhanced in the galactic center region. Summing the
two effects, the spread in the predictions for this single DM candidate is larger than a factor of 40, to be compared
to the 30% spread at low energy in the secondary component (also compare the left hand side of Fig. 4 and Fig. 5).
The range of uncertainty found here is comparable to what has been found in previous studies in the literature [8, 22]
and brings in a number of questions that we are going to address in detail in the next section discussing locality or
nonlocality issues.

IV. LOCALITY TESTS

To discuss the origin of the discrepancies in the ratio between the signal from DM annihilations and the background
from secondary production within the set of propagation models and dark matter distributions we are considering, it
is important to study the dependence of the antiproton flux at our location in the Galaxy as a function of the position
where the antiprotons are generated in the two cases.
We start by testing a close analogue in our numerical solution of what would be the local response in the p̄ flux to a

point DM source of p̄ if we would implement a solution of the propagation equation with the Green function method.
Since we are working with a numerical code which assumes cylindrical symmetry and finite step size in radial (∆R)
and vertical (∆z) directions, we define a “ringlike” source function on our grid:

Qp̄(R, z; R̄, z̄) ∝
1

R∆R∆z
, R̄−∆R/2 < R < R̄+∆R/2 z̄ −∆z/2 < z < z̄ +∆z/2 (20)

0 otherwise

i.e., a source with ring shape and parallel to the Galactic plane, which we will normalize setting to 1 the flux for a
“ringlike” source of R = R⊙. All results for DM components shown in this section are obtained assuming the 200
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FIG. 5: Left panel: Comparison of the local spectrum of antiprotons from 200 GeV Wino DM (⟨σv⟩ = 2 × 10−24cm3s−1) for
different propagation models (the color coding is the same as in Fig. 2), assuming a modulation potential as given in Table II
and the three spherical halo model profiles introduced in Table I (solid: Einasto profile, dotted: NFW, dashed: Burkert). Right
panel: Fraction ratio between the different local spectrum and the KRA model. In some cases solid and dotted curves coincide.

GeV Wino model introduced above. However, since the effect of energy redistributions are marginal for antiprotons
along propagation, the results we present in this section are independent of this choice.
In Fig. 6 we plot the response on the local antiproton flux to a DM source located at the galactocentric distance R

and vertical height z, for three different values of the kinetic energy of the locally observed (propagated) p̄, Ek = 1,
10, 100 GeV. Remarkably, the relevance of distant sources is very different for different propagation models which all
reproduce the B/C and other CR nuclear data. In particular, in the THN (green lines) and CON (grey lines) models,
which are characterized by a small normalization of the diffusion coefficient, the relative p̄ flux decreases rapidly with
the source distance. For instance at Ek = 10 GeV, the p̄ flux arriving from R = 5 kpc, is suppressed by a factor of 100
compared to the local flux in the THN model (zt = 0.5 kpc), a factor of 8 in the KRA case (zt = 4 kpc) and only a
factor of 5 in the THK model (zt = 10 kpc). This is expected since the THK model has the thickest diffusive halo size
and the largest D0, giving therefore the largest contribution from distant sources. In the convective model, instead,
although we assumed the same halo thickness zt = 4 kpc as in the KRA and KOL models, the contribution of the ring
source depends strongly on its position relative to ours. Again this is clear, as convection makes particles escape faster
away from the disk, as does a smaller value of zt. Concerning the dependence of the p̄ flux on the vertical position of
the source, it is significant for small radial coordinates R ! 5 kpc, because the diffusion distance from there to the
observation point at R = 8.5 kpc and z = 0 increases significantly with z. We also notice that as we increase the
distance z of the source from the galactic plane, (see solid vs dashed vs dotted-dashed lines of Fig. 6), the drop of the
p̄ flux relative to R = 8.5 kpc is smoother. Since we normalize to the flux at R = 8.5 kpc and z = 0 kpc from a source
at the same position, and the diffusion coefficient increases exponentially with z (as given in Eq. 17) a significant
fraction of injected p̄s at z = 1, 2 kpc escapes before reaching z = 0; e.g., for injected p̄ at z = 2 kpc, R = 8 kpc and
Ek = 10 GeV, ≃ 50% of the p̄s escape in the thick halo model THK, ≃ 80% in the KRA (intermediate halo) model and
≃ 95% in the THN (thin halo) model2. We also note that, differently from the case of e±, in the antiproton (proton)
case the diffusion timescales (escape times) are typically much smaller than the energy loss timescales (∼ E/(dE/dt)).
Within our models where the diffusion coefficient scales as D ∼ Eδ with δ > 0, higher energy CRs propagate via
diffusion to greater distances, which explains why the 100 GeV p̄ fluxes are less local compared to the 1 GeV p̄ fluxes.
In Fig. 7 we introduce another more quantitative locality test by showing the contribution to the local fluxes given
by sources located within a torus with axis at the galactic center and perpendicular to the Galactic plane, with major
radius equal to our galactocentric distance R⊙ and minor radius (radius of the tube) equal to the parameter RS .

2 In this case, for the THN model our simulation extended to a height of 3 kpc away from the disk.
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More on DM γ-ray predictions and limits
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Figure 3. The impact of astrophysical uncertainties in deriving 3� upper limits on the DM annihila-
tion cross section for three di↵erent channels and masses and a given DM Einasto profile. We compare
the 3� upper limit derived under our reference assumptions for ISM gas and radiation field (model
A) to the 3� 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 �v3�Bi

/�v3�A and present the value of the ratio that deviated the most from 1. This allows us to
check the robustness of the 3� 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 m� = 10 GeV
annihilating into bb̄. Top right: particles with m� = 100 GeV annihilating into W+W�. Bottom:
particles with m� = 1.6 TeV annihilating to intermediate light bosons � which subsequently decay to
e+e�, µ+µ�, ⇡+⇡� at a relative ratio of 1:1:2.

for m� < 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 �-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 3� limits, we allow the DM to contribute in the best fit to the data,
with respect to which the 3� limits are defined. In Fig. 5 we show both limits with only
the prompt DM di↵use �-ray component and limits with all the DM originated di↵use �-ray
components (prompt, ICS, bremsstrahlung). We also show the limits when keeping the ISM
gas normalization fixed to the reference galactic distribution, or having it free within a factor

– 10 –

plotting the largest departure 
from 1 of: (�v)3�i /(�v)3�ref
where “i” labels a set of models 
with different assumptions on!
the gas (reddish regions) or on 
the ISRF (greenish regions). 

The brightest the color, the 
less robust the limit:
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Project the limit into latitude bins and translate them from the sample 
Einasto halo profile into other possibilities:

⇢Ein / exp


� 2

↵

(x

↵ � 1)

�
⇢Bur /

1

(1 + x)(1 + x

2)
clumpy: Npairs / ⇢

All normalized to a local halo density:  ⇢(R�) = 0.4GeV cm�3

10
-27

10
-26

10
-25

0 10 20 30 40 50 60 70 80 90

b [degrees]

m
 v

 [c
m

3  s-1
]

Einasto
Burkert
clumpy

Mr = 10 GeV, bb
–
 final state, free gas

10
-27

10
-26

10
-25

0 10 20 30 40 50 60 70 80 90

b [degrees]

m
 v

 [c
m

3  s-1
]

Einasto
Burkert
clumpy

Mr = 10 GeV, bb
–
 final state, fixed gas

More on DM γ-ray predictions and limits



Play it even harder and define the density profile as log-log interpolation 
of a set of discrete values      at the galactocentric distances     
corresponding to the radii at the tangential points in the latitude bins. 
Assume also that the profile is monotonic  and that:  

⇢(r) = ⇢Ein(r) for r > R�

ri⇢i

Fix the annihilation rate, and generate 
a random sample of      , testing 
whether each configuration is 
excluded by the flux limits in all 
latitude bins. For all surviving models, 
consider the bin  encompassing the 
GC and compute the line of sight 
integration factors      obtained by 
imposing that the density profile is 
constant below     . Plot the maximum!
of      in the sample and compare it to 
the analogous quantity for the 
preferred parametric profile: 
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Summary and conclusions
• Plenty of indirect (gravitational) evidence for DM from cosmological and 
astrophysical observations, but loose connection to specific DM particle 
physics scenarios. Can we trust any guideline (prejudice) and/or (re)focus 
the DM problem in directions previously overlooked? 

• While it is arguable whether a signal in a given detection channel can be 
trusted (say: the GeV excess in the central region of the Galaxy), the 
annihilating DM scenario has to be addressed in multi-wavelength and 
multi-messenger studies; comparing limits however is no back-of-the-
envelope task! 

• DM not detected so far at the LHC; signal and limits from direct 
detection are in apparent contradiction; a few “hints” of indirect detection 
have been claimed, but the picture is far from being satisfactory.

• The LHC is challenging the beyond SM extensions based on naturalness, 
and is reshaping the WIMP scenario: DM shifting from byproduct to key 
element for discussing SM extensions.


