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Focus on WIMPs: 
weak-scale mass + ‘weak-like’ interactions 

PROs:
• if in thermal equilibrium in the early Universe, 

the correct abundance today (ΩDM) for a 
‘weak-like’ cross section ‹σv› 

•Weakly Interacting Massive Particles? 

• WIMP miracle: 

• Why WIMP? 
• such particle would self-annihilate in the early universe and freeze-out as the 

Universe’s expansion becomes too quick. This thermal decoupling leaves the 
exact observed amount of DM!  

• as a bonus, any theory which tries to explain the origin of EW mass, 
generally introduces new stable EW mass particles. 

• DM with a mass ~MZ clusters in a way 
confirmed by observations.  (true for 
mDM>~ 1 MeV)

Revisiting the WIMP Miracle
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PROs:
• if in thermal equilibrium in the early Universe, 

the correct abundance today (ΩDM) for a 
‘weak-like’ cross section ‹σv› 

• the right clustering properties for DM 
(caveats...)

• theoretical bias: “a simple, elegant, compelling explanation for a complex physical 
phenomenon” (R. Kolb)

• Large experimental effort and bulk of this talk - Disclaimer: the field is much richer. 

A matter of perspective: plausible mass ranges
DM Candidates

‘only’ 90 orders of magnitude!

credit: M. Cirelli
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• WIMP hypothesis is predictive: 

γ, 
ν, 
e±, 
p± 
D-

decay            

in astrophysical 
systems - remotely

In the Early Universe: DM kept 
in equilibrium w SM by self-
annihilations 〈σv〉thermal. 

Today, DM expected to 
annihilate with the same 
〈σv〉thermal, in places where 

its density is enhanced!

@ ≤Mz



Ground based, ACTs
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Indirect searches for WIMP annihilation products 
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Large Optical Reflector 
Images Cherenkov light 
onto PMT camera

Imaging ACTs 

γ!ray interacts in atmosphere
Producing electromagnetic
shower and Cherenkov Light

Source emits γ!ray
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a) Minimal material in the TRD and TOF 
So that the detector does not become a source of e+. 

b) A magnet separates TRD and ECAL so that  e+ produced in TRD will be swept away 
and not enter ECAL 
In this way the rejection power of TRD and ECAL are independent 

c) Matching momentum of 9 tracker planes with ECAL energy  measurements 

Sensitive Search for the origin of Dark Matter with p/e+ >106 
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Ground based, ACTs

Fermi LAT, Agile

HESS, VERITAS, MAGIC

Ice Cube, ANTARES
PAMELA, AMS02

CREAM, TIGER

and now we have these powerful tools



Figure 2: The combined total uncertainty on the predicted secondary p̄/p ratio, superim-
posed to the older Pamela data [53] and the new Ams-02 data. The curve labelled ‘fiducial’ assumes
the reference values for the different contributions to the uncertainties: best fit proton and helium
fluxes, central values for the cross sections, Med propagation and central value for the Fisk potential.
We stress however that the whole uncertainty band can be spanned within the errors.

than primary, p̄/p flux. Notice that the shaded yellow area does not coincide with the Min-
Med-Max envelope (see in particular between 50 and 100 GeV): this is not surprising, as it

just reflects the fact that the choices of the parameters which minimize and maximize the p̄/p
secondaries are slightly different from those of the primaries. However, the discrepancy is not

very large. We also notice for completeness that an additional source of uncertainty affects the
energy loss processes. Among these, the most relevant ones are the energy distribution in the

outcome of inelastic but non-annihilating interactions or elastic scatterings to the extent they

do not fully peak in the forward direction, as commonly assumed [55]. Although no detailed

assessment of these uncertainties exists in the literature, they should affect only the sub-GeV

energy range, where however experimental errors are significantly larger, and which lies outside

the main domain of interest of this article.

Finally, p̄’s have to penetrate into the heliosphere, where they are subject to the phenomenon

of Solar modulation (abbreviated with ‘SMod’ when needed in the following figures). We de-

scribe this process in the usual force field approximation [52], parameterized by the Fisk po-

tential φF , expressed in GV. As already mentioned in the introduction, the value taken by φF

is uncertain, as it depends on several complex parameters of the Solar activity and therefore

ultimately on the epoch of observation. In order to be conservative, we let φF vary in a wide

interval roughly centered around the value of the fixed Fisk potential for protons φp
F (analo-

gously to what done in [25], approach ‘B’). Namely, φF = [0.3, 1.0] GV � φp
F ± 50%φp

F . In

fig. 1, bottom right panel, we show the computation of the ratio with the uncertainties related

6

skymap / clusteringν 42

(all p-values are post-trial)

Astrophysical experiments: multipurpose experiments w rich scientific program 
→ discovering the sky @>~Mz energies! 
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Bubble Template 

•  All sky fit including all templates BUT bubble template, signal 
region masked 

A. Franckowiak and D. Malyshev 10 

signal 
mask 
region 

Integrated residual map from 
6.4 to 300 GeV 

bubble 
template 

53(+1) events 
above10 TeV 
(4yr data)

γ
diffuse emission from our Galaxy:

Fermi bubbles

~3000 point sources

charged cosmic rays

ν First detection of astrophysical neutrinos!

[C. Kopper, ICRC 2015]

[Giesen+ 2015]

New AMS results:

anti-proton/proton ratio positron/electron ratio

[AMS02+ 2014]



• What are we after:

X=

simulations of structure formation [5, 6, 7], it is inferred that
the particles constituting the cosmological DM had to be mov-
ing non-relativistically at decoupling from thermal equilibrium
in the early universe (‘freeze-out’), in order to reproduce the ob-
served large-scale structure in the Universe and hence the term
“cold DM” (CDM). This observational evidence has led to the
establishment of a concordance cosmological model, dubbed
!CDM [8, 9, 10], although this paradigm is troubled by some
experimental controversies [11, 12, 13, 14, 15, 16].
One of the most popular scenarios for CDM is that of weakly

interacting massive particles (WIMPs), which includes a large
class of non-baryonic candidates with mass typically between
a few tens of GeV and few TeV and an annihilation cross-
section set by weak interactions [see, e.g., Refs. 17, 18]. Nat-
ural WIMP candidates are found in proposed extensions of the
SM, e.g. in Super-Symmetry (SUSY) [19, 20], but also Lit-
tle Higgs [21], Universal Extra Dimensions [22], and Tech-
nicolor models [23, 24], among others. Their present veloci-
ties are set by the gravitational potential in the Galactic halo at
about a thousandth of the speed of light. WIMPs which were
in thermal equilibrium in the early Universe would have a relic
abundance varying inversely as their velocity-weighted annihi-
lation cross-section (for pure s!wave annihilation): "CDMh2 =
3 " 10!27cm3s!1/ (!annv) [19]. Hence for a weak-scale cross-
section (!annv) = 3 " 10!26cm3s!1, they naturally have the
required relic density "CDMh2 = 0.113 ± 0.004, where h =
0.704 ± 0.014 is the Hubble parameter in units of 100 km s!1
Mpc!1 [3]. The ability of WIMPs to naturally yield the DM
density from readily computed thermal processes in the early
Universe without much fine tuning is sometimes termed the
“WIMP miracle”.
In some SUSY theories, a symmetry called ‘R-parity’

prevents a too rapid proton-decay, and as a side-e#ect, also
guarantees the stability of the lightest SUSY particle (LSP),
which is thus a prime candidate for a WIMP. WIMPs can
annihilate to SM particles, and have hadron or leptons in
the final products of annihilation. Thus from cosmic DM
annihilations, one can expect emission of neutrinos, charged
cosmic rays, multi-frequency electromagnetic radiation from
charged products, and prompt gamma-rays [25]. The detection
of these final state particles can help to identify DM — this is
termed “indirect DM detection”. Gamma-rays are not deflected
by cosmic magnetic fields, and thus trace back to their origin.
Therefore, observation of a gamma-ray signal from cosmic
targets where DM is expected could prove conclusive about its
nature .

In the context of gamma-ray astronomy, the di#erential flux
of gamma-rays from within a solid angle $" around a given
astronomical target where DM is expected, can be written as:

d%($", E")
dE"

= BF ·
1
4#
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2m2$
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i
BRi

dNi
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Astrophysics
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where (!annv) is the annihilation cross-section (times the rela-

tive velocity of the two WIMPs),
'
i BRi dNi

"/dE" = dN"/dE"
is the photon flux per annihilation summed over all the possible
annihilation channels i with branching ratios BRi, and m$ is the
mass of the DM particle. The ‘astrophysical factor’ &J is the in-
tegral over the line of sight (los) of the squared DM density and
over the integration solid angle $":

&J =
(

$"

d"
(

los
ds %2(s,"). (1.2)

The remaining term BF in Eq. (1.1) is the so-called ‘boost fac-
tor’ which is a measure of our ignorance of intrinsic flux con-
tributions that are not accounted for directly in the formula.
There are various knownmechanisms for boosting the intrin-

sic flux, among which we mention the inclusion of subhalos,
and the existence of a ‘Sommerfeld enhancement’ of the cross-
section at low velocity regimes in models where the DM parti-
cles interact via a new long-range force. All numerical N!body
simulations of galactic halos have shown the presence of sub-
halos populating the host halo [see, e.g., Refs. 5, 26]. Such
density enhancements, if not spatially resolved, can contribute
substantially to the expected gamma-ray flux from a given ob-
ject. This e#ect is strongly dependent on the target: in dwarf
spheroidal galaxies (dSphs) for example the boost factor is only
of O(1) [27, 28], whereas in galaxy clusters the boost can be
spectacular, by up to a factor of several hundreds [29, 30, 31].
On the other hand, the Sommerfeld enhancement e#ect can
significantly boost the DM annihilation cross-section [32, 33].
This non-relativistic e#ect arises when two DM particles inter-
act in a long-range attractive potential, and results in a boost
in gamma-ray flux which increases with decreasing relative ve-
locity down to a saturation point which depends on the DM and
mediator particle mass. This e#ect can enhance the annihilation
cross-section by a few orders of magnitude [27, 28].
The current generation of IACTs is actively searching for

WIMP annihilation signals. dSphs are promising targets for
DM annihilation detection being among the most DM domi-
nated objects known and free from astrophysical background.
Constraints on WIMP annihilation signals from dSphs have
been reported towards Sagittarius, Canis Major, Sculptor and
Carina by H.E.S.S. [34, 35, 28], towards Draco, Willman 1 and
Segue 1 by MAGIC [36, 37, 38], towards Draco, Ursa Minor,
Boötes 1, Willman 1 and Segue 1 by VERITAS [39, 40],
and again towards Draco and Ursa Minor by Whipple [41].
Nevertheless, the present instruments do not have the required
sensitivity to reach the “thermal” value of the annihilation
cross-section (!annv) = 3" 10!26cm3s!1. A search for a WIMP
annihilation signal from the halo at angular distances between
0.3# and 1.0# from the Galactic Centre has also recently been
performed using 112 h of H.E.S.S. data [42]. For WIMP
masses well above the H.E.S.S. energy threshold of 100GeV,
this analysis provides the currently most constraining limits
on (!annv) at the level of a few"10!25 cm3s!1. H.E.S.S.,
MAGIC and VERITAS have also observed some galaxy
clusters, reporting detection of individual galaxies in the
cluster, but only upper limits on any CR and DM associated
emission [43, 44, 45, 46, 47, 48]. Even though IACT limits
are weaker than those obtained from the Fermi-LAT satellite
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lation cross-section (for pure s!wave annihilation): "CDMh2 =
3 " 10!27cm3s!1/ (!annv) [19]. Hence for a weak-scale cross-
section (!annv) = 3 " 10!26cm3s!1, they naturally have the
required relic density "CDMh2 = 0.113 ± 0.004, where h =
0.704 ± 0.014 is the Hubble parameter in units of 100 km s!1
Mpc!1 [3]. The ability of WIMPs to naturally yield the DM
density from readily computed thermal processes in the early
Universe without much fine tuning is sometimes termed the
“WIMP miracle”.
In some SUSY theories, a symmetry called ‘R-parity’

prevents a too rapid proton-decay, and as a side-e#ect, also
guarantees the stability of the lightest SUSY particle (LSP),
which is thus a prime candidate for a WIMP. WIMPs can
annihilate to SM particles, and have hadron or leptons in
the final products of annihilation. Thus from cosmic DM
annihilations, one can expect emission of neutrinos, charged
cosmic rays, multi-frequency electromagnetic radiation from
charged products, and prompt gamma-rays [25]. The detection
of these final state particles can help to identify DM — this is
termed “indirect DM detection”. Gamma-rays are not deflected
by cosmic magnetic fields, and thus trace back to their origin.
Therefore, observation of a gamma-ray signal from cosmic
targets where DM is expected could prove conclusive about its
nature .

In the context of gamma-ray astronomy, the di#erential flux
of gamma-rays from within a solid angle $" around a given
astronomical target where DM is expected, can be written as:
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where (!annv) is the annihilation cross-section (times the rela-

tive velocity of the two WIMPs),
'
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is the photon flux per annihilation summed over all the possible
annihilation channels i with branching ratios BRi, and m$ is the
mass of the DM particle. The ‘astrophysical factor’ &J is the in-
tegral over the line of sight (los) of the squared DM density and
over the integration solid angle $":
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The remaining term BF in Eq. (1.1) is the so-called ‘boost fac-
tor’ which is a measure of our ignorance of intrinsic flux con-
tributions that are not accounted for directly in the formula.
There are various knownmechanisms for boosting the intrin-

sic flux, among which we mention the inclusion of subhalos,
and the existence of a ‘Sommerfeld enhancement’ of the cross-
section at low velocity regimes in models where the DM parti-
cles interact via a new long-range force. All numerical N!body
simulations of galactic halos have shown the presence of sub-
halos populating the host halo [see, e.g., Refs. 5, 26]. Such
density enhancements, if not spatially resolved, can contribute
substantially to the expected gamma-ray flux from a given ob-
ject. This e#ect is strongly dependent on the target: in dwarf
spheroidal galaxies (dSphs) for example the boost factor is only
of O(1) [27, 28], whereas in galaxy clusters the boost can be
spectacular, by up to a factor of several hundreds [29, 30, 31].
On the other hand, the Sommerfeld enhancement e#ect can
significantly boost the DM annihilation cross-section [32, 33].
This non-relativistic e#ect arises when two DM particles inter-
act in a long-range attractive potential, and results in a boost
in gamma-ray flux which increases with decreasing relative ve-
locity down to a saturation point which depends on the DM and
mediator particle mass. This e#ect can enhance the annihilation
cross-section by a few orders of magnitude [27, 28].
The current generation of IACTs is actively searching for

WIMP annihilation signals. dSphs are promising targets for
DM annihilation detection being among the most DM domi-
nated objects known and free from astrophysical background.
Constraints on WIMP annihilation signals from dSphs have
been reported towards Sagittarius, Canis Major, Sculptor and
Carina by H.E.S.S. [34, 35, 28], towards Draco, Willman 1 and
Segue 1 by MAGIC [36, 37, 38], towards Draco, Ursa Minor,
Boötes 1, Willman 1 and Segue 1 by VERITAS [39, 40],
and again towards Draco and Ursa Minor by Whipple [41].
Nevertheless, the present instruments do not have the required
sensitivity to reach the “thermal” value of the annihilation
cross-section (!annv) = 3" 10!26cm3s!1. A search for a WIMP
annihilation signal from the halo at angular distances between
0.3# and 1.0# from the Galactic Centre has also recently been
performed using 112 h of H.E.S.S. data [42]. For WIMP
masses well above the H.E.S.S. energy threshold of 100GeV,
this analysis provides the currently most constraining limits
on (!annv) at the level of a few"10!25 cm3s!1. H.E.S.S.,
MAGIC and VERITAS have also observed some galaxy
clusters, reporting detection of individual galaxies in the
cluster, but only upper limits on any CR and DM associated
emission [43, 44, 45, 46, 47, 48]. Even though IACT limits
are weaker than those obtained from the Fermi-LAT satellite
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guarantees the stability of the lightest SUSY particle (LSP),
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of these final state particles can help to identify DM — this is
termed “indirect DM detection”. Gamma-rays are not deflected
by cosmic magnetic fields, and thus trace back to their origin.
Therefore, observation of a gamma-ray signal from cosmic
targets where DM is expected could prove conclusive about its
nature .
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and the existence of a ‘Sommerfeld enhancement’ of the cross-
section at low velocity regimes in models where the DM parti-
cles interact via a new long-range force. All numerical N!body
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density enhancements, if not spatially resolved, can contribute
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spheroidal galaxies (dSphs) for example the boost factor is only
of O(1) [27, 28], whereas in galaxy clusters the boost can be
spectacular, by up to a factor of several hundreds [29, 30, 31].
On the other hand, the Sommerfeld enhancement e#ect can
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This non-relativistic e#ect arises when two DM particles inter-
act in a long-range attractive potential, and results in a boost
in gamma-ray flux which increases with decreasing relative ve-
locity down to a saturation point which depends on the DM and
mediator particle mass. This e#ect can enhance the annihilation
cross-section by a few orders of magnitude [27, 28].
The current generation of IACTs is actively searching for

WIMP annihilation signals. dSphs are promising targets for
DM annihilation detection being among the most DM domi-
nated objects known and free from astrophysical background.
Constraints on WIMP annihilation signals from dSphs have
been reported towards Sagittarius, Canis Major, Sculptor and
Carina by H.E.S.S. [34, 35, 28], towards Draco, Willman 1 and
Segue 1 by MAGIC [36, 37, 38], towards Draco, Ursa Minor,
Boötes 1, Willman 1 and Segue 1 by VERITAS [39, 40],
and again towards Draco and Ursa Minor by Whipple [41].
Nevertheless, the present instruments do not have the required
sensitivity to reach the “thermal” value of the annihilation
cross-section (!annv) = 3" 10!26cm3s!1. A search for a WIMP
annihilation signal from the halo at angular distances between
0.3# and 1.0# from the Galactic Centre has also recently been
performed using 112 h of H.E.S.S. data [42]. For WIMP
masses well above the H.E.S.S. energy threshold of 100GeV,
this analysis provides the currently most constraining limits
on (!annv) at the level of a few"10!25 cm3s!1. H.E.S.S.,
MAGIC and VERITAS have also observed some galaxy
clusters, reporting detection of individual galaxies in the
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Goal: Find excess above astro background
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• What are we after:



[J. Siegal-Gaskins talk@Sackler colloquium 2012]

Challenge: 

look for an uncertain signal 
swapped in the uncertain 
backgrounds.

Bigger picture:
(most of) the astro-signals we measure DO NOT look like the ones expected from DM.



Possible detection paths:

A) search for most promising WIMP signatures and use rich astro data to model the 
backgrounds
➡current experimental sensitivity in the right ballpark for vanilla models, but 

due to confusion with astro backgrounds possible hints NEED confirmation 
across the range of wavelengths/messengers/targets

• Galactic Center GeV excess and multi-target and messenger constraints 

B) look for smoking guns:
➡ ‘zero’ astro backgrounds, but need luck -- expected signals (for vanilla DM) low
• Milky Way dwarf spheroidal galaxies
• spectral line features
• anti-deuterium
• Sun (neutrinos) - elastic cross section



A) search for most promising WIMP signatures and use rich astro data to model the 
backgrounds

[Diemand+, APJ, astro-ph/0611370] 

square of DM density map
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Galactic center in gamma rays
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Galactic center gamma ray measurement

Fermi LAT - key features: 

Large field of view: 20% of 
the sky at any instant!  
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Excess, with respect to what?

ROI: |l|≤20deg and 2 ≤|b|≤20deg

Extended bubble template (60◦ × 60◦)

Figure 26. Left panel: Extended (shaded area) and standard (blue line, from ref. [24]) Fermi bubbles
templates used in this work. The red square indicates our ROI. Right panel: Spectrum of GC excess

when a latitude-dependent bubbles template is included in the fit (results are given for model A).

Latest studies of the Fermi bubbles reanalyzed this region and the emission associated to it

[83]. The LAT Collaboration analysis cuts the disk at |b| > 10◦. Nevertheless, it is likely

that the region of the bubbles extends down to the GC, also in the light of the possible

astrophysical processes that have been attempted to explain this yet unknown emission,

e.g. emission of a jet from the central black hole, wind from SN explosion close to the GC, 1st

or 2nd order Fermi acceleration of CR electrons [143–147]. Therefore we consider also a new

definition of the Fermi bubbles edges28, that extends the bubbles down to the GC. This new

region is displayed in figure 26, left panel, together with the contour of the bubbles region as

defined in ref. [24]. The spectrum associated with the GCE template when the “extended”

bubbles template is adopted is displayed in figure 26 (right panel). The new bubbles template

is consistent with the “standard” one – i.e. used as standard working hypothesis – at low

energies, E ≤ 5 GeV, while it differs at high energies of about 30% at 100 GeV.

We then investigate the possibility that part of the emission absorbed by the GCE

template, in particular the high energy end of the spectrum in figure 14, might be corre-

lated spatially with the Fermi bubbles. To this end, we adopt an additional template for

the bubbles (built from the new extended bubbles template and in addition to this one),

allowing its intensity to be dependent on the latitude ∝ |b|−β , with β < 1 or β > 1. The

emission absorbed by the GCE template when adding a latitude dependent template for the

Fermi bubbles is shown in figure 26 for different values of the index β. By comparing the

TS values of the different templates, it emerges that the fit prefers a template with a very

mild latitude dependence, β = 0.1, as well as β = 0 and the extended bubbles template.

The standard template adopted in the analysis is only slightly worse than the best-fit one

(∆TS = 32), while β ≥ 0.5 is highly disfavored by the fit (∆TS ≥ O(100)). This means that

the GCE template does not lose too much power when using the latitude-dependent bub-

bles template, thus confirming the robustness of our results derived under the assumption of

uniform-brightness template.

28Meng Su, Private Communication.
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FIG. 4: The spatial templates (in galactic coordinates) for the Galactic diffuse model (upper left), the Fermi bubbles (upper
right), and dark matter annihilation products (lower), as used in our Inner Galaxy analysis. The scale is logarithmic (base
10), normalized to the brightest point in each map. The diffuse model template is shown as evaluated at 2 GeV, and the dark
matter template corresponds to a generalized NFW profile with an inner slope of γ = 1.3.

These cuts on CTBCORE have a substantial impact

on Fermi ’s PSF, especially at low energies. In Fig. 3,

we show the PSF for front-converting, Ultraclean events,

at three representative energies, for different cuts on

CTBCORE (all events, Q2, and Q1). Such a cut can

be used to mitigate the leakage of astrophysical emission

from the Galactic Plane and point sources into our re-

gions of interest. This leakage is most problematic at

low energies, where the PSF is quite broad and where

the CTBCORE cut has the greatest impact. These new

event classes and their characterization will be further

detailed in an upcoming paper, which will be accompa-

nied by a data release of all-sky maps for each class, and

the instrument response function files necessary for use

with the Fermi Science Tools [40].

Throughout the remainder of this study, we will em-

ploy the Q2 event class, corresponding to the top 50%

(by CTBCORE) of Fermi ’s front-converting, Ultraclean

photons, except at energies above 10 GeV, where we do

not apply any additional cuts to CTBCORE.

IV. THE INNER GALAXY

In this section, we follow the procedure previously pur-

sued in Ref. [8] (see also Refs. [41, 42]) to study the

gamma-ray emission from the Inner Galaxy. We use the

term “Inner Galaxy” to denote the region of the sky that

lies within several tens of degrees around the Galactic

Center, excepting the Galactic Plane itself (|b| < 1◦),

which we mask in this portion of our analysis.

Throughout our analysis, we make use of the Pass 7

(V15) reprocessed data taken between August 4, 2008

and December 5, 2013, using only front-converting, Ul-

traclean class events which pass the Q2 CTBCORE cut

as described in Sec. III. We also apply standard cuts to

ensure data quality (zenith angle < 100◦, instrumental

rocking angle < 52◦, DATA QUAL = 1, LAT CONFIG=1).

Using this data set, we have generated a map of the

gamma-ray sky, smoothed to 2 degrees full-width-half-

maximum. We apply the point source subtraction

method described in Ref. [42], using the 1FGL catalogue

and masking out the 200 brightest sources. We then per-

formed a pixel-based maximum likelihood analysis on the

map, fitting the data in each energy bin to a sum of spa-

tial templates. These templates consist of: 1) the Fermi
Collaboration p6v11 Galactic diffuse model (which we

refer to as the Pass 6 Diffuse Model),1 2) an isotropic

map, intended to account for the extragalactic gamma-

ray background and residual cosmic-ray contamination,

and 3) a uniform-brightness spatial template coincident

with the features known as the Fermi Bubbles, as de-

scribed in Ref. [42]. In addition to these three back-

1 Unlike more recently released Galactic diffuse models, the p6v11
diffuse model does not include a component corresponding to
the Fermi Bubbles. By using this model, we are free to fit the
Fermi Bubbles component independently. See Appendix D for a
discussion of the impact of varying the diffuse model.

+ cuspy-extended central emission

+ a uniform-brightness spatial 
template for the Fermi Bubbles

+

+
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Fig. 2.— Template intensities in the energy bin E = 6.4 − 9.1 GeV. Top left: gas-correlated template (sum of

hadronic and bremsstrahlung for neutral and ionized atomic and molecular hydrogen) obtained from GALPROP.

Top right: IC map obtained from GALPROP. Bottom: Loop I template based on geometrical model (Wolleben

2007) (left) and on the Haslam map (right). The Loop I template normalizations are obtained by fitting to the

Fermi LAT data.

Calore+, 1409.0042 

Pass 7 (V15), 64m, CTBcore cut

Galactic center GeV excess

Milky Way plane emission - 
modeled by sampling the parameter 

space of cosmic ray propagation       

+
Addition of the cuspy but extended 
template improves fits significantly!
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Figure 17. Spectrum of the GCE emission, together with statistical and systematical errors, for
model F (cf. figure 14). We show fits to the GCE with various spectral models. We emphasize that
the shown systematic errors are correlated, and that the spectral models actually do provide a good
fit to the data in most cases. We show the best-fit model parameters, along with indicators for the
fit quality, in table 4 (cf. figures 18 and 20). See text for details on the fitting procedure.

parametric fits to the data.
In the previous section, we found that theoretical and empirical model uncertainties

affect the GCE spectrum at a similar level (see figure 14). However, theoretical model
uncertainties in the way we discussed them here are difficult to interpret in a purely statistical
sense, since the TS values that we find for fits with our 60 GDE models differ typically by
> O(100) values (see appendix A), and even our best-fit model for the GDE gives formally
a poor fit to the data. This is a generic problem of modeling the GDE [58], as we discussed
at the end of section 4.1. On the other hand, the empirical model uncertainties are simple
to interpret statistically and give by construction a realistic account for typical systematics
of state-of-the-art GDE modeling.

We will hence adopt the following strategy : We will use the GCE spectrum and associ-
ated statistical errors from model F only, which gives formally the best-fit to the Fermi -LAT
data in our ROI. In fits to the GCE spectrum we then only consider the empirical model
systematics, and neglect the theoretical ones. Given the small scatter for the GCE spec-
trum that we find for different GDE models, this is well justified. We checked explicitly that
using different GDE model as starting point in the spectral fits would not alter our results
significantly (see appendix C.2). Hence, we consider our approach as statistically sound and
sufficiently robust to derive meaningful results.

We will introduce general aspects of fits with correlated errors in subsection 5.1, and
then test the most common interpretations of the GCE emission in terms of a number of DM
and astrophysical toy models in subsection 5.2 and 5.3.

– 33 –

3

0 5 10 15 20

Galactic latitude |b| [deg], at � = 0◦

10−7

10−6

10−5

10−4

dN
/d

E
[1
/c
m

2
sr
s
G
eV

]

GeV excess emission

at E = 2 GeV

Hooper&Goodenough 2010

Boyarsky+ 2010

Hooper&Slatyer 2013

Gordon+ 2013

Abazajian+ 2014

Daylan+ 2014

Calore+ 2014

Fermi coll. (preliminary)

contracted NFW γ = 1.26

Fermi Bubbles (extrapolated)
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FIG. 1. Intensity of the Fermi GeV excess at 2 GeV as function of Galactic latitude (see text for details), compared with the
expectations for a contracted NFW profile (dotted line). Error bars refer to statistical ±1σ uncertainties, except for Refs. [12, 13]
for which we take into account the quoted systematics coming from different astrophysical models. The result from Ref. [25] for
the higher-latitude tail and the preliminary results by the Fermi-LAT team [16] on the Galactic center include an estimate of
the impact of foreground systematics. In these cases, the adopted ROIs are shown as bands (for Ref. [25], overlapping regions
correspond to the north and south parts of the sky). Gray areas indicate the intensity level of the Fermi bubbles, extrapolated
from |b| > 10◦, and the region where HI and H2 gas emission from the inner Galaxy becomes important.

in the inner few degrees, as well as the higher-latitude
tail up to ψ ∼ 20◦. We show the differential inten-
sity at a reference energy of 2 GeV. At this energy the
putative excess emission is – compared to other fore-
grounds/backgrounds – strongest, so the uncertainties
due to foreground/background subtraction systematics
are expected to be the smallest.

The intensities were derived by a careful rescaling of
results in the literature that fully takes into account
the assumed excess profiles. In most works, intensities
are quoted as averaged over a given Region Of Interest
(ROI). Instead of showing these averaged values, which
depend on the details of the adopted ROI, we use the
excess profiles to calculate the differential intensity at a
fixed angular distance from the GC. These excess pro-
files usually follow the predictions similar to those of
a DM annihilation profile from a generalized Navarro-
Frenk-White (NFW) density distribution, which is given
by

ρ(r) = ρs
r3s

rγ(r + rs)3−γ
. (1)

Here, rs denotes the scale radius, γ the slope of the in-
ner part of the profile, and ρs the scale density. As ref-
erence values we will – if not stated otherwise – adopt
rs = 20 kpc and γ = 1.26, and ρs is fixed by the re-
quirement that the local DM density at r⊙ = 8.5 kpc is
ρ⊙ = 0.4 GeV cm−3.

We note that the intensities that we quote from
Ref. [25] refer already to a b̄b spectrum and take into
account correlated foreground systematics as discussed
below. In the case of a broken power-law, the intensities
would be in fact somewhat larger.

We find that all previous and current results (with the
exception of Ref. [7], which we do not show in Fig. 1)
agree within a factor of about two with a signal morphol-
ogy that is compatible with a contracted NFW profile
with slope γ = 1.26, as it was noted previously [14, 25].
As mentioned in our Introduction, the indications for a
higher-latitude tail of the GeV excess profile is a rather
non-trivial test for the DM interpretation and provides
a serious benchmark for any astrophysical explanation
of the excess emission. However, we have to caution
that most of the previous analyses make use of the
same model for Galactic diffuse emission (P6V11). An
agreement between the various results is hence not too
surprising. Instead in the work of Ref. [25], the π0,
bremsstrahlung and ICS emission maps, where calcu-
lated as independent components, with their exact mor-
phologies and spectra as predicted from a wide variety
of foreground/background models. As it was shown in
Ref. [25], the exact assumptions on the CR propagation
and the Galactic properties along the line-of-sight can im-
pact both the spectrum and the morphology (which also
vary with energy) of the individual gamma-ray emission
maps. To probe the associated uncertainties on those
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Many works reaching similar results: 
Goodenough & Hooper (2009), Hooper & Goodenough 
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We test the possibility that an additional component centered at the GC contributes to the data (2D 
gaussians, Navarro-Frenk-White, or a gas-like distribution as proxy for unresolved sources)
Peaked profiles with long tails (NFW, NFW contracted) yield the most significant improvements in the data-
model agreement for the four variants of the foreground/background models. IC ring 1 contribution ~2-3x 
smaller than without additional component and HI ring 1 contribution  is ~2-5x larger 

 ! The predicted spectrum depends on the foreground/background models.
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mass fixed at 49GeV. This plot is based on the fluxes from the segmented GCE template,
see figure 16. As expected, the cross-section is strongly correlated with the profile slope. We
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Figure 3. Top panel: Latitude distribution of the prompt (Black, Solid) and IC (Red, Dot-

Dashed) fluxes at E = 1GeV produced by MSPs distributed with a distance from the Galactic

center falling as r−2.4 (normalization is chosen arbitrarily, to match at 4 degrees). We also show

the latitude dependence of the IC emission coming from electrons and positrons injected with a

Gaussian distribution, with a Gaussian width of 100 pc (Blue, Dotted), 1 kpc (Green, Dashed)

and 3 kpc (Orange, Long-dashed) from the GC. Lower panel: Comparison of the prompt MSP

fluxes (Black) with IC fluxes calculated for several choices of the input spectral parameters, listed

in Table 5, averaged over |b, l| ≤ 20◦ and |b| ≥ 2◦. The normalization of prompt emission is chosen

to match fluxes found in [9], while relative normalization of the IC emission is set by Eq. (3.2).

MSP luminosity function and on the robustness of the Fermi LAT resolution threshold in
presence of high-levels of diffuse backgrounds as well as high density of unresolved sources.
We found that within current uncertainties, it is certainly possible for unresolved MSP to
account for most or all of the GCE without violating any constraints. The good news is
that, unless the GC population of MSP is significantly different from the others we know,
future gamma ray observatories should be able to resolve a significant number of MSPs.
Actually, the performances expected by the forthcoming Fermi LAT data analysis (Pass
8) might be sufficient to that purpose: The expected improvement of the point source
sensitivity of Pass 8 with respect to currently used Pass 7 is a factor of 1.4 at 1 GeV12.
In addition, Pass 8 data will come with four event classes (0 to 3), with an increasingly
better PSF, but subsequently smaller statistics due to more severe event cuts needed to

12http://fermi.gsfc.nasa.gov/science/mtgs/symposia/2014/program/10B Bruel.pdf
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notably of the form E−β exp (−E/E∗) with a harder power-law index like β ∼ 1.5
can also improve the spectral agreement at low energies, at the expenses of adding an
explicit injection cutoff parameter E∗ ∼ O(100)GeV.
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Figure 2. Left Panel: Latitude profile of the inverse Compton emission from an electron
population injected t0 (red, solid), 0.3 t0 (orange, dashed) and 3 t0 (blue, dotted) years ago
(where t0 = 1 Myr). Right Panel: The spectra of the inverse Compton emission (the same
color scheme) at 5◦ away from the Galactic plane. The overall energetics is given in units of
E0 = 3 × 1052 erg, and energy losses are expressed in terms of the default value b0, which
assumes w ∼ 4 eV cm−3. The orange dashed line at the bottom indicates the bremsstrahlung
contribution to gamma ray emission 5◦ away from the GC.
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Figure 3. Latitude profile (left) and the spectra of the inverse Compton emission at 5◦ away
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a source of E0 = 3 × 1052 erg, calculated with our default values for the set of parameters
(solid). In addition, the diffusion index is varied to 0.3 D0 (dashed) and 3 D0 (dotted), where
D0 (10 GeV) = 6× 1028 cm2s−1.

Note that, depending on the acceleration mechanism (leptonic or hadronic) a
bursting event could also inject a population of high energy protons in the medium,
which would as well produce gamma ray emission and additional secondary electrons
in the interactions with the interstellar gas. In that scenario, the considerations devel-
oped here should be modified, notably because of the much longer energy loss timescales
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a bursting event ~Myr ago
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in Table 5, averaged over |b, l| ≤ 20◦ and |b| ≥ 2◦. The normalization of prompt emission is chosen

to match fluxes found in [9], while relative normalization of the IC emission is set by Eq. (3.2).

MSP luminosity function and on the robustness of the Fermi LAT resolution threshold in
presence of high-levels of diffuse backgrounds as well as high density of unresolved sources.
We found that within current uncertainties, it is certainly possible for unresolved MSP to
account for most or all of the GCE without violating any constraints. The good news is
that, unless the GC population of MSP is significantly different from the others we know,
future gamma ray observatories should be able to resolve a significant number of MSPs.
Actually, the performances expected by the forthcoming Fermi LAT data analysis (Pass
8) might be sufficient to that purpose: The expected improvement of the point source
sensitivity of Pass 8 with respect to currently used Pass 7 is a factor of 1.4 at 1 GeV12.
In addition, Pass 8 data will come with four event classes (0 to 3), with an increasingly
better PSF, but subsequently smaller statistics due to more severe event cuts needed to
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Figure 17. Spectrum of the GCE emission, together with statistical and systematical errors, for
model F (cf. figure 14). We show fits to the GCE with various spectral models. We emphasize that
the shown systematic errors are correlated, and that the spectral models actually do provide a good
fit to the data in most cases. We show the best-fit model parameters, along with indicators for the
fit quality, in table 4 (cf. figures 18 and 20). See text for details on the fitting procedure.

parametric fits to the data.
In the previous section, we found that theoretical and empirical model uncertainties

affect the GCE spectrum at a similar level (see figure 14). However, theoretical model
uncertainties in the way we discussed them here are difficult to interpret in a purely statistical
sense, since the TS values that we find for fits with our 60 GDE models differ typically by
> O(100) values (see appendix A), and even our best-fit model for the GDE gives formally
a poor fit to the data. This is a generic problem of modeling the GDE [58], as we discussed
at the end of section 4.1. On the other hand, the empirical model uncertainties are simple
to interpret statistically and give by construction a realistic account for typical systematics
of state-of-the-art GDE modeling.

We will hence adopt the following strategy : We will use the GCE spectrum and associ-
ated statistical errors from model F only, which gives formally the best-fit to the Fermi -LAT
data in our ROI. In fits to the GCE spectrum we then only consider the empirical model
systematics, and neglect the theoretical ones. Given the small scatter for the GCE spec-
trum that we find for different GDE models, this is well justified. We checked explicitly that
using different GDE model as starting point in the spectral fits would not alter our results
significantly (see appendix C.2). Hence, we consider our approach as statistically sound and
sufficiently robust to derive meaningful results.

We will introduce general aspects of fits with correlated errors in subsection 5.1, and
then test the most common interpretations of the GCE emission in terms of a number of DM
and astrophysical toy models in subsection 5.2 and 5.3.
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Figure 3. Top panel: Latitude distribution of the prompt (Black, Solid) and IC (Red, Dot-

Dashed) fluxes at E = 1GeV produced by MSPs distributed with a distance from the Galactic

center falling as r−2.4 (normalization is chosen arbitrarily, to match at 4 degrees). We also show

the latitude dependence of the IC emission coming from electrons and positrons injected with a
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in Table 5, averaged over |b, l| ≤ 20◦ and |b| ≥ 2◦. The normalization of prompt emission is chosen

to match fluxes found in [9], while relative normalization of the IC emission is set by Eq. (3.2).

MSP luminosity function and on the robustness of the Fermi LAT resolution threshold in
presence of high-levels of diffuse backgrounds as well as high density of unresolved sources.
We found that within current uncertainties, it is certainly possible for unresolved MSP to
account for most or all of the GCE without violating any constraints. The good news is
that, unless the GC population of MSP is significantly different from the others we know,
future gamma ray observatories should be able to resolve a significant number of MSPs.
Actually, the performances expected by the forthcoming Fermi LAT data analysis (Pass
8) might be sufficient to that purpose: The expected improvement of the point source
sensitivity of Pass 8 with respect to currently used Pass 7 is a factor of 1.4 at 1 GeV12.
In addition, Pass 8 data will come with four event classes (0 to 3), with an increasingly
better PSF, but subsequently smaller statistics due to more severe event cuts needed to
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Their viability under debate. 
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Figure 3. Top panel: Latitude distribution of the prompt (Black, Solid) and IC (Red, Dot-

Dashed) fluxes at E = 1GeV produced by MSPs distributed with a distance from the Galactic

center falling as r−2.4 (normalization is chosen arbitrarily, to match at 4 degrees). We also show

the latitude dependence of the IC emission coming from electrons and positrons injected with a

Gaussian distribution, with a Gaussian width of 100 pc (Blue, Dotted), 1 kpc (Green, Dashed)

and 3 kpc (Orange, Long-dashed) from the GC. Lower panel: Comparison of the prompt MSP

fluxes (Black) with IC fluxes calculated for several choices of the input spectral parameters, listed

in Table 5, averaged over |b, l| ≤ 20◦ and |b| ≥ 2◦. The normalization of prompt emission is chosen

to match fluxes found in [9], while relative normalization of the IC emission is set by Eq. (3.2).

MSP luminosity function and on the robustness of the Fermi LAT resolution threshold in
presence of high-levels of diffuse backgrounds as well as high density of unresolved sources.
We found that within current uncertainties, it is certainly possible for unresolved MSP to
account for most or all of the GCE without violating any constraints. The good news is
that, unless the GC population of MSP is significantly different from the others we know,
future gamma ray observatories should be able to resolve a significant number of MSPs.
Actually, the performances expected by the forthcoming Fermi LAT data analysis (Pass
8) might be sufficient to that purpose: The expected improvement of the point source
sensitivity of Pass 8 with respect to currently used Pass 7 is a factor of 1.4 at 1 GeV12.
In addition, Pass 8 data will come with four event classes (0 to 3), with an increasingly
better PSF, but subsequently smaller statistics due to more severe event cuts needed to

12http://fermi.gsfc.nasa.gov/science/mtgs/symposia/2014/program/10B Bruel.pdf
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2008 and Sep 2013. We select both front and back con-
verted events in the energy range 1–4 GeV, which covers
the peak of the GCE spectrum. The inner Galaxy Region
Of Interest (ROI) spans Galactic longitudes |!| ! 12!

and latitudes 2! ! |b| ! 12!. Eight control regions of the
same size are centered on ! = ±k ·20!, with k = 1, 2, 3, 4.
The data is binned in Cartesian coordinates with a pixel
size of 0.1!. We make use of the Fermi Science Tools
v9r32p5.

Wavelet peaks. Our analysis is based on the wavelet
transform of the "-ray emission from the inner Galaxy.
The wavelet transform is defined as the convolution of the
photon count map C(!) with the wavelet kernel W(!"),

FW [C](!) "
!

d!W(!# !")C(!") , (1)

where ! indicates the Galactic coordinates. Further-
more, we define the signal-to-noise ratio (SNR) of the
wavelet transform by

S(!) =
FW [C](!)

"

FW2 [C](!)
, (2)

where in the denominator the wavelet kernel is squared
before performing the convolution. If the "-ray flux var-
ied only on scales much larger than the extent of the
wavelet transform, S(!) would behave like a smoothed
Gaussian random field.
For W(!"), we use the second member of the Mex-

ican Hat Wavelet Family, MHWF2, which was shown
to provide very good source discrimination power [32],
and already used for identification of compact sources in
Planck data [33]. The analytical form of the wavelet can
be derived by a successive application of the Laplacian
operator to the two-dimensional Gaussian distribution.
The width of the Gaussian is #b · R, where #b = 0.4!

corresponds to the Fermi-LAT angular resolution at 1–4
GeV, and R is a tuning parameter. We found best re-
sults when R varies linearly with latitude from R = 0.55
at b = 0! to R = 0.91 at b = ±12!. This compensates
to some degree the increasing variability of backgrounds
towards the Galactic disk, while still providing a good
source sensitivity at higher latitudes [33].
The resulting SNR of the wavelet transform, S(!),

from the inner Galaxy ROI is shown in Fig. 1 (the under-
lying count map actually covers an area up to !, b = ±15!

in order to avoid boundary e"ects). Remarkably, the
Galactic di"use emission is almost completely filtered out
by the wavelet transform, whereas bright sources lead to
clear peaks. We adopt a simple algorithm for peak iden-
tification: Firstly, we find all pixels in S(!) with values
larger than the values in the four directly adjacent pixels.
Secondly, we clean these results from numerical artefacts
by forming clusters of peaks that have cophenetic dis-
tances below 0.3!, and only keeping the most significant
peak in each cluster.
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FIG. 1. SNR of the wavelet transform of 1–4 GeV !-rays,
S(!), with values as indicated in the color bar. Black (red)
circles show the position of wavelet peaks (3FGL sources) with
statistical significance S ! 2 (

"
TS ! 2); the covered area

scales with the significance. The dashed black lines indicate
the regions that we use in the statistical analysis. The inner
|b| < 2! are excluded because the strong emssion from the
Galactic disk leads to spurious sources.

In Fig. 1, we show the identified wavelet peaks with
S > 2, as well as the 3FGL sources that are detected
in the energy band 1–3 GeV with a significance above$
TS % 2 [1]. At high latitudes, we find a good cor-

respondence between wavelet peaks and 3FGL sources,
both in position and significance as shown in Fig. 1. Close
to the Galactic disk, however, some of the 3FGL sources
are missing in the wavelet transform, which is caused by
the strong and variable Galactic di"use emission in that
region. We find, averaged over all dim sources, a ratio of
S/

$
TS & 0.6.

For the adopted CSP distribution, one can show that
most of the bright sources would be detected at least a
few degrees away from the GC. This is due to both projec-
tion e"ects and lower di"use "-ray backgrounds at high
latitudes. Our focus on latitudes |b| % 2! avoids thus
regions where wavelet-based source detection is problem-
atic, without significant sensitivity loss.

3FGL sources. Before studying the statistics of the
SNR peaks, we remove almost all peaks that correspond
to known 3FGL sources based on a 0.3! proximity cut.
We only keep peaks that correspond to 3FGL sources
that are potentially part of the CSP. We identify such
MSP candidate sources by requiring that they (i) are
tagged as unassociated, (ii) show no indication for vari-
ability and (iii) have a spectrum compatible with MSPs.
The last criterion is tested by performing a $2-fit of the
above MSP reference spectrum to the spectrum given in
the 3FGL (0.1–100 GeV; five energy bins). Only the nor-

~8sigma confidence that the signal is of 
the point source origin (Bartels+, 2015)

Petrovic, Serpico, GZ,

JCAP,1405.7928 

(Abazajian+, 1207.6047; Mirabal+, 
1309.3428; Yuan+, 1404.2318;) 

http://arxiv.org/abs/arXiv:1405.7928
http://arxiv.org/abs/arXiv:1405.7928
http://arxiv.org/find/astro-ph/1/au:+Abazajian_K/0/1/0/all/0/1
http://arxiv.org/find/astro-ph/1/au:+Abazajian_K/0/1/0/all/0/1


Search in MW Dwarf Spheroidal Galaxies

Critical cross check A: 
Is the excess consistent with other gamma-ray observations?



Search in MW Dwarf Spheroidal 
Galaxies with gamma-rays

Sloan Digital Sky Survey - 15 dSphs with well-determined dark matter content.
Located in quiet regions of the Fermi LAT sky.

SDSS Sky Coverage

3
~14,000 deg2

LAT Translation: 
All-Sky Counts Map

credit: A. Drlica-Wagner

Fermi LAT data within
SDSS sky coverage
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Data Set & Technique
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(bin-by-bin)

Events are weighted according to the 
quality of their angular reconstruction 
four PSF event types 
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Thermal cross section excluded below 100 GeV!Brandon Anderson, Stockholm University | 5th Fermi Symposium

Comparative Limits
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MAGIC - 
Segue 1 dSph
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FIG. 1. Constraints on the DM annihilation cross section at 95% CL for the bb̄ (left) and τ+τ−
(right) channels derived from

a combined analysis of 15 dSphs. Bands for the expected sensitivity are calculated by repeating the same analysis on 300

randomly selected sets of high-Galactic-latitude blank fields in the LAT data. The dashed line shows the median expected

sensitivity while the bands represent the 68% and 95% quantiles. For each set of random locations, nominal J-factors are

randomized in accord with their measurement uncertainties. The solid blue curve shows the limits derived from a previous

analysis of four years of Pass 7 Reprocessed data and the same sample of 15 dSphs [13]. The dashed gray curve in this and

subsequent figures corresponds to the thermal relic cross section from Steigman et al. [5].
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FIG. 2. Comparison of constraints on the DM annihilation cross section for the bb̄ (left) and τ+τ−
(right) channels from this

work with previously published constraints from LAT analysis of the Milky Way halo (3σ limit) [33], 112 hours of observations

of the Galactic Center with H.E.S.S. [34], and 157.9 hours of observations of Segue 1 with MAGIC [35]. Closed contours and

the marker with error bars show the best-fit cross section and mass from several interpretations of the Galactic center excess

[16–19].

DM distribution can significantly enlarge the best-fit re-

gions of �σv�, channel, and mDM [36].

In conclusion, we present a combined analysis of 15

Milky Way dSphs using a new and improved LAT data

set processed with the Pass 8 event-level analysis. We ex-

clude the thermal relic annihilation cross section (∼ 2.2×
10−26 cm3 s−1) for WIMPs with mDM

<∼ 100GeV annihi-

lating through the quark and τ -lepton channels. Our

results also constrain DM particles with mDM above

100GeV surpassing the best limits from Imaging Atmo-

spheric Cherenkov Telescopes for masses up to 1 TeV.

These constraints include the statistical uncertainty on

the DM content of the dSphs. The future sensitivity to

DM annihilation in dSphs will benefit from additional

LAT data taking and the discovery of new dSphs with

upcoming optical surveys such as the Dark Energy Sur-

vey [37] and the Large Synoptic Survey Telescope [38].
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~Tension with complementary gamma ray observations.

Is the excess consistent with other gamma ray observations?
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constraints

Measured intensity at 2 GeV:

Fermi coll. (preliminary)

Calore+ 14 (at pivot point)

Valid signal for
χχ → b̄b, mχ = 49GeV,

�σv� = 1.5 × 10−26cm3s−1

(Fermi dSph limit at 95% CL)

�σv� = 0.5 × 10−26cm3s−1

FIG. 9. Radial intensity profile of the Fermi GeV excess, at
2 GeV, cf. Fig. 1. The black data point refers to measure-
ments from Refs. [25], the yellow band to preliminary results
from the Fermi-LAT team [16]. The dotted line shows the
expectations for a contracted NFW profile from Fig. 1. The
red and blue bands show – for a given DM annihilation sce-
nario – possible signal morphologies that are compatible with
both the measurements at ψ = 5◦ as well as dynamical and
microlensing observations from Ref. [98] (we concentrate on
arbitrary generalized NFW profiles). For annihilation cross-
sections close to the current dwarf limits, the intensities de-
termined by different groups (as indicated by the dotted line),
lie still in the allowed range.

section were presented in Ref. [116]. For annihilation

into b̄b final states and a DM mass of 49 GeV, they read

�σv� < 1.5× 10
−26

cm
3
s
−1

at 95% CL, which is at face-

value in mild tension with the values of the cross-section

that we derived above (see Sec. IV). However, the link

between the GC and the dwarf signals is subject to uncer-

tainties in the DM distribution in the Milky Way and the

DM distribution in dSphs. A decrease of the scale radius

rs, an increased slope γ of the inner part of the profile, or

an increased local density ρ⊙ enhances the expected GC

signal relative to the signal in dwarf spheroidals. Also

more cored profiles for dSphs can reduce further their

constraining power. It is important to investigate to what

extent uncertainties in these parameters can mitigate po-

tential tensions between GC and dSph observations.

In Fig. 9 we show the expected signal flux for DM an-

nihilation into b̄b final states and with mχ = 48.7 GeV.

As DM profile we adopt here the reference generalized

NFW profile as above and the cross-section is set to

�σv� = 1.75×10
−26

cm
3
s
−1

. This leads to a signal inten-

sity that is consistent with the results found in Ref. [25]

at ψ = 5
◦
. Note that ψ = 5

◦
was found to be a good

pivot point for the intensity measurement in Ref. [25],

as the flux there is relatively independent of the adopted

profile slope. We also show the preliminary GC results

by the Fermi-LAT Collaboration, cf. Fig. 1.
To explore the validity of measured signal profile, we

generate a large set of Milky Way DM halo models that

are compatible with the microlensing and dynamical con-

straints from Ref. [98] at 95% CL. This set includes DM

halo models that follow a generalized NFW profile with

scale radii in the range rs = 10 to 30 kpc, and arbitrary

normalization ρs and inner slope γ (note that for illustra-

tive purposes we allow also values of γ that would be in-

compatible with the Fermi GeV excess measurements at

the GC). To this end, we adopt the following method: We

derive the envelope of all density profiles that are compat-

ible with the left panel of Fig. 5 of Ref. [98] (which shows

results for rs = 20 kpc only) in the radial range r = 2.5
to 10 kpc. A model with scale radius rs �= 20 kpc is con-

sidered to be compatible with the observations when its

profile lies within the derived envelope.

From the set of all observationally allowed halo mod-

els we select those that lead to a signal intensity that

is consistent with the measurements at ψ = 5
◦
, assum-

ing a reference cross-section �σv� = 1.5 × 10
−26

cm
3
s
−1

(the current dSph limit at 95% CL) and the above an-

nihilation channel and DM mass. The envelope of the

corresponding allowed signal profiles is shown by the red

band in Fig. 9. The band contains both the signal mor-

phology as derived for the reference generalized NFW

profile with γ = 1.26, as well as with the preliminary GC

results by the Fermi-LAT Collaboration. We hence find
that current dSph limits on the annihilation cross-section
are well consistent with a DM interpretation of the Fermi
GeV excess when uncertainties in the DM distribution in
the Milky Way are accounted for.11

The situation changes drastically however if current

limits would increase by only a factor of three. This is

demonstrated by the blue band in Fig. 9, which shows

the corresponding signal profiles assuming that �σv� =

0.5 × 10
−26

cm
3
s
−1

. The allowed signal slope becomes

much steeper since smaller cross-sections require larger

DM densities towards the GC. We find that there would
be significant tension between measured and observation-
ally allowed signal morphologies, both towards the Galac-
tic center (ψ � 5

◦), but even more importantly in the
higher-latitude tail (above ψ � 5

◦).
To enforce consistency between the measured and grav-

itationally allowed signal morphologies even when dSph

limits further strengthen in the future, one would have

to resort to more drastic assumptions, such as a DM pro-

file that considerably flattens within the inner 1 kpc or

11 Note that this statement does not depend on the annihilation
channel or the DM mass, since we are comparing predicted and
measured intensities at the peak of the GeV excess at 2 GeV,
which have to be very similar for any DM interpretation of the
Fermi GeV excess.

[Ackermann+, 1503.02641]

[Calore+, 1411.4647]
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~Tension with complementary gamma ray observations.

Is the excess consistent with other gamma ray observations?

Search in MW Dwarf Spheroidal 
Galaxies with gamma-rays
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Comparison and future predictions
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Things are getting more exciting!

DES: 8 new dSph candidates in 1st year data! + SMASH and Pan-STARRS 
recently claimed ultra-faint dwarf discoveries. 
Fermi LAT analysis finds NO sign of gamma rays in the direction of the new 
dSphs.
(Bechtol+ 1503.02584, Belokurov+, 1403.3406, Laevens+, 1503.05554 )



Things are getting more exciting!

Slight significance for the closest dwarfs ~2 ‘astrosigma’ (local).
(Geringer-Sameth+, 1503.02320; Hooper+, 1503.06209 )
Significance drops with the Pass8 analysis.
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FIG. 3: Left: Significance of γ-ray detection for annihilation into τ+τ−
for various masses, calculated using the model-

independent procedure of [41]. Solid and dashed blue lines correspond to Ret2 and Seg1 (another attractive nearby target).

Gray curves correspond to the collection of dwarfs used in [41] as well as the 8 other newly discovered DES dwarfs. Right: The

Fermi isotropic+diffuse model intensity near Ret2. The color corresponds to intensity normalized to the value in the direction

of Ret2 (at an energy of 8 GeV — other energies are similar). A 0.5◦ ROI is shown at the center and the small dots show

the centers of the ROIs used for the empirical background estimation. White ×’s mark the locations of known γ-ray sources.

Green circles are the ROIs which have a test statistic larger than that in the central ROI (when searching for a 25 GeV particle

annihilating to τ+τ−
).

are the true values of the mass and cross section. There-

fore, regions of (M, �σv�) space where this difference is

less than 2.3, 6.2, and 11.8 constitute 68.2%, 95.4%, and

99.7% confidence regions. The χ2 behavior holds only for

large sample sizes and it is not clear if that assumption is

valid here. In particular, for annihilation into electrons

or muons, where low masses are preferred, there are very

few events above 1 GeV but below the dark matter mass.

Figure 4 shows the derived constraints on the prod-

uct J�σv� for a number of representative channels. Al-

though we cannot make a direct measurement of the cross

section, the constraints on J�σv�, combined with exist-

ing upper limits on �σv�, allow us to make a prediction
for the dark matter content of Ret2 which must hold if

the γ-ray emission is due to annihilating dark matter.

In the τ+τ− channel, for example, the limits from [41]

yield log10 J � 19.6± 0.3 (compare with Seg1, which has

log10 J = 19.3± 0.3 [47]).

While Ret2’s γ-ray signal is tantalizing, it would

be premature to conclude it has a dark matter ori-

gin. Among alternative explanations, perhaps the most

mundane is the possibility that an extragalactic source

lies in the same direction. Searching the BZCAT [54]

and CRATES [55] catalogs reveals a CRATES quasar

(J033553-543026) that is 0.46◦ from Ret2. Further work

must be done to determine whether this particular source

contributes to the emission, though we note that flat

spectrum radio quasars rarely have a spectral index less

than 2 [56]. One of the much-discussed astrophysical

explanations for the apparent Galactic Center excess is

FIG. 4: An exploration of a dark matter interpretation

of the observed γ-ray excess for four representative anni-

hilation channels. J = J19 10
19
GeV

2
cm

−5
and �σv� =

�σv�−26 10
−26

cm
3
sec

−1
. Currently the data constrain only

the product of J�σv� since the dark matter content of Retic-

ulum 2 is currently unknown. Contours represent 68%, 95%,

and 99.7% confidence regions. Note that this figure does not

quantify which annihilation channel is preferred by the data,

i.e. which channel provides the best fit to the γ-ray spectrum.

millisecond pulsars [24, 26, 57–61]. In the case of Ret2,

it is the high-energy behavior which disfavors a pulsar

model, as millisecond pulsars exhibit an exponential cut-

off at around 2.5 to 4 GeV [26, 30, 61–64]. Alternatively,

http://inspirehep.net/author/profile/Geringer-Sameth%2C%20Alex?recid=1351179&ln=en
http://inspirehep.net/author/profile/Geringer-Sameth%2C%20Alex?recid=1351179&ln=en


Things are getting more exciting!

DES: will cover 5000deg2, reaching magnitude 24 stars (SDSS magnitude 22).
LSST will be much deeper + 50% of the sky (started construction end 2014).  
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Alex Drlica-Wagner   |  DPF2013

Finding More Dwarf Galaxies

• The number of known dSphs has 
doubled due to SDSS.
– SDSS only covers ~25% of the sky
– SDSS has a magnitude limit of ~22

• New wide-field surveys plan to greatly 
expand our coverage:
– Pan-STARRS:

 ~75% of the sky from the north
– Southern Sky Survey:

 ~75% of the sky from the south
– DES:

 ~5000 deg2 in the south (deeper)
– LSST:

 ~50% of the sky (much deeper)

• Eventually hope to be complete for all 
bound dwarf galaxies (L > 102 L⊙)

• Simulations predict hundreds of Milky 
Way satellite galaxies (ref. [4])

18Globular Cluster 47 Tuc (DES Collaboration)

DES Footprint

Brandon Anderson, Stockholm University | 5th Fermi Symposium

The Future
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Anti-protons
- astrophysical background is relatively under control: anti-protons are mainly 
produced in pp or pHe interactions and constrained by measured p fluxes
- excess hadronic origin - antiprotons should also be produced in annihilations

Figure 1. Cosmic-ray proton (left panel) and antiproton (right panel) flux measured by the Pamela

experiment. We superimpose to the experimental data – taken, respectively, from ref. [25] and

ref. [26] – the background estimations obtained using the five propagation models defined in ref. [27].

Fitting the proton data we determine the best solar modulation potential φp
F for each setup (we give

the corresponding values in table 1). For the purpose of this figure we modulate the p̄ flux with the

same value.

The free parameters that appear in the diffusion-loss equation (2.5) define a propagation
setup. As discussed e.g. in [27], the uncertainty on the diffusion parameters produce a modest
spread in predictions for the antiproton flux coming from p-p and p-He collisions, while the
impact on the flux coming from DM annihilations is much larger.

We adopt the five propagation models defined in ref. [27]. We summarize their properties
in table 1 and comment on them as follows.

◦ The THN, KRA and THK models assume the same value of δ – corresponding to a
Kraichnan-type turbulence in the Quasi-Linear Theory (QLT) – but different values for
the height zt of the diffusion cylinder: THN corresponds to a very thin diffusion zone
(0.5 kpc), KRA assumes 4 kpc and THK applies if the diffusion zone is as thick as 10
kpc.

◦ The KOL model instead assumes a δ = 0.33 (which is given by Kolmogorov turbulence
in QLT), with a diffusive characteristic height fixed at 4 kpc.

◦ The CON model includes strong convective effects (but the diffusive height is still fixed
at 4 kpc).

As pointed out e.g. in [27] (among others), the most relevant uncertainty for this kind of
analysis is the thickness of the diffusion zone zt: a thinner halo corresponds to a much
lower signal for the antiprotons coming from DM annihilation, hence one anticipates that
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proton 
measurement

anti-proton 
measurement

p+gas interactions

Critical cross check B: 
Is the excess consistent with other astro messengers?
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Anti-protons
Is the excess consistent with other astro messengers?

Figure 2: The combined total uncertainty on the predicted secondary p̄/p ratio, superim-
posed to the older Pamela data [53] and the new Ams-02 data. The curve labelled ‘fiducial’ assumes
the reference values for the different contributions to the uncertainties: best fit proton and helium
fluxes, central values for the cross sections, Med propagation and central value for the Fisk potential.
We stress however that the whole uncertainty band can be spanned within the errors.

than primary, p̄/p flux. Notice that the shaded yellow area does not coincide with the Min-
Med-Max envelope (see in particular between 50 and 100 GeV): this is not surprising, as it

just reflects the fact that the choices of the parameters which minimize and maximize the p̄/p
secondaries are slightly different from those of the primaries. However, the discrepancy is not

very large. We also notice for completeness that an additional source of uncertainty affects the
energy loss processes. Among these, the most relevant ones are the energy distribution in the

outcome of inelastic but non-annihilating interactions or elastic scatterings to the extent they

do not fully peak in the forward direction, as commonly assumed [55]. Although no detailed

assessment of these uncertainties exists in the literature, they should affect only the sub-GeV

energy range, where however experimental errors are significantly larger, and which lies outside

the main domain of interest of this article.

Finally, p̄’s have to penetrate into the heliosphere, where they are subject to the phenomenon

of Solar modulation (abbreviated with ‘SMod’ when needed in the following figures). We de-

scribe this process in the usual force field approximation [52], parameterized by the Fisk po-

tential φF , expressed in GV. As already mentioned in the introduction, the value taken by φF

is uncertain, as it depends on several complex parameters of the Solar activity and therefore

ultimately on the epoch of observation. In order to be conservative, we let φF vary in a wide

interval roughly centered around the value of the fixed Fisk potential for protons φp
F (analo-

gously to what done in [25], approach ‘B’). Namely, φF = [0.3, 1.0] GV � φp
F ± 50%φp

F . In

fig. 1, bottom right panel, we show the computation of the ratio with the uncertainties related

6

[Giesen+ 2015]

Relevant uncertainties for CR BG:
pbar production cross-section
spectrum of CR primaries 
CR propagation 
solar modulation (below ~10 GeV)

No excess above secondary backgrounds! (Giesen+ 2015, Kappl+ 1506.04145, Evoli+ 1504.05175)

X



Galactic Center with CTA
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Figure 5. Projected sensitivity of CTA to annihilation (left) or decay (right) to τ+τ− for different
density profiles. Sensitivity curves are shown at 95% CL, assuming no signal is detected (see text for
details). Curves indicate upper limit on �σv� (left) or lower limit on lifetime τ (right). The gray dashed
line indicates the canonical value of the cross section expected if WIMPs are produced thermally with
the correct relic density (although full thermal production is still viable in some scenarios with values
a few orders of magnitude in either direction).

where π denotes �σv� for annihilation and τ for decay.

We take advantage of the spectral information (c.f. Fig. 4) by calculating the likelihood

over small energy bins, and define the total likelihood as the product of the likelihoods over

each energy bin:

L(mχ,π) =
�

j

Lj(mχ,π), (4.3)

where j indexes the energy bins. We choose energy bins with log spacing of ∆ log10(E) = 0.15.
We calculate the likelihood ratio −2 ln (L(mχ,π)/max[L(mχ,π)]), which is χ2-distributed

with one degree of freedom and can be well approximated by a Gaussian distribution by the

central limit theorem. In the θdiff = 0 case assumed here, the likelihood ratio is maximized for

�σv� = 0 or τ = ∞ (i.e., no signal events), so we compare this ratio to a Gaussian distribution

and find the value of π, for a certain mχ, which constrains our model at a certain confidence

level (CL). We determine upper limits on �σv� and lower limits on τ as a function of mχ at

95.4% CL.

5 Results

We now present the expected sensitivity of CTA to annihilation and decay signals from various

DM models. As benchmarks, we consider branching fractions of 100% to τ+τ−, bb̄, or µ+µ−.

Unless otherwise specified, an observation time of 500 h is assumed, and the likelihood analysis

is performed using multiple energy bins from 30 GeV to mχ for annihilation (or to mχ/2 for

decay) as described in §4.

The dependence of the sensitivity on the DM density profile is explored in Fig. 5, for

annihilation or decay to τ+τ−. The limits shown are at 95% CL, assuming no difference is

detected between the number of counts in the ON and rescaled OFF regions. Varying the

inner slope of the DM density profile has a substantial impact on the detectability of the signal

in the case of annihilation, and a smaller but still important impact in the case of decay. For

– 9 –

dwarf galaxies with SKA
CTA

[M. Reggis, APP Conference, 2014][Pierre+, JCAP 2013]

What’s next in DM searches:



Summary:
• The field of astrophysics is being re-defined by high-quality data, extending 

over a larger dynamical range.

• DM search is an outstanding effort for over 50 years: the tools are now in the 
right region!

• Great times for good high-energy astrophysics! 

→ DM signal might show up along the way. 

credit: Dan Hooper
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[RESONAANCES: http://resonaances.blogspot.it/, 2013]

http://resonaances.blogspot.it/%5D
http://resonaances.blogspot.it/%5D


Alex Drlica-Wagner   |  DPF2013
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J-Factors for 18 Dwarf Galaxies

8

NFW density profile
integrated over 0.5˚ cone

dΦγ

dEγ
(Eγ ,φ, θ) =

1

4π

< σannv >

2m2
WIMP

�

f

dNf
γ

dEγ
Bf

×

�

∆Ω(φ,θ)
dΩ�

�

los
ρ2(r(l,φ�))dl(r,φ�)

18 dwarf galaxies have 
well-determined J-factors.

‘J-factor’ - proportional 
to expected gamma-ray 
intensity
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Pass 8

4

effective area
angular 

resolution
point-source 

sensitivity

+25% +10-15% +40%
>  1  G E V @  1 - 1 0  G E V>  1  G E V

M O R E  DATA ,  M O R E  A C C U R A C Y,

A N D  M O R E  I N F O R M AT I O N !

(for more information see P. Bruel’s talk from Wednesday)

containment 
in psf classes

- newest event selection: Pass8SOURCE 
500 MeV-500 GeV 
- 15 ROI: 10x10 deg centered at each dSph
- DM profile of each dwarf modeled with 
extended NFW profile

Input:
- overall DM content from each target dSph and 
its uncertainty (‘J’ factors)

- data in each angular resolution class (PSF 0-3)

[Ackermann+, 1503.02641]

PSF0 PSF1

PSF2 PSF3

Search in MW Dwarf Spheroidal 
Galaxies with gamma-rays
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Atwood et al., ApJ 697, 1071 (2009) 

The Fermi LAT is a e+e− pair-conversion 
telescope:
- individual γ rays convert to e+e− pairs
- their tracks (direction!) measured in the 
tracker 
- and energy deposition in the calorimeter. 

– 27 –

UTC
12:00 18:00 00:00 06:00 12:00

Ra
te

 [H
z]

-110

1

10

210

310

410
Trigger request
Trigger accept

Onboard filter

P7TRANSIENT

P7SOURCE

]°<100z!   [
P7SOURCE 

Fig. 7.— Rates at several stages of the data acquisition and reduction process on a typical
day (2011 August 17). Starting from the highest, the curves shown are for the rates: (i) at the
input of the hardware trigger process (trigger request), (ii) at output of the hardware trigger
(trigger accept), (iii) at the output of the on-board filter, (iv) after the loose P7TRANSIENT

γ-ray selection, (v) after the tighter P7SOURCE γ-ray selection, and (vi) the P7SOURCE γ-ray
selection with an additional cut on the zenith angle (θz < 100◦). See § 3 for more details
about the event selection stages.

that the LAT boresight traces across the sky during any two orbit period is only
slightly different than during the two previous or subsequent orbits.

2.4. Ground-Based Data Processing

Reconstructing the signals in the individual detector channels into a coherent picture
of a particle interaction with the LAT for each of the several hundred events collected every
second is a formidable task. We will defer detailed discussion of the event reconstruction
and classification to § 3; here we describe just the steps to give a sense of the constraints.

1. Digitization: we decompress the data and convert the information about signals in indi-
vidual channels from the schema used in the electronics readout to more physically motivated
schema—such as grouping signals in the ACD by tile, rather than by readout module.

2. Reconstruction: we apply pattern recognition and fitting algorithms commonly used in
high-energy particle physics experiments to reconstruct the event in terms of individual TKR
tracks and energy clusters in the CAL and to associate those objects with signals in the ACD
(see § 3.2).

3. Event analysis : we evaluate quantities that can be used as figures of merit for the event

The flux of charged particles passing 
through the LAT is several thousand 
times larger than the γ-ray flux → 
anti-coincidence detector, vetoes 
charged cosmic rays. 



Photon samples are prepared based on event-by-event analyses. 

Pass 6 -> the event analysis scheme designed prior to launch. 
Pass 7 -> accounts for known on-orbit effects based on the real events collected in 2 yrs. 
Pass8 - incorporates so far gained experience - deals with issues of ghosts events, incorporates 
better clustering reconstruction.

Changes in the event-level analysis can result in individual events being assigned slightly 
different directions and/or energy estimates between Passes -> ~independent data sets.
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Commercial break → Pass 8
Some analysis already published. Data release scheduled for April!

!"#$%&'()&*+,,-.+#-/%+0 1/2&!"#$%&34$5+6%7$&8-9+4-&:*/&;;&;<=> =?

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

!"#$%&'()&*+,,-.+#-/%+0 1/2&!"#$%&34$5+6%7$&8-9+4-&:*/&;;&;<=> ;;

!"#$%&%'($()*%+
!!"#$%&!&'(!)*&*!%+!,!(-(+&!&.#(/0

! 1%&'!%+23(*/%+4!56*$%&.!78!&'(!9":
! 1%&'!(56*$!*22(#&*+2(

!!;'(!7#&%<*$!%/!&7!6/(!&'(!(-(+&!&.#(/!%+!*!=7%+&!$%>($%'77)!*+*$./%/
?@ABCD!4*%+!%+!/(+/%&%-%&.E

!!F/%+4!G,!(-(+&!&.#(/!)7(/!+7&!%<#37-(!&'(!/(+/%&%-%&.H

Acceptance ratio >~2 at the edges of energy range
Angular resolution several (~10) times better in the best event class (PSF3) -- lower 
effective area but narrower PSFs.
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 Smoking guns: Gamma ray line 
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Search for DM lines from 100 MeV to 10 GeV, for annihilation (χχ→γγ) and decay (Ψ3/2 →νγ) 
[Fermi LAT: Albert+, 1406.3430; + external authors: M. Grefe, C. Muñoz, C. Weniger]:
•previously unexplored region with the Fermi LAT
•in the case of decay, constrains models of Gravitino decay (Ψ3/2  → νγ)

Challenge:
at low energies the statistical uncertainty gets very small (<1%) and the systematic 

uncertainties dominate - important to model them properly 

Data:
P7 REP Clean, ZA < 100°, 5.2 years
Fit for lines from 100 MeV to 10 GeV (±2σE windows -> 56.5 MeV to 11.5 GeV)

Region of interest:

 Smoking guns 01: Gamma ray line - LOW energy line search: 
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Figure 6. Parameter space of decaying gravitino DM given in terms of the gravitino lifetime and
the gravitino mass. The diagonal band shows the allowed parameter space for gravitino DM in the
µνSSM. The numbers on the solid and dashed lines show the corresponding value of the photino–
neutrino mixing parameter, as discussed in section 2. The theoretically most favoured region is
coloured in grey. We also show several 95% CL lower limits on the gravitino lifetime coming from
γ-ray observations. The blue shaded region is excluded by the limits derived in this work.
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Figure 7. Comparison of the 95% CL upper limits on the DM pair annihilation cross section into two
photons found in this work to earlier results using Fermi -LAT and EGRET data. The blue shaded
region is excluded by the limits derived in this work.
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the gravitino mass. The diagonal band shows the allowed parameter space for gravitino DM in the
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neutrino mixing parameter, as discussed in section 2. The theoretically most favoured region is
coloured in grey. We also show several 95% CL lower limits on the gravitino lifetime coming from
γ-ray observations. The blue shaded region is excluded by the limits derived in this work.
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Figure 7. Comparison of the 95% CL upper limits on the DM pair annihilation cross section into two
photons found in this work to earlier results using Fermi -LAT and EGRET data. The blue shaded
region is excluded by the limits derived in this work.
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Ψ3/2 →νγ χχ→γγ

[Albert+, 1406.3430, JCAP]
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Figure 3. Fractional deviations (f , see eq. (3.10)) observed in the Galactic plane scan are shown
as black dots. Eγ went from 100MeV to 10 GeV in steps of 0.25σE . The red line shows the average
statistical uncertainty from the Galactic plane scan. The blue dashed line shows the value we chose
to represent the δf from modelling biases; see text for details.

ROI Systematic
Modelling CR δfsyst

ROIcen 0.0105 0.0009 0.0105
ROIpol 0.0105 0.0100 0.0145

Table 1. Systematic fractional deviations from biases in modelling and contamination from residual
cosmic ray events (CR). δfsyst is derived by adding the Modelling and CR components in quadrature;
see text for detailed discussion.

From figure 3, we can infer some properties of the systematic uncertainties that affect
our search. The displacement of δf from zero and common variations with energy between all
the control ROIs are most likely caused by small biases in modelling the Fermi-LAT effective
area. The spread amongst the fits in the control ROIs is probably from our modelling of the
background spectra by a power law.

We also estimate the systematic uncertainty from residual cosmic-ray events passing our
γ-ray event selection. Since we use the P7REP_CLEAN event class, the cosmic-ray contamination
is not expected to be a large effect, especially for the region ROIcen, which focuses on the
bright Galactic Centre. However, cosmic-ray contamination is worrisome at large latitudes
(e.g. ROIpol region). To study the effect of cosmic-ray contamination, we select events that are
included in the less stringent P7REP_SOURCE class, but are not included in the P7REP_CLEAN

class in the ROIpol region. This sample will be enriched with cosmic-ray events that were not
removed by the P7REP_SOURCE selection, but did not pass the P7REP_CLEAN event selection.
Similar to what was done in ref. [16], we take the largest observed δf in this control sample
along with the expected γ-ray acceptance ratio between the P7REP_CLEAN and P7REP_SOURCE

selections (see appendix D5 in ref. [16]) to obtain an estimate of δfCR ∼ 0.01 in ROIpol. For a
summary of the estimated level of systematic fractional deviations in both ROIs see table 1.

Other systematic uncertainties in this search enter from our calculation of the Fermi -
LAT exposure, modelling of the energy dispersion, and our choice of Eγ grid spacing. The
overall uncertainty in the calculation of the Fermi-LAT effective area is ∼ 10%. Additionally,
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Systematic uncertainty:
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Galactic plane
dominates below ~3 GeV 
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Include nuisance parameter (nsys) for systematically-induced line-like features:
•only consider the true signal events to be those that remain after subtracting the 

expected systematic offset, nsig’ = nsig − nsyst

•We add a Gaussian constraint on nsys to the likelihood fit
fsys determined by control regions fits (i.e. off-center Galactic Ridge)

Similar technique used to incorporate J-factor systematic uncertainties in LAT 
Collaboration dSph analysis

Can be applied whenever accounting for systematic uncertainties is important

the previous subsection. The two former are less worrisome since they are smaller than the

statistical uncertainty on the 95% CL limit on nsig (∼ 50% since nsig � beff, causing the

statistical uncertainty on nsig to be �
√
beff), and can safely be neglected.

The latter systematic uncertainties are especially worrisome since positive features could

induce false signals, while negative features could mask true signals. We quantify these

in terms of an uncertainty on the fractional deviation (see eq. (3.10)), δf . The statistical

uncertainty is δfstat � 1/
√
beff, while systematically induced fractional deviations are expected

to be δfsyst � constant. Therefore, as beff increases (i.e. the number of events used in the

fit increases), the systematic uncertainties can begin to dominate (δfstat � δfsyst). This is

the case for all of our low energy fits (Eγ � 3GeV), which is why it is necessary to include

systematic uncertainties correctly in the fitting procedure.

As mentioned in the previous subsection, we incorporate the systematic uncertainties

into our likelihood formalism via PF (nsyst, beff) (see eq. (3.8)). We break the degeneracy

between nsyst and nsig by constraining nsyst with a Gaussian distribution10

PF (nsyst, beff) =
1

σsyst
√
2π

exp

�
−(nsyst − µsyst)2

2σ2
syst

�
. (3.12)

We chose to set µsyst = 0 and define σsyst = δfsystbeff, where δfsyst was determined based

on fits for line-like signals in control regions. One could model nsyst more aggressively, for

example in an energy-dependent way, but we chose not to since we have only a limited number

of control regions available to verify the energy dependence of nsyst.

We fit for line-like signals in control regions where we do not expect any DM signal to

dominate in order to estimate δfsyst. We scan in 0.25σE steps in energy for line-like signals

(allowing for both positive and negative signals) in 20◦×20◦ ROIs along the Galactic plane in

10◦ steps excluding the 5 centre-most ROIs (i.e. |b| > 20◦; 31 total ROIs; cf. figure 2). Since

the DM signal is expected to peak in the Galactic Centre, this is a control region where non-

DM astrophysical processes dominate the observed γ-ray emission. Systematically induced

line-like features will result from modelling imperfections like averaging the energy-dependent

variations in the Fermi -LAT effective area over the ROI, not masking or modelling known

point sources, and modelling the background spectrum as a power law. It is not possible to

disentangle these components in our Galactic plane scans, so we consider them together as

modelling imperfections. We also studied the fractional deviations observed in γ rays from

the Earth’s limb emission and the Vela pulsar, see appendix B.

Figure 3 shows the fractional deviations observed in the Galactic plane scan. Also shown

is the average statistical uncertainty of the fractional deviation. If there were no systematic

effects, one would expect δfstat to contain 68% of the observed fractional deviations. Clearly

this is not the case, especially at lower energies, showing that systematic effects are not

negligible. At high energies, � 3GeV, the fits are dominated by statistical variations, while

at lower energies the fits are dominated by systematic effects. We calculated the δf values

that contained 68% of the Galactic plane fits, δf68(E), in a small energy range (±10%). To

be conservative, we choose the largest δf68 value observed in the Galactic plane scan (for

Eγ < 3GeV) as our estimate for the systematic uncertainty from biases in our modelling

of the LAT effective area, point-source contributions, and the background spectral shape;

δfGP = 0.0105.

10We also studied modeling nsyst with top hat and triangle functions with a base width of 2δfstat. They
improved and worsened the limits by ∼ 30% respectively. Given our choice of δfstat = 0.0105, we consider
this modeling choice to be simple, but conservative.
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effects, one would expect δfstat to contain 68% of the observed fractional deviations. Clearly

this is not the case, especially at lower energies, showing that systematic effects are not

negligible. At high energies, � 3GeV, the fits are dominated by statistical variations, while

at lower energies the fits are dominated by systematic effects. We calculated the δf values

that contained 68% of the Galactic plane fits, δf68(E), in a small energy range (±10%). To

be conservative, we choose the largest δf68 value observed in the Galactic plane scan (for

Eγ < 3GeV) as our estimate for the systematic uncertainty from biases in our modelling

of the LAT effective area, point-source contributions, and the background spectral shape;
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this modeling choice to be simple, but conservative.
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Low energy line search: fitting method

3.4 Fitting procedure

Our search for a line signal in the Fermi-LAT data, as well as the derivation of upper limits

on line fluxes, is based on the profile likelihood method (see e.g. ref. [72]). We model the sum

of the astrophysical γ-ray background and the cosmic-ray contamination of the P7REP_CLEAN
data empirically by a single power law with free normalisation and spectral index. Since the

power-law approximation is only valid locally and breaks down when considering large enough

energy ranges, we restrict the fit to small energy ranges centred around and moving with the

line energy. In the present work, we adopt an energy range of (Eγ − 2σE , Eγ + 2σE), where

Eγ denotes the line energy of interest, and σE is the energy resolution at that energy (±σE
is the 68% containment range). We selected this energy range as a compromise between a

loss of statistical power in smaller ranges, and increasing systematic uncertainties in cases

of larger ranges. Each fit was performed at a fixed energy, Eγ , in steps of 0.5σE , where σE
ranges from 20% of Eγ at 100 MeV to 10% of Eγ at 10 GeV. We used the RooFit toolkit [73]

(version 3.12) to implement the models and perform the likelihood minimisation.

At the low energies of interest, the number of photon events in our analysis is very large.

For computational efficiency, we perform a binned maximum likelihood fit to the data, with a

bin width of 0.066σE (i.e. 60 bins over the ±2σE energy window). Furthermore, we take into

account the possibility that the true number of signal events, nsig, is systematically offset by

nsyst from the best fit value, n�
sig. In other words, we only consider the true signal events to

be those that remain after subtracting the expected systematic offset, nsig = n�
sig −nsyst, and

taking into account its variance. The full likelihood function that we adopt in our analysis is

based on the product of the Poisson likelihoods (P ) to observe ci counts in each energy bin:

L(α,Γ, nsig, nsyst) = PF (nsyst, beff)
�

i

P (ci|µi(α,Γ, nsig + nsyst)) , (3.8)

where the expected number of events in the i-th energy bin (E−
i ≡ Eγ−2σE , E

+
i ≡ Eγ+2σE)

is given by

µi(α,Γ, n
�
sig) =

� E+
i

E−
i

dE
�
αE−ΓE(E) + n�

sig · Deff(E|Eγ)
�
, (3.9)

and Deff(E|Eγ) denotes the energy dispersion of the Fermi-LAT. Furthermore, E(E) denotes

the energy-dependent exposure of the ROI, Γ and α are the spectral index and normalisation

of the power-law background, beff is the effective number of background events in the energy

range covered by the line signal, nsyst is the additive systematic error (to be discussed below),

and PF is the distribution of nsyst, which we model to be independent of energy. Note that

we actually fitted for nbkg =
�
αE−ΓE(E)dE, the total number of events in the power-law

background, rather than α directly.

As discussed in appendix C5 of ref. [16], Deff varies slightly depending on the “observing

profile” (i.e. the amount of observing time for each event incident angle, θ). To account for this

in our search, we modelled Deff for each fit similar to what was done in ref. [17]. Specifically,

we integrated the energy- and θ-dependent representation of the energy dispersion provided

with the Fermi -LAT IRFs over the observing profile for the regions of interest and then fit a

triple Gaussian (sum of three Gaussian functions) parametrisation to that shape to serve as

our Deff model.

We furthermore investigated the effect of including additional information in our Deff
model that quantified the quality of the energy reconstruction on an event-by-event basis,

– 10 –
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Figure 6. Parameter space of decaying gravitino DM given in terms of the gravitino lifetime and
the gravitino mass. The diagonal band shows the allowed parameter space for gravitino DM in the
µνSSM. The numbers on the solid and dashed lines show the corresponding value of the photino–
neutrino mixing parameter, as discussed in section 2. The theoretically most favoured region is
coloured in grey. We also show several 95% CL lower limits on the gravitino lifetime coming from
γ-ray observations. The blue shaded region is excluded by the limits derived in this work.
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Figure 7. Comparison of the 95% CL upper limits on the DM pair annihilation cross section into two
photons found in this work to earlier results using Fermi -LAT and EGRET data. The blue shaded
region is excluded by the limits derived in this work.
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Low energy line search: limits

PreliminaryPreliminary

Ψ3/2 →νγ χχ→γγ

[Albert+, 1406.3430, JCAP submitted]



P7Transient to P7Clean Efficiency 

Ackerman et al  
(The Fermi LAT Col.)  
PRD 88, 082002 (2013) 
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High energy line search: update
•this analysis statistics dominated.
•curious hint for a 133 GeV line being followed up by the LAT team and community

-Much narrower than expected energy 
resolution

Since spring 2012, feature has decreased. 
Bkg fluctuation?
-Decreasing with more data

•  Let width scale factor float in fit (while preserving shape) 
•    

Ackerman et al (The Fermi LAT Col.)  
PRD 88, 082002 (2013) 

.. Fit with expected Edisp model 
! Fit allowing width to scale (s"=1 is expected) 
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[C. Weniger+, ICTP 
workshop Oct, 2013] 

Weak line signal appears in the control sample (Earth limb (|θr|<520)
-Not large enough to explain all the GC signal (f=0.14, in GC would be 0.8σ).
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•  Let width scale factor float in fit (while preserving shape) 
•    

Ackerman et al (The Fermi LAT Col.)  
PRD 88, 082002 (2013) 

.. Fit with expected Edisp model 
! Fit allowing width to scale (s"=1 is expected) 
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workshop Oct, 2013] 

Since spring 2012, feature has decreased. 
Bkg fluctuation?
-Decreasing with more data
-Much narrower than expected energy resolution

 Smoking guns 01: Gamma ray line - update 



• increase statistics through a change in observational strategy (to favor the GC 
region). Started December 2013, ended January 2015.

• New event reconstruction scheme of the Fermi LAT events (Pass 8) with 
independent systematics will be available soon.

• HESS 2 telescope should be able to say the final word by the end of the year.

Modified Observing Strategy Modified Observing Strategy 

• more info can be found on FSSC 
<http://fermi.gsfc.nasa.gov/ssc/proposals/alt_obs/obs_modes.html>

• Panel discussed white paper proposals July 25th and recommended a 
switch to “option 4” around December 2013.switch to “option 4” around December 2013.
– Option 4 points to keep the GC in the field of view, while still 

providing relatively uniform all-sky coverage

Andrea Albert (SLAC)8/29/2013

survey mode option 4

exposure maps

20

 Smoking guns: Gamma ray line 



• not detected yet;  

• in DM ann/decays produced via the coalescence of anti-p and -n, 
originating from an annihilation event

• astro: spallation of high energy cosmic ray protons on the interstellar gas at 
rest pH or pHe

• DM signals flatter than astro backgrounds for <2,3 GeV/n: detection of ~1 
pn at <1 GeV a smoking gun --  A generic signature with essentially zero 
conventional astrophysical background

- -

[Ibarra+, 1301.3820, Fornengo+, 1306.4171]

Smoking guns 03: anti-deuterons (p n)

Primary component  

DM annihilation 

Why antideuterons? 
background free at low energy 
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Secondary component  
 Cosmic ray interaction 

-  CR should be energetic (E > 15 GeV)  
-  CR flux " E-2.7 

-  not so many energetic CRs !d " ! v
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Uncertainty on flux at TOA 
-  coalescence momentum: 

  factor of 2-3 
-  propagation model: 

  ~ 10x more for MAX 
  ~ 10x less for MIN 

   -> process is strongly suppressed 
   -> energy boosted to higher energy  

 and flux peaked at higher energy   

First antideuteron workshop @UCLA 
-> von Doetinchem, Philip 
    @17:25 today, Cosmic Ray session   

Antideuterons provide clean DM signatures 

Secondary 

LSP 
m!= 30 GeV 

GAPS 
LDB 

LSP: Donato et al., 2008 
LZP: Baer et al., 2005 
BKG: Ibarra et al., 2013 
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K. Perez - Columbia U. 8

pGAPS: a Prototype GAPS Flight
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• GAPS detects atomic X-rays and annihilation 
products from exotic atoms

• AMS in its second year & pGAPS finished a 
prototype flight! Plan for an initial GAPS flight in 
winter 2017/2018.

•  Exciting time coming up for anti-deuteron searches!

[K. Perez’s talk at ICRC & arXiv:1303.1615]
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Exotic Atom 

- measured/verified X-ray yields with different targets 
- developed cascade model to predict X-ray yields 

Plastic Scintillator TOF 

Si(Li) Target/Detector 

The antiparticle slows down & stops in a target 
material, forming an excited exotic atom 

A time of flight (TOF) system tags  
candidate events and records velocity 

Deexcitation X-rays provide signature 

Annihilation products provide 
additional background suppression 

[T. Aramaki’s talk at TeVPA 2014]

- -Smoking guns 03: anti-deuterons (p n)
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pGAPS: a Prototype GAPS Flight
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• GAPS detects atomic X-rays and annihilation 
products from exotic atoms

• AMS in its second year & pGAPS finished a 
prototype flight! Plan for an initial GAPS flight in 
winter 2017/2018.

•  Exciting time coming up for anti-deuteron searches!

[K. Perez’s talk at ICRC & arXiv:1303.1615]
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GAPS can access to the wide range of  
DM parameter space  

Donato et al., 2008 
GAPS  

LDB 3 flights 
-  non-universal gaugino model 
-  m! can be as low as 10 GeV 

-  Dominant/Sub-dominant DM 

Light neutralino DM  

BESS 

GAPS  
LDB 3 flights 
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Baer et al., 2005 
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-  Lightest Z3 charged particle  
-  stable under Z3 symmetry 
-  right-handed neutrino  

LZP 

- -Smoking guns 03: anti-deuterons (p n)



23/07/12 Matthias Danninger                   IDM 2012

Solar Dark Matter Search with IceCube

All processes depend on WIMP mass

Annihilation channel (branching ratios)

Annihilation cross-section

Capture (scattering)

→ Scattering cross-sections (SI & SD)

atm. !"# (10! triggering events/day)

atm. µ"# (10" triggering events/day) 

main analysis backgrounds:

 ± 23˚

Striking signature:
High-E !  excess 

over background 

from Sun direction

*Blind analysis with respect to true Sun azimuth
1

Use off-source data to estimate the CR related backgrounds.
Solar neutrino fluxes low >1 GeV energies - detection of a signal- smoking gun.

[M. Danninger, IDM2012]

In equilibrium all captured DM particles annihilate, by constraining ΓA we 
constrain elastic cross sections!

Smoking guns 04: high energy neutrinos from the Sun



Sun is made of p! Limits on spin dependent cross section stronger wrt direct 
detection experiments!
‣ New results from 79-string data (~1y livetime) 

‣ First Dark Matter analysis including DeepCore -> constrain low masses >20 
GeV and use full year-round IceCube data!
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FIG. 2. 90% CL upper limits on !SI ,p (top figure) and
!SD,p (bottom figure) for hard and soft annihilation chan-
nels over a range of WIMP masses. Systematic uncertain-
ties are included. The shaded region represents an allowed
MSSM parameter space (MSSM-25 [26]) taking into account
recent accelerator [27], cosmological and direct DM search
constraints. Results from Super-K [28], COUPP(exponential
model) [29] , PICASSO [30], CDMS [31, 32], XENON100 (lim-
its above 1TeV/c2 from XENON100 Coll. private communi-
cation) [36], CoGeNT [35], Simple [37] and DAMA [33, 34]
are shown for comparison.

Cube to probe WIMP masses below 50GeV/c2. This has
been accomplished through e!ective use of the DeepCore
sub-array. Furthermore, we have accessed the south-
ern sky for the first time by incorporating strong vetos
against the large atmospheric muon backgrounds. The
added livetime has been shown to improve the presented
limits. IceCube has now achieved limits that strongly
constrain dark matter models and that will impact global
fits of the allowed dark matter parameter space. This
impact will only increase in the future, as analysis tech-
niques improve and detector livetime increases.
We thank H. Silverwood for his support on SUSY

model scans. We acknowledge the support from the fol-
lowing agencies: U.S. National Science Foundation-O"ce
of Polar Programs, U.S. National Science Foundation-

TABLE II. Systematic errors on signal flux expectations in
percent. Class-II uncertainties marked !

Source mass ranges (GeV/c2)
< 35 35 -100 > 100

" oscillations 6 6 6
"-nucleon cross-section 7 5.5 3.5
µ-propagation in ice <1 <1 <1

Time, position calibration 5 5 5
DOM sensitivity spread! 6 3 10

Photon propagation in ice! 15 10 5
Absolute DOM e!ciency! 50 20 15

Total uncertainty 54 25 21
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[ICE CUBE collab., PRL 2013, 1212.4097] 
(see also 0905.2316, ANTARES)
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Astroparticle Physics 2014 - Joint TeVPA/IDM, 
Amsterdam June 23-28, 2014 Carsten Rott 

PINGU Dark Matter Sensitivity

• High density instrumentation:

• baseline geometry: 40 strings with 60 
DOMs each)

• Threshold ~ 1GeV

• Test low mass WIMP region -- capable  to 
comfortably test DAMA/Libra 

26

Precision IceCube Next Generation Upgrade

Spin-dependent scattering Spin-independent scattering

see talk by Doug Cowen

[C. Rott, APP Conference, 2014]

Smoking guns 04: high energy neutrinos from the Sun
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FIG. 2: Top Panel: Latitude profile of the inverse Compton
emission from an electron population injected t0 (red, solid),
0.3 t0 (orange, dashed) and 3 t0 (blue, dotted) years ago (where
t0 = 1 Myr). Bottom Panel: The spectra of the inverse Comp-
ton emission (the same color scheme) at 5◦ away from the
Galactic plane. The overall energetics is given in units of
E0 = 4 × 1052 erg, and energy losses are expressed in terms
of the default value b0, which assumes w ∼ 4 eV cm

−3.

alternatively) to similar phenomenology 5. In the recent
analysis [32]—which provides yet another argument in
favor of the existence of some additional soft cosmic ray
cosmic-ray population in order to account for the GeV
emission in the inner Galaxy—a leptonic for the under-
lying population was also considered more likely, based
on an energetic argument.

IV. CONCLUSIONS

In this article, we have argued that a bursting event,
injecting∼ 1052 ÷1053ergs of energy in a standard power-
law cosmic ray electron spectrum about one million years
ago seem to reproduce naturally most spectral and an-
gular features of the claimed GeV “excess” in the in-
ner Galaxy, for benchmark values of an effective homo-
geneous diffusion coefficient and energy loss parameter.
The main goal of our calculations has been to raise aware-
ness on the importance of accounting for transient events

5 Note added: While this work was being finalized for submission,
an in-depth study of this effect has appeared as pre-print [25].
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FIG. 3: Latitude profile (top) and the spectra of the inverse
Compton emission at 5◦ away from the Galactic plane (bot-
tom), for the electron population injected t0 = 1 Myr ago,
with a source of E0 = 4 × 1052 erg, calculated with our de-
fault values for the set of parameters (solid). In addition, the
diffusion index is varied to 0.3 D0 (dashed) and 3 D0 (dotted),
where D0 (10 GeV) = 6 1028 cm2s−1.
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FIG. 4: Solid line, both panels: The spectra of the inverse
Compton emission at 5◦ away from the Galactic plane, for the
electron population injected t0 = 1 Myr ago, with a source of
E0 = 4× 1052 erg, calculated with our default values for the
set of parameters. The spectral injection index is varied to
α = 2.1 (dashed) and α = 2.4 (dotted).

when dealing with extended excesses, notably at the GC.
Until now, however, we have not discussed the plausi-
bility of the parameters required. Is the “toy solution”
found plausible, on the light of other astrophysical evi-
dence? After all, currently the GC is best characterized
by the quiescent state of its supermassive black hole, see

Galactic Center gamma ray 
signal

Astrophysical explanations:
electrons injected in a bursting 
episode (~1 Myr ago, 1053 erg):

- pros: energy cut-off set by energy 
losses, many flaring episodes 
known in that region from 
independent evidence

- cons: simple burst cannot explain 
all the details within statistical 
errors published so far.

[Petrovic+, 1405.7928]



‣ The field of astrophysics is being re-defined by high-quality data, 
extending over a larger dynamical range.

Optical surveys: DM density profiles, discovery of dwarf Galaxies, Galactic dust maps

• pan-STARRS: Hawaii, PS1 started operating in 2008.
• DES: Chile, started 2012.

• Gaia: launched October 2013. 
X-ray: GC environment, Fermi bubbles, pulsars, AGNs, star burst Galaxies

• nuSTAR: launched 2012.
Radio: pulsars, CR propagation, DM signatures

• SKA: construction 2016; to be built in South Africa and Australia.
Gamma rays/charged CRs:
• CTA

• Gamma-400
Neutrinos:

• Ice Cube/PINGU

• km3net

Future:

SKA

GAIA

CTA



 Focus on WIMPs

weak-scale mass + weak interactions → give automatically the correct 
abundance + have all the right properties for DM (caveats...)

• theoretical bias: “a simple, elegant, compelling explanation for a complex physical 
phenomenon” (R. Kolb)

• Large experimental effort and bulk of this talk! (Disclaimer: the field is richer: stellar 
neutrinos, axions...)
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FIG. 1. Limits on the abundance of PBH today, from ex-
tragalactic photon background (orange), femto-lensing (red),
micro-lensing by MACHO (green) and EROS (blue) and
CMB distortions by FIRAS (cyan) and WMAP3 (purple).
The constraints from star formation and capture by neu-
tron stars in globular clusters are displayed for !Glob.Cl.

DM =
2!103 GeVcm!3 (brown). The black dashed line corresponds
to a particular realization of our scenario of PBH formation.
Figure adapted from [56].

of the star in presence of the PBH gravitational field.
PBH of masses larger than 1018 kg are potentially ob-
servable [62]. Even if highly unlikely (1 event in ! 107

years for !PBH = !DM with MPBH ! 1012 kg), the
transit of PBH of masses MPBH

>! 1012 kg through or
nearby the Earth could be detected because of the seis-
mic waves they induce [63]. X-rays photons emitted by
non-evaporating PBH should ionize and heat the nearby
intergalactic medium at high redshifts. This produces
specific signatures in the 21cm angular power spectrum
from reionization, which could be detected with the SKA
radio-telescope [64]. For PBH of masses from 102M!

to 108M!, densities down to !PBH
>! 10"9 could be

seen. A PBH transiting nearby a pulsar gives an impulse
acceleration which results in residuals on normally or-
derly pulsar timing data [65, 66]. Those timing residuals
could be detected with future giant radio-telescope like
the SKA. The signal induced by PBH in the mass range
1019 kg <! MPBH

<! 1025 kg and contributing to more
than one percent to dark matter should be detected [66].
Binaries of PBH forming a fraction of DM should emit
gravitational waves; this results in a background of grav-
itational waves that could be observed by LIGO, DE-
CIGO and LISA [67, 68].

Finally, the recent discovery by CHANDRA of tens of
black hole candidates in the central region of the An-
dromeda (M31) galaxy [42–46] provides a hint in favor
of models of PBH with stellar masses. As detailed later
in the paper, such massive PBH can be produced in our
model. The CMB distortions and micro-lensing limits
could be evaded if PBH were less massive at the epoch of

recombination and then have grown mostly by merging
to form black holes with stellar masses today.

III. HYBRID-WATERFALL INFLATION

It has been shown recently that the original non-
supersymmetric hybrid model [31, 32] and its most well-
known supersymmetric realizations, the F-term and D-
term models [69, 70], own a regime of mild waterfall [36–
40]. Initially the field trajectories are slowly rolling along
a nearly flat valley of the multi-field potential. When tra-
jectories cross a critical field value, denoted "c, the po-
tential becomes tachyonic in the orthogonal direction to
the valley. In the mild-waterfall case, inflation continues
for more than 50 e-folds of expansion after crossing the
critical instability point and before tachyonic preheat-
ing [33] is triggered. This scenario has the advantage
that topological defects formed at the instability point
are stretched outside our observable patch of the Uni-
verse by the subsequent inflation.
According to Refs. [37–39], the mild waterfall can be

decomposed in two phases (called phase-1 and phase-2).
During the first one, inflation is driven only by the infla-
ton, whereas the terms involving the auxiliary field can be
neglected. At some point, these terms become dominant
and trajectories enter in a second phase. When the wa-
terfall lasts for much more than 50 e-folds, the observable
scales exit the Hubble radius in the second phase, when
trajectories are e"ectively single field and curvature per-
turbations are generated by adiabatic modes only. For
the three hybrid models mentioned above (original, F-
term and D-term), the observable predictions are conse-
quently modified and a red scalar spectral index is pre-
dicted (instead of a blue one for the original model fol-
lowed by a nearly instantaneous waterfall). If one denotes
by N# the number of e-folds between horizon exit of the
pivot scale k# = 0.05Mpc"1 and the end of inflation, the
scalar spectral index is given by ns = 1 " 4/N#, too low
for being within the 95% C.L. limits of Planck. Only
a low, non-detectable, level of local non-gaussianitiy is
produced, characterized by fNL # "1/N# [37].
When inflation continues during the waterfall for a

number of e-folds close but larger than 50 e-folds, the
pivot scale becomes super-Hubble during the phase-1.
Trajectories are not e"ectively single-field, and entropic
perturbations source the curvature perturbations [37].
This leads to a strong enhancement in the scalar power
spectrum amplitude, whose thus cannot be in agreement
with observations.
In this paper, we focus on an intermediate case, be-

tween fast and mild waterfall. We consider the regime
where inflation continues for a number of e-folds be-
tween about 20 and 40 after crossing the instability point.
There is a major di"erence with the previous case: ob-
servable scales leave the Hubble radius when field tra-
jectories are still evolving along the valley, when the
usual single-field slow-roll formalism can be used to de-


