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Fermi Observatory 
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Gamma-‐ray	  Burst	  
	  Monitor	  
Full-‐sky	  continuous	  	  
8	  keV	  -‐	  40	  MeV	  
	  

Large	  Area	  Telescope	  
20%	  sky	  at	  once	  
full	  sky	  every	  3	  hours	  
20	  MeV	  -‐>	  300	  GeV	  

Launch:	  June	  11	  2008	  
Nominal	  Operations:	  Aug	  4	  2008	  



Fermi Large Area Telescope 
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Anti-‐Coincidence	  Detector	  
Charged	  particle	  separation	  

CsI	  EM	  Calorimeter	  
𝛄	  energy	  

Si-‐Strip	  Tracker	  
convert	  𝛄￫e+e-‐	  
reconstruct	  direction	  

Trigger	  
rate:	  ~2.5	  kHz	  
read	  out:	  ~500	  Hz	  

1.8	  m	  x	  1.8	  m	  x	  0.7	  m	  



Fermi Large Area Telescope 
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Anti-‐Coincidence	  Detector	  
Charged	  particle	  separation	  

CsI	  EM	  Calorimeter	  
𝛄	  energy	  

Si-‐Strip	  Tracker	  
convert	  𝛄￫e+e-‐	  
reconstruct	  direction	  

Trigger	  
rate:	  ~2.5	  kHz	  
read	  out:	  ~500	  Hz	  

1.8	  m	  x	  1.8	  m	  x	  0.7	  m	  

Pass	  8:	  Released	  June	  24,	  2015	  	  
New	  Event	  Reconstruction/Selection	  

Public	  Data!	  



Fermi-LAT DM Search Targets 
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Satellites 
Low background and good 
source id, but low statistics, 
astrophysical background 

Milky Way Halo 
Large statistics but diffuse 
background 
 

Galactic Center 
Good Statistics but source 
confusion/diffuse background 

Extragalactic 
Large statistics, but astrophysics, 
galactic diffuse background  

Mitchell Workshop 

Spectral Lines 
No astrophysical uncertainties, good 
source id, but low sensitivity 
because of expected small BR 

Dark Matter simulation: Pieri+  
2011PhRvD..83b3518P 

Galaxy Clusters 
Low background, but low statistics 



Fermi-LAT: 7 Year Sky,  
Front-converting events > 1 GeV 

Gamma-ray Sky 
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Fermi-LAT: 7 Year Sky,  
Front-converting events > 1 GeV 

Gamma-ray Sky 
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Galactic Point Sources Isotropic GeV Sky 



The Inner Galaxy 

Hooper & Linden [arXiv:1110.0006] 

Hooper & Goodenough [arXiv:1010.2752] 

Abazajian & Kaplinghat [arXiv:1207.6047] 

Su & Finkbeiner [arXiv:1110.0006] 

•  The center of the Galactic dark matter 
halo is a promising target 
–  Deep gravitational potential 
–  Relatively nearby 

•  However, it is extremely complicated 
–  Diffuse emission from cosmic-ray 

interactions with Galactic gas and dust 
–  Densely populated by astrophysical 

sources (e.g., pulsars, SNR) 
–  Detected in other wavelengths (e.g., 

radio, X-ray, TeV) 
•  Topic of much study, both inside and 

outside the collaboration... 
–  Hooper & Linden (2011) 
–  Boyarski et al. (2011) 
–  Abazajian & Kaplinghat (2012) 
–  Gordon & Macias (2013) 
–  Abazajian et al. (2014) 
–  Daylan et al. (2014) 
–  etc. 
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Simulation of DM Sky 



GeV Excess in the Galactic Center 

•  Existence of a diffuse gamma-ray 
excess in the Galactic Center (GCE) 
with respect to standard 
astrophysical models is now well-
established; see e.g. Goodenough & 
Hooper 2009, Abazajian & 
Kaplinghat 2012, Gordon & Macias 
2013, Daylan+ 2014, Abazajian+ 
2014, Calore+ 2014, Ajello+ 2016 

•  Some consistencies have emerged 
for the properties of the GCE 
–  SED with peak at 1-3 GeV but 

with large systematic 
uncertainties on its precise 
shape 

–  Hard spectral tail extending to 
~100 GeV 

–  Spherically symmetric spatial 
distribution extending 10-20 
degrees from the GC 
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Figure 18. Same as in Figure 13, but with the spectrum of the NFW profile
modeled with a power-law per energy band over the 1 � 100 GeV range.
The envelopes include the fit uncertainties for the normalisation and spectral
indices.

through the line-of-sight to the GC.
The IEM fitting interior to the solar circle uses the tangent

ranges for positive and negative longitudes to obtain parame-
ters for the annuli 2 � 4 (Table 5). To examine the effect of
the azimuthal averaging, fits to the tangent ranges were made
for positive and negative longitudes to gauge the difference in
the parameters for the IEMs obtained when considering each
separately. The scaling factors for annulus 4 obtained when
fitting negative and positive longitude ranges were statistically
consistent 28 with those found when fitting both ranges com-
bined. For annuli 2 and 3 the fits to the positive and nega-
tive tangent longitude ranges result in scaling parameters that
differ by factors up to ⇠ 2 from each other, which is well
beyond the statistical uncertainty; the average value obtained
by fitting both tangent ranges together is approximately in-
between for the intensity-scaled IEMs over annuli 2 and 3.
For the index-scaled IEMs the spectral parameters are harder
or softer than the average when using the positive/negative
tangent ranges individually for annuli 2 � 4. However, there
is no clear trend and the over/under-prediction is not confined
to a particular energy interval.

The uncertainty for the IEM fore-/background flux toward
the GC due to the azimuthally averaged IEMs is difficult to
quantify precisely. A minimal estimate can be made from the
statistical uncertainty for the annulus 4 ⇡

0-decay flux for each
IEM, because the fit results for the combined tangent ranges
are within these uncertainties when fitted to the positive and
negative ranges individually. Above 1 GeV this is ⇠ 4⇥10

�8

ph cm�2 s�1 for the 15�⇥15

� region about the GC across all
IEMs. This is comparable to the fitted flux from annulus 1
⇡

0-decay or the TS < 25 point sources over the same region.
Any analysis employing the Galactocentric annulus decom-

position for the gas column densities is subject to the loss of
kinematic resolution for sight lines within l ⇠ ±12

� of the
GC/anti-GC. Appendix B of Ackermann et al. (2012a) details
the transformation of H I and CO gas-survey data into the col-
umn density distributions over Galactocentric annuli used in
this analysis, and employed by many others. The assump-

28 The average statistical uncertainty for the normalisation of each inter-
stellar emission component per annulus is ⇠ 10%, except for annuli 2 and 3;
see Appendix A.

tions made in the transformation for the site lines over the
15

� ⇥ 15

� region about the GC have an impact on the inter-
stellar emission and point sources in the maximum-likelihood
fitting and consequently the spatial distribution of residuals.
Approximations made interpolating the gas column density
across the l ± 10

� range can result in an incorrect gas density
distribution along the line-of-sight. Spurious point sources in
the analysis and structure in residuals can result from this be-
cause a higher/lower CR intensity compared to where the gas
should be placed is used in creating the interstellar emission
templates. The scaling procedure for the IEM then adjusts the
individual annuli potentially producing low-level artifacts due
to a combination of the effects described above.

To obtain an estimate of the uncertainties associated with
misplacement of the gas new maps of the column density
per annuli are created. 10% of the H I gas column density
is randomly displaced over the annuli and recombined with
the ⇡

0-decay emissivity 29 in each annulus to create modified
intensity maps for this process, which are summed to pro-
duce new fore-/background intensity maps. The 68% frac-
tional change per pixel from 100 such realisations for each
IEM is compared with the fore-/background resulting from
the scaling procedure (Sec. 3.1). Depending on the IEM and
energy range, variations from 1% to 15% in the intensity per
pixel for the fore-/background from the structured interstel-
lar emission across the 15

� ⇥ 15

� region are obtained, with
the largest for OBstars index-scaled and smallest for the Pul-
sar intensity-scaled IEM, respectively. Because of the some-
what arbitrary choice of the precise fraction of H I column
density30 that is redistributed over the annuli these variations
are illustrative rather than providing a true ‘systematic uncer-
tainty’ associated with the gas misplacement. Note that the
uncertainty is maximised toward the GC because it is furthest
away from the gas column density interpolation base points at
l ⇠ ±12

�.

6. SUMMARY
The analysis described in this paper employs specialised

IEMs that are fit to the �-ray data without reference to the
15

� ⇥ 15

� region about the GC. Finding point-source seeds
for the same region using a method that does not rely on de-
tailed IEMs, the source-seeds and IEMs are combined in a
maximum-likelihood fit to determine the interstellar emission
across the inner ⇠ 1 kpc about the GC and point sources
over the region. The overwhelming majority of �-ray emis-
sion from the 15

� ⇥ 15

� region is due to interstellar emission
and point sources. To summarise the results for these aspects
of the analysis:

• The interstellar emission over the 15

� ⇥ 15

� region is
⇠ 85% of the total. For the case of fitting only ‘stan-
dard’ interstellar emission processes and point sources
the fore-/background is ⇠ 80% with the remaining
⇠ 20% mainly due to IC from the inner region. The
contribution by the ⇡

0-decay process over the inner re-
gion is much less than the IC, with the relative contri-
butions by the H I- and CO-related emission suppressed
compared to the GALPROP predictions.

29 The contribution by CO-related ⇡

0-decay emission is the same as that
obtained from the scaling procedure.

30 Similar modifications of the CO column density distribution are not
explored because the detailed knowledge to make a truly informed estimate
is not available.

Ajello+ 2016 

Calore+ 2015 



Diffuse Modeling Systematics in the Inner Galaxy 

•  Improved understanding of the 
systematic uncertainties in the 
galactic diffuse emission is needed 
before the nature of the GCE can 
be conclusively determined 
–  Many uncertainties are unique 

to the Galactic Center 
–  Impact of simplifications made 

in CR propagation models (e.g. 
GALPROP) are difficult to 
quantify 

•  Models for astrophysical 
backgrounds produce residuals 
along the Galactic plane that are 
comparable in magnitude to the 
GCE 
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Figure 11. Flux absorbed by the GCE template when moving it, as well as the ROI, along the
Galactic disk in steps of �` = ±5�, for five di↵erent reference energies. The colored dots indicate the
flux for the GDE model that gives locally the best-fit (these models are listed in the bottom of the
plot), whereas the gray dots indicate the fluxes for all other models. The excess observed at the GC
is – at around 1–3 GeV – clearly the largest in the considered region, although other excesses exist as
well (see text for a discussion). Regions with |`| & 20� (indicated by the vertical dotted lines) will be
used as test regions for estimates of the empirical model uncertainties of the adopted GDE models.

models that provide gradual improvements when fitting the data. However, the extremely
small p-values that one obtains when fitting the data suggest that it is mandatory to study
the typical uncertainties of the GDE modeling in light of the data before drawing strong
conclusions from purely statistical fits. This is what we will do in the next subsection.

4.2 Empirical model systematics

The modeling of the GDE in the present analysis is entirely based on the numerical code
Galprop. The agreement between the GDE modeling and actual data in the inner Galaxy
is quite satisfactory, with typical residuals that are significantly smaller than the GCE (see
figures 9 and 10). However, in order to increase the confidence in these results and to study
the robustness of the inferred GCE spectrum, we will estimate typical residuals above the
Galprop predicted GDE by analyzing the di↵use emission from the Galactic disk, away from
the GC, in a systematic way.

– 25 –
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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

a↵ect the GCE spectrum at a similar level (see figure 14). However, theoretical model
uncertainties in the way we discussed them here are di�cult to interpret in a purely statistical
sense, since the TS values that we find for fits with our 60 GDE models di↵er 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 di↵erent GDE models, this is well justified. We checked explicitly that
using di↵erent 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
su�ciently 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 –

Calore+ 2014 
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Projected Upper Limits from a 15-year GC Analysis for Different Levels of Modeling Uncertainty 

Studies of control regions along Galactic plane suggest 
fsyst ~ 1% to 5% (depending on energy) 



Modeling the GCE with Pass 8 

•  Inner Galaxy analysis based on 6.5 years of Pass 8 data 
•  Background modeling uncertainties are explored by studying templates for 

different diffuse astrophysical emission components in the inner Galaxy 
•  DM interpretation of the GCE evaluated using an assessment of the 

background model systematics derived from control regions along the 
Galactic plane 

Mitchell Workshop 5/25/16 14 

Reference model templates

• Baseline templates:
– Gas correlated (π0 decay, bremsstrahlung) 

GALPROP in 5 rings
• Separate H I and CO templates (trace atomic 

and molecular hydrogen)
– Inverse Compton (starlight, IR, CMB) - 

GALPROP
– Loop I (Wolleben, arXiv:0704.0276)

– Isotropic
– Fermi Bubbles (Fermi collaboration, arXiv:1407.7905)

– Point Sources
• Derived with Pass 8 data
• The cores of 300 bright PS are masked

– Sun / Moon (Fermi science tools)

R [kpc]

0 – 1.5
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8 – 10 

10 – 50 

Inner

Local

Outer

• Excess template:
– Model as for DM annihilation, generalized NFW profile (gNFW), 

index 1.25 (slightly contracted) 5

Fractional residual, no excess 
template included in fit

Fractional residual, 1.1 – 6.5 GeV

Preliminary

Preliminary

Baseline Model Residuals 



Inner Galaxy DM Limits 
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Thermal Relic Cross Section 



radius of 25 dwarf spheroidal satellite galaxies Fig. 1. The
CLEAN event class was chosen to minimize particle back-
grounds while preserving effective area. At high Galactic
latitudes in the energy range from 1 to 500 GeV, the particle
background contamination in the CLEAN class is ∼30%
of the extragalactic diffuse γ-ray background [28], while
between 500 MeV and 1 GeV the particle background
is comparable to systematic uncertainties in the diffuse
Galactic γ-ray emission. Studies of the extragalactic γ-ray
background at energies greater than 500 GeV suggest that at
these energies the fractional residual particle background is
greater than at lower energies [30]. To reduce γ-ray con-
tamination from the bright limb of the Earth,we reject events
with zenith angles larger than 100° and events collected
during time periods when the magnitude of rocking angle
of the LAT was greater than 52°.
We create 14° × 14° regions-of-interest (ROIs) by bin-

ning the LAT data surrounding each of the 25 dwarf
galaxies into 0.1° pixels and into 24 logarithmically-spaced
bins of energy from 500 MeV to 500 GeV. We model the
diffuse background with a structured Galactic γ-ray emis-
sion model (gll_iem_v05.fit) and an isotropic contribution
from extragalactic γ rays and charged particle contamina-
tion (iso_clean_v05.txt).1 We build a model of pointlike
γ-ray background sources within 15° of each dwarf galaxy
beginning with the second LAT source catalog (2FGL)
[27]. We then follow a procedure similar to that of the
2FGL to find additional candidate pointlike background
sources by creating a residual test statistic map with
pointlike [27]. No new sources are found within 1° of
any dwarf galaxy and the additional candidate sources have
a negligible impact on our dwarf galaxy search. We use the

P7REP_CLEAN_V15 instrument response functions
(IRFs) corresponding to the LAT data set selected above.
When performing the Bayesian analysis in Sec. VII, we
utilize the same LAT data set but follow different data
preparation and background modeling procedures, which
are described in that section.

III. MAXIMUM LIKELIHOOD ANALYSIS

Limited γ-ray statistics and the strong dependence of the
LAT performance on event energy and incident direction
motivate the use of a maximum likelihood-based analysis
to optimize the sensitivity to faint γ-ray sources. We define
the standard LAT binned Poisson likelihood,

Lðμ; θjDÞ ¼
Y

k

λnkk e−λk

nk!
; (1)

as a function of the photon data, D, a set of signal
parameters, μ, and a set of nuisance parameters, θ. The
number of observed counts in each energy and spatial bin,
indexed by k, depends on the data, nk ¼ nkðDÞ, while the
model-predicted counts depend on the input parameters,
λk ¼ λkðμ; θÞ. This likelihood function encapsulates infor-
mation about the observed counts, instrument performance,
exposure, and background fluxes. However, this likelihood
function is formed “globally” (i.e., by tying source spectra
across all energy bins simultaneously) and is thus neces-
sarily dependent on the spectral model assumed for the
source of interest. To mitigate this spectral dependence, it is
common to independently fit a spectral model in each
energy bin, j (i.e., to create a spectral energy distribution
for a source) [31]. This expands the global parameters μ
and θ into sets of independent parameters fμjg and fθjg.
Likewise, the likelihood function in Eq. (1) can be
reformulated as a “bin-by-bin” likelihood function,

FIG. 1 (color online). Known dwarf spheroidal satellite galaxies of the Milky Way overlaid on a Hammer-Aitoff projection of a 4-year
LAT counts map (E > 1 GeV). The 15 dwarf galaxies included in the combined analysis are shown as filled circles, while additional
dwarf galaxies are shown as open circles.

1http://fermi.gsfc.nasa.gov/ssc/data/access/lat/BackgroundModels
.html.

M. ACKERMANN et al. PHYSICAL REVIEW D 89, 042001 (2014)

042001-4

Dwarf Spheroidal Galaxies 
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Dwarf spheroidal galaxies (dSphs) are highly DM-dominated systems orbiting 
the MW at typical distances of 25-100 kpc 

Mitchell Workshop 

Included/Excluded in  
Composite LAT Analysis 
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Dwarf Search with Six Years of LAT Data 
Ackermann+ PRL 115 231301 (2015)  

•  A sample of 15 known 
dSphs were analyzed for 
evidence of DM 
annihilation signals using 
6 years of Pass 8 LAT 
data 

•  No detection in the 
combined sample or from 
any individual dSph 

 
•  Observed limits are in 

good agreement with 
expectation bands from 
randomized control 
regions 

5/25/16 17 Mitchell Workshop 

Pass 7 Limit 

Pass 8 Limit 

Expectation bands from 
analysis of randomly-selected, 
high-latitude control regions 

Ackermann et al. 2015, arXiv:1503.02641 
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Ackermann et al. 2015, arXiv:1503.02641 

Models with thermal relic cross 
section excluded for masses up 
to 100 GeV Begins to constrain WIMP interpretations 

of the Galactic Center Excess 



Finding New Satellites 

•  New optical surveys 
such as DES and 
PanSTARRS are rapidly 
increasing the number 
of dSphs 

•  Because the LAT 
surveys the entire sky 
these systems can be 
immediately 
incorporated into future 
stacking analyses 

Mitchell Workshop 5/25/16 19 

Discovery Timeline

SDSS Begins

DECam Installed

DES Year 1

DES Year 2



Gamma-ray Follow-up of New Candidates 
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Search for Gamma Rays

38

C
ounts



Gamma-ray Follow-up of New Candidates 
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Search for Gamma Rays

39

32 kpc 
44 kpc 
214 kpc 



Multi-messenger Constraints 

•  Multi-messenger and multi-wavelength 
data are an important ingredient in a 
comprehensive DM search strategy 
–  Positrons 
–  Antiprotons 
–  Neutrinos 
–  Radio 
–  X-ray 

•  These data also provide an additional 
avenue for confirming or disproving 
gamma-ray signals 

Mitchell Workshop 5/25/16 22 

First&results&&
from&the&Alpha&Magne4c&Spectrometer&&

on&the&Interna4onal&Space&Sta4on&
 

Stanford University/SLAC,   11 April 2013               A.Kounine/MIT    



Positrons 

•  AMS-02 confirms the rise in the 
positron fraction first measured by 
PAMELA and Fermi-LAT with high 
statistical precision 

•  Challenges for DM interpretation 
–  Require Leptophilic models 
–  Large non-thermal cross 

sections 
–  Tension with gamma-ray 

constraints (Lopez+ 2016, 
arxiv:1501.01618) 

•  Astrophysical models can also 
explain a rising fraction 
–  Local pulsar sources 
–  Acceleration of secondaries in 

SNR 

5/25/16 23 Mitchell Workshop 
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Figure 1: A compilation of recent and less recent data in charged cosmic rays. Left: positron fraction.
Right: sum of electrons and positrons.

remnants etc: this possibility is discussed in detail in several contributions to these ICRC 2015
proceedings [18, 19, 20, 21]. It is however very tempting to try and read in these ‘excesses’ the
signature of DM.

Indeed, as already mentioned above, the DM particles that constitute the DM halo of the Milky
Way are expected to annihilate (or perhaps decay) into pairs of primary SM particles (such as bb̄,
µ+µ�, t+t�, W+W� and so on) which, after decaying and through the processes of showering
and hadronizing, give origin to fluxes of energetic cosmic rays: e�,e+, p̄ (and also g-rays, n ...). De-
pending on which one has been the primary SM particle, the resulting spectra differ substantially in
the details. Generically, however, they feature a ‘bump’-like shape, characterized by a high-energy
cutoff at the DM particle mass and, for e± in particular, a softly decreasing tail at lower energies.
It is thus very natural to expect a DM source to ‘kick in’ on top of the secondary background and
explain the e± excesses. The energy range, in particular, is tantalizingly right: the theoretically
preferred TeV-ish DM would naturally give origin to TeV and sub-TeV bumps and rises.

The e�, e+ and p̄ produced in any given point of the halo propagate immersed in the turbulent
galactic magnetic field. This is exactly analogous to what ordinary charged cosmic rays do (with
the only difference that ordinary CRs are mainly produced in the disk). The field consists of
random inhomogeneities that act as scattering centers for charged particles, so that their journey
can effectively be described as a diffusion process from an extended source (the DM halo) to some
final given point (the location of the Earth, in the case of interest). While diffusing, charged CRs
experience several other processes, and in particular energy losses due to synchrotron radiation,
Inverse Compton Scattering (ICS) on the low energy photons of the CMB and starlight, Coulomb
losses, bremsstrahlung, nuclear spallations... . The transport process is solved numerically or semi-
analytically using codes such as GALPROP [22], DRAGON [23], USINE [24], PICARD [25].

The source, DM annihilations or decays, follows r(~x), the DM density distribution in the

4



Antiprotons 

•  PAMELA and AMS-02 antiproton 
spectra are both compatible with 
secondary production models 

•  Several papers report limits from 
antiprotons that exclude or are in 
strong tension with the GCE 
WIMP interpretation (Cirelli+ 
2014, Bringmann+ 2014) 

•  However, there are large 
uncertainties in modeling both 
expected signal and background 
fluxes  
–  Galactic Propagation model 
–  Solar modulation 
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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 di↵erent 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 di↵erent from those of the primaries. However, the discrepancy is not
very large. We also notice for completeness that an additional source of uncertainty a↵ects 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 a↵ect 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 �

F

, expressed in GV. As already mentioned in the introduction, the value taken by �
F

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 �

F

vary in a wide
interval roughly centered around the value of the fixed Fisk potential for protons �p

F

(analo-
gously to what done in [25], approach ‘B’). Namely, �

F

= [0.3, 1.0] GV ' �p

F

± 50% �p

F

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

6
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Future for Indirect Searches 

•  More Data 
–  Fermi-LAT is anticipated to 

operate for at least 10 years   
–  AMS-02 will continue to 

collect data and provide 
improved precision at higher 
energies 

•  New Targets 
–  Current and upcoming optical 

surveys (DES, LSST) will 
enlarge the sample of dwarf 
galaxy targets 

•  New and Future Instruments 
–  HAWC 
–  Cherenkov Telescope Array 
–  GAPS (Antideuteron Search) 
–  DAMPE (Gamma-ray Space 

Telescope) 

5/25/16 25 

Cherenkov Telescope Array (CTA) 

Mitchell Workshop 

Indirect Dark Matter Searches 

10/14/14 7 SLAC Experimental Seminar 

HAWC & CTA

Wide FOV Moderate FOV

Medium sensitivity High sensitivity

M d t l ti Hi h l tiModerate resolution High resolution

100% duty cycle 15% duty cycle

N hemisphere N & S hemispheresN hemisphere N & S hemispheres

Complementary Capabilities !p y p
We can envision many ways to collaborate effectively

HAWC 
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Summary of Projected Limits for b-quark Channel, for 15 Years of Data 



Comparison with Other Indirect-Detection 
Methods 

•  With 15 years of data the LAT would: 
•  Have the best sensitivity for indirect detection up to 800 GeV (b-quark channel) 
•  Probe the thermal relic cross section up to > 400 GeV (b-quark channel) 
•  Confirm or rule out a DM-interpretation of the GeV excess 27 

Comparison of LAT Projected Limits with Other Indirect-detection Limits for b-quark Channel 



Role of Indirect Detection Dark Matter Searches 

28 

•  Compared to collider searches: indirect detection is sensitive to high mass 
scales (particles already exist, stable final state particle spectrum peaks at 
~10% of mχ) 

•  Compared to direct detection: indirect detection is sensitive to annihilation 
rather than scattering off of nuclei (i.e., more sensitive when χ couples 
more to heavy quarks and vector bosons than to light quarks and gluons) 
5/25/16 Mitchell Workshop 



6 Complementarity: Putting It All Together

Now that we have provided an overview of the various dark matter searches that form
our analysis, we can combine them to see what they (will) reveal about the nature of the
neutralino LSP as DM [51] and, more generally, the pMSSM itself. Since we only have 14
TeV results for the ⇠ 30.7k neutralino LSP models that survive the 7 + 8 TeV searches and
have mh = 126± 3 GeV (because of CPU limitations as described above), the main results
presented below will only make use of the 7 + 8 TeV LHC searches listed in Table 2. We
will also present some indicative results showing the sensitivity of the combined 7, 8, and 14
TeV LHC analyses for the subset of neutralino LSP models with mh = 126± 3 GeV.

Figure 10: Comparisons of the sensitivity of the various searches, color-coded as indicated,
in the LSP mass-scaled SI cross section plane for the pMSSM model sample as discussed in
the text. The anticipated SI limit from LZ is shown as a guide to the eye.

Figure 10 shows the survival and exclusion rates resulting from the various searches and

21

Complementarity of DM Searches 
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Projected SI limit from  
1 ton DD (1000 days) 

Mitchell Workshop 

Cahill-Rowley+ 2014 
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Comparison of LAT Current Limits with Direct-Detection and Collider Limits for b-quark Channel  

Conversion of  direct detection and collider  
limits following EFT methodology of Bauer+  2015PDU.....7...16B 
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Conclusions 

•  This is an exciting era for indirect DM searches 
–  Many targets are now probing the preferred phase space of 

thermal relic WIMP models 
–  Conclusive evidence will probably require confirmation with 

multiple targets and/or messengers 

•  Interpretation of the GCE remains challenging 
–  WIMP interpretation in mild tension with dwarf galaxy limits and 

antiproton measurements 
–  Further progress will require more accurate models for the 

galactic diffuse emission and quantification of its uncertainties  

•  Indirect Detection will continue to play a complementary role in the 
hunt for DM with direct and collider searches 
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Isotropic Gamma-ray Background 
Ackermann+ 2015 ApJ, 799, 86 

•  The Isotropic Gamma-ray Background (IGRB) is the residual intensity that remains 
after subtracting all known sources of gamma-ray emission (diffuse and pointlike) 

•  Latest measurement using 4 years of P7REP data  
–  Extends energy range to 100 MeV – 820 GeV 
–  Careful analysis of systematics including uncertainties from galactic foreground 

modeling 
–  A high-energy cutoff is significantly detected at ~250 GeV 
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Markus Ackermann  |  5th Fermi Symposium, Nagoya |  23/10/2014  |  Page  

The IGRB spectrum.

> Error bars:
statistical error 
+ syst. error from effective 

area parametrization
+ syst. error from CR 

background subtraction

> Yellow band: 
systematic uncertainties 
from foreground model 
variations.

9

> IGRB spectrum can be parametrized by single power-law + exponential cutoff.
> Spectral index ~ 2.3 , cutoff energy ~ 250 GeV.
> It is not compatible with a simple power-law (χ2 > 85).

Low-energy analysis High-energy analysis



DM Limits from the IGRB 
Ackermann+ JCAP (2015) 09, 008 
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Use two independent approaches (Halo 
Model and Power Spectrum) to estimate the 
cosmological flux multiplier à theoretical 
uncertainty reduced from ~103 to ~17 
 
Conservative Limits: No background 
subtraction 
Optimistic Limits: Assume that all Galactic 
and extragalactic astrophysical contributions 
can be accurately modeled 

Mitchell Workshop 
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Figure 5. Examples of DM-produced gamma-ray spectra which are at the border of being
excluded by our 2� conservative limits. The WIMP mass and its annihilation channel is
given in the upper left corner of each panel. The normalizations of the extragalactic signal
and of the Galactic substructure signal are given by our benchmark HM model, as defined
in section 2.1. Data points are in black, and the black lines show the upper and lower
envelopes of the systematic uncertainties defined as the scatter among the di↵erent IGRB
spectra derived in ref. [8].

In figures 5 and 6 we show illustrative examples of DM-induced spectra which
have DM annihilation cross sections at the size of our 95% CL exclusion limits by our
conservative approach and our sensitivity reaches, respectively.

3.4 Limits on WIMP annihilation cross sections

In this work, we stay agnostic about the nature of the DM particle and consider generic
models in which DM annihilates with 100% branching ratio into bb̄, W+W�, ⌧+⌧� or
µ+µ� channels. For the first two channels, we consider only prompt emission and do
not include any secondary gamma rays coming from the DM-induced electrons that
up-scatter CMB photons by IC. Even for the heaviest DM masses we consider, the
prompt emission is soft enough here to contribute significantly within the energy range
of the measured IGRB – while the IC can be ignored because it only induces emission
at much lower energies where the IGRB flux is higher. For ⌧+⌧� and µ+µ� channels,
instead, the prompt emission is harder and peaks significantly above the energy range
for which the IGRB has been measured for our highest DM masses. In these cases the
IC (which is also harder than for the previous two channels) contributes significantly
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Figure 8. DM annihilation cross section sensitivity reach (95% CL). Green solid line shows
sensitivity obtained in our fiducial HM scenario described in section 2.1, and assumes the
reference contribution from the Galactic subhalo population; see section 2.4 (‘HM, SS-REF’
case in the panels). The broad green band labeled as ‘PS (min!max), SS-REF’ shows
the theoretical uncertainty in the extragalactic signal as given by the PS approach of sec-
tion 2.2. The orange dashed line (‘HM, SS-MIN’), with its corresponding uncertainty band
(‘PS (min!max), SS-MIN’), refers instead to the cross-section sensitivity obtained when the
Milky Way substructure signal strength is taken to its lowest value as calculated in ref. [35].
For comparison, we also include other limits derived from observations with Fermi LAT [9, 11]
and imaging air Cherenkov telescopes [99, 100].

contribution from the Galactic subhalo population (‘HM, SS-REF’ case in the panels).
For the bb̄ (⌧+⌧�) channel, the di↵erences are of about factors 9, 25, 11, 3 (26, 9, 4, 3)
at 10 GeV, 100 GeV, 1 TeV, 10 TeV.

For low WIMP masses, the full spectral shape of the IGRB is a↵ected by the
WIMP signal, and hence the sensitivity reach, assuming a known spectral shape for
the astrophysical contributions to the IGRB, places stronger limits, whereas for the
largest WIMP masses only the last point(s) in the IGRB spectrum is a↵ected and the
two approaches are more similar.22

For the largest WIMP masses considered, the signal from Galactic substructures

22If we omit the last data point, we find that both conservative limits and cross-section sensitivity
for the bb̄ channel worsen by <⇠ 30% at 5 TeV mass going up to a factor of ⇠ 2 for masses between 10
and 30 TeV. In the case of the harder ⌧+⌧� channel, limits and sensitivity reach progressively weaken
by a factor ⇠ 2 to 4 between 2 and 30 TeV, respectively.
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⌧+⌧� channels were also derived, and can be found in Appendix B.
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Figure 7. Upper limits (95% CL) on the DM annihilation cross section in our conservative
procedure. From top to bottom and left to right, the limits are for the bb̄, W+W�, ⌧+⌧� and
µ+µ� channels. The red solid line shows limits obtained in our fiducial HM scenario described
in section 2.1, and assumes the reference contribution from the Galactic subhalo population;
see section 2.4 (‘HM, SS-REF’ case). The broad red band labeled as ‘PS (min!max), SS-
REF’ shows the theoretical uncertainty in the extragalactic signal as given by the PS approach
of section 2.2. The blue dashed line (‘HM, SS-MIN’) , with its corresponding uncertainty
band (‘PS (min!max), SS-MIN’), refers instead to the limits obtained when the Milky
Way substructure signal strength is taken to its lowest value as calculated in ref. [35]. For
comparison, we also include other limits derived from observations with Fermi LAT [9, 11]
and imaging air Cherenkov telescopes [99, 100].

From theoretical considerations, various DM particle candidate masses span a
huge range. For thermally produced WIMPs, however, the Lee-Weinberg limit restricts
the mass to be above few GeV [101] and unitarity considerations bound it to be below
⇠ 100 TeV [102]. Interestingly, we are able to constrain signals for WIMP masses
up to ⇠ 30 TeV because the IGRB measurement now extends up to 820 GeV. For
DM particle masses above ⇠ 30 TeV, we start to probe the low-energy tail of the
DM spectra and thus we lose constraining power rapidly. Furthermore, extragalactic
WIMP signals are heavily suppressed at the highest energies as the optical depth is
very large for such gamma rays.

It is interesting to compare the conservative limits of figure 7 to the cross-section
sensitivities in figure 8, at least for the case of our fiducial HM scenario and the reference
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Pass 8: Improving the LAT Performance 

•  Pass 8 is a complete revision of 
the LAT event-level reconstruction 
and classification 
–  Increased point-source 

sensitivity at all energies 
(30-40% at 1-10 GeV) 

–  Large increase in acceptance 
at very low and very high 
energies (< 100 MeV and > 
100 GeV) 

•  Impact on dark matter searches 
–  Energy Range: Extend reach 

to lower and higher masses 
–  Angular Resolution: Better 

sensitivity to angular extension 
–  Improved sensitivity for all DM 

channels 
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Discovery Volume for DM Signals from Dwarf 
Galaxies 

•  Assuming dSph J-factor scaling with distance we could currently expect a 5σ 
signal for 100 GeV DM at the thermal relic cross section in the b-quark channel 
for any new dSph within 8 kpc (a volume of 2100 kpc3) 

•  With 15 years of data that increases to V > 4200 kpc3; i.e., doubles the discovery 
volume. 

•  At higher masses, where the sensitivity is signal limited, doubling the data 
increases the discovery volume by (15/6)1.5 ~ 4.0 
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