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New era in TeV dark matter gamma-ray search  
(what we learned from the Fermi LAT and prospects for the CTA)  

Gabrijela Zaharijas
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The status of  DM search 

Thermal WIMP

LHC

XENON

H.E.S.S.

EFT assumed

• Good complementarity between 
direct, collider and indirect 
search 

• WIMPs, ‘not even slightly’ ruled 
out (Leane+, PRD (2018))  

• TeV mass domain not yet 
explored 



Cherenkov Telescope Array (CTA)  
- one of the biggest projects in high energy astrophysics 

Holds promise of exploring the thermal WIMP TeV+ region.
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CTA Key Science Projects

Adapted from  W. Hofmann!Adapted from W. Hofmann!
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Consortium Membership

September 2018

p

p

31  Countries
202 Institutes202  Institutes

1451  Members (508 FTE)
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Prod-3 CTA-N layout optimization

CTA-N layout 
 optimization

[credit: T. Hassan, 
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RE ASSESSMENT OF REQUESTEDRE-ASSESSMENT OF REQUESTED 
OBSERVING TIMES FOR CORE PROGRAMME

Rene Ong

PHYS MeetingPHYS Meeting

Milano, 7 March 2017

CTA-S location (Paranal)
Credit: Rene Ong

Live cam!

Inaugurated on Oct 10!

APOD, Oct 18
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CTA  
Performance

Fermi LAT H.E.S.S.H.E.S.S.
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H.E.S.S.

Focusing at the Galactic CentreGalactic Centre

Fermi PSF CTA PSF

8° CTA FoV
Slide courtesy of L. Tibaldo

Fermi PSF
(50 GeV) HESS PSF

(3 TeV)

CTA PSF
(3 TeV)

ArchesArches

testtest
GCGC

QuintupletQuintuplet

Spitzer
Credit: NASA/JPL Caltech
+ Fermi bubbles
Ackermann+ 2017 ApJ 840 43A

VLA + Spitzer + Chandra
Wang+ 2010 MNRAS 492 895

Sgr A*

HESS localisation
uncertainty CTA localisation

� wealth of VHE diffuse emission & sources, 
including the only known PeVatron

uncertainty� giant particle outflow (Fermi bubbles)
� ideal region for dark matter searches

The brightest point 
on the dark matter 
gamma-ray sky

DM template
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The CTA’s DM Sensitivity in Previous Studies

Science with the CTA

Silverwood et al.,  JCAP 2015.03: 055

Lefranc et al., Phys. Rev. D 91, 122003
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H.E.S.S.

CTA DM sensitivity @GC in previous analyses

[slide courtesy of C. Eckner]

arXiv:1709.07997
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The CTA’s DM Sensitivity in Previous Studies

Science with the CTA

Silverwood et al.,  JCAP 2015.03: 055

Lefranc et al., Phys. Rev. D 91, 122003
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H.E.S.S.

Combined message:  
→ CTA can reach <σv>therm for DM masses ~ 1 TeV  
→ morphological studies seem to outperform ON/OFF-analyses  
→ systematic uncertainties dominate the sensitivity to DM  

However, these studies ... 
– did not use the planned observational strategy of CTA  
– are based on simplified/outdated CTA instrument response functions  
– make simplistic assumptions about the astrophysical diffuse emission in that 
region.  

 
What is the realistic DM sensitivity, given state-of-the-art 
models of Galactic diffuse emission (GDE), Instrumental Response 
Functions (IRFs) and CTA’s observational strategy?  

CTA DM sensitivity @GC in previous analyses
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H.E.S.S.

CTA Consortium paper on DM sensitivity at the Galactic Centre 

- status report 
Input:  
→ CR backgrounds: 500h GC survey observation, prod3IRFs and CTOOLs  
→ GDE   
→ DM 
→ point sources, Fermi bubbles…
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Figure 2. Background fluxes relevant for our analysis. Isotropic CR backgrounds are shown in black:
protons with an assumed cut e ciency of ⌅p = 10�2 (black dotted), electrons (black dashed), and
total isotropic CR backgrounds (black solid). Galactic di⌃use emission (GDE) is shown in red, and
an example spectrum of DM annihilating to gamma-rays via bb̄ is shown in green. We give the DM
and GDE curves for the ON and OFF regions defined in the Ring Method, as described in Section 3.
Beyond 500GeV, we extrapolate the GDE spectrum using a simple power law.

4.2 Di↵use gamma-ray background

In 2006 the HESS telescope discovered di⌃use gamma-ray emission from the GC at energies
of 0.2–20TeV [53]. The emission was found to be correlated with molecular clouds in the
central 200 pc of the Milky Way, and is confined to Galactic latitudes |b| < 0.3� and longitudes
|⇠| < 0.8�. The spectrum suggests a hadronic origin. The absence of evidence for di⌃use
emission outside this window strongly influenced the choice of search regions for DM signals
in previous analyses [34, 36].

Below 100GeV, the GDE has been measured extremely well by the Fermi -LAT [54].
At these energies, it is expected to be dominated by ⌥0 decay from proton-proton interaction
and bremsstrahlung. Di⌃use gamma rays below 100GeV are an important background in
searches for TeV-scale DM, particularly with CTA, which will have an energy threshold of
tens of GeV.

To estimate the amount of GDE in di⌃erent sky regions, and to study its impact on
DM searches at the GC, we adopt the P7V6 GDE model by the LAT team. This model
extends up to 500GeV, above which we use a simple power-law extrapolation.5 We leave
a more detailed study of prospects for a combined CTA + Fermi -LAT di⌃use analysis for

5This is not relevant to our discussion except at very high DM masses, close to 10TeV. See http://fermi.
gsfc.nasa.gov/ssc/data/access/lat/BackgroundModels.html for details on the BG model.

– 8 –

CR background
GDE

DM (thermal)

[Silverwood+, JCAP (2015)]



H.E.S.S.

CTA Consortium paper on DM sensitivity at the Galactic Centre 
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Input:  
→ CR backgrounds: 500h GC survey observation, prod3IRFs and CTOOLs  
→ GDE: based on Gaggero, D. +, PRL(2017), ‘gamma-’ and ‘base-’ models   
→ DM 
→ point sources, Fermi bubbles…
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CTA Consortium paper on DM sensitivity at the Galactic Centre 
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GDE
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bbar

τ+τ-

W+W- w/o
 EW corr. W+W- with

 simpliBed EW corr.

Dark Matter Annihilation Spectra

spectra taken from Cirelli et al., arXiv:1012.4515  (“PPPC”)

Harder spectrum, increased CTA sensitivity

Spatial distribution: 
• Cusp (Einasto, NFW) 
• Ein smoothed with 500 pc core 
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EinastoB 0.11 35.24 0.021
Isothermal � 4.38 1.387
Burkert � 12.67 0.712
Moore � 30.28 0.105

Figure 1: DM profiles and the corresponding parameters to be plugged in the functional forms
of eq. (1). The dashed lines represent the smoothed functions adopted for some of the computations
in Sec. 4.1.3. Notice that we here provide 2 (3) decimal significant digits for the value of rs (⇢s):
this precision is su�cient for most computations, but more would be needed for specific cases, such
as to precisely reproduce the J factors (discussed in Sec.5) for small angular regions around the
Galactic Center.

Next, we need to determine the parameters rs (a typical scale radius) and ⇢s (a typical
scale density) that enter in each of these forms. Instead of taking them from the individual
simulations, we fix them by imposing that the resulting profiles satisfy the findings of
astrophysical observations of the Milky Way. Namely, we require:

- The density of Dark Matter at the location of the Sun r� = 8.33 kpc (as determined
in [48]; see also [49] 3) to be ⇢� = 0.3 GeV/cm3. This is the canonical value routinely
adopted in the literature (see e.g. [1, 2, 51]), with a typical associated error bar of
±0.1 GeV/cm3 and a possible spread up to 0.2 ! 0.8 GeV/cm3 (sometimes refereed
to as ‘a factor of 2’). Recent computations have found a higher central value and
possibly a smaller associated error, still subject to debate [52, 53, 54, 55].

- The total Dark Matter mass contained in 60 kpc (i.e. a bit larger than the distance to
the Large Magellanic Cloud, 50 kpc) to be M60 ⌘ 4.7⇥ 1011M�. This number is based
on the recent kinematical surveys of stars in SDSS [56]. We adopt the upper edge of
their 95% C.L. interval to conservatively take into account that previous studies had
found somewhat larger values (see e.g. [57, 58]).

The parameters that we adopt and the profiles are thus given explicitly in fig. 1. Notice that
they do not di↵er much (at most 20%) from the parameter often conventionally adopted in
the literature (see e.g. [2]), so that our results presented below can be quite safely adopted
for those cases.

of spherical symmetry, in absence of better determinations, seems to be still well justified. Moreover, it is
the current standard assumption in the literature and we therefore prefer to stick to it in order to allow
comparisons. In the future, the proper motion measurements of a huge number of galactic stars by the
planned GAIA space mission will most probably change the situation and give good constraints on the
shape of our Galaxy’s DM halo, e.g. [46], making it worth to reconsider the assumption. For what concerns
the impact of non-spherical halos on DM signals, charged particles signals are not expected to be a↵ected,
as they are sensistive to the local galactic environment. For an early analysis of DM gamma rays al large
latitudes see [47].

3The commonly adopted value used to be 8.5 kpc on the basis of [50].

6

Input:  
→ CR backgrounds: 500h GC survey observation, prod3IRFs and CTOOLs  
→ GDE: based on Gaggero, D. +, PRL(2017), ‘gamma-’ and ‘base-’ models   
→ DM: spectrum (PPPC4DMID) and morphology (CLUMPY) 
→ point sources, Fermi bubbles… (ongoing)
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CTA Consortium paper on DM sensitivity at the Galactic Centre 

- status report 
Analysis:  
→ Morphological  
→ ON/OFF: hard in presence of bright diffuse emission
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Methodology – Statistical Framework

Final Objective: 
   Comparison of DM limits derived from

     a) binned likelihood analysis (current stage)
     b) standard ON/OFF - approach 

Likelihood function (including systematics 7 2
ij
, 3

i
) 

(energy bins) (spatial bins)

7 using mock data  n  (Asimov data set)

Residual Instrumental 
Background (CR) Galactic DiCuse Emission (GDE)Dark Matter (DM) Signal

Syst uncertainty in 
the ‘default’ approach 
- each pixel&en bin 
can independently 
fluctuate by 𝛂 (~1%). 

ON/OFF



H.E.S.S.

CTA Consortium paper on DM sensitivity at the Galactic Centre 

- status report 
Some results:  
→ with Morphological analysis, CR+GDE +1 % systematics

  

Preliminary Results – Dark Matter Limits

Consider the WW – channel with simpliCed EW corrections …

      6 Can we reduce the systematic uncertainty due to our ignorance about the shape and   
          spectrum of the GDE with a mask?                 For now: |b| < 0.25° 
           

preliminary

CR

CR + GDE (GammaModel) 

DM@GC - Prospects for the CTA                                                                                                                                                               13

CR+GDE+1%syst+mask

WW
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- status report 
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Preliminary Results – Dark Matter Limits

Pixel-to-pixel systematics have the largest impact on the DM limits within our 

approach.

    7 How do diCerent annihilation channels compare? 

preliminary

CR + GDE (GammaModel) + 1% systematics bbar

T+T-
W+W- w/o EW corr.

W+W- with simpliCed EW corr.

CR+GDE+1%syst

Some results:  
→ with Morphological analysis, CR+GDE +1 % systematics
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CTA Consortium paper on DM sensitivity at the Galactic Centre 

- status report 

CR+GDE+1%syst

How do different DM density profiles compare?

Ein

NFW

Ein+500pc

Preliminary

WW

Some results:  
→ with Morphological analysis, CR+GDE +1 % systematics
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- status report 

  

Preliminary Results – Dark Matter Limits

Consider the WW – channel with simpliCed EW corrections …

      7 Assume “perfect” modelling of the diCuse emission with the GammaModel template. 
      7 What is the eCect of varying the level of pixel-to-pixel systematics? 

preliminary

CR + GDE (here : GammaModel) 
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3% systematics

1% systematics

0.3% systematics

Underlying assumption:
perfect knowledge of the GDE‘s morphology

Some results:  
→ with Morphological analysis, CR+GDE +1 % systematics
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3% systematics

1% systematics

0.3% systematics

Underlying assumption:
perfect knowledge of the GDE‘s morphology

H.E.S.S.

CTA Consortium paper on DM sensitivity at the Galactic Centre 

- status report 

‘Take-home’ message: 
- systematic 
uncertainty the most 
critical parameter. 

Some results:  
→ with Morphological analysis, CR+GDE +1 % systematics
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- status report 
Some results:  
→ with Morphological analysis, CR+GDE +1 % systematics 
→ Exploring systematics correlations with the Swordfish tool (Edwards&Weniger, JCAP (2018))

WW

Syst of 1% on CR 
background, but 
correlated  with 2&3 
deg correlation length

2∘

3∘

Preliminary
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WW

2∘

3∘

Preliminary

Assumes that we know 
CR backgrounds 
perfectly and have 
20% syst on GDE, 
correlated at 2 and 3 
deg length. 

Some results:  
→ with Morphological analysis, CR+GDE +1 % systematics 
→ Exploring systematics correlations with the Swordfish tool (Edwards&Weniger, JCAP (2018))
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- status report 

WW

2∘

3∘

Preliminary

Assumes that we know 
CR backgrounds 
perfectly and have 
20% syst on GDE, 
correlated at 2 and 3 
deg length. 

Some results:  
→ with Morphological analysis, CR+GDE +1 % systematics 
→ Exploring systematics correlations with the Swordfish tool (Edwards&Weniger, JCAP (2018))

‘Take-home’ message: - 
in systematic dominated 
regime, sensitivity 
improved for larger 
correlation lengths 
(expected for GDE)
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CTA Consortium paper on DM sensitivity at the Galactic Centre 

- summary 
We use updated models of astrophysical emission at the GC (Fermi LAT + HESS) 
to study the realistic sensitivity of CTA to extended dark matter signals. 
The goal is to define: 
• most promising analysis strategy,  
• level and types of systematic uncertainties,  
needed to reach thermal cross-section sensitivity. 
TeV DM reachable with CTA, for a set of realistic assumptions.
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- summary 

Stay Tuned!

We use updated models of astrophysical emission at the GC (Fermi LAT + HESS) 
to study the realistic sensitivity of CTA to extended dark matter signals. 
The goal is to define: 
• most promising analysis strategy,  
• level and types of systematic uncertainties,  
needed to reach thermal cross-section sensitivity. 
TeV DM reachable with CTA, for a set of realistic assumptions.
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‘Science with the CTA’, 1709.07997 

Instrument response functions at: https://portal.cta-observatory.org/Pages/CTA-Performance.aspx 

CTA 
Performance

Fermi LAT H.E.S.S.H.E.S.S.
Differential Flux Sensitivity

background andbackground and
systematics limited rate (=area) limited

SST

background limited

LST
SST

MST
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Fermi LAT H.E.S.S.H.E.S.S.
Air Shower Viewed  
with Many Telescopes 

Angular	resolu&on		
versus	#	of	images	

angular resolution

CTA 
Performance
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- status report 
Some results:  
→ with Morphological analysis, CR+GDE +1 % systematics 
→ Exploring correlations with the Swordfish tool (Edwards&Weniger, JCAP (2018))

bb

Syst of 1% on CR 
background, but 
correlated  with 1, 2, 
3 deg correlation length

1∘
2∘

3∘

Preliminary
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Assumes that we know 
CR backgrounds 
perfectly and have 
20% syst on GDE, 
correlated at 2 and 3 
deg length. 

bb

Some results:  
→ with Morphological analysis, CR+GDE +1 % systematics 
→ Exploring correlations with the Swordfish tool (Edwards&Weniger, JCAP (2018))
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