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• Located at the Fred Lawrence Whipple Observatory (FLWO) in southern Arizona (31 
40N, 110 57W,  1.3km a.s.l.)


• Array of four 12 m telescopes separated ~100 m each other

• Energy range: 85 GeV to 30 TeV

• FoV ~ 3.5°, each camera has 499 PMTs

• Fully operational since 2007 (V4), then two major upgrades: 


➡ In 2009 T1 was relocated (V5)

➡ In 2012 new higher quantum efficiency PMTs (V6)


• Every year ~ 1000 hrs dark + 200 hrs under bright moonlight conditions (since 2012)

Introduction to VERITAS
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Galactic center: 
• High DM content

• Close by (~8 kpc)

• High astrophysical background

Dwarf Galaxies: 
• High mass to light ratio

• Close by (~10’s kpc)

• No known astrophysical background

Fermi Unidentified Objects: 
• DM subhalos?

• Two suitable candidates in the 2FGL observed by VERITAS

Galaxy clusters: 
• Large DM content (~80% of their masses)

• Very distant (~10’s Mpc)

VERITAS  Dark Matter Targets
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Extremely large mass

 to light ratio

Most DM dominated 

stellar systems known 


in the Universe

Nearby systems to 

look for DM


(tens to hundreds

 kpc away)

Free from other sources of 

gamma-ray emission 

High Galactic latitudes

( barely affected by diffuse


astrophysical foregrounds from Milky Way)
Formed early, probe galaxy 

formation and evolution 

Why searching for Dark Matter in dSphs?
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VERITAS dSphs observations: 2007-2017
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"Deep Exposure" dSphs: with the best J-factor in literature 

"Survey" dSphs: covering nearly all Northern Hemisphere dSphs

J-factors from Geringer-Sameth et al., 2015          and Bonnivard et al., 2015  (J1) (J2)
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VERITAS dSphs observations: 2007-2017
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"Deep Exposure" dSphs: with the best J-factor in literature 

J-factors from Geringer-Sameth et al., 2015         and Bonnivard et al., 2015  

Majority of 

Dwarf time allocation Classical dSphs                     and 

ultra-faint dSphs

1. Time is divided among different sources 

2. Mitigates against wrong estimation of J profile 

(e.g., Segue 1)

(L = 103−5Lsol)
(L > 105Lsol)

(J1) (J2)
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VERITAS dSphs observations: 2007-2017
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"Survey" dSphs: covering nearly all Northern Hemisphere dSphs

Shorter observing

times

J-factors from Geringer-Sameth et al., 2015         and Bonnivard et al., 2015  (J2)(J1)
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Combined analysis of dSphs from 2007 to 2013 
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216 hrs of  

VERITAS data

J-factors from Geringer-Sameth et al., 2015  

Not calculated  
due to irregular kinematics

No gamma-ray detection
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Combined analysis of dSphs from 2007 to 2013 
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J factors from Geringer-Sameth et al., 2015 

• Consider spherically symmetric density profile


• Annihilation flux depends on source’s gravitational potential

•  Assumptions:


1. Dynamic equilibrium and spherical symmetry

2. Stars distributed according to Plummer profile

3. The distribution of stellar velocities is not influenced by presence of binary stars

4. Stars negligibly affect gravitational potential       

Used to fit models for 𝜌(r) to observed velocity dispersion 
and surface brightness profiles


Mass profile relates to observable profiles
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(Zhao et al 1996)



Combined analysis of dSphs from 2007 to 2013 
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J factors from Geringer-Sameth et al., 2015 

= arcsin(rmax /D) where            distance from dwarf center to outermost star  rmax
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Combined analysis of dSphs from 2007 to 2013 
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“Crescent” background method  used in combined dSphs analysis

Background events selected 

from an annulus

Annulus centered on

tracking position 

Factor two

more background events than 


reflected regions

Reduced energy dependence

of the background scaling factor
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For the first time applied to IACTs



Combined analysis of dSphs from 2007 to 2013 
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Event Weighting method

• In ON region, each event has a weight based on: 

1. Dwarf field 𝝼 it came from 

2. Reconstructed energy E

3. Reconstructed angular separation from the dwarf 𝞱

Test statistic T

“Optimal” test Maximization of statistical

power of hypothesis test
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A. Geringer-Sameth, S. M. Koushiappas, and M. G. Walker, Phys. Rev. D 91, 083535 (2015).

For the first time applied to IACTs

For the first time



Combined analysis of dSphs from 2007 to 2013 
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Event Weighting method

Expected number of signal events

Given by convolving gamma-ray flux from 
annihilation with the VERITAS response function

Where..


| Chiara Giuri | VERITAS dSphs DM search | MAGIC Dark Matter workshop , Barcelona 16th-17th January  

A. Geringer-Sameth, S. M. Koushiappas, and M. G. Walker, Phys. Rev. D 91, 083535 (2015).



Combined analysis of dSphs from 2007 to 2013 
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Event Weighting method

Where..


Spectrum of gamma-ray for a single

annihilation event

Derived from gamma-ray simulations

Depends on true gamma-ray energy, zenith and azimuth angles,

background noise, configuration epoch, offset, cuts 

Energy dispersion: 

quantifies energy resolution and bias of VERITAS
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A. Geringer-Sameth, S. M. Koushiappas, and M. G. Walker, Phys. Rev. D 91, 083535 (2015).

Larger statistics



Combined analysis of dSphs from 2007 to 2013 
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Systematic uncertainties 

1. Imperfect knowledge of DM density profile: different DM halos fit the kinematic 
observables


2. Wrong calculation of velocity dispersion leads to mis-estimate of J profiles (e.g., 
Segue 1 excluded)


Shaded bands 1𝞼 

systematic uncertainty
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Combined analysis of dSphs from 2007 to 2013 
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Annihilation cross section limits from the combined dwarves analysis
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Two orders of magnitude 
away from relic abundance


T. Junk, Nucl. Instrum. Methods Phys. Res., Sect. A 434, 435 (1999)



Combined analysis of dSphs from 2007 to 2013 
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Expected annihilation cross section limits from the combined dwarves analysis
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Combined analysis of dSphs from 2007 to 2013 
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Comparison with other experiments
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• Improvement respect to 48

hrs on Segue 1



VERITAS dSphs observations: Ursa Major II
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• Observed with VERITAS from 2013-2017

• 145 hrs after quality cuts 

• An excess of 1𝞼 found at Ursa Major II position

• Flux upper limit  
• Unbinned Maximum Likelihood used to compute limits (Aleksić et al., 2014)

• Annihilation spectrum from PPPC 4 DM ID (Cirelli et al., 2011)

• Ursa Major II limit is more constraining up to 30% than combined limit

 above 200 GeV at a 95% c.l.1.4 × 10−8m−2s−1
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Future work
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VERITAS has huge dSphs 
dataset still to be analysed
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(Christiansen, J. & the VERITAS  Collaboration)

Ursa Major

• Extended analysis for dSphs


• Analysis with  Boosted decision trees  
for gamma-hadron separation 

• Analysis with image template method



Future work
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VERITAS has huge dSphs 
dataset still to be analysed

| Chiara Giuri | VERITAS dSphs DM search | MAGIC Dark Matter workshop , Barcelona 16th-17th January  

Improved sensitivity to weak DM signal

• Extended analysis for dSphs


• Analysis with  Boosted decision trees  
for gamma-hadron separation 

• Analysis with image template method
(Christiansen, J. & the VERITAS  Collaboration)

Ursa Major



Conclusions and perspectives
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1. VERITAS published combined results using 216 hrs in the energy range 100 

GeV-100TeV


2. VERITAS put integral flux upper limit above 300 GeV for each dSph


3. VERITAS has a larger dataset: new data from 2013-2018 still to be analysed 

4. More sensitive analysis techniques: Boosted decision trees and image template 

method to improve the sensitivity and look for weaker sources


5. Analysis of dSphs as (slightly) extended sources 

6. Joint binned likelihood analysis with MAGIC, H.E.S.S., Fermi-LAT and HAWC  

(extends up to higher and lower energies)                                       
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GloryDuck Project 
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THANKS FOR YOUR 
ATTENTION



Back-up slides



Conclusions and perspectives

!25| Chiara Giuri | VERITAS dSphs DM search | MAGIC Dark Matter workshop , Barcelona 16th-17th January  

GloryDuck Project 



Flux upper limits
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Bounded profile likelihood

ratio statistical method

from Rolke et al., 2005



Estimation of  
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rmax

Given a star
Probability of its 


line-of-sight distance z

proportional to


 Plummer profile

Probability distribution

for the unprojected

distance r, given the 

projected distance R

If r>R


