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VERITAS Dark Matter Science Working Group

 Primary objective of DMSWG is to carry out program for indirect 
detection of particle Dark Matter

– Assumes mechanism for γ-ray production is self-annihilation of MSSM-type 
neutralino or Kaluza-Klein particle

– Mechanism, mass, cross section, astrophysical flux all highly uncertain, so 
survey a variety of sources
• Local large galaxies:    M31, M32, M33
• Globular clusters:         M15, M5
• Galaxy clusters:            Coma
• Dwarf spheroidal galaxies:   Draco, Ursa Minor, Willman I, Boötes 1
• Study feasibility of verifying/falsifying electron/positron results from PAMELA/ATIC

– Several of the targets are of interest to and were proposed by other SWGs
– Dwarf galaxies are the one class of target unique to DMSWG
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Dark Matter Search Triangle
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Fermilab Tevatron

Large Hadron Collier
CDMS @ Soudan

COUPP Heavy Liquid 
Bubble Chamber

Produce 
neutralino in 
laboratory

Directly detect DM 
WIMP in specialty 
detectors in 
(underground) labs

Indirect detection 
of astrophysical 
gamma rays from 
DM self-
annihilation

Three complementary approaches

Required to 
demonstrate that 
terrestrial WIMPs 
we create and 
astrophysical DM 
particles inferred 
via indirect 
detection are the 
same.
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Two Years of Dark Matter Target Observations
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Target Dates Observed
Hours

Usable
Hours

Significance

M15 Sept 2006 10 0 n/a

M5 Feb/Mar 2009
15.6 12 no signal of 

significance(prelim)

M33 Nov 2007-
Feb 2008 15.8 11.8 0.412

M31/M32 Oct 2008-
Jan 2009 13.2 12 0.6 (prelim)

Coma Cluster Mar 2008-
Apr 2008 20.6 18.6 <1.5% Crab

99% c.l.

Draco dSph Apr/May 2007 23.7 18.4 -1.51

Ursa Minor dSph Feb/May 2007 26.2 18.9 -1.77

Willman I dSph
Dec 2007-
Feb 2008 15.4 13.7

-0.08

Boötes 1 dSph Mar/Apr 2009 13 11.6 0.7 (prelim)
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The Appeal of Dwarf Galaxies

5

 Dark Matter Dominated
– Indicated by velocity dispersion (e.g. Strigari et al., ApJ 678, (2008) 614)
– Generally M/L > 100

 No recent star formation
– Low “standard” backgrounds

  Close proximity
– < 100 kpc

 Possible enhanced emission
– Dark Matter halo substructure
– Internal bremsstrahlung (c.f. Bringmann, Doro, Fornasa arXiv:0809.2269)
– Velocity dependent cross sections (Sommerfeld effect)
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Dwarf Spheroidal Galaxy Observations
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Draco

Willman I

Ursa Minor

Boötes

very preliminary
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Limits on Neutralino Parameters
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The average effective area is calculated from a sample of simulated gamma-ray showers

using a lookup table. The effective area is quoted for an energy threshold of 200 GeV. Table 1
summarizes the results for each of the three dwarf galaxies.

5. Limits on WIMP Parameter Space

Following the formalism of Wood et al. (2008) the differential flux of gamma-rays from
WIMP annihilation is given by

dφ(ψ, ∆Ω)

dE
=

〈σv〉
8πm2

χ

[
dN(E, mχ)

dE

] ∫

∆Ω

dΩ

∫
ρ2(λ, ψ, Ω) dλ, (1)

where 〈σv〉 is the thermally averaged product of the total self-annihilation cross section and
the speed of the WIMP, mχ is the WIMP mass, dN(E, mχ)/dE is the differential gamma-
ray yield per annihilation, ∆Ω is the observed solid angle, ρ is the DM mass density, ψ is

the angle between the dwarf galaxy center and the Earth line-of-sight direction, and λ is
the line-of-sight distance. For the purpose of setting limits in the WIMP parameter space

(mχ, 〈σv〉), we re-express equation 1 as an inequality with the upper limit on the detected
gamma-ray rate Rγ(95% C.L.) inserted and perform the integration over the product of the
differential gamma-ray yield and effective area:

〈σv〉
3 × 10−26

< Rγ(95% C.L.)
( mχ

100 GeV

)2

×
(

1.45 × 104GeV

J

) {
φ1%

∫ ∞

200 GeV
A(E)

[
dN(E, mχ)/dE

10−2GeV−1

]
dE

}−1

,(2)

where φ1% = 6.64 × 10−12cm−2s−1 is 1% of the integral Crab Nebula flux above 100 GeV

as extrapolated from the power-law fit of 3.2 × 10−11(E/1 TeV)−2.49cm−2s−1 (Hillas 1998),
A(E) is the energy dependent effective area, and J represents the dimensionless astrophysical
factor given by

J(ψ, ∆Ω) =

(
1

ρ2
c

RH

) ∫

∆Ω

dΩ

∫
ρ2(λ, ψ, Ω) dλ. (3)

The above integral is normalized to the product of the square of the critical density, ρc =
9.74 × 10−30g cm−3 and the Hubble radius, RH = 4.16 Gpc to produce a dimensionless J .

Various parametrizations of the DM mass density profile have been put forward (Navarro et
al. 1997; Kazantzidis et al. 2004; de Blok et al. 2001; Burkert 1995). The most conservative

approach to the density profile is the assumption of a smooth distribution with either an
inner core (asymptotically ∝ r−1) or a steeper power-law inner cusp. Substructure of the

DM halo can lead to significantly higher local densities resulting in a “boosted” astrophysical
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factor, J (Strigari et al. 2007). We provide limits on the WIMP parameter space based on

the assumption of a smooth NFW profile (Navarro et al. 1997). The astrophysical factor, J ,
is then given by

J(ψ, ∆Ω) =

(
2πρ2

s

ρ2
cRH

) ∫ 1

cos(0.115
◦
)

∫ λmax

λmin

(
r(λ)

rs

)−2 [
1 +

(
r(λ)

rs

)]−4

dλ d(cos θ), (4)

where ρs, rs are the scale density and radius, respectively. The integration over the line of
sight involves the galactocentric distance, r, i.e. the radial distance from the dwarf galaxy

center to the observation point within the galaxy halo. In terms of the line of sight distance,
λ, and the distance from Earth to the dwarf galaxy center, RdSph, r is given by

r =
√

λ2 + R2
dSph − 2λRdSph cos θ. (5)

The integration limits, λmin and λmax are given by RdSph cos θ±
√

r2
t − R2

dSph sin2 θ, where

rt is the tidal radius of the dSph galaxy. For the tidal radius we used a value of 7 kpc as was

used by Sánchez-Conde et al. (2007). As noted in (Sánchez-Conde), rt depends strongly on
the profile used and values considerably less than 7 kpc are appropriate for an NFW profile,

e.g. for Draco Evans et al. (2004) use 1.6 kpc while Strigari et al. (2007) use 0.93 kpc. In
practice, since almost all the contribution to J(ψ, ∆Ω) comes from r " rt, any rt ! 1kpc

gives essentially the same J . Furthermore, the uncertainty added by the choice of ρs, rs

renders the dependence of J on rt negligible in comparison. For Draco and Ursa Minor, we
use for ρs, rs, the midpoints of the range from Strigari et al. (2007). For Willman, we use

values given in Bringmann et al. (2008). The parameters used in our J calculations and
the resulting values of J are given in Table 2; the J values in parantheses are those used in

deriving 〈σv〉 limits from eq. 2.

Figure 1 shows 〈σv〉 limits as a function of neutralino mass using eq. 2. Also plotted

are values from MSSM models that are consistent with the relic DM density (see Wood et
al. (2008) for details on the MSSM models allowed). As noted above, we have assumed

a smooth NFW profile with no boost from DM halo substructure. The limits indicate
that a boost factor of ∼ 1000 would be necessary to produce a signal within our present

sensitivity. Strigari et al. (2007) find a maximum boost factor of O(100) and one may
consider present generation IACTs are, thus, about an order of magnitude in sensitivity
away from constraining DM structure models. However, other effects such as inclusion of

internal bremsstrahlung in neutralino annhilation calculations (Bringmann et al. 2008) and
the possibility of a velocity-dependent (Sommerfeld) enhancement (Robertson & Zentner

2009; Pieri et al. 2009) could further boost the gamma-ray flux from neutralino annihilation.

dSph  Rγ(95%c.l.)
counts/min

flux
(95% c.l.)

cm-2s-1
J

Draco 0.0079 1.05×10-12 4 (2-9)

Ursa Minor 0.0029 0.29×10-12 7 (4-20)

Willman I 0.045 2.23×10-12 22

MSSM models

〈σv〉Limit:
Particle Physics

Astrophysical Factor
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Dark Matter Group Plan for Future Observations
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 Remain as Key Science Project
 Deeper Observation of 2-3 dSphs on continuing basis

– Choice based on theoretical guidance + collaborative effort of Fermi, MAGIC, 
HESS, CANGAROO groups
• Coordination of ACT DM searches initiated by Jim Buckley & Jan Conrad (Fermi 

DMSWG)
• Goal to develop common framework for Dark Matter limits allowing combining of 

data
– Accumulate statistics over several observing seasons
– Can we stack results from aggregate of dSph observations?

 Support efforts to study feasibility of addressing PAMELA/ATIC results 
(c.f. Hooper & Hall, arXiv:0811.3362)

– Difficult analysis; easy to find false signals from systematic effects
 Be prepared for follow-up on guidance from Fermi
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DMSWG Summary

 Indirect Dark Matter Search is high-risk, but high payoff
– If conservative estimates correct, will need to wait for AGIS/CTA
– Boosted flux from DM annihilation is well-motivated; halo substructure....
– Dark Matter nature may be something totally different than WIMP
– Success would be discovery of fundamental importance

 Program is focused on Dwarf Spheroidal Galaxies although have 
addressed a variety of possible DM sources

– Setting best current indirect limits on Dark Matter fluxes
– Concentrate on limited number of dSphs in future program

 Can anticipate improvement in sensitivity from
– Push to lower energy threshold
– Possible VERITAS trigger and camera upgrades
– Improvement of analysis techniques
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