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The Cherenkov Telescope Array (CTA) will have aqu chance of discovery for a large range
of masses in Weakly Interacting Massive Particleslefs of dark matter. The principal target
for dark matter searches with CTA is the centrehef Galactic Halo. The best strategy is to
perform CTA observations within a few degrees ef @alactic Centre, with the Galactic Centre
itself and the most intense diffuse emission regicemoved from the analysis. Assuming a
cuspy dark matter density profile for the Milky Wa&00 hours of observations in this region
provide sensitivities to and below the thermal srssction of dark matter annihilations, for
masses between a few hundred GeV and a few tereVsf therefore CTA will have a
significant chance of discovery in some modelsc&ithe dark matter density in the Milky Way
is far from certain in the inner kpc region, othamets are also proposed for observation, like
ultra-faint dwarf galaxies such as Segue 1 with &60rs per year proposed. Beyond these two
observational targets, further alternatives, sushGalactic dark clumps, will be considered
closer to the actual date of CTA operations. Smmitsitpredictions for dark matter searches are
given on the various targets taking into accourd tatest instrument response functions
expected for CTA together with a discussion on #ystematic uncertainties from the
backgrounds.
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1. Introduction

The existence of dark matter (DM) as the dominaavitational mass in the
Universe is by now well established but the detailature of dark matter is at present
still unknown and multiple hypotheses endure asstoharacter. In the form of Weakly
Interacting Massive Particles (WIMPs) dark mattartioles can self-annihilate,
converting their large rest masses into other gagj including gamma rays. Indirect
detection from such annihilations provides a unitpst of the particle nature of dark
matter, in situ in the cosmos. Many reviews exmt flark matter candidates and
searche®. g. [1] and [2]. The Cherenkov Telescope Array (CThich is the next
generation gamma-ray observatory with a factor #@eb sensitivity compared to
existing facilities as well as many other supeparameters [3], has a unique chance of
discovery of dark matter in the form of WIMPs.

In the standard thermal history of the early Unseethe WIMP self-annihilation
cross-section has a natural value of approxim&edyL02° cm® s, the “thermal cross-
section” [4], which provides the scale for the sevisy needed to discover dark matter
in indirect searches. Particular models for WIMPschs as the neutralino in
supersymmetry [5] and the lightest Kaluza-Klein tigég of theories with extra
dimensions [6], give predictions for gamma-ray ggespectra from the annihilations
which are essential ingredients towards the priegistof the sensitivity of the indirect
searches. Another vital ingredient is the distitoutof dark matter in the targets
observed for the search.

This presentation will concentrate on a continulamma-ray signature for dark
matter. There are also potentially interesting gannay line signatures but a discussion
of these signals is beyond the scope of this paper.

2. Rate of Gamma-Ray event in Detector

The rate of gamma-rays from dark matter annihifatousually expressed with
a separation of terms which characterise the asysipal properties of the source and
the particle physics contribution to the rate. Bs&rophysical terms are combined in a
“J-factor” as an integral of the squared DM dendistribution,p, over the line of sight
(LOS) and inside the observing angl@, with:

Assuming self-conjugate DM particles, the numbeoluderved events is:
tops J(AQ) < ov> Emax dN
Npy = J %(5) Aesr(E) dE

87TMZZ Emin

where:
tops 1S the duration time of observation;
< ov > is thermally averaged product self-annihilatiooss-section times velocity;
M, is the dark matter particle mass;

—dl\;’;M (E) is the energy spectrum of the gammas producéteiannihilation;

Acs5(E) is the detector effective area;
Enin @ndE,,,, are the energy limits for the measurement.

For the sensitivity calculations presented in gaper, much of the formulism
used, in particular the annihilation spectra coroenfCirelli et al. [7].
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3. Targets for dark matter searches

The indirect dark matter search with CTA has sdvpossible astrophysical
targets each with its own inherent advantages &satldantages. The Milky Way (MW)
galaxy represents a natural place to look for Diyhatures and its centre is expected to
be the brightest source in the DM induced gammashy, although the exact
magnitude is rather uncertain. The DM halo of th&/Mhould also lead to an
annihilation signal observable on large angulatesgahowever astrophysical galactic
foregrounds coupled with the enormous spatial éxdad the truly diffuse nature of this
galactic DM emission make separation between signdlbackground challenging. On
the other hand, nearby dwarf spheroidal galaxieslshprovide easier separation of
signal and background but comparatively lower dgjhbacause of both the distance and
lower DM content compared to the Milky Way.

The concordance cosmological Cold Dark Matter mopieddicts that the
formation of visible structures has been guidedgbgvitational accretion of baryons
onto previously formed dark matter over-densiti€he astrophysical structures of
interest result from the hierarchical formation@¥ halos from primordial DM over-
densities. Some of the resulting halos could haenlsufficiently massive to accrete
enough baryons to initiate star formation and givigin to galaxies, including the
variety of satellite galaxies we actually obsenvehie Milky Way halo. In-falling dwarf
galaxies €.9., dwarf irregular galaxies) approaching more cergeats of their host halo
could have evolved to dwarf spheroidal galaxiep(d$,e.g. [8]. These dwarf galaxies,
being highly DM dominated and comparatively close form one of the primary
targets for CTA observations.

Structure formation predicts gravitationally bout@rk matter clumps down to
much lower masses than observed for dSph galakeslow-mass cut-off of the clump
distribution is related to when the DM particledlyiutdecoupled from the heat bath in
the early Universe and is expected betweer*Ms,, and 10° Mgy,for typical WIMP
scenarios [9]. The number-count distribution ofnchs in MW-like galaxies has been
investigated with numerical N-body simulatioesy. [10], [11]. Detailed parameters of
the distribution of clumps are very model dependent

The observational strategy proposed for the CTAkD€atter programme is
focused first on collecting a significant amountdafta on the centre of the Galactic
Halo. Complementary observations of a dSph galayb& conducted to extend the
dark matter searches. The Galactic Halo and LarggeWanic Cloud are valuable
targets both for dark matter searches and studfesion-thermal processes in
astrophysical sources. Data will be searched foticoum emission and line features,
and strategies will be adopted according to fingingQlearly discoveries will modify
any strategies defined a priori.

3.1 Milky Way Galaxy

The centre of the Milky Way has in the past beemstered as a target for dark
matter searches [12]. More recently, because ofithefield of very high energy (VHE)
gamma-ray astrophysical sources in the regionsélaeches focus on the Galactic halo
excluding the central region of galactic latitude 0.3 [13]. Even excluding the very
central region, the total mass of dark matter ie galactic halo together with its
proximity to Earth make it the most promising saufor DM searches with CTA. The
inconvenience of this target, however, is the fdct being a diffuse source, the
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integration over the inner halo, while yielding arge signal, gives a very large
instrumental background from misidentified chargax$mic rays. Further, there are
astrophysical backgrounds from various sources lwhiast be understood, even with
the very central region excluded from the analyisis believed that the disadvantages
of the MW target can be overcome with sufficienfpexmental effort to control
systematic effects in background subtraction or eliod). VHE standard astrophysical
processes have steeper spectra than the expectedddbed gamma-ray continuum
emission. Given the wealth of other high energytems expected in this region, the
search for a DM component requires a very deep Kpoto enable detection and
detailed spectro-morphological studies; a deep nstaieding of the instrumental and
observational systematics; and accurate measursmémther astrophysical emission
in the region to be able to reduce at best contatioim to the DM signal. A deep
exposure for the Galactic Centre observation witivide the means for an in-depth
study and better understanding of the astrophysitadsions in this region.
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Figurel. Left: Sensitivity for o v from observation on the Galactic Halo with Esteadark matter
profile and for different annihilation modes asigaded. Right: for cuspy (NFW, Einasto) and cored
(Burkert) dark matter halo profiles. For both platsly statistical errors are taken into accounte Th
dashed horizontal lines indicate the level of tieral cross-section of81072° cnt s™.

T T T TP

S,
I

o
o [T
o

Stellar dynamics in the Milky Way is dominated by tgravitational potential of
baryons up to the kpc scale and the DM densityiligion in the inner kpc region can
thus be accommodated by both cuspy pro#eg. Navarro, Frenk and White (NFW)
[14], Einasto [15] and cored profilesg. Burkert [16]. Important efforts are ongoing to
accurately simulate baryon impact on the DM distiidn in the central region of
galaxies. With rapid progress being made in thlgl fia more comprehensive picture for
the central region of the Milky Way is expectedthg time of CTA observations with
reduced theoretical uncertainties on the DM distidn. Although the observation
strategy may substantially differ for a kpc-sizeecprofile compared to a cuspy profile,
the detection of a DM signal and the detailed staflyts morphology would help to
resolve this important question.

The Galactic Halo observations will be taken withltiple grid pointings with
offsets from the GC position of abo#1.3’ to cover the central®4around the GC as
uniformly as possible. This observation strategiyngel explicitly to search for DM will
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require 525 hours to probe cuspy profile DM disitibns and the thermal annihilation
cross-section. In the CTA Galactic Centre Key SmeeRrogramme a further 300 hours
are proposed for astrophysics covering up to @sul0 from the GC and data are also
expected from the extragalactic surveys. Theseroagens should be done in the first
three years of CTA operation with high priority.

The sensitivity predictions for observations in fBalactic Halo are shown in
Figure 1. The left plot shows the sensitivity foffetent annihilation modesbp, 11,
W*'W", tt) and the right plot for various dark matter halofjes satisfying stellar
dynamics as indicated in the caption.

3.2  Dwarf Spheroidal Galaxies

The dwarf spheroidal galaxies (dSphs) of the L&malup could give a clear and
unambiguous detection of dark matter [17]. Theygewitationally bound objects and
are believed to contain up to Ofl@imes more mass in dark matter than in visible
matter, making them widely discussed as poterdrgets. Being small and distant many
of the dwarf galaxies will appear as near pointreesi in CTA and hence the nuisance
of the instrumental background is much reducedh@lgh being less massive than the
Milky Way or the LMC, they are also environmentgiwa favourably low astrophysical
gamma-ray background making the unambiguous ideaiibn of a DM signal easier
compared to the Galactic Centre or LMC. Furthes,IHactors integrated over the small
source have less dependence on the DM profile asbuhan the extended sources.
Neither astrophysical gamma-ray sources (supernawvaants, pulsar wind nebulae...)
nor gas acting as target material for cosmic ragse been observed in these systems.
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Figure 2. Left: Sensitivity foro v from observation on the classical dwarf galaxulftor for different
annihilation modes as indicateldight: Sensitivity for 500 h observation on the classit@phs Draco
and Sculptor, and the ultra-faint dwarf galaxiegu#el and Coma Berenices as indicated. Dashed lines
correspond tatlo on the J-factors. Sensitivity is computed assuntmgpb annihilation mode and
statistical errors only are taken into account.

Due to the larger available sample of spectrosedlgpianeasured stars, the
classical dwarf galaxies such as Draco, Ursa Mi@arina, and Fornax have the
significantly smaller uncertainties on the J-factban the ultra-faint dwarf galaxies
[17]. However several of the ultra-faint galaxiesg( Segue 1, Ursa Major Il, and
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Reticulum 1) have J-factors which are larger tliaa J-factors of the best classical
dwarfs which to some degree outweighs the largictdr uncertainties for these
objects. A recent evaluation of dwarf galaxy J-dastwas presented in reference [18]
which used a Bayesian hierarchical modelling amglis constrain the DM mass and
scale radius in 18 dSph galaxies with good spewbpms data. Using these mass models
we can compare the CTA detection prospects of tharfdgalaxies in this sample.
Examples of the sensitivity which could be obtair®d observations of a classical
dwarf galaxy are in shown in Figure 2 using the samalysis methodology [19] as that
performed for the Galactic Halo so the resultslmaulirectly compared.

With new data becoming available from recent susv&ych as the Dark Energy
Survey [20] more nearby dwarf galaxies are beingcaliered with the exciting
possibility that Reticulum 1l might be a very ingsting target for dark matter searches
[21]. The final choice of the most promising dwgdlaxy targets for CTA observations
will be made at the start of array operation basedll available information at that
time.

4. Systematic Errors

The sensitivity estimates presented in Figuresd amre with only statistical
errors. In these figures some indication is giventhe uncertainties in dark matter
density profiles. The curves for the Galactic Haith the assumption of cuspy density
profiles indicate that the sensitivities can attdie WIMP thermal cross-section and so
give hopes of discovery in these models while tbheves for dwarf Galaxies and
Galactic Halo with cored profiles give sensitivitievhich are worse by one or two
orders of magnitude. These conclusions rest heavwilthe control of systematic errors
to very low levels.

Much work is in progress to evaluate the systematiors on the astrophysical
J-factorse. g. [22].

Many methods exist to evaluate experimental sysienearors. One which is
widely used is to introduce nuisance parametetiarikelihood function. The analysis
of [23] uses a scaling factor for the predictednalgwhich is free with a Gaussian
distribution for independently each bin in the mfwijogy fit. The true experimental
systematic errors are correlated between diffebem and so such a method does not
easily estimate realistic errors.

Extensive work is needed to design the observdtistrategy of CTA dark
matter searches to understand and minimize theragsic errors.

5. Summary

The existence of dark matter is well establishediisunature is still unknown.
Of the many possible candidates for dark matterA €duld have the sensitivity to
discover the character of dark matter in modelsctviave been among the most
popular over the past decades.

The priority for the CTA dark matter program isdscover the nature of dark
matter with a positive observation. The publicatidrimits following non-observations
would certainly happen but in planning the obseovetl strategy the priority of
discovery should drive the programme. The possjbibf discovery should be
considered in the light of the WIMP model predinsowhere the minimum goal for
searches within the most widely considered modelshe thermal cross-section of
3x10° e’ s
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The sensitivity predictions for the Galactic Haloe dwarf galaxy Sculptor and
the Large Magellanic Cloud are compared in Figurél&e it can be clearly seen that
the sensitivity possible with the Galactic Halo ety&tion is very much better than that
which is possible with a single dwarf galaxy or tHdC. Although this plot does not
show the effect of systematics, the relative rag&iof the sensitivities is not changed
by including them. Figure 4 shows a zoom of theskptties in the TeV region
compared to pMSSM models from reference [25].
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Figure 3. Comparison of predicted sensitivitiesdrv for the targets of: the Milky Way Halo; the Larg
Magellanic Cloud and the dwarf galaxy Sculptor. TCIBA sensitivity curves use the same method and
W*W™ annihilation modes for each target and the NFV\ diaatter profile. The sensitivity calculations
have a 30 GeV threshold for the MW and Sculptor 20d GeV for the LMC. The sensitivities for the
three targets are all for 500 hours taking intooaot only statistics errors; for the MW and the LMe
systematics of backgrounds must be very well cdletido achieve this statistically possible sengiti

The comparisons with the H.E.S.S. and Fermi-LATLiitescome from [13] and [24] respectively.
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Figure 4. Zoomed sensitivities in the TeV mass range togetlith pMSSM models extracted from [25].

Acknowledgements
We gratefully acknowledge support from the ageneied organizations listed under
Funding Agencies at this websitgtp://www.cta-observatory.org/




Prospects for Indirect Dark Matter Searches with CTA J. Carr

References

[1] L. BergstromNon-Baryonic Dark Matter - Observational Evidence and Detection Method, Rep
Prog. Phys. 63, 793 (2000).

[2] G. Bertone, D. Hooper and J .SiRarticle Dark Matter: Evidence, Candidates and Constraints,
Phys. Rep. 405, 279 (2005).

[3] Acharya B. S. et al, (CTA Consortiumhntroducing the CTA concept, Astro. Phys. 43, 3 (2013).

[4] Steigman G. et aPrecise relic WIMP abundance and itsimpact on searches for dark matter
annihilation, Phys. Rev. D 86, 2, 023506 (2012).

[5] S. P. Martin A Supersymmetry Primer, arXiv:hep-ph/970935.

[6] G. Servant and T. Taits the Lightest Kaluza-Klein Particle a Viable Dark Matter Candidate?, Nucl.
Phys. B650, 391 (2003), arXiv: hep-ph/0206071.

[7] M. Cirelli et al, PPPC 4 DM ID: A Poor Particle Physicist Cookbook for Dark Matter Indirect
Detection, , JCAP 1103 (2011) 051, erratum: JCAP 1210 (2012) E®GXiv: 1012.4515,
http://www.marcocirelli.net/PPPC4DMID.html.

[8] Mayer L, Environmental mechanisms shaping the nature of dwarf spheroidal galaxies: the view of
computer simulations. Adv. Astron., 278434 (2010).

[9] Bringmann T,Particle Models and the Small-Scale Structure of Dark Matter, New J. Phys., 11,
105027 (2009).

[10] Springel V. et al.Prospects for detecting supersymmetric dark matter in the Galactic halo, Nature
456, 7218, 73 (2008).

[11] Diemand J. et alClumps and streamsin the local dark matter distribution, Nature, 454, 735 (2008).

[12] Aharonian F. et al., (H.E.S.S. Collaboratid@hservations of the Galactic Center region and their
possible dark matter interpretation, Phys. Rev. Lett., 97, 221102 (2006).

[13] Abramowski A. et al, (H.E.S.S. CollaboratioB8garch for a Dark Matter annihilation signal from
the Galactic Center halo with H.E.SS,, Phys. Rev. Lett., 106, 161301 (2011).

[14] Navarro J. F. et althe Sructure of Cold Dark Matter Halos, Astrophys. J. 462, 563 (1996).
[15] Graham A. W. et alEmpirical models for Dark Matter Halos, Astron. J. 132, 2685, (2006).
[16] Burkert A., The Sructure of Dark Matter Haloes in Dwarf Galaxies, Astrophys. J. 447 (1995) L2.

[17] Ackermann M. et al, (FERMI-LAT Collaboratior)ark matter constraints from observations of 25
Milky Way satellite galaxies with the Fermi Large Area Telescope. Phys. Rev., D89, 4, 042001 (2014).

[18] Martinez G.D. A Robust Determination of Milky Way Satellite Properties using Hierarchical Mass
Modeling, MNRAS, 451 (3): 2524 (2015).

[19] Lefranc V. et alProspects for Annihilating Dark Matter in the inner Galactic halo by the Cherenkov
Telescope Array, arXiv:1502.05064, accepted in Phys. Rev. D (2015)

[20] The Dark Energy Survey Collaboration, astro-ph/H)

[21] Geringer-Sameth A.et dtvidence for Gamma-ray Emission from the Newly Discovered Dwarf
Galaxy Reticulum 2, arXiv:1503.02320.

[22] Bonnivard V et alDark matter annihilation and decay in dwarf spheroidal galaxies: The classical
and ultrafaint dSphs, arXiv:1504.02048.

[23] Silverwood, H et alA realistic assessment of the CTA sensitivity to dark matter annihilation, 2015,
JCAP 03:05, §2014).

[24] Anderson B, (FERMI-LAT Collaborationy search for dark matter annihilation in dwarf spheroidal
galaxies with pass 8 data, 5th Fermi Symposium October 20 - 24, 2014, Nagdgpan.

[25] Roszkowski L et alProspects for dark matter searchesin the pMSSM, JHEP 1502, 014(2015).



