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Detectability of neutralino clumps via atmospheric Cherenkov telescopes
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High resolutionN-body simulations have revealed the survival of a considerable substructure within galactic
halos. Assuming that the predicted dark matter clumps are composed of annihilating neutralinos, we examine
their detectability via atmospheric Cherenkov telescdpe€sTs). Depending on their density profile, individual
neutralino clumps should be observable via theiray continuum and line emissions. We find that the con-
tinuum signal is the most promising signal for detecting a neutralino clump, being significantly stronger than
the monochromatic signals. Limits from the line detectability can help lift degeneracies in the supersymmetric
(SUSY) parameter space. We show that by combining the observations of different mass clumps, ACTs can
explore most of the SUSY parameter space. ACTs can play a complementary role to accelerataagand
satellite limits by exploring relatively large neutralino masses and less concentrated clumps. We develop a
strategy for dark matter clump studies by future ACTs based on VERITAS specifications and encourage the
development of techniques to identify primaries. This can reduce the background by an order of magnitude.
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I. INTRODUCTION particular, neutralino annihilation in the galactic halo can be
observed viay rays, neutrinos, and synchrotron emission
The presence of a dark matter component is inferredrom the charged annihilation produd3-12].
through gravitational interactions in galaxies and clusters of The rate of neutralino annihilation is proportional to the
galaxies. Its contribution is estimated to be about 30% of theeutralino number density squaree 1§?), thus the strongest
critical density of the Universe. This dark matter cannot besignals are likely to come from either the galactic center
all baryonic. Constraints from primordial nucleosynthesis[3—8], or the higher density nearby clumps of dark matter in
and cosmic background radiation measurements limit theur halo[8—11]. The dark matter density in the galactic cen-
baryonic content of the Universe to be at most about 4% ofer depends strongly on the formation history of the central
the critical density. The remaining 26% of the critical den-  black hole[13], and its y-ray emission due to neutralino
sity is believed to be composed of a, yet to be observed, coldnnihilation may be difficult to distinguish from other bary-
dark mattelCDM) particle. onic y-ray sources. As an alternative, the clumpy nature of
Among the several candidates proposed for the nonbaryeDM halos provides a number of high density regions, other
onic dark matter, the leading scenario involves weakly interthan the galactic center.
acting massive particle@VIMPs). Weakly interacting relics Clumps of dark matter distributed throughout galaxy ha-
from the early universe with masses from some tens of GeVos is a generic prediction of high-resolution CDM simula-
to some TeV can naturally give rise to relic densities in thetions (see, e.g.[14-17). This high degree of substructure is
range of the observed dark matter density. WIMPs are alswhat has remained from the merging of small halos to form
well motivated by theoretical extensions of the standardhe larger haloseither cluster or galaxy halpsSimulations
model of particle physics. In particular, the lightest super-show that about 10% to 15% of the total mass of a given
symmetric particle(LSP) in supersymmetric extensions of halo is in the form of smaller mass clumps. These clumps are
the standard model can be a WIMP that is stable due tideal sites for neutralino annihilation and can be observed via
R-parity conservation. In most scenarios the LSP is neutratheir y-ray signal[8—10], and via their synchrotron emission
and is called the neutraling (for a review see, e.g[1]). [11]. Here, we study in detail the-ray emission from the
Neutralinos may be detected directly as they traverse thaearest clumps of dark matter via atmospheric Cherenkov
Earth, may be generated in future particle colliders, and magelescopes(ACTs), such as VERITAS[18], HESS [19],
be detected indirectly by observing their annihilation prod-MAGIC [20], and CANGAROO-III [21]. We explore the
ucts. Direct neutralino searches are now underway in a nunreutralino parameter space for the continuum, fhe and
ber of low background experiments with no consensus detedhe Zy lines and calculate the flux of different mass clumps
tion to date. Collider experiments have been able to placassuming different clump density profiles and VERITAS
some constraints on the neutralino parameter s(s8m® e.g., specifications. We find that the larger mass clumps can be
[2]), but a large region of the parameter space is still unexeasily detected by the next generation ACTs and that the
plored. Indirect searches offer a viable and complementargetectability of the smaller mass clumps can help constrain
alternative to direct searches and accelerator experiments. the neutralino parameter space. Future ACT observations are
only limited by their threshold energy and will be more ef-
fective for neutralino masses abowe&0 to 100 GeV, a range
*Email address: iro@oddjob.uchicago.edu of neutralino masses that nicely complements accelerator and
TEmail address: olinto@oddjob.uchicago.edu satellite studies of the neutralino parameter space.
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In Sec. Il, we discuss the structure and the mass spectrum TABLE I. Numbers of clumps, mean and nearest clump dis-
of the dark matter clumps that we assume in our study. Ifances.
Sec. lll, we present the neutralino parameter space for con

tinuum y rays, theyy, and theZy line emission using Mciump NMg1ump dmean nearest
DARKSUSY [38]. In Sec. IV, we discuss the characteristics of (Mo) (po) (po)
ACTs and the relevant backgrounds. Our results and stratgp 2 1 108 504 61
gies for CDM clump detection are shown in Sec. V. Finally, 10° 2.6>< 10 1014 123
we conclude in Sec. VI. 10 3.9 10P 2037 246
10° 4.1X10° 4050 490
Il. THE DARK MATTER CLUMPS 106 5.9% 10¢ 8040 973

A. The nearest clumps 10’ 6.6x 10° 16023 1939

8.2x 107 32013 3874

According toN-body simulationd14-16, substructures
of masses=10'M , survive in significant numbers in galac-

tic halos. Within the virial radius of a galactic halo about g« ctures in present-day halos very rarely take them near

10%-15% of the mass is in the form of dark matter clumps, o disk[22], and second, that disk overheating and stability

The mass spectrum for the simulated dark matter clumps i},;,id become real problems only when interactions with

galactic halos is of the forrte.g.,[15.16) numerous, large satellit¢s.g., the Large Magellanic Cloud
dNeiump (LMO)] 'Fake placg23,24]. ans_,equently, these numbers can
WocMaffmp, (1)  be considered perfectly realistic. In the third column of Table
clump | we give values of the mean inter-clump distance in a spe-

. S cific mass bin, assuming that the clumps are homogeneously
fogl clumps with mastoump= L0 Mo the lowest resolv- distributed within the virial extend of the halo. Thus, in the
able mass, approximately. Clumps are more numerous h[%ird column we have the quantithyear=Ryiial INZ |

less massive they are, thus one would expect a large number . ) : clump

of relatively light clumps. Simulations finde=1.9 (e.g., with R,;;ia the virial radius of the galactic halo which we

[15]). We adopt the same value here and extrapolate to lowdfke to be equal to 300 kpc. However, clumps are unlikely to
masses than those presently resolved by simulations. With€ homogeneously distributed in the host halo. It is believed
this extrapolation we can estimate the numbers of clumps ifhat they are distributed in a way similar to the way the

specific mass bins, as well as the distances to the nearest g00th component of the dark matter halo is distributed
these clumps. (e.g.,[25]). Thus, we estimate another measure for the dis-

In order to find the proportionality constant in @), we  tance, the distance to the nearest clump for each mass bin, as
normalize the mass function so that 500 satellites existollows: first, we calculate the fractioh of the total dark
within the galactic halo with masses above®mQ,, in  Mmatter of the galaxy which is in the form of clumps of mass
agreement with the predictions dEbody simulations for a  Meciump@nd takef =Ny Mcjump/Mnost- For a local dark
halo like ours[15]. Thus we find for the predicted number, matter density=0.0IM, /pc® and using the above fractions
Nciump. Of clumps with mas$/ greater tharM ,;,, in solar ~ we find the local dark matter density which is in clumps of a
masses, specific mass. Going from the mass to the number density,

we find the distance to the nearest clumg,carest
. 1/3
(M max/Mmin) 29— 1 =36 kpCNMcIump (see als0[26,27)). As we can see from

Nclump(M;Mmin):SOOX(MmaX/]_OBM@)O'g—l 2) Table I,d carestCan be a factor of ten smaller than the mean
distance as calculated in the homogeneous distribution case.

whereM ., is the maximum mass clump in the halo. Using We US€dnearest b€low when estimatingy-ray fluxes from

our halo as the host within which the clumps are orbiting, wedifferent clumps. .~ _
assUMEM 4= 1%M o =2X 10'M g, . One should keep in mind that since we only have one halo

The numberN,, of clumps predicted in several mass to probe, our galactic halo, the actual distances to the nearest
bins that lie in the Crlrl;gpss range from?\g, up to 1M o are clumps will have large fluctuations. For a number of realiza-
© ©

tabulated in the first and second columns of Table I. Wei“o.nS of the clumpy halo iry rays, se¢10]. Instead of simu-
: . . ating the sky, we focus on the strategy for future ACT stud-
choose each bin labeled B ¢,m, to contain clumps with

mass in the range0.5M ciump5Meumel, and calculate ies bssed 0'?nearest.(fsdwnl be shownathe :jg:rults welderlvz'
N — NetumgM = 0.5M grums) — Netme(M = 5M gigmo) can be easily extended to accommodate different clump dis-
Meiymp  “clum T elum clum clump/- tances from the ones we use. A deeper understanding of the

The numbers appear to be high enough, and even thoughymp space distribution awaits higher resolution simula-
they are consistent with simulations, the question whethefigns.

they can be realistic is raised. Contrary to what was initially
believed, namely that large numbers of substructures within
a galactic halo might threaten the stability of the disk, nowa-
days we know that this is not the cader a recent review, We model the clumps using three different mass density
see[17]). It has been found, first, that the orbits of satellite profiles, p(r), the singular isothermal sphe(&lS) profile,

B. The structure of the dark matter clumps

083006-2



DETECTABILITY OF NEUTRALINO CLUMPS VIA . .. PHYSICAL REVIEW D66, 083006 (2002

the profile of Moore et al[15], and the Navarro-Frenk- For a specific clump mass and distance, we need to deter-
White (NFW) profile [28] density profile. The SIS profile is mine the parameters of each of the three profiles. In the case
described by of the SIS, we use the following two conditions to calculate

po and the radius of the clumBReiymp:
_ Po (1) The volume integral of the density must yield the mass
p(r)= 2 3 of the clump:

L Rclump
and represents a reasonable upper limit to the degree of cen- J p(NdV=M_iymp. (6)
tral concentration of the clumps. At the center, the SIS den- 0

sity profile diverges as™ 2. The Moore et al. density profile ) ) )
is given by (2) The density of the clump at distané,,,, from its

center must equal the local densjby; , of the galactidhos)
halo at distance mp, With r¢jymp the distance of the clump

Po (4) from the center of the host halo:

B (rlr )1+ (rirg)*9

p(r)

PG(rcIump):Pclump(Rclump)- (7)
wherep, andrg are the characteristic density and scale ra-
dius of the configuration, respectively. This profile is the one For the case of either the Moore et al. or the NFW density
suggested by numerous-body simulations and is used in profile, we use Eqg6) and(7), but we need a third equation
our study as representative of the intermediate concentratigsince we have three unknown quantitigs rs, andR¢jymp-
cases, at least compared to the other two density profiles. It iEhe third condition comes from the requirement that the ra-
divergent at the center where it behaves as° whereas at  dius of the clump begsmaller oj equal to the tidal radius
large distancesr(>r) it behaves as 3. The NFW profile  (see, e.g.[32]). This guarantees that the clump is not tidally
[28] can be written as stripped. Thus,

1/3
Mclump

Po R =R, =T p[—
rN=—————. 5 clump tidal— ' clum
P L riry? © 3Mc(Fetume)

®

. ) i ) i with Mg(r¢jump the galactic halo mass inside a sphere of
This profile was the first proposed density profile for the darkradiusrc,ump. The SIS configuration is also stable against

matter halos produced in simulations. It is divergent at thg;qg) stripping, as can be seen by considering the similar
center with anr ~! behavior, namely it is shallower, less meaning of Eqs(7) and (8).

centrally concentrated than both the SIS and the Moore et al. | poth Egs.(7) and (8) we need to specify the density

profiles. At larger radii, NFW behaves as®, exactly the  prfile of the galactic halo. Both the Moore et al. and the
same way as the Moore et al. profile. Note that the twoyrw profile are acceptable profiles for its description. Fur-
quantities,p, andrs, in the NFW and Moore et al. profiles thermore, for our purposes, they are essentially equivalent
are not the same for the same cluipr a comparison, see gescriptions. Convergence studies have shown that these two
[29]). We choose to use the NFW profile as the least centrallyensity profiles are very similar at radii abovel % of the
concentrated density profile. The density profile derived fromyiria| radius (e.g., [29]). For a virial radius for our halo

Taylor and Navarr@TN) [30’533]' which is even shallower at 300 kpc, this means that the two density profiles are dif-

. —0.75 ; P s : _
the center behaving as ™, is a possibility; it will give  ferent only within the inner 3 kpc. Given that we are at 8.5
lower fluxes than the cuspier NFW, with the latter, as will bekpc from the galactic center, and given the nearest clump
seen in what follows, being difficult to detect. The TN will gistances presented in Table I, the relevant distances from the
be even more difficult to detect, implying for its detectability center of the halo we are concerned with are far larger than 3
neutralino annihilation cross sections higher than the relevanisc. thys, it is not of crucial importance whether the NFW or
range of values as predicted by supersymmetric models. = the Moore et al. density profile is used for the galactic halo
Our fma} three choices _represent WQII a range of 9035|blﬁ33]_ We choose the NFW profile to model the galactic halo,
concentrations of clumps in the galactic halo. In reality, theregardless of the density profile assumed for the clumps. For

SIS configuration is very hard to achieve dynamically andrS we use 27.7 kpc to match simulation resu. To find

has been recently ruled out for most of the clumps in our, . the characteristic density for our galaxy, we normalize

halo by Energetic Gamma Ray Experiment Telescopgne gensity profile so that the peak circular veloaityis
(EGRET) bounds[10]. We consider the SIS case to illustrate gp,t 220 km/sec. and thus

the range of clumps more highly concentrated than Moore

et al. In addition, individual clumps may vary in concentra- R 2 1

. . . R e oV Xo

tion, given a range of possible initial conditions for a dark Poc=—=—|IN(1+X,)— (9)
matter overdensity. Thus, an individual clump may be more 47Tr§G 1+X,

highly concentrated than the mean. A possible range in con-
centrations should be kept in mind in general searches suchith x,=R,/rs, and R,=8.5 kpc our galactocentric dis-
as the one we study here. tance. Finally,
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6.18x 108M®/kp03 TABLE Il. The ranges of parameter values used in the scans of
pa(r)= . (10) the SUSY parameter space.
(r/27.7 kpo[1+(r/27.7 kpo]?
Parameter M, tanB mp mg Ap/mg A/mg
One final characteristic of the dark matter clump structurg,pit GeV GeV 1 GeV GeV 1 1
is the core radius. Inside some radRg,e, the annihilation
rate becomes so large that the overdensity is destroyed as f&4in —50000-50000 3.0 0 100 -3 -3
as it can fill the region, yielding thus a constant density coreMax +50000 +50000 60.0 10000 30000+3  +3

Following [3], we find R;,,¢ by equating the annihilation
time scale to the free-fall time scale,

. namely the neutralC P-even Higgsinodi? andH9, and the
= TH— P(Rcore)<(w> T 2Rcump (11) superpartners of the electroweak gauge bosons, namely the
ann . ~ ~
My 4 ¥ GMciymp B-ino B and theW-ino W, After electroweak symmetry

In thi deri . . Th wal breaking, these gauge eigenstates mix. The diagonalization
N tis way we derive a maximum pOSSIlﬂQ_ore. eactual  f the corresponding tree-level mass matrix gives the neu-
value might be smaller. Note that the choiceRyf, affects tralinos

only the results for the SIS density profile since, as can be

easily ver|f|e_d for the simple case of an un_rlesolved clump, ;(?: Ni1~B+Ni2\7V3+Ni3ﬁ2+ NMHg.
the flux coming from such a clump scalesRgs;,. (see Sec.

V). In the case of the Moore et al. density profile g

dependence of the flux is via the factor 0-67(.éf/mp_l) The lightest of these, thg=xY, is assumed to be the LSP
—0.005100%;um;—10g Xcore,  @pproximately,  with Xeiump  and is referred to athe neutralino. Due tdR-parity conser-
=Reiump/T's @ndXeore=Reore/Ts. Namely, the Moore et al. - yation the neutralino is stable, since there is no allowed state
conclusions are not sensitive to the exact choiceR@fie  for it to decay into. Its mass is somewhere between some
[34]. In the case of the core-dominated fluxes of an SISens of GeV up to several TeV. It is cold, namely non-
clump, using the maximunR.,e Will yield the minimum  rejativistic when decoupled, and is considered one of the
fluxes. As will become clear from our results, however, themgst plausible candidates for the CDM particle.
conclusions do not change, at least qualitatively, since the gjng parksusy, we made random scans of the param-
SI_S_is steep enough to be detectable even when using theggsy space, with overall limits for the seven MSSM param-
minimum fluxes. eters as given in Table Il. For the neutralino and chargino
Below we discuss the annihilation cross sections into eimasses. one-loop corrections were used in accordance with
ther continuum or monochromatig rays. We find that the [42] whereas for the Higgs bosons the leading logarthimic
dominant cross section times relative velocity product correyo-loop radiative corrections were calculated using the code
sponds to annihilation into the continuuyv)cone, and  FeyNHIGGSFAST[43] incorporated iIMDARKSUSY.
even though, in principle, all annihilation channels contribute  \we scanned the parameter space to obtain the boundaries
in smearing out the central cusp, we use this dominant crosst the allowed SUSY parameter space which we plot in Figs.

section in Eq.(11) to find Reore- 1-3, 5, and 7. For each model, we checked whether it is
excluded by accelerator constraints. We used the latest con-

l1l. NEUTRALINO ANNIHILATION AS A GAMMA-RAY straints available in theARKSUSY package, namely the 2000
SOURCE constraints which are adequate for our purposes. The most

important constraints come from theg’ e~ collider LEP at
CERN, with respect to the lightest chargino and the lightest
Following [27,35—-37, we work in the frame of the mini- Higgs boson mass, as well as constraints fiemsy (for
mal supersymmetric extension of the standard modeore details see, e.g35] and references thergirFor each
(MSSM) using the computer cod@arRksuUSY [38]. The gen-  model consistent with the accelerator constraints, we calcu-
eral R-parity conserving version of this model is character-|ated the correspondingxhz, with Q) the neutralino relic
ized by more than a hundred free parameters. It is of comdensity in units of the critical density, and the Hubble
mon practice to make some simplifying assumptions whichparameter today in units of 100 kmsMpc ™. DARKSUSY
leave only 7 parameters, the Higgsino mass parameténe  calculates the relic density solving the Boltzmann equation
gaugino mass parametbr,, the ratio of the Higgs vacuum numerically, while taking into account resonances and
expectation values given by tg@h the mass of th€ P-odd  thresholds, and all the tree-level 2-body annihilation chan-
Higgs bosonm,, the scalar mass parametey,, and the nels(see[37,44]). We take into account the coannihilations
trilinear soft SUSY-breaking parameteis and A, for third  between the lightest neutralino and the heavier neutralinos
generation quarksfor a discussion of the model and the and/or charginos only if the mass difference is less than
simplification procedure, the results of whibARKSUSY in-  30%, obtaining thus a relic density with accuraeys%,
corporates, seg89—-41)). which is reasonable for our purposes. Lastly we are inter-
The LSP in most models is the lightest of the neutralinosested in models in which the corresponding relic abundance
Neutralinos are a linear superposition of four neutral spin-1/Zontributes a significant, but not excessive, amount to the
Majorana particles: the superpartners of the Higgs bosorgverall density. We choose the range

A. The neutralino-supersymmetric models for dark matter
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0.1SQXh2s0.3 (12 TABLE Ill. VERITAS specifications.
to be consistent with cosmological constraints. The lowefEnergy range 50 GeV-50 TeV
limit in inequality (12) is chosen on the basis that for values Energy resolution 15%
lower than 0.1 there is not enough dark matter to play &ffective area Angular resolution

significant role in structure formation, or to constitute a Iargel><108 TP

fraction of the critical density. The upper bound is chosen on4><108 o Z, ai ;88 gex
the basis that, given that there is a minimum age for thé c a €
10° cn? 2/ at 1 Tev

Universe, there is a maximum value that the dark matter
density can have. The upper limit 0.3 corresponds to a mini-
mum age of 12 Gyr approximate(gee, e.g.45]). Note that . . o
the choice of 0.3 for the upper limit can be considered geny'ray SOUrces. A more unique S|gnatur§ I given by mono-
erous, especially given the results from recent SN observgromaticy-rays, which arise from loop-induced s-wave an-

tions [46,47], which constrain the allowed relic density to nihilations into theyy and theZy final states. These lines
aboutQ) ’hzz’o 15. withh2=1/2 are free of astrophysical backgrounds. The respestieetra
X .15, .

for the two lines are as follows: for they, 2 photons at

E,=m,; for theZy, 1 photon aE,~m,—m3/4m,, as can

be easily verified by the conservation laws and the fact that
Neutralinos annihilate through a variety of channels. Wethe neutralinos are expected to be highly non-relativistic.

will focus on the continuumy rays, and on the two mono- Note that for highm, values, the energies of the two lines

chromatic lines that are produced through the cascade decagige expected to coincide. Furthermore, in the case oZthe

of other primary annihilation products. The continuum con-line, the energy of the photon becomes vanishingly small as

tribution is mainly due to the decay ef® mesons produced m, tends tom;/2. Below m,=m;/2, theZy process is no

in jets from neutralino annihilations. Schematically, longer kinematically allowed.

B. Gamma-rays from neutralino annihilation

R
IV. THE GAMMA-RAY SIGNAL

“rEy (13 A. Fluxes and counts
To model the fragmentation process and extract information We derive the fluxes for resolved and unresolved clumps
on the number and energy spectrum of theays produced, as a function of the neutralino parameters, and the size and
we adopt a simplified version of the Hill spectry®8,49  distance of the clumps, assuming the nearest clump for each
for the total hadron spectrum produced by quark fragmentamass bin. To turn the estimated fluxes into photon counts
tion based on the leading-logarithmic approximatichA ), collected by an ACT, we need to specify the characteristics
of the particular ACT. We choose to use VERITAS as the
standard next generation ACT and list its specifications in
Table IlI.

The numberR, of annihilations per unit volume and time
wherex,=Ep/m,, andEy is the energy of a hadron in a jet is
with total energy equal to the neutralino masg,. Assum- )
ing that all the hadrons produced are pions, which is very R=n%(ov); 17
close to reality, and assuming that each pion family takes
approximately 1/3 of the total pion content of each jet, wewheren is the number density of neutralinos, afalv); is

dN, 15
d—xh= 1_6Xh 3/2(1—Xh)2 (14)

may write for them® spectrum the thermally averaged product of the cross section times the
relative velocity[50] for the continuumy rays (=cont.),
dNpo 5 ., 9 the 2y line (i=vyy), and theZy line (i=Zvy). Denoting by
dx, = 1—6x7, (1=Xz) (15 N; the number ofy rays emitted per annihilation, with en-

ergy E, above the energy threshok, used, therN,,, =2
with x,=Eo/m, . Furthermore, the probability per unit en- (provided thatm,=E,), and N;,=1 (provided thatm,
ergy that a neutral pion with enerdy,o produces a photon —m§/4mX> Ein); Neont Can be obtained by integrating the
with energyE., through the process shown in EA3) is  spectrum given by Eq16),
2/E 0. Thus, from Eq(15) we get for the continuum photon

spectrum, 1 dNgont 5 10
Ncont(EyBEth):f d():(on dXVZEX?AZ— gxth+5\/x_th
dNcont 12 dN,0 Xth Y
~ [ 25y 16
dx, Jxy dy 5 10
+ -7, (18)
with x,=E,/m, andy=E_o/m, . 6VXp 3

The continuum signal lacks distinctive features; this
might make it difficult to discriminate from other possible wherex;,=E,/m, .
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The emission coefficienyt, namely the number of emit- The angular resolution of the instrument defines a maximum

ted photons per unit time and volume, will be projected sizeR,x for a clump at distanced by o
=Rnax/d. Similarly, #=R/d. Substituting Eqs(22) and
_ Nip%X(ov); (24) in Eq. (25) we obtain
ji=Nin¥(ov)=——5— (19
X i 1 Ni(av)i szd JRmadeRJ' 2d
—_— _n7A zZ
wherep is the mass density of neutralinos. '®S 4md? 2 et g ¢ 0 o5

Given the expression for the emission coefficient, we can * (26)

calculate the flux coming from a clump. The observed flux at

the Earth depends on whether the object is resolved or unre- We find that most clumps we considered will be resolved
solved by the ACT, namely, whether the angular size of théy future ACTs, e.g., VERITA$51]. Thus, we focus on the
clump is larger or smaller than the angular resolution of theesolved fluxes and counts when discussing our results in
instrument. More specifically, in the case where the clumpSec. V. For the diffusey-ray contribution of clumps in the
under consideration is unresolved, its flux at the Earthhalo of our galaxy sef9,10].

F, is given by the volume integral of the emission co-

unres?
efficient divided by the area#d?, B. Background counts

1 . 1 N . The detectability of the clumps depends on their fluxes as
i f Clumpj<d3R= i<"”>ij C'”"‘ppzdsR compared to the possible background contributions. As we
Unres 4md2Jo ' And2 m? Jo discuss below, the dominant background contributions are
* (20)  due to electronic and hadronic cosmic ray showers. Efforts to
discriminate between photon primaries versus charged pri-
whered denotes the distance of the clump from the Earth angnaries can help improve considerably the detectability of
Rciump S, as before, the clump radius. At this point, note thatdark matter clumps. We also discuss the galactic and extraga-
d andr ¢ ump [appearing in Eqd7) and(8)] are two different  |actic y-ray backgrounds, as well as the contribution from
guantities;d is the distance of the clump from the Earth, the rest of the dark matter halo component.
whereas ¢|ymp is the distance of the clump from the center
of the Milky Way. For a clump with galactic coordinates 1. Electronic and hadronic cosmic ray showers
(I,b), the two quantities are related via the expression,

For the background rate of-like hadronic showers we

r(Z:Iump: 2+ R2— 2dR,cos| cosh 21) use the integral spectrum presented58],

—-1.7
with R,=8.5 kpc. If the clumps are resolved, the corre- d_ls\l;(E>Eth):6,1>< 103(i) cm 2s 1grl
sponding flux at the Earthf, is given by the integral 1 Gey

X . rres? i i - (27)
along the line of sight of the emission coefficient,

This was derived from data taken with the Whipple 10 m
i :if  dge 1 Ni(‘”)ij 24z (22 telescope. VERITAS is expected to have an improved
€S Aq |05]' AT m? |osp ' method for rejecting charged primary showers compared to
X the Whipple telescope. However, aiming at a conservative
In the case of the unresolved sources, the source countseatment, we do not take this into account. For the electron-
NiunreS! will be simply, induced background we use the following integrated spec-
trum [53]:

Nlunres: FlunresAefft (23) —23
N g )=30x107 —" | em2stsrt
with Ag¢¢ the effective collecting area of the instrument dnd  dQ) (E>Ep)=3.0% 1 GeV cm =S s
the integration time. For a resolved clump, we can define its (28
surface brightnesg' as seen by an ACT as

The electron-induced showers at Whipple are indistinguish-
w=Fl Aerit (24)  able fromy rays and can be rejected only on the basis of
their arrival direction, whereas the hadron-induced showers
whereA.;; andt are the same as above. To obtain the num-are more extended on the ground than the electron-induced
ber of photonsN,., that the instrument will collect from ones. Furthermore, we see that cosmic-ray electrons have a
the source, assuming that we observe the central pixel, weteeper spectrum than cosmic-ray nuclei and dominate the
integrate the surface brightness of the source over a diskackground at low energies.
centered on the source with angular radius equal to the an-

gular resolution of the instrumeiat,, 2. Extragalactic and galacticy-ray emission
5 For the extragalactic diffuse emission, we use a fit to the
i T Tge . R
Nlres:f d(/’f ' 6de. (25 EGRET data, valid for the energy range from 30 MeV to
0 0 ~100 GeV[54]

083006-6



DETECTABILITY OF NEUTRALINO CLUMPS VIA . ..

dNeg =(7.32+0.34x10°°
dQdE " :

y E
451 MeV,

—2.10+0.03
MeV~! cm2s tsrt,

(29

The galactic diffuse emission is thought to be mainly du
to cosmic-ray protons and electrons interacting with the in
terstellar medium. It is enhanced towards the galactic cen
and the galactic disk, and has been measured by EGR
[54,55 up to about 10 GeV. For its differential spectrum we

use the expression provided [B2], namely a power law
fall-off in energy of the form

dNo E,l,b)=10"%N(l,b
E(!v)_ O(v)

1T Gev,

) GeV'! cm?s tsrl.
(30

The factorN, depends only on the galactic coordinate®)
and has been fixed using EGRET data at 1 Gs&e[52],
and references theregint is given by

B 85.5
V1+(1/35)2y1+[b/(1.1+]1]0.0221?
+0.5 if |I|=30°

No(l,b)

- 85.5 o8
J1+(1/3521+(b/1.8)2
if |I|<30° (31)

with | andb varying in[ —180°,1809 and[ —90°,90°, re-

e

PHYSICAL REVIEW D66, 083006 (2002

Fsmoot E>E)=3.5X10" 26Ncont

lemPst
v <0'U>cont

s tem?srl (33
272
mi/g

The emission due to the total clumped component of the
dark matter halo, as seen [i,10], overwhelms the smooth
componenty-ray emission. Note that neither the smooth nor

the clumped componengi-ray emission constitutes an addi-

él%‘)nal background for our study. For example, part or all of

e extragalactic background, which we have already taken
into account, would be due to numerous, unresolved clumps
in our halo. In fact, this has allowed R¢1.0] to place strong
limits on the neutralino parameter space for clumped halos
with SIS and Mooreet al. clump profiles, by comparing the
clumped componeny-ray emission with the extragalactic
diffuse y-ray emissior[Eq. (29)]. In particular, a SIS clump
distribution would surpass EGRET bounds for all of the
SUSY models usually considered for neutralinos.

In order to estimate the relative importance of the several
contributions we assume an ACT observation with the fol-
lowing characteristics: Agss=10° cm?, t=100h, E,
=50 GeV, 0,=0.1°. For these parameters, we find the
countsNg_=1278, N,=2718, Noq=6, Ng=225 (for m,
=100 GeV and, referring to the continuum rays, for a
typical cross sectiofov)eoni=5%x10"2" cn®s ! we ob-
tain Ngmo0t=0, rounding off to the closest integeifo cal-
culate the galactic background counts, we made the conser-
vative assumption of the maximum possible background and,
thus, used I;b)=(0°,0°). This background is anisotropic
and will be lower at higher galactic latitudes. Evidently, the
main backgrounds for ACT searches are the hadronic and
electronic backgrounds. Only if the composition of primaries
can be identified, the galactic and the extragalactic diffuse
y-ray backgrounds become important; this would be highly
desirable, given that the galactic backgroundaisleast an
order of magnitude lower than the cosmic ray induced back-

spectively. This expression is in reasonable agreement WitBrounds

data especially towards the galactic center. The expoaent

We chose to keep a conservative estimate of the back-

in principle depends on both the energy range and the galagjounds by considering the two dominant backgrounds, the
tic coordinates; as if62,56, we usea=—2.7, assuming the  gectronic and the hadronic cosmic-ray induced ones, since,

behavior continues at higher energies.
It is also important to obtain an estimate of theray

as we have shown above, the other contributions are at least
one order of magnitude lower. Thus, the background counts

counts due to neutralino annihilation in the smooth dark mat;, the case of the continuum are

ter component of the galactic halo. The flux of continugrm
rays of the smooth halo component is given by

1 Ncon
Fsmoout( #)=7— Neoni{o) fl _pa(hdi(y) (32

2
mX

AN,
Np(E=En) = E(EZEth)AQAth (34)

where we definelN,/d() as the sum of the hadronic and the

with pg given by Eq.(10), andy the angle of the direction g|ectronic cosmic ray induced backgrounds, as given by Egs.

of observation with respect to the direction of the galactic(27) and(28), respectively. In the case of the lines the back-
center. This flux is clearly enhanced towards the central reground counts are given by

gions of the galaxyfor more details see, e.d9]). In order

to estimate a value close to the maximum possible smooth

component counts, Ngmootnw We use the direction

y=10°—close to the center. The flux coming from this di-

rection is approximately

dN, dN,
No(E=Eo)=| 4 (E=E1) ~gq (E=E2) [AQAt

Q
(35
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whereE, stands for the energy of the line aid,E, stand standard ACT angular resolutiorisee Table Ill, and thus

for (1-Rg)E, and (1+ Rg)E, respectively, withRg denot-  we use Eq(26) for Ng, whereas for the background we use

ing the energy resolution of the detector. either Eq.(34) or Eq. (35), depending on whether we study
Note that the only anisotropic background—thethe continuum or the lines, respectively.

galactic—is negligible in comparison with the charged par- Using the aforementioned detectability condition, we can

ticle backgrounds. This makes our calculations essentiallgonstrain the SUSY parameter space. In addition to the un-

independent of the exact direction of the clump in the skyknown neutralino parameterggv); and m,, we do not

Any particular choice of galactic coordinates would not limit know the precise density profiles of the dark matter clumps.

the generality of our conclusions with respect to the observin the figures that will follow, we take under consideration

ability of the clumps. The only assumption we should makethe profile uncertainties by using the three density profiles

is that the clumps are more likely to be found away from thementioned beforéthe SIS, Moore et al., and NFW profiles

galactic plane. This is to be expected since simulations shoWe then set the constraints on the neutralino parameter space

that the orbits of CDM satellites in present-day halos veryas follows: we substitute Eq26) for Ng, and Eqs.(34) or

rarely take them near the digk.g.,[22]). This is not a very  (35) for N,,, as well as the expressions fif in condition

constraining assumption—all directions in the sky that avoid36), and then we solve the resulting inequality with respect

the galactic disk are essentially equivalent—and thus, théo (ov);. This yields an inequality of the form

only really important quantity with respect to the location of

a clump is its distance from us. The exact galactic coordi- (00)i=1(1,Aerr t,En ANy /dQ,AQ M9mE . (39)

nates can in principle be important via E¢8) and(21), but ) _

it turns out that this is not the case. For example, considerin§) other words, arMg-o- detection for givemAeyy, t, Eg,

the clumps with mas#,m=10°M¢ and a nearest dis- dNo/dQ2, AQ), andM; can be obtained as long &sv); is

tance of about 4 kpésee Table)l, we find that putting such above a certain value which dependsmf(] and the integral

a C|ump towards the ga|actic center y|e|d$,G of the density Squared, which we have denoted .b‘]hUS,

=2 8% 109M® kpc_s’ whereas putt|ng it in the exact oppo- plottlng |nequal|ty(38) with the equality Sign onto the SUSY

site  direction, towards the anticenter, vyieldpg parameter space, we divide the _SUSY parameter space into

~1.3x10°M, kpc 3, namely, there is no significant the detectabl¢above the line defined by E¢38)] and the

variation. undetectabl¢below the line defined by Eq38)] regions.
In another set of figures, we show the flux for a given
V. RESULTS clump as a function ofr’r!X, assuming a typ|cal value,
(ov)iyp, for the cross section. This is interesting to be com-
A. The detectability condition pared to the dominating backgrounds, as well as to what we

The background follows Poisson statistics and as such !l the minimum detectable flugy;n, which we define
exhibits fluctuations of amplitudg/N,. For given technical using again the detec_ta_blllty crlterl_on given in £§6). More
and observation parameters, the minimum detectable flux giPecifically, for the minimum required source CouNyin
y rays for an ACT is determined by the condition that theS° that anM4-o detection level be achieved we will have
significanceS exceeds a specific numbev|,, of standard T Ed-(36)
deviations,o, or that the number of detected photons ex-

ceeds a specific numbét,. Namely, Ns,min= M VNp. (39

For Ng min=FminAett We obtain

Ns
S= =M 36
N (%9 MW
min— At (40)
eff
and
This is separately applicable for the continuum and the lines.
Ng=N, . (37)

The first condition simply defines what achieving -0 B. Continuum y rays

detection requires. The second condition ensures that we ob- The minimum detectable neutralino annihilation cross
tain sufficient statistics ofy-ray events and is useful espe- section into continuumy rays as a function of neutralino
cially at the higher energiesX(1 TeV), where the back- mass fora 1M, and a 16M, dark matter clump is shown
grounds are negligible, and thus the first condition is uselessn Fig. 1. These curves were obtained using conditi®®)

The second condition also shows that at high energiedor A ¢=10° cn?, t=3.5x10° s(100 h, E,;,=50 GeV and
whether the source will be detectable or not is determinedr,=6" (these are also the parameters we use for the rest of
only from its high energy spectrufand the ACT character- the figures, unless otherwise statelh the same figure, the
isticg). Given that we start at tens of GeV energy thresholdsthree cases of clump modeling using a NFW, a Moore et al.,
we check for the first condition making sure that the seconar a SIS density profile are shown. Note that by plotting the
condition is satisfied as well. We require ac5édetection results for the minimum and the maximum clump masses
level (M¢=5). As has been already mentioned, for all thethat we considered, 28, and 16M, respectively, any
mass bins studied, the nearest clump can be resolved father clump mass choice lies in between. The same is true
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2,
23 Mcluymufllo MO

10° 10° 10*

2 3 4
10 10Neutra1ino Mass ( GeV)lO Neutralino Mass (GeV)

FIG. 2. The minimum detectabl@rv).on. versusm, for Moore
et al. clumps withV ¢jymp= 1°M g , 10'Mo, 10PMg and 16M .
The dots and the other parameters are as in Fig. 1.

profiles goes down by approximately two orders of magni-
tude, compared to the 1Ml case. As a result, such a mas-
sive clump is most likely detectable, even if it is best de-
scribed by the least concentrated density profile, the NFW.
Note also that, referring to the low mass clumps, the NFW
case is, compared to the other density profiles, the most con-
sistent profile with EGRET bound40].

The way the constraints imposed on the SUSY parameter
space depend on the mass of the clump is depicted in Fig. 2,
: assuming a Moore et al. density profile, and for the same

LTI Sl ————r PR e observation parameters as in Fig. 1. The results are plotted
10° 0 10* for four different clump masses: Mo, 10'Mg, 1FMg
Neutralino Mass (GeV) and 16M, . As evident, the higher mass clumps have better

FIG. 1. The minimum detectablrv)eon, versusm, for the chances of detectability, since the higher the mass of the
SIS, the Moore et al., and the NFW profile. The clump masses use@lUmp, the larger the part of the SUSY parameter space that
are 16M, and 16M, . The dots represent allowed SUSY models lies above the minimum detectable cross section ) qnt
(see text for detai)s The lines represent the &-detection for ~ versus them, curve; equivalently, the higher the mass, the
Agsi=10° cn?, E;,=50 GeV, 0,=6’, and for 100 h of observa- stronger the constraints on the SUSY parameter space that
tion. Only SUSY models that lie above the corresponding curve willthe nondetectability of an otherwise detected cluripa,
yield a detectable signal. e.g., its synchrotron emissigfil]) imposes, given that if the

clump is not detected by ACTs, all the models above the
for the density profiles, at least with respect to the degree ofov)¢on.-m, curve will be excluded.
central concentration: any profile steeper than the NFW and The minimum neutralino mass that can be explored also
softer than the SIS will be a curve between the two limitingdepends on the observation features, and more importantly,
curves defined for a specific clump mass, by the SIS and then the energy threshold. To show the role of the energy
NFW profiles, and as an example we plot the Moore et althreshold,E;,,, in the detectability of the clumps for the
case. SUSY parameter space, in Fig. 3 we plot the same kind of

In the case of a M, clump, we see that if the clump curves as in previous figures, using @80, Moore et al.
were described by a density profile as centrally concentratedlump and for three different energy thresholds: 50, 100 and
as the SIS, then it would be detectable for most neutralin@50 GeV, for 100 h of observation and féi¢; and o in
parameters, unless, =70 GeV. The same clump modeled agreement with Table Ill. Using a higher energy threshold
with the Moore et al. profile has good chance of being de-means both a largek.s; and a better angular resolution, as
tected, since for a large rangerof, the(ov)cone —mM, curve  well as lower contributions from the backgrounds, which
is below most of the possible models. Furthermore, note thanakes it clear that ACTs are well-suited to explore the higher
given the recent results from 0], these highly centrally con- m, range of the neutralino parameter space. On the other
centrated clumps would have to be a rare event among cotrand, the lower the energy threshold the larger the part of the
centrations of halo clumps. parameter space that ACTs can explore, but even in the best

The same results are plotted for a clump with massase of the smallest energy threshold, the low mass param-
10°M, . The minimum detectabléov) .o, for all the three  eter space which corresponds to a broad rang@rofon;
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F, . (E>E,) (photons em’s™)

E [ —s— hadronic CRs
N 10k —o— electronic CRs

| n " N R | n . PR F I ' P L L
10° 10° 10* 10° 10° ‘ 10*
Neutralino Mass (GeV) Neutralino Mass (GeV)

FIG. 3. The minimum detectabléov)con, versusm, for a
10°M Moore et al. clump, and for three different energy thresh-
olds, E;,: 50 GeV, 100 GeV and 250 GeV. The lines represent the
5-0 detection for 100 h of observation, for an angular resolution
o,=6', 5" and 3, and for energy threshol&,,=50 GeV, 100
GeV and 250 GeV, respectively, and for an effective collective area,
Aqss, equal to 18 cn? for the cases of 50 GeV and 100 GeV and

Fcont.(E > Eu.) (phOtOIlS cm.ZSVl)

equal to 3x 10° cn? for the case of 250 GeV. The other parameters v s
. . . 10 [ oore etal. 7
are fixed as in Fig. 1. 10 / —

. . 1 [ i
will remain unexplored regardless of the mass of the clump. 107 ¢ =3
This demonstrates the need for complementary observations g2 [ NFW ]
at lower energies, such as observations with GLAST], i > hadronic CRs ]

. 10’13 - —o—electronic CRs u

accelerator searches, and direct searches. 1 Fmin E
Our second set of results concerns the flux coming from a 10 — -
clump as a function of neutralino mass. Following the trend 10 10 , 10

. - Neutralino Mass (GeV)
given by theDARKSUSY models, we choose a typical cross
section for the annihilation into the continuufvv).y, FIG. 4. The flux of continuumy rays as a function ofn, for

~5x10 %" cm®s . Note that the SUSY parameter space iS(ov)qon =5x10"2 cnfs ™t and for the SIS, Moore et al., and
not extremely wide in the continuum case, at least for neuNFW profile. The clump masses used aréMg@, and 16M, . Also
tralino masses above-80 GeV, and thus the choice of a shown are the two dominant background contributions, the hadronic
typical cross section is reasonable. The flux as a function ofosmic ray and the electronic cosmic ray induced ones. The dashed
m, for (gv>typ, and for clump massed clump= 10°M o and line represents the minimum flux of the clump at the Earth, required
Mciump= 10°M is shown in Fig. 4. As above, we show the so that a 5¢ detection level be ach|eved_queff= 1 cn?, Ey,
results for the three different density profiles we used. The=50 GeV, o,=6", and 100 h of observation. Fan, values cor-
energy threshold was set to 50 GeV. On the same plot and fégspending to fluxes higher thafy,;,, the clumps will be detect-
the same energy threshold, the electronic and hadronic bacRb'e in the continuum.
grounds, as well as the &-minimum detectable fluxi iy,
[defined in Eq.(40)], are plotted using\.;r=1C% cn? and  will have anm, detectability range 77 Ge¥m, <5 TeV.
t=3.5x10° s (100 h. In these plots a clump of a specific Focusing on the intermediate case, the Moore et al. profile,
mass and density profile will be detectable for those neuwe see that in terms of constraintsio, the detectability of
tralino masses for which its flux is greater or equal to thelow mass clumps provide both a lower and an upper limit
minimum detectable flu¥;,. We will call this range of (i.e., detectability range of the form, ni,<m,=m, .4,
neutralino massethe m, detectability range whereas the higher-mass clump detectability provides only a
From Fig. 4 we see that a 4, NFW clump will not be  weaker lower limit(i.e., detectability range of the formm,
detectabldregardless o, ), a SIS clump of the same mass =m, ). Note that the same conclusions, if applied in the
has anm, detectability rangen, =55 GeV, whereas if the case of a clump known to exist but which turns out to be
clump density distribution is better described by a Moore enon-detectable by ACTs, imply constraints on the neutralino
al. profile, them, detectability range will be 87 Ge¥m, parameter space which are complementary to the above de-
=<2.9 TeV, approximately. In the case of a®M), clump, tectability ranges. Namely, the non-detectability of the clump
the SIS profile has am, detectability rangen, =53 GeV.  will imply that m, cannot be in the detectability range, and
Similarly for the Moore et al. 1M clump m,=65 GeV, thus the corresponding part of the SUSY parameter space
whereas the same clump if modeled with an NFW profilewill be excluded. Actually, as can be seen from all figures
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TABLE IV. Minimum and maximum possible fluxes for the three different density profiles—see text for
details. All fluxes are in photons cris ! and masses are M, .

M ciump 10? 10 10° 10°
F min 2.1x10°° 1.3x10°8 7.6x10 1 3.4x10°7
SIS F max 2.8x10°8 1.7x10°7 9.7x10 10 4.4x10°8
F min 6.5x10 13 4.0x10 12 2.4x10 1 1.4x10°10
Moore Fmax 1.6x10° 10 9.7x10 %0 6.1x10°° 3.3x10°8
Fmin 7.9x10°%° 4.3x10° 1 2.4x10°1 1.3x 10 12
NFW Fmax 2.6x10°1? 1.4x10° % 8.1x10° 1 4.2x10°10

referring to the continuum signal, it will be the non- combinations, as was calculated using &) and assuming
detectability that will impose the strongest constraints on thehe hadronic and electronic backgrounds as the dominant
SUSY parameter space. Furthermore, although the larger thenes.
clump mass the easier to detect, having a range of clump From the two tables we see that the least likely case of
masses is needed in order to determine the neutralino pararclumps, namely clumps as dense as the SIS, can be easily
eters. As we discuss below, the constraints can become strodetectable in less than 100 h. In the case of the Moore et al.
ger when information on the line emission is combined withprofile, the higher mass clumps=(L0°M ) will be easily
the better detectable continuuprays. detectable since bothk,,;, and F,,.x exceed the minimum
Lastly, given the SUSY parameter space and theequired fluxF i, et , t0 achieve a 5 detection level. The
(av)com/mi dependence of the flux, we find the minimum lower mass clumps have an easily detectablg,, but not
F min @and maximunt ., flux above 50 GeV that a clump of necessarily a detectabig,;,. A 10°M Moore et al. clump
a specific mass and density profile can emit. We do that byvould have a detectablg,,;, for either a large integration
finding from the SUSY parameter space whab )., and  times (2.6< 10° s=1 month), or for larger collective areas
mf( combinations yield the minimum and maximum (e.g., 18 cn? at 50 GeV, which is not among the abilities
(av)cont /M ratio, respectively. In this way, we bracket the of both existing and upcoming ACTs. Finally, NFW clumps
flux of a clump and we know that, even for density profilesWith M¢ump=10°M, are detectable and this is particularly
other than the three used here, as long as they are somewhéfortant given the EGRET constraints placed on the most
between the NFW and the SIS, their flux will be somewhereconcentrated clumps, such as SIS and Moore et al. clumps.
in the interval[ F in,Fmax. The results of this calculation In contrast, even a whole year of observation (312" )
are shown in Table IV. For the minimum possible clumpwould not be enough to detect smaller mass NFW clumps
flux, Fpi,, we chose m,=5TeV and (ov) with fluxes that are closer to the correspondifg;, .
=102 cm®s 1. This combination yields a representative
lower flux value, at least for the horizontal feature of SUSY C. Monochromatic y rays
models in the largen, range(even lower fluxes are obtained
for the low mass and low cross section part of the SUSY,
parameter space, but this range is not likely to be accessib
by ACTs, anyway. For the maximum possible clump flux, M
Fmax: we used m, =60 GeV and  (ov)
=2x10 2?6 cm®s %, which is a combination that quite reli-
ably gives the maximum possible flux. For comparison, in
Table V we give the minimum required flu¥,in get» SO
that a 5 detection be obtained for certaly, ,Aq andt

The minimum detectable cross sectiarv) ., for annihi-
ation into monochromatiey rays with energy equal tm,,

a function ofm,, is shown forM g m,= 10°M and
clump™ 10®M, in Fig. 5. The constraining curves stop at
Ein, which in this case is 50 GeVbelow this the cross
section is non-zero, but the number of photons with energy
above 50 GeV coming from neutralinos with mass less than
50 GeV is, of course, QA first, clear difference, in compari-
son with the continuumy rays, is the fact that the SUSY
parameter space is significantly wider with respect to the
cross section. Therefore, imposing constraints on the SUSY
parameter space using the detectabildy non-detectability
of the clumps through theiyy line emission will be harder
than through their continuum emission. Nevertheless, if lines
are detected in addition to the continuum, the degeneracy in

TABLE V. Minimum detectable fluxes for specific energy
thresholds, effective areas and integration times so thavadg-
tection be obtained. All fluxes are in photons ¢hs ™%, energies in
GeV, areas in cfhand integration times in s.

Bt Rerr ' Frminet the SUSY parameter space will be lifted since a narrower
50 1.0x1¢° 3.5x10° 8.9x 1012 range of models would fit both detections.

100 1.0<10° 3.5x10° 4.6x1071? This is depicted more quantitatively in Fig. 6 where we
250 1.0<10° 3.5x10° 2.0x10 %2 present the flux of monochromatig rays as a function of
50 1.0 10° 3.5x10° 2.8x10° 12 m,, as well as the minimum detectable flux and the two
50 1.0 1¢° 2.6X10° 3.2x10°12 major background contributions. Note that in this case both
50 1.0< 108 3.2% 10 1.1x10°18 the minimum detectable flux and the background fluxes de-

pend onm, , given that the energy of the monochromatic
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clump

Ly My, =10'Me
0

3 -1
<ov> (cm’s’)

E, (photons cm'zs'l)
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E —»— hadronic CRs

b _; 10" F —o— electronic CRs E
= 3 N Fmin ]
. | 10 |
10° 10° 10* 10 10’ 10'
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M, =10'M,
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FIG. 5. The minimum detectablerv).,, as a function ofn, for FIG. 6. The flux ofyy monochromaticy rays as a function of

H — — 30 —1
the SIS, the Moore et al., and the NFW profile. The clump masse8x assuming(ov),,~2x10 (?mas , and for the SIS, the
used are 1™, and 16M,. The dots represent allowed SUSY Moore et al., and the NFW profile. The_clump masses used are
models. We require a 5-detection level forA¢=10° cn?, Ey, 1Mo and 16M . Also shown as functions d&,=m, are the
=50 GeV, o,=6', energy resolutioRe=15%, and for 100 h of two dominant background contributions, the hadronic cosmic ray
observation. For a specific clump mass and a specific density prdind the electronic cosmic ray induced ones. The dashed line repre-
file, and for the above instrument and observation characteristicSENts the minimum flux;,, required so that a - detection be

only the SUSY models that lie above the corresponding curve willRchieved forAe = 10° cn?, Ey=50 GeV,g,=6, and 100 h of
yield a detectable signal. observation. Fom, values corresponding to fluxes higher than

Fmin, the clumps will be detectable in they line.

rays is equal tan, . As we did in the case of the continuum, . . _ o

to find the flux coming from a given clump we assume alMPOSINg at the same time an upper limiton . In the case
typical cross section, in order to express the flux only as &f Mciump= 10°M, a Moore et al. clump will be detectable
function of m,. Based on the SUSY parameter space pre&s long asm,=4.5 TeV, whereas the same clump, if de-
sented in Fig. 5, we choose the large cross section region art§'iPed by an NFW profile, would be detectable onlyn
use (ov),,=2x10 ¥ cmPs L. This value yields a flux <68Gev. .

close to the maximum possible flux such that a comparison 1he case is similar for théy line. Results for the SUSY
can be attempted with the continuum case, which is geneff@rameter space are presented in Fig. 7, MEump
ally stronger. We see, however, from Fig. 6 that even in this= 1Mo and 16Mo . In these flgurezs we require tht,
case, theyy line will not be observable with upcoming =En- Using the fact thaE,=m,—mjz/4m, , this implies
ACTs. More specifically, foM ¢;,m,=10°M, the chances of ~ that the neutralino mass

observing such a light clump in the monochromajigay

lines are bad, regardless of neutralino mass. With respect to m. = Ei+ VmZ+Egy (41)
the density profile, neither the Moore et al. nor the NFW will X 2

be detectable. In the case of a density profile between the

Moore et al. and the SIS, observability could be achievedvhich translates ton, =77 GeV forE,=50 GeV. The two
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FIG. 8. The flux ofZy monochromaticy rays as a function of

FIG. 7. The minimum detectablerv), as a function ofn, for ~ m,, assuming(ov);,~3x10 **cm®s™?, and for the SIS, the
the SIS, the Moore et al., and the NFW profile. The clump masseMoore et al., and the NFW profile. The clump masses used are
used are 1M and 1M . The dots represent allowed SUSY 1(°M and 16M, . Also shown, as functions af,, are the two
models. We require a 5-detection level forA¢=10° cn?, Ey, dominant background contributions, the hadronic cosmic ray and
=50 GeV, 0,=6', energy resolutioRg=15%), and for 100 h of the electronic cosmic ray induced ones. The dashed line represents
observation. For a specific clump mass and a specific density prahe minimum flux,F,;,, required so that 5= detection be achieved
file, and for the above instrument and observation characteristicgor A.¢=10° cn?, E;,=50 GeV, 0,=6, and 100 h of observa-
only the SUSY models that lie above the corresponding curve wiltion. Form, values corresponding to fluxes higher tHag;,, the
yield a detectable signal. clumps will be detectable in th2vy line.

lines are expected to coincide at relatively large, and

thus, the conclusions for both are similar with the differencethe assumption of the maximugwv)z,, and thus of the

that due to the above constraint tEey line explores the maximum possible flux.

parameter space starting from higher neutralino masses com-

pared to theyy line. In addition, the SUSY models corre-

sponding tam, above 500 GeV are less dispersed in the case

of the Zvy line than in the case of they. Again, this will The results presented above were based on specific

help lift degeneracies of neutralino models, if any clumps arechoices for the detector and the observation parameters. It is

detected. worth noting that these results can be easily scaled with
The flux as a function of neutralino mass assuming ssome of these parameters. For instance, the effective area

maximum(ov)z,=3x10 3 cm®s ! is shown in Fig. 8. In  A.; and observation timehave a simple scaling. The mini-

general the conclusions are the same as imthdine. The  mum detectabléouv) for a specifiam, scales as 1erst) V2.

light clumps are not very promising with respect to their An order of magnitude lowefov) could be explored using

detectability. A 16M 5 Mooreet al. clump will be detectable two orders of magnitude highek.it, for example,Agi

as long asn, <6 TeV. Note, however, that this is true under =10° cn? and t=3.5x10° s (=40 day3. This would be

VI. DISCUSSION AND CONCLUSIONS
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very helpful in the case of the hard to detect liiese Fig. 5 neutralino masses. More precisely, one should study the al-
and Fig. 7. If some clumps are detected in the continuum, alowed models in SUSY parameter space that fit the detected
reasonable strategy would be to subsequently search for tg@ntinuum flux and check which ones give a detectable line
weaker line signal over a longér Similarly, the minimum  signal.

detectable flux plotted in Figs. 4, 6, and 8, depends on the The detectability of the lines can yiela, detectability
combinationAgt. With respect to the angular resolution ranges of the formm,<m, ., for various combinations of
oy, the minimum detectabléov) has a dependance of the clumps masses and density profiles, assuming a typical or an
form ocl/\/m, approximately, while the minimum detect- optimum{ov) for the neutralino annihilation. Assuming for
able fluxes arexAQ. Note that although the nearest the lines the maximuniov), a 1Mo Moore et al. clump
clumps are resolved, we used the angular resolution of th&ill be detectable both in the continuum and in the lines, if
instrument and not the angular size of the clumps as th&, is somewhere between 65 GeV and 4.5 TeV, whage
relevant angle for the collection of background noise, assum=65 GeV comes from the continuum limit andn,

ing that we observe the central pixel of the source—wheres4.5 TeV comes from the lines. Although not a very narrow
most of the source counts originate from—treating thus, thénterval inm, , excluding the very low mass end of the al-
source with respect to the backgrounds as being effectivel{owed neutralino mass range in combination with an upper
unresolved. If, instead, one uses the angular size of the objett, limit for detectability, can be very useful. It would nar-
as the relevant angle for the collection of noise, both theow down the range ifov).on Significantly. Another ex-
detectable cross sections and the minimum detectable flux@gnple is that of a 1% o, NFW clump which is detectable in
are about two and one orders of magnitude higher for @ither the continuum(detectability range: 77 Ge¥m,
10®M, and a 16M, clump, respectively. =5 TeV) or the yy line (detectability range: m,

An essential parameter in our calculations is the distance=68 GeV), but not both. This fact can, in principle, be used
of the source from the Earth, which we assumed to be théo extract information about the mass of the clump.
estimated distance to the nearest clump. However, our results Our study of the detectability of clumps by ACTs is
can be easily extended to larger distances or, equivalently, tdosely tied to the lack of knowledge with respect to the
lower numbers of clumps given thed?/dependence of the SUSY parameters. Thus our results can be used in two ways,
flux, which is actually the most significant dependence of ouidepending mainly on what will be determined first, the neu-
results on the distand®8]. For example, one order of mag- tralino parameters or the distribution and profiles of CDM
nitude larger distance makes the minimgav) that can be  clumps. If clumps are discovered fifdor example, through
explored two orders of magnitude higher; the same is true fosynchrotron emission or from GLAS¥-ray observations
the minimum detectable fluxes. This is very useful given they-ray studies by ACTs can help narrow the neutralino param-
recent bounds on SIS and Moore et al. clumps from EGRE®ter space. In most cases, the strongest constraints on the
data[10]. More specifically, only NFW clumps can populate SUSY parameter space arise from the non-detectability in
the whole halo as seen in CDM simulations without over-rays of a clump seen, e.g., in the microwa{/&s| rather than
whelming EGRET limits. For the other density profiles, con-its detectability as, for example, in the case of £Mg,
sistency with EGRET data could imply, e.g., a smaller thanMoore et al. clump. Such a clump will be detectable in both
currently believed clump abundance, which would translatethe continuum and the linesiif, is between 65 and 4.5 TeV.
in our case, to larger distances of the clumps. Using th&his large range of neutralino masses can be ruled out if the
above scaling of our results with distance, it is easy to conelump is not detected by VERITAS. This can become quite
clude with respect to the clump detectability in any otheruseful in the future. For the time being, what is even more
case that would change the distance estimate. Similar is thenportant is that such a clump, if existent, will be easily
case for the density profile assumed for the clumps; the dedetectable almost for any possible neutralino mass.
tectability of a density profile, e.g., with central concentra- Summarizing, we conclude that the chances of detectabil-
tion in between that of the Moore et al. and the NFW pro-ity of dark matter clumps in the galactic halo, due to con-
files, can be predicted, at least qualitatively, using our resultginuum y rays produced by neutralino annihilation via up-

The choice of the energy threshold will be a crucial factorcoming ACTs are very good, especially in the case of
determining what will be the minimumm, values accessible relatively massive and highly centrally concentrated clumps.
to ACTs. An energy threshold low enough, along with theThe signatures expected in the form of the and theZy
ability of ACTs to identify primaries leading thus to back- lines are less easily detectable, but can be quite useful in
grounds smaller by an order of magnitude, are highly desirlifting degeneracies among neutralino SUSY parameters. If
able for future ACTs, if they are to be used to explore thewe figure out the neutralino parameters first, ACT searches
SUSY parameter space and detect even the less concentrateill be strong tests of the CDM model predictions with re-
clumps such as the NFW case. spect to both the substructure in galactic halos and the den-

In addition, we would like to re-emphasize the strategy ofsity profiles of the substructure clumps. ACT searches will be
combining observations in the continuum and the annihilaable to explore large ranges of neutralino masses above
tion lines for different clump masses in order to constrain=50 GeV (or more, depending on the energy threshold
more effectively the SUSY parameter space. For exampleThese studies will complement the searches for lower mass
from Figs. 4 and 6 we saw that a low mass clump haman neutralinos, accessible through high energy accelerators, di-
detectability range of the forrmy,;,=m, <m,,. Combin-  rect and other indirect detection methods, and satefitay
ing this with line observations, one could narrow the range otelescopes such as GLAST.
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