
LPT�Orsay 08/38FTUAM 08/6IFT-UAM/CSIC-08-21IFT-6/2008Determining the WIMP mass using the omplementaritybetween diret and indiret searhes and the ILCN. Bernal1, A. Goudelis1,Y. Mambrini2, C. Muñoz3,4

1 Laboratoire de Physique Théorique, Université Paris-Sud, F-91405 Orsay, Frane
2 Institute of Theoretial Physis, Warsaw University, ul. Hoza 69, 00-681 Warsaw, Poland

3 Departamento de Físia Teória C-XI, Universidad Autónoma de Madrid,Cantoblano, 28049 Madrid, Spain
4 Instituto de Físia Teória UAM/CSIC, Universidad Autónoma de Madrid,Cantoblano, 28049 Madrid, SpainAbstratWe study the possibility of identifying dark matter properties from XENON�like 100kg experiments and the GLAST satellite mission. We show that whereas diret detetionexperiments will probe e�iently light WIMPs, given a positive detetion (at the 10% levelfor mχ . 50 GeV), GLAST will be able to on�rm and even inrease the preision in the aseof a NFW pro�le, for a WIMP-nuleon ross-setion σχ−p . 10−8 pb. We also predit therate of prodution of a WIMP in the next generation of olliders (ILC), and ompare theirsensitivity to the WIMP mass with the XENON and GLAST projets.

1

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by Digital.CSIC

https://core.ac.uk/display/36015742?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1


Contents1 Introdution 32 Diret detetion 32.1 Di�erential event rate . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32.2 The XENON experiment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53 Indiret detetion 53.1 Di�erential event rate . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53.2 Modeling the galati enter bakground. . . . . . . . . . . . . . . . . . . . . 73.3 The GLAST experiment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84 Diret versus indiret detetion experiments 95 WIMP dark matter at present and future olliders 115.1 The Approah . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115.2 Basi Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 155.2.1 Non-polarized beams . . . . . . . . . . . . . . . . . . . . . . . . . . . . 155.2.2 Polarized beams . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 176 Complementarity 187 Conlusions 19

2



1 IntrodutionThere exist strong evidenes that a large fration of the matter in our Universe is non-luminous[1℄. Suh evidenes inlude the motion of luster member galaxies [2℄, gravitational lensing[3℄, osmi mirowave bakground [4℄, observations of the �at rotation urves of galaxies[5℄, et. Dark matter plays a entral role in urrent struture formation theories, and itsmirosopi properties have signi�ant impat on the spatial distribution of mass, galaxiesand lusters. Unraveling the nature of the dark matter is therefore of ritial importane. AWeakly Interating Massive Partile (WIMP), with mass lying from the GeV to the TeV sale,is one of the preferred andidates for the dark matter of the Universe.Di�erent experimental programs are developing huge e�orts to observe and identify thepartile nature of the dark matter. This an be ahieved by diret measurement of the re-oil energy of a nuleus by a WIMP, or indiretly via the observation of WIMP annihilationproduts. In both ases, the sensitivity depends strongly on the bakground and on the theo-retial assumptions of the model. It would be interesting to ombine all these e�orts to inventintelligent strategies for determining the nature of dark matter [6℄. Reently, several works(see Refs. [7℄ and [8℄ for the ase of diret and indiret detetion respetively) have shownthat preision measurements of the mass of the WIMP are not only reserved to the domainof aelerator physis. In all these studies, model independent bounds are derived for annihi-lation ross-setions, masses or WIMP�nuleus sattering ross-setions. The drawbak of amodel-independent framework (lak of determined mirosopi proesses) is largely ompen-sated by the universality of the method: instead of restriting a theoretial parameter spae,we restrit physial observable quantities (masses, branhing ratios). Indeed, these limits arevalid for all andidates for WIMPs, suh as for example the supersymmetri neutralino, thelightest Kaluza Klein exitation, et.The aim of the present work is to analyse two of the most promising experiments, XENON[9℄ and GLAST [10℄, alulating and omparing their sensitivity to a WIMP mass dependingon the astrophysial hypothesis (veloity distribution of WIMPs, density pro�le of the galatihalo). In addition, using the known osmologial abundane of dark matter in the Universe,we predit the radiative WIMP prodution rate in the next generation of olliders (ILC) andompare their sensitivity to the WIMP mass with the XENON and GLAST projets. The pa-per is organised as follows. In setion 2 we disuss the event rate and WIMP-nuleon satteringross-setion for a XENON-like experiment, in a omplete mirosopi model-independent ap-proah. In Setion 3 we arry out a similar analysis for the GLAST experiment, disussing inthis ase the WIMP annihilation ross setion, and taking into aount di�erent halo pro�les.Setion 4 is dediated to the omparison between these two modes of detetion. In Setion 5we analyse the sensitivity that we an expet in suh a model-independent framework for alinear ollider. Finally, in Setion 6 we arry out the omparison between the three detetionmodes. The onlusions are left for Setion 7.2 Diret detetion2.1 Di�erential event rateIn spite of the experimental hallenges, a number of e�orts worldwide are atively pursuingto diretly detet WIMPs with a variety of targets and approahes. Many diret dark matterdetetion experiments are now either operating or in preparation. All these experiments3
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Figure 1: XENON expetations for event rate in the ase of a WIMP mass mχ = 100 GeV and ross setion
σχ−p = 10−9 pb. The error bars shown are those expeted for the XENON 100 kg experiment after 3 years ofobservation. The lower (blue) line is the bakground�only predition. The χ2 per degree of freedom (χ2

red) is 59,giving a signal learly distinguishable from the bakground.measure the number N of elasti ollisions between WIMPs and target nulei in a detetor,per unit detetor mass and per unit of time, as a funtion of the nulear reoil energy Er.The detetion rate in a detetor depends on the density ρ0 ≃ 0.3 GeV m−3 and veloitydistribution f(vχ) of WIMPs near the Earth. In general, the di�erential rate per unit detetormass and per unit of time an be written as:
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mχmp

mχ+mp
the WIMP-nuleon redued mass,
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mχ+mN
the WIMP-nuleus redued mass, mχ the WIMP mass, mN the nuleus mass,and A the atomi weight. F is the form fator.For the veloity distribution we take a simple Maxwellian halo
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χ)2 d3vχ , (2.2)where v0

χ ≃ 220 km/s is the veloity of the Sun around the galati enter, and we havenegleted the motion of the Earth around the Sun. After integrating over the angular part inorder to �nd the speed distribution we get:
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.The e�etive interation between the WIMP and a nuleus is given by the Woods-Saxonform fator
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where the transferred momentum is q =
√

2mN Er, j1 is a spherial Bessel funtion, R1 =√
R2 − 5 s2 with R ≃ 1.2 · A1/3 fm, A the mass number, and s ≃ 1 fm.In order to ompare the theoretial signal with the bakground it is neessary to alulatethe χ2. Let us all N sign the signal, N bkg the bakground and N tot = N sign +N bkg the totalsignal measured by the detetor. We will divide the energy range between 4 and 30 keV in

n = 7 equidistant energy bins. For the disrimination between the signal and the bakgroundwe alulate the variane χ2:
χ2 =

n
∑

i=1

(

N tot
i −N bkg

i

σi

)2

. (2.5)Here we are assuming a Gaussian error σi =

√

Ntot
i

M ·T on the measurement, where M is thedetetor mass and T the exposure time.We show in Fig.1 an example of a signal with a standard neutron bakground in a XENON�like (100 kg) experiment, after 3 years of data aquisition, as a funtion of the reoil energy. Fora WIMP mass of 100 GeV and a WIMP�nuleon ross-setion of 10−9 pb, suh an experimentwould reah a pretty large χ2 per degree of freedom (χ2
red) , of the order of 60.2.2 The XENON experimentThe XENON experiment at the Gran Sasso national laboratory aims at the diret detetion ofdark matter via its elasti sattering o� xenon nulei. It was deployed underground in Marh

2006 and has been in ontinuous operation for a period of about one year. It allows thesimultaneous measurement of diret sintillation in the liquid and of ionization, via propor-tional sintillation in the gas. In this way, XENON disriminates signal from bakground fora nulear reoil energy as small as 4.5 keV. Currently a 10 kg detetor is being used, but the�nal mass will be 1 ton of liquid xenon. In Fig.2, we show the sensitivity urve for Xenon10(M = 10 kg) and Xenon1T (M = 1 ton) for T = 3 years of data aquisition.In our study, following Ref. [9℄ we will onsider 7 energy bins between 4 and 30 keV and 3years of data aquisition for a 100 kg XENON experiment. Suh experimental onditions andtime of exposure an be ahieved after the 6 years of GLAST mission and justify the om-parison between the two detetion modes. We ould take into aount non-zero bakgroundusing simulations of the reoil spetra of neutrons in our analysis, and this would signi�antlydegrade the sensitivity of the detetor. However, this would involve a muh more detailedstudy of the detetor omponents (shielding, et.), and we will not arry it out. In that sense,our results will be the most optimisti.3 Indiret detetion3.1 Di�erential event rateThe spetrum of gamma�rays generated in dark matter annihilations and oming from adiretion forming an angle ψ with respet to the galati enter is
Φγ(Eγ , ψ) =

∑
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Figure 2: Spin-independent WIMP-nuleon ross-setion versus WIMP mass for χ2 = 1, 4 and M=10 kg and 1ton.
a (kp) α β γ J̄(4 · 10−3sr)NFW 20 1 3 1 5.859 · 102

NFWc 20 0.8 2.7 1.45 3.254 · 104Moore et al. 28 1.5 3 1.5 2.574 · 104

Moorec 28 0.8 2.7 1.65 3.075 · 105Table 1: NFW and Moore et al. density pro�les without and with adiabati ompression (NFWc and Moorecrespetively) with the orresponding parameters, and values of J̄(∆Ω).where the disrete sum is over all dark matter annihilation hannels, dN i
γ/dEγ is the dif-ferential gamma�ray yield, 〈σv〉 is the annihilation ross-setion averaged over its veloitydistribution, Bri is the branhing ratio of annihilation into �i� �nal state, and ρ is the darkmatter density. We desribe in more detail the method followed, in order to obtain the spetralfuntion desribing the standard model partile deay into γ-rays, in the Appendix.It is ustomary to rewrite Eq. (3.6) introduing the dimensionless quantity J (whih de-pends only on the dark matter distribution):

J(ψ) =
1

8.5 kpc

(

1
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)2 ∫

line of sight
ρ2(r(l, ψ)) dl . (3.7)After having averaged over a solid angle, ∆Ω, the gamma�ray �ux an now be expressed as

Φγ(Eγ) = 0.94 · 10−13 cm−2 s−1 GeV−1 sr−1

·
∑
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10−29cm3s−1

)(

100 GeV

mχ

)2

J(∆Ω)∆Ω . (3.8)The value of J(∆Ω)∆Ω depends ruially on the dark matter distribution. The most ommonparametrization of the di�erent pro�les that have been proposed in the literature is6



ρ(r) =
ρ0[1 + (R0/a)

α](β−γ)/α

(r/R0)γ [1 + (r/a)α](β−γ)/α
, (3.9)where ρ0 is the loal (solar neighborhood) halo density, a is a harateristi length, and R0the distane from the Sun to the galati enter. As mentioned above, we will use ρ0 =

0.3 GeV/m3 throughout the paper, but sine this is just a saling fator in the analysis,modi�ations to its value an be straightforwardly taken into aount in the results. N�bodysimulations suggest a uspy inner region of dark matter halo with a distribution where γgenerally lies in the range 1 (NFW pro�le [11℄) to 1.5 (Moore et al. pro�le [12℄), produing apro�le with a behavior ρ(r) ∝ r−γ at small distanes. Over a solid angle of 4 · 10−3 sr, suhpro�les an lead from J(∆Ω) ∼ 5.859 ·102 to 2.574 ·104. Moreover, if we take into aount thebaryon distribution in the Galaxy, we an predit even more uspy pro�les with γ in the range
1.45 to 1.65 (J(∆Ω) ∼ 3.254 · 104 − 3.075 · 105) through the adiabati ompression proess(see the study of Refs. [13, 14℄). We summarize the parameters used in our study and thevalues of J̄ for eah pro�le in Table 1. It is worth notiing here that we are negleting thee�et of lumpyness, even though other studies showed that, depending upon assumptionson the lumps' distribution, in priniple an enhanement of a fator 2 to 10 is possible [15℄.In this respet, the following preditions on the gamma-ray �ux from the galati enter areonservative.3.2 Modeling the galati enter bakground.HESS [16℄ has measured the gamma�ray spetrum from the galati enter in the range ofenergy ∼ [160 GeV�10 TeV℄. The ollaboration laims that the data are �tted by a power�law

φHESS
bkg (E) = F0 E

−α
TeV, (3.10)with a spetral index α = 2.21 ± 0.09 and F0 = (2.50 ± 0.21) · 10−8 m−2 s−1 TeV−1. Thedata were taken during the seond phase of measurements (July�August, 2003) with a χ2 of

0.6 per degree of freedom. Beause of the onstant slope power�law observed by HESS,it turns out possible but di�ult to oniliate suh a spetrum with a signal from darkmatter annihilation [14, 17℄. Indeed, �nal partiles (quarks, leptons or gauge bosons) produedthrough annihilations give rise to a spetrum with a ontinuously hanging slope. Severalastrophysial models have been proposed in order to math the HESS data [18℄. In thepresent study we onsider the astrophysial bakground for gamma�ray detetion as the oneextrapolated from the HESS data with a ontinuous power�law over the energy range ofinterest (≈ 1 � 300 GeV). As was reently underlined in Ref. [19℄, GLAST sensitivity will bea�eted by the presene of suh an astrophysial soure. Note that the WIMP masses thatwe shall obtain in our parameter spae . 1 TeV avoid any on�it with the observations ofHESS.In addition, we have also taken into aount the EGRET data [20℄ in our bakgroundat energies below 10 GeV (φEGRET
bkg (E)), as they an a�et the sensitivity of the analysis.Indeed, the extrapolation of the gamma�ray �uxes measured by HESS down to energies aslow as 1 GeV is likely to be an underestimation of the gamma�ray bakground in the galatienter, as EGRET measurements are one to two orders of magnitude higher than the HESSextrapolation. We thus deided to take as bakground an interpolation between the HESSextrapolation and the EGRET data below 10 GeV to stay as onservative as possible inevaluating the gamma�ray bakground. 7
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Figure 3: GLAST expetations for gamma�ray �uxes in the ase of a WIMP mass mχ = 180 GeV and rosssetion 〈σv〉 = 3 · 10−26 m3s−1. A NFW halo pro�le has been adopted. The error bars shown are those projetedfor the GLAST experiment after a six-year mission run, assuming the galati enter will be within its �eld�of�view
50% of the time. The lower (blue) line is the bakground�only predition. The χ2

red is 132, giving a signal learlydistinguishable from the bakground.Finally, we will onsider the di�use bakground of gamma rays in the region surround-ing the galati enter. We will desribe the spetrum of the bakground using the HESSobservation from the Galati Center Ridge [16℄, whih an be desribed by
φdiff

bkg(E) = 1.1 · 10−4E−2.29
GeV GeV−1cm−2s−1sr−1 . (3.11)We will onsider in our analysis the inner 2o × 2o �eld of view (∆Ω = 4 · 10−3 sr) with 50energy bins logarithmially distributed between 1 and 300 GeV. During the ompletion of ourwork, the authors of Ref. [8℄ gave a more detailed and sophistiated statistial analysis of thedi�use bakground, adopting an overall normalization around the galati enter and takinginto aount a statistial spread funtion as GLAST would be able to probe in this region.However, we have heked that our results are not signi�antly modi�ed and we reover similarresults onerning the prospets of GLAST.3.3 The GLAST experimentThe spae�based gamma�ray telesope GLAST [10℄ is sheduled for launh in May 2008 fora �ve-year mission. It will perform an all-sky survey overing a large energy range (≈ 1 �

300 GeV). With an e�etive area and angular resolution on the order of 104 cm2 and 0.1o(∆Ω ∼ 10−5 sr) respetively, GLAST will be able to point and analyze the inner enter of theMilky Way (∼ 7 p). Conerning the requested ondition on the χ2 for a signal disovery, wehave used an analysis similar to the one onsidered in the ase of diret detetion in setion2.1, with a six-year mission run, assuming the galati enter will be within its �eld�of�view
50% of the time [10, 21℄. In Fig. 3 we show the ability of GLAST to identify a signal fromdark matter annihilation for a WIMP mass of 180 GeV. The error bars shown are projetedassuming Gaussian statisti, and we adopt the bakground desribed above inluding Poissonnoise. In the following, we will onentrate on a proess whih gives 100% annihilation to
WW . We have heked that the dependene on the �nal state does not in�uene signi�antlythe general results of the study, exept in the ase of leptoni �nal states. This will be studied8
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mχ
as a funtion of the WIMP mass for di�erent valuesof σχ−p and di�erent types of halo pro�les, NFW and NFW. One an learly see in the leftpanel of Fig. 8 that GLAST will be ompetitive with XENON 100 kg to measure the WIMPmass in the ase of a NFW halo pro�le only if σχ−p . 10−8 pb. For a NFW ompressedhalo pro�le (right panel of Fig. 8), the preision obtained by GLAST is muh better. Theexperiment would even be able to measure the WIMP mass at the 10% level for a 1 TeV darkmatter andidate, something whih will be unreahable by any near�future diret detetionprojet. 10
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σ(χ+ χ→ Xi + X̄i)

σ(Xi + X̄i → χ+ χ)
= 2

v2
X(2SX + 1)2

v2
χ(2Sχ + 1)2

, (5.13)where vi and Si are respetively the veloity and the spin of the partile i. The ross-setion
σ(χχ→ XiX̄i) is only averaged over spins.The total thermally averaged WIMP annihilation ross-setion an be expanded as

σiv =

∞
∑

J=0

σ
(J)
i v2J , (5.14)where J is the angular momentum of eah annihilation wave. Now, for low veloities, thelowest-order non-vanishing term in the last equation will be dominant. So, we an expressthe total annihilation ross-setion as a sum of the partial ones over all possible �nal statesfor the dominant partial wave J0 in eah �nal state:

σan =
∑

i

σ
(J0)
i . (5.15)Next, we an de�ne the �annihilation fration� κi into the standard model partile pair

Xi − X̄i:
κi =

σ
(J0)
i

σan
. (5.16)By ombining Eqs. (5.13) and (5.16) we an obtain the following expression for the WIMPpair-prodution ross-setion:

σ(XiX̄i → 2χ) = 22(J0−1)κiσan
(2Sχ + 1)2

(2SX + 1)2

(

1 −
4M2

χ

s

)1/2+J0

. (5.17)13



Now, a few remarks should be made about the validity of this formula:
• Equation (5.17) is valid for WIMP pair-prodution taking plae at enter-of-mass ener-gies just above the pair-prodution threshold.
• The detailed balaning equation is valid if and only if the proess under onsiderationis haraterized by time-reversal and parity invariane. It is well known that weakinterations violate both of them, up to some degree, whih we ignore in this treatment.A proess of the form XiX̄i −→ χχ is not visible in a ollider, sine WIMPs only manifestthemselves as missing energy. At least one detetable partile is required for the event topass the triggers. An additional photon from initial state radiation (ISR) is required to bereorded on tape: XiX̄i −→ χχγ. We an orrelate the WIMP pair-prodution proess to theradiative WIMP pair-prodution for photons whih are either soft or ollinear with respet tothe olliding beams. In this ase, the two proesses are related through [22℄ :

dσ(e+e− → 2χ+ γ)

dxd cos θ
≈ F(x, cos θ)σ̃(e+e− → 2χ) , (5.18)where x = 2Eγ/

√
s, θ is the angle between the photon diretion and the diretion of theinoming eletron beam, σ̃ is the WIMP pair-prodution ross-setion produed at the reduedenter of mass energy s̃ = (1 − x)s, and F is de�ned as:

F(x, cos θ) =
α

π

1 + (1 − x)2

x

1

sin2 θ
. (5.19)Now, by ombining Eqs. (5.18) and (5.17) we get the master equation:

dσ

dxd cos θ
(e+e− → 2χ+γ) ≈ ακeσan

16π

1 + (1 − x)2

x

1

sin2 θ
22J0(2Sχ+1)2

(

1 −
4M2

χ

(1 − x)s

)1/2+J0

.(5.20)The problem is that very ollinear photons fall outside the reah of any detetor, due topratial limitations in the overage of the volume around the beam pipe. Also, typially,lower uts are inluded in the deteted transverse momentum of photons, pT = Eγ sin θ, inorder to avoid exessive bakground signals at low energies. So, if we are to use this approah,we have to examine its validity outside the soft/ollinear region. The auray of the ollinearapproximation for hard photons at all angles has been disussed in the original paper [22℄,with the onlusion that the approah works quite well.However, an important point should be taken into aount here. From the previous dis-ussion on the validity of the method, we have to impose spei� kinematial uts on thedeteted photons. We onsider the following onditions:
• We demand an overall ondition sin θ ≥ 0.1 and pT ≥ 7.5 GeV in order to assure thedetetability of the photons.
• In order to assure the fat that any photon under examination orresponds to non-relativisti WIMPs, we demand v2

χ ≤ 1/2. This gives a lower kinematial ut, alongwith an upper ut orresponding just to the endpoint of the photon spetrum:
√
s

2

(

1 −
8M2

χ

s

)

≤ Eγ ≤
√
s

2

(

1 −
4M2

χ

s

)

. (5.21)14



Figure 9: Radiative neutrino prodution bakground e+e− → νν̄γ for the ILC, for an unpolarized initial state.These onditions present a �aw: the energy limits depend on the mass we wish to onstrain.On the other hand, for the reasons explained before, we annot treat the signals withoutimposing suh kinds of uts, if we do not want either to abuse the method or stik to heavyWIMPs (whih, for kinematial reasons, annot be relativisti). The only way to evade thisproblem is to suppose that other dark matter detetion experiments (or, eventually, the LHCin the framework of spei� models) will have already provided us with some sort of limits onthe WIMP mass. In this ase, having an idea of the region in whih the WIMP mass falls,we an also estimate the uts that will safely keep us outside the relativisti region and onlyonsider photons within this region.The main soure of bakground events is the standard model radiative neutrino prodution,
e+e− −→ νν̄γ. Apart from these bakground events, various models predit additional signalsof the form �γ + missing energy�, one of the most well-known examples being radiativesneutrino prodution [24, 25℄, predited in the framework of several supersymmetri models.In the spirit of staying as model-independent as possible, we will ignore all possible beyondstandard model proesses.5.2 Basi Results5.2.1 Non-polarized beamsWe plae ourselves in the framework of the ILC projet with a enter-of-mass energy of√
s = 500 GeV and an integrated luminosity of 500 fb−1. In order to estimate the bakgroundevents, we used the CalHEP ode [26, 27℄ to generate 1.242.500 e+e− −→ νν̄γ events,orresponding to the aforementioned onditions. The total radiative neutrino produtionbakground an be seen in Fig. 9. The peak at Eγ =

√
s/2 · (1 − M2

Z/s) ≃ 241.7 GeVorresponds to the radiative returns to the Z resonane.15
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κe → 1

4
(1 + P−)

[

(1 + P+)κ(eR−e
L
+) + (1 − P+)κ(eR−e

R
+)
]

+
1

4
(1 − P−)

[

(1 + P+)κ(eL−e
L
+) + (1 − P+)κ(eL−e

R
+)
]

, (5.22)where P± are the polarizations of the positron and the eletron beams. As in ref [22, 28℄, let usassume that the WIMP ouplings to eletrons onserve both heliity and parity: κ(eR−eL+) =
κ(eL−e

R
+) = 2κe and κ(eR−eR+) = κ(eL−e

L
+) = 0. 17
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mχ XENON GLAST ILC50 GeV ±1 GeV ±8 GeV −

100 GeV ± 6 GeV −25/ + 32 GeV −40/ + 20 GeV
175 GeV −25/ + 35 GeV −70/ + 100 GeV −20/ + 15 GeV
500 GeV − − −Table 2: Preision on a WIMP mass expeted from the di�erent experiments at 2σ after 3 years of exposure,

σχ−p = 10−7 pb a NFW pro�le and a 500 GeV linear ollider unpolarized with a luminosity of 500fb−1In Fig.12 we show the relative error for the mass reonstrution for κe = 0.3 and 2σon�dene level, for the unpolarized senario and for two di�erent polarizations: (P−, P+) =
(0.8, 0) and (0.8, 0.6).6 ComplementarityIn Fig.13 we ompare the preision levels for diret and indiret detetion experiments, alongwith the orresponding results of the method we followed for the ILC for two ases of WIMPsmasses, mχ = 100 GeV and 175 GeV, and κe = 0.3. We plot the results in the (mχ, κe) plane.This is done as the κe parameter entering the ILC treatment presented before is, in fat, thesame parameter as the orresponding branhing ratio Bri = 〈σiv〉

〈σv〉 appearing in eq. (3.6) for
i = e.
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The blue-dotted line orresponds to a 100 kg XENON-like experiment, where the WIMP-nuleus ross-setion has been assumed to be 10−7 pb. The green-dashed line depits theresults for a GLAST-like experiment assuming a NFW halo pro�le. The total annihilationross-setion into standard model partiles has been taken to be 〈σv〉 = 3 ·10−26 m3s−1. Thered-plain line represents our results for an ILC-like ollider, with non-polarized beams. Allthe results are plotted for a 2σ preision level.We an see that for di�erent regions of the WIMP mass, the three kinds of experimentsthat we have used as prototypes an at in a highly omplementary way. For example, for thease of a 100 GeV WIMP, indiret detetion or an ILC-like experiment alone an provide uswith limited preision both for the WIMP mass (of the order of 60%) and the κe parameter(where the results are even worse). Combined measurements an dramatially inrease thepreision, reahing an auray of 25% in mass. If we additionally inlude diret detetionmeasurement, we reah a preision of the order of 9%.For the ase of a 175 GeV WIMP, a point where the unpolarized ILC sensitivity peaks,we see that the dominant information omes from this soure. Nevertheless, even if we onlyombine diret and indiret detetion experiments, we see that we an, in fat, aquire non-negligible onstraints on the dark matter andidate mass.To summarize the analysis, we show in Table 2 the preision expeted for several interestingdark matter masses. Whereas a light WIMP (50 GeV) an be reahed by both types of darkmatter experiments with a relatively high level of preision, our analysis fails in the ILC asebeause of the relativisti nature of the WIMP. On the ontrary, the ILC would be partiularlye�ient to disover and measure a WIMP with a mass of about 175 GeV. Conerning a 500GeV WIMP, whih is kinematially unreahable at the linear ollider, it would be di�ult tobe observed by GLAST or XENON. Only a lower bound (250 GeV for XENON, 150 GeV forGLAST) ould be determined experimentally.7 ConlusionsA Weakly Interating Massive Partile (WIMP), with mass lying from the GeV to the TeVsale, is one of the preferred andidates for the dark matter of the Universe.We have disussed the possibility of identifying WIMP properties in a model-independentway. For that we have onsidered diret and indiret searhes, and in partiular the interestingases of a XENON-like 100 kg. experiment and the GLAST satellite. We have shown thatwhereas diret detetion experiments will probe e�iently light WIMPs given a positive de-tetion (at the 10% level for mχ . 50 GeV), GLAST will be able to on�rm and even inreasethe preision in the ase of NFW pro�le, for a WIMP-nuleon ross-setion σχ−p . 10−8 pb.Moreover, both XENON and GLAST are omplementary with a future ILC projet, andthe measurements from the three experiments will be able to inrease signi�antly the preisionthat we an reah on the mass of the WIMP.AknowledgementsThe authors want to thank partiularly G. Bertone for the areful reading of the work.N.B. and A.G. would also like to thank R. K. Singh and A. Djouadi for useful disussionsonerning the ILC part of the present work.Likewise, the authors would like to thank the ENTApP Network of the ILIAS projetRII3-CT-2004-506222 and the Frenh ANR projet PHYS�COL&COS for �nanial support.19
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AppendixIn this Appendix we present the method followed in order to obtain the funtions desribing thestandard model partile deay into γ-rays. In order to determine these spetral funtions, wegenerated 300000 events of standard model partiles deaying (diretly or through seondarydeays) into γ-rays using the PYTHIA [30℄ pakage, taking are in order to inlude all possibledeay hannels. Following the method of Ref. [31℄ and using the CERNLIB RLSQPM Fortranfuntion, we �tted the resulting spetra through funtions of the form:
dN i

γ

dx
= exp [Fi( ln(x) )] , (7.23)where i represents the i-th WIMP annihilation hannel, i = WW,ZZ, et; x = Eγ/mχ with

mχ being the WIMP mass and F are seventh-order polynomial funtions whih were foundto be the following:
WW (x) = −7.72088528 − 8.30185509x − 3.28835893x2 − 1.12793422x3

− 0.266923457x4 − 0.0393805951x5 − 0.00324965152x6 − 0.000113626003x7 ,

ZZ(x) = −7.67132139 − 7.22257853x − 2.0053556x2 − 0.446706623x3

− 0.0674006343x4 − 0.00639245566x5 − 0.000372241746x6 − 1.08050617 · 10−5 x7,

bb̄(x) = −11.4735403 − 17.4537277x − 11.5219269x2 − 5.1085887x3

− 1.36697042x4 − 0.211365134x5 − 0.0174275134x6 − 0.000594830839x7 ,

uū(x) = −4.56073856 − 8.13061428x − 4.98080492x2 − 2.23044157x3

− 0.619205713x4 − 0.100954451x5 − 0.00879980996x6 − 0.00031573695x7 ,

dd̄(x) = −4.77311611 − 10.6317139x − 8.33119583x2 − 4.35085535x3

− 1.33376908x4 − 0.232659817x5 − 0.0213230457x6 − 0.000796017819x7 ,

τ−τ+(x) = −5.64725113 − 10.8949451x − 7.84473181x2 − 3.50611639x3

− 0.942047119x4 − 0.14691925x5 − 0.0122521566x6 − 0.000422848301x7 .The ase of WIMP annihilation into e+e− or µ+µ− pairs does not ontribute to thephoton spetrum (apart from very small ontributions in the ase of muons, oming from the
µ→ e−ν̄eνµγ hannel, whih has a relatively small branhing ratio). This means, pratially,that the e+e− and µ+µ− spetral funtions are set equal to zero. A graphial representationof these funtions an be seen in Fig.14.These funtions an afterward be used in order to generate any gamma-ray �ux aordingto eq. (3.6)As we an see, all ontributions are quite similar, apart from the τ−τ+ hannel whihhas a harateristi hard form. Nevertheless, at high energies, the form of all ontributionsbeomes almost idential.
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