
*∣
∣0
6.
∣8
74
*

Revised Version  Phys. Rev. D 84 -(2011-) 103525
 DESY 11-097
 MPP-2011-60

ar
X

iv
:1

10
6.

18
74

v2
  [

he
p-

ph
] 

 2
 D

ec
 2

01
1

DESY 11-097MPP-2011-60On the Relevane of Sharp Gamma-Ray Features for Indiret Dark Matter SearhesTorsten Bringmann� and Franesa CaloreyII. Institute for Theoretial Physis, University of Hamburg,Luruper Chaussee 149, DE-22761 Hamburg, GermanyGilles VertongenzDeutshes Elektronen-Synhrotron (DESY), Notkestrasse 85, 22603 Hamburg, GermanyChristoph WenigerxMax-Plank-Institut f�ur Physik, F�ohringer Ring 6, 80805 Munih, Germany(Dated: 13 Oktober 2011)Gamma rays from the annihilation of dark matter partiles in the Galati halo provide a parti-ularly promising means of indiretly deteting dark matter. Here, we demonstrate that pronounedspetral features at energies near the dark matter partiles' mass, whih are a generi predition formost models, an signi�antly improve the sensitivity of gamma-ray telesopes to dark matter sig-nals. We derive projeted limits on suh features (inluding the traditionally looked-for line signals)and show that they an be muh more eÆient in onstraining the nature of dark matter than themodel-independent broad spetral features expeted at lower energies.PACS numbers: 95.35+d, 95.30.Cq, 95.55.Ka, 29.40.Ka.I. INTRODUCTIONIndiret dark matter (DM) searhes aim at seeing anexess in osmi rays from the annihilation or deayof DM in the Galati halo [1℄. Gamma rays play apronouned role in this respet beause they are pro-dued rather opiously and diretly trae their souresas they propagate essentially unperturbed through thegalaxy. Powerful urrently operating telesopes likeFermi LAT [2℄, H.E.S.S. [3℄, MAGIC [4℄ or VERITAS [5℄now start to onstrain viable DM models and next gen-eration instruments like the planned CTA [6℄ will be ableto dig quite a bit into the underlying parameter spae ofpartile physis models, in a way omplementary to bothdiret DM detetion and searhes at the CERN LHC [7℄.Very often, indiret searhes fous on seondary pho-tons from the fragmentation of annihilation produts,mostly via �0 ! . The resulting spetrum is rathermodel-independent and would manifest itself as a broadbump-like exess over the expeted bakground at ener-gies onsiderably lower than the DM mass m�. Convin-ingly laiming a DM detetion based on the observationof suh a feature-less signal will generially be diÆult.In many models, however, pronouned spetral featuresare expeted at the kinemati endpoint E = m� inludemonohromati gamma-ray lines [8℄, sharp steps or ut-o�s [9, 10℄ as well as pronouned bumps [11℄. The typeand strength of these features are intriately linked tothe partile nature of DM; a detetion would thus not�Eletroni address: torsten.bringmann�desy.deyEletroni address: franesa.alore�desy.dezEletroni address: gilles.vertongen�desy.dexEletroni address: weniger�mppmu.mpg.de

only allow a onvining disrimination from astrophys-ial bakgrounds but also to determine important DMmodel parameters (in partiular, but not neessarily lim-ited to, the value of m�). So far, only line-signals haveexpliitly been searhed for [12℄|despite the fat thatthey are loop-suppressed and thus generially subdomi-nant ompared to other spetral signatures [11℄.Here, we present a general method to searh for suhfeatures and show that these, indeed, help signi�antly todisriminate DM signals from astrophysial bakgrounds.This allows us to derive very ompetitive (projeted) lim-its on both the annihilation rate and nature of DM, whihwe believe will be very useful for DM searhes.II. METHODThe de�ning aspet of the above-mentioned spetralfeatures in the DM-indued gamma-ray emission is anabrupt hange of the ux as funtion of energy; in theextreme ases of gamma-ray lines or ut-o�s, e.g., the or-responding energy range would simply be given by the en-ergy resolution �E=E of the instrument. The basi ideathat we will adopt here, following traditional gamma-rayline searhes [12℄, is therefore to onentrate the searhfor spetral features on a small sliding energy window[E0; E1℄, with E0<m�<E1 and " � E1=E0 � O(1{10).An important advantage of using small values for " is thatgamma-ray uxes with astrophysial origin an often bevery well desribed by a simple power-law. In that ase, aorresponding �t to the data allows an e�etive determi-nation of the bakground at the statistial limit, greatlyreduing unertainties related to astrophysial soures.For deriving onstraints on spetral features within thesliding energy window, we will use a binned pro�le like-lihood method [13℄. To this end, we split [E0; E1℄ in

http://arxiv.org/abs/1106.1874v2
mailto:torsten.bringmann@desy.de
mailto:francesca.calore@desy.de
mailto:gilles.vertongen@desy.de
mailto:weniger@mppmu.mpg.de


2Ae�(1TeV) �E=E(1TeV) �p tobsIACT1 0.18 km2 15% 10�1 50 hIACT2 2.3 km2 9% 10�2 100 hIACT3 23 km2 7% 10�3 5000 hTABLE I: IACT benhmark models that, from top to bottom,roughly orrespond to the H.E.S.S. [3℄, the future CTA [6℄ andthe proposed DMA [7℄ telesope harateristis.many energy bins �Ei and de�ne a likelihood funtionL(�j) = �iP�i(i), where �i (i) denotes the expeted(observed) ount number in bin i and P� is the Poissonprobability distribution with mean �. Introduing thebakground normalization �, its spetral slope  and thenormalization of the DM signal �, we have�itobs =Z�EidE Z dE0DE;E0Ae�(E0)��dN�dE0 + �E0�� ; (1)where tobs is the time of observation, Ae� the e�etivearea and DE;E0 the energy dispersion of the instrument(in the following taken to be Gaussian). MaximizingL(�j) for a given data set  results in best-�t values ofthe model parameters �, � and  within the onsideredwindow [E0; E1℄. Upper limits on the signal strength atthe 95:5% C.L. an then be derived by inreasing � fromits best-�t value until �2 logL (maximized with respetto � and ) has hanged by 4. On the other hand, adetetion at the 5� level (negleting trial fators) ouldbe laimed if the best-�t �2 logL values for bakground-only and bakground-plus-signal �ts di�er by at least 25.Our main assumption here is that the astrophysialbakground loally takes the form of a power law. Obvi-ously, this approximation an break down in ase of largewindow sizes ", depending on the olleted statistis and,to �rst order, on the intrinsi urvature of the bakgroundux � � d2 log(dJBG=dE)=(d logE)2: a hange in thespetral index by �, e.g., implies roughly j�j � �2=4at the transition point; � ould, however, also be a�etedby systemati unertainties in Ae�. We will derive on-straints on the maximally allowed window size "max byrequiring that these e�ets do not signi�antly alter theresulting DM limits.III. CHOICE OF TARGET AND INSTRUMENTSPECIFICATIONSFor onreteness, we will in the following fous on ob-servations of the Galati enter region with ImagingAtmospheri Cherenkov Telesopes (IACTs). We on-sider the benhmark senarios summarized in Tab. I,whih roughly orrespond to the telesope harater-istis of the urrently operating H.E.S.S. [3℄, the fu-ture CTA [6℄ and|as the most optimisti hoie for in-diret DM searhes|the proposed Dark Matter Array(DMA) [7℄. We implement the energy dependene of
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FIG. 1: Maximal sliding energy window size "max as funtionof the window position �E. We show for di�erent intrinsibakground urvatures �max = 0:1; 0:2; 0:3 (top to bottom)the window sizes above whih DM limits are a�eted by morethan 50%. The dotted lines show for IACT1 "max for whih apower-law ansatz would still give a good �t to the bakground.the e�etive area Ae� as given in Ref. [3℄ (Ref. [14℄)for H.E.S.S. (CTA) and take ADMAe� = 10 � ACTAe� . Theproton, gamma-ray and eletron eÆienies �p;;e� in allthree senarios as well as the energy resolution �E=Ein ase of H.E.S.S. and DMA are taken to be energy in-dependent; for CTA we adopt results from Ref. [6℄. Wewill use � = �e� = 0:8 throughout and assume thatthe proposed DMA an rejet protons with eÆienies�p � 10�3.For the bakground, we take into aount osmi-rayuxes of eletrons [15℄ and protons [16, 17℄, the di�usegamma-ray ux [18℄ and the soure HESS J1745-290 [19℄at (or very lose to) the Galati enter. A summaryand more detailed desription an be found in the Ap-pendix; there, we also disuss whih hoie of target re-gion �
 optimizes the signal-to-noise ratio S=N (see alsoRef. [20℄). For the Einasto and NFW DM pro�les, withparameters as in Ref. [21℄, we will adopt a relatively smallregion �
 = 2Æ�2Æ around the Galati enter; larger re-gions would weaken the signal-to-bakground ratio, S=B.In ase of a strong point soure-like enhanement of theDM signal from the Galati enter (e.g. through thee�et of the super-massive blak hole [22, 23℄ or adia-bati ompression [24{26℄), it is favorable to fous oneven muh smaller target regions. As an example, weonsider the ase of an adiabatially ompressed (AC)pro�le [25, 26℄ for whih we hoose a target region of�
 = 0:2Æ � 0:2Æ.Let us now derive values for the tolerable window size"max in presene of maximal bakground urvatures �max.Using mok data sets with � = ��max, we ompare av-erage DM limits (on the DM models introdued below)obtained when using the power-law ansatz for the bak-ground with the limits obtained when inorporating a(�xed) urvature � in the bakground �t. In Fig. 1 wedisplay as funtion of the sliding energy window position



3DM partile mth� h�vith relevant spetral[TeV℄ [m3s�1℄ hannel feature any WIMP O(0.1{10) O(10�30)  lineKK B(1) 1.3 1 � 10�26 `+`� FSR stepBM3 neutralino 0.23 9 � 10�29 `+`� IB bumpBM4 neutralino 1.9 3 � 10�27 W+W� IB bumpTABLE II: DM benhmark models used in our analysis asexamples for the typial spetral endpoint features to be ex-peted in WIMP annihilations. For these partiular models,we also state the annihilation hannel that is most importantin this ontext, as well as mass and total annihilation rate forthermally produed DM. See text for further details about theDM models and Fig. 2 for the orresponding photon spetra.�E � pE0E1, and for di�erent urvatures �max, the val-ues of "max above whih the DM limits are a�eted bymore than 50%. For omparison, the dotted lines showfor IACT1 the values for "max below whih the power-law �t still appears to be in good agreement with theurved bakground (using as riterion that for at least80% of the mok data sets the p-value of the power-law�t is larger than 0:05): obviously, a good quality of thepower-law �t alone does not automatially exlude size-able e�ets on the DM limits. Therefore, a priori as-sumptions on �max are indispensable; in our ase, weemploy j�j � �max � 0:2 { whih we heked to be sat-is�ed for the bakground we adopt here { to determineoptimal logarithmi window sizes for IACT1 and IACT2aording to Fig. 1 (for IACT3, see below).IV. DARK MATTER SPECTRAL SIGNATURESThe DM signal ux from a sky region �
 is given bydJ�dE � �dN�dE = h�vi8�m2� Z�
d
 Zl.o.s.ds ��(r(s;
))2 dN�dE ;(2)where h�vi is the annihilation rate, dN�=dE the di�eren-tial number of photons per annihilation, ��(r) the Gala-ti DM pro�le and s runs over the line-of-sight. For anyphoton spetrum, and a given value of the dark matterpartiles' mass, we an now derive limits on � (aka h�vi)by sanning over all possible values of m� and applyingthe method desribed in detail in Setion II. As a teh-nial remark, we found that the best limits are atuallyobtained by hoosing the enter of the sliding energy win-dow to lie slightly o�-set from the kinemati endpointE = m� of DM spetra at or slightly below whih weexpet to see the features we are looking for. For theinstrument spei�ations and bakground model that weadopted here, in partiular, the optimal hoie turnedout to be �E = "�0:25m� (not for line signals, however,for whih we take �E = m�).In the following, we will disuss three types of typialendpoint features that arise from radiative orretions
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FIG. 2: Photon spetra for the DM benhmark models ofTab. II. Dashed lines show the same spetra, smeared witha Gaussian of width �x=x = 0:1 to give a rough indiationof how well a detetor with suh an energy resolution wouldin priniple be able to disriminate these models from astro-physial (power-law) bakgrounds, as well as from eah other.to the tree-level annihilation proess. The most strikingspetral signature, in terms of a possible disriminationfrom a power-law bakground, is a gamma-ray line atE = m� (E = m�[1�m2Z=H=4m2�℄), whih would resultfrom the diret annihilation of DM into  (Z or H)[8℄. Generially, for thermal ross setions of DM in theform of weakly interating massive partiles (WIMPs),the annihilation rate is expeted to be of the order ofh�viline � �2em � h�vitree � 10�30m3s�1, but in someases muh stronger line signals are possible [27{29℄.As an example for a step-like feature we use thegamma-ray spetrum [10℄ expeted from annihilatingKaluza-Klein (KK) DM in models of universal extra di-mensions [30℄. In the minimal version of these models,the DM partile is the B(1), i.e. the �rst KK exita-tion of the weak hyperharge gauge boson, and the or-ret reli density is obtained for mB(1) � 1:3TeV [31℄.Its total gamma-ray annihilation spetrum dN=dx (withx � E=m�) at high energies is dominated by �nal stateradiation (FSR) o� lepton �nal states and turns out tobe essentially independent of mB(1) and other model pa-rameters.Pronouned bump-like features at E ' m� may arisefrom internal bremsstrahlung (IB) in the annihilation ofneutralino DM [11℄. While these spetra are in generalhighly model-dependent, we follow here a simpli�ed ap-proah by de�ning two spetral templates dN=dx (whihwe take to be independent of m�) by referring to neu-tralino benhmark models introdued in Ref. [11℄. Here,BM3 is a typial example for a neutralino in the stau o-annihilation region, where photon emission from virtualsleptons greatly enhanes dN=dx; BM4 refers to a situ-ation in whih IB from W� �nal states dominates. Wenote that the Sommerfeld e�et ould strongly enhanethese features, in partiular in the ase of BM4, in thesame way as pointed out in Ref. [27℄ for line signals.
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BM3FIG. 3: Thik lines: Expeted 2� upper limits on h�vi for seleted DM models, DM pro�les and observational senarios; bandsindiate the variane of these limits. Thin lines: Spetral feature of DM signal has S=B � 1% (after onvolution with energydispersion). The left panel shows limits on gamma-ray lines, resaled by a loop-fator of ��2em for better omparison. In theentral panel, the gray band indiates the expeted h�vi for KK DM, the blak part being ompatible with the observed relidensity. In the right panel, we indiate the adopted neutralino benhmark points, and the dotted lines show the projeted 5�sensitivity.In Tab. II, we shortly summarize the properties of theDM benhmark models desribed above, inluding forompleteness the atual DM mass and total annihilationrate needed to obtain the observed reli density for ther-mally produed DM. Note, however, that we essentiallytreat these values as free parameters in our analysis andthat we are rather interested in the spetral shape of theannihilation signal, represented by dN=dx; in Fig. 2 weshow these spetra for a diret omparison.V. LIMITS AND DISCUSSIONIn Fig. 3 we show our results for the expeted 2� up-per limits (thik lines) on the above DM models as wellas the variane of these limits among the 300 mok datasets that we reated for this analysis. We �nd that inpartiular IB features in the spetrum (right panel) havethe potential to onstrain the annihilation rate at leastdown to values typially expeted for thermal prodution,h�vi � 3 � 10�26m3s�1, already for modest assumptionsabout the DM distribution (we veri�ed that NFW andEinasto pro�les give similar results). This is very om-petitive ompared to the best urrent limits from ACTsthat only rely on seondary photons [32℄ { though wewould like to stress that these limits provide rather om-plementary information on the DM nature and an thususually not easily be ompared.For the ase of not too strongly pronouned endpointfeatures (like line signals in most models or the step forKaluza-Klein DM), seondary photons will usually bemore powerful in onstraining the total annihilation rate

h�vi; from the point of view of indiret DM searhes,however, the detetion of the kinemati uto� will bemuh more interesting than the detetion of seondaryphotons sine it allows to draw �rmer onlusions aboutthe DM origin of the signal and even to determine impor-tant parameters like m�. For models with very large IBontributions like BM3, on the other hand, we �nd thatour method provides even stronger limits on h�vi thanwhat was obtained by the HESS analysis of the Galatienter region assuming annihilation into �bb [32℄.In ase of an adiabatially ompressed pro�le our lim-its ould improve by two orders of magnitude, as demon-strated for gamma-ray lines in the left panel; under suhonditions, one ould even hope to onstrain models withvery small annihilation rates like BM3 (reall that the an-nihilation rate for BM4 is anyway a�eted by the Som-merfeld enhanement [27℄ and thus likely onsiderablylarger than what is shown in Fig. 3). As shown in theentral panel of Fig. 3, the future CTA should be able toplae limits about one order of magnitude stronger thanurrently possible, and the proposed DMA ould furtherimprove these by another fator of ten.1When probing a spei� DM model, the orresponding1 Note that for DMA, as an be seen from Fig. 1, the statistisatually beome so good that a spetrum with � � O(0:1) urva-ture starts to deviate signi�antly from a power-law bakgroundalready for rather small sliding energy windows. In order toobtain reasonable limits, we therefore inluded � 6= 0 as a freeparameter in the �t to allow for energy windows somewhat largerthan shown in Fig. 1.



5S=B is a good measure for the level on whih spetralartefats in the energy reonstrution of the instrumentmust be understood. As an be inferred from Fig. 3 (thinlines), most of our derived limits orrespond to moderateS=B values of at least a few perent (exept for IACT3),whih should be well in reah of urrent instruments.Limits on gamma-ray lines as shown in Fig. 3 are usu-ally derived negleting any seondary gamma-ray om-ponent from DM annihilation [12℄; this approximation,however, breaks down for very small branhing ratio intolines sine part of the seondary omponent will leak intothe sliding energy window. Assuming a dominant anni-hilation into b�b �nal states, we �nd that for branhingratios into gamma-ray lines smaller than O(10�4), thepresene of the seondary ux begins to alter the derivedgamma-ray line limits signi�antly. This renders a naiveappliation of standard line-searh results on DM mod-els with generi O(�2em) branhing ratios into gamma-raylines questionable [33℄.The dotted lines in the right panel of Fig. 3 show theprojeted sensitivity to see a 5� signal in the IACT2 se-nario (negleting systematis and trial fators). Suh anobservation should of ourse be ross-heked by the non-observation of the same signature in ontrol regions with-out large DM indued uxes. A more detailed analysis fordetetional prospets is beyond the sope of the presentwork and left for a subsequent publiation [33℄.VI. CONCLUSIONSGamma rays from DM annihilation often exhibit pro-nouned spetral features near photon energies lose tothe DM partiles' mass. Here, we have shown thatmethods from gamma-ray line searhes, whih greatlyredue the unertainties related to astrophysial bak-ground uxes, an suessfully be extended to look forsuh spetral features; this provides a probe of the DMnature that is omplementary to DM searhes relyingonly on the rather model-independent spetrum from se-ondary photons.While these kind of features may generially be onsid-ered even more relevant for the detetion of DM signals,beause they would provide rather unambiguous evidenefor the DM nature of the signal as well as allow to deter-mine important parameters like the DM mass, we havedemonstrated here that inluding the spetral informa-tion may even signi�antly improve limits on DM signals;steps or bump-like IB features an, in fat, be muh moreimportant in this respet than lines.We stress that while we have onsidered onstraintsfor IACT observations of the Galati enter region, thepresented method is muh more general and an be ap-plied to both other targets and other instruments; wethus expet it to be useful for a wide range of applia-tions in indiret DM searhes. An obvious extension ofthe approah presented here, �nally, is to apply it to thedetetion rather than exlusion of DM signals, as well as

to the disrimination of models [33℄.AknowledgmentsWe thank U. Almeida, D. Borla Tridon and H. Zehlinfor useful disussions, and M. Kakizaki for on�rmingthat the gamma-ray spetrum of KK DM omputed inRef. [10℄ remains essentially una�eted by hanging theDM mass suh as to be ompatible with the most reentreli density alulations [31℄. T.B. and F.C. aknowledgesupport from the German Researh Foundation (DFG)through Emmy Noether grant BR 3954/1-1.Appendix A: Dark matter searhes in the GalatiCenter regionImaging Atmospheri Cherenkov Telesopes (IACTs)detet gamma rays by measuring the dim Cherenkovlight produed by eletromagneti showers through theatmosphere. Very similar showers are indued by osmi-ray eletrons, whih hene onstitute a pratially ir-reduible bakground. Proton-indued hadroni show-ers, on the other hand, di�er in pro�le and energydensity and an urrently be rejeted with eÆien-ies �p � O(10�2{10�1). Due to their large intrin-si uxes, harged osmi rays typially form the ma-jor bakground of IACT observations. For the uxof osmi-ray eletrons, we take dJe�=dEd
 = 1:17 �10�11 (E=TeV)�3:9 (GeV m2 s sr)�1 above 1TeV, whihhardens below 1 TeV to a spetral index of �3:0 [15℄(with a transition between the two uxes that we as-sume to be proportional to their generalized mean withexponent �2). For the proton ux we take dJp=dEd
 =8:73�10�9 (E=TeV)�2:71 (GeV m2 s sr)�1 [16℄, whih weshift to lower energies by a fator of 3 to take into aountthe redued Cherenkov light output of hadroni showers,Ereon.p � Etruep =3 (see e.g. Ref. [17℄).For observations of the Galati Center region (GC),we take as further bakground into aount the HESSsoure J1745-290 [19℄, with dJHESS=dE = 2:3 �10�15 (E=TeV)�2:25 (GeV m2 s)�1. The di�use photonemission measured by H.E.S.S. in a �0:8Æ � ` � 0:8Æ andjbj � 0:3Æ region around the GC is given by dJdi�=dE =5:1 � 10�15 (E=TeV)�2:29 (GeV m2 s)�1 [18℄. Unknowndi�use emission from outside this region will onserva-tively be aounted for by upsaling this ux by a fatorof two within our 2Æ � 2Æ target region. We summarizeall these bakground ontributions in Fig. 4.The statistial signi�ane of a spetral feature de-pends on the signal-to-noise ratio S=N (N ' pB + S)inside the target region. The number of expeted bak-ground events B within a target region �
 and energyrange �E is alulated analogously to Eq. (1) by repla-ing the model ux by the sum of the above bakgrounduxes after integrating over �
. In the same way, the
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In Fig. 5, we show the S=N (thik lines) of spetralfeatures for a irular region around the GC with ra-dius �. We ompare results for the standard Einastoand NFW DM pro�les with parameters as in Ref. [21℄(i.e. rNFWs = 21 kp, rEin.s = 20 kp, � = 0:17 and�� = 0:4GeVm�3 at Sun's position R� = 8:5 kp). Asan be seen from the �gure radii of a few degree are re-quired in order to maximize S=N for these pro�les (seealso Ref.[20℄).For the optimal hoie of �
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