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Abstract. It has been long discussed that cosmic rays may contain signals of dark matter.
In the last couple of years an anomaly of cosmic-ray positrons has drawn a lot of attentions,
and recently an excess in cosmic-ray anti-proton has been reported by AMS-02 collaboration.
Both excesses may indicate towards decaying or annihilating dark matter with a mass of
around 1-10 TeV. In this article we study the gamma rays from dark matter and constraints
from cross correlations with distribution of galaxies, particularly in a local volume. We find
that gamma rays due to inverse-Compton process have large intensity, and hence they give
stringent constraints on dark matter scenarios in the TeV scale mass regime. Taking the
recent developments in modeling astrophysical gamma-ray sources as well as comprehensive
possibilities of the final state products of dark matter decay or annihilation into account, we
show that the parameter regions of decaying dark matter that are suggested to explain the
excesses are excluded. We also discuss the constrains on annihilating scenarios.
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1 Introduction

Discovery of the Higgs boson at the CERN Large Hadron Collider (LHC) has confirmed the
standard model of particle physics [1, 2]. To be precise the standard model is an effective
theory below TeV scale, meanwhile the validity of the standard model above TeV scale has
not been unveiled. In cosmology, on the other hand, the observation of the cosmic microwave
background (CMB) strongly supports the cold dark matter with a cosmological constant
(ACDM model), which indicates that about 26% of the total energy density of the universe
is occupied by non-baryonic cold dark matter [3-5]. As well-known, however, the standard
model cannot explain the existence of dark matter. While its energy density is precisely
determined by the analysis of the CMB, the other properties, such as the mass, lifetime, spin,
quantum numbers, etc., are still unknown. Weakly interacting massive particles (WIMPs)
are considered to be a good candidate for dark matter. The reason is that the WIMPs
are produced in thermal plasma in the early universe, and then their relic abundance can
naturally fit to the observed density of dark matter if the mass is around the weak scale.
In fact, one of the goals of the LHC experiment has been the observation of dark matter.
However, since no signal of dark matter has been reported at the LHC so far, it may indicate
that the interaction of dark matter with ordinary particles is extremely weak (e.g., axion,
very light gravitino or axino), or simply its mass is larger than TeV.

The observation of cosmic rays has a potential for the search of such classes of dark
matter. Even if its mass is much larger than the energy scale of collider experiments, dark
matter may annihilate or decay to produce lots of high-energy cosmic rays. Even in a case
that dark matter extremely weakly interacts with the standard model particles, cosmic rays
can still be produced if dark matter has finite lifetime. Gravitino or axino in supersymmetric
models are well-motivated examples. For gravitino, since its interaction with ordinary par-
ticles is suppressed by the Planck scale, gravitino can be enough long-lived to explain dark



matter even under R, violation [6]. In annihilation or decay of dark matter, variety of the
cascading decay products could be observed as anomalous fluxes among the astrophysical
cosmic rays. In fact some anomalous cosmic rays have been reported. The latest observa-
tions are given by AMS-02. They have shown an excess in positron flux which has a peak
around 300 GeV [7]. In addition, they have also reported an excess in anti-proton flux in
the same energy range [8]. If dark matter is the origin of these anomalous cosmic rays, the
observations indicate that the mass of dark matter is 1-10 TeV. On the other hand, how-
ever, it is not necessary to attribute the excesses to dark matter. There are claims that it is
possible to account for the anomalous positrons by pulsars (see, e.g, ref. [9] for recent work)
or anti-protons by known-galactic sources [10, 11]. These claims, however, do not completely
exclude the dark matter hypothesis for the anomalous cosmic rays.

In this article, we mainly investigate the dark matter scenarios which claim to explain the
anomalous positron or anti-proton in light of cross correlation between gamma rays from dark
matter and the observed galaxies. It was pointed out that the inverse-Compton (IC) process
gives large amount of gamma rays in decaying [12] or annihilating [13] dark matter, and
recently ref. [14] has updated the constraints on decaying dark matter by using the spectral
data of 50-month extragalactic gamma-ray background (EGRB) by Fermi-LAT [15]. On the
other hand, however, the IC process has not been taken into account in the previous studies
using the cross-correlation of the gamma rays [16, 17]. We therefore include the IC gamma
rays in the cross correlation analysis, which is shown to be essential for constraining decay
lifetimes or annihilation cross sections for heavy mass dark matter particularly for leptonic
channels. We also investigate more final states than in the previous works. Since the decay
signal does not depend on the clustering of dark matter, robust constraints are obtained since
gamma rays from dark matter can be computed with little uncertainties for each of decaying
dark matter scenarios.! It will be shown that the decaying dark matter scenarios to explain
the cosmic-ray positron or anti-proton excess are excluded. For the annihilating scenario, on
the other hand, we will show that the constraints can be competitive with other probes such
as dwarf spheroidal galaxies [19] by adopting reasonable parameters for abundance of dark
matter halos and subhalos.

In this paper, we use the following cosmological parameters: Hubble constant Hy =
67.81 km s~! Mpc™! with h = 0.6781, density parameter of dark matter Qq,h% = 0.1186 [5].
The critical density is obtained from Hubble parameter, p. = 1.054 x 107> h? GeV cm 3.

2 Extragalactic gamma rays from dark matter

In this section we explain how to compute the EGRB intensity from dark matter. There are
three components to determine gamma rays from dark matter in a decaying or annihilating
scenario. One is the intrinsic gamma-ray energy spectrum per decay or annihilation. The
others are mass mqgp, and lifetime 74y, of dark matter for the former, while mass and annihi-
lation cross section for the latter. (For annihilation case, dark matter clustering is another
factor to determine the gamma-ray signals.) First, we mainly focus on decaying scenarios.
Section 2.1 discusses possible final states of decaying dark matter that can explain the AMS-
02 excesses. In section 2.2 the EGRB from decaying dark matter is given. We discuss the
annihilating scenarios at the end of each section.

!The electroweak correction, which is not included in our study, gets important for TeV mass region and
might give more stringent constraints [18]. Our main goal in the current study is to show the importance of
the IC process.



Final state =~ AMS-02 e™ region AMS-02 p region  Ypr Vesr Yie Data
bb, WHW— — excluded [16, 17] v v no [24]
WHIF [20] - partly excluded [14] v mno v [15]
vrEIF [22]  partly excluded [14] - v no v [15]
VIZIT [22]  partly excluded [14] - - no v [15]
php~ excluded [23] - - mno v [25]

Table 1. Possible final states from decaying dark matter to explain AMS-02 positron or anti-proton
and the constraints on them from the gamma ray observations. i,k = 1,2,3 for W*[T, m’illf and
j,k are 1 or 2 for Vlj[l,f. (Neutrino flavor is irrelevant, thus it is omitted.) ‘AMS-02 e™ (p) region’
indicates maqm ~ 1-10TeV and 7qm =~ 10%26-1027 s, which is shown to explain the observed positron
(anti-proton) excesses, and ‘~’ in their column means there is no explicit study for the latest positron
(anti-proton) data. v in Ypr, Visr, Yie (gamma rays produced primarily, via final state radiation, via
inverse-Compton process, respectively) columns indicates gamma rays from dark matter which are
computed to constrain the scenarios. For bb, WTW ~, for example, gamma rays produced primarily
from the decay and final state radiation are taken into account, but gamma rays from inverse-Compton
scattering are not. ‘~’ in 7, shows that there is no primary gamma rays. Final column shows the
data used to give constrains in each study of refs. [14, 16, 17, 23].

2.1 Scenarios of (decaying) dark matter

Scenarios of decaying dark matter are classified by the final state of the decay process, i.e., the
final state contains (a) hadrons, (b) hadrons and leptons, and (c) leptons. (Here lepton means
electron/positron or muon.) In the later discussion, we sometimes refer to the scenarios (a),
(b), and (c) as hadronic, hadroleptonic, and leptonic scenarios (or final states), respectively.
Obviously the final state needs to have leptons and hadrons in order to explain the observed
positron and anti-proton excesses, respectively.

In decaying dark matter scenarios, mgy, ~ 1-10 TeV and 7q, ~ 1026-10%7 s (roughly on
MdmTdm =~ 1027 TeV's line) gives a good fit for the anti-proton excess and the positron excess
reported by AMS-02. As a concrete model, ref. [20] studied decaying gravitino dark matter
via L; H,-type R,-violated supersymmetric model for the anti-proton excess. It is known that
the main decay mode of gravitino decay under L;H,-type R,-violation is W*IT [21], which
corresponds to the hadroleptonic case. On the other hand, ref. [22] considers decaying wino
dark matter in L; L; E-type R,-violation to show that the decay can explain the positron flux.
In this case, the decay products are leptons, i.e., vI*IT, leptonic final state (or hadroleptonic
final state when [ = 7).

Table 1 summarizes the current status of decaying dark matter that can explain the
anomalous fluxes. In hadronic scenarios, such as bb, W+W~, lots of high energy gamma
rays are produced primarily from the dark matter decay, which is mainly from 7° decay after
hadronization. In addition, it has been recently realized that the cross correlation between
the extragalactic gamma rays from dark matter and the observed galaxy catalog gives severe
constraints on both annihilating and decaying dark matter scenarios. It is easy to read from
refs. [16, 17, 20] that the parameter region which is suitable for the positron or anti-proton
excesses is already excluded for final state bb, W+W~. For u*pu~ final state, on the other
hand, there is no primary gamma rays from the final state. However, it was pointed out
that electrons and positron from muons create high energy gamma rays by scattering off the
CMB photon, i.e. inverse-Compton scattering, even in extragalactic region [12]. These gamma
rays are calculated with little theoretical uncertainty, thus it can give robust constraints on



decaying dark matter scenarios. As the result, it was shown that leptonic scenarios, such as
ptu~ final state, to account for the positron excess were already excluded [23] by Fermi-LAT
2010 data [25]. This is basically due to the fact that the spectrum of produced e is very
hard and yields large amount of the IC gamma rays. Therefore, remaining possibility for the
decaying scenarios suitable for the cosmic ray excesses are hadroleptonic final states, e.g.,
Wilf, or three-body leptonic final state, e.g., I/l;-El]T. (i, 7, k are flavor indices and we omit
flavor index for neutrino since it is irrelevant in our discussion. We do not distinguish neutrino
and anti-neutrino for the same reason.) In these cases, produced e* are softer compared to
pup~ or eTe” final states. Thus the constraints from the gamma-ray observations are weaker.

In the present work we extend the past analysis to further constrain the decaying dark
matter scenario. We use cross correlation of gamma rays from dark matter with galaxy
catalogs to constrain the dark matter scenarios. In the calculation of the gamma rays from
dark matter we take into account all contributions, i.e., gamma rays produced primarily, via
final state radiation, and via IC process. Namely, in the language of table 1, our strategy is
expressed by all v/ marks for vpr, Vesr, Vi, and to adopt cross-correlating technique using the
galaxy catalog data [24]. Although our main target is to study the final state such as T/Vjtl;’E
or ,/l]ile motivated by the AMS-02 excesses, we analyze the other final states, such as bb,
WHw-—, lfli_ , to give constraints for general use.

The final state does not depend on its origin, decay or annihilation.? Thus the discussion
here can also cover the annihilation case. Typical examples are bb, WTW~, and ljli_ .

2.2 Gamma rays from dark matter

As described at the beginning of this section, the spectrum of gamma rays is determined
by three components, the dark matter mass mgqy, and lifetime 74, and the decaying sce-
nario, i.e., final state of the decay process. When the final states are specified, the energy
distributions dN;/dFE of the decay products I = v, e*, etc., are determined.

We derive the ‘window function’, which is needed for the calculation of both the gamma-
ray intensity and the angular cross correlation between gamma rays from dark matter and
galaxy catalogs. We start with defining the gamma-ray intensity from decaying dark matter:

dpdm 1 Qamp
ol E _ dmPFc

dm 7T(El ,z)

e ST 2.1
47rmdm7‘dm1+zQ ( ) (2.1)
X is comoving distance, F, is the energy of a gamma ray which we observe today, and E'/v is
the gamma-ray energy at the redshift z, i.e., E = (1 + 2)E,. 7(E, 2) is the optical depth,
for which we will use data given in ref. [26]. ng(E;, z) is a gamma-ray source function due
to dark matter, given as

QIm(1.2) = QIn(1.2) + QI (17.2) + Q2 (. 2) (22)
where
/ m / dN /
(1, 2) + QU (,2) = (149) 5 () 2.3)
/ do / }/éEe
QU (By.2) = ¢ [ AB.aE, . (1+2) i (. e B ff‘G(E,YBG,z)bIC(%e)Z).
(2.4)

20f course, final states Wilj:, Vlilq: are impossible for annihilation case.



c is the speed of light. The former describes the gamma-ray source primarily produced by the
dark matter decay. dN,/dE is the energy distribution of primary gamma rays from single
dark matter decay, including final state radiation (FSR) photons. For the computation,
we use PYTHIA 6.4 [27] (not including the electroweak corrections).® The latter represents
the IC scattering between e from dark matter and the background photons. doyc/ dEiY is
the differential cross section of the IC process. f?G (Eqge, 2) is the energy spectrum of the
background photon field (in unit energy and volume). In our study we take into account
both the CMB and extragalactic background light (EBL) photons, i.e.,

f']ySG(E’YBG’ Z) = f’?MB(E'YBG7 z) + f']yEBL(E’YBGv z) : (2-5)
For the EBL, we will use the spectrum given in ref. [26]. Y.(E.) is defined as
dN
=y / dE—I (E), (2.6)
I=e*

where dN,+/dE is the et energy distribution from dark matter. Finally bic(Ee, z) is the
energy loss rate (per unit time) of e* with energy E,, which is given by

do
bIC(Eeaz> —/dE/ dE'VBG( E’YBG) dl;?(

= QBB 2) + BEBN (B, 2) (2.8)

El E E’YBG) f']ySG(EVBevz) (2'7)

where the first and second terms of the right-hand side in the second line are the energy
loss rates due to the CMB and EBL, respectively. Under the CMB, the energy loss rate well
agrees with an analytic expression b?cl\ﬁ]?(Ee, 2) = (1+2)44/3)or(Ee/me) pcnl\(jlvg (o1, me are

Thomson scattering cross section, electron mass, respectively, and pgﬁvg ~ (0.260eV cm™ ),

especially for E, < 1TeV.* However, for e* with E, > 1TeV, the energy loss rate deviates
from the analytic expression. This is because it is given in the Thomson limit where the
background photon energy is much smaller than the incident electron energy (or electron
mass in the electron rest frame). (See figure 11 in appendix.) In addition, we have checked
that the energy loss due to the EBL photon is much smaller than one due to the CMB, e.g.,
it accounts for just around 5% in the total energy loss rate for z = 0 and smaller for higher
z. This is because the intensity of the EBL is much smaller than the CMB. Thus, the energy
loss rate of e® can be computed with little theoretical uncertainty since it is determined
mainly by the CMB.

In figure 1, we show the gamma—ray intensity dq)dm /dx(E,, z) from decaying dark mat-
ter. Here final states of the decay are vuTeT&veteT (Whlch corresponds to Ly Lo Ef-type R,
violation) and W*uF, and the results for redshift z = 0, 1 and 5 are shown. For each z the
total gamma-ray intensity (solid) and one without IC gamma ray (dashed) are plotted. The

3The FSR is important especially for leptonic final state. While we ignored the FSR in our previous
study [14], we have checked that inclusion of FSR only give minor changes for hadronic and hadroleptonic
scenarios. For leptonic case, on the other hand, we have found that the constraints become tighter for
Mam S 1 TeV.

4Using the analytic expression for f$MB and b{a'™® and neglecting the EBL, Q,Y To(EL, z) agrees with
(14 2)Pic(EL) in eq. (2.5) of ref. [14]. In this equation doic/dE.(E,, E. EWCMB) should be replaced by
doic/dE!(EY,, Ee, (1 + 2)Eyoyp ). Similarly, 7(z, Ey) should be 7(z, E.) in eq. (2.3) of ref. [14]. Those are
just typos, and the numerical calculation had been done in the correct expressions.
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Figure 1. Gamma-ray intensity d@ffm /dx(E, z) from decaying dark matter. Results are shown for
vuFteFT&veTeT and WEuT final states. Total (without IC contribution) intensities for z = 0, 1, 5
from top to bottom are plotted in solid (dashed) lines. Dark matter mass is taken as 1 (left) and 10

(right) TeV.

intensity agrees with rough estimation from eq. (2.1):

dpdm 107 TeVs [ E, \°
E2 Y E ~ 0. 1 —36 -3 .1 i
Tl (Ey,2) 9.9 x 107" GeV cm™ s e \Taev
1 ,
X = 10 Mev ng(E;,z)] e T(E2) (2.9)

Here we have estimated ng ~ Qgi‘:‘ ~ 1/(10 MeV) in the Thomson limit. This is based
on the fact that in the Thomson limit the maximum energy of scattered photon due to
electron with an energy of ~TeV in the CMB is ~GeV and the energy distribution of the
scattered photon is peaked at lower energy. For vuteT&veTeT final state, a peak in high-
energy regions comes from the FSR while another peak in lower energy corresponds to the
IC gamma rays. Although its energy range is lower, it is clear that the intensity of the IC
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Figure 2. Same as figure 1 but for W+W = and bb final states.

gamma rays is much larger than that of the FSR. For W*uT case, the first peak in high
energy region is mainly the contribution from the primary decay. The FSR is subdominant,
which can be seen by comparing the result of WHW ™ final state in figure 2. (In the figure
the same results but for bb final states is shown too.) The comparison with W*W~ also
gives us the importance of the IC gamma rays in lower energy region. The IC gamma rays
in W*uT mainly attributes to e* from p*.

Eventually we get the window function

d FEmax dq)dm
W™ (z) :/ dE, %(Ev,z). (2.10)
Emin X

Fax and Eyi, shows the energy region of gamma rays we compute for the cross correlation
with galaxy catalog. (See section 4.) It is obvious from eqs. (2.1)—(2.10) that the window
function can be obtained with little uncertainty if we specify dNj/dE, mgy and 7gy,. This
is not exactly the same for annihilation. In annihilation, although the window function is



given similarly to the decaying case, just by replacing the gamma-ray intensity eq. (2.1) to

dq)dm 1 Q mpPec 2 / —7(E! 2
T (B2 = g TP i (B2, ) (14075 (2a)

2
~ —43 —1 -3 .1 {ov) 1 TeV
~6.2x107"GeV " cm™ s 105 e 51 ( o

x (14 2)° [10 MeV Q™ (E!, z)} (1+06)2) e T(Fr2) | (2.12)

where (ov) is annihilation cross section, an extra factor ((1 + §)2), where the dark matter
overdensity 0 = (pdm — (Pdm))/{Pdm) (Pdm is energy density of dark matter), is needed to
give gamma rays in line-of-sight. This factor boosts the annihilation rate, giving rise to much
larger gamma-ray intensity. However, it is accompanied with an uncertainty related to how
one simulates clustering of (dark) matter and extrapolates the results down to sub-grid scales.
We note that recent theoretical studies (e.g., ref. [28]) discuss how to reduce the uncertainty
to have a better handle on the clustering properties. (See discussion in section 5.1.)

3 Extragalactic gamma-ray background from astrophysical sources

As in our previous paper [14], we considered two astrophysical sources as a potential con-
taminating background for dark matter searches; blazars and star-forming galaxies.

Blazars are the dominant gamma-ray source, thousands of which have been detected
with Fermi-LAT [29]. Their number densities per unit luminosity range (i.e., the luminosity
function dn./dL~) have been constructed by using the luminosity-dependent density evolu-
tion model [30]. They are characterized by a double-power-law function, where the break
luminosity depends on redshift. The window function W, (z) is then computed as

dn’)y((L’Y? Z)

dL'y F’Y(L’Y7Z)7 (31)

W) = [ at,
where the superscript X represents astrophysical sources: blazars and star-forming galaxies,
F, = L,/l4m(1 + 2)x?] is the number flux of the gamma-ray photons from a source with
the luminosity L. and at the redshift z. With the most recent luminosity function, ref. [30]
showed that the blazar component could explain about 50% of the gamma-ray background
above 100 MeV, while most above 100 GeV.

At low energies, there are softer astrophysical components playing a major role in the
gamma-ray intensity. One such class is the star-forming and starburst galaxies, where cosmic
rays supplied by supernovae produce gamma rays from interactions with interstellar medium.
There is an established correlation between the gamma-ray luminosity and infrared luminos-
ity, which is a proxy for star-formation activity [31]. Combining this with recent measure-
ments of the infrared luminosity function [32], ref. [33] obtained the gamma-ray luminosity
function for both the star-forming and starburst galaxies. One can then compute the window
function for these galaxies by using eq. (3.1). They can give significant contribution to the
gamma-ray background, particularly at low energies. A similar contribution is also expected
from another gamma-ray source class: misaligned active galactic nuclei [34, 35]. We do not,
however, include this population in our analysis, as their contribution to the gamma-ray
background is similar to that from the star-forming galaxies, but with larger uncertainties.
Including it will further constrain the parameter spaces of dark matter.



The astrophysical contributions from all these sources can accommodate most (if not
all) of the measured energy spectrum of the EGRB. See figure 9 of ref. [36] for a summary
plot. Therefore, one can obtain stringent constraints on both dark matter decay [14] and
annihilation [30, 37] from the energy spectrum alone. One can further tighten these limits
by investigating clustering properties of the gamma-ray data, e.g., by cross-correlating with
galaxy distributions, as we shall discuss in the following sections.

4 Cross correlation between the extragalactic gamma-ray background with
galaxy catalogs

Galaxies trace underlying dark matter distribution, and therefore, it is expected that the
distribution of the gamma-ray photons that come from dark matter decay or annihilation
are spatially correlated with those of galaxies. This cross correlation between gamma-ray
emitters () and galaxies (g) is quantified by the angular cross-power spectrum as

e = [ e or (=2, (11)

where Wy(z) is related to the redshift distribution of galaxies in a catalog through W, =
(dIn Ng/dz)(dz/dx). Pyg(k,z) is the cross-power spectrum between the gamma-ray sources
and galaxies at wave number k£ and redshift z. For discussions of decaying dark matter and
astrophysical sources, we assume that it is well approximated by a matter power spectrum
with a constant bias parameter: Pyg(k, 2) = bybg P (k, 2) (P is matter power spectrum), and
bam = 1 for the dark matter component. (See later discussion for by.) For annihilating dark
matter, on the other hand, since the rate of annihilation depends on the density squared, one
has to evaluate the cross-power spectrum between the density squared and density, Ps25(k, 2),
and we assume Pyg(k, 2) = bg Py25(k, z). For computing Ps25(k, z), we follow an analytic halo-
model prescription introduced in ref. [38].

A great advantage of taking cross correlation over analyzing the energy spectrum of the
gamma-ray background is that one can filter gamma-ray emission from a preferred redshift
range. This can be seen from the fact that the integrand of eq. (4.1) depends on W, (2)W(2),
because distribution of gamma-ray sources are uncorrelated with galaxy distribution at differ-
ent redshifts. Since larger contributions from dark matter annihilation and decay come from
lower redshift, while it is opposite for ordinary astrophysical sources [39], one can efficiently
remove the astrophysical backgrounds by choosing galaxy catalogs. Several theoretical stud-
ies showed that the sensitivity for dark matter from the cross correlation would be much
tighter than that from the energy spectrum [38-40].

Recently, ref. [24] measured cross correlations between the gamma-ray background mea-
sured with Fermi-LAT with several galaxy catalogs. The catalogs that the authors used for
the analyses are SDSS QSO, 2MASS, NVSS, SDSS MG, and SDSS LRG, and they found
positive signatures at greater than 3.50 for the first three catalogs, and about 3¢ for the
last two. Particularly, the 2MASS catalog is for the lowest-redshift galaxies, which peak
around z ~ 0.1, which is the most suitable for dark matter searches. The cross-correlation
measurements are then interpreted and used to put constraints on dark matter properties as
well as astrophysical models. By conservatively including dark matter alone, ref. [16] showed
that the lower limits on, e.g., decay lifetime of dark matter, were quite stringent, being im-
proved by about one order of magnitude compared with the previous limits obtained with



the spectral analysis [14]. Reference [17] extended the analyses to include a few astrophysical
components, and showed that the limits further improved by factors of several.

In this paper, we consider both decaying (or annihilating) dark matter component and
two classes of astrophysical sources (blazars and star-forming galaxies). For the cross-power
spectrum P,,, we assume that biases of the astrophysical sources (by) are both 1. This is
conservative because typical astrophysical sources are considered and that they are found
to be positively biased (i.e., b, > 1) [41]. For the bias parameter of galaxies in the chosen
catalogs (bg), we adopt the values found in ref. [24]. In addition to these ‘source’ terms
for C/®, we also include a noise term, constant as a function of £. This is to accommodate
the shot-noise term that comes from the fact that the astrophysical sources are point-like
sources, and hence, it yields such a scale-independent term in the power spectrum [39]. It
is also meant to correct for uncertainties of the power spectrum at small angular scales, as
also mentioned in ref. [17]. For these correction terms, we follow the prescription in ref. [17],
where Clgir = Ayg, and they are function of both gamma-ray energy () and galaxy catalog
(g). But we assume that the energy spectrum is represented as £~2-3 that is the measured
EGRB spectrum, which leaves five independent parameters A, for > 1 GeV, corresponding
to five galaxy catalogs (g = {QSO,2MASS, NVSS, MG, LRG}).

5 Results

5.1 Analysis including dark matter component alone

First we perform a conservative analysis by taking dark matter component only into account.
We use the data for the angular cross-power spectrum C)® for gamma-ray data in three energy
bins (> 500 MeV, > 1 GeV, and > 10 GeV) and five different galaxy catalogs, as obtained in
ref. [24]. For a given dark matter mass and a final state, we compute a x? statistic:

X _ZZ Cgs;t Cgﬁg (Covil)w (Cdat Cy )ew (5.1)

7,8 £,

in order to obtain a constraint on 74y ((ov)) for decay (annihilation) scenario.’ Here ‘dat’
and ‘th’ represent data and theoretical value, respectively, ‘Cov’ is the covariance matrix for
the cross-correlation measurements, and + and g run for three energy and five galaxy bins,
respectively. After obtaining the minimum x? by solving 9x?/97qm = 0 or x2/9{ov) = 0, we
solve Ax? = x?— 2., = 2.71 in order to obtain the 95% confidence level limit on 74y, or {ov).

In figures 3-5, we show 95% confidence level lower limits on the decay lifetime for various
decay modes. We also show the effect of including the IC scattering off both the CMB and
EBL photons in the analysis. In fact it is found that the IC scattering is very important for
the decay channels that involve leptons in the final state and for dark matter heavier than
~1TeV. This is clearly seen in figures 3 and 4. The constraints due to the IC process have
improved the lower limits by more than one order of magnitude for TeV region. The limits
are better than those given from clusters or dwarf galaxies. For example, in pu*p~ channel,
our result shows that 7q, < (3-10)x10%0sec for mgy, = 1-10TeV. This is more stringent
limit by a factor of a few compared to the latest constraints from dwarf galaxies [42]. (See
also related past works [43, 44].) We note that our results for no-IC case well agree with
those of ref. [16].

5This x? has nothing to do with the comoving distance, although the same symbol y is used.
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Figure 3. Lower limits on dark matter lifetime for leptonic channels due to cross correlation between
the gamma-ray background and five galaxy catalogs. In this analysis, only dark matter component
is included. IC scattering off both the EBL and CMB photons are included in solid, only CMB in
dashed, and no IC effect is included in dotted.

Let us see the scenarios motivated to explain the AMS-02 positron excess. As discussed
in section 2.1, three-body leptonic decay gives a good fit to explain the positron excess. The
numerical results for ‘L; L; £}’ in figures 3 and 4 correspond to the final state Vl-e;-tei&l/je;tef
It is seen that 74, < 1027s is excluded for mgy > 1 TeV in cases of Ly LoE§ and Ly Lo ES.
These constraints exclude part of preferred region to explain the positron excess [22]. Simi-
larly, the preferred parameter spaces are partly excluded for L1 Lo E§ and L3 Lo ES.

We have drawn a similar conclusion for the scenario to explain the AMS-02 anti-proton
excess, i.e., the preferred region in W*uF scenario [20] is partly excluded. It is well-known
that there is a huge uncertainty in the calculation of cosmic-ray (anti-)protons. This uncer-
tainty can be estimated by considering three propagation models, MIN, MED and MAX [45].
Reading from the result in ref. [20], one can explain the excess while satisfying the present
constraint if MAX or MED models for (anti-)proton propagation are adopted. It will be
shown in the next subsection, however, that the remaining parameter regions for L;L; E; and
W#*uT final states are excluded when the astrophysical components are taken into account.

In figures 3 and 4, we also show the results for the decay channels which are not suitable

for the explanation of these excesses. Those are for readers who are interested in the decay
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Figure 4. The same as figure 3 but for hadroleptonic channels.

channels in different context. Figure 5, which shows the results for hadronic channels, is
for the same purpose. For hadronic channels the impact of the IC process is small. This is
expected since there are fewer energetic electrons and positrons in the cascading products.

Two more remarks are in order. First, including the EBL photons has little impact on
the total IC results, since their energy density is much smaller than that of the CMB photons.
This is expected from the discussion given in section 2.2. Therefore, we conclude that our
results presented in these figures are robust constraints on decaying dark matter. Second,
the obtained constraints are much stronger than those in the previous studies, especially in
the TeV mass region for leptonic and hadroleptonic channels. In ref. [14], the gamma-ray
background spectrum is used to constrain the decaying dark matter. (Here the IC process
is considered.) Figure 6 in the reference, which is obtained by including only dark matter
contribution, shows that 74, < 10%%s is excluded for mg, > 1 TeV. Similar constraints
are obtained by ref. [16] using the cross-correlation technique but the IC process is ignored.
Thus, these two facts show that analysis of the angular cross-correlation of the gamma-ray
background by taking the IC effect into account is important for the investigation on dark
matter scenarios.

Finally we did the same analysis for annihilating scenarios, ete™, uTpu=, bb, WHW—,
and 7777, Upper limits on (ov) at 95% confidence level are shown in figure 6. Compared
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Figure 5. The same as figure 3 but for the hadronic channels.

to the decaying case, the computation of Ps5(k, z) involves uncertainty. In the current anal-
ysis we largely followed ref. [38], except for adopting the substructure boost factor given in
ref. [28]. This substructure model is based on the the latest development of the observation
and simulation by taking tidal stripping and dynamical friction into account, and conse-
quently it predicts substructure boost in between the optimistic and conservative models in
the previous literature [38]. Indeed, the obtained constraints reflects this fact; ‘No IC’ lines
in figure 6 shows a bit tighter constraints compared to ‘annLOW’ lines in figure 3 of ref. [16],
but it is weaker compared to ‘annHIGH’ line in the same figure. The effect of IC, on the
other hand, is clearly seen in the annihilation cases too. Especially for ete™, utu~, the
constraints get stronger by one to two orders of magnitude in mgqy,, = 1 TeV.

5.2 Analysis including astrophysical sources and dark matter component

Realistically, it is expected that the astrophysical sources such as blazars and star-forming
galaxies also contribute to the measured cross correlations. Indeed, both the shape and the
amplitude of the measurements can be well explained by these astrophysical sources [24].
Including them in the analysis will not only be realistic but also tighten the constraints on
the dark matter component significantly.
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log(Tam/s) (25,35)

log({ov)/cm3s71) (—30, —20)
Asra (0,3)
Ablazar (07 3)

AQSO (—0.5,0.5) x 10712 cm—2
Aoniass ( 0.5, 0. 5) x 10712 ¢cm™2
Anvss (—0.5,0.5) x 10~ cm™2

(= ) -
(= ) i

B

0.5,0.5) x 1072 ¢cm
0.5,0.5) x 10712 cm

Amc
Arrc

Table 2. Ranges of flat priors for the parameters studied in MCMC.

Here we adopt the Bayesian statistics, where the posterior distribution of theoretical
parameters ¥ given data d is obtained through the Bayes theorem:

P(9]d) o P(9)L(d|9), (5.2)

where £(d|9) is the likelihood function and P(4) is the prior distribution. The likelihood
function is characterized as Gaussian: £ = exp(—x?/2) with x? defined in eq. (5.1). This
time, C’ZM in x2? depends on all the theoretical parameters 9.

We adopt ¥ = (7am, Asra, Ablazar; AQso, Aamass, Anvss, Ama, ALra) as eight free pa-
rameters for each case with a fixed mgy, and decay channel. (74, should be replaced with
(ov) for the annihilation case.) Here Agpg and Apja.r are the amplitudes of the angular
cross-power spectrum ng for these astrophysical sources, and they are normalized to 1 for
our model with the canonical choice of relevant parameters as described in section 3. The
other parameters {Aqso, Aamass, Anvss, Amc, ALrg} are introduced to correct for shot-
noise terms that are expected for point-like astrophysical sources as well as uncertain behav-
iors of ng at small angular scales (section 4). We choose flat priors in logarithmic space for
Tam and (ov), and linear space for the rest, and the ranges are summarized in table 2.

With these parameters and priors, we perform the Markov-Chain Monte Carlo (MCMC)
simulations using the MultiNest package [46-48], and show the results in figures 7-9. They
corresponds to the results shown in figures 3-5, respectively, but including the contribution
from the astrophysical sources. In all the cases, the constraints get stronger by an order of
magnitude compared to figures 3-5. The results for bb and W+ W~ well agree with ref. [17].
The constraints on putu~ and 777~ are also consistent for mqy, < 1 TeV. However, more
stringent constraints have been obtained in mgy, = 1 TeV due to the IC process. For example,
leptonic channels are constrained to 7y, < 102 sec for may, = 1 TeV. Consequently, the
parameter regions to explain the positron excess in L;L;E} scenario or anti-proton excess
in W* 4T final state are excluded. For anti-proton, there is uncertainty in the computation
of the cosmic-ray anti-proton as mentioned in the previous subsection. Our present result
for W*uT final state excludes possibility to explain the anti-proton excess even in MAX or
MED models.® As stressed before, including the impact of the IC gamma rays is crucial to
get this conclusion.

Finally we give results for annihilation cases. Figure 10 shows the same result as fig-
ure 6 but taking astrophysical components into account. Similar to decaying cases given in

5Tt might be possible to find loophole for the constraint, e.g., considering unconventional propagation model
or spectrum for astrophysical proton source. Our discussion is based on conventional cases.
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Figure 7. Lower limits on dark matter lifetime for leptonic channels due to cross correlation between
the EGRB and five galaxy catalogs. The solid curves are the limits as the result of analysis that takes
into account astrophysical contributions, while the dotted curves are the dark matter only analysis as
shown in figures 3-5. For example, for ™~ channel, the obtained results are better than the latest
limit [42] given from dwarf galaxies by a few factors.

figures 7-9, the constraints become more stringent by an order of magnitude compared to
those by taking only dark matter component. For a reference, a line (ov) = 3x 10726 cm3s71,
which is required value for the conventional thermal WIMP production scenario, is also shown
in the plot. It is found that the mass region mg, < 100 GeV is excluded for the thermal
WIMP mainly annihilating to bb or 7+7~. Namely the cross-correlating analysis is beginning
to investigate the weak-scale mass region of the WIMP dark matter.

6 Conclusions

Indirect detection of dark matter via cosmic rays is a promising way for the probe of the
nature of dark matter. Anomalous fluxes in cosmic-ray positron and anti-proton recently
reported by AMS-02 collaboration indicate the signal of decaying or annihilating dark mat-
ter with a mass of 1-10TeV. On the other hand, there is an alternative solution for the
anomalies, such as nearby pulsars for the positron flux or known inner-galactic activities for
anti-proton. Extragalactic gamma-ray background has a potential to clarify the situation.
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Figure 8. The same as figure 7 but for the hadroleptonic channels.

In the dark matter scenarios suggested to explain the anti-proton excess, lots of gamma rays
are produced due to the cascade decay of the final state products. Even in the leptonic final
states motivated by the positron excess, gamma rays are produced via final state radiation
or inverse-Compton process. On observational side, gamma-ray data has been accumulated,
which enables us to study their spatial distribution with better accuracy. In addition, the
astrophysical sources for extragalactic gamma rays, such as blazars, star-forming galaxies,
etc., have been identified due to the recent development of the observations.

In the article we compute the cross correlation of gamma rays from dark matter with
local galaxy catalogs for the study of dark matter. In the previous studies which use the same
technique, gamma rays from dark matter in inverse-Compton scattering were neglected, which
we have included in the present work. We have found that the inverse-Compton scattering
due to the CMB photon is crucial to constrain TeV scale dark matter, and consequently
most stringent constrains has been obtained, especially on leptonic channels of the decay or
annihilation of dark matter. We have done two types of analysis; computing the angular
cross correlation of the gamma rays from i) only dark matter or from ii) both dark matter
and astrophysical sources. To do comprehensive analysis, we have considered variety of
final states, [J1;, Vl;El,T, W=IF, bb, WHW ™ for dark matter contribution. On the leptonic
channels of decaying scenarios, lifetime of dark matter is constrained as 74, = 10%7s and

~
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Figure 9. The same as figure 7 but for the hadronic channels.

Tam 2 10%s in analysis i) and ii), respectively, for mqy > 1 TeV. Thus, the decaying
scenarios which are suggested to explain the positron or anti-proton excesses are excluded.
This conclusion is robust since there is no uncertainty in the calculation of gamma rays
from dark matter once decay channel is specified and that the we have based our discussion
on the data of the observed astrophysical sources. We have checked consistency with the
previous papers [16, 17], i.e., the similar results are obtained for hadronic channels (bb,
W*W =, 7777) and on leptonic channels (g p~) in may, S 1 TeV region. For annihilating
scenarios, similarly, the constraints get one to two orders of magnitude more stringent than
the previous ones [16, 17] in TeV mass region. Besides, we have found that mg, < 100 GeV
is excluded for a WIMP dark matter which mainly annihilates into bb or 7+7~, which is
comparable constraint to that obtained by using dwarf spheroidal galaxies [19]. Those results
are obtained by adopting the latest updates in the subhalo model [28], where the effects of
tidal stripping are better treated compared to the past studies. Note, however, that the
estimates are still subject to other uncertainties intrinsic to dark matter clustering down
to extremely small scales (on the order of Earth mass), effects of baryons, etc., although
future studies will address these issues. There is also a huge uncertainty in the computation
of (anti-)proton flux in the galaxy. Thus, the constraint obtained here cannot exclude, for
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the gamma-ray background and five galaxy catalogs. Line contents are the same as the decaying
cases, i.e., figures 7-9. Additionally, ‘Thermal WIMP’ line is included as in figure 6.
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example, annihilating scenario to WTW ™ to explain the anti-proton excess. However, it is
expected that more cosmic ray data by AMS-02 will reduce the uncertainty in the cosmic-ray
propagation model, which will make it possible to test dark matter hypothesis for the origin
of the anomalous anti-proton flux.

A Energy loss rate due to inverse-Compton scattering

In figure 11 we plot b{3 B (E,, 2) and biPY(EL, 2) as function of E. normalized by the analytic

expression in Thomson limit, bfcl\j[Tlg(Ee, z). For the energy loss under the CMB, it is seen
that the analytic expression in the Thomson limit well agrees with the numerical result.

However, in larger energy range F. 2 1 TeV, which we are interested in the current study,

~

the numerical result deviates from b?cl\ﬁ]?(Ee, z) especially larger z. In the EBL, on the other

hand, Thomson limit can not be applied. However, the energy loss due to the EBL is less
than 5% compared to one due to the CMB. Thus the EBL itself merely affects our numerical
study. The numerical results given in figures 3—6 (see “All” and “No EBL” in the figures)
are consistent with this fact.
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