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The detection of dark matter has made great progresses in recent years. We give a brief review on the
status and progress in dark matter detection, including the progresses in direct detection, collider
detection at LHC and focus on the indirect detection. The results from PAMELA, ATIC, Fermi-LAT
and relevant studies on these results are introduced. Then we give the progress on indirect detection
of gamma rays from Fermi-LAT and ground based Cerenkov telescopes. Finally the detection of
neutrinos and constraints on the nature of dark matter are reviewed briefly.
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side of the Universe is a fundamental problem of modern
cosmology and physics. In this review we focus on the
progress in DM detection.

Actually the existence of DM has been established for
a much longer time. The most direct way that indicates
the existence of DM is from the rotation curve of spi-
ral galaxies [11]. The rotation curve shows the rotation
velocity of an object around the galaxy center as a func-
tion of radius r, which scales like /M (r)/r with M (r)
the mass within the orbit r. The rotation curve should
decrease as 1/4/r if r is beyond most of the visible part
of the galaxy. However, most measured rotation curves
keep flat at large distances. The large rotation velocity
implies a dark halo around the galaxy to provide larger
centripetal force that exerts on the object.

At the scale of galaxy clusters, evidence of DM is also
ample. The first evidence of DM was from the observa-
tion of the Coma cluster by Zwicky in 1930s [12]. He
found unexpected large velocity dispersion of the mem-
ber galaxies, which implied the existence of “missing
mass” to hold the galaxies [12]. The observation of X-ray
emission of hot gas in the clusters can give precise mea-
surement of the gravitational potential felt by the gas
to keep the hot gas in hydrostatic equilibrium. Other
measurement, of weak lensing effect on the background
galaxies by the clusters gives direct indication of DM
component in clusters. Especially the bullet cluster gives
strong support to the DM component in cluster. The
Bullet cluster consists of two colliding galaxy clusters.
The X-ray image, which reflects the gas component of
the colliding system, shows obvious lag compared with
the gravitational lensing image, which traces the mass
distribution [13]. It is easy to understand that the gas is
decelerated due to the viscosity, while the DM compo-
nent can pass through each other without collision. The
Bullet cluster was regarded as the most direct evidence
of DM.

The existence of DM in the cosmological scale is in-
ferred by a global fit to the CMB, supernovae and LSS
data. The WMAP data give the most accurate deter-
mination of the DM component in the universe with
cpmh? = 0.112 + 0.006 [9], with h the Hubble con-
stant in unit of 100 km-s~-Mpc~!.

1.2 Detection methods

All the current evidence of DM comes from the gravita-
tional effect by DM. From the point of view that all the
matter in the universe comes from a big-bang a sole DM
component with only gravitational interaction is hard
to properly account for the observed DM. A popular
DM candidate is the weakly interacting massive particle

(WIMP). In such scenario the WIMPs can reach ther-
mal equilibrium in the early universe and decouple from
the thermal equilibrium when the temperature decreases.
The relic density of WIMPs can be calculated by solving
the Boltzmann equation. A good approximate solution
of the Boltzmann equation gives

3x10727cm? - 571
(ov)
where 2py = ppum/po is the DM density over the crit-
ical density, h is the Hubble constant, (ov) is the ther-
mal averaged DM annihilation cross section times veloc-
ity. We often refer (ov) as the DM annihilation cross
section. It represents the interaction strength of the
DM particles and the standard model (SM) particles.
(ov) = 3 x 10725cm3 - 571 gives the correct relic density

Qpph? ~

(1)

and is often taken as the benchmark value for the DM
annihilation cross section. It is found a WIMP with mass
and interaction strength at the weak scale can easily give
correct relic density. If such a scenario is confirmed, it will
become the third evidence supporting the hot big bang
cosmology after CMB and the big bang nucleosynthesis.
Probing such a decoupling process enables us to study
the universe as early as its temperature was ~GeV. It has
become a fundamental problem to detect the DM parti-
cles and determine its nature in cosmology and particle
physics. WIMPs, interacting weakly with the SM parti-
cles, make it possible to detect the DM in experiments.
A great deal of WIMP candidates have been proposed,
such as the lightest neutralino in the supersymmetric
(SUSY) model and the lightest Kaluza-Klein particle in
the Universal extra dimension model (for a review see
Ref. [14])).

Figure 1 shows the scheme to probe the DM parti-
cles. To determine the nature of DM particles we have

Indirect detection
DM SM
High energy photon, neutrino,
anti-matter

Direct
detection

Nuclear recoil

Collider detection
DM —— SM
Missing transverse energy

Fig. 1 Schematic plot to show the relation among the direct de-
tection, indirect detection and collider detection of DM. The arrows
indicate the direction of reaction.
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to study the interaction between the DM and the SM
particles. In general there are three different directions
to study the interaction. One direction is to search for
the scattering signal between DM particle and the detec-
tor nucleon. It is called the direct detection of DM. The
indirect detection is to detect the annihilation or decay
products of DM particles. Finally the collider detection
is to search for the DM production process in high en-
ergy particle collisions. The three ways of DM detection
are not independent, but complementary to each other.

In this review we will focus on the latest progresses of
the indirect detection of DM. The status of direct detec-
tion and collider detection is briefly summarized.

2 Status of direct detection

2.1 Recoil event rate

Direct detection searches for the nuclear recoil signals
which are induced by the scattering of DM particles
against the target nuclei in the underground detectors
[15] (for reviews, see Refs. [16-20]). For the DM with
mass of ~ O(10%) GeV and local velocity of ~ 1073¢,
the typical energy scale of the recoil signal is O(10) keV.
The expected differential event rate per nucleus is

R _ p, /m s oo (i En)
o AR T (2)

where E'r is the nuclear recoil energy, p, is the local DM
mass density, f(?) is the velocity distribution of DM in
the lab frame, do/dER is the cross section of the scat-
tering between the DM and target nucleus. Different ex-
periment material and techniques are sensitive to search
for different interactions between the DM and nucleus.

min

In the non-relativistic limit, the interaction between
DM and the nuclei can be divided into two classes: the
spin-independent (SI) and spin-dependent (SD). The SI
interaction couples to the mass of the detector nuclei
while the SD couples to the spin of the nuclei. Coherent
SI interaction between DM and the nuclei leads to an
enhancement of the scattering rate o oc A2.

2.2 Experimental results

The key issue for direct detection is to control the back-
ground (for detailed discussions on backgrounds at the
direct detections, see Ref. [19]). To shield the huge back-
ground from cosmic rays the detectors are usually located
in deep underground laboratory. Since the gamma pho-
tons and electrons from the radioactive isotopes in the
surrounding rock, air and the detector apparatus will

induce electronic recoils in the detector, good shielding
and high purity of material for detector are required.
Note that the characteristics of electronic recoil events
are different from nuclear recoil signals. Many techniques
have been developed to distinguish them. Moreover the
electron recoil events are often produced in the surface of
the detector. Therefore the outer part of detector volume
can be used to veto background.

Recently, more than 20 direct detection experiments
worldwide are running or under construction. Three
kinds of signals namely scintillation, ionization, and pho-
ton can be used to record the recoil events. Some experi-
ments detect one kind of signal, while some experiments
can measure a combination of two kinds of signals to
discriminate the electronic and nuclear recoils. Accord-
ing to the detection technique and the detector mate-
rial, these experiments fall into different classes, such
as scintillator experiments (e.g. DAMA [21], KIMS [22]),
cryogenic crystal experiments (e.g. CDMS [23], CoGeNT
[24], CRESST [25], EDELWEISS [26], TEXONO [27],
CDEX [28]), noble liquid experiments (e.g. XENON [29],
ZEPLIN [30], PandaX [31]), superheated liquid experi-
ments (e.g. COUPP [32], PICASSO [33], SIMPLE [34]),
etc.

Up to now, most of the direct detection experiments do
not observe any DM induced nuclear recoil events and set
stringent constraints on the DM-nucleon scattering cross
section. However, the following experiments claim they
have observed some signal-like events.

e DAMA is a Nal scintillator detector located in
Gran Sasso. DAMA collaboration reported an an-
nual modulation effect with a high confidence level
~ 8.20 in the 2-6 keVee energy interval [21, 35].
Such result is consistent with expectation of DM
events. Due to the Earth rotation around the Sun,
the variation of DM flux will lead to a ~ 7% anual
modulation of the scattering event rate. If DAMA
result is induced by DM-nucleus elastic SI scatter-
ing, a kind of DM particle with mass of ~ 10 GeV
and scatting cross section of ~ O(107%%) ecm=2 is
needed [36, 37]. Such light DM can be provided in
many theoretical framework, such as SUSY [38-40],
asymmetric DM [41], mirror DM [42], etc.

e (CoGeNT is a cryogenic germanium detector with
a low energy threshold. CoGeNT collaboration re-
ported an excess of events with energy smaller than
3 keVee in 2010 [24] and an annual modulation sig-
nal with 2.8 confidence level in 2011 [43]. Such re-
sults can be explained by a DM with mass of ~ 10
GeV and scatting cross section of 10~41-10~%0cm =2
[44, 45] (see also Refs. [46—48]) which is roughly con-
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sistent with that needed for DAMA [49, 50].

e CRESST-II is a Calcium Tungstate (CaWOy)
detector which measures both scintillation and
phonon signals. In 2011, CRESST-II collaboration
reported an excess of events in the 10-40 keV en-
ergy interval [25] which is consistent with a 10-30
GeV DM interpretation [51].

The results of DAMA, CoGeNT and CRESST-II seem
inconsistent with the results by other experiments with
higher sensitivity, such as XENON [29, 52] and CDMS
(53], which give null results. Therefore, the nature of
these anomalous events are still unclear. There are dis-
cussions about the possibility that the DAMA events are
induced by atmospheric muon or radioactive isotopes in
the literature [54, 55]. If DAMA, CoGeNT and CRESST-
IT results are produced by ordinary SI DM, it means there
exist large experimental uncertainties in the other experi-
ments [49], which seems unacceptable. The astrophysical
uncertainties arising from DM velocity distribution are
not sufficient to relax such tensions either [56, 57]. Many
exotic DM models have been proposed, such as isospin
violation DM [45, 58, 59], momentum dependent scatter-
ing DM [60, 61], inelastic DM [62, 63] or a combination
of them [64]. These models are becoming difficult to ex-
plain all the experiment results simultaneously with im-
provement of CDMS and XENON sensitivity [29].") For
instance, inelastic DM model is strongly constrained by
the new XENON100 results [29, 68].

10*39 p
= DAMA/N XENON100 (2012)
k3 a0 N Q a — Observed limit (90% C.L.)
= 10 E L. Expected limit of this run:
8 E CoGeNT DAMA/I B + lo expected
= 1 + 20 expected
8 1044\ "
7] E R W S N N i e L "— (20\2)
2 E 011) ~ SIMPL
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Fig. 2 Constraints on SI DM-nucleon scattering cross section by
XENON100. For comparison, other results from DAMA [21, 36],
CoGeNT [24], CRESST-II [25], CDMS [23, 53], EDELWEISS [26],
SIMPLE [34], COUPP [32], ZEPLIN-III [30] and XENON10 [52],
are also shown, together with the preferred regions in CMSSM
[69-71]. Reproduced from Ref. [29].

XENON experiment is a dual phase noble liquid de-
tector located in Gran Sasso with simultaneous measure-
ments of the primary scintillation (S1) and secondary
ionization signals (S2). The ratio of the two kinds of sig-
nals can be used to discriminate the electronic and nu-
clear recoil events. The most stringent constraints on SI
DM-nucleon cross section are set by XENON100 with the
exposure of 34 x 224.6 kg days [29] (for the constraints on
SD cross section, see Section 6.2). For DM with mass of
55 GeV, the upper-limit reaches 2 x 10~%% cm?. It has ex-
cluded some preferred parameter regions of the CMSSM.
Especially, the pure higgsino DM is strongly disfavor due
to large expected SI cross section.

Recently many experiment collaborations are prepar-
ing for upgrading their detectors to larger volume. The
sensitivities for SI DM-nucleon scattering cross section
will be improved by a magnitude of two orders in the
next five years [72].

3 Status of collider detection

Since the DM mass is usually assumed to be < O(10%)
GeV, the DM particles are expected to be generated at
the high energy colliders, such as Tevatron [73], LHC
[74, 75] and ILC [76]. Once produced, these particles es-
cape the detector without energy deposit due to their
extremely weak interactions. Such signal, named “miss-
ing transverse energy” (MET), can be reconstructed by
the associated jets, photons, or leptons based on mo-
mentum conservation in the plane perpendicular to the
beam pipe.?) It is possible to determine the DM mass at
the colliders (see Refs. [77-80] and references therein).
Moreover, searches for DM particles and MET signals
are essential to determine the mass spectra and typical
parameters of the new physics models (for some reviews,
see Refs. [81, 82]). It will reveal the origin of electroweak
symmetry breaking and the nature of new fundamental
symmetries.

At the hadron colliders, the main SM backgrounds
arise from the processes which produce neutrinos, such as
Z(— vi)+jets, W(— lv)+jets, t¢ and single top produc-
tion. Another background is the “fake MET”. It arises
from the QCD multi-jets due to the fact that the recon-
struction of jet has uncertainties. Since the MET induced
by DM is related to DM mass, large MET cut condition,
e.g. fr > 100 GeV, is often adopted to reduce back-
ground.

1) For the constraints from indirect detections on the isospin violation DM, see Refs. [65-67].

2) In fact, the variable reconstructed directly is the “missing transverse momentum” ﬁT. MET Jip is the magnitude of JPp. Since the
exact energies of initial partons are unknown, only MET is meaningful at the hadron colliders. It is possible to reconstruct the total

missing energy at the ete™ colliders.
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3.1 Direct production

Direct production means the DM particles are produced
in pair by the collisions of high-energy SM particles.
Since the DM particle pair can not be observed, an addi-
tional energetic jet or photon from initial state radiation
is needed to trigger the event and to reconstruct MET.
Such signal is called “mono-jet” or “mono-photon”.?)
Searching for Mono-jet is more important at the hadron
colliders due to large event rate [85-88], while the Mono-
photon signal is essential at the ete™ colliders [89-91].

To constrain the nature of DM by searching the col-
lider monojet events is usually finished in a model-
independent way. The effective field theory is used to
describe the interaction between the DM and SM parti-
cles [85, 86, 92-95]. For each interaction form, the con-
straints on the DM mass and interaction coupling can
be derived by the results from collider detection, direct
detection, indirect detection and DM relic density.

Figure 3 shows the ATLAS limits on SI, SD DM-
nucleon scattering and DM annihilation cross sections
[74]. Four typical DM-quark interaction operators and
one DM-gluon interaction operator [86] are considered
in the ATLAS mono-jet analysis. From Fig. 3 we can
see the DM searches at the LHC have some advantages
compared with the other detections.

e Since the light DM has large production cross sec-
tion due to the phase space and parton distribution
function, LHC has good sensitivity for DM with a
mass below 10 GeV. While the sensitivities of direct
detection decrease quickly in this region due to the
detector energy threshold.

e Since the scalar and axial-vector operators have
similar behaviors in the relativistic limit at the
colliders, the LHC constraints on SI and SD DM-
nucleon scattering can be comparable. For DM with
a mass of O(10) GeV, the LHC limits on SI scat-
tering ~ O(1073%) ¢cm? are weaker than XENON
limits. However, the LHC limits on SD scattering
~ 0(107%%) cm? are much better than the results
from direct detections.

e If DM interaction with gluon is significant, the pro-
duction cross section of gg — xx will be very
large at the LHC due to parton distribution func-
tion. Therefore LHC has strong capability to detect
such DM. The LHC constraints on SI DM-nucleon
scattering induced by DM-gluon interaction can be
comparable with XENON limits.

(@) 029 ATLAS Vs=7TeV,4.71b"',90% C.L.
] — XENON1002012 —o— D1 7= j(Dpinae
3] g .

107314 CDMSII low-energy DS: 7 (D

E - CoGeNT 2010 il )
1 gg— j(x
107334 DS: CDF 7 jGiome 88— /Dpinse
10 35 — 7 DS CMS 64— (D 1oy

1037
10—39:%7_{: ————————————
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Fig. 3 Inferred ATLAS 90% limits on SI (top) and SD (middle)
DM-nucleon scattering cross section, and ATLAS 95% limits on
DM annihilation cross section (bottom). D1, D5, D8, D9 and D11
denote the effective interaction operators xxqq (scalar), xv*Xqvuq
(vector), xv*v°Xqyuvsq (axial-vector), xoH"Xqo ., q (tensor) and
X)Z(wa)z (scalar) respectively [86]. For comparison, the limits
from XENON100 [29], CDMS [53], CoGeNT [24], SIMPLE [34],
PICASSO [33], CDF [73], CMS [96] and Fermi-LAT [97] are also
shown. Reproduced from Ref. [74].

3) In principle, charged lepton from W [83] or Z boson [84] coming from initial state radiation can also be used to trigger the event, it

is called “mono-lepton” or “mono-Z”.
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It should be noticed that the constraints derived in
effective theory is only valid under some assumptions.
The effective theory requires the particle that mediates
the interaction between DM and SM particles be very
heavy, and can be integrated out at the collider energy
scale. If the s-channel mediator is light, the event rate
will fall with jet transverse energy as 1/p?, while the
event rate is flat with jet p; in the effective theory. In
this case the limits are not applicable [86, 90, 98].

3.2 Indirect production

Indirect production means the DM particles are pro-
duced by the cascade decays of some heavier new parti-
cles. The most important example is the supersymmetry
(SUSY) model.*) The LHC can produce pairs of squarks
and gluinos via strong interaction processes pp — {q,
gg and ¢g, with large cross section. If R-parity is con-
served, such particles will decay into the lighter spar-
ticles until the decay chain ends up in the lightest su-
persymmetry particle (LSP). The final states depend
on the mass spectra and decay mode of the sparticles.
The typical SUSY signal is usually classified accord-
ing to jet, b-jet and lepton multiplicity [99, 100], such
as jets+MET, 1 b-jet+jets+MET, 1 lepton+jets+MET,
two opposite sign leptons+jets+ MET (OS), two same
sign leptons—+jets+MET (SS), etc.

If the dominated decay channels of squarks and gluino
are § — qx and § — qq’x, the typical signals are 2-4
jets+MET. If the squarks and gluino are much heavier
than neutralino, the leading jets are energetic and the
reconstructed MET is large. By choosing suitable cut
conditions, the SM backgrounds can be suppressed effi-
ciently [101, 102]. A number of kinetic variables, such as
effective mass [102], razo [103, 104], ar [105, 106] and
Mo [107-109], are also helpful to discriminate signals
and background. Since no excess above SM predictions
has been confirmed, the ATLAS and CMS collaborations
have set stringent constraints on the masses of gluino and
the first two generations of squarks. Figure 4 shows the
upper-limits in the CMSSM framework in the mg-my /o
plane for tan3 = 10 and Ay = 0 based on CMS re-
sults with /s = 7 TeV and 4.7 fb~! of data [101]. For
all gluino(squarks) masses, squarks(gluino) with masses
below ~1200 GeV (800 GeV) have been excluded.

The mass constraints on stop and sbottom are much
weaker. It is well-known that the lighter stop can be the
lightest colored sparticle due to the larger top Yukawa
coupling and large mass splitting terms in many SUSY
models. The light stop is also well-motivated by the “nat-

1000

Z
— 2, 7
tanf=10 @\\ =)

Ay=0 GeV N ~
900 1>0 Dy *350 m(2)=2000
200 m=173.2GeV cms, [4.98 b 1, {5=7 TeV

KOR —— Observed
700 \/500 -+ Observed + 10 signal theory

------ Expected + 1o exp.

—— CMS, 36pb! m(g)=1500

600
500
400 RS

" "~-~-.Z;:;:.:.:.;.;_;_;_;_;;:.;.i-?
200
100

my, /GeV

m(g)=1000

500 1000 1500 2000 2500 3000
mg /GeV
Fig. 4 The CMS limits in the CMSSM mo — my /o plane. The
other CMSSM parameters are tan 8 = 10, ;> 0 and Ag = 0. The

limits from CMS search with 36 pb~! [110] of data and LEP [111]
are also shown. Reproduced from Ref. [101].

uralness” argument [112, 113], and is consistent with re-
cent LHC Higgs results [114, 115]. Light stop/sbottom
can be produced by the decays of gluinos § — tf/bl;
which are not very heavy as suggest in the “natural
SUSY” framework [113]. It is called gluino-mediated
stop/sbottom production. The final states may contain
many b-jets due to the processes of £ — txy — bWy,
i — byt and b — by which are helpful to reduce back-
grounds. For the gluinos with masses below 1 TeV, the
DM masses are excluded up to ~500 GeV (300 GeV) for
§ — ttx(§ — bbx) channel by the recent LHC results [75,
106, 109, 116, 117].

If gluino is very heavy, the main production process
of stop/shottom is directly pair production pp — ti/bb.
For light stop, the constraints depend on the mass split-
ting between stop and neutralino, and the assumptions
of stop decay modes [113, 118, 119]. The constraints for
decay mode ¢ — tx are very stringent in the my — mg
plane [120, 121]. If stop and neutralino are almost degen-
erate in mass as suggested by the “stop co-annihilation”
scenario, the dominated stop decay mode may be fla-
vor changing neutral current £ — cy. In this case, since
the charm jet from stop decay may be too soft, an addi-
tional energetic jet is required to reconstruct the MET
[122] (see also Refs. [123, 124] and references therein).
The constraints for such signal channel are weak.

In many SUSY frameworks, sparticles in the electro-
weak sector namely neutralinos, charginos and sleptons,
are much lighter than colored sparticles. These sparti-
cles can be pair produced via Drell-Yan processes at the
colliders [125, 126]. For the neutralino—chargino pair pro-
duction pp — Y*x9, the final states may include three
charged leptons produced by YT — lvy and ¥y — llx.

4) The latest ATLAS and CMS SUSY search results can be found in https://twiki.cern.ch/twiki/bin/view/AtlasPublic/Supersymmetry-
PublicResults and https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSUS.
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The SM backgrounds can be suppressed sufficiently due
to the leptons with opposite sign. For the assumptions
of m; = mgg and m; = 0.5(my + my+), the DM masses
can be excluded up to 250 GeV for chargino masses be-
low 450 GeV by the CMS results [125].

If heavier sparticle is long-lived, it is so-called meta-
stable massive particle and can be directly observed by
detectors. For instance, if the mass splitting between
stop (gluino) and neutralino is extremely small, stop
(gluino) will form a bound state namely R-hadron in the
hadronization process before its decay (see Refs. [127,
128] and references therein). R-hadron will lose energy in
the detector due to strong interaction. Another impor-
tant example is long-lived stau in the GMSB scenario
where the LSP and DM candidate is gravitino [129].
If stau is the NLSP,”) it may have a long lifetime due
to very weak interaction with gravitino, and can be ob-
served in the inner tracker and outer muon detector. The
LHC results can exclude stop masses up to 700 GeV, and
stau mass up to 300 GeV if they are meta-stable particles
(132, 133].

4 Status of indirect detection—charged
particles

4.1 Introduction

The indirect detection searches for the DM annihila-
tion or decay products, including ~-rays, neutrinos and
charged anti-particles such as positrons and antiprotons.
Since the interstellar space is filled with magnetic fields
the charged particles are deflected when propagating in
the interstellar space. The source information will get
lost and therefore we can only resolve the possible sig-
nals of DM in the energy spectra of charged particles.
On the contrary the y-rays and neutrinos can trace back
to the sources. We can search for such signals at the di-
rections where the DM density is expected to be high.
There are two kinds of y-ray spectra can be generated
from DM annihilation or decay. The DM particles can
annihilate/decay into two photons directly. The photon
energy equals approximately to the mass (or half mass for
decaying DM) of the DM particle since the DM moves
non-relativistically today. Such spectrum is monoener-
getic, and is usually thought to be the smoking gun of
DM signal, since there is no astrophysical process that
can produce such kind of spectrum. But such a process
is in general highly suppressed and hard to be detected
because the DM particles are neutral and can not couple

with photons directly. The process can occur through a
loop Feynman diagram that DM first annihilate into two
virtual charged particles and then the the virtual charged
particles annihilate into two real photons. The DM parti-
cles can also annihilate into quarks, gauge bosons and so
on, which induce continuous 7-ray spectrum by cascade
decays. The continuous 7-rays have much larger flux and
easier to be detected. However, it does not have distinc-
tive features from the astrophysical background v-rays.

Right now there are many cosmic ray (CR) experi-
ments dedicated to look for the DM annihilation signals.
To avoid the shield of the atmosphere the instruments
are better to be placed in space. The satellite based
detector PAMELA and the international space station
(ISS) detector AMSO02 are the two most important ex-
periments for charged particle detection. Both detectors
are magnetic spectrometers that have magnetic field to
identify the charge of the incident particles. PAMELA
was launched in 2006 and many important results have
been published. We will give detailed discussion on the
PAMELA results in the following. AMS02 was launched
in 2011 and the data taking and analysis are on-going.
The first physical result of AMS02 will be released soon
in this year. It is expected AMS02 will improve the
PAMELA results essentially as it has much larger aper-
ture than PAMELA.

The most sensitive y-ray detector in space is the satel-
lite based Fermi, which can detect y-rays from 20 MeV
to ~ 300 GeV. The detailed summary of the Fermi re-
sults on DM detection will be presented in the next
section. The ground based image atmospheric Cerenkov
telescopes (IACT) detect very high energy (VHE) ~-rays
with energy greater than ~ 100 GeV. With the rapid
development of the IACT technology the VHE ~-ray as-
tronomy develops quickly in recent years. We will also
describe the status of DM searches with IACTs breifly
in the next section.

4.2 Experimental status

The most interesting result on DM indirect detection in
the recent years comes from PAMELA, which observed
obvious positron excess in the cosmic rays (CRs) [134].
The upper panel of Fig. 5 shows the positron fraction
d(e™)/(o(e™) + ¢(e™)) measured by PAMELA and sev-
eral previous experiments. The black curve shows the
expectation of the positron fraction from the conven-
tional CR propagation model. In the conventional model
there are no primary positrons, and the positrons are
secondary products through the interactions of CRs and

5) If neutralino is the NLSP, the typical signals are photons+MET where photon is produced by the decay of neutralino x — 'yé (130,

131].
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the interstellar medium (ISM) during the propagation.
Here the expected positron fraction is calculated with
the GALPROP package [135]. The propagation parame-
ters used are listed in Table 1. The conventional propaga-
tion model can reproduce most of the observed CR data
on the Earth. For the calculated curves, a solar modula-
tion under the force field approximation [136] is applied
with modulation potential 500 MV. Since below ~ 10
GeV the flux is affected by the solar modulation effect,
we will pay more attention on the high energy end. It
can seen that above ~ 10 GeV the positron ratio shows
an obvious excess beyond the expected background from
CR physics.

Table 1 Conventional GALPROP model parameters.

E b
Do o v Y
kpc 1028cm2.s—1 GV km-s=! 4y /y Y1 /72
4 5.5 0.34 4 32 1.60/2.62 1.91/2.39

a)Below/above break rigidity 4 GV.
b)Below /above break rigidity 11 GV.
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Fig. 5 Observational data of the positron fraction
d(et)/(dle™) + ¢(et)) (upper) and antiproton-proton ratio
¢(p)/d(p) (lower) respectively. Lines in these figures are the expec-
tations based on conventional CR propagation models. The data in
the figure are from: positron fraction — TS93 [139], CAPRICE94
[140], AMS [138], HEAT [137, 141], PAMELA [134] and Fermi-
LAT [142]; antiproton-proton ratio — IMAX [143], HEAT [144],
CAPRICEY4 [145], CAPRICE9S [146], BESS95-+97 [147], BESS99
[148], BESS00 [148], BESS-polar [149] and PAMELA [150].

In fact, the early HEAT [137] and AMS [138] data
have shown the hints of positron excess. The PAMELA
data confirmed this excess with high significance [134].
The rise of the positron fraction for energies higher than
~ 10 GeV means that the positron spectrum is even
harder than the electron spectrum and cannot be under-
stood easily in the CR background model.

At the same time PAMELA also reported the
antiproton-to-proton ratio in CRs [150]. The lower panel
of Fig. 5 shows the antiproton-to-proton ratio observed
by PAMELA as well as earlier experiments. It shows that
the data are well consistent with the expectation of the
conventional CR propagation model. The old BESS data
are also consistent with background.

Soon after PAMELA released the positron fraction re-
sult the balloon-based experiment ATIC published the
total electron plus positron spectrum up to about TeV
[155]. The ATIC data show a peak between 300 and
800 GeV, together with a sharp falling above 800 GeV
[155]. Later Fermi-LAT also measured the total electron
spectrum with much larger statistics. Fermi-LAT data
give a smooth spectrum with power-law ~ E~3 in 20—
1000 GeV, without the peak structure as ATIC measured
[158]. The ground-based Cerenkov telescope HESS also
measured the electron spectrum, which is similar to that
from Fermi for E < 1 TeV [157]. Above ~ 1 TeV HESS
found a softening of the electron spectrum which is con-
sistent with ATIC data [156]. The observational results
are compiled in Fig. 6. The line in Fig. 6 is the expected
background contribution of the electrons, which is deter-
mined according to the low energy data.

Bkg —— PAMELA ——
~ 1031 AMS —o— ATIC ——
s JCAPRICE —— HESS -~
o HEAT = Fermi-LAT
o Sanriku
g
B
810
3
Ty
101 T T T T oo T T rorrr
10° 10! 102 103 10*

E/GeV

Fig. 6 The electron spectrum. Line in the figure is the expecta-
tion based on the conventional CR propagation model. Note that
the low energy part of the data are pure electrons, while the high
energy data are the sum of electrons and positrons. The data in the
figure are from AMS [151], CAPRICE [140], HEAT [152], Sanriku
[153], PAMELA [154], ATIC [155], HESS [156, 157] and Fermi-LAT
[158].

It should be remarked here that the ATIC and Fermi
data of electron spectrum are not consistent with each
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other. The ATIC data show sharp feature at ~ 600 GeV,
while the Fermi data show a smooth spectrum consistent
with a power law. This is the present largest uncertainty
to discuss the origin of the positron excess.

One may expect that the hard spectrum as shown for
example by the Fermi data could be accounted for by
assuming a harder injection spectrum of the background
electrons. However, the positron excess in this case will
become more significant [159]. Therefore we can conclude
that in general it is difficult to reproduce the observed
data of both the positron fraction and the electron spec-
trum under the traditional CR background frame. The
data indicate it is most probably that there exists new
source(s) of primary electrons and positrons near the so-
lar system.

Those results have stimulated a huge enthusiasm to
study the possible origins of the positron and electron
excesses. In general all the works can be divided into
two classes: the astrophysical origin, such as the nearby
pulsar(s) which emit positron/electrons; the exotic ori-
gin including DM annihilation or decay. In the following
we will give a brief description of the relevant studies.

4.3 Explanations

In the conventional propagation model of Galactic CRs,
the source population is often assumed to be one single
type and its distribution is usually adopted to be continu-
ous and smooth. The positrons are produced through CR
nuclei interacting with the ISM when propagating in the
Milky Way. As shown above such a scenario fails to ex-
plain the observed positron fraction and electron spectra.
To account for the observational data, modifications of
the conventional scenario of production and/or propaga-
tion of CR electrons and positrons are necessary, through
either changing the background model or invoking new
sources of e*. The sources of e generally include: i)
secondary production of hadronic cosmic rays interact-
ing with ISM, ii) pair production of photon-photon or
photon-magnetic field interactions, iii) pair production
of photon-nuclei interactions, and iv) DM annihilation
or decay [160]. The two categories of models, astrophys-
ical and DM scenarios, are described in the following in
detail respectively.

4.8.1 Astrophysics origins

The first point needs to be clarified is that whether such
observational results indeed are “excesses”. This depends
on the understanding of the background contributions to
both the positrons and electrons. The minimal opinion
is that there might be no “excess” at all. It was found

that there were very large uncertainties of the theoret-
ical expectation of CR positron flux from the primary
fluxes of protons and Helium, propagation and hadronic
interaction [161]. Therefore it should be more careful to
claim an “excess” and judge the amplitude of the “ex-
cess” given such large uncertainties. However, it will be
difficult to explain the rising behavior of the positron
fraction with only the uncertainties, given the fact that
the total e + e~ spectrum is as hard as ~ E~3 [162,
163]. Through the likelihood analysis with scanning over
wide ranges of possible uncertain parameters, significant
tension between the e* related data and CR nuclei data
was found, which implied the “excess” of the e* [164].

A less minimal opinion is that the continuous distri-
bution of the CR sources might break down, especially
for high energy e which have limited propagation range
[165]. The inhomogeneity of supernova remnants (SNRs)
leads to distinct features of the primary electron spec-
trum and may give a rising behavior of the positron
fraction. However, the fit to the total electron spectra is
poor [165]. Furthermore the result of the positron frac-
tion keeps rising up to 200 GeV, and the positron spec-
trum is harder than E—3 as revealed by Fermi-LAT [142]
also disfavor such a scenario with modification of the pri-
mary electron spectrum only. Finally it was pointed out
that the assumptions of the source distribution in Ref.
[165] were too extreme [166].

An alternative scenario without resorting to exotic
sources of e* is proposed in Ref. [167], where Klein-
Nishina suppression of the electron cooling was employed
to produce a relatively flat electron spectrum as mea-
sured by Fermi-LAT. The PAMELA positron fraction,
however, can not be explained with the average parame-
ters of the ISM. To overcome this issue, extremely large
values of the starlight intensity and gas density were
needed [167].

In summary we can conclude that the current data
may still favor the existence of a population of “primary”
positrons. There were many astrophysical factories being
proposed to produce the high energy electrons/positrons,
of which the pulsars are most widely discussed (e.g., [159,
168-173]. The idea of pulsars as the accelerators of high
energy electrons/positrons is actually quite old [174—
177]. The high energy v-ray emission of pulsars, espe-
cially the recently discovered very high energy emission
above 100 GeV [178, 179] directly supports the parti-
cle acceleration of pulsars. The strong magnetic field
enables the photon-pair cascade occur, makes pulsars
natural candidate of positron factory. There are indeed
some very nearby pulsars, such as Geminga at 0.16 kpc,
PSR B0656+14 at 0.29 kpc and Vela pulsar at 0.29
kpe. Fig. 7 shows an example that a Geminga-like pul-
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Fig. 7 The positron fraction (left) and total (et +e™) spectra of the background plus Geminga-like pulsar contribution.

Reproduced from [168].

sar together with the background can explain both the
positron fraction and total electron spectra [168]. To fit
the data is easy, but to identify which pulsars contribute
to the CR leptons is very difficult due to the diffusive
propagation of the charged particles. It was discussed
that the anisotropy and precise energy spectra of the
electrons/positrons might help to identify the sources
[169-171, 180].

Other astrophysical sources of the high energy e* in-
clude secondary e® production inside the SNRs [181-
183], photo-nuclei pair production of very young SNRs
[184], supernova explosion of massive stars [185], y-ray
burst [186], white dwarf “pulsars” [187], pulsar wind
nebula [188] and so on. For the scenario of secondary
e* production inside the SNRs, the expected secondary-
to-primary ratio such as p/p [189] and B/C [190] will
show distinct rising behavior at high energies, and can
be tested in future with high precision data.

4.3.2  Dark matter

What is more exciting is that the PAMELA result might
be the long-waited DM signal. A lot of works discussed
the possibilites that the positron excess comes from DM
annihilation or decay. If the positron/electron excesses
are due to DM annihilation or decay it gives clear in-
dication of the nature of DM particles. Firstly, since
only positron/electron excesses are observed while the
antiproton-to-proton ratio is consistent with the CR
background prediction, the DM should couple dom-
inantly with leptons. Secondly, the large amount of
positrons requires very large annihilation/decay rate of
DM. For annihilating DM scenario it requires some non-
trivial enhancement mechanisms to get large annihilation
cross section. We discuss the first property in the follow-
ing and leave the discussion of the second point in the

next subsection.

Soon after PAMELA reported the new result about
the positron fraction, the DM was proposed as a possi-
ble positron source to explain the data (e.g., [192, 193]).
In [191] we give a careful study of the DM scenario to
explain the positron excess. We first assume DM decay®
into gauge bosons, and the positrons/electrons are then
generated from decay of the gauge bosons. Figure 8
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+ \ \
v A \
= R W
*o —— Bkg X \
—— w100GeV 1.5 \
~~~~~~ z 100GeV 1.1 ‘\
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1E-3 E DC
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IR ——Bkg
—— w 100GeV 1.5
1E-5 - - -z 100GeV 1.1
E w300GeV 1.6
- - -2 300GeV 1.5
w 1000GeV 1.6
===z 1000GeV 1.6
1E-6 S —
0.1 1 10 100

Ey;, /GeV
Fig. 8 The positron fraction (top) and antiproton/proton ratio
(bottom) from DM decaying into gauge boson pairs. The grey lines
are the background expectation from the CR propagation model.
The numbers label the energies of the gauge bosons and the life-
times of the DM. Reproduced from Ref. [191].

6) The propagated positron spectra at the Earth from the annihilation scenario and the decay scenario have little difference. Only in
the region like the Galactic center the two scenarios show difference. We will discuss the difference in Section 4.5.
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shows the calculated positron fraction and antiproton-
to-proton ratio for different energies of the gauge bosons.
It is shown that the positron spectrum from gauge bo-
son decay is too soft to explain PAMELA data, even
the gauge boson mass is as high as 1 TeV. Especially,
the gauge boson channel is problematic for the antipro-
ton spectrum. They give several times larger antiproton-
to-proton ratio than the PAMELA data. Therefore DM
decaying or annihilating to gauge bosons are strongly
disfavored by the antiproton data. Similarly we show
the case for DM decay into quarks in Fig. 9. Positrons
are produced after hadronization of quarks via the de-
cay of charged pions. The positrons are too soft and
can not account for the excess of positrons above ~ 10
GeV. Furthermore, quark hadronization produces too
many antiprotons, which are several times larger than
the PAMELA data. Figure 10 shows the case for lepton
channel. It shows that in such case it is easy to account
for the PAMELA data by assuming a proper DM mass
and life time. Therefore we can conclude that the only
possible channel to explain the observed positron excess
is DM decay or annihilate into leptons. Similar conclu-
sions were aslo shown in Refs. [194, 195].

Therefore the first important implication for the DM
scenario to explain the PAMELA data is that DM has
to couple dominantly with leptons.
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Fig. 9 Same as Fig. 8 but for DM decaying into quark pairs.
Reproduced from Ref. [191].

0.1+

e Bkg
- == ¢100GeV 7.6
——~ 1 100GeV 5.5
- == 7100GeV 3.2
e 300GeV 2.8
— 1 300GeV 2.1
7 300GeV 1.8
0.01 T T

1 10 100
Ey;, /GeV

etl(et+e)

Fig. 10 Positron fraction for DM decaying into lepton pairs. Re-
produced from Ref. [191].

4.4 Mechanisms to enhance DM annihilation rate

Another important issue of the DM model to explain
the electron/positron excesses is the high production
rate of electrons/positrons. For DM annihilation scn-
eario, it means a very large boost factor (BF), the ratio
between the required cross section and the benchmark
value 3 x 10726cm?® - s71, at the order ~ 103 [192, 194].
That is to say to explain the positron excess the DM an-
nihilation rate needs to be about thousand times larger
than that to give correct relic density of DM.

There are plenty of papers in the literature to study
possible ways to enhance the annihilation rate. The key
point here is how to reconcile the large annihilation rate
with the much smaller rate at the early time when DM
decoupling. We summarize the possible ways in the fol-
lowing.
4.4.1  Substructures
Since the DM annihilation rate is proportional to the
density square, the DM substructures are expected to
enhance the annihilation rate and give a BF. There have
been a lot of careful study on the effect of substructures
on charged CRs, based on the N-body simulation re-
sults. However, the studies show that the enhancement
effects due to substructures is generally negligible [196].
The largest BF with the most extreme configurations of
DM substructures is O(10), which is much lower than
that needed to explain the PAMELA electron/positron
excesses. Considering that the DM velocity in the sub-
structures is smaller than that in the smooth halos, the
BF including the Sommerfeld effect is also calculated in
[197]. Even in this case the BF is still very small.

It is also proposed that a nearby massive substruc-
ture might be able to provide enough BF to explain the
data [198]. However, the search in the simulation results
shows a very low probability (~ 107°) of the existence
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of such a clump [199]. Therefore it is very difficult to
provide a large enough BF to account for the PAMELA
electron/positron excesses through DM substructures.

4.4.2  Non-thermal DM

The benchmark value of DM annihilation cross section
3 x 10726ecm?.s7! is acquired under the assumption that
DM is generated thermally in the early universe. If DM
is produced by some non-thermal mechanisms, its anni-
hilation cross section is not constrained and can be larger
or smaller than the benchmark value.

The non-thermal mechanism is first proposed in Refs.
[200, 201], in which DM is generated by the decays of
topological defects, such as cosmic string. As PAMELA
released the new result the non-thermal mechanism is
adopted to explain positron excess. By choosing suitable
parameters, the correct relic density and positron flux
can be explained simultaneously [202].

It is interesting to note that the non-thermal WIMP
from cosmic string decay is more energetic than ordinary
WIMP in the early universe, and can be treated as a kind
of warm DM. Therefore the free streaming length of non-
thermal WIMP may be large. It will lead to distinct pre-
dictions of DM substructure and indirect searches from
cold WIMP [203].

4.4.3  Breit—-Wigner enhancement

If two DM particles annihilate into SM particles through
an s-channel process, there is a resonance if the interme-
diate particle mass is close to 2m,. This is called the
Breit-Wigner enhancement. It is well-known that res-
onance effect can enhance the DM annihilation cross
section significantly [204, 205]. In the Breit-Wigner en-
hancement scenario [206-209], the DM annihilation pro-
cess is assumed to be yx — R — ff, where R is a narrow
Breit—Wigner resonance with mass M = /4m?2(1 — 9)
and decay width I' = M+ with |d|,y < 1. The annihila-
tion cross section is proportional to
1

ov X (FE e (3)
where v is the velocity of two DM particles. From Eq.
(3), it can be found that DM particles with smaller v in
the halo have larger annihilation cross section than those
with larger v in the early universe.

Therefore the Breit—Wigner effect may play a role of
BF to explain the PAMELA data [207, 208]. However, to
give a large BF required by the electron/positron data
at O(10%), fine tuning of the parameters §,v as small as
O(107°) is needed [207-209].

Xiao-Jun Bi, Peng-Fei Yin, and Qiang Yuan, Front. Phys., 20183,

Later another important effect, the kinetic decoupling,
is discussed [210]. Since after kinetic decoupling the DM
particles can not get any momentum exchange with the
thermal bath, its velocity decreases more rapidly. As v
decreases its annihilation rate is enhanced due to the
Breit-Wigner effect and further reduce the relic density
of DM significantly. This finally reduce the BF, as shown
in Fig. 11. The largest enhancement factor S is at O(102)
for the DM with a mass of 1 TeV, as shown in Fig. 11.
Therefore it is difficult to explain the anomalous positron
excesses and give the correct DM relic density simultane-
ously in the minimal Breit—-Wigner enhancement model.
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3

Fig. 11 Numerical illustration of the BF S on the y—0 parameter
plane. Reproduced from Ref. [210].

4.4.4  Sommerfeld enhancement

If there is a long range attractive force between two DM
particles, the cross section will enhance at low momen-
tum, known as the Sommerfeld effect. A new light bo-
son ¢ with mg < m, is usually assumed to mediate
the “long range” interaction between DM particles. This
non-perturbative quantum effect arises from the contri-
butions of ladder diagrams due to the exchange of new
bosons between two incoming DM particles in the anni-
hilation process. It leads to a velocity dependent anni-
hilation cross section. When the relative velocity of the
two particles is high enough, the Sommerfeld enhance-
ment effect becomes negligible. Therefore at the early
stage of the Universe, the cross section keeps to be a rel-
atively low value which can give the right relic density.
When the DM particles cool down significantly today, a
larger annihilation cross section can be obtained. There
are several works employing the Sommerfeld effect to ex-
plain the large BF as implied by the CR lepton data (e.g.
[194, 211-213]).

In the literature, the Sommerfeld enhancement has
been discussed for yx — WTW = if W# is light enough
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compared to heavy DM with mass of several TeV [194,
214]. However, the W boson may over-produce antipro-
tons and be conflict with the PAMELA data. If the medi-
ator ¢ boson is light enough instead, e.g. my < O(1)GeV,
the production of antiprotons will be kinematically sup-
pressed [211, 212, 215, 216]. Therefore the existence of
light boson interpreters the PAMELA results elegantly.

However, further analysis finds that the enhancement
of cross section due to the Sommerfeld effect would also
affect the thermal history of DM in the early Universe.
The calculation of DM relic density with Sommerfeld en-
hancement depends on several issues, such as the tem-
perature of kinematic decoupling [217-219] and the effi-
ciency of self-interactions for persevering thermal veloc-
ity distribution [219]. Detailed calculation shows there
is a tension between large enhancement factor and cor-
rect DM relic density [219, 220]. In order to obtain cor-
rect DM relic density for m, ~1 TeV and mg ~ 1
GeV, the maximal value of enhancement factor S for
XX — ¢¢ — ptp~ptu~ is only ~ O(102) which is
smaller than the required value O(103). In [221] the decay
channel of ¢ — eTe™ is considered and a special config-
uration of “dark sector” is assumed, which can relax the
constraint on the maximal BF.

The light mediator, a scalar or a vector boson, can in-
teract with leptons via the small mixing with the Higgs
boson or gauge boson in the SM. This kind of interac-
tions is called “dark force” in the literature. The small
mixing can be achieved by intergrading out some heavy
fields which interact with both ¢ boson and SM boson,
and induce small mass of ¢ as mgy ~ 1073m, natu-
rally [222, 223]. The light mediators may be produced
by the collisions between electrons and/or protons, and
can be tested at the “fixed target” experiments [224-
226], low-energy electron-positron colliders [227-229] or
high-energy hadron colliders [230, 231].

445

Decaying dark matter

The final way to solve the discrepancy between the early
annihilation rate and today’s lepton generation rate is to
assume that leptons are generated by DM decay. There-
fore the decay process dominates over the annihilation
process today. BF is not needed in such scenario obvi-
ously.

If there exists some tiny symmetry violation, the DM
particles may decay very slowly to SM particles. Since
the decay of DM should not reduce the abundance of DM
in the universe significantly, the lifetime of DM should
be much longer than the age of the universe ~ 107 s.
If DM particles can decay into electrons or muons via
some leptonic interactions, the flux of positron excess

can be interpreted by the decaying DM with lifetime of
~ 0(10%%) s [191, 232-236]. Such long lifetime of DM
can be derived naturally by some high energy scale sup-
pressed operators [237]. For instance, if a DM particle
with a mass of 1 TeV decays via dimension 6 opera-
tors, its lifetime would be 7 ~ 87 A& p/m? ~ 3 x 10*7
s. The signatures of high energy photons [238-244] and
neutrinos [245, 246] from decaying DM have been widely
studied in the literature.

Note that the fluxes of high energy photons and neu-
trinos induced by decaying DM and annihilating DM are
proportional to the DM number density and the square
of DM number density, respectively. Such features can
be used to distinguish different DM scenarios.

4.5 Discrimination between astrophysical and dark
matter scenarios

As we discussed above, all the explanations to the
positron/electron excesses fall into two categories: the
astrophysical origin and the DM origin. An important
question is if we can discriminate the two kinds of ori-
gins.

First we should state that by the local observation it
is impossible to distinguish the decaying and annihila-
tion DM scenarios [247]. This is easy to understand. The
final states of the decay and annihilation are the same.
The only difference comes from the source distribution
of positrons from DM annihilation and decay. However,
the observed high energy electron/positrons should come
from local region near the solar system. This makes the
two cases indistinguishable.

In Ref. [248] we try to see which scenario of the
positrons between the astrophysical source and the DM
is more favored by the present data. We assume pulsars
as the typical astrophysical sources contributing to the
positron excess, and compare the goodness of fit to the
data with the DM scenario through a global fit method.
The contribution of pulsars is parametrized with three
new parameters, the power law index «, the cutoff energy
E. and the normalization Apg.. For the DM case we fit
the mass m,, cross section (ov), and 4 branching ratios
to leptons and quarks. The data include the PAMELA
positron fraction, the PAMELA electron spectrum [154],
Fermi-LAT total electron spectrum [158], and HESS to-
tal electron spectrum [156, 157]. The fitting parameters
are given in Table 2 and the best fitting results com-
pared with the data are shown in Fig. 12. We see that
when including either pulsar or DM the fitting is im-
proved essentially compared with the pure background
fitting. However, the x2/d.o.f. for the pulsar and DM
scenarios are almost the same. That is to say we cannot
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Fig. 12 Best-fit positron fraction (left) and electron spectra (right) for the scenarios with pulsars (top panels) and DM
annihilation (bottom) as the extra sources of positrons and electrons. Reproduced from Ref. [248].

Table 2 Fitting parameters with lo uncertainties or 20 limits. Note that for the “bkg” case the reduced x?2 is too large that the
uncertainties of the parameters should not be statistically meaningful. Taken from Ref. [248].

Bkg Bkg+pulsar Bkg+DM
" < 1.532(95% C.L.) < 1.619(95% C.L.) < 1.610(95% C.L.)
Y2 2.557 + 0.007 2.712 + 0.014 2.706 + 0.013
log(ABig)® —8.959 + 0.003 —8.997 + 0.007 —8.997 + 0.006
By /GeV 3.59970-1%3 4.25470-578 4.28370-2%0
¢/QV 0.324 + 0.016 0.383 + 0.042 0.371 + 0.037
Cot 1.462 + 0.035 143870578 1.394 % 0.053
cp 1.194 + 0.039 1.225 4 0.043 1.210 4 0.045
log(Apsr)® — —27.92370-331 —
@ — 1.284 + 0.104 —
Ec/TeV — 0.86175-170 —
my /TeV — — 2.34110-352
log[ov(cm?® - s71)] — — —22.34+0.13
Be — — < 0.379(95% C.L.)
By — — < 0.334(95% C.L.)
B. — — 0.71375:141
By — — < 0.005(95% C.L.)
x?/d.o.f 3.390 1.047 1.078

a)In unit of em=2 sy~ . s~ . MeV L.

ios with future experiments. In Ref. [249] the authors
considered three cases to fit the ATIC data: the nearby
pulsars, DM annihilation into W boson pair and Kaluza—

distinguish the two scenarios according to the present
electron/positron data.
There are proposals to distinguish these two scenar-
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Klein DM that produce a sharp cutoff. The three models
give different electron spectra, especially around the cut-
off, as shown in Fig. 13. They proposed to distinguish the
different scenarios by the TACTSs, such as HESS, VERI-
TAS and MAGIC.
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Fig. 13 The spectrum predicted from three possible sources: a
nearby pulsar (red), annihilation to WTW = from 800 GeV DM
(blue), and annihilation of 620 GeV Kaluza—Klein DM (which an-
nihilates to ete™, ptp~, and 7+7~ with branching ratios 20%
each, black). Reproduced from Ref. [249].

In Ref. [171] the authors studied the pulsar contri-
bution to the electron/positron spectrum. They pointed
out that at higher energies the spectrum is dominated
by a few young nearby pulsars, which therefore induces
wiggle-like features. If the electron/positron spectrum
can be measured with much higher precision and the
wiggle-like features are detected it will strongly favor the
pulsar origin of the positron/electron excesses.

At present the most important experiment for DM
indirect detection is certainly the AMS02 [250]. The
AMSO02 has accumulated data for nearly two years. The
AMS02 will measure the CR spectra with much higher
precision than the present data, which will reduce the
uncertainties of background model significantly. It is pos-
sible that AMS02 will make breakthroughs in the indi-
rect detection of DM. In Refs. [251, 252] the potential of
AMS02 to measure the positron spectrum and the pos-
sibility to distinguish different kinds of the extra sources
were discussed.

A new satellite experiment has been proposed in
China, which is called Dark Matter Particle Ex-
plorer (DAMPE) [253]. DAMPE is an electromagnetic
calorimeter dedicated to measure the electron+positron
with energies from about 5 GeV up to about 10 TeV.
With the large effective area of ~ 0.36 m?, DAMPE could
measure the total electron+positron spectra with high
precision. This will test the prediction of the wiggle-like
features in Ref. [171]. An important goal of DAMPE is

to measure the shape of the cutoff of electron spectrum
and try to distinguish different scenarios to explain the
positron/electron excesses.

Another widely used way to discriminate different
models is the photon emission [254-267]. In Ref. [268]
we discuss the difference of the synchrotron and inverse
Compton (IC) radiation from the Galactic center region
for the pulsar, DM annihilation and DM decay scenarios.
The key point is that the three scenarios have very dif-
ferent spatial distribution and the largest difference is at
the Galactic center. All the scenarios can explain well the
local observation by adjusting the parameters. However,
once they are normalized at the position of the Earth
they should show great difference at the Galactic center.
Since the electrons/positrons can not propagate to the
Earth due to fast energy loss we propose to observe the
difference by their synchrotron and IC radiation.

Figure 14 shows the calculated synchrotron emission
(top) and IC ~-ray spectrum (bottom) in the inner

Synchrotron spectra: GC
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Fig. 14 Upper: The average synchrotron spectra of the three
scenarios within a bin size of 20° x 20° around Galactic center;
Lower: The contributions to the diffuse vy-ray spectra in the re-
gion |I| < 30°,|b| < 5° for the three scenarios, compared with the
EGRET data [269]. Reproduced from Ref. [268].
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Galaxy. In this calculation the DM density profile is
adopted to be the Einasto profile [270]. We can see that
the three scenarios indeed show great difference at the in-
ner galaxy region. Here we take a large region around the
Galactic center is mainly due to the large uncertainties of
the DM density profile. We also considered the cases for
NFW or cored isothermal profiles. We find even for the
cored isothermal profile the radiation spectra still show
distinguishable differences.

5 Status of indirect detection — gamma rays

Gamma-ray photons are better than the charged CRs
for the indirect search of DM due to the simple propaga-
tion. By means of «-rays we can trace back to the sites
where DM concentrates and map the distribution of DM.
The energy spectrum of y-rays is less affected during the
propagation (except for high redshift sources) and could
directly reflect the properties of DM particles. Further-
more, the photons can enlarge the detection range of DM
significantly compared with the charged CRs which are
almost limited in the Milky Way.

There are in general two ways to produce photons from
the DM: the primary emission radiated directly from
the DM annihilation/decay or from the decay of the fi-
nal state particles, and the secondary emission produced
through the inverse Compton scattering, synchrotron ra-
diation or bremsstrahlung radiation of the DM-induced
particles (mainly electrons and positrons). For WIMPs,
the photon emission is mainly at the y-ray band, with
some kind of secondary emission such as the synchrotron
radiation covering from X-ray to radio bands. In this re-
view we focus on the recent progress in v-ray search of
DM.

Fermi space telescope is one of the most important
facilities in operation for the y-ray detection. The sensi-
tivity of searching for DM with Fermi is up to now the
highest for the general WIMP models. There are also
ground-based VHE ~-ray detectors such as the imag-
ing atmospheric Cerenkov telescopes (e.g., HESS, VER-~
ITAS and MAGIC) and air shower array detectors (e.g.,
ARGO-YBJ), which could be specifically powerful for
heavy DM (m,, ~TeV).

5.1 Fermi

5.1.1 Duwarf galaxies

The Milky Way dwarf galaxies are ideal laboratories for

™) http://fermi.gsfc.nasa.gov/ssc/data/analysis/software/
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the indirect detection of DM. The dwarf galaxies are DM
dominated with mass-to-light ratio of the order 10%-103
[271]. The lack of gas content makes it free of y-ray emis-
sion, resulting in a clean target for the search of DM sig-
nal. There are many works using the Fermi-LAT data to
search for DM signal or constrain the DM model param-
eters [97, 272-276].

Using the first 11 month data of dwarf galaxies, the
Fermi-LAT collaboration found no indication of v-ray
emission from these objects and strong constraints on the
DM annihilation cross section were given [272]. With ac-
cumulation of the exposure, the limits were significantly
improved, through additionally a joint analysis of many
dwarf galaxies by Fermi-LAT collaboration and others
[97, 273]. Figure 15 shows the 95% confidence level up-
per limits on the cross section (owv) for selected annihi-
lation channels derived in [97]. In such an analysis, the
uncertainty of the DM density distribution in individual
dwarf galaxy is also taken into account in the likelihood
fitting. It is shown that for DM with mass less than ~ 30
GeV and annihilation channels bb and 7777, the generic
cross section of WIMPs which were thermally produced
in the early Universe and match the correct relic density,
(ov) ~ 3 x 10726 cm?3 57!, can be ruled out by the y-ray
observations.

Upper limits, joint likelihood of 10 dSphs

102!
-- 33X 10726 - ' channel
— bbchannel - W W~ channel
10722 -- 7’7 channel
103} )
10 247 “‘-“.'. ”’1

1025,

WIMP cross section /(cm>-s ™)

—_

(=1
Ny
=S

10! 102 103
WIMP mass /GeV

Fig. 15 Fermi 95% conﬁdgnce level upper limits on WIMP an-
nihilation cross section for bb, W+ W=, utpu~ and 77~ channels
which induce continuous vy-ray spectra. Reproduced from Ref. [97].

In Ref. [277] an update of the constraints to the 4-
year Fermi-LAT data was given. In this analysis, a DM
model-independent likelihood map, on the “Fy;,—flux”
plane, of the Fermi-LAT data was derived through bin-
ning the data in multiple energy bins. Then the total like-
lihood of any “signal” spectrum can be easily obtained
with the likelihood map. This method was tested to give
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consistent results with that done using the Fermi Sci-
entific Tool” (same as in Ref. [97]). It was found that
the 4-year result [277] was comparable with the 2-year
one [97] shown above for m,, < 20 GeV and even weaker
by a factor of 2-3 for higher mass DM particles. Similar
conclusion was also reported recently in the Fermi inter-
national Symposium [278]. Such a result could be due
to the statistical fluctuations and different event classi-
fications in those analyses [278]. In addition the photon
yield spectrum also have a factor of 2-3 difference be-
tween different simulation codes [279-281]. Finally, the
substructures in the dwarf galaxies, although generally
not important, would contribute a factor of several to
the uncertainty based on the numerical simulation [282].
Therefore we should keep in mind that the uncertainty of
the constraints from ~-ray observations of dwarf galax-
ies, in spite that it is less affected by the DM density
profile [283], is still a factor of ~ 10.

5.1.2  Galaxy clusters

Galaxy clusters are another good type of targets to
search for DM signal. There is currently no ~-ray emis-
sion found from galaxy clusters, and stringent limits on
the y-ray emission were set by Fermi-LAT [284]. Due to
the low background emission and the large amount of
DM, galaxy clusters can also give effective constraints
on the DM model parameters [243, 267, 285-292].

For the DM annihilation in the galaxy clusters, a large
uncertainty comes from the substructures in the clusters.
We know there are substructures at least down to the
mass scale of dwarf galaxies, but it is not clear whether
the substructures can be extrapolated down to very low
masses (e.g., 1078 My as expected for typical CDM)
which are beyond the resolution limit of observations and
numerical simulations. Based on the direct extrapolation
of simulation results of CDM, the boost factor arises from
substructures for typical clusters can reach 10% with sig-
nificant variation for cutoff mass 1076 My [282]. Fig-
ure 16 illustrates the uncertainties of the constraints on
DM models from substructures [267]. With conservative
consideration of the substructures down to dwarf galaxy
mass, the constraint on DM annihilation cross section is
weaker than that derived from dwarf galaxies [285].

Another issue of searching for DM signal from galaxy
clusters is that the targets should be taken as ex-
tended sources. For some nearby clusters, the virial
radii reach several degrees, well beyond the resolution
angle of Fermi-LAT detector for E >GeV. In [293] it was
found that the spatial extension of the clusters would
play a crucial role in searching for the potential signals.
A marginal detection of extended 7-ray emission from

Fornax log g Myyin
2
10
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2
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T T —TT T T T -6
1 m, [GeV o}

Fig. 16 The 95% upper limits of DM annihilation cross section
to ptp from Fermi-LAT observations of galaxy cluster Fornax.
Different colors show the results for different values of the minimal
subhalo mass. The circles show the “required” parameter region to
fit the Milky Way et excesses [238]. Reproduced from Ref. [267].

Virgo cluster was found assuming a spatial template of
DM annihilation with significant boost of substructures
[293]. Although it was then suggested that new point
sources which were not included in the Fermi catalog
would contribute a fraction to the “signal” [292, 294], it
is still necessary to pay attention to the spatial extension
of the sources when doing similar searches.

Finally we comment that the galaxy clusters are pow-
erful to probe decaying DM [243, 286, 287, 290]. Since the
~-ray flux induced by decaying DM is proportional to the
total mass of DM in the cluster, the uncertainty of the
constraint on decaying DM scenario arising from the DM
substructure model is much smaller, and robust results
could be derived. It was shown that the constraint on the
DM lifetime from galaxy clusters was generally stronger
than that from dwarf galaxies and nearby galaxies [286].

5.1.8  Star clusters

The Milky Way globular clusters, defined as spherical
ensembles of stars that orbit the Galaxy as satellites, are
potential targets for the indirect detection of DM. Al-
though observationally there is in general no significant
amount of DM in the globular clusters [295-297], the adi-
abatic contraction process in the cosmological formation
context [298] due to the infall of baryons will give birth
to a high density spike of DM and can in principle result
in a high annihilation rate of DM.

In Ref. [299] the authors used the Fermi-LAT data of
two globular clusters, NGC 6388 and M 15 which favor
the astrophysical origin, to search for the DM signals.
Strong y-ray emission from NGC 6388 was reported,
which was generally thought to come from the popula-
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tion of millisecond pulsars [300]. No y-ray emission from
M 15 was found. The constraints on the DM annihilation
cross section were derived [299]. Compared with the con-
straints from dwarf galaxies, the globular clusters could
give even stronger constraints. However, there are very
large systematic uncertainties for such a study, from the
hypothesis of the origin of the globular clusters, the in-
teraction between DM and baryons during the cluster
evolution and the modification of DM profile due to adi-
abatic growth of the intermediate mass black hole in the
center of the clusters.

5.1.4  Galactic center

The advantage of the Galactic center as the target for
~-ray detection of DM is that it is nearby with expected
high density of DM. Although the density profile in small
region around the Galactic center is not clear, the aver-
age annihilation J-factor, which is defined as the line-
of-sight integral of DM density square averaged within
a solid angle, in a relatively large region of the Galac-
tic center is generally much higher than those of dwarf
galaxies and cluster of galaxies [97, 256, 285]. However,
the disadvantage is that the Galactic center is a so com-
plex astrophysical laboratory that the background ~-ray
emission is very strong and far from a clear understand-
ing. Thus the problem is to distinguish the potential sig-
nal, if any, from the background emission.

Through analyzing the Fermi data, one group reported
the extended ~y-ray excess in the Galactic center which
could be consistent with a DM annihilation origin with
mass 10s GeV [301-303]. Such a claim was confirmed
by other groups with independent analyses® [304, 305].
Figure 17 shows the extracted spectrum of the extended
~-ray excess in the Galactic center and the required pa-
rameter region if DM annihilation is adopted to explain it
[301]. The DM density profile is adopted to be a generic
Navarro-Frenk-White (NFW, [306]) profile with inner
slope @ = 1.3 in order to be consistent with the spa-
tial distribution of the excess v-rays. It is interesting
to note that the mass of the DM particle, which is fit-
ted to be about tens of GeV, may be consistent with
the suspected signals from direct detection experiments
DAMA/LIBRA [307], CoGeNT [24] and CRESST [25].

Nevertheless, because the Galactic center is so compli-
cated, it is still very difficult to distinguish the DM sce-
nario of such an excess from the potential astrophysical
sources such as cosmic rays from the supermassive black
hole [302, 303], or a population of millisecond pulsars

[308]. It should be also cautious that the understanding
of the diffuse background emission close to the Galac-
tic center is poor and the contamination of the diffuse
background to this excess is still possible.
Conservatively one can set upper limits on the DM
model parameters with the observational data [301, 309—
312]. For DM mass less than ~ 100 GeV, the upper limit
of the annihilation cross section was found to be close to
or lower than the natural value 3 x 10726 cm?.s~! [301,
311]. Such a limit is at least comparable to that derived
from other observations such as the dwarf galaxies.

5.1.5 Milky Way halo and subhalos

More works are trying to search for the DM signal from
~-ray observations of the Milky Way halo [239, 242,
262, 313-317], since the signal-to-noise ratio will be even
higher in the halo than that in the Galactic center [318].
Furthermore, the result from the Milky Way halo is less
sensitive to the DM density profile which is highly uncer-
tain in the inner Galaxy. Using 2-year Fermi-LAT data of
the whole Milky Way halo excluding the Galactic plane,
the LAT collaboration derived constraints on the DM
annihilation cross section or decay lifetime for a wide
range of final states, conservatively through comparing
the data with the expected signal from DM [316]. The
constraints are relatively weak, however. With optimiz-
ing analysis regions, and improving diffuse backgrounds,
the LAT collaboration updated the results and gave more
stringent constraints on the DM model parameters [317].
The uncertainties of the astrophysical diffuse background
which were poorly constrained, e.g., the diffusive halo
height, the cosmic ray source distribution, the injection
spectrum index of electrons, and the dust to gas ratio
of the interstellar medium, were also taken into account
using a profile likelihood method [317]. The results were
found to be competitive with other probes like dwarf
galaxies and galaxy clusters.

Subhalos are expected to widely exist in the Milky
Way halo, in the CDM structure formation pattern. Less
affected by the tidal stripping effect of the main halo,
subhalos could be more abundant in the large halo away
from the Galactic center. The dwarf galaxies are part of
the subhalos in the Milky Way. Besides the dwarf galax-
ies we might expect the existence of DM-only subhalos
which are not visible with current astronomical observa-
tions. Such DM-only subhalos could be 7-ray emitters if
the flux is high enough [319, 320]. Several works tried
to investigate the possible connection between the Fermi

8) Note in Ref. [304] the conclusion was against the existence of the extra “signal” from DM annihilation, but in their analysis they did
find that including an additional source consistent with DM annihilation the fit to the data was significantly improved.

Xtiao-Jun Bi, Peng-Fei Yin, and Qiang Yuan, Front. Phys., 2018, 8(6) 811

w
]
-
w
)
=
=%
S
=]
£
=
b
:
=]
-
=




wm
Q
- -]
/5]
]
|
o
St
(=]
n
3)
- -]
b
=]
(=)
=]
=

REVIEW ARTICLE

— — S
,:*\ 51 mDM_30 GCV, bb -- DL:rrll( matter
'n — - Point source
(‘\n' -+ Galactic ridge (n°—yy)
g 27
Q
2 107
)
< 5]
3
108 Lot . IS .
107! 10° 10! 102
E, /GeV

50% leptons, 50% bb

—

0, 0,
1 90% leptons, 10% bb 100% b

10777 , : , .
5 7 10 20 30 50
mpy /GeV

Fig. 17 Left: Spectrum of the excess y-rays in the Galactic center and an illustration to employ a point source component,
diffuse component from the Galactic ridge together with a DM component to explain the data. Right: Fitting parameter
space for DM annihilation scenario to account for the excess for different assumptions of DM annihilation channels. Repro-

duced from Ref. [301].

unassociated sources and the DM subhalos [321-326].
The ~-ray emission from DM subhalos should be non-
variable, spatially extended and spectrally hard. Apply-
ing these criteria to the unassociated Fermi sources, the
LAT collaboration found that most of the sources did
not pass the cuts, except two candidates [324]. However,
further analyses identified the rest two sources to a pul-
sar and two active galactic nuclei respectively [324]. Such
a result could be interpreted in the context of structure
formation of the ACDM scenario. Using slightly different
critera together with the multi-wavelength observations,
another group reached a similar conclusion that no DM
subhalo in the Fermi unassociated source catalog could
be identified now [322, 325].

The population of low mass subhalos, unresolved in
the current numerical simulations, could contribute to
the diffuse v-ray emission of DM annihilation in the halo
[262, 327, 328]. The contribution of subhalos suffers from
large uncertainties of the structure parameters extrapo-
lated according to the numerical simulations. Roughly
speaking for typical CDM scenario the boost factors of
the y-ray signal could be several to several tens, depend-
ing on the directions [328]. Thus the constraints from the
Milky Way halo could be even stronger considering the
contribution of subhalos.

Besides the flux of the y-ray emission, the spatial mor-
phology can also provide useful identification of the DM
signals. This includes the large scale morphology [241,
329-332] and the statistical properties at small scales
[333-339]. It was shown that even the DM annihilation
contributed only a small fraction of the diffuse back-
ground, the anisotropy detection could have the potential
to identify it from the background (e.g., [335]).

5.1.6  FExtragalactic gamma-ray background

The extragalactic y-ray background (EGRB) is a probe

to explore the accumulation of the DM evolving in
the whole history of the Universe. Measurement of the
EGRB by Fermi-LAT showed a structureless power-law
from 200 MeV to 100 GeV [340]. Most recently the anal-
ysis extended up to 400 GeV with result being basically
consistent with the previous published one [341]. The
DM model is in general difficult to produce such a single
power-law spectrum in a very wide energy range. There-
fore the EGRB is widely employed to constrain the DM
model parameters [244, 266, 342-351].

The major uncertainty of the expectation of DM con-
tribution to the EGRB flux is the clumpiness enhance-
ment factor for annihilating DM scenario. For different
assumptions of the density profile of each halo, the halo
mass/luminosity function, the cutoff mass of the minimal
halo and/or the concentration-mass relation, the clumpi-
ness enhancement factor can differ by several orders of
magnitude (e.g., [342]). The most conservative limits can
barely reach some models interested in the community
such as those proposed to explain the positron/electron
excesses [342]. The EGRB has the potential to probe
larger range of the parameter space, but it depends on
more precise knowledge about the DM structure forma-
tion and the astrophysical contribution to the EGRB.

For decaying DM scenario, the constraints are more ro-
bust due to the less effect of structures [244, 344]. It was
shown that the EGRB measured by Fermi-LAT could
exclude almost all the parameter regions of DM models
with two-body channels to account for the cosmic ray
positron/electron excesses (Fig. 18, [244]). For other de-
caying channels such as bb, the constraint from EGRB is
also among the most stringent ones [244].

The statistical anisotropy of extragalactic DM anni-
hilation may have distinct behavior from the astrophys-
ical sources and can be used to detect the DM signal
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Fig. 18 Constraints on the DM lifetime with Fermi EGRB data
and HESS observation of galaxy cluster Draco. Reproduced from
Ref. [244].

from EGRB [352-354]. It was proposed that the energy
dependence of the anisotropy of EGRB could be an-
other interesting observable which might be more sen-
sitive to identify the DM signal [355-357]. With the
intensity and anisotropy energy spectra, different com-
ponents of the diffuse background can be decomposed
model-independently [357]. A positive detection of the
angular power for 155 < [ < 504 with Fermi-LAT data
was reported [358]. The measured angular power is ap-
proximately independent with scale [, which implies that
it originates from the contribution of one or more un-
clustered source populations. Furthermore, the lack of
strong energy dependence of the amplitude of the an-
gular power normalized to the mean intensity in each
energy bin indicates that a single source class may domi-
nate the contribution to the anisotropy and it provides a
constant fraction to the intensity of the EGRB [358]. The
result is consistent with the blazar origin of the EGRB
[358], which implies the lack of a signal from DM.

5.1.7 Line emission

The monochromatic y-ray emission is usually called as
the “smoking gun” diagnostic of the DM signal [359—
363]. The DM particles may annihilate into a pair of pho-
tons or a photon plus another gauge boson or Higgs bo-
son, resulting quasi-monochromatic v-ray emissions. In
addition the internal bremsstrahlung photons produced
when DM annihilating into charged particles can also
give prominent spectral features which will mimic the
line emission [364-367].

With the purpose of searching for sharp spectral fea-
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tures, one group found a weak indication of the “signal”
around ~ 130 GeV in the public Fermi-LAT data with
global significance ~ 3¢, which may be consistent with
either an internal bremsstrahlung like signal or a ~-ray
line [368, 369]. This “signal” was confirmed in the follow-
ing studies [370, 371], and the significance could become
higher if a ~ 1.5° offset of the “signal” region to the
Galactic center was included [371]. The basic features of
the tentative “signal” are:

e Spatially: extended; concentrated in the Galactic
center with peak position slightly offset from the
central supermassive black hole; consistent with
Einasto or cuspy NF'W (inner slope o & 1.2) profile.

e Spectrally: sharp feature at ~ 130 GeV with no
significant spread; possibly a second line at ~
111 GeV; sharper for larger incidence angle events
whose energy resolution is higher.

Figure 19 shows the spatial and spectral results of the
line emission derived in Ref. [371].

Note there are still some discrepancies of the results
of both the spatial and spectral properties. The spatial
distribution of the 120-140 GeV photons was found else-
where other than the Galactic center, with lower signif-
icance [370, 372]. Similar spectral features at other en-
ergies along the Galactic plane were also shown [372].
The most recent results reported by the LAT collabo-
ration, with improvement of the energy resolution and
reprocessed data with corrected energy scale, confirmed
these complex features and found lower global signifi-
cance < 20 of the “signal” around 135 GeV [373].

It was further reported that there might be another
hint of 130 GeV line emission from the accumulation of
data from several nearby galaxy clusters [374]. However,
the arrival directions of the photons with highest signifi-
cance are within 5° or 6° cone around each cluster, which
are beyond the virial radii of all these clusters. The like-
lihood fit based on the DM density profile (together with
substructures) of each cluster actually found no signifi-
cant signal [311]. The analysis of dwarf galaxies showed
no signal of line emission either [375].

The analysis of the unassociated sources in the sec-
ond Fermi-LAT catalog (2FGL, [376]) suggested a local
~ 30 evidence of the existence of double line with ener-
gies consistent with that found in the inner Galaxy [377].
However, the overall v-ray spectra of most of these unas-
sociated sources which have potential line photons show
distinct shape from that expected from DM annihila-
tion [378]. It turns out that most of those unassociated
sources should not be DM subhalos. Another indepen-
dent study argued that the double lines from unas-
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Fig. 19 Upper: The residual map of 120-140 GeV photons with
subtraction of the maps of nearby energies: 80-100 GeV, 100-120
GeV, 140-160 GeV and 160-180 GeV. Lower three panels: Spec-
tra of the emission within 4° of the cusp center (I,b) = (—1.5°,0)
excluding |b| < 0.5°, for large incidence angle (second), small in-
cidence angle (third) and total events (bottom). Reproduced from
Ref. [371].

sociated sources could not be identified in the present
statistics and energy resolution of Fermi-LAT and the
“signal” should be an artifact of the applied selection
criteria [379].

It is very important to consider the possible instru-
ment systematics of this line “signal” [380-382]. The de-
tailed study with currently available information of the
detectors showed no systematical differences between the
130 GeV photons and photons with other energies [380].
The photons from the Galactic center region also show no
systematical differences from those of other sky regions
[382]. A marginally significant line feature at F ~ 130

GeV in the photons of the Earth limb, which is pro-
duced by the collisions between cosmic rays and the at-
mosphere, was found within a limited range of detector
incidence angles [373, 381, 382]. Such a result raises con-
cerns about the line signal found in the inner Galaxy.
However, it is not easy to be understood with any plau-
sible cause of the instrument behavior [382].

Described above are the current observational status
of the 130 GeV line emission. We are not clear whether it
is real or not at present from the Fermi-LAT data only.
Nevertheless, there are many discussions on the theoret-
ical implication of such a line in the sky, most of which
focus on the DM models [383-417]. If DM annihilation
is responsible for the line “signal”, the required annihi-
lation cross section is estimated to be ~ 10727 ¢cm?-s~?
for NFW or Einasto profile [369]. Such a cross section
seems too large for typical DM annihilation into a pair
of photons through a loop, due to the lack of strong con-
tinuous ~-ray emission as expected from the tree level
contribution [311, 418-420]. On the other hand if the
tree level annihilation is suppressed or forbidden, then
we may need to finely tune the model parameters to rec-
oncile with the relic density of DM [392, 399]. Other
studies to constrain the DM models of the monochro-
matic line emission include the electron/positron spectra
[421], radio data [422] and antiprotons [423]. Note that
these constraints are not directly applicable on the line
emission.

The offset of the «-ray peak from the central black hole
serves another challenge to the DM interpretation. How-
ever, in the case of low statistics, the fluctuation could
naturally explain such an offset [424, 425]. Numerical
simulation also suggest that an offset of several hundred
parsec is generally plausible [426]. Note in [427] it was
pointed out that the density cusp of DM could not sur-
vive the tidal force of the Milky Way given an off set of
~ 1.5°. A caveat is that the above estimate is based on
the assumption of static equilibrium of the DM density
profile.

Due to the potential importance of the v-ray line for
physics and astrophysics, it is very important to test it
with other independent measurements. The currently op-
erating experiment on the ISS, AMS02, can measure the
electrons and photons up to TeV with an energy reso-
lution of 2%-3% [250]. There is another on-going mis-
sion, CALorimetric Electron Telescope (CALET), which
is planned to be placed on the ISS around 2014, has an
energy resolution of 2% for photons with energies higher
than 100 GeV [428]. The geometry factors of AMS02 and
CALET for photons are much smaller than that of Fermi-
LAT, and it will need much longer time to have enough
statistics to test the line emission. A Chinese spatial
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mission called DArk Matter Particle Explorer (DAMPE)
which is planned to be launched in 2015, may have large
enough geometry factor (~ 0.6 m? sr) and high enough
energy resolution (1%—1.5% at 100 GeV) [253]. It is pos-
sible for DAMPE to test this line emission with one to
two year operation [429]. A recently available test may
come from the ground based Cerenkov telescopes HESS
IT [430]. For 50 hour exposure of the Galactic center re-
gion by HESS II a 50 detection of the Fermi-LAT 130
GeV line can be reached [431]. The detectability or ex-
clusion power will be much higher for the Cerenkov Tele-
scope Array (CTA, [432]) project [431].

5.2 Ground based telescopes

In this subsection we briefly compile the results (limits)
of DM searches with the ground based VHE v-ray detec-
tors, especially from Cerenkov telescopes. The thresh-
old detection energy of the ground based atmospheric
Cerenkov telescopes is about tens to hundreds GeV, and
they are most sensitive for TeV photons. Therefore it
will be more effective to probe the heavy DM using the
ground based telescopes.

The search for DM signal has been carried out by
Whipple [433], HESS [434-439], MAGIC [440, 441] and
VERITAS [442]. The primary search targets are dwarf
galaxies. Up to now no ~v-ray emission was found from
the dwarf galaxies, even for the very deep observations,
and stringent upper limits of the v-ray emission could
be set [434, 436, 437, 440-442]. The upper limit of the
DM annihilation cross section derived by the Cerenkov
telescopes can reach 10724 ¢cm?.s~! for neutralino DM
[434], and will be better than that given by Fermi-LAT
for m, >TeV. Better constraint comes from the obser-
vations of the Galactic center region [438]. However, the
uncertainty from the density profile becomes larger.

The future experiment CTA will improve the sensitiv-
ity of VHE ~-ray detection by an order of magnitude
compared with the current Cerenkov telescope arrays.
It is expected to significantly improve the capability of
searching for heavy DM [443].

6 Status of indirect detection — neutrinos

6.1 High energy neutrino telescopes

Unlike other products induced by DM, neutrinos have
less trajectory defection and energy loss during the prop-
agation due to the weak interaction. Therefore neutrinos
may carry the information of the property and distri-
bution of DM. For the same reason, neutrinos are more

difficult to be detected compared with charged particles
and photons. For a review of the high energy neutrino
telescopes, see Ref. [444].

Neutrinos can only be observed indirectly through the
charged leptons induced by neutrinos interacting with
nuclei inside/outside the detector. These secondary lep-
tons, such as electrons or muons, with high energy will
emit Cerenkov radiation when they penetrate in the de-
tector. Since the secondary lepton carries almost all the
energy of neutrino and only has small trajectory defec-
tion from the original direction of neutrino, the infor-
mation of neutrino can be well reconstructed via the
Cerenkov emissions. The telescope can also detect the
cascade showers induced by electron neutrinos and tau
neutrinos, and by neutrino-nucleon scatterings via neu-
tral current interactions [445]. However, the efficiency of
such detection is much lower than detecting Cerenkov
emissions.

The high energy neutrino telescopes, such as Super-
Kamiokande (Super-K) [446], ANTARES [447] and Ice-
Cube [448, 449], are located in the deep underground,
water and ice to be shielded from high energy cosmic ray
backgrounds. The water or ice can be used as Cerenkov
radiator for high energy muons. In order to improve the
detection capability, the volume of telescope should be
very large. Because high energy muons can propagate
a long distance, the telescope may observe the muons
produced outside the detector. Such effect enlarges the
effective volume of the detector. For the same reason,
in order to reduce high energy atmospheric muon back-
ground, the telescope observes the up-going muons in-
duced by the up-going neutrinos which travel through
the earth.

The final muon event rate at the detector can be given
by Ref. [450] (for the calculation considering the energy
dependent muon flux, see Refs. [451, 452])

mx dN, doP do’?
b :/ dEu/dE,, - < Cny, + —= nn)
Ein " dE’l/M dE‘uM dEu“

X(R(E,) + L)Acsr + (v — 1) (4)

where n,(n,,) is the number density of protons(neutrons)
in matter around the detector, the muon range R(E,,)
denotes the distance that a muon could travel in matter
before its energy drops below the detector’s threshold
energy FEyy, L is the depth of the detector, Acss is the
detector’s effective area for muons which depends on the
muon energy, the notation (v — ) denotes that the anti-
neutrino flux is also taken into account. do’?/dE,, is the
the cross section of deep inelastic neutrino-nucleon scat-
tering which produces muons via charged current inter-
actions. dN,, /dE,, is the flux of the neutrinos induced
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by DM.

The irreducible backgrounds are the up-going atmo-
spheric neutrinos which are produced by the cosmic rays
interacting with nuclei in the atmosphere [453]. In fact,
almost all the high energy neutrinos observed at the neu-
trino telescopes are atmospheric neutrinos [454]. The at-
mospheric neutrinos are almost isotropic, while the neu-
trinos from DM are produced from particular direction.
The flux of atmospheric neutrinos decreases as ~ E; 37,
while the neutrinos from DM may have a harder spec-
trum. Therefore, high angular and energy resolutions of
the telescope are essential to extract the signals from the
smooth backgrounds.

6.2 Solar neutrinos from DM

When DM particles travel through a massive astrophys-
ical object, such as the Sun (Earth), they may be gravi-
tationally trapped and continuously lose energy by colli-
sions with nuclei [455, 456]. Once captured, DM particles
may have large annihilation rate due to high number den-
sity [457]. The time evolution of the DM population in
the Sun can be given by

N =Cy — CsN?* - CpN (5)

where Cg is the capture rate, C' is the thermally aver-
aged DM annihilation cross section per volume, Cg is the
evaporation rate which is only significant for light DM. If
the capture process and annihilation process reach equi-
librium over a long time scale, the annihilation rate is
determined by capture rate as I' = %C@. The capture
rate can be approximately given by Ref. [458] ( general
discussions of DM capture rate for the Earth and the
Sun can be found in Refs. [16, 452, 459, 460])

270 km-s—1>3

0.3 GeV -cm—3

« (100 GeV 2 T S S el
10~%2cm?

Co ~ 10201 Px <
U

(6)

where p, and ¥ are the mass density and RMS velocity of
DM in the solar system respectively. The contribution of
the i-th nuclear species depends on the elastic scattering

My

cross section between DM and the i-th nucleus oX™i. It
also depends on the mass fraction and distribution of the
i-th nuclei in the Sun and the properties of the scatter-
ing which can be presented by a numerical factor & [16,
458]. Since the SI cross section between DM and nucleon
has been stringent constrained by the direct detections,
the most important contribution for the capture rate and
thus for the annihilation rate may be from the SD scat-
tering between the DM and hydrogen in the Sun (for the
discussions of inelastic DM, see Refs. [460-462]).

If the products of DM annihilations are ete™ or putp—,
they will not contribute to neutrino signals. For muons,
the reason is they always lose most of energy before de-
cay in the center of the Sun. For annihilation channels
into 7=, WTW =, ZZ, tt, they produce neutrinos via
cascade decays and the neutrino spectra for such chan-
nels are hard. For quark channels, since neutrinos are
induced via hadron decays after hadronization process,
the neutrino spectra are soft. Moreover, the light mesons
lose energy easily before decay, therefore the contribu-
tions from light quarks to the neutrino signals are always
small.

The high energy neutrinos produced at the solar cen-
ter will interact with the nuclei before they escape from
the Sun. The effects include the neutral current interac-
tion, the charged current interaction and tau neutrino
v, re-injection from secondary tau decays. The other
important effects are neutrino oscillations including the
vacuum mixing and the MSW matter effects. The com-
prehensive discussions can be found in Ref. [463-465].

The final neutrino flux arrived at the Earth is

dN, Co 1 dN,
dB, ~ 2 47TR%EXZ,: " (dE,,)i @)

where ¢ runs over all the DM annihilation channels con-
tributing to neutrino signals with branching fractions

Br, (g%:) _is the neutrino energy spectrum after prop-
7

agation for the i-th channel, and Rgg is the Sun-Earth
distance. In fact, the high energy solar neutrino detec-
tions search for the combinations of oX? - Br;.

Recently, IceCube reported the results of the high en-
ergy solar neutrinos with the 79-string configuration and
317 days running (Fig. 20) [448]. Since no events from the
DM are confirmed, upper-limits are set on the SD and
SI DM-proton scattering cross sections for DM masses
in the range of 20-5000 GeV. In the analysis, two typi-
cal initial neutrino spectra from bb (“soft”) and W+W =
(“hard”) channels with the branching fractions Br=1 are
adopted. For the SI cross section, the limits given by
IceCube are weaker than those from CDMS [53, 468]
and XENON100 [469]. The most stringent limits for DM
masses of O(100) GeV and W+W ™ channel from Ice-
Cube have reached 10~#3cm?. For the SD cross section,
the most stringent limits are given by IceCube for DM
masses above 35 GeV and W+W ™~ channel. The strict
limits for lower DM masses are set by superheated liquid
experiments, such as PICASSO [33] and SIMPLE [34].
It is also worth noting that in a particular DM model,
such as MSSM, the SD constraints set by IceCube can
also exclude some parameter regions allowed by current
CDMS and XENON100 results.
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Fig. 20 Constraints on SD DM-nucleon scattering cross section
for WTW = and bb annihilation channels by IceCube 79 strings.
For comparison, other results from Super-K [446], DAMA [21, 36],
COUPP [466], PICASSO [33], KIMS [22], SIMPLE [34], are also
shown, together with the preferred regions in MSSM [467]. Repro-
duced from Ref. [448].

6.3 Cosmic neutrinos from DM

The DM annihilations or decays in the Galactic halo,
Galactic Center(GC) [246, 470-472], subhalos [473, 474],
dwarf satellite galaxies [475] and galaxy clusters [267,
476, 477] can produce high energy neutrinos. There are
almost no astrophysical high energy neutrino sources in
these regions which can mimic the DM signals. The flux
of neutrinos observed at the earth can be given by (see
e.g. [478))

(dNV)A_ 1 {ov) (dNV>A <« JAAQ) ®)

dE, ) — 4m2m2 = \dE, ),

ANV 11 av " b
=—— AR

<dEV> Am oy, (dEy>i xJEAR) - 0)

where the superscripts A and D denote annihilating and
decaying DM respectively, 7, is the lifetime of decaying

DM, (3%:) _is the initial neutrino energy spectrum. The
3

J-factors J4 and JP are the line-of-sight (l.0.s) integrals
of the DM density p toward a direction of observation 1)
integrated over a solid angle Af2, which can be written
as

)= fae [ a iw) (10)
)= [ae [ a o) (11)

The GC is the best object to search the neutrino sig-
nals due to the high density of DM. For IceCube located
at the south pole, the neutrinos from the GC located in
the southern sky are down-going. Although the down-
going atmospheric muon background is very large, the

IceCube collaboration has developed some techniques to
reduce such background efficiently [449]. Since the cosmic
muons enter the detector from outside, only the muon
events which are produced inside the detector are se-
lected. Due to the large volume of IceCube, the upper
digital optical modules on each string and strings in the
outer layer can be used to veto the atmospheric muons.
Especially, the central strings of DeepCore with higher
module density will use the surrounding IceCube detec-
tor as an active veto, and have strong capability to detect
down-going neutrinos [479].

IceCube collaboration has reported the constraints on
the neutrino signals from DM annihilations in the GC
based on the performance of 40 strings during 367 days
[449]. No data from DeepCore strings are used in this
analysis. The main constraints are shown in Fig. 21.
Since the neutrinos with higher energy are more eas-
ily reconstructed (due to large cross section and muon
range) and suffer from smaller atmospheric neutrino
background, the constraints for heavy DM are more
stringent. If the dominant DM annihilation channel is
v (WTW ™), the upper limit on the DM annihilation
cross section for my, ~ 1 TeV is ~ 10" Zcm3s71(~
10722cm?-s71). In the future, the IceCube with 79 strings
and DeepCore will significantly improve these results due
to larger volume and lower threshold.
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Fig. 21 Constraints on DM annihilation cross section for four
channels by IceCube-40. For comparison, the results from the
IceCube-22 outer Galactic halo analysis [480] and the Fermi-LAT
dwarf galaxies observation [97] are also shown. Reproduced from
Ref. [448].

Since the dwarf satellite galaxies and galaxy clusters
are far away from the earth, the constraints for DM anni-
hilation in these regions are weaker than the GC. For in-
stance, for m, ~ 1 TeV and W W~ channel, the upper-
limit given by dwarf satellite galaxy searches on the DM
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annihilation cross section is about ~ 10~2em3-s~1 [481].
Note that the DM substructure models of e galaxy clus-
ters have large uncertainties. The constraints on DM an-
nihilation cross sections can be improved by some sub-
structure models and parameter configurations [267].

7 Summary

The existence of DM has been firmly established for a
long time by widely astronomical observations. To de-
tect DM particle and study its properties is a fundamen-
tal problem in cosmology and particle physics. Extreme
efforts have been paid for DM detection and great pro-
gresses have been achieved in recent years.

The direct detection experiments have been widely
developed all over the world. The sensitivity was im-
proved rapidly in last years. However, most experiments
give null results and very strong constraints on the in-
teraction strength between DM and nucleon have been
given. DAMA, CoGeNT and CRESST have observed
some anomalous events. Interpreting these events as DM
signal will lead to inconsistency with other null results.

As the successful running of LHC, constraints on the
nature of DM from collider data are derived. It is shown
that the collider search is complementary to the direct
detection. Especially for small DM mass the LHC gives
very strong constraints while the direct detection sensi-
tivity becomes worse as DM mass decreases.

The most important progress comes from the indi-
rect detection. PAMELA, ATIC and Fermi all observed
positron and electron excesses in cosmic rays. It is widely
accepted that these data mean new sources contributing
to primary positrons and electrons. Both astrophysical
origins and DM origins are extensively studied in the
literature. However, if the anomalies are interpreted by
DM annihilation the DM property is highly non-trivial.
Firstly, DM couples with leptons dominantly and the
coupling with quarks should be suppressed. Secondly, the
annihilation rate should be boosted with a very large BF
at O(10%). Several mechanisms are proposed to give the
large BF. However, later careful studies show those pro-
posals can not work efficiently. The decay scenario is still
working quite well. There are also many discussions try-
ing to discriminate the astrophysical and DM scenarios.

The Fermi-LAT has made great success in v-ray de-
tection. However, all the observations are consistent with
CR expectation and thus give strong constraints on the
DM annihilation rate. Observations from dwarf galaxies,
galaxy clusters, Galactic center and Galactic halo all lead
to strong constraints on the DM annihilation rate. An
interesting progress recently is that the line spectrum

~-ray emission from the Galactic center is observed in
Fermi data. If such observation is finally confirmed it is
certainly the first signal from DM particles, as line spec-
trum is thought the smoking gun of DM annihilation.

The detection of neutrinos is usually difficult. How-
ever, as the running of IceCube constraints on DM from
neutrino observation are given. In some cases they can be
stronger than the direct detection. Especially the sensi-
tivity of direct detection for the SD interaction is weak.
In this case the detection of neutrinos by DM annihi-
lation from the sun gives complementary constraints to
direct detection.

In the near future we expect the sensitivity of DM
detection will be improved greatly. In direct detection
the upcoming experiments will improve the present sen-
sitivity by two orders of magnitude. In collider search
LHC will upgrade its center of mass energy to 13-14 TeV
and improve the probe range of DM mass. The AMS02
is accumulating data right now and will greatly improve
the CR spectrum measurement. DAMPE is expected to
measure electron spectrum up to 10 TeV precisely. We
expect the AMS02 and DAMPE will solve the anomaly
in cosmic rays finally.
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