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Mean Energy Density
EFHIRLEX—FE

Heavy Elements:
0.03%

Total E sensed by grav

70%
(68.3%)

03 EHATRLSIRILX—
0.3proton/m3

~102%g/cm3,
25% | o
(26 . 8 %) | ‘ :@};ﬁ:’;?en

~6M c?/m3
l Known to exist for >70 yrs: discussed here
FEL70EMHOSHONA TV =S EDOTF—

But we find
LHALYMEZRTE
1 Biggest mystery but not discussed here
BRXOLGEEL. CCTRANLGL
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Zwicky (1937): ) | T

Missing mass on Galaxy Cluster scale Rubin+(1980):

SEAA IR AERETANNFTRE Missing mass on Galaxy scale
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Clowe+(2006): WMAP(2010) Planck(2013): O
Collisionless DM in Bullet Cluster DM imprint as CMB Acoustic Oscill at t=0.38Myr
DM RER TR AL ZEBYT 5. CMBTIEEHEEEATTEREM(IE/ UA)
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EKICESFHEPDBEEF/EFLEA10Gevrb LH
> 20094F :PAMELA => BEEYEDHiE?
> 20124F :Fermi => PAMELAD$ER 4 FEET
> 20135 :AMS-2 => ERFEOEREREZRE

Figure 1: From its vantage point ~260 miles (~400 km) above the Earth, the Alpha Magnetic
Spectrometer (AMS) collects data from primordial cosmic rays that traverse the detector.
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PAMELA AMS-2 EH:2,500 W

EERHEAR: 10-18 £
Launched on June 15, 2006 Launched on May 16, 2011 8. .15 =25

1.3m

MAGNET

EE:470kg
TH:360W
SEERHEAR: 1052

W% 0.43TRS 1 1

Picozza et al., Jstropart: Phys. 27, 296 [2007) Aguilar et al., PRL 110, 141102 (2013)
Adriani et al., Nature 458 (2009) Kounine, et al. Int. J. Mod. Phys. E. 21, 08 (2012)
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“Positron Abundance Anomaly” in Cosmic Ray

FHROBEFHRSICIRE]

PAMELA “An anomalous positron abundance in cosmic rays
with energies 1.5-100 GeV” Nature Vol 458 (2 April 2009)

T TTTTT T TTTTT I T TTTTT
0.4 L -

PAMELA measurements

PAMELA® Bl 5E §& 3£

0.2

0.1

FADAA:
ZZTEHNT=GALPROPET JLIZIZ.
BELGEFRETHANILYT—DEFH

— e EMNEENTULE M=,

% Aesop (ef. 13)

Pasitron fraction, g(e*) / (ple*) +¢le?)

e I
0.02] * AMS _

v CAPRICE94

& HEATo4+95 A GALPROP spectr of e+/(e+ + e-)
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Fermi without Magnet: Earth Magnetism
WAEFLEWIDIILSEE  BREIEE D

Fermi LAT Collaboration, Ackermann et al. 2011, PRL 108, 011103
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Possible Origins of “Positron Anomaly”
BEF7/7)—0ER

PAMELA measurements confirmed | — = Formi 2011
by Fermi Large Area Telescope I l —s— PAMELA 2010 %
—=— AMS 2007
PRL 108, 011103 (2012) ‘% % L ST e ﬂ—+

;b oo
«kﬁ.m.i%r j‘ﬁ% aﬁ

1077

Positron Fraction
b

1 10 10
Energy (GeV)

+H LGALPROPDSHBARIMILAXRAFAEREDBEFEIT RXTELLEATLINIX

.

IR H D5 EFIiR : Dark Matter?



Positron fraction

10

e*/(e + e*) LLBITE : AMS, PAMELA, Fermi

IIII'|

e! energy [GeV]

AMS-2 results

* Extends to ~“300GeV
* Highest precision

e Agree with PAMELA

¢ 300GeVE CHLIE
- BRE
« PAMELAEEHDTLVE

PRL 110, 141102 (2013)
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1 Gravitino LSP. Muon

—— Gravitino Mass = 1TeV E
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Masahiro Ibe'®” Sho Iwamoto'”, Shigeki Matsumoto'”,

Takeo Moroi'® and Norimi Yokozaki®
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Cholis & Hooper 2013
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B{EBMINDT — U7 2—HFDIEME
> Super Symmetry (SUSY) particle(s) X #EBE{HTFE
> Gravitino (mod SUSY) ¥ 5J1T4—/ (X EZEIE)
> Non-SUSY particles i #ifE TLHWLVERRHM L FHE
v’ Kaluza-Klein particles HhIL—4 951 B
v Axion 7O AT

LHCT,.SUSYDR R REhT . ET AR FOEENEBENCEMN -, LVE

HoWHAREETHIRF LE I Rl
FEROT—O<5—DGrEFELTWSAREEL 5755
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MSSM®D IR & & : pMSSM

> ZERNFIER
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RAFE—O<3—&m B AE

Mass | Cold/Warm Detectability #&H A] fETE
& | DMORE LHC Early Universe | Direct Indirect
hnESR | CMBRERGE | EIZERE | BIEERE
SUSY TeV Cold O X O O
Gravitino keV | Cold/Warm O X X X
Kaluza-Klein TeV Cold O X O O
Axion eV Cold X X A A

H—5H 7B —HIFDHot, Warm. ColdD FE
> Hot(B:LY) : EDEVVEE TRURI=FLVHF (FE=—2—F)/)
> Warm GRAY) YR KXY EBHTEL VA EH1000km /s TRU R I DRI F
> Cold (7 7=0LY) :38100km/sDFEE TRUXZSHIF (WIMP)

Feng 2010 Ann. Rev. Astron. Astrophys. 48: 495
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Particle physics: Either produce (LHC), sense directly, or detect their decay products
RAFYEF: £RT DD (LHC), EfEfMNLH ., RIRERMZEHEANTS

B—HIR—RF Production in

DM particle L

x accelerator SM

M 2ET D ERK Standard Model particles

« protons in accelerator,
Scatt off nuclei * nuclei in detector material,
in detector * e+, e-, pion, y-ray, quark
RHEHBADRF EEBER DR F
0 MREHDET
v * AL RHEBEBET SRF#

GEF.BF. /\MHEF. Ho <R

x Det of decay SM

products
— HEERDOEHEAN >
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Detect the weak signals (ionization, phonon) emitted by nuclei kicked by DM

=2 3—I Lo THLN-RFEAHTHMBES (BRE. 7+/2) &

Signal Background
(or neutrons) (9ammas)
E,
E,
&
E,.=10’s KeV
phonons 1onization
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Dual-Phase Single-Phase
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D. N. McKinsey and J. M. Doyle, J. Low Temp. Phys. 118, 153 (2000).
D. N. McKinsey and K. J. Coakley, Astiopart. Phys. 22, 355 (2005).
Courtesy E. April
ourtesy £. Apriie M. Boulay, .J. Lidgard, and A. Hime, nucl-ex/0410025.
M. Boulay and A. Hime, Astropart. Phys. 25, 179 (2006).
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> WIMP—type Candidates (,~1
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L. Roszkowski



EARGFTTERSNTLNDHD A

33

-1000

»
|
Q
s
»
"0
‘s
v ]
O O 82 O O 9
S © 6 6 o o
Q 2 O QO 2 9
o ™M <t Ty 0 J

(3IMIN) yrdaq Asozesoge

-8000



BIEIFEROES - WwivPOBRHEEE SIS

ection [cm” |

WIMP—nucleon cross s
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Why Increase in e+/e- => Dark Matter? 1/2
HHet/e-DIFMMT —HOT3—"FEUVDLD?

Sources of cosmic rays in Galaxy ;AR DFHER:
» Supernova remnants BEHEEH
Acceleration takes place in ionized plasma and very slowly (~1 year)
BRELI-TS5X7hTHoKY (1) IESHh 5
=> Proton+alpha (99%) and electron(~1%)

» Pulsars (and pulsar wind nebulae) /SiLg—(&/LB—EE)
Acceleration takes place in vacuum and very fast (<1 sec)

R TREICQAHLIA) IESND
=> Positron(50%) and electron (50%)

Cosmic rays observed at Earth: proton+alpha (99%) + electron (~1%)
IR TRASHASIFER :BF+TILI7(99%)EBF(~1%)

Supernova remnants were considered as the dominant sources of CR
BHERBLEIEIFERREEAONTEL




Why Increase in e+/e- => Dark Matter? 2/2
Htet/e-DIEMMAFT —VTA—"FHEVDOLD?

PAMELADRIRILF—NENREEBEBFUENER A EEZRRALI-EE.
NILY—DEBEEHLLVGALPROPDF EEfFHT=

PAMELA @) Naturereff§i Ik, £>tz—3a3FJLiZ“anomaly” &L T=

FTHREREFOREGIXREIE2D0HS

> =D 3—RFOXNERNMERE (BERFIEED): e+/e- =1.0
> NILY—EZDRY (EENSRIFE{ES): et/e- =1.0

D220l 3

£[Z. “anomaly” % 4

EAHLES
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, J Gamma-rays
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Matter Particles o ViVa ol
Ecu~100GeV = — Matter Particles
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Satellite galaxies Galactic Center Milky Way Halo

%00 1| 85577 0D 4T R Ly XONEEAD/ \O—

Spectral Lines Isotropic contributions

2RI LEL DV Galaxy Clusters FTHEFKICHHITHIHS
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Stefano Profumo’

arXi1v:1301.0952v1

_AQ (ov) AN,
e 2m2 dE,’
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AT ) DM®D;Hi®KT
BZhmEiE A S YAt
HEhHENE

Dy

DMANH T
I HMHEE

1. Dwarf Spheroidal Galaxies FK @) )JI| £8 ;a] ) £ &8 ;a[
e Draco, J ~ 10'? GeV?/ecm®, + a factor 1.5;

e Ursa Minor, J ~ 10" GeV?/em®, + a factor 1.5;

o[Segue, J ~ 102 GeV2/cw®, + a factor 3 | IN\YDT IR

2. Local Milky-Way-like galaxies  jr{32£R:m[

e M31, J ~ 10% GeV?/cm?®

N

3. Local clusters of galaxies T{5&$R ;n] [l

e Fornax, J ~ 10" GeV?/cm®
e Coma, J ~ 10'7 GeV?/cm®
e Bullet, J ~ 10" GeV?/cm®

4. Galactic center g Ardaily

0|0.1°: J ~ 102 ... 10® GeV?/cm®
o/ 1% J ~ 1022, .. 10* GeV?/cm®

INVD TSR
BX
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BINMBAIE T —I<3—DFELELKREVGLLN+ /YT TSR A HE/N

/ @ Leo |

Segue 3

Pisces |I Segue 2

Review on dSph: M. Walker astro-ph.CO 1205.0311
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Upper limits, bb channel

1y i . .
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— Bootes | = = Fornax — - Ursa Major I
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40 PRL 107 (2011) 241302
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Assume
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PRL 107 (2011) 241302
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RULAFBNGHEESZAIRRTHS

.|| % » EGRET (Sreekumar et al. 1997) — 12 Mevuty
3[-'"'5' + + EGRET (Strong et al. 2004) — 200 CaV b
e Fermi (Abdo et of. 2009) — 180 GeV ]
= : — - j—, with energy disp. |

I'—;. s ceene Jf— 7 - Stecker et al. ||
.h,-r 1[|_,-1:_ : .

10-5¢

T T T ST
Fo [MeV] Abdo+10, JCAP 4, 14
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RDNBAINEYHRTHOTEN NI TSR EGS
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» Dwarf sph obs give stronger limits for bb final state

FINBAIDOEBRBNST —HO<22—DbbAD HiEZ R <HIR

* Clusters and dSphs give limits in different mass ranges

MAROBRAEFRNMBAORANRGLIHAERHETHBRZEZS

1{]—215 T T T T
- - e Cluster __..-""J .
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~E »* E
: > o 1 (2year)
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§ 1024 . S . € //:
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S > 3. Thermal relicov _ 3
- WMAPS
1{]—25:_ 2
‘IU—E?_ i Ll 1 [ A
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WIMP mass (GeV)
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Snowmass 2013 Cosmic Frontier 3 arXiv:1310.8642v1
> L2 IMACHOEER L ENLEFHIBERIN TS ROR—UDE
Review: Tisserand Dark 2007

> HIFHEOBWNIZVIHR—ILOAEEM: 3x1013M,, — 2x108M,,

While there are many theoretical ideas on how to create PBH DM. none of them is predictive enough to
pinpoint the mass range of the resulting PBH DM. Observational constraints eliminate most of the mass
range, except for a window between 3 x 107 M and 2 x 10~5M,,, where the lower limit is set by recent
femto-lensing results from the Fermi-Gamma-ray Burst Monitor data [192], and the upper limit is the
combined MACHO /EROS constraints due to microlensing [193].

» AT24)L-=a—K)/

A2L—2a0 D FYA LT o5 2—0 @G EIZIL. BAOH BEEAT. DMD
—BRRATSAI-Za—HF)/THHATEMZRT . /NI —DO REGEE D R ERBATE
BLDELHD. BBIETHIBARIMLXEN AstroH TRAISh 504,

> TXIF 2D EO7EHIF (Axio-Like Particles)
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- We logked for longer microlensing events
Closing the gap... (duration~year) ~“We found noné€.
Ly 1 T T[T TR YT T 7]
L, ; ' : disk. ‘ B
o EROS-MACHQ 1| 1 stability
= Combined . i . \\‘i\
5 A g i
= ¥ ¥
=N - . —
2 : :
f':%; ] Tisserand, P. et af (2007) et
S [~ 4 A&A469, 387 (EROS2) v 1 cluster
- : : 1 4 abundance
= ] T Dmmmrmmmmsne s
a= ; 3
= ﬁ \‘ 5 W s .
- wide—binary
DR abundance
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- Experiment

| Status of claim

DAMA/LIBRA annual modulation|68]

Unexplained at the moment; not con-
firmed by other experiments [T0] (71} [74]
7

CoGeNT excess events and annual modu-

| lation [73]

Tension with other data [70] 71, 74, 76

' CRESST excess events [T9]

Tension with other data [70] 71, [74] [76)

| EGRET excess of GeV photons [80, 81]

Due to instrument error (?) — not con-
firmed by Fermi-LAT [§2]

INTEGRAL 511 keV +-line from galactic
centre region (83

' PAMELA: Anomalous ratio of cosmic ray
| positrons/electrons [85)

Does not seem to have spherical symmetry
— shows an asymmetry which follows the
disk (?) [84]

May be due to DM [B8], or pulsars [B7] — |
energy signature not unique for DM

Fermi-LAT positrons + electrons 31|

May be due to DM [86], or pulsars [87] —
energy signature not unique for DM

Fermi-LAT GeV +-ray excess towards
galactic centre [88]

Unexplained at the moment — astrophysi-
cal explanations possible [89,90], no state-
ment from the Fermi-LAT collaboration

| WMAP radio “haze” [91]

Has a correspondence in “Fermi bubbles”
[92] — probably caused by outflow from the
galactic centre

“~-ray structure [03] in public Fermi-LAT
| data [94] from galaxy clusters.

Very weak indication, could be cosmic-ray
induced emission?

'« line at 130 GeV [95) (96, 7] in Fermi-

LAT public data [94]

3.30 — 4.60 effect, unexplained at the mo-
ment. Not confirmed by the Fermi-LAT
collaboration [98].

Taken from Bergstrom, Ann. Phys. (Berlin) 524, 2012
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F1G. 2. Counts map for the line search dataset binned in 1° x 1° spatial bins in the R180 ROI. This is plotted in Galactic
coordinates using the Hammer-Aitoff projection. The energy range is 2.6-541 GeV and the most-significant 2FGL sources have
been removed using an energy-dependent mask (see text). Also shown are the outlines of the other ROIs (R3. R16, R41. and
R90) used in this search.

Ackermann+ arXiv:1305.5597v2
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We did not find any globally significant lines in our a priori search regions and present 95% confidence
limits for WIMP annihilation cross sections and decay lifetimes. Our most significant fit occurred
at 133 GeV in our smallest search region and had a local significance of 3.37, which translates to
a global significance of 1.60. We discuss potential systematic effects in this search and why the

Ackermann+ arxXiv:1305.5597v2
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EIEIEZRDELS  WIMP

Taken from Nelson’s presentation in P5 at SLAC 2 Dec 2013

Evolution of the WIMP—Nucleon o
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Mass=3TeV

—_— Fanh:l combined DSG analysis (10 DSGs), 2 yei
= =======-  Fermi gombined D5G analysis, 10 years
o —————  Galactic Halo, 100 h, GTA array B (Ring Method
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=
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7

Segue 1 DSG, 100 h, CTA array B
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""" WIMP parameter space
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CTA collaboration, Astropart.Phys. 43 (2013) 189-214, arXiv:1208.5356
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Figure 2. The search reach of the ADMX RF-cavity experiments over the next 3 years. The first decade of
allowed axion mass will be explored at “definitive” sensitivity to QCD axions over the next year. The middle
decade will be explored at over the following two years. These two decades are expected to encompass the
mass of the dark matter axion.




Temporary Conclusions
i OP A

» Simple WIMP dark matter scenario is facing difficulties
F—23—I&, BHIEWIMPTIZEEIZHEYD2H 5,

» Dark matter may consist of multiple speices
F—o2a—%. EBOBENEFLTLEMELALLY,
Axion or Axion-like DM + WIMP or WIMP-like DM

» Multiwave studies are essential for the future studies on DM
chbhoDHRICIE, BREBIANDBATHAS
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AMS-2 Detector

Transition Radiation Detector
Detect soft X-rays emitted
when ultra relativistic charged
particles experience big jump
in index-of-refraction

B THEISEVE BRI FHR
FENKREZGESIBRZTEBT S
LEICHT . BXRERETS

Key component in separating
electrons and protons

BFEEFZRTADICER

Magnet B A
Measure momentum of

RICH

T

} ECAL

PRL 110, 141102 (2013)

Z
charged particles
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Important Characteristics: e* proton separation
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Proton Transition X-ray Detector
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Fermi without TRD: Shower Trans Shape
TRDDVE LS Fermiffi & : v D —D LMY

Red: e+
Blue: proton
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FIG. 5 (color online). Distribution of the shower transverse size in the calorimeter for the energy interval 133-210 GeV at different
stages of the HE selection: (a) after the cuts on the calorimeter variables except the one on the transverse size itself, (b) adding the
selection on the tracker, (c¢) on the ACD, and (d) on the probability that each event is an electron based on a classification tree analysis.
The vertical dashed line in panel (d) represents the value of the cut on this variable. The Monte Carlo distribution (gray line) is the sum
of both the electron (red histogram) and hadron (blue histogram) components. The simulations have poorer statistics (as reflected in
larger bin-to-bin fluctuations) and are scaled to the flight data.

PHYSICAL REVIEW D 82, 092004 (2010)
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Fermi without TRD: Plastic Scinti Signal
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Entries/bin

Fermi without TRD: Combination of two
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et/(e + e*) by AMS, PAMELA & Fermi

Positron fraction

||||r|

e! energy [GeV]

AMS 2 results
Extends to ~¥300GeV

* Highest precision

e Agree with PAMELA

e 300GeVE TCHLIE
- BRE
« PAMELAEEHDTLVD

PRL 110, 141102 (2013)



Constraint in Interpreting Results No.1
fa Rz AR 5 L TOHIH No.1

Flux and spectrum of (electrons + positrons)
%?Hﬁ%?d)?v‘ybxtzf\awb

E* J(E) (GeV’m™s™'sr™)

10°

10' &

L A Kobayush] (1999) o AMS {zuuz} . FERMI [2010]
L u CAPRICE (2000) g ATIC—1,2 (2008)
- ¢ HEAT (2001) % PPB—BETS (2008)
| & BETS (2001) v HESS (2008-09) 4%(
4
,l/..’... - e ";_;j_"-sl.i ._:..___._ I L= o
e T H # "- HI“ =T -
< e~ ] 4
C =.~‘-/: }_{_ I i T
- Ii'i ) e
— Hh -
_ G
Hg ‘.r"/
Fd
; P
L s
ik jr
i
o
. ,/ \ —]
I K4 '\ =
"4 v 0T
ﬁ' }' Vo
— I,' I\ -
= '; '||_
LA 4l il ool Tl
1 2 3
10 10 10
E (GeV)

PHYSICAL REVIEW D 82, 092004 (2010)



Constraints No.3: Fermi Obs in y-ray
Fl#INo.2: DT ILZRE T KSR BA

Satellite galaxies Galactic Center Milky Way Halo
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Theory Driven DM: WIMP is most popular
IF YIREMRICESOM: WIMPHAA—BE AR
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There are many ad-hoc models
Z<{ODMETIILATEHIZIMELN T

Many DM models have been taylored to explain specific “anomalies.”

Next slides show constraints on PAMELA e+/e- motivated DM models




Fermi Constrains Dark Matter Decay Scenario
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L:rise in positron frac is due to DM decay (PaAMELA+Fermi)
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K. N. Abazajian, S. Blanchet, J. P. Harding; Phys. Rev. D 85, 043509 (2012)
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Halo Obs: Constraints on e+/e-Based DM Models
A/ \O—BABEFEAR—XDODMET IILEHIR

xy— g, NFW

£ — IC+FSR, w/o background modeling
r — FSR, w/o background modeling

10-2 —— IC+FSR, constrained free source fits
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In 1 year, Fermi data alone can
exclude all leptophilic DM models.
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Similar constraints on decaying DM

Fermi: Ackermann+ 2012 ApJ 761, 91



Surviving DM Scenario Theory: Example 1
EEZEUTLNST—O7 42— : 1

Gravitino DM with Lrpy = BreyLoH; + h.c.
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e 4 o W, and hi“ Barely compatible with current data:

AMS-2 anti-p results may wipe-out

. .
p production occurs completely

Gravitino LSP, Muon Gravitino LSP, Muon
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DM Scenario Theory: Example 2
A= 3—Z RO : 512

Masahiro Ibe™" Sho Iwamoto'", Shigeki Matsumoto'?, arX i\': 13041 _],(\’3\ |

Takeo Moroil®® and Norimi Yokozaki®
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R-parity violation decay from very heavy Gravitino.
Predictions on anti-proton and other particle fluxes not known to TK




Dark Matter Scenario: Fitting by cholis & Hooper
F—53Z3—itBiR : Cholis & Hooper D71 vhk

[lias Cholis'** and Dan Hooper!:?:1 arXiv:1304.1840v1 [astro-ph.HE] 6 Apr 2013

Fine tuning required: Very massive WIMP (1.6-3TeV) decaying to 4 . or 2u2e
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FIG. 6: The same azs in Figs. 1, 2, 4 and 5 but for a diffusion zone half-width of L = 8 kpc, and for broken power-law spectrum
of electrons injected from cosmic ray sources (dN__ /dE._ o E-7% below 100 GeV and dN__ /dE._ = E7%% above 100
GeV). The cross sections are the same as given in the caption of Fig. 5. With this cosmic ray background, the dark matter
models shown can simultaneously accommodate the measurements of the cosmic ray positron fraction and the overall leptonic
spectrum.



Pulsar Scenario: Lee, Kamae et al 2011
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Pulsar Scenario by Cholis & Hooper
NILY—iEJR: Cholis & Hooper
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