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* Introduction
<+ Dark matter searches with charged cosmic rays
<+ Dark matter searches with GeV gamma rays
+ “Galactic Center Excess”
< Dwarf Spheroidal
< Dark matter search with TeV gamma rays
“ Future prospects
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< What we know
+ Dark matter exists
- Orbital velocities of stars in galaxies, velocity dispersions of galaxies in
clusters, temperature distribution of hot gas in clusters of galaxies and
gravitational lensing
+ Non-relativistic (“cold dark matter”) e 1
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“ Accelerator production
+ Exhaustive searches can be made for specific mode and mass range as far as
WIMP has coupling to quarks
+ Mass reach is heavily model dependent

+ Wide mass coverage
+ Sensitivity limit due to neutrino backgrounds

<+ “Direct” constraints on annihilation cross section

+ Sensitivity is less model dependent Production SM
h particle

+ Large systematics due to astrophysics WIMP /
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+ Those approaches are complimentary
+ Different model dependences and sensitivity phase space
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+ WIMP is in equilibrium between pair creation and annihilation in early
Universe
+ Pair creation stops when thermal energy is not sufficient
< Annihilation continues and WIMP density become too low compared with
annihilation cross section
- WIMP density and annihilation cross section is anti-correlated
+ Current dark matter density (Qom) constrains annihilation cross section to
~3x10-26 cm?2/s t (ns)
+ Indirect searches are sensitive L - — 10
to WIMP annihilation cross section
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<+ Dark Matter Searches with Charged Cosmic Rays

< Anti-particles are in general secondary particles from interactions of cosmic
rays with interstellar gas

< Dark matter annihilations and decays can produce more or less equal amount
of particles and anti-particles in energies close to DM mass

< Anti-particle spectra from DM tend to have bump structures
which tend to be different from spectra for secondary particles Cosmic ray

<+ Weak constraints on annihilation cross section

/ Gamma-rays
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+ Dark Matter Searches with Gamma rays s Whela _ e

+ Gamma rays can be used to locate the origins
and image their shapes
< Backgrounds
- Cosmic-ray interaciigne with interstellar medium
- Gamma-ray astronomical objects
- Supernova remnants, pulsars, gamma-ray bibaries,

+ a few p/p, d/d
Anti-matter
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+ Positrons can be produced directly by DM interactions (annihilations and/
or decays)
+ Positrons can also be produced via m+, T+ and uy* from DM interactions
+ Positron spectra depend on mass and properties of DM
* Pulsars can also produce positrons with bump spectra
+ Spectra depends on number of nearby (<500 pc) pulsars (in particular, at high
energy end) and spectra at the origins
< Dipole anisotropy is expected for nearby pulsars
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+ Positrons can be produced directly by DM interactions (annihilations and/
or decays)
+ Positrons can also be produced via i+, T+ and py+ from DM interactions
+ Positron spectra depend on mass and properties of DM
* Pulsars can also produce positrons with bump spectra
+ Spectra depends on number of nearby (<500 pc) pulsars (in particular, at high
energy end) and spectra at the origins
< Dipole anisotropy is expected for nearby pulsars
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+ Positrons can be produced directly by DM interactions (annihilations and/
or decays)
+ Positrons can also be produced via i+, T+ and py+ from DM interactions
+ Positron spectra depend on mass and properties of DM
* Pulsars can also produce positrons with bump spectra
+ Spectra depends on number of nearby (<500 pc) pulsars (in particular, at high
energy end) and spectra at the origins
< Dipole anisotropy is expected for nearby pulsars

JCAP 0901:025,2009

T’\ v _I — | | T T | | —— | | T T | T I_ - 1 11 | | T T | T T 1 | ,,,i :
s(/-)' . Total 0.500 - . =

T 10.0 i B0656+14—Like Source . |
0 B - L7 7

. T=110,000 years - g e

! 5.0 E=3x107erg 0.100 |— —

E D =290 pc - C :
g > 3 0.050 =
> 2.0 IR T — X 0.050F i

Q) ," _—"-—- \~~*‘s
&) : R o = i
~ 1.0 — _
Mo . .

ErJ I .’ '—_-" . ]

. 0.5 .- Geminga — 0.010 b —
Lﬂq’ ' T = 370,000 years D>500 : o Geminga—Like Source -
T E=3x10%erg >9o00 pe 0.005 — T

*» 0.2 D =157 pc L] = i
% 0.1 11 11 | | | | | 11 11 | | | | | I"- | | 1 1 | | | | | | 11 1 | |

5 10 20 50 100 200 500 5) 10 20 50 100 200
Ee+(GeV) Ee(GeV)

Indirect Searches for Dark Matter with Gamma rays and Other Messengers
KMI School on “Dark Matter”, FEB 28 —-MAR 2 2018, Nagoya University 7/25



&)

+ Dominant background is cosmic-ray interactions
< No major background expected from astronomical sources
+ Anti-proton backgrounds are greater than DM signals in general
- Uncertainties of anti-proton backgrounds can mask DM signals
< Anti-deuteron signal can be clearly separated from secondary backgrounds

ISE
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+ Dominant background is cosmic-ray interactions
< No major background expected from astronomical sources
+ Anti-proton backgrounds are greater than DM signals in general
- Uncertainties of anti-proton backgrounds can mask DM signals
< Anti-deuteron signal can be clearly separated from secondary backgrounds
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<+ AMS-02 observed positron spectrum which may peak at several 100 GeV
<+ AMS suggested WIMP hypothesis

<+ AMS-02 also observed anti-proton spectrum which is similar to proton and
positron spectra, but different from electron spectrum

AMS Press Release December 8th, 2016

250 |— 16,500,000 | o5

— electrons

— | —
2 ity | ‘
S 3 200 - {** +'+++ | oo E
= B : % I ' - >
O e i ! % ~ _ =
O . f e + H 5
Q ® B . ¢t : * | o
n < - { My, T Q
°8 B 4 {TP H 7 c
= O, - . T } - o
§ = B ‘Héé?é**?&iﬂ’*mﬁ“ ti | | { - e
2 = - bt = [7]
Ty . 4t _

2 100 - y i 1080000 { {10 9
D N positrons ]
* - } v +
B : |
- ) 5 -
50 | ¢ i 5
. K et energy [GeV] -
[ .lll 1 1 1 L1 1.1 II 1 1 1 L1l ll 1 1 1 L1 1 IT
1 10 10° 10°

Indirect Searches for Dark Matter with Gamma rays and Other Messengers
KMI School on “Dark Matter”, FEB 28 -MAR 2 2018, Nagoya University 9/25



&) RE:

<+ AMS-02 observed positron spectrum which may peak at several 100 GeV
<+ AMS suggested WIMP hypothesis

<+ AMS-02 also observed anti-proton spectrum which is similar to proton and
positron spectra, but different from electron spectrum

AMS Press Release December 8th, 2016
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<+ AMS-02 observed positron spectrum which may peak at several 100 GeV

< AMS suggested WIMP hypothesis

<+ AMS-02 also observed anti-proton spectrum which is similar to proton and
positron spectra, but different from electron spectrum

AMS Press Release December 8th, 2016
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< DAMPE measurement of electron+positron spectrum shows clear break
around 1 TeV
+ Sharp peak at 1.4 TeV is 20 level
+ Consistent with Fermi-LAT + H.E.S.S. spectra

Nature 552 (2017) 63
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+ p/p, position, electron+positron spectra can be interpreted by pulsar and

DM models
+ X?/d.o.f = 255/298 for pulsar model
+ x2/d.o.f = 277/296 for DM model

arXiv:1712.00372
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+ p/p, position, electron+positron spectra can be interpreted by pulsar and
DM models

+ X%d.o.f = 255/298 for pulsar model
+ x2/d.o.f = 277/296 for DM model

arXiv:1712.00372
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p/p, position, electron+positron spectra can be interpreted by pulsar and
DM models

+ X%d.o.f = 255/298 for pulsar model
+ x2/d.o.f = 277/296 for DM model

| electron+positron spectra . arXiv:1712.00372
Pulsar Scenario DM Scenario
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+ Multiple approaches with different signal/background v/jamma'rays
+ Galactic center, Milky-Way halo, satellites 4) Y

+ Line emission, diffuse backgrounds X W/Z/q )

+ Gamma-ray spectrum depends on WIMP Dark Vi Neutr
particles produced by DM annihilation g o /= 7°C® e oS
+ Sensitive to DM annihilation cross section 3 WHZ/g " e+
+ DM model dependent /\n- )
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+ a few p/p, d/d
Anti-matter
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+ Multiple approaches with different signal/background ] Sammarays

+ Galactic center, Milky-Way halo, satellites /)

+ Line emission, diffuse backgrounds X W/Z/q )
<+ Gamma-ray spectrum depends on WIMP Dark Vi Neutr

particles produced by DM annihilation g o /= 7°C® e oS
+ Sensitive to DM annihilation cross section 3 WHZ/g } " e+

< DM model dependent T

N

"
Vi Ve
e)\

+ a few p/p, d/d
Anti-matter

Galactic center:
Good Statistics but source

confusion/diffuse background l and good source id,

5, astrophysical background
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+ Multiple approaches with different signal/background
+ Galactic center, Milky-Way halo, satellites

/ Gamma-rays

+ Line emission, diffuse backgrounds X W'/zZig
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T Galactic diffuse |mpm (GeV/c?) |<ov> (10-26 cm?/s)
AL DETE S model (for bb pair) | (for bb pair)
2014PhRvD. [Pass 7, 45 months, ([Fermi/LAT p7v6 +
89f3515M  |Ibl<3.5°, 1/1<3.5°  |HI gas (20 cm) 299 2.0+0.6
2014PhRvD. |Pass 7, 57 months, |HI gas (20 cm) +
90b3526A |Ibl<3.5°, 111<3.5°  |“new diffuse” 39.4x7.9 51x2.1

Pass 7, 64 months, |Fermi/LAT + 35.5 3.0
2016PDU.... |1<Ibl<20°,1/1<20° |Fermi Bubbles - :
12....1D Pass 7, 64 months, |[Fermi/LAT p7v6 +

Ibl<5°, 1/1<5° HI gas (20 cm) 35.5+4.5 3.020.5
2015JCAP... |Pass 7, 64 months, (HI&H2 gas +
03.038C  |2<Ibl<20°, 1/1<20° |Inverse Compton 496 1.820.3

+ Fermi/LAT diffuse model is NOT intended for diffuse analysis
+ “All the released diffuse models were derived for point sources and
compact extended sources studies only, and are not suited for studies
of extended sources and/or large-scale diffuse emissions. ”
+ “Each diffuse model should be used with the corresponding Event

Selection and IRF.”

Indirect Searches for Dark Matter with Gamma rays and Other Messengers

Acero, F. et al. 2016, ApJS, 223, 26
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S=F

+ Most analyses use wrong Galactic diffuse models
+ Some authors are aware of caveat from the LAT team
+ Uncertainties in cosmic-ray propagation in the Galprop model
< Assumptions
- Homogeneity and isotropy of cosmic-ray diffusion and re-acceleration
- Radial symmetry of cosmic-ray source distribution: ignore spiral arms
- Same spatial distribution of hadronic and leptonic cosmic-ray sources
“+ Unknown contributions from undetected gamma-ray sources
< Spectrum of Calore+ is not necessarily compatible with dark matter spectrum
- slow rise below the peak
- no clear cutoff above 10 GeV

<+ Excess is not limited to Galactic Center

Indirect Searches for Dark Matter with Gamma rays and Other Messengers
KMI School on “Dark Matter”, FEB 28 —MAR 2 2018, Nagoya University 15/25
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+ Detailed modeling of Galactic diffuse emissions
+ CR interactions with interstellar medium
+ CR electron interactions (bremsstrahlung, Compton up-scattering)
+ Fermi bubble at low galactic latitude
+ GeV excess at Galactic center region is statistically significant
+ GCE spectrum vary by a factor of 3 at ~ a few GeV
+ Fermi bubble is major cause of uncertainties ApJ, 840 (2017) 34
+ GCE shape is not symmetric
+ Similar excess can be found outside
of Galactic center region

Data, 1.1 - 6.5 GeV Model, 1.1 - 6.5 GeV

____________ | 1 | _____________ : l |
0.8 1.1 1.4 1. 2.0 2.3 2.6 0.8 1.1 1.4 L. 2.0 2.3 2.6
log1o(counts) log1o(counts)
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+ Detailed modeling of Galactic diffuse emissions
+ CR interactions with interstellar medium
+ CR electron interactions (bremsstrahlung, Compton up-scattering)
% Fermi bubble at low galactic latitude
+ GeV excess at Galactic center region is statistically significant
+ GCE spectrum vary by a factor of 3 at ~ a few GeV
+ Fermi bubble is major cause of uncertainties ApJ, 840 (2017) 34
+ GCE shape is not symmetric
+ Similar excess can be found outside
of Galactic center region

(Resgl)'giual + GC excess) / Data, 1.1 - 6.5 GeV
; - ;

Residual / aa, 1.1

=3

- 6.5 GeV 15°

T g

i ' L

: I | —0.30 —0.15 0.00 0.15 0.30
fraction fraction
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+ Detailed modeling of Galactic diffuse emissions
+ CR interactions with interstellar medium
+ CR electron interactions (bremsstrahlung, Compton up-scattering)
+ Fermi bubble at low galactic latitude
+ GeV excess at Galactic center region is statistically significant
+ GCE spectrum vary by a factor of 3 at ~ a few GeV
+ Fermi bubble is major cause of uncertainties ApJ, 840 (2017) 34
+ GCE shape is not symmetric
+ Similar excess can be found outside
of Galactic center region

Hard component Soft component

60°

Residual / Data, 1.1 - 6.5 GeV 60°

. - -

30° 30°

—30° —30°

—60° —60°
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+ Detailed modeling of Galactic diffuse emissions
+ CR interactions with interstellar medium
+ CR electron interactions (bremsstrahlung, Compton up-scattering)
< Fermi bubble at low galactic latitude

+ GeV excess at Galactic center region is statistically significant
+ GCE spectrum vary by a factor of 3 at ~ a few GeV
<+ Fermi bubble is major cause of uncertainties ApJ, 840 (2017) 34
+ GCE shape is not symmetric . GCexcess, allcases
+ Similar excess can be found outside -~ Aelloetal (2016) (fitintensity) ¢ ¢ Gordon & Macias (2013)

_ ] — Ajello et al (2016) (fit index) ¢ ¢ Calore et al (2015)
of Galactic center region 107°F & 4 Sample ;

GeV

cm? s

107 7F

2dN
LTE

E (GeV)

Indirect Searches for Dark Matter with Gamma rays and Other Messengers
KMI School on “Dark Matter”, FEB 28 -MAR 2 2018, Nagoya University 16/25



IS=E

+ Detailed modeling of Galactic diffuse emissions
+ CR interactions with interstellar medium
+ CR electron interactions (bremsstrahlung, Compton up-scattering)
+ Fermi bubble at low galactic latitude
+ GeV excess at Galactic center region is statistically significant
+ GCE spectrum vary by a factor of 3 at ~ a few GeV
+ Fermi bubble is major cause of uncertainties ApJ, 840 (2017) 34
+ GCE shape is not symmetric
+ Similar excess can be found outside
of Galactic center region
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Dwarf Spheroidal Galaxies

+ Many dwarf spheroidal galaxies (dSph) around our Galaxy
+ dSphs are known to have large dark matter fraction (~100%)
+ Negligible gamma-ray backgrounds from ordinary matter (few stars)

I
F 1Y
Plane of Milky Way | Galactic Longitude = 180°
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IS=E

+ 15 dwarf spheroidals (dSphs) with 6 years of Fermi-LAT data
+ Selected based on distance, matter/light (M/L) ratio

+ New “pass 8” data set: >20% more acceptance, ~10% more FOV
+ Exclude up to ~80 GeV/c? in 1, ~100 GeV/c? in bb (and uu)

CVn II§ ®-Com
CVnl O Boo 1 Leo I1@®
Boo III ®Boo IT . Leo V
- @icoiv gSes 1
L

eol
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+ 15 dwarf spheroidals (dSphs) with 6 years of Fermi-LAT data
+ Selected based on distance, matter/light (M/L) ratio

+ New “pass 8” data set: >20% more acceptance, ~10% more FOV
+ Exclude up to ~80 GeV/c? in 1, ~100 GeV/c? in bb (and uu)

4-year Pass 7 Limit 2015PhRvL.115w1301A
6-year Pass 8 Limit |
Median Expected
68% Containment

95% Containment 3 —

102

103

104
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DM Mass (GeV/c?)

KMI School on “Dark Matter”, FEB 28 -MAR 2 2018, Nagoya University
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+ 45 dSphs with 6 years of Fermi-LAT data
+ 28 kinematically confirmed and 17 recently discovered dSphs

* No significant WIMP signal observed
ApJ 834 (2017) 110
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+ 45 dSphs with 6 years of Fermi-LAT data
+ 28 kinematically confirmed and 17 recently discovered dSphs

* No significant WIMP signal observed
ApJ 834 (2017) 110
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+ 45 dSphs with 6 years of Fermi-LAT data
+ 28 kinematically confirmed and 17 recently discovered dSphs

* No significant WIMP signal observed
ApJ 834 (2017) 110
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+ Test statistic (TS=-2[InL-InLo]) for each dSph as a function of DM mass

show no coherent peak at a certain DM mass
+ 4 dSphs are inconsistent with null at 97.5% C.L.

<+ Combined TS with proper weighting by J-factors still has a peak

(J-factor < expected # of annihilation)

<+ This structure is reflected into the U.L. on the annihilation cross section

10°
DM Mass (GeV)

10!
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+ Test statistic (TS=-2[InL-InLo]) for each dSph as a function of DM mass

show no coherent peak at a certain DM mass

+ 4 dSphs are inconsistent with null at 97.5% C.L.
<+ Combined TS with proper weighting by J-factors still has a peak

(J-factor < expected # of annihilation)

<+ This structure is reflected into the U.L. on the annihilation cross section
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+ Test statistic (TS=-2[InL-InLo]) for each dSph as a function of DM mass

show no coherent peak at a certain DM mass
+ 4 dSphs are inconsistent with null at 97.5% C.L.

<+ Combined TS with proper weighting by J-factors still has a peak
(J-factor < expected # of annihilation)
<+ This structure is reflected into the U.L. on the annihilation cross section
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+ Test statistic (TS=-2[InL-InLo]) for each dSph as a function of DM mass

show no coherent peak at a certain DM mass
+ 4 dSphs are inconsistent with null at 97.5% C.L.

<+ Combined TS with proper weighting by J-factors still has a peak
(J-factor < expected # of annihilation)
<+ This structure is reflected into the U.L. on the annihilation cross section
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+ H.E.S.S. Observations of Galactic center for 254 hours
+ Galactic diffuse BG in TeV band is relatively low compared with GeV band due

to steep spectrum

+ Local cosmic-ray electrons producing EM showers are dominant BG
+ Uncertainties of DM density profile give large uncertainties
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+ H.E.S.S. Observations of Galactic center for 254 hours
+ Galactic diffuse BG in TeV band is relatively low compared with GeV band due
to steep spectrum
+ Local cosmic-ray electrons producing EM showers are dominant BG
% Uncertainties of DM density profile give large uncertainties
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+ Cherenkov Telescope Array (CTA) & | B ]
+ Large number of telescopes g\ af -

- Large collection area (x~30) g r \\ Pk

- Better angular resolution (0.03°) JJ O WA S ]

+ Optimized telescope configuration  z°"F N L E

+ LST: ~23 m ¢ x 4, ~20 GeV —200 GeV = | -

* MST: ~12 m ¢ x 20, ~100 GeV — 10 TeV T =21 -

+ SST: ~4 m ¢ x 70, ~5 TeV — 300 TeV e < g E

+ ~1000 of TeV gamma-ray sources C Dffeentalfusensivey
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‘ cherenkov telescope array

www.cta-observatory.org (2016-04-06)



cta

cherenkov telescope array

+ Sensitivity depends on particle produced by DM annihilation and
DM annihilation cross section
+ Those are dependent on DM particle model

] =20 =20
+ Systematic errors due to CR € _
s | \ -
BF o W'W ==+ CTA sensitivity W*W BF tobh ==+ CTA sensitivity b b
-t 10 - 1.0 .
« BMI « BM2
08 0.8
—~ =24t —~ =24} 3
— B = 06 i ) 0.6
| CTA Galactic halo, 500 h —bb 5 " 5
=~ =26 04 /‘&“s gt o ~ _2l| [ 04
o3 T+T- 5 PR A B T L e is
10 7 Einasto profile = 2 |, ° 2 02
— + - SN _J :U
- --W'W = - — = W
| Statistical errors only —it
L -30} f -30f
10—24 I b4
= pMSSM, 20 pMSSM, 20
— —-32 s g TG iy N PP . P -32 A P I B N L
- 01 0.1 1 01 0.1 1
— -
0 B m, (TeV) m, (TeV)
™
- ~ -20 -20
o o5 BayesFITS (2014) BayesFITS (2014)
> 10 = BFtot === CTA sensitivity tt BFEOT'T | [a.. CTA sensitivity 77
b : <L 1.0 ) 1.0
- © BM3 k BM4
B 0.8 08
- ~ -2} —~ 2%
R 0.6 b = 0.6
107 = 8 ' 2 :
= = ool | 04 PRI, = 2] W04 | nomem ik
- g ' b g B
m = 2 NP = ' et
B 53 0.2 :"X.‘. .w.. g'. . ;E ...". .
2 =28 I_ 0;’)‘3‘;‘ e 2 —28f o :f. S
B RS T .
’....i‘, Prdr 5 ¢
27 | -
107" & 30} 30}
1] Ll Ll [ B
0.05 01 0.2 1 2 345 10 2030 oMssM, 20 i

~ta o T 01 o
DM mass (TeV) arXiv: 1709.07997 my (TeV) my (TeV)

Indirect Searches for Dark Matter with Gamma rays and Other Messengers
KMI School on “Dark Matter”, FEB 28 -MAR 2 2018, Nagoya University 23/25



http://arxiv.org/abs/1310.0828v1
http://arxiv.org/abs/1310.0828v1

cta

cherenkov telescope array

+ Sensitivity depends on particle produced by DM annihilation and
DM annihilation cross section
+ Those are dependent on DM particle model

+ Systematic errors due to CR electron subtraction and DM profile
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(ov) (cm3s™)

‘ cherenkov telescope array

+ ~ an order of magnitude improvements expected up to 10 TeV/c?

+ Fermi-LAT: increased statistics and more dwarf spheroids
- New dwarf spheroids have been discovered due to improved

detection techniques

- Improved Galactic center analysis
+ Cherenkov telescope: better sensitivities with CTA
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‘ cherenkov telescope array

+ ~ an order of magnitude improvements expected up to 10 TeV/c?
+ Fermi-LAT: increased statistics and more dwarf spheroids
- New dwarf spheroids have been discovered due to improved
detection techniques
- Improved Galactic center analysis
+ Cherenkov telescope: better sensitivities with CTA
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‘ cherenkov telescope array

* Indirect search is one of complimentary approaches in dark matter
studies

+ Cosmic anti-particle spectra may provide information for
existence of dark matter
+ Current measurements by AMS-02 and DAMPE are not sufficient to

claim dark matter signature

+ Fermi-LAT “Galactic Center Excess” is intriguing, but further
studies are required to draw any conclusions

* Fermi-LAT excludes thermal relic DM for the mass below 80-100

GeV/c?

+ Excluded mass range would extend to multi-100 GeV/c? in the future
with longer observations with more targets

+ CTA is a promising project to search for DM in TeV energy band

+ Excluded mass range would extend to ~10 TeV/c?
- Interesting mass range for prominent SUSY models

+ CTA can access DM phase space where collider and direct searches
cannot access
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cta

cherenkov telescope array

CTA Sites
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Paranal Map’ O CTA collaboration
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cta

cherenkov telescope array

CTA Project Timeline

Project Phases

Pre-Production Phase
2017-2018
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CTA collaboration (as of Oct, 2016)
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* J-Factor is well correlated with the distance
< Comparison of three different method to estimate J-factors
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