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Why do we need dark matter?

* Dark Matter in the CMB temperature perturbation
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Production of dark matter

Non-thermal production: Misalighment mechanism

N —

Hot Relic, WDM

(I) E-WIMP

<«— thermal equilibrium

WIMP, ADM

(1) E-WIMP(FIMP)
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The necessities of Dark Matter all come from the
gravitational observation.

Why there is no other signatures of dark matter in the non-
gravitational one?

We have many models where DM has weak interactions.
They may show up in the non-gravitational phenomena.
We want to see these signatures if any.
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Signatures of
Dark Matter

e Direct Detection

e Indirect Detection




Already observed
Dark Matter?

e Signals 1n the direct detection?
¢ Signals 1n the gamma ray?

e Signals in the cosmic ray?
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e Dark Matters are around us

Halo

Globular -
clusters ; 2

& 2007 Thomson Hgher Education

DM density around Sun Air density at sea level
ppm(Sun) ~ 0.3 £0.2GeV/ cm?

~ 5 x 107%° gram/ cm”

Pair ~ 107° gram/ cm®
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e Dark Matters are moving around

The velocity distribution of DM 1s assumed to be Maxwell-Boltzmann
corresponding to spherical and 1sotropic density distribution of »(r) ,%2 :

with velocity dispersion 270 km/sec and truncated to the value for the

escape velocity.
1 v?
V) = ex ,
F¥) = o= exp (o0 )

with 0, =/3/2v. v.=v(r = Ry) = 220kms™'

Escape velocity  f(v) = 0 for v > ves. =544kms™!

“The local dark matter phase-space density and impact on WIMP direct detection”
[Catena, Ullio, 2010, 2012]
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e Earth and Sun are moving around Galaxy

Earth goes around Sun, Sun goes around Galaxy.

_ L . Ve ~ 220km/ sec
fo (V) = fea1(V + Vg + Ug) N /

ve ~ 30km/ sec
The velocity has annual and diurnal modulation.
(VY = vy £ Vg
~ 220km/sec +30km/ sec

June
WIMP Wind Vi o

—_—)

Ekin ~ (1 — 10) keV

for (10-100) GeV DM.
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Direct Detection
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WIMP e Direct Detection

1
n = flf\10130n13(:—£§gii)
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Ekin ~ (1 — 10) keV
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KIMS (Korea Invisible Mass Search) : Yang Yang Lab.
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Roughly the DM flux is for mw = 100 GeV

Po = ng X (V) = oy (v) = 6.6 x 10* cm™2s .

myy
Those give the rate per kg per year, for owy ~1073%cm?,

N
R~ Ny X ¢g X oOwnN = A o X (v) X own ~ 0.13 events kg_lyear_l,
A mw

N4 is the Avogadro number

A is the atomic mass of the target nucleus.

| 4
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e WIMP direct detection techniques (Typical recoil energy is keV)

CRESST
ROSEBUD
1 r
4 b .
Phonon(heat) l % Photon(light)
NaI(Tl), CsI(TI), Xe
W e
/ i Tty e ZEPLIN 11, I
; 7 7 o Xenon
CDMS Cryogenic X( [V A LUX
EDELWEISS  detector TE e, 7 / 2 phase Xe
Ge, Si Z

<y

Ionization{current)

HPGe detector

Signal from DM scattering ~ one event/year/ton for o ~ 10~* cm™?

Background ~ one per day
(alpha particle, electron, photon : el|e3ctron recoll neutron : nuclear recoil)
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The differential rate for WIMP elastic scattering off nuclei

dR 20 Umax do

—— = Ny d

VUmin

where Ny is the number of the target nuclei,

E'r 1s the energy transterred to the recoiling nucleus

p2 m202
Er = = (1 —cosf), p:momentum transfer
2mN TN
0 . scattering angle in the CM frame
A mNER MmN -Mmwy
— > Vmin 2m2 M=y £ - WIMP-Nucleus
reduced mass
For small DM mass, mw < my For large DM mass, mw 2 My

MmN \/ ER D \/ ER
Vmin = ——— — min — a.
min mu 2mN 2mN

| 4
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The differential rate for WIMP elastic scattering off nuclei

dR 20 Umax do

— = Ny— d
dER NmW Vf(V)U dER 7

VUmin

WIMP-nucleus differential cross section

dow N my
1B = amie? 0s1F51(ER) +0spFsp(ER)]
Fsr and F'gp :nuclear form factors
. 4m?
Spin-Independent 051 = — L [Zf,+ (A= Z)fa)?,
: 32m? J+1
Spin-Dependent ogp = Mgzt T la,(Sp) + an<Sn>]2 :

Eog

with f,, fn and ay, an : effective WIMP couplings to protons and neutrons
in the SI and SD case
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The differential rate for WIMP elastic scattering off nuclei

velocity distribution : Maxwell-Boltzmann distribution

(v)

dv o exp(—vrznin/ZUg)

Umin v
For small DM mass, For large DM mass,
m ™m v N Er ™ T ER
~ i ~ Vi ™ -
r W min muy 2mN T N min 2mN

CZR 00

dEn X @ exp(—ag/miy )

dR g0
_ O( _
dER ™Mw

Maximum recoil rate 1s when the DM mass 1s around the nucleus mass.
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Annual modulation

(VY = vy £ Vg
~ 220km/sec +30km/ sec
dR dR 27T (t — t())
iEn —— (FR,t) ~ iEn ——(FRr) |14+ A(ER) cos T

where T = 1year and the phase is t;5 = 150d.
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No signal in the Direct Detection gives upper limit on the scattering

Cross section.

For small DM mass,

dR 00

E 0.¢ % exp(—&o/m%‘/)

(V) ok

exp.limit

For large DM mass,

dR 00
— X —
dER T
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XENON100 (2012)
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[April et al, 1207.5988]

due to DM number density decreases
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Wednesday, August 21, 13



XENON 1 OO [2] E. Aprile et al. The XENON100 Dark Matter Experiment. Astropart.Phys., 35:573-590, 2012.
[3] E. Aprile et al. Dark Matter Results from 225 Live Days of XENON100 Data. Phys.Rev.Lett., 109:181301, 2012.

225 live days of XENON 100 data: World best limit on SI cross section
: NO detection of DM signal yet, distavors DAMA, CoGent and CRESST.
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Spin-Dependent Direct Detection

[April et al, 1301.6620]
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¢ Signals 1n the direct detection?

Claims for signals reported in the direct detection.

- DAMA/L

RA : annual modulation (DAMA/Nal 7yrs + DAMA/L

8.9 sigma evidence of signal

- CoGent : annual modulation

RA 6yrs)

- CRESST II: 67 events, 4 sigma detection of new source, CaWO4 crystals

- CDMS 1I -S1 : Detect 3 signals

22
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Model Independent Annual Modulation Result

DAMA/Nal (7 years) + DAMA/LIBRA (6 years) Total exposure: 425428 kgxday = 1.17 tonxyr
experimental single-hit residuals rate vs fime and energy

2-4 keV
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The data favor the presence of a modulated behavior with proper features at

23

2-4 keV

A=(0.0183%0.0022) cpd/kg/keV
yw2/dof = 75.7/79 83 o C.L.

Absence of modulatione No
v2/dof=147/80 = P(A=0) = 7x10¢

2-5 keV

A=(0.0144+0.0016) cpd/kg/keV
v2/dof = 56.6/79 9.00C.L.
Absence of modulatione No

+2/dof=135/80 = P(A=0) = 1.1x10*

2-6 keV

A=(0.0114+0.0013) cpd/kg/keV
v2/dof=64.7/79 8.8c C.L
Absence of modulatione No

+2/dof=140/80 = P(A=0) = 4.3x105

8.80 C.L.
[Cerulli, 2012 IDM talk]
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i\ XENON100 (2012)
= Observed limit (90% CL)
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CoGeNT: a dedicated search for

An excellent example of synergy with industry: Canberra’s
PPCs around since early &805.

low-mass WIMPs

* Remarkably simple commercial technology leads to L 140F PRL 107 (2011) 141301 | —
apflica’rions in double-beta decay (MAJORANA, GERDA) and .§ § !
astroparticle physics (CoGeNT). o 120¢ | - -

* Searches for an annual modulation require exquisite o OF
instrumental stability. But how much is enough? § &l R h

[ 0.5-3.0 ke Vg 4

* PNNL/UC/Canberra C-4 expansion (x10 mass, lower bckgs S M + P I

and threshold) will make it, or break it. 0 100 200 300 400 500
days since Dec 3 2009

C-4 design

War. HDPE above
©r 4 __
Q i

N
N
4 Q
. S~
" ©
\"t 9 o
T =
o 23!
N, 5
o

HDPE
below

25

O

PRD 84 (2011) 055014

:(one of _many interpretations)
—39 S—
oS M CoGeNT
—40 = . .
10k = ES! 2 centrqid
: +- . é
—41 \m = : _:' SRR N
—42( < ‘%i?(:\: ' Pt
‘]O E_ < n(_x.xxx )4 - 1)2;'
—43(
10 ! ! . * ! — I = 2
1 10 10

[CoGeNT, 2012 IDM talk]
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XENON 1 OO [2] E. Aprile et al. The XENON100 Dark Matter Experiment. Astropart.Phys., 35:573-590, 2012.
[3] E. Aprile et al. Dark Matter Results from 225 Live Days of XENON100 Data. Phys.Rev.Lett., 109:181301, 2012.

225 live days of XENON 100 data: World best limit on SI cross section
: NO detection of DM signal yet, distavors DAMA, CoGent and CRESST.
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Dark Matter Search Results Using the Silicon Detectors of CDMS 11
CDMS Il - Si 90% [CDMS collaboration, 2013]
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Dark Matter Search in the Direct Detection

There are some signals which cannot be explained by
the known background. Those may the signal of DM?

However they are inconsistent each other and also
have tension with limits from other experiments,
especially Xenonl0 and XenonlOO.

Maybe unknown backgrounds? or signal of DM?

28
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Axion dark matter search : ADMX, CARRACK

Florida: red

- RBF: blue
ED = I I E T 1 IIE +4
— /N 1 I__3
- = : o 41
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T z S o
> ofF o << &
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Sk oD arly =N
[ = << - ~ =
= O . alR%
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< - = : 0
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- i <
< 7L
SE
T L
=E :
- [Klm, Carosi, 2010]
10~¢ 107° 104
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Indirect Detection

30
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e Indirect Detection

PAMELA, 2006

I

I

W

i
-

j

-

lceCube

h

HESS in Nambia of Africa

3 Antares
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e Indirect Detection

Dark Matter can self annihilate or decay to produce cosmic rays,
photons or neutrinos.

Low-energy photons Positrons

Quurks \/
Dark Matter s ©

f | e
Medium-energy E|9th0l15

\ gomma rays
" : Neutrinos

/' Leptons

Supersymmetric B e

neutralinos Bosons Wrotons

Decay process )

Credit: Sky & Telescope / Gregg Dinderman
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¢ Indirect Detection : gamma-ray

They come through directly from the source to the detector around Earth.

Satellite
N = ¢fy . Aeff . Texp

(Effective Area) (Exposure time)

satellite 1m” lyr =7 X 107 sec

ground-based

5,2 N 5
telescope 10%m 100h ~ 107 sec

Fermi-LAT

Ground-based telescope (air cherenkov telescopes)

HESS

33
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Observed flux from Dark Matter
Astrophysics
Particle Physics J — factor

dN;
E,AQ) B¢ A() (2
ann. - 6,(E,A0) = 137 Z ae{sg [ [ aruen]

I'p
o

decay

AS)

observer
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Particle Physics

1 {(ov aN
b (B, AQ) = = ;m2> Z dEfoAQ{AQ /AQ/z dlp? Z(Q))}
f 0.8

X

Monochromatic Signal

~ bb “‘H
Gustafsson et aI PRL 99 041301

. {} 1 -

r = L lm go
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Astrophysics .J — factor

b (B, AQ) = 417T ;22 Z%BfAQ{ﬁ ./m/z dzpz(l(ﬂ))}
f 0.8

X

1. Dwarf Spheroidal Galaxies

e Draco, J ~ 10" GeV?*/cm®, + a factor 1.5;
e Ursa Minor, J ~ 10" GeV?/cm?®, + a factor 1.5;
e Segue, J ~ 10 GeV?/cm®, + a factor 3

2. Local Milky-Way-like galaxies
e M31, J ~ 10%° GeV?/cm®
3. Local clusters of galaxies

e Fornax, J ~ 10'® GeV?/cm®
e Coma, J ~ 107 GeV?/cm?®
e Bullet, J ~ 10 GeV?*/cm®

4. Galactic center

e 0.1° J ~ 10%2... 10%° GeV?/cm®
o 1° J ~10%%... 10" GeV?/cm® [Profumo, 1301.0952]
36
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¢ Signals 1n the gamma ray?

NASA’s Fermi telescope reveals best-ever view of the gamma-r:

Credit: NASA/DOE/Fermi LAT Collaboration
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P
s, ermi MW Halo Results-1" 1

Gamma-ray
4 Space Telescope og_ o ° ° °
v Annihilation (cases for decay are given in the paper)
xx — bb, NFW w— v 1, NFW
1072 5 —— IC+FSR, w/o background modeli
S , ‘ i _3 : : ground modeling 7, 3
E 3, w/o background mti)dehng, 00=0.2-0.7 GeV cm : PR i ar btou Mod i ,—':" :
_n| T bacfkground mndellr{g | ——— IC+FSR, constrained free source fits Tt |
10 constrained free source fits E ﬂ =% E
_ i 30, pp=0.43 GeV cm™> - .
Tm 1072~ 50, pp=0.43 GeV cm™ . =
e : ] ]
2, i ] ]
4 1072}
! - 3 3
W B i B
1072 E 5
TWIMP freeze—out E TWIMP freeze—out E
1026 1= :
10 107 10° 10* 10 10 10° 19
m [GeV] m [GeV]

M. Ackermann et al (Fermi LAT Collaboration)
Accepted for publication in ApJ (arXiv:1205.6474)

Fermi two-year all-sky map
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Constraints from dwarf spheroidal galaxies

Comparison with vGr‘ound-basved Telescopes (bb)

1072%§
| —— Fermi-LAT Combined
[ ]| Nexp e VERITAS Segue 1
1022 -=-= HESS Galactic Center

10%%}

‘W

-4 24
& 1024}
——

~

&

s

107+
26 == Thermic reI|c cross section limit
' — -26 3
<ov>, . =3 x102%cm3/s i
10-27 L 2 2
10! 102 10° 104

Mass (GeV)
[Taken from Nicola M., - Lepton Photon 2013]
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Signals in the gamma ray!?

40
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130 GeV gamma-line signal from public Fermi-LAT data

[Bringman et al, 2012, Weniger 2012]

Reg3 (SOURCE), E, =129.4 GeV

. | , -
50 | Signal counts: 68.7 (4.590) 80.5 - 208.5 GeV -
p-value=0.51, x,.q=20.1/21
&
-
=
2
@,
T
gs
S
=
=
=
2
O | | |
100 150 200
E [GeV] 4

Reg3
Einasto

-

|

-80 -60 -40 -20 0 20 40 60 80
¢ [deg]

DM annihilation

(ov).,., =~ 10727 cm? /s
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Search for Gamma-ray Spectral Lines with the Ferm: Large Area Telescope and Dark
Matter Implications

[Fermi collaboration, 1305.5597]

Weakly Interacting Massive Particles (WIMPs) are a theoretical class of particles that are excellent
dark matter candidates. WIMP annihilation or decay may produce essentially monochromatic -y
rays detectable by the Fermi Large Area Telescope (LAT) against the astrophysical y-ray emission
of the Galaxy. We have searched for spectral lines in the energy range 5-300 GeV using 3.7 years of
data, reprocessed with updated instrument calibrations and an improved energy dispersion model
compared to the previous Fermi-LAT Collaboration line searches. We searched in five regions
selected to optimize sensitivity to different theoretically-motivated dark matter density distributions.
We did not find any globally significant lines in our a prior: 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 3.30. which translates to
a global significance of 1.60. We discuss potential systematic effects in this search and why the
significance of the line-like feature near 130 GeV is less than reported in other works.

Counts / 1.00 °?

10

g i = i
B e s (P
-
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Ferm| LAT Team Lme Search at 135 GeV

2 4year P7REP_ Clean

70 - E=134.860 GeV 01Ny =16.306vts /14940 GC RO 1
ol N=182 3.75 |3.35¢ ' "2D PDF" -
[ T'— 249+ 0.42(95CL) S |
E 50 251 / llll 17
Bo| Preliminary  '* - ' '
E 3[] | | |
20

et
=

Resid (o)

 3.350 (local) 2D fit at 135 GeV with 3.7 year reprocessed data
* Look in 4°x4°GC ROI, Use 2D PDF (P in data)
* <20 global significance after trials factor
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' Space Telescope
* Earth Limb is a bright, well understood
source

— v rays from CR interactions in the _ |
atmosphere (smooth PWL) e G )

— Can be used to study instrumental
effects

* Need to cut on times when the LAT was

pointing at the limb ‘

 Have made changes to increase our Limb
dataset

— Pole-pointed observations each
week

— Extended “targets of opportunity” % 134,860 Go
£

IF 7

Fit to Limb data ;2: _2% N

35 /

1.75 | / \
-~ N

0.0 0

E)'I;;r(?::litneg(j]I )Limb while target is ol b2 1 0100501 1;
- Prelimina |
* “Signal” is seen! Though not at level of | Y f |

the GC (SIN,,, ~15%, while S/Ng;~30% - 66%) _*
3 15?“ Liat s : irﬁﬁﬁ%}—u—
E _1-%. ot H H

Energy (@w} Zenith Angle
40

J. Cohen-Tanugi — HAP meeting 18/02/2013 44
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Spectral line search: near terms prospect

 Fermi LAT: improved event analysis (Pass8) and
weekly limb observations
— Call for white papers on possible modifications to the
observing strategy

 H.E.S.S. Cerenkov telescope: 50 hours of GC
observation could be enough to rule out sighature
or confirm it at 5 sigma

Calorimerer cluster #1 atorimerar cluster ..""E
gamma probabilicy: 0.98 {IP probability: 0.92

Fermi-LAT Upcommg Developments Pass 8

Nicola M - Lepton Photon 2013 23
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¢ Indirect Detection : cosmic rays

Dark Matter annihilation or decay can produce charged particles.

DM DM - qﬂi’at.ﬁdﬁ)hq =1TeV
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The charged particles scatters in the magnetic field in the Galaxy.

Wednesday, August 21, 13



CAPRICE

AMS

BESS98

Ryan et al.

Grigorov

JACEE

Akeno

all-particle Tien Shan
MSU

CASA-BLANCA
DICE
HEGRA
CasaMia
Tibet

Fly Eye
Haverah

AGASA
HiRes

— protons only

2 | R
10 electrons ff

XXX ¢

i X

_ X
positrons  x
¥k X

X

N,

X

10* F

(GeV cm'zsr'1s'1)
brodomatem ikl ran

5 )
X
10% |- antiprotons

E2dN/dE

VR _‘ZD'
8
107 =S
=
gt

[PAMELA Collaboration]

10—10 | | | | |
10° 10° 10% 10° 108 1019
E.n (GeV/particle)

48

Wednesday, August 21, 13



Compare with the DM flux

for my = 100 GeV

do ~ 6.6 x 10* cm ™% sec™!

(GeV cm'zsr'1s'1)

E2dN/dE
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A precision measurement by the Alpha Magnetic Spectrometer on the International Space Station
of the positron fraction in primary cosmic rays in the energy range from 0.5 to 350 GeV based on
6.8 X 10° positron and electron events is presented. The very accurate data show that the positron

fraction 18 steadily increasing from 10 to ~250 GeV, but, from 20 to 250 GeV, the slope decreases by
an order of magnitude. The positron fraction spectrum shows no fine structure, and the positron to

electron ratio shows no observable anisotropy. Together, these features show the existence of new
physical phenomena.

LI I 1 1 1 rrrri I 1 1 1 LI I 1 1 1
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u = PAMELA A -
A Fermi
- B A _
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| £ . }ﬁ”
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Secondary production of cosmic rays g 10 R o':' o AR w0 ]
O - °e @t -
by collision with intestellar medium a- _ ¢ F " -
a
. °% 7 i
og R
= o.%&)omw —
11 11 I 1 1 1 L1 1 11 I 1 1 1 L1 1 11 I 1 1 1
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from 19 May 2011 to 10 December 2012 etenergy[GeV]  [AMS collaboration, PRL 201 3]

FIG. 5 (color). The positron fraction compared with the most
recent measurements from PAMELA [22] and Fermi-LAT [23].
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FIG. 5 (color). The positron fraction compared with the most
recent measurements from PAMELA [22] and Fermi-LAT [23].

51

Wednesday, August 21, 13



AMS-02 (Alpha Magnetic spectrometer)
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The $2 billion machine was installed on the International Space Station on 19 May
2011, and so far, it has detected 25 billion particle events, including about 8 billion
electrons and positrons. It continues for 10 years at ISS.
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¢ Indirect Detection : neutrino
They come through directly from the source to the detector around Earth.
The signal 1s very weak but also the background is very small.

WIMPs are captured in the Sun by SI or SD scattering and their
annihilation produce cosmic neutrinos.
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Neutrinos from the Sun
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Summary

* We need Dark Matter to explain the cosmological and
astrophysical observations. All of these are based on the
gravitational interaction.

* There are many experiments to see the non-gravitational
signals of dark matter. However no conclusive result yet.

e There are some anomalous observations in the direct
detection and indirection. However we need more efforts to
identify the signatures as dark matter evidence.
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