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What is Dark Matter?

> They created and shaped the large scale
structure of the Universe.

= Without dark matter, we were not here today.

>We do not sense them since interactions
are so weak.

= There are ~107 in this room.
= ~10"2 will pass you during this talk.
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Talk Outline

> Evidences of Dark Mater
= Astronomy
= Cosmology

> Dark Matter Candidates
= Particle Physics

> Detection Methods
* Production by LHC

= |[ndirect Observation
= Direct Detection — New Results from XENON100

> Future Prospects
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Formation of Structure in the Universe

Dark Matter is required!



Density of Our Universe

» QTotal = QA'I'QMatter Q
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Abundance vs. Density

H,=65 km/s/lMpc  T_,=2.73K N=3.0 = =886.7 s
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Cosmic Pyramid
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What is Dark Matter?

10” | | | | | | | | | | | | | | | | | |
107 -
10° -
15 | _
:gu i Alex Kusenko ]
10° Q-ball -
10° | ¥ S
10° F =
0 [ -
10° [ =
3| . ' Q
10 neutrinos  WIMPs : o
10° [ neutralino @
10° KK photon o
12 | branon X |
sl TP S
0 . o |
10+ | Roberto Peccei —
10-21 B e i n
102 F axion 4 axino -
107 SuperWIMPs : -
10’2: 'fu_z_gy CDM l gravitino ]
10° Y KK grawton il
10°° | Eli SR -
10.39 ) i I 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 [
18

107°107%107 1010 10 0-10 10° 10 Tex 10° 10° 10° 10 10" 10

mass (GeV)

12/6/2012 Katsushi Arisaka, UCLA



History of the Universe

Key: W, Z bosons NS\, photon
q quark @' fesen star
g gluon @.. baryon

€ electron &% ion ¥ f' galaxy

Mhuon t tau black
N neutrino C@) REom , 7
hole

Particle Data Group, LBNL, © 2000. Supported by DOE and NSF



Energy Spectrum of Cosmic Rays
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Pi erre-Auger in Argentina
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Risetime vs. Log(E)
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History of the lJniverse

Inflation

KQY: W, Z bosons NS\, photon

q aark #) meson St

g gluon @.. baryon

€ electron “ ion ' galaxy

Mhuon t tau ' black

N neutrino @ atom , 3
hole

Particle Data Group, LBNL, © 2000. Supported by DOE and NSF



Symmetry Breaking
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Mass of Particles (at T = 0.1 ns)

Generation
| 11 111
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e ® @ Y
Spin 2 Spin 1 Spin 0
Fermions Gauge bosons Higgs boson
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Higgs Discovery by CMS (July 4, 2012)
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WORLD TS  OPINION

News release on July 4th I [.cose

Physicists Find Elusive Particle Seen as Key to Universe

/

"

-

Pool photo by Denis Balibouse
Scientists in Geneva on Wednesday applauded the discovery of a subatomic particle that looks like the Higgs boson.

== By DENNIS OVERBYE —

Published: July 4, 2012 | B 122 Comments 23



SUSY Neutralino

artic es\\\b\go :

J

Supersymmetric “shadow” particles
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SUSY Particles and Neutralino

Standard particles

) Quarks ‘ Leptons . Force particles
\_'_I
Spin  1/2 10
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SUSY Particles and Neutralino
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Hierarchy Problem

Higgs mass

my;, = m; , + Amj;, where mz; , is the tree-level mass, and

A ~ f Lr 2y
: M, ~ -
SM: b 162 p? 1672
).2 A d4p )_2 N d4p
; Amt ~ / 5| / p2
SUSY : b 1672 p? SM 1672 p? SUSY

A ) A
16772 (msysy — misyy) In

~

MsyUsy

or : new physics at the energy scale of A~1 TeV
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Unification of Coupling Constants
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What is Dark Matter?
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Three Detection Methods

Indirect
Detection

Production
by LHC

SM SM

—_—
Direct

Detection
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MSSM: > 100 parameters

Minimal Flavour Violation: 13 parameters
(+ 6 violating CP)

SU(5) unification: 7 parameters

NUHMZ2: 6 parameters
NUHMI = SO(10): 5 parameters
CMSSM: 4 parameters

mSUGRZAR3
parameters




MSUGRA m, , vs. m, (before LHC)
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New CMS Results
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SI Cross Section vs. Mass
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Three Detection Methods

Indirect
Detection
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Indirect Detection

WIMP
Annihilation
(e.g. GC)

W*/Z/HIq

wW-zihig| [~
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Rene Ong

Telescopes ——
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T Y HESS, Fermi, CTA
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""""""""""" Cosmic Ray Expts™ ]

""""" decreasing
........ - _ background
.......................... > @ ATIC, Fermi.. | o "

e N
T > e Pamela, AMS
............... — HEAT, Pamela,
” BESS, AMS
d v
> BESS, AMS
GAPS _
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Gamma Ray Telescopes rene Ong & Vladimir Vassiliev

Fermi-LAT (Fermi Large
Area Telescope)

CTA (Cherenkov Telescope Array)
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130 GeV Peak by FERMI
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AMS-2

|dentify e+, e- Particles and nuclei are defined by their TOF
charge (Z) and energy (E ~ P)

Silicon Tracker

Z, P are measured independently from Tracker,
RICH, TOF and ECAL
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AMS installed on the ISS at
5:15 CDT May 19, 2011

AMS taking data since
9:35 CDT May 19, 2011

.y




GAPS Rene Ong

GAPS: Dark Matter search expt.
Anti-D signature
Improve by 103-104 over BESS
Complementary to AMS
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Successful Balloon Flight of pGAPS
(June 3, Taiki Japan) Rene Ong
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Three Detection Methods

SM SM

—_—
Direct

Detection
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Target Mass Dependence of WIMP Cross Section

cross section 104 cm? , WIMP mass 100 GeV
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Detection Technique
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Double-Phase Noble Liquids

Phototubes 31
Anode '
Grid | -
Drift Time
Electron Nuclear Recoil (WIMP)
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v J
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Drift Time
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Principle of Double Phase TPC

electron recoil
T excitation + :omzat:on

nuclear recoil — .
10 keVnr l escaping
l -~ electrons
atomic motion Xet + fonizaton
+Xe electrons |
Xes* Xe* j +Xe
j Xexyt + e
21X e +. l recombination
scintillation hght (175 nm) Xe™+Xe
d pe 1000 pe
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ZEPLIN II with Veto setup  Hanguo Wang & David Cline

Liquid
Scintillator
Veto

Internal details
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XENON100 Detector

G e | - / e
Sl N N\ HVFesttirogh ol
Tube to Cooling ?N=\ J Double Wall A 1
= = d= Ak Cryostat
/ 1
O - e
i Assembly
° UpperSide
Top Veto | e L1 Veto PMTs
PMTs | =
Anode
Top Array //‘ :
PMTs Field Shaping
Rings
PTFE e
Panels
S 161 kg
(48 kg)
- Ee
eto S
~__Bottom
Bottom Array Veto PMTs
PMTs Ny

o 2

12/6/2012 Katsushi Arisaka, UCLA 51



XENON100 Detector

Ethan Brown







Gamma Backgrounds

Kevin Lung
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Gamma Backgrounds
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60Co and AmBe Calibration Data
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XENONO100 New Results
32 keV. 2235 days, 34 kg

6.8 keV,,
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Unblinding results
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90% CL Limits of SI Cross Section (July, 2012)

Graciela Gelmini
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L.+ VS. Energy
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Principle of Double Phase TPC

electron recoil
T excitation + 1omzat:on

nuclear recoil —

10 keVnr l _escaping
l electrons
‘ ' + ionization
L , atomic motion | Xe -|L. clectrons |
© Xez JXe Xe* +Xe
Equivalent xe2 + e Q
0 2 kelee IXe +. recombination y
scintillation hght (175 nm) Xe +Xe 50 e
y
E1|< = 5 pe E2 <= 11000 pe
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SI Cross Section vs. Mass
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Is Supersymmetry in trouble?
10°

m., [GeV/cé]o
Buchmueller et al arXiv:1106.2529
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KK particles
in Extra Dimensions

Katsushi Arisaka, UCLA
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Origin of the Proton Mass

A real proton looks like this...

> 90% of its mass is due to kinetic energy of quarks and gluons.
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Origin of Mass in Extra Dimensions

E=mc? >|m= E/c?)

>Mass can be generated as kinetic energy

in extra dimensions.

* Origin on mass
* Dark matter is running in the extra dimensions

> Gravity can escape into the extra

dimensions.
* Why gravity is so small
* Origin of dark energy
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Mass Spectrum of the first KK level

Similar to the SUSY mass spectrum

650 650
g 24
t
600 Q - 600
E d b?tl
- |
A=(m,—m,)/m
' W,z
' KK-Photon .
500 - - 500

FIG. 1:  One-loop corrected mass spectrum of the first KK FIG. 3: Qualitative sketch of the level 1 KK spectroscopy de-

level in MUED:s for R~ =500 GeV, AR = 20 and mj = 120 picting the dominant (solid) and rare (dotted) transitions and
GeV. the resulting decay product.

Cheng 2002 arXiv:hep-ph/0205314v1
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Allowed Region of

Minimum Universal Extra Dimensions

280

Excluded
(charged LKP)

240

m, (GeV)

160

120 . . | N
400 600 800 1,000 1,200 1,400
1/R (GeV) .

Kakizaki 2006
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Predicted Cross Section of Kaluza-Klein Dark Matter
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Sensitivity to KK particles
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What is Dark Matter?
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Properties of Axion

« The Axion is a light pseudoscalar resulting from the
Peccei-Quinn mechanismito enforce strong-CP conservation

- fa, the SSB scale of PQ-symmetry, is the one important

parameter in the theory

Mass and Couplings

Cosmological Abundance

1012 GeV )

a
Generically, all couplings

my ~ 6 peV - (

B ( 5 yeV )7/6

(Vacuum mlsallgnment
mechanism)

Axion Mass ‘Window’

ogy . _ {0.97 KSVZ

Gany == ¢ = —0.36 DFSZ

(Overclosure)

105106) gy < m, < 10(2103) gy

(SN1987a)

With lower end of window
preferred if Qcpm ~ 1

12/6/2012

Katsushi Arisaka, UCLA

75



Primakoff Conversion

The principle of the RF cavity experiments

Energy exchange between
Galactic Halo Axilns and E&M field

Primakoff Conversion

500 seconds Axion
___________________ »—

Flight time

Sun

X-ray
detector

12/6/12 Katsushi Arisaka, UCLA

76



ADMX

ADMX: Axion Dark-Matter eXperiment
Currently the largest RF-cavity search

U. of Washington, LLNL, U. of Florida, U.C. Berkeley,
National Radio Astronomy Observatory,
U. of Virginia, Sheffield U., Yale U.

Magnet with insert Magnet cryostat

Bucking
Magnet

SQUID
Amplifier

4m
8 T Magnet

Microwave

IDM23jul12 LR 11
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CAST at CERN

Decommissioned LHC test magnet (L=10 m, B=g T)

Moving platform +8°V, +40°H (allows 3 hours/day of solar tracking)
4 magnet bores to look for x-rays from axion conversion

X-ray focusing system to increase signal/background ratio

12/6/2012 Katsushi Arisaka, UCLA
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Status of Axion Search
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Axion search by XENON using Axio-Electric Effect
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Comparison of Xenon Detector Size

G2

XENON1T
G1 2.5 ton (1 ton)

2
(D

G3

MAX, LZD
20 ton (10 ton)

)

XENON100
ZEPLIN-I  XENON10 161 kg
31 kg 14kg (48 kg)
(72kg) (5.4 kg) 1m
30
e 8 o 8 C$ % A v
<—> <> <—> \/
30cm 20 cm 30cm
<—1Tm — < 2’m >
2007 2007 2010 2017 2022
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XENON 1T (G2) at Gran Sasso

10 m

3” PMT x 250
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DarkSide 5T (G2) at Gran Sasso

Inner Shell

3” PMT x 600
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Roadmap to MAX

2012 2013 2014 2015 2016 2017 2018 2019 2020
—t—+—+——+——+——+—+—+—+>

Gran Sasso > DUSEL
MAX
XENON100 XENON 1T 4 A
Xe 10T
Ar 50T
DarkSide50 DarkSide 5T \_ Y
G1 G2 G3

12/6/2012 Katsushi Arisaka, UCLA 84



MAX+LZD = “Ultimate G3"” Detector (at DUSEL)
Xe 20 ton (10 ton) 40Ar 70 ton (50 ton)

12/6/2012 Katsushi Arisaka, UCLA 85



[E— [E—
= S
N

S =

[
1

N

(98]

WIMP-Nucleon Cross Section [cm
S = =2 3

[E—
1

N

o0

IIIIIIII| IIIIIIII| IIIIIIII| IIIIIIII| IIIIIIII| IIIIIIII| IIIIIIII| II,LI'H'IIl WH;ITH;

O\_

J I+

[0 o) ==

910

20

30 40 50 100 200 300
WIMP Mass [GeV/c’]

1000



— —_ p— —_ —
S = S = o
IS IS A IS

O iN o NS} =

[E—
1

N

(@)

WIMP-Nucleon Cross Section [cm

[E—
1

N

o0

l\l | | | | | I 1T 1 | | | | | I 1T 1
DAMA/Na 1
g w CoGeNT _E
: \\ S0\ DA% -
B ] L1 1 | ] ] ] ] ] L1 1 | ] ] ] ] ] L1 1
6 7 8910 20 30 40 50 100 200 300 1000

WIMP Mass [GeV/c’] -



WIMP-Nucleon Cross Section [cm
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1- o Error of WIMP Mass vs SI Cross Section
(10 ton*year Xe and 50 ton*year Ar)

1-c Error of WIMP Mass and Sl Cross Section
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Where backgrounds come from?

/\/\ .
Underground or Rays

Under high
mountains

XDNON100

PMT, 62.6 %

Radio Activities

\ (U, Th, K...)

Teflon, 7.9 %
J Water Tank

Steel, 15.6 %
+ Liquid Scintillator

Photon detectors are the major source of backgrounds.
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QUPID (QUartz Photon Intensifying Detector)

Photo Cathode arXiv:1103.3689
(26 kV)
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R11065 (Ar)
R11410 (Xe)
3inch

XENON1T

R8520
1inch

XENON10
XENON100

UITh ~ 0.1 mBq

§

" UITh ~ 1 mBq
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Technological Challenges

> External Backgrounds
= Deep underground

= > 5 m water shielding — Water Tank (15 m)
> Detector Materials

= Photon Detectors - QUPID

= Cryostat — Copper (OHFC)

= Others - PTFE, Quartz ...
> Purity of Liquid Xe/Ar

= Radon (<0.3 mBq/ton)

= 39Ar  (>100 depletion) — Depleted Ar

= K (<0.2 ppt in Xe) -1 event / 10 ton-year
> Physics Backgrounds in Xe

= pp-chain solar neutrinos — 1 event /10 ton-year

= 2v Double beta decays from 13¢Xe -1 event/ 10 ton-year
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Conclusions

> Science Cases

* Overwhelming — Astronomy and Cosmology
= Beyond Standard Model — SUSY, Extra Dimensions...

> Experimental Status
= Healthy competition between LHC ($10B) and XENON ($10M)
= SUSY is pushed to the corner, or about to be discovered.

> Future Direct Searches
= G2 : XENON 1T and DarkSide 5T at Gran Sasso.
= G3: MAX (Xe 10T + Ar 50T) at DUSEL
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Katsushi’s Speculations in Nov 2011

»>2012  LHC (ATLAS+CMS) announces
n-420-Ce\-Higgs-{at-3e)-
= 125 GeV Higgs (at 50)

»>2017  XENONA1T announces
= Observation of 10 WIMP signals (> 200 GeV)

»>2022  G3 (Xe+Ar) and LHC jointly confirm

= Extra Dimensions

= WIMP =700 GeV KK Photon (4 = 5%)
= No Supersymmetry

= Katsushi happily retires at age 66.
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