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The Dark Matter Mystery

e Overwhelming observational evidence for
the existence of dark matter, but still
clueless about its nature
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WIMP = Weakly Interacting Massive Particle X" \W_.E.T?_.E_:'.---#‘ & 0y FDowe
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Strategies for WIM

Dete -t on

Direct Detection
« WIMP scattering of nucleons = Nuclear recoils

Indirect Detection

» Annihilation signals from WIMPs accumulated in the Sun or
Earth —}
Dark

= Annihilating Matter in the Galactic Halo

= Gamma- ra
* Anti-matter (e*,D,pbar) - local neighborhood (few kpc)

Colliders
* Production of dark matter

Carsten Rott (CCARF)
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What makes Neutrinos so exciting

REESIER G el CaRE e g Lt id erman + Neutrinos offer unobscuraed view of the
uorks I{II':.___EI."TI.T" "Ihﬂ"r""_._ Posltrons LUniverse

. Mmu-n;-*“-;e:r.u; . S + Unattenuated and do not bend in magnetic

HOMMD rays ) field
M Hautrlnns

* u?uns"'“’ it . » Neutrinos point back to their sources and

. 5 m,,m, cover entire energy spectrum

=

Supersymmelric
nautralinos

i -
= AR t|n:::ur_'| —f::u1

= (Decay =)
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Primdle of an et Navtrno

Array of optical

SEHSDFS CEI%IIUFE*I’IE ; - Neutrinos interact in or near the detector
-Depending on the interaction a
lepton (CCY or & shower (NC) is
produced
- O ik rmuons from ¥,

- O j1om) cascades from v, v, NC

“herenlooy
adiation

hadronic
showrer
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KM3Net IceCube
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lceCube

IPMU Seminar Feb 15, 2011 Carsten Rott (CCAPF) 10



South-Pole, Annual Termperaturs

NOBRBARaaHGERE niIScott
£ ot SouthiRole
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The lceCube Neutrino
Observatory

'-'5';_-":.7:}' = 86 strings each containing 6o sensors
P A (autonomous DAQ inthe ice)

i
l |
I

A= e

78 sparsely instrumented strings
= 17 m vertical sensor distance
= 125 m horizontal string distance
{(~100GeY — EeV MNeutrinos)
8 densely instrumented strings
=7-10 M sensor distance
= 6o m horizontal string distance
(»10GeY Neutrinos)

1450 M

T i s e ki et g S

1000 M

lceCube Detector construction was

completed on Dec 18, 2010

IFML Seminar Feb 15, 3011 Carsten Rott (CCARF)




Digital Optical Module (DOM)

Measure individual photon arrival time:
» 3 ping-ponged four-channel ATW Ds:

» Analog Transient Waveform Digitizer

» 200-700 Megasamplesfs
* 400 NS range
* q00 pe fi5ns
» FADC (fast ‘ADCY:
» 4,0 Megasamplesfs
* .4 WS range

e ﬂDigitized Wavetorm

1.1 \
OO \ﬁ
Ll '_';-I \‘Q_F

] =0 40 o a0 1 O bire
IPML Seminar Feb 15, 3012

10 inch Hamamatsu PRT (R-7082-02)

'!"-.'I'I'. [TRIDT e——

'i". board

B~36 Crn flasher board

pressure |I| e

e DOM
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3 S T el
I.hnr £ - B
\l : ! ;Ir,
i
i e PMT
K | W~
oplical ge - I | ’
N =~ i metal cage
' '“--L____._.LF"" | bealll

[

» Dark MNoise rate ~ 350 Hz

» Local Coincidence rate ~ 15 Hz
» Deadtime = 1%

+ Timing resolution = 2 ns
Carsten Rott (CCARPF) 13
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Carsten Rott (CCAFF

High energy muons created in
airs howers produce continuous
stream of muons
& p+ A=K+ other hadrons
2ty 2TV VLY,

ldeal also as calibration beam

Terming =tamlity Strirg 21

m S e e

Timing stability ~ 2ns
[Mucl.Phys.B, Proc.5uppl
175- 1760 400- 414, 2008.]

Down-going muons provide timing
calibration beam (@ ~2.ckHz

Signal up-going muons initiated by
neutrinos (@ 10 per hour

Detector uptime =g5%0
14




Backgrounds

South Pale
H | northern sky southern sky
lceCube Depth; i JJ:IHJI’F‘
10"
10
Downgoing
10 Muons
10

Atmospheric
10 %% Neutrinos
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Atmospheric backgrounds for extra-
terrestrial neutrino searches at the depth of
MNorth Pole lceCube

IPML Seminar Feb 15, 3012 Carsten Rott (CCARF) 1K
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arfvoso9.07bove  Natlre 456 (2007
M. Ackarmann, "Observation of tha extragalactic dif-
fuge continuum ga mma-ray amission with Farmi LAT."

talk at TeV¥PA 2003
F. Aharonian ot al. Pl‘ﬂ_.fs Rav, Latt. 1I]1 261104 (200%).
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Moskalenko & Strong 1995
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Limit on the total Dark-Matter-Self-annihilation cross section

I'“'_ T T L |

|

Smoking gun: Observed particle spectrum Ll W Hao A

may show feature at E=M,, .0 B 1

Neutrinos are least detectable messenger-» 2 '
= 10

o iisil

conservative upper limit on total <gave

Signal from Milly Way halo dominant over
Cosmic signal

~unitanty
bBound

[el A}

NN Halo Eofronic

W Halo Averagpe
KW Haio Bnguis

BBM

10
e e o A e s |
| § i |:| I e | ] L1
10 Li¥ I i} i} 10 103
o, [Gev)

*uksal, Horiuchi, Bsacom, Ando (2007)

: Bzacom, Bell, Mack (2007
IFML Seminar Feb 15, 3011 Carsten Rott [CCAPF) 18
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Dark Matter Halo Analysis

Search for a neutrino anisotropy

1':' 1 ......I P!
E Moore
" F Einasto -
107 g NFW
_ i Kravtsoy -———
™ 10" |
E e
U s o
5 107 } :
v E By
o [
— =] o,
c_l':l ;'. I'l.\
E 3
10”4 E %
3 @ N
]_EI L Ll Ll L LlllL 1 1 41 L3
E 10° 10* 10°
r [kpe]

J.Elnesto, TrudyIrs1 Asimos . Almaada g, B3 (agac),

Fevvarro, Frank, whits, aztophys £ 400, 433-108 ragr,

koo, 2ia. hon Mol Roy. Asimn. o, 330, T147 (1565 [arslv-as ro- phig oo g,
KmAssyeiad | asirophys. 1ol 580508 [y im-pheacS15] .

Up-going event sample provides pure neutrino sample = Northern

Hemisphere

Analysis based on 275.7 days of livetime acquired during 2007-2008 with

lceCube in the 22-string configuration

Carsten Rott (CCARF)
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Neutrino Flux from Annihilations

Line of sight integral:
W®

A I\T,-\X:Rw :.mi-R“ Rz co81)

Eml:ll
J(¥) = 3 f pi{\/ﬂﬁnmﬂﬁﬂmsr+ﬂ)df’
Rif.ﬂ;gf 0
1 1
Jaa = — J{l"] 27 d(cos ')

AL

Expected differential neutrino Flux:

Measure
integrated flux
IPMUSeEminar Feb 1g, 2011

Isotropic emission
Carsten Rott (CCARF)
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E2ANAE (GeV)

E _ R
' w et wt el 0 05 0F e
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Galactic Halo Analysis

|H

Compare regions of equal “size” (on vs. off-

Source)

= This technigue allows to reduce
systermatic uncertainties by estimating
the background from data itself

Track selsction criteria have been wall
established for the lceCube point source
saarch, for simplicity and minimization of

systermnatic effects we apply the same
salection  criteria  (Astrophys. L7o1:Lg7-

Lg1,z20040. ) 369

Do we see any effects on Dark
Matter in our neutrino sample 7 -30°

R EE O oo :ir‘-“c_ i

|:.J|,!
f.?

ARASGE A RA=180"

G\ Gafactic Center is on

Southern hemisphere

Carsten Rott (CCaPTHO™ 22
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Uneven Exposure

Track reconstruction efficiency varies in
detector coordinates

In equatorial coordinates this
reconstruction efficiency is smeared out
(asthe detector rotates)

Uneven detector up-time can however
reduce this smearing effect

Detector down-time correlates with
satellite visibility (maintenance mode)

Detector uptime in sidereal days defines
this impact

JeeCube up-time sketch

100 e e e 1%—_____.

Q0% »

IPMLU Seminar Febig, 2011
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Galactic Halo Systematics

- Background:
»  Majority of systematics cancel out (as we use the data itself)
- What remains: “existing” large scale anisotropy
+ Uneven "exposure” (-0.1%6)

- Neutrino anisotropy caused by cosmic ray anisotropy (-0.2%)
+ Signal acceptance:

Uneven “exposure” (negligible ~1%)
» Theoretical Uncertainties

- Neutrino cross section, muon propagation, bed rock uncertainty(-z-4%)
» |ce properties f DOM efficiency

- MC/data disagreement (horizontal events) (-30%)

- MC statistics

: Carsten Rott (CCAF
IPMLU Seminar Febig, 2011 [ % 24



Galactic Halo Analysis

lIceCube 22-string Halo Analysis

g 180
C] - . B
® 5114 Events after :;E | SIS :-
selection from -5° to .
+85° declination 122 : ﬂﬁ-source on-source
1 - _,, e Pl =]
[ - r':u‘" .'.- I r
® N_i..eqinonand off 130 13-3}3 EirSi TR i S
: ! a v . S P W et AR T alx ado =
source regions are L .,‘-J'-'. i f:_ P e
consistent with each Ui, > g{j;,;if*:a: :{';ﬂ S AN
other. 100 | rapibidesdpdel e RS RO
90 | ;55 ; f"ﬁ' e SAE STEIRSETNAE
® No Sl fluxin the %5 50 100 150 200 250 300 350
region, closer to the RA
Galactic CEI‘ItEI“. prD[EEd . Rott arXiv 0922 5187, arXiv:1101.3349v1
to set |Tﬂ'"llt5 (submitted to PRD)

IFML Seminar Feb 1g, 3011 Carsten Rott [CCAPF) 25K
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j it B eSS o RS R i FeR R R i R

'~ Einasto Profile ——

Halo Uncertainy s

--------

MNatural scale

10°

; rri[f-’-ﬂ’ﬂ .
e No anisotropy was observed = constrain the dark matter self-
section, compute limits are at go% C.L.

Small dependence on halo profile

10*

Lifetime t [s]

®

%

" Halo Uncertainty ~

¥ —vv Einasto ——

-

arxi:1101.3340v1
... teubmitted to PRD

......I.‘I}3 i

Dedicated analysis improved upon initial theoretical predictions

Carsten Rott (CCARF)

10* 10°

[GeV]
nnihilation cross



Galactice Center Analysis

Wioora

RN, - IR 5 ", MFW!
; 1t 10 K ravtsoy
. Elnato
" b1
10°
5 11 . N
- ¥ .
J 0 A
g 10’ i
10~ \\
107 \
3 @
10 10" 10" 10" 10°

f [kpe]
@ Search forexcess neutrino flux from the Galactic Center

® Rely on down-going starting events

e Analysis based on 375.7days of livetime acquired during
2008-2009 with IceCube in the 40-string configuration

IPML Seminar Feb 15, 3012 Carsten Rott (CCARF) 27



Galactic Center Analysis

off source ansaurcs off saurce

. ) -
. I- 1 - = i L . T gy & &
- h, ih = ¥ -
2 - 1 = S g o A oy
e 2 I
& - = | " . - ¥ -
L 'Eﬂ':' _E. El' Eﬂ:'

* (Galactic Centeris above the horizon =2
Dark Matter profiles are peaked at the Galactic events are down-going in lceCube

Eiehilet * Use starting events to reduce
atmospheric muon background

* QOptimize the size of the on-source region

© Dp=gn O !
* Compare the amount of events in the on- and ] 4,=
off-source region ., e, 8, % ;" , 5
* From off-source prediction 798919 events e,
* On-source observed: 798842 events +'
Carstan Rott [CCAPP) 28
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Galactic Center Analysis

Limits (90% C.L.) on the self annihilation cross section (37 -> bb, WW, up, vv)

- Tma | | ] | Sh R | | I ] | B B
4, bb T, | MFW halo model
18 [ s m— ceCube 40 (GC)
10 = ;. e [cpCube 22 jouter Galaxy]
- \ : --.__\- Bl Halo Mool Urcertaingy
m A\ \.t' L
= LY Ty T il
E 5""\. ﬂhl -ﬂc-t.:l{ﬁ
T 1074
Pk ==
= = 2 A -
LE, (i S -
-22 [ i "'_-—._-#
o .
v = -
107 & =
i-h--h*h*‘b---?&%‘i-‘i? -------- d-*-idb-_-f
.ID-IE = | |:||.||3 n [ ||||||¢
10 10 10
Arsiv 312,510 mx [GEW

IPMLU Seminar Febig, 2011

Carsten Rott (CCARF)

Number of observed events in
on- and off-source region
compatible

Pursue same stratgy as in halo
analysis:

i < cav }@ME
¥ = = 4rmd dE
Hexpurs

Huafes

Proceed to set limit

The high DM density predicted

near the Galactic Center is very

beneficial to constraining the

dark matter self-annihilation

cross section.

* Limits however strongl

depend on the choice u¥ halo
mode|

29



Galactic Halo Analyses
Summary

90% C.L. Upper Limit — Einaste wy->T1

«  Performed two searches for neutrino signals
from dark matter annihilations in the Galactic
dark matter halo and the Galactic Center

—_—

- Observations are consistent with the §
background only hypothesis .
. Limits on the dark matter self-annihilation °

cross section and lifetime have been set (PRD
submitted arXiv:1101.3349) in the physical
interesting parameter space

+ Searches on-going using “full” IceCube
detector and Deep Core

» Dwarf Spheriodals (ICRC2011)
-« Various Galactic Halo analysis

: Carsten Rott (CCARF)
IPMLU Seminar Febig, 2011
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SolarWIMPs

Dark Matter could get
gravitationally captured by
massive bodies (Sun)

Dark Matter accumulates and
starts annihilating = Neutrinos
are the only particles that can
make it out .55 08, Asirophys.i 321 b5

(3. lungrnan, M. Kamionkowskl, and K.iGrkest Fhys. Rept. 267 (19054501195
G W kstrormand J. Edejo, JCAF o, 0oy [ 2000

At equilibrium (I'a=1/2I'c) the AN e
neutrino flux does not depend on = = Cc =€ "C‘EN

the self annihilation cross section! ¢ _capure ate
; C M2 —Annihilation Rate (2x)
Measure WIMP-nucleon scattering cross C.N -Evaporation Rate (can often be
section neglected but should not be forgotten)

Carsten Rott [ CAFF) 32
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Solar WIMP Analysis
lceCube 22-stri ngs

Up-going events

% | | « Data (Sun below the
Y o -+ Background horizon) acquired
—wmenem g (L% Yy during 2007-2008
251 .
' | Muon flux in direction
“ NS G, s U | of the Sun
S G i | 1 _
. S 1 — ¥ Examine angular
wof | | - distribution ¥ for Sun
I * and muon tracks.
5 1
| 1 . Angular resolution
055 0.992 0.994 0.956 0.098 @ (>500 GeV) ~3°

Dbservation consistent with expectations from atmospheric neutrinos
backgrounds and misreconstructed events =upper limit

IFML Seminar Feb 15, 3011 Carsten Rott [CCAPF) 33



SolarWIMP Limits;

B8 o 1« 050 ] D0 o 1 L3 WE S ot it
E 'd : . tn-- ' T T T =iy, m_m.r
T =y o GOS0 £ 4NN TR0 I — [BANEAN TS 1085 E T oy« o DS {Em ¢ JENDROGE L ﬂﬂ.ﬂmmﬂ
?E B =« 200 o GOS0 10 X EMOMI ) o ] N o+ DOt ORISR0 XENOR 20201 0 s KIS 27|
-] Y e 5 |y e ame Pam 00U
§ [+ f - RneL o 1, LRV SUFER K 10066 200 e I (WW, " e Y, = DR . (B EERLK 1906200
a 030 DOE wara, { TR0 [WW 0 hormy, «my, = B0.600W] W™ [ ——— 1o D08 S RS W, 7 T, « 1, B04TY)
1 o PRGBS b FREL RNART
- w™
E
: @ W =¥
2w i -
g lﬂ.'
ﬁ,h‘
t b0
. .-\"‘q 3
 — M&E,-‘_‘mu i ;

"ﬂ""“--n..E 1

r W

1 mﬂm 10
Meutraline mass (Gal) Reutraling mass: ( GV

AL e B * Under the assumption of the equilibrium

* Noexcess flux observed condition and standard halo parameters, a limit

lifpe T o on the WIMP-proton scattering cross-section
* DObtain limit on the muon flux in direction can be obtained

of the Sun

: : * lceCube's limit 2-orders of magnitude
* Constraints are computed in terms of better than direct searches

annihilation modes {hard, soft)

* Spin independent cross section tightly
constrained in direct detection experiments

: Carsten Rott (CCAF
IPMLU Seminar Febig, 2011 [ % £



Halo Uncertainties on

the Capture Rate

Dark Matter Density

1.4 AL
W —ETI‘CI}UII.-"S vsu =220kmss -
Alwf Ta = Apow / pow= 10% vim =300kn/ s v, =220knis ——
) : | v, oa=240kn/ s vg o=220km/s —— |
¥ difdt = Co=CalN*CeN 1.3 v =270kn/ s wg _=240ln/s ——0-
Vo —ETI‘CI}UII.-"S V=2 00kn/s  ——0-
Velocity Distributions
S ATA T e Vo o R s e .
4 Gk
o toge
« Avanfveincomplex dependence = i
u] .,
A et i 2 =
+  Mon-maxwellian velocity distribution - complex & lf,f"f
dependence i i
Eif |
Sub structure L g
. Can be ignared <pon(8 kpc)> el
A :
. Smooth halo well motivated at 8 kpc (CDM %"'“*-::_
Simulations) e
. Extreme cases -= *Deviation from equilibrium® 0. E]_I:Il u.] z u.] 3
. Conversian factor can not easily be derived with out M, (Gev)

detailed knowledge of solar substructure history

. Suppression of capture, composition, evaperation

IPMLU Seminar Febig, 2011

. Rott, T. Tanaka, ¥. ltow, J. Beacom zo1o — DM zo1o

[inprep.)

Carsten Rott (CCARF)
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DeepCore

DeepCore deployed and taking data since June

2010
8 special strings plus 7 nearest standard IceCube ~_

strings
72 m interstring spacing
7 m DOM spacing on string
High Q.E. PMTs (~40% better)
« -10x higher eff. photocathode density

Clearest ice below 21200m

-}"atten = 40-45M
Look for starting events in DeepCore to veto
atmospheric muons

Top and outer layers of IceCube can be used to
veto down-going muons

* Three veto string layers surrounding DeepCore

Carsten Rott (CCARPF)

IPMU Seminar Feb 15, 2011
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il il —| e
4 t e 1
Dark Matter E:— b E"‘-E*E;;._i
T R e e e
e IR R 1_
Solar WIMPs all yearand = L -x\‘ e |
down to accelerator bounds & .. W § - |
A ey _____.-“"' o I
& L ™ 2 i H
Halo WIMPs v i e 10 ;
T S i
; : : i Wandal, Buckley, Fraese, 5
Neutrino oscillations | i M el E
1’ g 10° 10* £
Muon neutrino disappearance DM Mass [GeV]
uf-
Tau appearance .[f M
LI B R m m ' 8
Neutrino Mass Hierarchy ? Gra, koskingn, Rﬂﬁ:mc 003
M 1':,—:|
Point Sources In
Normal Inverted
New ideas !
; [ R EEE—
EtE Meana, Mook, Razzaqfl:;a}:-ﬂ] 5. B B . B B
Carsten Rott [CCAFF) 18
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Megaton Scale

e Strong Physics Case for Megaton neutrino detector
(1) Low-mass dark matter searches (down to GeV range)

(20 Precision measurements of atmospheric neutrino
oscillations , long baseling

(3} Improved sensitivity to supernova neutrinos, relic SN
neutrinos

(4) Proton Decay, ...

Hyper-K, DeepTitand, or could also be build as an
extension to DeepCore with very dense sensor
spacing.

e Deepice(-2.0-2.5km) has scattering length -5om and
absorption length ~230m. Ideal cnnaitiﬂns. to build
large neutrino detector
e Dominant cost driver PMTs (66%4)

IFML Seminar Feb 1g, 3011 Carsten Rott [CCAPF)

Detector

s
= R REE
W R e
R R R R W
s LR R B E R E R NERER
o R EE R EREE A
LR B R
L ]
R R R REE e
R R E
"R E e
C ]
- R e E
L
Bt
an a1 m = ]
i
—
] !
0 "ty
i "
S :
ﬁ'\.
Mo ;
] e
oo 5
e

MMa=ato Shinazawa, H NNamo

C. Bott MM 2000



Megaton scale Detector

Fhoto cowerage and Volume

® How close can we drill, what is the

impact of hole ice (refrozen ice) ? _i-rI:L-I::!rEl-I:r:il_ng Z Igm T
) 0.35 | H 7
e |mpact of segmentation of Photo-
sensors still uncertain e 16
® Anyincrease in QE or reduction in = o.as | 15
sensor cost will help will help i i
§ 0.2} . "El'
The KMaNet g 3
. . - 0.15 F 4
Consortium has studied =
Multi-PMT OMs. These oo f {2
- segmented sensors 1
; 0.05 .
consistof 31 3% PMTs
" housed in a 17" sphere 0 e
0 2 4 [ -] 1n 1z 13 1

Length ecale [m]
. Rott NNMNzo10

IFML Seminar Feb 15, 3011 Carsten Rott [CCAPF) 52
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«  Feasibility of operating Nal
crystal remotely in the ice

Use NAIAD detector assembly :

Deployed 2 test devices
(2x8.5kg)in December 2010

4

+  Very stable environment

+  Muon and neutrino flux
precisely measured

Muon Intensty, m”
ol
=
FEEET

e
L
LL I.|.|.

= |ceCube can veto muons

- Search for annual modulation

: 10°
signal

Lidlile

»  Proof of principle, ultimate goal

obtain ultra-pure Nal and build .. il
scaled up version

: Carsten Rott (CCARF)
IPMLU Seminar Febig, 2011
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Direct Detection

® Liquid Xenon:

® High light yield and fast scintillator
(178nm)

® High atomic number Z=54, high
density (~3kg/l)—= effective self-
shielding, compact detector

¢ High mass number (A-~131) SI: high
WIMP rate, SD: 50% odd isotopes

e Nolong lived Xe isotopes, Kr-85 can be
removed to ppt

& Eonk&}detectnr operational and exploring
new WIMP territory

® Scalability to large detectors = Exciting for
solar neutrino studies and eventually astro-
particle physics

IFML Seminar Feb 1g, 3011 Carsten Rott [CCAPF) FAA



Closing in on Dark Matter

e Complementary approaches pushes ahead fast: _ .~ H-S““-“"}f;"*m”j‘fjf’f’?jm
® 1.96TeV = 14TeV Energy Frontier LHC e
e Self-annihilation cross sections ~102*-10%3cm?
st = Natural scale
e WIMP nucleon scattering cross section
o °P-10¥%cm? 2 ~10%°cm?
® (° ~10%cm? = ~10% cm?

Ny sation Il;m‘a'j (mormijilizecd t npclemm)

- XMASS Sensitivity

® Discovery of Dark Matter will not be the end !

iy
e Answering one question leads to more WIME Mass [GeVic'|
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Balis and Gandeda, 2004, BMarkos Chain Manle Caslos
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¢ Particle properties, exploration of underlying
theory = NLC, Muon Collider

e Role in our Galaxy and Universe = Large
Neutrino Detectors

b
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Conclusions;

e New approaches and analysis methods have resulted
in more and more stringent constraints on dark
matter properties
e Neutrinos are ideal messengers to look indirectly for

dark matter

® Stringent limits on dark matter properties (from IceCube,
SK)

e There is very realistic chance that we can finally
discover dark matter

e Unraveling its nature and role in the universe will be
the mission of next generation detectors

IFML Seminar Feb 1g, 3011 Carsten Rott [CCAPF)
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Relevance of Limits:

of E

Wk~

g E‘“ ~ PAMELA -

Fermi ——
HWEEGybE

| MNaturalscale ]

U% " PAMELA
.-',:‘p, b

Fermi
MUhE

| Natyralscale

-26 L Lo -26 1 e
i 10° 10° = 10° 10°
m, [GeV] m, [GaV]
e Neutrino limits start to constrain dark matter models motivated by the lepton excess
in PAMELA [ Fermi

&  Using the partial instrumented {~25%) IceCube detector and one year of data we can
set limits in the physical interesting parameter space

IFML Seminar Feb 1g, 3011 Carsten Rott [CCAPF) FAN



