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«  The Dark Matter Mystery:
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e . Since Zwicky observed
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Dark Matter already gravitationally “observed”, but ... -
What is it ?

What are it’s properties ?

- . -
. .




eakly nteractifng™ @8sive -article (y)

Observational Evidence for Dark Matter
points to

Non-baryonic

Cold massive -

dINIM

Not strongly interacting

—

Stable (long lived)

WIMPs often arise naturally in extensions to the
Standard Model of Particle Physics: Supersymmetry, ...
Standard particles SUSY particles

ruggsino

Quarks ’ Leplons . Force garticies S ; ) s n= o S\ ISY (orce
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Indirect

Annihilation

i)

X~ /W*,Z,r*,b,...= e*0,y.p.D,...
|

- TN Za b...= " .y P.D....

X1

Carsten Rott 6 OKC Colloquium - Dec 14,2012



Annihilation
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Colliders

Annihilation

i)

X~ /W*,Z,r*,b,...= e*0,y.p.D,...
|

- TN Za b...= " .y P.D....

X1

® Solar WIMPs Searches are an odd ball -- use
annihilations to test scattering
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® Expected event rate for a direct detection
experiment

Astrop hy5|cs
R N®. _ Px

m
Experiment Partlcle Phy5|cs X

N = Number of target nuclei in the detector
n, = local WIMP number density

m, =WIMP mass

<v> = mean velocity relative to the target

oyN = WIMP-nucleus scattering cross section
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® A general WIMP candidate: fermion (Dirac or Majorana), boson or scalar particle
® The most general, Lorentz invariant Lagrangian has 5 types of interactions

® In the extreme non-relativistic limit relevant for galactic WIMPs (10-3 c) the

interactions leading to WIMP-nuclei scattering are classified as (Goodman and
Witten, 1985):

e Spin Independent: Scalar interactions (WIMPs couple to nuclear mass,
from the scalar, vector; tensor part of L)

Iu2 coherent interaction
2 Il nucleons

oqr ~ — |/ A—7 ona

>l mi [ fp + ( )fn] -> A2 enhancement

e Spin Dependent: Spin-spin interactions (WIMPs couple to the nuclear
spin, from the axial part of L)

JN + 1 .
29N 2 |couple to the spin of
Osp ~ H IN (CLP<SP> + a”<Sn>) the nucleus
] - coupled angular momentum of the nucleus -> unpaired norp

{Sn(\y} spin of neutron in nucleus

an ,ap - coupling constants
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- CMSSM scan Buchmueller et al.
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+ CMSSM scan Buchmueller et al.
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Local Dark Matter Density / Velocity SSSEss

or | | |
| best-fit
4_
o 3 _
‘C_) — -
x L _
Z .0 -
M median — : . : :
- velocity 1 Velocity distribution still
i distribution 1 not very well understood
1 N
- 1 Maxwellian is reasonable
0l -
0 150 300 450 600 .
v [km s7] Local dark matter density

~0.3GeV/cm?
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Local Dark Matter Density / Velocity SSSEss

best-fit

median

Velocity distribution still

IIIIIIIIIIIIIIIIIIIIIIII

velocity
distribution not very well understood
1

Maxwellian is reasonable

0 '

0 150 300 450 === 600 .
v [km s7] large recoils  Local dark matter density
“best sensitivity” with ~0.3GeV /cm3

direct detection
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Local Dark Matter Density / Velocity SSSES

or | | |
| best-fit
4 -
o 3 _
O - -
x L :
> o -
A median ] : C : :
- velocity ) Velocity distribution still
i distribution 1 not very well understood
1} -
J : o
s , «+  Maxwellian is reasonable
0.4 | | *
0 ~==-" 150 300 450 === 600 .
small recoils v [kms™] large recoils  Local dark matter density
easiest” to be captured “best sensitivity” with ~ 3
in the Sun/Earth - direct detection 0.3GeV/cm

indirect searches
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_velocity distribution

v Interactions

' U Earth
v oscillations
Vi
0&111’1
Oscatt
I‘\capture
I
R Detector
Freese ‘86
Silk, Olive and Srednicki ‘85 Krauss, Srednicki & Wilczek ‘86

Gaisser, Steigman & Tilav ‘86 Gaisser, Steigman & Tilav ‘86



Solar VV.IM

e Dark Matter accumulates and

starts annihilating = Neutrinos
are the only particles that can
make it out

e At equilibrium (I'a=1/2I'c) the
neutrino flux does not depend on
the self annihilation cross
section !

Self-annihilation cross section:

WIMP-Nucleon scattering:

R
Cl./\l’f O’b

Sun Sun

large small

Sane in bOth (=>assume capture rates are identical)
A

> >

dt

time time
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Solar. VV.iIv

e Dark Matter accumulates and

starts annihilating > Neutrinos
are the only particles that can
make it out

e At equilibrium (I'a=1/2I'c) the
neutrino flux does not depend on
the self annihilation cross
section !

Self-annihilation cross section:

WIMP-Nucleon scattering:

<
Q?‘
SN O
&F & S

4 > O
\p & N
AN s S o
— = Co — OAN* — CgN

P _Equilit

Sun

large

-

Sun

small

Same in bOth (=>assume capture rates are identical)

¢ 2 x Annihilation Rate

00000000000000000

Capture Rate

HWIMPs in the Sun

—
time

A H#WIMPs in the Sun

Lapture Rate
2 x Annihilation Rate

—>
time
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WIMPs can get gravitationally

captured by the Sun

e Capture rate, ['c,depends on
WIMP-nucleon scattering cross
section

Dark Matter accumulates and

starts annihilating

= Only neutrinos can make it
out

Equilibrium: The capture rate

regulates the annihilation rate

(Ia=I'c/2)

* The neutrino flux only depends

on the WIMP-Nucleon
scattering cross section

T[]

Rott, Siegal-Gaskins, Beacom 2012

1031 ' =TT ' ' I
oyp =107 cm’
Gi? =107 cm®

30| .,
10|

1029

28 C TR, _
Ve o,
1027 | "(-é ":,,,"" """"
o
1026_ D_
S
25
10°F D)
10% ____ N
1 10 100

m, [GeV]
The capture rates scales as:
['c ~pym,'oa for my ~ma
['c ~p,m,2ca for my, >>ma

number density + kinematic suppression

Mma - is the target mass
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o Uncertainties on the capture.|

C.Rott, T. Tanaka, Y. Itow, JCAPO09 (2011)029

Effect on Capture Rate Fc

O While uncertainties in the

v=270kmls, v, =220kmis - E dark matter distribution can
_ v=300km/s, vg,,=220km/s : L ,
L3 [ vg=240kmis, vg,,=220kns : result in significantly different
i v=270km/s, vg,,,=240km/s - ] e o . .
Ty v,=270km/s, vg, =200km/s - i annihilation rates in the Sun,

results tend to be on the
conservative side

Direct detections have to deal
with the same uncertainties,
and interpretations of results
is by no means simpler

Sun irons out fluctuations in

Assume a Maxwellian velocity distribution of the WIMPs outside

the potential well of the Sun with a dispersion of vq the IOcaI denSit)' or VelOCit)’

Circular velocity of the Sun is assumed to be vsun=220km/s

distribution
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Principle of an optical Neutrino

Array of optical 1
sensbrs épturstheg

v’.x»

Neutrinos interact in or near the detector
‘ ’Cherenkov : Depending on the interaction a
adiation lepton (CC) or a shower (NC) is
, produced

O (km) muons from Vv,

O (10m) cascades from V., V., NC

V, 7 Z! Vy

W, Z

hadronic
shower

interaction,



Gigaton Neutrino Detector at
the Geographic South Pole

IceCube Lab

5160 Digital optical modules mme o -

2 IceTop Cherenkov detector tanks
2 optical sensors per tank
324 optical sensors

50m

distributed over 86 strings

Completed in December 2010, i
start of data taking with full I (I
detector May 201 | |

IceCube Array

86 strings including 8 DeepCore strings
60 optical sensors on each string

5160 optical sensors

December, 2010: Project completed, 86 strings

FThr ~ 100 GeV

Data acquired during the wsom
construction phase has been | g |
strings-spacing optimized for lower energies
analyzed - 480 optical sensors
Y Ethr~ 10 GeV

Neutrinos are identified through ..
Cherenkov light emission from zzom
secondary particles produced in

the neutrino interaction with
the ice

t
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Strings Dataset

[ 2005-2006

9 2006-2007

o o 22 2007-2008
Gigaton Neutrino Detector at 10 2008 200
59 2009-2010

the Geographic South Pole nre 102011
78 +8 2011 - ...

IceCube Lab

5160 Digital optical modules e . N

. . . 50m[— T TE S Sl e e o 2 IceTop Cherenkov detector tanks
distributed over 86 strings \ St 428 2B1calsensorsper
Completed in December 2010, [HHHF CaCube Aray

start Of data taking Wlth fu” | 86 strings including 8 DeepCore strings
detector May 201 | ({fH

60 optical sensors on each string
5160 optical sensors

December, 2010: Project completed, 86 strings

FThr ~ 100 GeV

Data acquired during the wusom
I i
construction phase has been | Decpore |
analyze d i [ ms) J;?csal-s;g:scg\sg optimized for lower energies
Ethr~ 10 GeV

Neutrinos are identified through ..
Cherenkov light emission from zzom
secondary particles produced in

the neutrino interaction with
the ice

by
l
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Strings Dataset

| 2005-2006

9 2006-2007
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59 2009-2010

73+6 2010-2011

the Geographic South Pole
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IceCube Lab
5160 Digital optical modules e
. . . 50m[— - ——-°_,.°'.’.—":-° ........ 2 IceTop Cherenkov detector tanks
distributed over 86 strings \ = - : o5 2p1calsensorsportark

Completed in December 2010, | iceCube Array |
start Of data tak|ng Wlth fu” . I 86 strings including 8 DeepCore strings
detector May 201 | |

60 optical sensors on each string
5160 optical sensors

December, 2010: Project completed, 86 strings

FThr ~ 100 GeV

Data acquired during the wusom
I i
construction phase has been | Decpore |
analyze d i [ ms) J;?cil-s;;‘?:scg\sg optimized for lower energies
Ethr~ 10 GeV

Neutrinos are identified through ..
Cherenkov light emission from zzom
secondary particles produced in
the neutrino interaction with
the ice S

,.
= |
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IceECUBE

 South
' Pole
lceCube Depth:
[.5-2.5 km
Downgoing 47

Muons

|
Up-going eventy can be used to obtain
“clean” neutrino sample

Earth is used as muon filter

Atmospheric neutrinos create
irreducible neutrino background to
extra terrestrial neutrino fluxes

nale in lceCiibe

northern sky

p + A = 1% (K*) + other hadrons ... TT" = U Vy—e*VeVyuVy

southern sky

Atmospheric
Neutrinos

-
_-'-___r"—'

Downgoing

Muons

-1 -08 -06-04-02 O

PR I
02 0

406 08 1
cos(0)

Atmospheric backgrounds for extra-terrestrial neutrino
searches at the depth of lceCube
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IcECUBE

' South
' p + A = T11* (K*) + other hadrons ... TT" = UV —e*VeVpuVy
' Pole
lceCube Depth:
|.5-2.5 km
. northern sky southern sky
Downgoing
Muons 108
10’
10°
Downgoing
10° Muons
| 104 .
: North Pole 0 Atmospheric
| .
Up-going events can be used to obtain 103 Neutrinos T
“clean” neutrino sample T T ' e S
10 .
Earth is used as muon filter L L

. . 4 06 08 1
Atmospherlc neutrinos create cos(0)
irreducible neutrino background to Atmospheric backgrounds for extra-terrestrial neutrino

i : searches at the depth of lceCube
extra terrestrial neutrino fluxes pth o u

i PR I
-1 -08-06-04-02 0 020
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IcECUBE

South
Pole

\

lceCube Depth:
|.5-2.5 km
Downgoing
Muons

i North Pole

|
Up-going eventy can be used to obtain
“clean” neutrino sample

Earth is used as muon filter

Atmospheric neutrinos create
irreducible neutrino background to
extra terrestrial neutrino fluxes

c 1n lral 1

p + A = T11* (K*) + other hadrons ... TT" = UV —e*VeVpuVy

northern sky southern sky

Downgoing
Muons

Atmospheric
Neutrinos

—-l-_-_' W

-----
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L e ool i
4 06 08 1
cos(9)
Atmospheric backgrounds for extra-terrestrial neutrino
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South
Pole

\

lceCube Depth:
|.5-2.5 km

p + A = T11* (K*) + other hadrons ... TT" = UV —e*VeVpuVy

northern sky southern sky

Downgoing
Muons 108
.10’ I
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eutrinos 106 3 2
Downgoing |3 4
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10°
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IcECUBE

' South

! Pole p + A = T1* (K?*) + other hadrons ... TT" = U V= e*VeVyuVy
|

lceCube Depth: IJ//\
|.5-2.5 km

Downgoing

Muons

northern sky southern sky
: 108E il
Atmospheric muons ~ 10'!/year

Atmospheric neutrinos ~ 10°/year
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spniudew =—--p

JO sJdpJo 9

- %-—i.'. -~ —
| c
Up-going events can be used to obtain 10% Neutrinos - J
“clean” neutrino sample T T e |
10 -
g Earth is used as muon filter
I | | | L 0 | | |

I I A R I I I I
: : -1 -08 -06-04-02 0 02 04 06 08 1
Atmospherlc neutrinos create cos(0)
irreducible neutrino background to Atmospheric backgrounds for extra-terrestrial neutrino

i : searches at the depth of lceCube
extra terrestrial neutrino fluxes pth o u
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iIceCube/DeepCore Solar WIMP Analysis
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beep

lceCube 79-string 318days (May
2010 - May 2011)

Analysis performed separately for
austral summer (Sun above
horizon) and austral winter (Sun
below horizon) - 3 independent
samples

Compare distribution of the final
sample to these PDFs of
background and signal to
determine most likely signal
content and combine likelihoods,
weighted by relative livetime

e Solar VWIMP Sens

@ Event Selectlon (Wlnter ngh energy, I5 I days)

E I
= :
;:_; A Tt Fat, H(»:I ati |
& 4 N . W
Total Bkg -
10-5 : |
10 45 04 03 0.2 0.1 0

cos(reco zen)

Ratio (data/MC)

b

]i:+Hffi+fi.Hﬁ....ﬁtﬁ.fﬂﬂﬂ bty +**+++H*+I[

05—

0 . 1 \
0.4 0.2 SPE4Fit standard cns(zeleh)

* Event selection with separate BDT
* Training on off-source data + signal simulation

e Optimized final cut on BDT output- run llh-analysis for
various selection criteria to determine best sensitivity

Carsten Rott
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beep

lceCube 79-string 318days (May
2010 - May 2011)

Analysis performed separately for
austral summer (Sun above
horizon) and austral winter (Sun
below horizon) - 3 independent
samples

Compare distribution of the final
sample to these PDFs of
background and signal to
determine most likely signal
content and combine likelihoods,
weighted by relative livetime

e Solar VWIMP Sens

@

Rate in Hz
o
S

a/MC)

Ratio (dat

Event Selection (Summer Low energy, I66days)

™o o Total Bkg

- ’ I—¢—I_*_ * —
g data L, ==

.
o

-

11 }
;

-0.21 1 1 1-0.1l 1 1 1 0 1 1 1 1 0.1 1 1 1 1 0.2 1 1 1 1 0.3 1 1 1 1
cos(reco zen)

b ' —:
i"ﬂg"'ﬂ;ﬁ:ﬁ%ﬁﬁ% +++j+t+#

" A L
%2 0 0.2 SPE4Fit standard Yok(zenith)

bt

Event selection with separate BDT
Training on off-source data + signal simulation

Optimized final cut on BDT output- run llh-analysis for
various selection criteria to determine best sensitivity

Carsten Rott

21 OKC Colloquium - Dec 14,2012



Deeplore WPQQ SITIVI r\/

lceCube 79-string 318days (May
2010 - May 2011)

II T T TT

emee Ie>1ple£ted (bb), gjataselts cbmtginéad[ I *lceCube Prehmmary

—s— expected (W"W')*, datasets combined

@ """" expected (bb), summer
+ *

expected (W W')*, summer

"""" expected (bb), winter high energy
@ expected (W™W')*, winter high energy

expected (bb), winter low energy

—

<
w
o

Analysis performed separately for
austral summer (Sun above
horizon) and austral winter (Sun
below horizon) - 3 independent
samples

T IIIIIII
1 1 IIIIIII

—

<
w
o

L IIIIIII
1 | IIIIIII

@ expected (W W)*, winter low energy
¢ (1"t for m, <m,, = 80.4GeV)

—

<
w
-~
| |

I IIIIIIII

—

<

w

e

I IIIIIIII
| IIIIIII|

Neutralino-proton SD cross-section (cm?)

—

<
w
©w

L IIIIIII
1 1 IIIIII|

—
o
B
(=]
T

Compare distribution of the final TR E T TN L

sample to these PDFs of 10 10 103N - GJO“
background and signal to eutralino mass (GeV)
determine most likely signal

content and combine likelihoods, Nops

weighted by relative livetime L(p) = H f(W,|p), where F(W|p)= I (V) + (1 — i Voo (V)

Nobs Nobs
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ylar WIMP Unt

Winter High-Energy | IWi.nt_e.f' LQW'E“IG',’S)’ _

"W ] 8—
60f + i
[ ] 6l

s

20F

2r
10-_ [
[ 1
: [ . |—J
0—%90 0.992 0.994 0.996 0.998 1 0—5.99 0.992 0.994 0.996 0.998 1
cos(¥)
6 _

| Summer Low-Energy :
T \

«— observed events
10F ——
i SR —— background expectation

+ 1 + + — Upper limit on number of

sighal events (example)

0.99 0.992 0.994 0.996 0.998 1 \ /
cos(¥)

Carsten Rott 23 OKC Colloquium - Dec 14,2012



2reliminary lceCube 79-string limits
/ | ©®

T. Tanaka et al. Astrophys. J. 742, 78 (2011)

R. Abbasi et al. Phys. Rev. D 85, 042002 (2012)

[ 1 MSSMincl. XENON (2012) ATLAS + CMS (2012)
35— DAMA no channeling (2008) —
-..=+. COUPP (2011)
- = = KIMS (2012)
----- Simple (2011)
—— - PICASSO (2012)

36— SUPER-K (2011) (s@w_ - ]
v SUPER-K (2011) (WW)  _..=’ A
g . \‘ "",-’ ”¢’
L \ ¢ \, . e et lyr of DeepCore data
\ ". ‘\ /,“"‘ ,” . .
S .37 —\;\ ST = .- . 1 already significantly more
\ DO ) S = - Loer” .’ .« .

o N S~ JPTE A ot sensitive than 8yrs of
2 TNeshentTT Tl e AMANDA+IceCube
o -38— NG Tt —

@ RS PO LR
ie: MSSM models can be tested

39— _ (see for example

-- & -- |ceCube 2012 (bb)
40 l-==— IceCube 2012 (W'W)*

¢ (vt for mIX <m,, = 80.4GeV)
] ] ] ]
1 2 3 4

log10 ( mX/GeV)
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0-36
10-38

-

10-60

SD neutralino-proton cross-section o, . (cm?)

Not excludable
lo excludable
J0 excludable
oo excludable

1079}
10%}
10*}
10}
10°}
1079}
10-52 I
10-54 |
10-56 i
10-58 i

Relevance. of results

Silverwood et al 2012

® Notexcludable

® |7 excludable

® 3o excludable

® o excludable
e S|MPLE Limit
—— COUPP 2012 Limit

10 10’ 10°
Lightest neutralino mass m, (GeV)

SI neutralino-proton cross-section o, , (cm*)

10°°

1078}
10-40 |
10%} .
10 ]

Current lceCube Searches can already
exclude a significant region of the

SUSY parameter space (MSSM-25)

Silver;wood et al 2012

10} §

10-48 ! : 1 4
10-50 !
10-52 )
10-54 1
10-56 I
10-58 |

10-60

4 1
- ;" ._-. LY
. .
a

g
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A
B .3 -t

i
‘_'f':' * o e
-.\ 2’-'.’.N o
.

L TR
15 4

» E ‘

48 Hi 1 y 3
" - - H
i RN
- - [ ]
- (43 8. o .
> .
* ..’t'y N o ;

R . >
-

"

Not excludable
1o excludable
3o excludable
5o excludable

m— XENONI100 2012 Limit

10°

10° 10°

Lightest neutralino mass i, (GeV)
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. ow-mass.VVIMPs ?

2-4 keV

0.1
0.08

0.06

v

DAMA/Nal (0.29 ton xyr) < DAMA/MLIL
(target mass = 87.3 kg) (target m

Kg/keV)
o
=
>

o\ //\\\ _f/;r-\-.'\..' / ;‘ ,‘\" 0 ,/\' \ L ,r'(;\ \
. A

0.02
) A I "\‘ .'.'" . f‘ e X ST
'O \.,/“M \/ NS

T l] L Vl ‘T“VY I'l']rjk

|

D
-
N
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N
4
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|
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™~ M
U.08

T_YYTI*LI 7y
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| CRESST 20
10'4 T {. = . EDELWEISS-II
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Piereeran o 3 { — — XENON100
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-
o
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WIMP-nucleon cross section [pb]
o

—h
o

10 10 100 1000
WIMP mass [GeV]
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For neutrino energies where the average Q/O
muon track length approaches the
detector diameter:

: .. Cascade
Vu Ve signal rates similar Track ¥

but R(v2™) >> R(Ve™)

Vrand NC events also contribute to
signal cascade rates

Fully contained events

Better energy resolution
Utilize all data (not just up-going)

Treat all flavors in a similar way

Less dependence on “muon
propagation”

Avg. Atm. v E2d¢/dE [GeV cm_zs_lsr_l]

10 102 10
E, (GeV)
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For neutrino energies where the average Q O
muon track length approaches the

detector diameter:

: Lo ‘« » Cascade
Vu Ve signal rates similar Track V
but R(Vy2™) >> R(Ve2™) f
Vrand NC events also contribute to -

signal cascade rates

Fully contained events

Better energy resolution
Utilize all data (not just up-going)

Treat all flavors in a similar way

Less dependence on “muon
propagation”

Avg. Atm. v E2d¢/dE [GeV cm_zs_lsr_l]

102 10
E, (GeV)

10
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Super-Kamiokande
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® 50kt pure water
(22.5kt fiducial)
water-cherenkov

detector 1000

® Operating since 1996
o ~||K20” PMTs

® Photo coverage ~40%

Energy spectrum of atm v |n SK

750 f
500 |

250 |

] W] B
— FC vy
— FCyv, ]

PC v,

=== up-stop pu
up-through p

207 1 10 10% 10° 10* 10

E (GeV)
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Example: Assume my=100GeV and annihilation

rate of Ifb (10-3%cm?)

® ~245x 10%/s

Event rates (of starting events) assume an opening
angle around the Sun that is equivalent to the

kinematic angle

Assume angle average atmospheric neutrino flux
(Honda) as background

Event rates for neutrinos + antineutrinos of each

flavor

Regardless of annihilation channel the signal looks

similar

VS8 vs, VA VeS8 vs. Veitm

VTSig VS. Veatm

Event rate (yr-'kton™) Event rate (yr'kton™)

Event rate (yr'kton™)

Rott, Tanaka, ltow JCAP09(201 )029

Event Rate - v.-channel

102 |

10°

10% |

Atm. v, +Vg

10° k m, = 100.0 GeV
—_— = bp
6L —A—2TT
10 —_— . — WW -
0.5 1 1.5 2 2.5
Neutrino Energy Iogm(EV/(GeV))
Event Rate - v,-channel
107 E ' ' At A
3 m. v, +V, E
: m, = 100.0 GeV
: —r LB ]
102 3 — ;& 1 E
: — S WW ]
10°
10
10° | 1
0.5 1 1.5 2 2.5

Neutrino Energy Iogm(EV/(GeV))

Event Rate - v.-channel

F "m, =100.0 GeV

102 | e
- —= WW

10°
10"
10°
10

: : . ]

0.5 1 15 2 25

Neutrino Energy Iogm(Ev/(GeV))
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Solar WIMP Sensitivity 200 kton-years — v_ channel

® Assume a generic detector

. . 10* B ELULAELY e
® Consider vertex contained events vy — bb, W(E)=68% ——
(starting events) SN bb. W=30° - | 1
® results can be scaled to any 102 L XX — +b§, Y=10" - L
detector size X217, Y(E) = 68?
—=tt, ¥Y=30° -
e  Compare different opening angles C oy —>TT, WY=10° -----
around the Sun _ 0 |
2 10
o Y=30° A
n
(] LI): | 0° © | B | :
—2 ....-....-...........-....-....-.........i-.., _1:___"’,____‘___.___;_______._____ I’..’-.-.--..
*  Y(E)=68% A p—— RS o
o Assume3 different energy cuts: | [ e
® my[l0GeV,100GeV] Erh=1GeV 1074 ——t—
 my[100GeV,ITeV] Emm=10GeV R R .
e m[ITeV,I0TeV]  Ern=100GeV 10" 10° 10° 10*

Mx (GeV)
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T. Tanaka et al. Astrophys. J. 742, 78 (2011)

R. Abbasi et al. Phys. Rev. D 85, 042002 (2012)

107 ¢ oy <oi™ CDMS(2010)+XENON100(2011) - Super-K 2011, bb 3 Data frOm
| = - -a IC/AMANDA 2001-2008, b ——— Super-K2011, W'W~ |
32 L -
N e . Ic/AMANDA 20012008, W W () -~ - KIMS 2007 : Super-K -1

— — COUPP 2011

o | (2806days)

(¢ 4
7 form, < my

B FC l-ring e-like
B FC I-ring m-like
W PC

= Upmu

10GeV b b-bar [feiiZelblErIEE ]|

20GeV b b-bar

o K‘ : 50GeV b b-bar
P limS 2012 (bb
10‘39 - :e lm. U.Pe: 9~ ® 5

Prelim Super-K 2012 ‘T‘g

100GeV b b-bar [FGRCFET

10,40 N -m - 0 0225 045 0675 0.9
101 .. AR e Energy / Angular Fit
10 10 10° 10° Derive 90% Bayesian
WIMP mass (GeV) upper limit on allowed
see: WIMP induced

Preliminary Super-K Limit Neutrino 2012

events
Preliminary IceCube/DeepCore Limit IDM 2012
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T. Tanaka et al. Astrophys. J. 742, 78 (2011)

R. Abbasi et al. Phys. Rev. D 85, 042002 (2012)

107 oq <oi™ CDMS(2010)+XENON100(2011)
o2 IC/AMANDA 2001-2008, b
.« IC/AMANDA 2001-2008, W* W~ (*)
1033 i
34 st for m, < my,
1074 | -

23012 (b6 -

- 2
‘Prelim Super-K 2012 (T

‘—
-
- - -
--------
-

Super-K 2011, bb
Super-K 2011, W' W
KIMS 2007

COUPP 2011

-
‘—

Neutrino Detector data
starts to constrain MSSM

lyr of DeepCore data
already significantly more

sensitive than 8yrs of
AMANDA+IceCube

| Super-K demonstrates what
future low-threshold
neutrino detectors will be
able to do

- -
109F="="
MSSM Model Scan
10-41 =y r T
1 2 3
10 10 10
WIMP mass (GeV)
see:
Preliminary Super-K Limit Neutrino 2012
Preliminary IceCube/DeepCore Limit IDM 2012
Preliminary ANTARES Limit Neutrino 2012
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Future Prospects with “high-energy” neutrinos
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-rihn | detec

® Strong interest in the neutrino community to build one or more
large neutrino detectors, based on proven or new technology

® All these detectors have tremendous potential for dark matter
detection and should be one of the primary design drivers

LAr TPC Scintillator Water / Ice Cherenkov

DETECTOR LAYOUT

. ! )|
| .
. .
» tle
L 4 11 .
. .
. 1l ! b 48 ¢ .t
» He ¢ I $ 1 0'
4 + e
I ’ .
.I... L .. ..0.
. ..I.'4..‘ <
. o, * % . .
tE18 4 4848
' WS TIt 2] 24ills¢
A B
. et T4
- b 4 4 .
{1 (LD ERE I NCED
s10¢ s b,
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11the Nevtr

® Test low mass WIMPs and
precision measurements of
neutrino oscillations

® Needs energy threshold of few
GeV

® Developing a proposal to further
in-fill DeepCore, called PINGU

® |nstrument a volume of about
|OMT with ~20 strings each
containing 50-60 optical module

® Rely on well established drilling
technology and photo sensors

® Create platform for calibration

program and test technologies
for future detectors

%

© [2011] The Pygos Group

An example PINGU geometry

y(m) e

5 O © @ Infill String (PINGU)
0

-50 e
-100
-150
50 0 50 100 150
x(m)

Carsten Rott
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® Test low mass WIMPs and
precision measurements of
neutrino oscillations

® Needs energy threshold of few
GeV

® Developing a proposal to further
in-fill DeepCore, called PINGU

® |nstrument a volume of about
|OMT with ~20 strings each
containing 50-60 optical module

® Rely on well established drilling
technology and photo sensors

® Create platform for calibration

program and test technologies
for future detectors

1the Nlavt

%

© [2011] The Pygos Group

An example PINGU geometry

y(m) e

5 O © @ Infill String (PINGU)
0

-50 e
-100
-150
50 0 50 100 150
x(m)

Carsten Rott
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Example Event (simulatiom)ay |

© [2011] The Pygos Group

lceCube Only ¢ 9 GeV muon neutrino
(physics only hits)

[~4.9GeV muon / ~4.5GeV shower]

lceCube + PINGU

20 = 50 hit modules
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© [2011] The Pygos Group

® Preliminary solar WIMP sensitivity based PINGUs effective volume

® Assume that atmospheric muon backgrounds can be effectively

rejected ( not included in the sensitivity )

Adapted Rott, Tanaka, Itow JCAP09(201 1)029
to PINGU.

C. Savage JCAP 2009 Preliminary

100 [ / ___________ | _

Low-mass WIMP scenarios well
testable

Next steps:

Detailed study with full R
PINGU simulation 2
©

More sophisticated event

reconstruction PINGU lyr, soft El ................................................ |

Check atmospheric muon
background

PINGU lyr, hard

10! 102 10°
m., (GeV)
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New Detection Channel

C. Rott, J. Siegal-Gaskins, J.F.Beacom (arXiv1208.0827)
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® Neutrino Telescope provide some of the
best constraints on VWIMP-Nucleon
scattering through Solar WIMP searches

® How can we improve the sensitivity of
present day and next generation instruments
including those for low-mass WIMPs ?

e Can we find alternatives to present
searches !
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Darlk Matter Annihilation in the Sun

L .
D WY AU N
; A hy hy
@ W, T R \ b R \ q
“ “

inos from annihilation / decay products
T bb qq e'‘e

highest energy neutrinos

fewest neutrinos

Benchmarks Hard channel

Br 100% Soft channel
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Daklk Matter Annihilation.ir

l A

a L .

’ T ' b K K
A

T" ’
X X ! ! ' q
X X
high energy neutrinos from annihilation / decay products
AAY W Wt 1t bb qq e‘e
highest energy neutrinos fowest Neutrnos
Benchmarks Hard channel
Br1
007 Soft channel
Ntot
—_ /
Speciﬁc ‘Ctotal(ntota -:'W}) — Lnum(ntot|w) H Lang,i(¢i|¢) [fspec,z'(Nilw)
| e e see: SCOtt, Savage, EdeO and
Model v ]zl ' g\‘ lceCube Collaboration “Use
15 . 1 of event-level neutrino
1 it - 1 telescope data in global fits for
ol cizi P el Vg Ter ] theories of new physics”
Nclllg:mlino mass m,y (| g:z\") Nc:xu:mlino mass m, ( 1GD;\"] Nei:m]ino mass m, (IGD;\" ) a rXiV I 20 7. 08 I O
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! v ’ ) b I' q "
4 4 b %

A
. A
! wt T+ "{ \ b ';‘ \
high energy neutrinos from annihilation / decay products
W Wt oo bb qq e‘e

highest energy neutrinos

fewest neutrinos

Benchmarks Hard channel
Br 100% Soft channel
Ntot
e | e ———— see: Scott, Savage, Edsjo and
Model ' "' g;;,,.i y £ lceCube Collaboration “Use

of event-level neutrino
telescope data in global fits for

OO R . % theories of new physics”
Ne\l:tzmlinommm,(((l;;V) Ne::mlino musm,(((l}D;V) Ne:xtmlinommm,(((l}.:V) arxiv I 207.08 I 0

SI cross-section

P I N I I B |

N T Y Y I P |

LSP gangino fraction Zg /(1 ~ Zg,)

T

low energy neutrinos from h
see: Rott, Siegal-Gaskins, Beacom arXiv1208.0827
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Energy Neutrinos from the Sun Solak

Possible annihilation channels:
qq,gg,cc,ss,bb,tt, W*W-, ZZ, T T U U, VV, e*enYY

few neutrinos
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...........................................................

qq,g8,cc,ss; bb tt, W*W-, ZZ, T*1 u U, VV‘ ete,YY

few neutrinos

.......................................................

some “high energy” neutrlnos in decays
=> basis of present day searches

T — Vgls€
7~ — hadrons
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__..-.--.--.--.-...-.--.,-\. -----------------------------------------------------------------------------------------------
~

qq,gg,cc sS; bb tt, W*W-, ZZ, T* T,u -, VV‘ e*e Yy

few neutrinos

RREEEE SommTmemmssse- -‘--.-.-.-.-.-.-.-.-.-.-.-.-.-.-.-.-.-.-.-.-.-.-.-.-.-.-.- i S

" ': some “high energy” neutrlnos in decays
=> basis of present day searches

dominant decay into hadrons
T — V€
T~ — hadrons
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Bow-Energy Neutrinos from the Sun Soelak

POSS|bIe annihilation channels:

__..-..-..-..-..-..-..-.,-\. -----------------------------------------------------------------------------------------------
.~

qq,gg,cc ss, bb tt, W*W-, ZZ, T*1 ,p U, VV‘ ete,YY

______________________________________________________________ “few neutrinos

some “high energy” neutrlnos in decays
=> basis of present day searches 11""

dominant decay into hadrons {1
T —UuUrh
7~ — hadrons T

-

Lifetime too short to interact

Interaction length short compared to losses

Produces secondary particles in collision
with protons

Dominant energy loss term is T production

Carsten Rott 44
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Bow-=Energy Neutrinos from the Sun S

POSS|bIe annihilation channels:

__----------------------—m -----------------------------------------------------------------------------------------------
.~

qq,gg,cc ss, bb tt, W*W-, ZZ, T*1 ,p U, VV‘ ete,YY

“few neutrinos

~-... -.-..-..-..-..-s,:::::::::::::::::::::::::::-..==:=:==: ___________________

some “high energy” neutrlnos in decays
=> basis of present day searches

dominant decay into hadrons
T —UuUrh
7~ — hadrons

lar

@

@

- ~
Y
o | D
Lifetime too short to interact

TI~ © Interaction length short compared to losses

® Produces secondary particles in collision
with protons

® Dominant energy loss term is Tr® production

Carsten Rott
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Bow=Energy Neutrinos from the Sun Solak

P055|ble annihilation channels:

B L e e e L L L
.- - .

qq,gg,cc ss, bb tt, WW-, ZZ, T T,u U, VV‘ ete,YY

“few neutrinos

~-... -.-..-..-..-..-s,:::::::::::::::::::::::::::-..==:=:==: ___________________

t { some “high energy” neutrlnos in decays
=> basis of present day searches

dominant decay into hadrons
T — UV, VUrlh

T — VglUr€

7~ — hadrons

Charged pions decay at rest

: : 0
producing neutrinos up to L1 Lifetime too short to interact
E=52.8MeV
Tt — “+1/“ TT Interaction length short compared to losses
Produces secondary particles in collision
,LL+ — e+1/el7p, with protons
Dominant energy loss term is Tr® production
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NEULFINO Sigha

t s ') MR ~33%
— ~67%

Let’s have a closer look at this:

|

s - Example VV-Bose

Neutrinos from pion
decay at rest

e Ve | high energy v + em shower
UV, | high energy v + muon
T V+ | high energy v + tau decay .
Neutrinos from decay of
qq hadronic shower annihilation final states
— —
MeV GeV TeV
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T — UuUrld
T  — Ugls€

7~ — hadrons

Neutrino yield N,

| 10 100 1000
m, [GeV]
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Neutrino yield N,

1 10 100 1000
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Neutrino Spectrum in the Sun (normalized to unity)

Y 0.04
5 0.035 Vu The Sun and Earth is transparent to neutrinos
& below 50MeV, but matter enhanced-mixing gives:
0.03 P 7) =~ 1/6
Uy — Ve) =
0.025 29.8MeV S
0.02 l
0.015 ) .___\_,.U
0.01f Ve !
: 52.8MeV
0.005 ':l
0 :
20 30 40 50 60 70 80 90

Neutrino Energy [MeV]
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N
o

R
o

Arbitrary units
s 8

—
o

' L | l L B l L B l L B l L B l LB l LB l LB l LB l L l
[ MC for SK-UIlI -
-
-
— —
- B
- B
- B
- ~
— —
- ~
-
-
- 1 ] -
— |} —
- ~
- ~
- B
- ' ‘ ~
- ~
- ~
- ~
- ~
— —
- ~
- B
- B
- - - 10—40
- - - I3
i - o107
- - 8
- - E:‘:' 10—‘3
-t
E ki I
L N 10
- ~
- B
AR A ITA AT I A A A A AT A

-1 08060402 0 02 04 06 08 1

cos g,

+p—>e++n

] “large” cross
section, but little

- directionality

10739 —

10-“ 1

ovp = [0.0952 x 10~** cm?® ((Ey/ MeV) — 1.3)*| (1 = 7Ey /mp)
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Sensitivity Ca

culation. Super=Is

Positrons carry energy of E.=[E,—1.3MeV](1—-E,/m,)

To visualize the signal has been scaled to be “detectable”

- All backgrounds
10 | E( Simple selection criteria

) ------------ Background Components

...... Signal Rate 7, + p—e* +n

— Signal Rate smeared

Number of Events in SuperK-1 / MeV

80 90
Limit at 90%C.L. (one-sided Gaussian) is ngo=15 Energy [MeV]
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Rott, Siegal-Gaskins, Beacom 2012

10° ;
THIS WORK SUPER-K (2012) = = = =
102k PICASSO (2012) ICECUBE (2012) «vrveveeee. 1
KIMS (2012) bb O
SIMPLE (2012) W'W, 171t X
Q 1 2. S t al.
& 10" |- JCA:vgggf(z?)OQ) 010 =
O
T 1 N AMA
2 DAM
I 1_|-|-|-|-|-|-|-|-| E"'
o 100°F AL -
o Z. T
Oe 1n-2 S
m§< 10_- 2 _-----_-—a-—-"“':
Y, I |
. 5 .
10 B < e
2 x]
107~ . : .
1 10 100
m, [GeV]

Previous searches relied on
high energy neutrinos directly
from the decays of annihilation
products

Model the full hadronic shower
in the Sun

WIMP sensitivity continues to
improve for low masses

Minimal dependence on
annihilation channels

New key detection channel to
compliment other searches

Super-K data can already be
used to test DAMA/Libra

Interesting signatures for
future neutrino detectors
(LENA, Hyper-K, ...), other
nuclear final states could
provide additional sensitivity

Carsten Rott

51

OKC Colloquium - Dec 14,2012



® Decay electron events are the dominant background

® |dentifying neutron of the inverse beta decay reaction can provide a
way to discriminate against this background

® Proposal:Add Gd to Super-K [Beacom and Vagins, Phys. Rev. Lett,,
93:171101, 2004]

® Neutron capture on Gd emits a 8.0 MeV Y cascade after a
characteristic time ~ 30Us

® GdCl3 and Gd,(SO4)3, unlike metallic Gd, are highly water soluble

® |00 tons (0.2% by mass in SK) would yield >90% neutron captures
on Gd

\7L._,+p—>e++n.

!
n+Gd - Gd + Y
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200tons
240 50-cm PMT’s




Outer Detector _ Plat form

0 AN _TOS [nner Detecto Opagque Sheet
F 4 r 9, - e AR _4 g
1C JCICIC IO\ Access Drif Liner

' 3
CICICICICIC R
Sea—— .
ecccec BNy —
’
Neeeer |

~NC V5

Water Purification System

Photo-Detectors

Liner
Outer Detector

Inner Detector

Width 48m

St g5




THIS WORK SUPER-K (2012) = = = =
PICASSO (2012) ICECUBE (2012)
KIMS (2012) bb
SIMPLE (2012) WW™, T

Super-K 4yrs

EVAPORATION

1 10 100
m, [GeV]
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THIS WORK
PICASSO (2012)
KIMS (2012)
SIMPLE (2012)

SUPER-K (2012) = = = =
ICECUBE (2012)

bb
W'W~, 11"

10
m, [GeV]

Super-K 4yrs
Hyper-K 4yrs

100
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THIS WORK SUPER-K (2012) = = = =
PICASSO (2012) ICECUBE (2012)
KIMS (2012) bb
SIMPLE (2012) WW™, T

Super-K 4yrs

_ : Hyper-K 4yrs

R L ' . + Gadolinium

z T : .
=
=
<
a7
®
A,
<
e
a3
1 10 100
m, [GeV]
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THIS WORK
PICASSO (2012)
KIMS (2012)
SIMPLE (2012)

SUPER-K (2012) = = = =
ICECUBE (2012)

bb
W'W~, 11"

Super-K 4yrs

Hyper-K 4yrs
+ Gadolinium

best case

100

Carsten Rott
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® Sensitivity is nearly flat as function of WIMP
mass

® | ow-WIMP mass scenarios can be tested

® [ow-energy neutrino flux is relatively
independent of the mix of final states

® Sensitivity to scenarios in which no high energy
neutrinos are produced

® Observation of a combination of low-energy and
high-energy neutrinos can help to disentangle
the mix of WIMP annihilation final states
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® Striking WIMP signatures provide high discovery
potential for indirect searches

® Super-K and lceCube provide world best limits
on the SD WIMP-Proton scattering cross section

® Neutrinos extremely sensitive to test low-mass
WIMP scenarios at current and future detectors

New detection channel with low-energy
neutrinos offers additional discovery potential




Backup
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=€ - Indirect - Direct Connectior

) WIMPs at LHC:

WIMPs expected to interact with Standard
Model (SM) particle via new interaction
Assume mediating particles too heavy to be
produced directly

— effective field theory (contact interaction)

Example: mono-photon + Er™ss analysis

B3
‘E‘ 10 E 909, CL, Spin Dependent

90% CL, Spin Independent

Observation of a indirect
WIMP signal

— combined with LHC
search start probing
underlying theory
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Paper analyzed implications of CDF monojet search
in “direct detection” plane
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