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Neutrino 2012

Thermal Relic

® |[f dark matter is a WIMP (y) that is

. 10

a thermal relic of the early

Universe, then its total self- .

annihilation cross section <Oav> is > 10

revealed by its present-day mass &) s

. - 10~

density "
® Evolution is determined by the -

competition between production S

and annihilation = s

= 0|
® Common temperature T (=Ty) Z Equilibrium \
20 [ ! L T Ry
dn d(na’ 10~ S
E +3Hn = (3dt) — <0'AU> (ngq — n2) 10° 10" l()2 l()3
a x=m/T  time =

~ ~ ° -26 3c-1
Neq = g,(MT/(2TT))¥2exp(-m/T) m,= 1 GeV = <gav>~4.5¢10° cm’s

~ '26 3 'I
G. Steigman, B. Dasgupta, J.F. Beacom 1204.3622 mX>5GeV = <O-AV> 2. I O cm-s

G. Jungman, M. Kamionkowski, K. Griest, Phys. Rept., 267 (1996) 195.
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Dark Matter Annihilation
SM

® |nteractions that determine the WIMP relic
abundance also lead to self-annihilations in the
present epoch

® |dentify overdense region of Dark Matter
where self-annihilation can occur at
significant rates

® Pick Prominent DM Target non-relativistic

® Understand Backgrounds SR L

® Features in the signal enhance to chance
distinguish backgrounds

® Line/ End-point

E2dN/dE (GeV)

Ezmx

10_] 1 l"l’llllll 1 1 lllllll .!
2

10° 10 107
Neutrino Energy E"p (GeV)
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Dark Matter at all scales
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Dark Matter at all scales

“Evidence”
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Dark Matter at all scales

“Evidence”
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Dark Matter at all scales
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Dark Matter at all scales
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Dark Matter at all scales
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Dark Matter at all scales
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Dark Matter at all scales

“Indirect Targets” for y,v
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What Can Indirect Detection Answer ?

Gravitational
Direct f(v) )
O
R~ O'scatt N scatt
N~p/my
: T A
Dark M D
D ark Matter Density my

O scatt Scattering cross section
f(v) local WIMP velociy 9

distribution R~<O-Av>n2
My WIMP Mass |

Indirect

Self-annihilation cross section
Q)N

B+ Branching fraction

Carsten Rott 8 Indirect WIMP Searches
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What do we test ? Example: Dark Matter Annihilation

Measure Flux

line of sight (los) integral

'4
| 4
L 4
'4
L 2
| 4
L 2
’f
L 4

Carsten Rott

Particle Physics

1 <O‘A?J> dN )

>.r——B
47 2m§< Tag =7
X

WIMP Dark
Matter Particles
Ecu~100GeV
P

Anti-matter

-

/ aY / 2 (r(l, &))dl(r, &)
AQ(¢p,0) los

&

Dark Matter Distribution
.

J
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What do we test ? Example: Dark Matter Annihilation

Measure Flux Part|c|e Phys|cs ,/ Gammarays
'''''' \ . W1Z/q 4’ !
(oA v} e o e
— ‘ E B ECM'-1OOGQY' ‘) -:. -
47’(’ 2m2 f dE - f v
. X Y o

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

X

ine of sight (os) incegral Dark Matter DistributioQ
R 4

,,,,,,, [ a [ e

4—‘ o \ AQ(p,0) los 5
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How Dark Matter is distributed

® N-body simulations of Milky Way like galaxies yield halo
profiles p(r). Halo profiles described the average dark matter
density (smooth)

® Two major difficulties

® Inner halo shape (cuspy or cored ?)

° Sub-structure in outer halo

UL L L LLLLL LR L LLLLILL |ILLLLLLL
104 ¢« b3 . | ;
Cuspy inner halo . outer halo 3
103 ] =
Moore | RE
R | e
5 1Nasto | GQJ E
>- &
3 10 .
€ ”» -
= cored Iso = o
= 3
2 .1 ]
< 10 3
" J. Einasto, Trudy Inst. Astroz. Alma-Ata 5, 87 (1965), -
107+ Navarro, Frenk,White, Astrophys. |. 490, 493-508 (1997), =
Moore, et al. Mon. Not. Roy.Astron. Soc. 310, 1 147 (1999) [arXiv:astro-ph/9903164], = i
10— 3 Kravtsov et al. Astrophys.]. 502,48 (1998) [arXiv:astro-ph/9708176]. =
| | A | R | N L1 1 11 lllllllg °
- =2 — 2
1073 102 101 1 . 10 102

/,’ .\|
— O

Carsten Rott 10

'F’Iarc': kz;rﬁ}'c;'r;|<0\;vsl<{, 'Sa't\'/'\llas M
Koushiappas, Michael Kuhlen
(2010) arXiv:1001.3 144

10°

T
4

10% -

103 3

B(r), B(<r)

10}

1 10 100
r [kpe]

FIG. 4. The local substructure boost B(r) (solid) and the
cumulative luminosity boost B(<r) (dotted), as a function of
radius.

Sub-structure in halos can significantly enhance
annihilation rates (~p?) over those expected from
a smooth halo. It is convenient to define a boost
factor B to describe this enhancement

Boost factor ~ | (for central halo region <I10kpc)
tidal stripping

Typical boost factors are B~ [-20 (simulations)

Indirect WIMP Searches
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Indlrect Searches |n 1 one .

D I Strl b utl O n S ThesAquarius PrOJect. . \

DM Interaction

Propagation

Detection

i BKOBHAHAITY7Z7ORBRIES

The Thinker
Auguste Rodin (1840-1917)

Interpretation

Carsten Rott Indirect WIMP Searches
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The Instruments

Neutrino Detectors

* ANTARES, NESTOR, NEMO, KM3Net...
* Baikal, ...
* |ceCube, PINGU, ...
* Super-K, KamLAND, Hyper-K, LBNE,
Laguna, ...
Gamma Ray Telescopes
e MAGIC, H.ES.S,, VERITAS, ...
* Fermi
e CTA
Anti-Matter Satellites
* PAMELA,ATIC, PPB-Bets, ...
e AMS-02
Others
* Xx-ray, radio, ...

Carsten Rott 13 Indirect WIMP Searches
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gamma-rays

[arXiv:0902.1089]

Large Area Telescope

(LAT) / « ‘

o“‘G

ma-ray Burst Monitor

(GBM)
Detection Method Pair conversion Cherenkov light from
particle shower

Effective Area | m? ~400-500m?

O Field of View (FOV) 2.5sr 3.5°-50°

ray

‘ Duty cycle ~100% ? ~15%

:;:;vc;f , Energy range 20MeV - 300GeV >100GeV

Energy resolution 4% (@5GeV) 10% - 20%

2% (@200GeV)
Angular resolution ~0.1° (@10GeV) 0.1° at 100 GeV

~~
Q
P
o4
ey
&
&
)

~3.5°(@100MeV)

Carsten Rott |4 Indirect WIMP Searches
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‘;)\ PAMELA — Payload for Anti-Matter
Eﬂ!é@ Exploration aLight-nucIei Astrophysics

- e Uy
L i ——— ;}@H rrg:;’;.cv'

® launched: June 2006 ,
® Satellite-born Magnetic !

spectrometer |
® SIZG 7OX7OXI 3ocm3 El e *}ﬂ TOF (S3)
® c'(e’)-50 MeV -300GeV o~

(600GeV) ,

Fﬁ 54

® Protons up to ~|TeV veurron

Astropart.Phys. 27 (2007) 296-315
Carsten Rott |5 Indirect WIMP Searches
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Cosmic e'e-

be)olere)  Bletre)

:'lll L 1 LA | Yl‘ll L] T LJ YYTIT] L) T LA ITYY[ L T Y:
®— Fermi 2011 - -
*— PAMELA 2009 > =~ - )
i >
- . 8- AMS 2007 - ! & 10° & =
2 N &— HEAT 2004 Il T . 3
3 - - . (= - N
T Sl b T r | . . . 9
L AL L L - S o - - "1
p AR SRt A '{! .b .l ._.'” L oy ®  PAMELA & -
o 1077 O I ' ‘- 3 : ) : & MEATS4405

= el B . 191 - a? 0o AMS
@ - & A . . ‘4 w 10, v  CAPRICES4 =
IPUPRE AN TP \ - " MASS91 ]
o ‘-.-01 o .’:0‘:" ’:‘ ' :5 ——U? ¢ A ATIC :

e B - - Kobayash|

IERAI - #  BETS

..... % O Ferm|

______ ! o  HESS

R 1 Allll A A AL Alll[ A A A LAAAI] A A A lllll A A
e et e . 05 1 2 34 10 20 100 200 10002000
1 10 10°
Energy (GeV) Energy (GeV)

Ackermann et al. [Fermi LAT Collaboration] 2011 Phys. Rev. Lett. 106, 201101 (2011)
Adriani et al. [PAMELA] 2009

Alternatively one or more near by sources could
explain excess
Anomaly could be hint of dark matter

see for example:
P. Meade, M. Papucci,A. Strumia, and T.Volansky, Nucl. Phys. B831, 178 (2010)

Carsten Rott | 7 Indirect WIMP Searches
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Galactic Center / Halo

gamma-rays neutrinos

Fermi two-year all-sky map

24month pass7 clean data
ROI: 5° <|b|]<15° and [I|<80°

1yr 22-string IceCube data -- Galactic Halo
1yr 40-string IceCube data -- Galactic Center

—1 T, NFW

-17
10

Dwarf Galaxles (sen31t1v1ty) ----- oo

10-18 T Galactic Halo ——
{ Qn Galactlc Center -—--- |

vy — u u, 1SO

-21

10 — IC+FSR, w/o background modeling
= FSR, w/o background modeling

IC+FSR, constrained free source fits_~-7

3 -1
<opv> [cm's )

T WIMP frecze~out see: n[x [GeV]
75=3 M.Bissok and J. Luenemann “Search for Dark Matter in Galactic
and Extragalactic Halos with the IceCube Neutrino Observatory”

10 10° 10 10*
m |GeV|

Dark Matter interpretation of PAMELA/Fermi CR anomalies strongly disfavored (for annihilating DM)

Carsten Rott |8 Indirect WIMP Searches
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Individual Sources: Dwarfs

Fermi Ackermann et al. arXiv:1108.3546 MAGIC chf}:i:fflgioég,? S8 Veritas E. Aliu et al. arXiv 1202.2144

MADIC, Cotl G8Y) = 10"
" Upper limits, Joint Likelihood of 10 dSphs A B —_— ,."’ E Y bB
10" - == ——— —aaan o i ceee £F (E_0»100 GoV & 0_UBMas0) g — 1 —=W'W
- 310" wie ut oy Channel E0) v (E_0>E_opt & o_LidMasd) S 10"
ol S —— v'v (E_0>E_opt & real 0_LikNa) ceme YA TT -
| -— HChannel e W' W Channel S0ty ) Uncertainty in Astrophysical Factor é .o
12 oo -’
- 10 g -- 7 Channel 1 1w 0=
-
t g o
:‘ 0
c M
8 W
o -
X 0™ :
& il
e L ™ ot .
o - -
$ 10* ) R
= wls Sy Ve, .
W pe i ":‘.:. e s "« mSugra WMAP)
0™ “ " ¢ e 5 (>85%)
o ety BTO%)

10t T T e
WIMP mass [GeV)

Some of the most dark matter
dominated objects in the Universe

Roughly two dozen known dwarf
spheroidal satellite galaxies in the Milky

Way

No astrophysical gamma-ray production
expected

Boost factor expected to be less than 10
[J.Diemand, et al., Nature 454,735

(2008) / V. Springel et al., Mon. Not. R.
Astron. Soc., 391, 1685 (2008), ...]

see:

75-3 M.Bissok and ). Luenemann “Search for Dark Matter in Galactic and Extragalactic Halos with the IceCube Neutrino Observatory”
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Individual Sources: Dwarfs

Fermi Ackermann et al. arXiv:1108.3546 MAGIC chf}:i:fflgioég,? S8 Veritas E. Aliu et al. arXiv 1202.2144

MADIC, Gk, G = 10%
Upper limits, Joint Likelihood of 10 dSphs A B —_— ' @ E Y bB
10* - ————— Y o ot cee OF (E_O»100 GV & o_LUBMas0) nﬁ —yy - W'W
- 310" cio u'u Channel EY} v'v (E_0>E_opt & o_LibMasd) S 10" KL
" | ol S —— ' (€_0>E_cpt & real o_LikMa) TREEl ¢ 3 TP
. | —_ Channel W'W Channel A 107 (52 Uncertainty in Asteoptvysical Factor é ke
10 E e 'y Channel 1 1o @ W=
7

_ * = mSuya (WMAP)
. " ¢ e b5 (>85%)

TS T T e
WIMP mass [GeV)

Some of the most dark matter ";10 E .~ preliminary
dominated objects in the Universe “e - Tl

Roughly two dozen known dwarf z1 0 -2 .
spheroidal satellite galaxies in the Milky =< F neUtI”I NOS
Way v1o-22 i

No astrophysical gamma-ray production
expected

I llllll

7 0q
Q)

=

3

&
"
8
(V]

1 0'23 —— - IceCube stacking sensitivity
Boost factor expected to be less than 10
[J.Diemand, et al., Nature 454,735 e MAGIC Seguel limit
(2008) /V.Springel et al., Mon. Not. R. 1024 Formi combined limit

Astron. Soc., 391, 1685 (2008), ...]

10*
WIMP mass (GeV)

see:

75-3 M.Bissok and ). Luenemann “Search for Dark Matter in Galactic and Extragalactic Halos with the IceCube Neutrino Observatory”
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Individual Sources: Clusters of Galaxies

10”7 !
10-18 3
10719 ]
T~ 1072%°
o
g 10°%1 |
° i
A 10722 ]
g . 23 | Coma (NFW)
v 10 Coma+Substructure E
Virgo (NFW) —+— ]
10724 Virgo+Substructure ----*--- o
M31 (NFW) —+— i
10~2° [ natural scaleM31l+Substructure -
26 %5 ;:8:&&5883/3 5& ),%&ﬁ%x%m 56312&@%%‘5&';@5
10_ L1 11 1
102 103 104 10

see.

m, [GeV]

5

Clusters of Galaxies have
potentially significant
substructure in their
halos that could boost
signals by 10°

Sensitivity for lceCube
lyr data in 59-string
configuration

Upgoing events selected

via Boosted Decision
Tree (BDT)

75-3 M.Bissok and J. Luenemann “Search for Dark Matter in Galactic and Extragalactic Halos with the lceCube Neutrino Observatory”

Carsten Rott 20
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Diffuse:

M. Ackermann [Fermi-LAT] arXiv:1205.2739v1

ROI: Exclude gaIaCEi Inend sources (1FGL)

Fermi-LAT analysis based on 2yrs of data

Search for line from dark matter annihilation
or decay to YY or ZY

Assume power-law background (spectral index
free to vary

Recent papers claim discovery of 130 GeV

line ... stay tuned !

see also:
Vertongen & Weniger, JCAP1105(2011)027;
Bringmann et al., arXiv:1203.1312
Weniger, arXiv:1204.2797
Carsten Rott
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v+ annihilation cross section (cm’s~')
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Line Search

Fermi-LAT energy response to 100 GeV line

2500 ~

%’

1000 -

Ef= 100 GBV

y=/dof = 32.9/32
p-value=0.43
Containment windows
68% = (-0.086,0.081)
95% = (-0,311,0.188)
bias = 0.013
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SuperK - Line Search

Search for a diffuse signal from Milky
Way halo
®  Assume annihilation into VV (or
bb, WW)
Use all samples e-like + mu-like FC + =
PC (2806 days)+UPMU (3109 days) .
Use all neutrino flavors and )
topologies 4
O
FC UPMU PC v
—— S —
— P ————

™S
L™
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90% CL UPPER LIMIT
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above lines
is excluded

J.Beacom et al.
Phys. Rev. D76, 123506 (2007)

IceCube bb

Phys.Rev. D84, 022004 (2011)
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gamma-ray summary

Galactic Fermi-LAT: TeVPA 2009, arXiv:0912.3828
Centre | R Fermi: Goodenough & Hooper, arXiv:0910.2998
Fermi: Dobler et al., arXiv:0910.4583 (Fermi- data)

Dwarf Fermi-LAT: Astrophys.J.712:147-158,2010

galaxies Fermi-LAT: JCAP 1005:025,2010

and Fermi: Scott, J.C. etal.: JCAP 1001:031,2010

Galaxy | ~  H.E.S.S.: Astropart.Phys. 34 (2011) 608-616

Clusters ~ _  MAGIC: Astrophys.J. 697 (2009) 1299-1304
VERITAS: Astrophys.J. 720 (2010) 1174-1180

Galactic

Halo Fermi: Cirelli et. al. arXlv: 0912.0663

H.E.S.S. Phys.Rev.Lett. 106 (2011) 161301

Fermi-LAT: JCAP 1004:014,2010
Extra : | = Fermi: Akorvazian et. al.
Galactic arXiv:1002.3820

Fermi : Huetsi et. al. arXiv:1004.2036

Fermi-LAT: Phys.Rev.Lett.104:091302,2010
Fermi: Vertongen et al. JCAP 1105 (2011) 027
Fermi: Weniger et. al arXiv, Bringmann et al.

J.Conrad
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Solar WIMPs
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Solar WIMPs

,Yvelocity distribution

v 1nteractions

v oscillations

Vi

0&1111
Oscatt Ij
capture
F&I]Il
Detector
Freese ‘86
Silk, Olive and Srednicki ‘85 Krauss, Srednicki & Wilczek ‘86

Gaisser, Steigman & lilav ‘86 Gaisser, Steigman & lilav ‘86
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Solar WIMP Equilibrium

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:

D
5 N
o ¢
X & Q Q
v Q‘(b’ © O
< RS ,\'\X‘} o&'
X S R
AN,
- = Cc — CaN? - CN
c

Carsten Rott

Sun

Universe |
large

Sun

Universe 2
small

sSame in bOth (=capture rates are identical)

Annihilation Rate
Capture Rate / 2

H#WIMPs in the Sun

>

time
26

A

HWIMPs in the Sun

Capture Rate / 2
Annihilation Rate

: >
time
Indirect WIMP Searches
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Solar WIMP Equilibrium

e Dark Matter accumulates and SU N SU n
starts annihilating = Neutrinos
are the only particles that can
make it out

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

section !
Universe | Universe 2
Self-annihilation cross section: Iar'ge small
WIMP-Nucleon scattering: Same In bOth (=capture rates are identical)
@\\rs" S R N A _#WIMPs in the Sun
R . oo A\nNniNifation Rate B RIS Capture Rate / 2
< Capture Rate /2 Annihilation Rate
AN (C"Q "~ "HWIMPs in the Sun
- - Y .
dt —> —>
time time
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. Neutrino 2012
LIMIT on the WIMP-Nucleon scattering cross

section

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

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

)
-
.
-
-

" Al - Y e 'V'Y

10% ¢ oo, <oi™ CDMS(2010)+XENON100(2011)  --one Super-K 2011, bb
| » - -a IC/AMANDA 2001-2008, b ——— Super-K 2011, W' W

. »——a IC/AMANDA 2001-2008, Wt w (* - - - KIMS 2007
' — — COUPP 2011

. 4
' 7 for m, < My

10 10 10° 10*
WIMP mass (GeV)
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107 7 <ol CDMS(2010)+XENON100(2011) Super-K 2011, bb
032 - . IC/AMANDA 2001-2008, b Super-K 2011, W' W
1 “o &
=—= [C/AMANDA 2001-2008, W' w (* .- - KIMS 2007
1033 COUPP 2011
103. T form < my
il 10 ]
- 36 |
- 10 " SR :
S G n T
© 10 o . Bl g e J
o paplEaca _}_": = = - n ]
38 NG L2 LS :
10 T e :
10“ \ r
o S J—
10°° <8
10! L ; e : i
10° 10° 10 10
WIMP mass (GeV)
see:

LA | Y ¥ Y Y Y Y Y

Neutrino 2012

New Preliminary SuperK 2012 Result

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

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

69 -3 K.Choi “Search of the WIMP from the Sun in Super-Kamiokande”

Carsten Rott 28

Data from
SKI-III

(2806days)

. FC |-ring e-like
FC |-ring m-like
PC
| Upmu

|0GeV b b-bar Jé’

50GeV b b-bar

20GeV b b-bar m

|00GeV b b-bar

0 0225 045 0675 0.9

Energy / Angular Fit
Derive 90% Bayesian
upper limit on allowed

WIMP induced
events

Indirect WIMP Searches



107 o5,<os" CDMS(2010)+XENON100(2011) Super-K 2011, bb
3 - -« |IC/AMANDA 2001-2008, b Super-K 2011, W' W
107°
=—= [C/AMANDA 2001-2008, W' W (* .- - KIMS 2007
1033 COUPP 2011
103. T T ftorm < my
i 103 .
- 36 ! 3
- 10 " SR :
Sl o ' e 4 = A -
¥ 30" R e i M e TR ‘:
Ve _ - _ - n 4
s ~ ol o W 1
10;3 ieee 8,0 ‘\‘*l-—"“r % : d
Prelim SuperK 2012 (bbj
1039 e o 0o o © ¢ '
Prelim SuperK 2012 AT'Q>_—\~’\_ =
10.:3 -—-- = -—
104‘-". - A A L A.A,l." A A A .‘L‘13 i G
10° 10° 10 10
WIMP mass (GeV)
see:

LA | Y ¥ Y Y Y Y Y

Neutrino 2012

New Preliminary SuperK 2012 Result

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

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

69 -3 K.Choi “Search of the WIMP from the Sun in Super-Kamiokande”

Carsten Rott 28

Data from
SKI-III

(2806days)

B FC |-ring e-like
| FC l-ring m-like
PC
1 Upmu

FC+PC 12834/381€

|0GeV b b-bar

50GeV b b-bar

100GeV b b-bar ,

0 0225 045 0675 0.9

—_— -
Y45 21
R P |

|

K& |

20GeV b b-bar m

Energy / Angular Fit
Derive 90% Bayesian
upper limit on allowed

WIMP induced
events

Indirect WIMP Searches



Neutrino 2012

New DeepCore Solar WIMP Sensitivity

0.05 < Q,h*<0.20 MSSM model scan
F I o, < o CDMS(2010)+XENON100(2010)
- ----®--=: |ceCube-79 (bb)
| —a— IceCube-79 combined (W'W', t°1" for m, <m,, = 80.4GeV)

3
3

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

S
&

Analysis performed separately
for austral summer (Sun above
horizon) and austral winter (Sun
below horizon)

@ ---- IceCube-79 (bb) Summer
——— |ceCube-79 (W'W') Summer

--=== |ceCube-79 (bb) IChigh
—— IceCube-79 (W W) IChigh

—
<
&
T

@ ----- lceCube-79 (bb) DC-low e
—— lceCube-79 (W'W) DC-low .

—_
L
w
~
I
L

Q
e
- =
Q
>

—
Q
&
T

\
\
\
N\
-
11l 11 sl Ll L1 oaa el L1 1y

Neutralino-proton SD cross-section (cm?)

10k E
oL ;
Compare distribution of the final
sample to these PDFs of 101k
background and signal to 10 102 10° 10°
determine most likely signal Neutralino mass (GeV)
content and combine likelihoods, Pobs
. . . . I ,
weighted by relative livetime L(p) = H f(W;|p), where f(W|u) = n/ (W) + (1 — nl ) fog (W)
see also: i obs obs

74 -2 M. Danninger, C. Rott and E. Strahler “Search for Dark Matter Captured in the Sun with the IceCube Neutrino Observatory”
76~ 1 | Miller “Search for Secluded Dark Matter using the IceCube Neutrino Observatory”
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T. Tanaka et al. Astrophys. J. 742, 78 (2011)
R. Abbasi et al. Phys. Rev. D 85, 042002 (2012)

10% | 7 <ai™ CDMS(2010)+XENON100(2011) - Super-K 2011, bb : | year of IceCube 79-
= | a - -a IC/AMANDA 2001-2008, b -~ Super-K2011, Ww'Ww | string as sensitive as
0 . Ic/AMANDA 2001-2008, W W (* -+ KIMS 2007 i 7years of AMANDA +
103 L i . partially instrumented
: 7177 form < my . lceCube
' pl | z
< 10 | . Sensitivity extends to
= [ - ]
S . WIMP masses down to
e | 20GeV
b 1077 | )
" ! Full analysis results to
107 ¢ ! be released soon ... stay
1077 | . tuned!
10°° :
10*’-1 , 2 P M A 12 3 : P e S N 13 A A P i 7
10° 10 10 10
WIMP mass (GeV)
see.

74 -2 M. Danninger, C. Rott and E. Strahler “Search for Dark Matter Captured in the Sun with the IceCube Neutrino Observatory”
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T. Tanaka et al. Astrophys. J. 742, 78 (2011)
R. Abbasi et al. Phys. Rev. D 85, 042002 (2012)

10% | 7 <ai™ CDMS(2010)+XENON100(2011) - Super-K 2011, bb : | year of IceCube 79-
3 | =—-= IC/AMANDA 2001-2008, b -~ Super-K2011, Ww'Ww | string as sensitive as
0 . Ic/AMANDA 2001-2008, W W (* -+ KIMS 2007 i 7years of AMANDA +
103 | T S A . partially instrumented
- 7177 form < my . lceCube
107 | 3
; 0% | . Sensitivity extends to
LTS * WIMP masses down to
K (| g | 20GeV
t : o '.‘
10 37 . e SN 4~~_ = )
’ ! Full analysis results to
il ! be released soon ... stay
_ Prelim Super J
102 fe e . tuned!
" Prelim SuperK 2012 (1t
1043.------4;- ]
10*’-1 . 2 F AN 12 3 ~ A e N 13 : P oo o :
10° 10 10 10
WIMP mass (GeV)
see:

74 -2 M. Danninger, C. Rott and E. Strahler “Search for Dark Matter Captured in the Sun with the IceCube Neutrino Observatory”
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rays and gamma rays

Cherenkov Telescope Array (CTA)
~arXiv:1008.3703v3

from R.Becker, Nov 2004

e Alpha Magnetic ® Energy range:a few tens of GeV to above
Spectrometer (AMS-02) 100 TeV)
e Launched on May 16,201 | ° Bgseline design consists of th!*ee single-
mirror telescopes: Small/Medium/Large
® Consists of: TRD, TOR size telescopes.

RICH, Tracker, Veto . . oy
® improvement in flux sensitivity of |-2
Counters, ECAL, ... .
orders of magnitude over current

® Resolve positron anomaly ? instruments is expected

Carsten Rott 32 Indirect WIMP Searches



10

10°%°

106

Carsten Rott

gamma-rays

Neutrino 2012

Fermi combined DSG analysis (10 DSGs), 2 years
----------- Fermi combined DSG analysis, 10 years

Galactic Halo, 100 h, CTA array B (Ring Method)
Fornax Cluster, 100 h, CTA array B 6,,,.. = 1.09
Segue 1 DSG, 100 h, CTA array B

T TTT

l

IIIIIII|

l

b Illllll

| Illllll

,,,,,,,,, WIMP parameter space

102 10°

10

Mppm [GeV] forthcoming special issue of Astroparticle Physics
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Neutrino Analyses
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Mandal et al. PRD 81:043508 (2010)

® Already with existing detectors high mass WIMP scenarios and
those motivated by anomalous lepton signals can be tested
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Detectors

®  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 WaterChrenkov lce Cherenkov

RETECTOR LAYOQUT

see talk: see talk: see talk: see talk:
A. Rubbia L. Oberauer M.Yokoyama A. Karle

see also:
204 - 3 Bair Shaybonov “Status of the BAIKAL-GVD project”
14 - 2 “Extending IceCube-DeepCore with PINGU” Darren R Grant
171 - 3 “Research and Development towards Multi-PMT Optical Module Prototypes for PINGU” Lew Classen, E.de Wolf, O. Kalekin, U. Katz, P. Kooijman
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Importance of Neutrinos

® Galactic halo, Galactic center, Dwarf
spheriodals, Cluster of Galaxies, ...

e Gamma-rays much more competitive for low WIMP
masses, but any detection would likely require an
independent confirmation of neutrino signals

® high masses(>1TeV) - neutrinos are more competitive
than gamma-rays !

® Tau neutrinos nearly background free (flavor ID)

® Dark Matter in the Sun
® Discovery channel for neutrinos

® Due to significant neutrino absorption at high
energies, Solar WIMP signals are detected in the
energy range below 100GeV

® Dark Matter in the Earth

® Capture mechanism highly favors low-mass (<50GeV)
WIMPs,

® Extremely large uncertainties for any flux prediction
as for the Earth annihilation and capture rate are not
expected to be in equilibrium
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Low mass WIMP sensitivity

10* —————————————————
SMton - years, Hard/Soft ¥=10°, v.,—channel =======--
SuperK Hard / Soft (2011) " LA .
IceCube Hard/Soft (2012) W
. . 2 DeepCore Sens. ]
Expanding searches to new neutrino 10" ¢, savage etal. NS
. . . -JCAP 0904 (2009) 010 1
flavors will significantly enhance the . / (2009) |
e o o . 9 10 o ___——' """""""" """""
sensitivity to WIMPs in 10GeV range Z O T e )
mo ........ ook /,»
Beneﬁt from bEtter energy 10_2
resolution ‘
. . 1074 E
Lower atmospheric neutrino T i }
background 10’ 10° 10’ 10°
- MX (GCV)
—
Despite limited angular resolution § F— _
Lo® T e Assume dark matter

competitive sensitivities can be

: . capture via elastic contact
obtained * interactions, elastic long-
CDMS

range interactions, or

anomalous annual modulation signals =~ «* interactions
possible by Megaton scale detector N Sersiiviey shown £

. w ensitivity shown 1or
with energy threshold ~1GeV ok | Ly ; . Skron*years liquid

" m@  scintillator detector
Kumar, Learned, Smith, Richardson arXiv1204:5120 (KamLAND) or equivalent
to 2.5kton*years Liquid
Argon detector
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Conclusions

Striking signatures provide high discovery potential
for indirect searches

Tight constraints from gamma-rays can exclude the
WIMP paradigm for some branching fractions and
WIMP masses g,

SuperK and IceCube provide w
SD WIMP-Proton scattering cross section

\"_
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Thermal Relic

If dark matter is a WIMP that is a thermal
relic of the early Universe, then its total
self-annihilation cross section is revealed by
its present-day mass density

Cosmological measurements: ~80% of non-
relativistic matter are non-luminous
particles

Interactions that determine the WIMP relic
abundance also lead to self-annihilations in
the present epoch

Assume WIMPs are sufficiently coupled to
other particles in the early Universe so
that they are produced by the relativistic
plasma.We can establish a common

temperature T (=Ty)

® Evolution is determined by the
competition between production and
annihilation

Carsten Rott 40

=1) [GeV]

m n(x )/ncq(x

- . - ‘ -
Equilibrium | i
10’2() i i i s s aaal I : 1 ‘Lll'l

10! 102 10°
x=m/T

10

my= | GeV = ~4.5¢102¢ cm3s’!

my>5GeV = ~2¢1026 cm3s’!
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PINGU Solar WIMP Sensitivity

® Preliminary solar WIMP sensitivity based on adapted version of JCAPQO9
(2011)029 to PINGU.

® Assume that atmospheric muon backgrounds can be effectively rejected
( not included in the sensitivity )

Low-mass WIMP scenarios well C. Savage JCAP 2009
testable 10

Next steps:

Use new PINGU simulation

More sophisticated event NGy T < |
reconstruction .l /
10~ —PINGU lyr, hard e |
Check atmospheric muon M
bad(ground 10° - 1(1)3 T
m,, (GeV)
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| 30GeV Line ?2?

Regd (ULl RACLEAN), £, =129.8 GeV

. v T
35 F -

glgnal counts 46. l (4. 3()0) 805 2101 GLV
30 | p-value=0.37, x2y =23.6/22 -

recent excitement ...

Counts

Counts - Model

‘10 F -

1 1 1 L 1 | L 1 1 1 | ]
100 150 200
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Understanding WMAP

Wilkinson Microwave Anisotropy Probe (WMAP) was
launched on June 30,2001

1.4 x 1.6 mprimary —___ ——— upper omni antenna

reflectors YK
dual back-to-back

Gregorian optics R 0

secondary FPA box

reflector ———_
feed horns

passive thermal radiator
thermally isolating

" instrument cylinder
(RXB inside)

e
—
e
-

top deck

star tracker

warm $/C and
instrument
electronics :

— reaction
wheels (3)

deployed solar array w/web shielding

Sachs-Wolfe plateau: | < 100
Acoustic peaks: 100 < | < 1000
Damping tail: 1 > 1000

http:/ned.ipac.caltech.edu/level5/March09/Scott/Scott4.htwl

Angular scale

90° 7 4x 0.5 0.2°

6000 ' v r ]
WMAP
E \ Acbar ;
S000 - . \ Boomerang
: CcBl ]
% 4000 F ] 3
S s ’ :
\ 3000 F [ ‘ -
<} a ] :
~ : / i { 3
+ C T Sl W “ 3
S A00F o /ot :
H " # * ]
1000 oo #” il ) { ;
e i :
: g '
3 &
OF 1yl 1 1 1 b S a9 9 4 1 9
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Multipole moment [
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Understanding WMAP

Wilkinson Microwave Anisotropy Probe (WMAP) was
launched on June 30,2001

1.4 x 1.6 m primary ' e Upper omni antenna
reflectors % :
dual back-to-back
Gregorian optics \ﬂ \
secondary : FPA box

reflector —— -
feed horns

passive thermal radiator .

thermally isolating
instrument cylinder

top deck (RXB inside)
op dec

star tracker

warm $/C and
instrument
electronics :

reaction

wheels (3)

deployed solar array w/web shielding

Sachs-Wolfe plateau: | < 100
Acoustic peaks: 100 <1< 1000
Damping tail: 1 > 1000

http:/ned.ipac.caltech.edu/level5/March09/Scott/Scott4.htwl

WMAP 7years
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C'The

ICECUBE

® Gigaton Neutrino Detector at
the Geographic South Pole

e 5]60 Digital optical modules
distributed over 86 strings

® Completed in December 2010,

start of data taking with full
detector May 201 |

® Data acquired during the
construction phase has been
analyzed

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

Carsten Rott

IceCube Lab

50m

(si

1450 m

2450 m
2820 m

Neutrino 2012

lceCube Neutrino Telescope

40-strings (2008-200

9
z -strings (2007-2008)

; Iaciegop h with

& / =4 / 2 lg;?:: Ce::mm:)v detector tanks
SN i 2 optical sensors per tank

86-strings 79-strings (2010-2011) 324 optical sensors

nce May 201 1) ' 59-strings (2009-2010)

iceCube Array

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

5160 optical sensors

December, 2010: Project completed, 86 strings
Ethr~ 100 GeV

DeepCore a _
/8 strings-spacing optimized for lower energies
g 480 optical sensors

Ethr~ 10 GeV

Indirect WIMrP Searches



UPER Neutrino 2012

K SUper—Kamlokande

R ——

® 50kt pure water

(22.5kt fiducial)
water-cherenkov E : sk
ner S ectrumo atm vm
detector topp o PR AL A Y
i = FCyv,
. . 750 - FCyv, ]
® Operating since 1996 | — P, |
500 * — == up-stop 4 ‘
o ~||K20” PMTs oo | up-through
® ~AN° 0 :
Photo coverage ~40% P e R U RN R
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Veritas

e Camera:499 PMTs

® Operational since September 2007

® Sensitivity to a wide range of
energies (150GeV - 30TeV)

s
through stereoscopic imaging . o . 3
® Y-ray reconstruction accuracy L - g |
(o) 1 u f a F
~0.1° and energy resolution L
~15%-20%
® Sensitivity 1% Crab at 50 in 25h L R T g
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Khomas Highland of Namibia Alt: 1800 m

S £l

Array of 4 |3-meter IACTs
Camera: 960 PMTs
Energy threshold ~200GeV

Y-ray reconstruction
accuracy ~0.1° and energy
resolution 0%

Sensitivity 1% Crab at 50 in
25h

Carsten Rott
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e Stereo IACT with 2 x |7m@
® Camera: 577pixels (upgrading to 1039)

® Regular stereo observations since Fall
2009

® Energy threshold ~ 50GeV

® Angular resolution: 0.1° at 100 GeV,
down to 0.04° at >1| TeV.

® Energy resolution: 20% at 100 GeV,
down to 15% around | TeV.

® Sensitivity <0.8% Crab at 50 in 50h
above 300GeV
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Dark Matter Annihilation Signals

® Annihilation Rate ~p?

E2dN/AE (GeV)

w* Z ’L’ b,=> ei,v,y,p,D,... T S L :"
10" 10/ 10

Neutrino Energy E"p (GeV)
- 7 F —
2{ \ W Zt b,.=e"vy,p,D,..

Propagation of signal:

diffusion, energy loss, spallation

absorption, scattering

neutrino oscillations, ...
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Dark Matter Annihilation Signals

® Annihilation Rate ~p?
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N w

& >
N i :
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‘\/W 2,1 ,b,...= e v,y,p,D,... 07! G
|
|

Neutrino Energy E,, (GeV)
u
N & - u _ _ - —_
-

Propagation of signal:
diffusion, energy loss, spallation

absorption, scattering

neutrino oscillations, ...
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Dark Matter Annihilation Signals

® Annihilation Rate ~p?2
.\O{\
&
N
X
N 0(’@
.. ) ) . L/ |
X S %4 ,Z,’L’ ,b,...:e ,U,)/,p,D,... 10 '“)” s ll()'l ' l‘()z
: Neutrino Energy E\’p (GeV)

Propagation of signal:
diffusion, energy loss, spallation
absorption, scattering

neutrino oscillations, ...
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Dark Matter Annihilation Signals

® Annihilation Rate ~p?

<
O &
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S + + + : g
‘\/W ,Z,’L’ ,b,...=>e ,”U,)/,p,D,... 107! T

| 7
10 107
Neutrino Energy E,, (GeV)
u

Propagation of signal:
diffusion, energy loss, spallation
absorption, scattering

neutrino oscillations, ...
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® Local clumps in the DM halo
enhance the density and boost
the flux from annihilations:

¢ actual (’—; )

Boost factor

boost =

(simulations)

® Boost factor ~ | (for central halo
region <|0Okpc) tidal stripping

* Not important for:

¢sm00th(’—;)
® Typical boost factors are B~ [-20

Surface brightness from
dark matter annihilation
at the position of the
Sun, calculated directly

from the Ag-A-1
simulation.

» Boost factor important for:

» Galaxy clusters, Diffuse extra galactic, ...

o Galactic Center, Solar circle, ...

Carsten Rott

B(r), B(<r)

Neutrino 2012

"Marc I{a'n'{i'c;ﬁkm;vs'ki', Savvas M.

= (2010) arXiv:1001.3 144

Koushiappas, Michael Kuhlen

-
.
et
ant
.......
......

A : s s peaaal
1 10 100

FIG. 4. The local substructure boost B(r) (solid) and the
cumulative luminosity boost B(<r) (dotted), as a function of
radius.
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Dark Matter Halo Proles

,The Aquérius Project

® N-body simulations of Milky
Way like galaxies yield halo
profiles

® Outer halo relatively well
understood

® |nner halo still subject of
debates (cusp-core problem)

— a 10-B)la
r r
P(r) = Py| — 1+ —
rS rS

For small r: p(r)~1/r"

Einasto Profle:
=0.17 r=20kpc p;=0.06GeV/cm3

Moore 15 3 1.5 28

NFW | 3 | 20 5 )\
Kravtsov 2 3 04 10 o (Z) —1D
isothermal 2 2 04 5 p(l” ) = P_,€

Carsten Rott 52 Indirect WIMP Searches



Neutrino 2012

Dark Matter Halo Profiles

® N-body simulations of Milky
Way like galaxies yield halo
profiles

® Outer halo relatively well
understood

® |nner halo still subject of
debates (cusp-core problem)

_y- a-(y_ﬁ)/a
r r
P(r) = Po| — 1+ —
¥ Fs

For small r: p(r)~1/r"

Profile a Py r
Moore .5 3 1.5 28
I 3 1 20
Kravtsov 2 3 04 10
isothermal 2 2 04 5
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J. Einasto, Trudy Inst. Astroz.Alma-Ata 5, 87 (1965),
Navarro, Frenk,White, Astrophys. J. 490, 493-508 (1997),
Moore, et al. Mon. Not. Roy.Astron. Soc. 310, 1147 (1999) [arXiv:astro-ph/9903164],
Kravtsov et al. Astrophys. . 502, 48 (1998) [arXiv:astro-ph/9708176)].
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Dark Matter Halo Profiles

® N-body simulations of Milky
Way like galaxies yield halo
profiles

® Outer halo relatively well
understood

® |nner halo still subject of
debates (cusp-core problem)
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Dark Matter Halo Profiles
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Weakly Interacting Massive Particle

Observational Evidence for Dark Matter points to
Non-baryonic -

Cold massive

dINIM

S

Not strongly interactin%

Stable (long lived)

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

Standard particles SUSY particles

ruggsino

<iggs

EEt

v v
v " v
-y W
Quarks 0 Leplons ° Farce erUcies Stheanks Seplons \) S\ ISY e

particies
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Fermi Positron Fraction

Fermi LAT Collaboration, PRL 108, 011103 (2012)

T
. ] ] | —— Fermi 2011
® [ermi observes increase in . —e— PAMELA 2009
. . AMS 2007

positron fraction from 20 to § 7 ool 1-
200GeV consistent with & } % % _, +

5 107'F ]
PAMELA s ! % +.-+u :

a I aa . - PS5 .

® Positron fraction measurement : l
Uses the Earth’s Magnetic Field | . .
1 10 10°
Energy (GeV)
Y ‘/’/_7 w ~
90° longitude //’ Sdlongit,u’d_e\ \\
e blocked while e: il \\\\}
allowed from West / N \
/ N
180° lodgiludo 'q" longitude 180° longstudk % ' 0 itude
2 \ e blocked while e
NSy S \_  allowed from East
27(.)'\I3hgltudo/-' y B ~ 270" Tongitude
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Sommerfeld Enhancement

http://arxiv.org/pdf/0812.0360

X X
® DM annihilation cross section in the
low velocity regime can be enhanced
through the “Sommerfeld effect”
X X

® when non-relativistic particles

. . FIG. 1: Ladder diagram giving rise to the Sommerfeld
interact through some kind of

enhancement for Yy — XX annihilation, via the exchange
force, their wave function is of gauge bosons. . . .
distorted by the presence of a Simple case: a particle interacting
potential through Yukawa potential:
® In QFT this corresponds to Schroedinger Equation
contributions of “ladder” 1 d2.¢_,(,.)

—V ( T ) L"' ( r ) = —m }32 Y ( r )

Feynman diagsrams .
4 5 m  dr?

® gives rise to (non- Y¥(r) is reduced two-body wave function for s-
perturbative) corrections to  \ave annihilation

Cross section V(r)= o —myr  attractive Yukawa potential
(r)= B € mediated by a boson of mass my

ov =39S (O'V)O for my small the potential becomes Coulomb-like
/ tree level cross and Schrodinger equation can be solved analytically
section times . T G
“Sommerfeld boost” velocity S = - 3-(1 —
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WIMP Nucleon Interaction

® The nucleon coupling of a slow-moving Majorana neutralino (or of any
WIMP in the extreme non-relativistic limit) is characterized by two
terms: spin-dependent (axial vector) and spin-independent (scalar).

X L L X

" N\ /
x N X’ \ / y \ 7/ y
\ . ¥ \\ \\ /
/ oy / N
2 Z "'"\\ 1Lk P e
/, \ . . /\ / \
q
qq q

) CFN - , o J+1 4 L o
o =8 wlSen) venlSwl T oo Wz L (4 2R
w= MMy | M, + My

| - coupled angular momentum of the nucleus fo , fn - COUPI'ng constants to proton
and neutron

{Sn(\)} spin of neutron in nucleus

. . F(q) form factor
an ap - coupling constants / Gr - Fermi constant
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Accelerator Bounds

Bal et ol JHEP1012

X X
1072 F
10732
~ ;
i g 1073 r
M s
. g 107 -
/ —
10_41 r = DAMA . -'
wyHu XY uX CDMS ----- I
107# & R B R P B -
U U 05 10 5 0 100 500 1000

my (GeV)
Direct detection enhanced over collider
production if exchange has light mediator
M < pr{1jet)
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velocity dependence

® What is actually
being constrained ?

b
(cav) ma+ —;x=m, /T

L ~ —=
V2

OABM-S
oAeM-d =

Relic density is set by full annihilation

Cross section 3

(oAV) & 3 X 10-26 70
s

Indirect detection mostly sensitive to

S-wave
(0AV) & (TAV)y—0 & a

Carsten Rott

Neutrino 2012

= T T 11 I T T T TTE
- .. NFW halo model —
18 T me | ceCube 40 (GC) -
10 — e === |ceCube 22 (outer Galaxy) —
- T Super-Kamiokande (GC)
- "~~5’_’2/?W (arXiv:0905.2075v2) |
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Accelerator Bounds - Monojets

Bai et.al. JHEP1012

10—33 .
10735 1
& SO
5 §

™ s 1077
10_42 . \\\(“r, C eling) 10_39 :
F CXA ~~._CDMS _] :

10_44 — 1 1 1 1 1 1 10_41 1 1 ] ] 1 1

05 10 50 100 500 1000 05 10 50 100 500 1000
m, (GeV) m, (GeV)

Paper analyzed implications of CDF monojet search
in “direct detection” plane

Carsten Rott 59 Indirect WIMP Searches



