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NMOTIVATION

Neutrino Telescope provide some of the best
constraints on WIMP-Nucleon scattering through

Solar WIMP searches

How can we improve the sensitivity of present day
and next generation instruments including those

for low-mass VWIMPs ?

How well can neutrino results constrain VWIMP
properties in light of astrophysical uncertainties !

Carsten Rott (CCAPP/Ohio State) 3, NDM2012, Nara, Japan June |1-15,2012
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%THE ICECUBE NEUTRINO TeL€ESCOPE

ICECUBE

Gigaton Neutrino Detector at
the Geographic South Pole

5160 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 (CCAPP/Ohio State)

IceCube Lab

50m

1450 m
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(since May 2011) 59-strings (2009-2010)

40-strings (2008-2009)
22-strings (2007-2008)

IceTo

» __— 81 Stations, each with

- T 2 lceTop Cherenkov detector tanks
' —strmgs (2010 2011)

2 optical sensors per tank
324 optical sensors

86—sfring5' =

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
/8 strings-spacing optimized for lower energies
H 480 optical sensors
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|

50kt pure water
(22.5kt fiducial)

water-cherenkov
detector

Operating since 1996
~ | EK-20 PMEs

Photo coverage ~40%

Carsten Rott (CCAPP/Ohio State)
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SOLAR WINMP SIGNAL
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Neutrino 2012

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:
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SOLAR WINMP CAPTUKRE

e WIMPs can get gravitationally
captured by the Sun
e Capture rate, I'c,depends on
WIMP-nucleon scattering cross
section
e Dark Matter accumulates and
starts annihilating
e - Only neutrinos can make it
out
e Equilibrium: The capture rate
regulates the annihilation rate
(Ca=1/2I'c)
e The neutrino flux only depends

on the WIMP-Nucleon scattering

Cross section

Carsten Rott (CCAPP/Ohio State)
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The capture rates scales as:
I'c ~pym;'oa for my ~ma
I'c ~pymy2ca for my, >> ma

number density + kinematic suppression

ma - is the target mass
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SOLAR WINMPS REMIND ER

10
e WIMPs can get gravitationally
captured by the Sun
e Capture rate, I'c,depends on

WIMP-nucleon scattering cross

-2 TdTequi (mx =10 GeV) 103

10°

log, (c>"/(pb))
&

section 10
e Dark Matter accumulates and -6 1
starts annihilating -/
e - Only neutrinos can make it -8 10"
out -9
e Equilibrium:The capture rate 10 10°
regulates the annihilation rate 11 103
(Ca=1/2I'c) 30 -29 -28 -27 -26 ,-25

Iog (<0 Av>/(cm s 1)

e The neutrino flux only depends

on the WIMP-Nucleon scattering Sun is in equilibrium for thermal relic cross section
cross section and for 0% > [0%cm? (@my=10GeV)

dN l
7_C ‘}C N —C’Ctanh (t/T) r=1/ CCCAI
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SOLAR WINMPS REMIND ER

e WIMPs can get gravitationally
captured by the Sun
e Capture rate, I'c,depends on

log,,(6™"/(pb))
w

WIMP-nucleon scattering cross -4
section -9

e Dark Matter accumulates and -6
starts annihilating -7

e - Only neutrinos can make it 8
out 9

e Equilibrium: The capture rate
regulates the annihilation rate 14 0
(Ca=1/2Tc) 30 29 28 27 26 , 25
e The neutrino flux only depends 10g,,(<ov>/(cm’s™)

on the WIMP-Nucleon scattering Sun is in equilibrium for thermal relic cross section
cross section and for 0°P > [0%cm? (@my=10GeV)
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PUBLISHED LIMITS ON THE WINAP-
NUCLEON SCATTERING CROSS SECTION

T. Tanaka et al. Astrophys. J. 742, 78 (2011)
R. Abbasi et al. Phys. Rev. D 85, 042002 (2012)
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DEVELOPMENTS

For obvious reasons Solar WIMP searches have relied on muon neutrino induced muon
fluxes

Examples:
Super—K —— Hyper—K
‘ 325k ) ’6« Q 0.56MT

~IOMeV

Good pointing resolution

Muon range extends effective volume

~l0MeV 3 »
Recent developments: "

Detectors get larger X -
lceCube —> DeepCore —> PINGU —> ..

iceCube Lab

Interest in low-mass WIMPs
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COMPAKRISON OF TRACKS AND
CASCADES

For neutrino energies where the average
muon track length approaches the detector
diameter:

Vi Ve signal rates similar Track Cascade
bUt R(Vuatm) >SS R(Veatm)

Vrand NC events also contribute to signal
cascade rates

Fully contained events

Better energy resolution

Utilize all data (not just up-going (Sun is
below horizon))

Treat all flavors in a similar way

Less dependence on “muon
propagation”

Avg. Atm. v E2d¢/dE [GeV cm_zs_lsr_l]

102 Tz 10

E, (GeV)

4

10 10
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FLUX CONVERSION

FOLLOWING RESULTS WeERE OBTAINED THROUGH A
DARKIVSY STUDY FORC A GENERIC NEUTRINO TELESCOPE



FLUX CONVERSION

Muon flux Conversion

M. Kamionkowski et al., Phys. Rev. Lett. 74
(1995) 5174

Wikstrom & Edsjo, JCAP04 (2009) 09. arXiv
0903.2986

Neutrino flux Conversion

DarkSUSY [P. Gondolo et al., JCAP, 0407, 008
(2004)]

This work is based on a study using DarkSUSY
version 5.0.4 (C.Rott, T. Tanaka,Y. ltow JCAPQO9
(2011)029)

Carsten Rott (CCAPP/Ohio State)
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FLUX CONVERSION

Wikswom & Edsi0 2000

Muon flux Conversion

M. Kamionkowski et al., Phys. Rev. Lett. 74
(1995) 5174

Wikstrom & Edsjo, JCAP04 (2009) 09. arXiv
0903.2986

Neutrino flux Conversion

DarkSUSY [P. Gondolo et al., JCAP, 0407, 008
(2004)]

This work is based on a study using DarkSUSY
version 5.0.4 (C.Rott, T.Tanaka,Y. ltow JCAPO9

(2011)029)

Integrated neutrino flux above an energy
threshold (here 1GeV) look very similar

Neutrino flux limits allow for easier
comparison of different flavor channels

Carsten Rott (CCAPP/Ohio State) 19 NDM2012, Nara, Japan June | 1-15,2012
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WINP SIGNAL COMPAKRISON

Example: Assume my=100GeV and annihilation rate
of 1fb (10-3°cm?)

~2.45 x 10%3 /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

Carsten Rott (CCAPP/Ohio State) 21
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COMPUTE SENSITIVITY FORN A GENERIC

Assume a generic detector

Consider vertex contained events
(starting events)

results can be scaled to any
detector size

Compare different opening angles
around the Sun

Pp=30°
Pp=10°
P (E)=68%

Assume 3 different energy cuts:
my[10GeV,100GeV] Erh=1GeV
my[100GeV, 1 TeV] Emn=10GeV

Eth=100GeV

my[ | TeV,10TeV]

Carsten Rott (CCAPP/Ohio State)
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FLAVOR CHANNEL COMPARISON

Obtain highly competitive
sensitivities with all
neutrino flavor channels
for a Megaton sized
detector through the
application of basic
spectral selection

criteria.

Best results are obtained
with the electron
neutrino channel

Carsten Rott (CCAPP/Ohio State)

Solar WIMP Sensitivity 5 Mton-years
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INMAPROVEMENTS FOR LOW MASS
WINP SENSITIVITY

Expanding searches to
new nheutrino flavors .

Solar WIMP Sensitivities compared to Limits

b II 2 ‘f‘ I 10 - SMton -I }I/ears,Halrd/S(I)ft | I‘II’=I1(I)°I,I Ve—channell B
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NEW EXPERIMENTAL
RESULTS (FROM
NEUTRINO 2012)



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)

e ———————————————————  Data from
10 ge, <oi™ CDMS(2010)+XENON100(2011) Super-K 2011, bb .
o i IC/AMANDA 2001-2008, ! Super-K 2011, W' W~ 4 SK|-| II
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© 37 P N s e i e Il 20GeV b b-bar
10 — L IO e _x_‘:_ ': # y A < ] m
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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)
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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
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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 and E. Strahler “Search for Dark Matter Captured in the Sun with the lceCube Neutrino Observatory”
76~ 1 | Miller “Search for Secluded Dark Matter using the IceCube Neutrino Observatory”
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Neutrino 2012

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

Carsten Rott

| year of lceCube 79-
string as sensitive as
/years of AMANDA +
partially instrumented
lceCube

Sensitivity extends to
WIMP masses down to

20GeV

Full analysis results to
be released soon ... stay
tuned !

Indirect WIMP Searches



Neutrino 2012

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

R. Abbasi et al. Phys. Rev. D 85, 042002 (2012)
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74 -2 M. Danninger and E. Strahler “Search for Dark Matter Captured in the Sun with the lceCube Neutrino Observatory”

Carsten Rott

| year of lceCube 79-
string as sensitive as
/years of AMANDA +

partially instrumented
lceCube

Sensitivity extends to

WIMP masses down to
20GeV

Full analysis results to
be released soon ... stay
tuned !

Indirect WIMP Searches






UNCERTIAINTY CATEGORIES

Divide uncertainties conveniently into three uncorrelated categories:
Annihilation Rate at Equilibrium
Capture Rate
Suppression factors
Neutrino Propagation
Matter effects in the Sun
“Vacuum” oscillations Sun > Earth
Oscillation in the Earth
Neutrino Detection

Detector site and Detector related effects

Carsten Rott (CCAPP/Ohio State) NDM2012, Nara, Japan June |1-15,2012



UNCERTIAINTY CATEGORIES

Divide uncertainties conveniently into three uncorrelated categories:

Annihilation Rate at Equilibrium
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--------------------

Suppression factors
Neutrino Propagation
Matter effects in the Sun
“VYacuum” oscillations Sun > Earth
Oscillation in the Earth
Neutrino Detection

Detector site and Detector related effects

Carsten Rott (CCAPP/Ohio State) NDM2012, Nara, Japan June |1-15,2012



UNCERTIAINTY CATEGORIES

¥
/ l@\
E & Warning $ 9

Divide uncertainties conveniently into three uncorrelated categories:

Annihilation Rate at Equilibrium

-------
------------
-----
.....
- ~

~
-~
A

P bl
- -
- --
-------------------

Suppression factors
Neutrino Propagation
Matter effects in the Sun

“Yacuum’ oscillations Sun > Earth

SJ0312939p OoulJinau 0] UowWwWoD

Oscillation in the Earth

Neutrino Detection

Detector site and Detector related effects
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UNCERTIAINTY CATEGORIES

I i — &
/ IE\
= & Warning $ 9

Divide uncertainties conveniently into three uncorrelated categories:

Annihilation Rate at Equilibrium

-------
---------------
- el
.....
- ~

Local Dark Matter
Density

Solar circular velocity

~
-~
A

P bl
-y (s
- -
--------------------

: 220km/s ?
Suppression factors

0.3GeV/cm3?

Neutrino Propagation

WIMP velocity
distribution

Matter effects in the Sun

Capture process

“Yacuum’ oscillations Sun > Earth

Maxwellian ?

SJ0312939p OoulJinau 0] UowWwWoD

impact of planets ?

: 5 : velocity dispersion
Oscillation in the Earth 5 70kemds ?

Neutrino Detection

Detector site and Detector related effects
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HALO \UNCERTAINTIES ON THE
CAPTURE RATE

Effect on Capture Rate Fc

'NDM2012

M Honma (Talk):
‘favor “fast” angular velocity at Sun

:>220km/s

14 —
' \d=’701\m/s \Slm—ZZOl\m/s ~~~~~~~~~~~~~
v4=300km/s, vg,,=220km/s .
1.3 | v=240km/s, vg,, =220km/s ;
\"d:270klll/s Vgun—"‘iOk]ll/S """""" |
12 L v=270km/s, vg =200km/s ----------- )
=, 11} :
& !
o :
- ] _
09 -
03
ol 2 3 .-
10 10 10 10

WIMP Mass m, (GeV)

Carsten Rott (CCAPP/Ohio State)
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EY Sofue (Poster):
:Iocal dark matter density =

Assume a Maxwellian velocity
distribution of the WIMPs outside
the potential well of the Sun with
a dispersion of vq = 270km/s

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

Linear scaling of [ ¢ with local
dark matter density

----------------------------------------------

O 235 + 0.030 GeV/cm?

----------------------------------------------

NDM2012, Nara, Japan June |1-15,2012



SUMMAMRY OF \IUNCERTIAINTIES

Uncertainty WIMP Mass m, :

10 GeV | 100 GeV | 1 TeV || [rsoicshitmpiatedsnyipreim
Dark matter density TI0% o 3.Bovy & 5. Tremaine 1205.4083 o
Capture process (Planets) < 1% ~1% | £20%
Solar composition ~ 1% ~ 1% ~ 1%
Solar velocity +6% +15% | +18%
Velocity dispersion +8% +12% | +10% A. Peter et al. Phys. Rev. D79 (2009) 103532
Velocity distribution Large enhancements possible e ——————
Evaporation small ~ 0% ~ 0%

While uncertainties in the dark matter
distribution can result in significantly
different 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 the local
density or velocity distribution

Carsten Rott (CCAPP/Ohio State) 33 NDM2012, Nara, Japan June | 1-15,2012



http://arxiv.org/abs/1205.4033v1
http://arxiv.org/abs/1205.4033v1

ANNIHILATION
CHANNCELS



Neutrino 2012

New Solar WIMP channel

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

Carsten Rott Indirect WIMP Searches



Neutrino 2012

New Solar WIMP channel

Possible annihilation channels:
qq9,88,¢C,ss,bb, tt, WW-, ZZ, THT-, Ut -, VV, e ey

NO neutrinos

Carsten Rott Indirect WIMP Searches



Neutrino 2012

New Solar WIMP channel

Possible annihilation channels:

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

q9,88,CC,SS; bbttW*W ZZ, T, U, WY, STy

.No neutrinos

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

T — UuVUrl
7~ — hadrons

Carsten Rott Indirect WIMP Searches



Neutrino 2012

New Solar WIMP channel

P055|ble annihilation channels

------------------------------------------------------------------------------------------------------------------------

qq g9,CC,SS, bb tt, W*W-, ZZ, T T,u U, VW, STy

.No neutrinos

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

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

dominant decay into hadrons

T — UuVUrl
7~ — hadrons

Carsten Rott Indirect WIMP Searches



Neutrino 2012

New Solar WIMP channe

Possible annihilation channels: .
+\A/- e N —>
'q9,88,CC,55,bb,tt, WHW-, ZZ, T T -, WV, eresyy. + >
R e rsonereesonseeensosesones s e fo neutrinos 1 »/) —>
L some “high energy” neutrinos in decays 11 —>
=> basis of present day searches

dominant decay into hadrons __yY
170 <2
Y —
T — VUV, VUrld

7~ — hadrons

Carsten Rott Indirect WIMP Searches



Neutrino 2012

New Solar WIMP channe

Possible annihilation channels:

+\A/- e N —>
'q9,88,CC,55,bb,tt, WHW-, ZZ, T T -, WV, eresyy. + >

Meert e cssrsersersersnserser e e s e st .No neutrinos I l / X‘:

v oo _ -
i i some “high energy” neutrinos in decays ’I l >
i => basis of present day searches

dominant decay into hadrons

0 ="
n Y —
T — UpUrh Charged pions decay at rest
T — D€ producing neutrinos up to

E=52.8MeV

™ — ptyy,

7~ — hadrons

- +,,
P — eTrery,

Carsten Rott Indirect WIMP Searches



Neutrino 2012

New Solar WIMP channe

P055|ble annihilation channels:

..............................................................
.- e ..

-
qq g9,CC,SS, bb te, W*W-, ZZ, T+ T ,u U, VW, STy + >
____________________________________________________________________________ eorssiitl.......NO NEULFiINOS T »/) —>
some “high energy” heutrinos in decays 11 —>

=> basis of present day searches

dominant decay into hadrons

0 ="
LLEERNRY
T — UpUrh Charged pions decay at rest
T — D€ producing neutrinos up to
T~ — hadrons E=52.8MeV g 29.79MeV
™ — ptyy, .
gl
pt — etver,  Z
¥
E(MeV)
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Neutrino 2012

New Solar WIMP channe

Possible annihilation channels:

...............................................................
.- e ..

. ~>

(qq g9,CC,SS, bb tt, W*W-, ZZ, T+T ,u U, VW, STy + >

R et £o neutrinos T 5 / —>
some “high energy” heutrinos in decays 11 —>

=> basis of present day searches

dominant decay into hadrons
Rott, Siegal-Gaskins, Beacom 2012 in prep. 11-0

“
“
-

Charged pions decay at rest
producing neutrinos up to

E+52'8ﬂeyv . 29.79MeV
e —
Z \
pt — etver,  Z
E;
- /NSZBMeV

E(MeV)

Carsten Rott Indirect WIMP Searches



NEW METHODS TO SEARCH FOR
SOLAR WINPS

Rott, Siegal-Gaskins, Beacom 2012 in prep.

10 : Previous searches relied
THIS WORK SUPER-K (2012) — — — - g :
PICASSO (2012) ICECUBE (2012) ++vsens. on hlgh energy neutrinos
I COUPP (2010) bb O '
10 S directly from the decays of

C. Savage et al.
JCAP 0904 (2009) 010

10° \

annihilation products

DAMA :
=) “... 1 Model the full hadronic
E107TE e B ? shower in the Sun
A A Ve .

C/be -
107 e '
- e e 3 WIMP sensitivity continues
< Vi 1 to improve for low masses
10—3 § ........
<
> %
107 : | : ] New key detection channel
1 10 1opo0to compliment other
m, [GeV] searches

Preliminary Sensitivity for SuperK dataset
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CONCLUSIONS

SolarWIMP analyses have reached a level where they can test low-mass
WIMP scenarios

Cascades (v, , v,) sensitivities for Solar WIMPs compare favorably to
tracks (v,)

Even limited angular resolution on cascade events will allow test low
mass WIMP scenarios

Important to better understand all astrophysical uncertainties
Neutrino flux conversion makes experimental results more comparable

New Detection channels of low energy neutrinos cover hadronic losses
and will ultimately provide a better understanding on branching fractions
of various annihilation channels

Carsten Rott (CCAPP/Ohio State) 4 NDM2012, Nara, Japan June |1-15,2012



