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Experimental searches for dark matter partic

Weakly interacting massive particles (WIMPS) are leading candidates fdyangonic
cold dark matter

C collider WIMP searches are categorized
e t M f in main three methods:

Hadron collider using monget
and monephoton signatures.
Direct scattering interactions
of WIMPs with nuclei in the

direct detector.

Indirect: detection of the final

GE) products from WIMP annihilatior
=" Possible target objects are

_ Galactic Center, Milky Way halo,

C tlme f dwarf galaxies, and the Sun anc

—_———_-

Indlrect the Earth.

--————



SupeEKamiokandeeletector

The worldlargest pure wateCherenkov detector
located inkKamiokamine@3H p Q BNy oI 0 d
L 50kton pure water (22.5ton fiducial, 2m from
the walls of the inner detector)
s 1,000 m (2,700 nwv.e.) underground
HE i 11,129 2@inch PMTs in inner detector (ID)
1,885 8inch PMTs in outer detector (OD)

A‘.

Many physics targets: pice]
Neutrino oscillation: atmospherig, solarn, T2K beam
Nucleon decay . s
AstrophysicsWIMP searchSupernova Relic Neutrino.: sz

yazeki

Supernova burst, monopole search, etc;” *"




Indirect WIMP search by Supkamiokande

The Sun: WIMP particles are scattered elastically and trapped in the deep solar core.
Neutrinos produced by pair annihilation may be detected in terrestrial detectc
Galaxy: diffuse signal from entire Galaxy, peaked from Galactic center.

Neutrinos produced from:decays of
annihilation products are searched by
SuperKamiokande -

(*) The picture of Galaxy was taken frotp://www?2.nhk.or.jp/zero



(1) Solar WIMP search

Huge gravity allows enough captures to achieve equilibrium between

capture and annihilation.
The capture process of WIMPs inside the Sun is same with direct detection

DAMA gn, =0.3
DAMA gn, =045

5

Typical neutrino energies are ~%/B2 of the WIMP i
—_— OMS
mass or lower. ve

bb
Sl interaction 47

SuperY Q& & Sy & AGEW ibhtings (2 TS

makes it suitable for ~10 GeV WIMP searcho-* |

and results are compared with direct \K

detection on WIMPhucleon elastic 1074
scattering cross section.
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Nucl Phys. B850 (2011) 505
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WIMP capture rate inside the Sun

. Jin-dependent (SD) main contribution comes from hydrogen. Owing to hydrogeh
composition (~74% of total mass) of the Sun, high capture rate is expected.
Spinindependent (S1):0Owing to coherent enhanceme#t A2and masamatching
factor, even small composition of heavy elements have large contribution to capture
(depends on solar composition model, then evaluation of uncertainty is important.
It was considered in this analysis.)

—> The sensitivity for Sl as well as SD for light WIMPs is expected to be
competitive with direct detection

Capture rate inside the Sdln

Capture rate for Sl couplinhﬁ
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< go GeV PO N o Oxygen has largest
Lo < value > 30 GeV|
102 - spin—independent -
2 (Sh) _ *
In n
Nk AN Z10
U@ 1028 - \\\\\\\\ . Uo
1077 spin —dependen 1 10% F
0 20 40 60 80 o LT SO em® N
10 100 1000
m [GeV] M, [GeV]

Kappl R and Winkler, M\WNucl Phys. B850 (2011) 505 Zentner A.R., Phys. Rev. D80 (2009) 0635



Data analysis_
Live time [days]
Real datat

Accumulated during the SKIV run periods. SK 1489 1646
. Ski (19962001), SKI| 799| 828
SKIl (2002205, with half PMT coverage)
SKIIl (200&2008) Skl >18| 636
SKIV (20082012 Mar.) SkIV 1096.7| 1096.7
Total 3902.7| 4206.7
compared

. MC simulation
Generated for primary atmo3pheric neutrino flux was divided into below 2 sam
(1) Atmospheric neutrino background:
250-year MC sample per SK run period was normalized to the live time o
each SK run period and oscillata@i¥g, ,=0.025, siAg,,=0.304, siAg,,=0.425,
Dm2,,=7.66 105e\2, Dm2,,=2.66 103e\?)
(2) WIMP neutrino signals:
Other 250year MC sample per SK run period was reweighted by the ratic
of WIMP neutrino flux to original atmospheric neutrino flux.
WiMPSM 3.01was used to simulate the neutrino flux from WIMP annihilati
in the Sun at Supdf. € €4 *t-/bb/W*W- channels from 4 to 200 Ge\?zc



WIMP Induced neutrino events at Suger

Example of reconstructed angle to the Soas,,,)

and momentum distribution
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(*) WIMP MC fobbandt tat 90% upper limit are magnified 30 times for visibili
-> EXcess neutrinos in the direction from the Sun were searched.



WIMP contribution by pulled? method

51 GF 61 a8 FAGGSR A0K aF GY2EaLIKSNRAO
to find best fit value of WIMP contribution

N4 # of events of signal MC

0; 1s value of jth systematic uncertainty

normalization parameter € sWwa Lzt

for WIMP signal fi/o; (¢i/o) swa LINBRAOGSR FNI O
# of BG (signal) events in th#éhjbin due to 5 change.

The data and MC calculations are distributed into 480 bins based
on reconstructed momentum ancbsg,,,
It makes full use of the energy, angle, and flavor information,

5
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Conversion from flux limit to WIMBRucleon
scattering cross section limit

L . Simulation packagParkSUS%.0.6was used for conversion
Capture/annihilation of WIMPs in the Sun

Propagation inside the Sun, vacuum, and inside

the Earth considering oscillation and interaction

4 Assumptions )

WIMPs have only a single type of interaction with nucleus (Sl or SD)

For Sl interaction, 2 cases are considered:

(1) isospiAnvariant (coupling to neutrond,) = coupling to protons ()

(2) isospinviolating dark matter (IVDM) with destructive interference
(f/f,=-0.7)

Standard DM halar €0.3 GeVic v,,, =270 km/s,v,,=220 km/s)

Solar composition is based on BS2@PB model.

. Pair annihilation to fermion or boson with mono channel (of; , WW)
\_ > Equilibrium between capture and annihilation

J
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90% C.L. upper limits on the SD WH

]
—k — "y —k — "y
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WIMP-proton SD Cross section[cm’

—
Q
A

proton Cross section

| | Solid red line: 90% C.L. upper limit

i DOVALIBRA ] calculated at defaulDarkSUSY
1 The shadowed red bands show

-\ \ 1 consideration of uncertainties in
; \ YU 1 the capture rate.
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E—mco-z}\ PICO- 6‘0~\ ............. T
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K.Chaiet. al., Phys. Rev. Lett. 114, 141301 (2015)
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90% C.L. upper limits on the SI WHy
nucleon cross section (1/2)

—
- ]
W
<o)

WIMP-nucleon S| Cross section[cm™]

\
-40 = [
1 0 E' LA ‘.

In the case of Isospin conservatidg'{, = 1)

e 00GeNT cRESSTN _
| [| SK (bb)

SK (W'W') |

10 102 )
WIMP mass[GeV/c7]

Solid red line: 90% C.L. upper limit
calculated at defaulDarkSUSY

The shadowed red bands show
consideration of uncertainties in
the capture rate.

We ruled out some fraction of
WIMPallowed regions.

K.Chaiet. al., Phys. Rev. Lett. 114, 141301 (2015)
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90% C.L. upper limits on the SI WHy
nucleon cross section (2/2)

WIMP-nucleon Sl Cross section[pb]

]
[4:]
TTTT T T TJFTTTT

Isospin violationf(/f, =-0.7)

XENON100

__| CoGeNT'8.4kg-days 2008, WIMP-nucleon

RA 2008, no ion channeling

T IFR30kg-days 2011
2043, 90%

5 6 7 8 9 10 20

WIMP mass(GeV
K.Chaidoctoral thesis, 2015

Isospin conservatiorf{f, = 1) isnot
guaranteed in more general scenarios.
Isospin violating dark matter (IVDM)
arises from recent CDMIB Si result
which can be reconciled with other
conflicting null results.

The entire CDM8 Si 90% C.L. signal
region (blue in left figure) was ruled
out with 100% annihilation to*t .

13



Expected sensitivity

by next generatlon detector-,

T —

Total mass: 0.9Mton

HypeFKamlokand -
s Fiducial mass: 0.9dton
X 25 of SupeK

v

Sensitivity x 85 of SupeiK
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(2) Galactic WIMP search

100 GeV WIMPs bb channel

T T T 400 T T T 7 1000 T T T ]
mol:_ SubGeV e-like 0dcy e _: mf_ SubGeV u-like Odcy e _E aoof— SubGeV -like 1dcy e _E + DATA
WIMP contribution was [ B e L e e LSS
derived withc2 method " ok 1% E
i L 1 20 ] G CMC
same as solar WIMP SearCh-; TR 95005 L1 1 9570 o.ls"""i ATM+WIMP
Data sample is 4223 days i
of SK data (199@014) [ Muceveikes, e w;?ﬂsiape
NFW halo model is assumed™" T+~ before fit

100—

v 1o~ MultiRing e-likeV, ]

UES= e
Fit results are consistent F =

with zero.

90% CL upper limit on i

WIMP self annihilation
Cross section s,V>




90% CL upper limit orsgV>

Solid line global fit.

Dotted line: ON and OFF

source search by using data only
Related systematic error

10—13

10_1? T I T
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—e— v V global fit
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—e— |ceCube79 (halo) -

W'W global fit bb arXiv:1309.7007
—4— p'p global fit
---@-- VvV OMN-OFF source WW-

bb OM-OFF source

as they should equally 1070y ww onorn source
affect ON and OFFsource A - mm___,- gk
are cancel out. E i abed e
Assuming NFW halo model. % 1022 L UL =S
. . . —
A new statistical approach E{ 1023 B PP _;
IS now being prepared. V ¥ E
10724 -
, 10 25; —=
ON- and OFFsource analysis s
: S ' 1028 = -
10_2?__[ Lol 1 RN | 1 Lol ||||3
3 4
. OFF 1 10 10 10 10
il o, s M, [GeV/c?]
s o ¥ Nofy
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Conclusion

Indirect WIMP searches by Sugéamiokandavere conducted.

. Solar WIMP search

No significant excess fogd00 GeV WIMP hypotheses gives upper

limits on the WIMPucleon elastic scattering cross sections.

SD interaction most stringent constraint was derived (< 100 GeV)
even for the softest (bb) annihilation channel.

Sl interaction assuming 100%t- channel, we excluded the entire
DAMA/CoGeN<laimed signal region and most parts of COIMS
signal region.

Uncertainties in capture process were studied in detail and considered

Galactic WIMP search

No significant excess from 1 GEW TeVWIMP gives 90% CL upper limit
on WIMP selnnihilation cross 3,V>.

ON- and OFFsource analysis also gives same level of limits.

5
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EARTH WIMP SEARCH

For the Earth, the Sl interaction dominates in the capturing process.
If the mass of DM almost matches one of the heavy elements in the
Earth, the capture rate will increase considerably.

Capture rate in the Earth Preliminary results from sensitivity studies

Capture rate in the Earth, C (s™)
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Dashed lines show 90% CL limits for background
only scenario.

and their isotopes.



Relative strength of limits from Sun and Ear
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their isotopes enhance capture
rate.



History of solar WIMP searches in Supe

2004: 1679.6 days (8K upward throughgoingmuonevents
were used.S. Desai et alPRD79 (2004) 083523

2011: 3109.6 days (SKiIl, IlI), upwardyoingmuonevents and
their energy information were used. Tanaka et alAstrophys J. 742 (2011) 7

5

5

In previous WIMP searches (2004 and 2011),

only upward goingnuonevents were used s - o N G S
to avoid contamination of atmospheric - -
neutrinos which have a>’powerlaw "% N\ RN
spectrum. ¢ 2 —\;\‘_‘M\:L N .:,_// o«,’z\\“\?
% e (L pe O -
To search for light WIMPs below 10 GeV, N
events with interaction vertices inthe |-+ cewons D |
detector (contained events) were iNCludedef;. v o | = -
in this analysis. T 'Iog;'zo(r'n . ST

K.Chaiet. al., Phys. Rev. Lett. 114, 141301 (2015Aartser) M. et. al., , Phys. Rev. Lett. 110 (2013) 13



Search for the light solar WIMPS In Supe

Event categories in Sup#&r

5

— Upwardgoingmuons(upmu)

FC (fully PC (partially Stoppingupmu Throughgoing
contained) contained) upmu

\
I
-
J

(
I
I

i = For light WIMPs < 10Ge\
most of the signals are

detected as contained




Systematic errors

Sources of systematic uncertainties considered in this analysis

Categories Background MC  Signal MC
Neutrino interactionsin SuperK 16 16
Event reduction 14 14
Event reconstruction and selection 11 11
Prediction of atmospheric neutrino flux 25 C
including I uncertainties on oscillation parameters
Oscillation of WIMP neutrinos during propagation C 7
through the Sun, vacuum, and Earth
Total number of systematic sources 66 48

Total systematic uncertainty is ~10% effect on the WIMP sensit|
The largest contributions come froneutrino interactionand
atmospheric neutrino flux uncertainty

23



muon neutrino flux[/kmz/y]

90% upper limit on neutrino flux from
WIMP annihilation

The 90% upper limit omuon-neutrino flux
from WIMP annihilation in the Sun at Sugér

10T ) T I TIT}

10 , 10°
WIMP mass [GeV/c?]

1 For all tested WIMP hypothesis,
1 no significant excess over expecte
| atmospheric neutrino BG and
1 90% upper limit was set.
1 Number of events was converted
~ 7 to flux considering detection
" efficiency, cross section and live tir
The shadowed regions in left figure
.. 1 show 1s bands of the sensitivity
5 study results.

K.Chaiet. al., Phys. Rev. Lett. 114, 141301 (2015)



Uncertainties in capture process

Following uncertainties were taken into account in conversion to WihMdéteon
(or WIMRproton) scattering cross section limit

Solarmodel Formfactor Solar Velocity
evaporation distribution

SD 4% 1% <1% 40%

SI 25% 45% <1% 25%

(1) Solar model uncertainty in the composition of the Sun was estimated by
comparing theDarkSUSuWefaultchoice BS200®P with other model (BS20095S,0P).
(2) Form factor For SD interaction, from factor is not considered.
For Sl interaction, thBarkSUSdefault choice HelrGould form factor was compared
with other parameter (the effective radius used in HdlewinSmith form factor).
(3) Solar evaporatioms expected to have no impact > 4GeV WIMPs.
(4) Velocity distribution of WIMPsuncertainty was determined in
K. ChoiC.Rott andY.ltow J.CosmalAstropart Phys. 05 (2014) 049

(*) The effects of the planets on the capture rates is negligible.
(*) Uncertainty in the local WIMP density is not considered because it will make a similar effect
both for direct and indirect searches. s



WIMP annihilation in the galactic center

90% CL UPPER LIMIT

§: 0:0:8085 TT]’ T |

IceCube-79 (halo)
arXiv:1309.7007 [astro-ph.HE]

Super-K bb (NFW)

Super-K W'W' (NFW)

Super-K u"u (NFW)

—  Super-K vV (NFW)

T TT.YITT[ IYTTHI T 11[.]”' TV TTTT

—_——

bb
lceCube
[ S—

—

3

..natural scale — expectation for DM as thermal relic =

sl L1l Lol RN N N R RET::
10" 1 10 10? 10° 10
2
M, [GeV/c?]
SuperK and

lceCubeN1. Aartsen et al., (2013), 1309.7007

Limits on the velocity averaged
WIMP seHannihilation cross
section using the dark matter
density distribution given by
J.F. Navarro, C.Benk and

S.D. WhiteAstrophysJ. 462,
563575 (1996).
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Claimed signals and conflicting null results f
light (~10GeVAK) WIMPs from direct searche

DAMNLIBRA

2-6 keV
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0™ , 1107
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c \ % .
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@ i CﬂGeN 2013 3
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o - C-DMSII'-Si:;
¢ a0l R T 8
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[&) [
-}
. I
o : - 3
s 10°} enrd 107
=

Jo [ Slinteraction / | -
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WIMP-nucleon cross section [pb]

R.Agnes=t al., PRL112, 241302(2014) + XENON100(2012) + X

Annual modulation signals and
some event excesses have been
reported from direct searches:

Allowed regions from annual
modulation signals and event
excesses are conflicting with
other null results.

. A new result from CRESBT
R2Say Qi O2y TANY
event excess.

Eur. Phys. J. C 74, 3184 (2014)
The significance dToGeNT
excess becomes <s 2evel with the
maximum likelihood analysis.
arXiv:1401.6234

Complemental searches for ~10Ge
WIMPsare necessary.



DAMA/LIBRA result

R.Bernabekt. al.,arXiv 1301.6243

> 0.05
w30.025 -+
‘%D . M +-¢-'+‘ 4 e
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20,025 | ., DAMANal
w b
005 F L . DAMA/LIBRA: 250 kdalTI)
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Energy (keV)

. Total 13 annual cycles from
Energy distribution of the modulation amplitudes DAMANaland DAMA/LIBRA

S, for the total cumulative exposure 1.17 ton years. 1.17 ton years

2.6 keV . 8.9s modulation

i—]}&\lxi\al(ﬂmtoqxw)‘ — T ‘D$\IA\/LJIBRA(10-Iton>«;\l)—)§
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Experimental modeindependent residual rate of the
single-hit scintillation events measured by DAM¥I
over 7 and by DAMA/LIBRA over 6 annual cycles. 28



CDMSI Si result

R.Agneseet. al., Phys. Rev. Lett. 111, 251301 (2013)

Si Zsensitive ionization and phonon (ZIP)
detector. Total 8 detectors out of 11 were
used for data analysis.

July 200¢September 2008 (140.2 kg days)

Three WIMRcandidate events were observet

021 ., Number of expected surfaesvent BG is
% Wr 9 e s 10  (.41+0.200.08(stat)+0.28.246ys).
Three WIMPcandaaie ovady (ke¥) Neutrons and 206Pb are limited to < 0.13
1079 and < 0.08 events (90% C.L.)

lonization Yield

S
IS

107401 104

CDMSI Si: light blue contours (68% and 90% C

WIMP-nucleon cross section [cm?’]
WIMP-nucleon cross section [pb]

10741 1073
CoGeNiyellow contours
- |, 2 CRESST: light red contours
= DAMA/LIBRA: light brown contours
1043 1077
5 6 78910 15 20 30 40 50 29

WIMP Mass [GeV/c?]



WIMP-nucleon cross section [pb]

CRESSYT result

Spinindependent WIMPhucleon 90% C.L. limit ., CaWQcrystals
,G. Angloheret. al., Eur. Phys. J. C 74, 3184 (2014) , GranSasso
10
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G.Angloheret. al., Eur. Phys. J. C 74, 3184 (2014) o thomal couplng
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C.EAalsethet. al., Phys. Rev. Lett. 106 (2011) 131301

UpdatedCoGeNTHata @rXiv 1401.6234:

1136 live days as of Apr. 23, 2013

Maximum likelihood signal extraction

uses 2 dimensional probability density function.

significance level become E.7. .



Capture rate inside the Sun

Spin independent interactior||

10%8 ¢

1022 |

1020 1

gIl=10-43 ecm?
P I I L1

1019
10
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Capture rates of WIMPs as a function of WIMF
mass.

In GNO(the sum of C, O, and N), oxygen is the
most important of the CNO elements.

For heavier elements like iron, due to form fac
suppression, capture rate become low rapidly
for higher WIMP mass.



WIMP capture rate inside the Sun

. JPin-dependent (SD) : main contribution comes from hydrogen. Owing to hydrogen
composition (~74% of total mass) of the Sun, high capture rate is expected.

. Spinindependent (Sl): Because of the capture rate is booAtext
(coherent enhancemenA A2and masamatching factorA ~A%), even small composition

of heavy elements have large capture rate. (depends on solar composition model,
then, evaluation of uncertainty is important. It was considered in this analysis.)

—> The sensitivity for Sl as well as SD for light WIMPs is expected to be
competitive with direct detection

Capture rate for Sl couplinhﬁ
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Neutrino production in the Sun

In the SD (SI) case, ttieermalizationtime exceeds the age of tremlar system

if Sgp(Sg) < 10*8cn? (10°1cnv) for 100 GeV WIMP.

However they are low enough compared to the expected sensitityndirect

detection Then, it is OK to assumquilibrium between capture andnnhilation

The thermalized WIMPs are predicted to distribute within 1% of the radius of the Sul

By decays of the annihilation products, neutrinos and-agtitrinos can be produced

as final products and escape the Sun and detected by the terrestrial detector.

. bb channel WIMPdadronizeand produce B mesons, which interact in the solar

YSRAdzZY 0STF2NBE RSOlIéd ¢KAa OKIFyySt 3IA
WH*W- channel the high and lowenergy peaks correspond to the prompt decay
of the W boson and decay products of hadrons.
t*t- channel largest number of tau neutrinos are produced than other flavors of
neutrinos. TKA 4 OKIyy St 3IAGSa Y2ald SySNBHSG.
nn channel this channel is helicitguppressed foMajoranaparticle.
This channel is not included in our study.

The propagation of the neutrinos through the Sun and vacuum:

In the sun, a charged current (CC) interaction reduce the amount of the flux and

a neutral current (NC) interaction reduce the energy of the neutrino.

In the case of CC, only tau leptons produced by tau neutrino can produce secondar

neutrinos. (electrons are stablejuonsare stopped before decay)



Version 5.0.6
Fortran language

(1) Setting of model space. Possible constrains from recent accelerators and CMB
measurements for CMSSM and other sources are set as much as possible.
Then,DarkSUSScan possible WIMP scenarios which are randomly chosen
within the model space we set. We ran it for about 5,000,000 scenarios first,
and collected the models which have WIMP masses close to our region of intere:
YR YIRS (KS aY2RS¢ FAfSa 4KAOK I NB
WIMP scenario.

(2) RunnindparkSUSXy G NBIF R Y2RSf Y2RS¢é¢ FT2NJ S| Ol
DrakSUSanalytically calculate the capture rate.

Sl and SD coupling are considered independently. (for calculation of SlI, SD is
set to be zero, and vice versa)
Assuming of equilibriurfor any chosen model.
Force the annihilation into a specified single channel.
In summary, a neutrino flux corresponding to a certain WIMP mass, annihilation

channel and WIMRucleus scattering cross section was calculate@@agkSUSY .



Impact of the dark matter velocity distributiol
on capture rates in the Sun (1/3)

K. Choi, Rottand Yltow, Journal of Cosmology aidtroparticlePhysics

Hfect of the velocity distribution of dark matter in our Galaxy on capture rate
In the Sun.

(1) Orbital speed of the Sun

(2) Escape velocity of dark matter from the halo

(3) Dark matter velocity distribution functions

(4) Existence of a dark disc.

-> even extreme case do not decrease the sensitivity of indirect detection
because the capture rate is achieved over a broad range of the velocity
distribution by integration over the velocity distribution .



Ratio to standard halo model (SHM)

Impact of the dark matter velocity distributiol
on capture rates in the Sun (2/3)

K. Choi, Rottand Yltow, Journal of Cosmology aidtroparticlePhysics

The capture boosts as a function of WIMP mass for variation of several parameters

(1) Orbital speedsof sun

(2) escapepeed of the Milky Way

(3) Velocity distribution functions (VDFs

(4) Dark disc scenarios

Capture boost (SD)
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Impact of the dark matter velocity distributiol
on capture rates in the Sun (3/3)

K. Choi, Rottand Yltow, Journal of Cosmology aidtroparticlePhysics

The sources and descriptions of the velocity distribution functions (VDFs)

Name & reference

Description of simulation

Description of VDF

Vogelsbergeet al.

Mon. Not. Roy. Astron. Soc.

395 (2009) 797,
arxiv:0812.0362

Largest dark matter only
simulation of a Milky Way
sized dark matter halo

Median of the velocity

modulus distributions foP
kpcboxes centered between
7 and 9%pcfrom the Galactic
center

Ling etal.
JCAP 02 (2010) 012,
arXiv:0909.2028

A Milky Waysized galaxy
from high resolution Noody
simulation with baryons

Velocity modulus in a
sphericalshell 7 < R <Kpc
around the Galactic center
with platykurticshape (K =
2.39) and high velocity
dispersion.

Mao et al.
Astrophys J. 764 (2013) 35,
arxiv:1210.2721

Clusterre-simulation project

Standard velocity distributiof
for 96 halos at r/r = 0.15,
peaksat low-velocity
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Abstract

The signals observed at the direct detection experiments DAMA, CoGeNT and CRESST could be ex-
plained by light WIMPs with sizeable spin-independent cross sections with nucleons. The capture and
subsequent annihilation of such particles in the Sun would induce neutrino signals in the GeV range which
may be observed at Super-Kamiokande. We determine the rate of upward stopping muons and fully con-
tained events at Super-Kamiokande for various possible WIMP annihilation channels. This allows us to
provide strong constraints on the cross section of WIMPs with nucleons. We find that the DAMA and Co-
GeNT signals are inconsistent with standard thermal WIMPs annihilating dominantly into neutrino or tau
pairs. We also provide limits for spin-dependent WIMP nucleus scattering for masses up to 80 GeV. These
exclude the DAMA favored region if WIMPs annihilate even subdominantly into neutrinos, taus, bottoms
or charms.
© 2011 Elsevier B.V. All rights reserved.
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Capture rate in the Sun

Solar capture rate for spimdependent and spHhilependent WIMP nucleus scattering

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

| b dC
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107 Spindependent — pe.i (r) is the mass density of nuclei i at radius  in the Sun
" T e " , Spinindependent: The sum runs over

all types of nuclei in the Sun.

They consideredtfom hydrogen to nickel
Spindependent caseonly capture at
hydrogen is relevant

oy ~ 0.3 GeVem ™3
vo = 220 kms~!
|F(Ep)|* = e Fr/Ei - (Gaussian form factors) :

3
Ei=——. Ri=(09A13 +03)f
R R =(0.94"° 4+ 0.3) fm
(*) F(E)=1 for hydrogen

i

. ; . . f(u) l —(U—vp 2 /v2 —(u+ve 2 1v2
The velocity distributiorf(u) of WIMPs : — — = 02 (e7UTvOI Ve — g lrHre) D)
©
. 2
The WIMP nucleus cross sectign: o —o. A2l
U S )

(assuming equal coupling to p and n) u_; 40
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C, Is™'/pb]

Capture rate in the Sun

Solar capture rate for spimdependent and spHhilependent WIMP nucleus scattering
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For the spirindependent case, coherent enhancementA?
the massmatching factor becomes approximately A2
resulting in the capture rate being boostéd A*

However, due to form factor suppression, the capture rate scattering off heavy elem

(ex. iron) can be suppressed by several orders of magnitude for WIMPs with mass ¢
several hundred GeV. Therefore, dominant element is oxygen.
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Annthilation

WIMPs which are trapped in the Sun thermalize and, folldMeawellianvelocity
distribution with temperatureT . :

3

F@) = |k 2mtm Ty,
JI' -
X

It turns out that for all relevant masses the WIMPSs reside close to the center

of the Sun.
In this region the variations of the solar temperature and density are small and

one can approximate both quantities by constants.

Annihilation rate is given by}, = Ao N?/2
l ) V2’
Ao =17 [dr 4rr*n’, (r) (o vrel)o = (RF) (0 Vrel) -
For WIMP masseas, > 1GeV

my — 0.6 GeV '\ )
agv .
10 GeV rell©

Ao =4.5-107 cm3(



Kappl et. al.,Nucl Phys. B50(2011) 50§521 |

Evaporation

Trapped WIMPs may escape from the Sun if their energy is increased by scattering
with nuclei in the Sun (called as evaporation). The evaporation rate can be estimate

8 Oevap — Eesc Eegc
E® = +3 =3 v - CXp | — =
a2 r°  Te(r) 2T (r)

E..c the escape energy at the center of the Sun

Sevap- the evaporation cross section

8T (r)
Tm,

. the mean WIMP speed for the thermal distribution

V=

Although the estimation of evaporation rate is only accurate to within a factor of three
this precision is sufficient for our purpose as it translates into an uncertainty in the
evaporation mass of only 3%.

g
Mevap = M) +0.32 GeV ]OglU (m)

my, = 3.5 GeV (3.02 GeV) in the case of Sl (SD) interaction
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Total WIMP number

The evolution of the total WIMP numbeX) in the Sun is described following differentie
equation using capture rat€,related annihilation ratéd and evaporation rated,

5

N=C@—A@N2—E@N

In case of negligible evaporation withc is larger than evaporation mass.
C
N = [-= tanh(y/CoAot)
o

Total annihilation rate isr; = %A@NE = %C@ tanh”(y/CoAoto)

If vCoAolo > 1 | the equilibrium between capture and annihilation
Is reached, then [ = Co /2

In the SD (SI) case, ttieermalizationtime exceeds the age of the solar
system ifsgp(Sg) < 16*8cny (10°1cn¥) for 100 GeV WIMP.
Howeverthey are low enough compared to the expected sensitivity of
indirect detection. Then, it is OK to assume equilibrium.
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The SupeK 90% upper limits on the SI WIMP nucleon cross secti

SK¢lll data (19962007) were used.
FC events: 8596 in 2906 days
upward stoppingnuonevents: 53(q .,,< 30 degrees) in 2828 days

5

. . DAMA gy, =0.3 AMA 9=
Spin independen DAMA 4, =045 )
. . CDMS - g‘l’)(;;é‘”
Assuming equal coupling 5 g
to protons and neutrons b
]0_38 | Io—ﬁx — — Ti
10_3) ! 10—3‘)
= \ _ :\
g 10-% \\ S Ng_:_ 10~40 - =)
& = =
10-4 s ~ 10-41

10-42 - s—wave ! [0-42 - p—wave |
2. 3 5. 7. \l0. 15. 20. 2. 3. 5 7. 10. 15. 20.

" 8T his channel( hshould be helicitpuppré§88d foMajoranaparticle,
Then, it is not included in our result.

Left: swave annihilation. Right:-wvave annihilation
At low WIMP mass the limits arise from FC events, at higher WIMP mass from stojpomg
Below the evaporation mass all constraints disappear rapidly.
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The SupeK 90% upper limits on the SD WIMP nucleon cross sect

. DAMA ¢n, =0.3
Spin dependent DAMIA g, ~0.45
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(*) This channeln( hshould be helicinguppressed foMajoranaparticle,
Then, it is not included in our result.

(Left plot) swave annihilation. (right plot)fwvave annihilation.
At low WIMP mass the limits arise from FC events, at higher WIMP mass from stoypomg
Below the evaporation mass all constraints disappear rapidly.
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NavarraFrenicWhite (NFW) halo model



