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® Motivation
® Current Indirect bounds
® A new detection channel

® Sensitivity at current and next generation
detectors

® Conclusions and Outlook

CETUP* 2015 Deadwood
Carsten Rott CS 2 June 22th - 26th 2015



velocity distribution

v 1nteractions

' D Earth
v oscillations
Vi

Jann
Oscatt F

capture

Fann
Detector
Freese ‘86
Silk, Olive and Srednicki ‘85 Krauss, Srednicki & Wilczek ‘86

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

Carsten Rott ‘:;' March 10,2015



® 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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Dark Matter Annihilation in thelSun
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Mnt WIMP-nucleon cross section
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Table 1: Rough comparison of neutrino telescope characteristics relevant for current Solar DM searches. The median angular resolution (©) is
quoted for different representative neutrino energies (E,), where applicable. More details in Refs. [35, 34] (IceCube), [39, 50] (ANTARES), [38, 51]

(SK), and [40] (Baksan).
Datasets with Livetime E,-range Instrumented O¢)atE,
completed analyses  (days) (GeV) volume (ton) 25/ 100/ 1000 GeV
IceCube 2010-2011 317 =10 ~1 Gton 13/32/1.3
ANTAREST  2007-2008 2905 =10 ~20 Mton 6/3.5/1.6
SK 1996-2012 3903 = 0.1 ~50kton 1-1.4%
Baksan 1979-2000 8803 > 13 ~3 kton 1.5% (tracks > Tm)

T Preliminary 2007-2012 results correspond to 1321 days livetime

Physics of the Dark Universe (Nov 2014)

M. Danninger & C. Rott “Solar WIMPs Unraveled” -
* Values are given at muon level (E,); © dominated by kinematic scattering angle.

Carsten Rott 6

6

CETUP* 2015 Deadwood
June 22th - 26th 2015



M. Danninger & C. Rott “Solar WIMPs Unraveled”  Review for interactive tool to study impact of

Physics of the Dark Universe (Nov 2014 .
ysics of ( ) astrophysical parameters
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Impact of velocity distEibution

® Explore the change in capture rate using different velocity = Choi.Rott, ltow JCAP 1405 (2014) 049
distributions obtained from dark matter simulations

os f(v) in Galactic frame at solar circle

S SMH ~1.5 .
= 045 Vogelsberger et al. - 1 4 — ng et al.
g Ling et al. @I Vogelsberger et al.
' Mao et al. "(;,‘ 1.3 t al
0.35 5./ 8 1.2 Q et &
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0.25 " 9 1
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® A comparison of captures rates for different WIMP velocity
distributions show that overall changes in the capture rate are
smaller than 20%

KIAS Exploring the Dark Sector
Carsten Rott CS Seond March 16 - 20, 2015 8 March 18,2015



Low Energy Neutrinos from the Sun
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How-Energy INeutrinos from the Sun
1T+
Possible annihilation channels: / ™
J%8 the absorption of stopped negative pions. They are captured ;7’“':
. into atowic orbits and emit x rays until they reach a sufficiently small radius - K .
(because of their large rest mass) to interact with the nuclear medivwm. At this E.K\' I
don point they disappear as pions and their rest mass appears as various reaction — 7t
fragments. Because the available energy is small, the dominance of the delta >t
resonance in this process is no longer assured but, becauvse of
the internal momenta of the nucleons, neither can contributions from the
— delfa be ruled out entirely.
Cr
deca Y N

Tt sothe number of pions increases in each

——— For high-energy charged pions, the hadronic
Mon interaction length in the Sun is short compared
to the decay and continuous energy-loss lengths,

+ _ generation of the hadronic shower until loss
K processes dominate at low energies energies.

ifetime too short to interact

Zteraction length short compared to losses

,1: — e 1/”

Produces secondary particles in collision
with protons

Dominant energy loss term is T production

Carsten Rott CS 10
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K+. K. K" and K°

K+ DECAY MODES

Fraction (I; /T)

Scale factor/

p
Confidence level (MeV/c)

Leptonic and semileptonic modes

et v, (  1.581+0.008) x 10~

ntuy, ( 63.55 +0.11 ) % S=1.2

m0etu, ( 5.07 £0.04 )% 5=2.1
Called K.

uty, ( 3.353+0.034) % S=1.8
Called K 5.

m070ety, ( 22 404 )x10-5

ety ( 4.254+0.032) x 10~5

R TR ( 1.4 +09 )x1075

0070ty < 35 x 1076 CL=90%

Hadronic modes

7t 70 (| 20.66 +0.08 ) % 5=1.2

7t 7070 ( 1.761+0.022) % 5=1.1

atatn~ ( 559 £0.04)% S=1.3

Leptonic and semileptonic modes with photons

vy [ef] ( 62 +08 )x10~3

pt v,y (SDT) [cg] ( 1.33 +£0.22 )x 107

ut v,y (SDTINT) [cg]l < 27 x 1072  CL=90%

pFv,v(SD™ + SDTINT) [cgl < 26 x10~4  CL=90%

247
236
228

215

206
203
151

135

205
133
125

236

STRANGE MESONS
(S==+£1, C=

Kt = us, KO = ds, K = ds, K~ = us,

B = 0)

similarly for K*'s

I(JP) = 5(07)

Mass m = 493.677 &+ 0.016 MeV [2]
Mean life 7 = (1.2380 & 0.0021) x 10~8s (S = 1.9)

cr = 3.712 m

(S = 2.8)

Vet v,
o uty,

70

+.0.0 28.0% (pions

63.5%
8.4%

(235.5MeV
line)
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INeutrino sighals - Example VV-EeSek

W' — e'Wo) Wi TV ~33%
—> ~67%

Let’s have a closer look at this:

e Ve | high energy v+ em shower
UV, | high energy v + muon

T V1 | high energy Vv + tau decay
dq hadronic shower

——

TT" Neutrinos from pion

decay at rest
~ 20-50MeV

K+

d

ay of annihilatio
final states '

MeV

eV
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VVhat is the Neutrino yields

T — UyVr
T  — D.ls€

[E—y
o
‘29

7~ — hadrons

Neutrino yield N,
S

]
| 10 100 1000
m,, [GeV]
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Most optimistic case:

10° L

§ 100% of annihilation energy
Z S .
= converted into pions
.

> 10~
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CETUP* 2015 Deadwood
Carsten Rott CS 14 June 22th - 26th 2015




ino yield N,
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_______ Neutrino.viele

Neutrino yield N,

1 10 100 1000
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Eiot = 2x1GeV available
equally divided in Tt 1% TT° N = [0% N
3 x neutrinos per TT" decay * e

N = 2GeV / (135+135+140MeV)
Nmax = 14.6

Neutrino yield N,

1 10 100 1000

CETUP* 2015 Deadwood
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_Pion.and kaohn Yi€Ele

Pythia GEANTA4 "
‘FI':
X —>I$'r+

Hadronization = Shower development

® Simulation to determine pion and kaon yields per channel

® Define r-value as the fraction of center-of-mass energy that goes into pions
(TT%) or kaons(K™) decaying at rest.

CETUP* 2015 Deadwood
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Eior = 2x 1 GeV available

= equally divided in TT- 11 TT°
B N =2GeV / (135+135+140MeV)
10° =
& 10° ="
E’ [
2D B —_
> _
® 10k -
B \QO_I.?--""' | — XX b
E \°I<?..---';"'"""‘
10-1 |.--""|-'| I"IIII| | - ||||||~" | Lot | L1
1 10 10° 10°

m, [GeV]
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it r-value is the fraction of center-of-mass energy which goes into it
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K* r-value is the fraction of center-of-mass energy which goes into K*
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Signal in VWater Cherenkov

C. Rott, J. Siegal-Gaskins, J.F.Beacom (arXiv1208.0827)
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°

scillations

K-

Normal mass hierarchy

R. Lehnert and T. J.Weiler, Phys. Rev. D 77, 125004 (2008) [arXiv:0708.1035 [hep-ph]].

neutrinos antineutrinos
Ex  Er ENy EN o
L TR s B Inverted mass hierarchy
081 injected: ve | 1 injected: . 1
0.6 5 : i neutrinos antineutrinos
Ex __ EM  Ef Bl

B P R I

relative fluxes measured on Earth

08¢

|
relative fluxes measured on Earth

log {(E£/MeV)

FIG. 3: Solar neutrino and antineutrino flavor probabilities at Earth versus energy, for a single injection flavor and fo
normal mass hierarchy. Here, we have taken 612 = 12°, § = 0. All other neutrino parameters are as in Fig. 2. The v, a
spectra and v, and v, spectra are interchanged if § = 7 is chosen. Vertical dotted lines mark the characteristic scales fc
lower-energy resonance given by Eqgs. (50) and (52) and the higher-energy resonance given by Eqgs. (53) and (54).

log (E£/MeV)

FIG. 4: Neutrino and antineutrino flavor probabilities on Earth versus energy, for the inverted hierarchy. Here, we have taken
dm3; = —3.0 x 1072 eV2. All other neutrino parameters are as in Fig. 3 (including #1a = 12° and § = 0). The vy and vy
spectra and v, and v, spectra are interchanged if § = 7 is chosen.
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EXpectec ENErgy Neutrino S| ghid

Neutrino Spectrum from pion decay at rest
(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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__|lnverse beta-decay

G. Raffelt INSS2012
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LCI ‘ W /j >
’Bays {Super oIIaboratloﬂ
Phys.Rev. D85 (2012) 052007

The background events mainly caused by the atmospheric neutrinos, solar neutrinos and
muon-induced spallation products.

. Vx...."n.___. ____——"'
NC Elastic Y o
“atmospheric” \e;
V'......"'~ T'<50MeV -::'_'.-._.:T--)
Decay electron ! e THGS
“atm. muon neutrinos” o visible muon” €
Ve CC Ve IRRREE "--t »e
“atm. electron neutrinos™
-y
W/t Vx = "==<ee... NC _..-""" X
'~~¥ T > 200 MeV
“M/TT production from —> 1T
atm. neutrinos” IR PR <
Vu "'~~-t S>>
i RN

“visible short muon track”

CETUP* 2015 Deadwood
Carsten Rott @ 26 June 22th - 26th 2015



@

lation SUPEL
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Sensitivity. Calcu

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

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

- All backgrounds

1 O N E Simple selection criteria
. € T T 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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VVIMP Sensitivity. SUPEEEIS

Rott, Siegal-Gaskins, Beacom 2012

10° -
THIS WORK SUPER-K (2012) = = = =
102k PICASSO (2012) ICECUBE (2012) ++rervvers. _
KIMS (2012) bb O
SIMPLE (2012) WW~, 't X
Q 1 C. Savage et al. _
& 10" | JCAP 0904 (2009) 010
Q
7 1 AMA
E D
-|-|-|-|-|-|-l-'-' E,
” 10—1 N e _
8 z r
2% 1077 F E L
© 5 ==
o
-3 L ¥ Xowin,,, |
10 =
Z -
107 . e
1 10 100

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

Model the full
shower in the Sun

hadronic

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

Carsten Rott 8

28

CETUP* 2015 Deadwood
June 22th - 26th 2015



® Decay electron events are the dominant background

® |dentifying neutrons 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

CETUP* 2015 Deadwood
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200tons
240 50-cm PMT’s




SECTION

Plat form

Access Drift

| — -1 I v
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% : . Outer Detector
g 2 Inner Detector
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0.\-

L Dia. ¢43m J
L Width 48s |
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\ L ~ iy 714 / .
'-E‘-’WD’@ [’E‘-\' dSensItivity. 4ViES

THIS WORK SUPER-K (2012) = = = =
PICASSO (2012) ICECUBE (2012)
KIMS (2012) bb
SIMPLE (2012) W'W™, T

Super-K 4yrs
Hyper-K 4yrs

- . l . .
= : ; + Gadolinium
v - -

best case

m,, |GeV]

CETUP* 2015 Deadwood
Carsten Rott CS 32 June 22th - 26th 2015



Liquid scintillator
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e |879 PMTs
® |8m diameter

® |[kton liquid
scintillator
(mineral oil)

o FD ~
0.5kton

® Exposure
3600days

energy resolution is 6.4 %/\/E(:MeV).

Carsten Rott CS
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https://en.wikipedia.org/wiki/Scintillator
https://en.wikipedia.org/wiki/Scintillator

Long-Baseline Neutrino Facility (LBNF)

DUNE

Deep Underground Neutrino Experiment

-y
“:;;. V Sanford
t'h. .
n.;;;_ V Underground Fermilab
233 Research | _ e
S3s3 oA 22
=3 Facility e

~
~
~
~
~
~
..
~:.:..
~ -~ ~
~
~
~
~
~
~o
~

® 40kton cryogenic liquid argon
detector

® Schedule (pending on funding profile)
® (Cavern excavation 2016-2017.

® First 10 kton FD module in
2021 with 1.2 MW beam.

® 4x|0 kton modules by 2024
with upgraded 2.4 MW beam

ArgoNeuT

CETUP* 2015 Deadwood
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http://www.dunescience.org
http://www.dunescience.org

e 298MeV

® charged current quasi-elastic

® 2355MeV

® charged current quasi-elastic,

®  just at the edge of pion
production, deep inelastic
scattering, resonance, coherent

xsec / E, [1 0% cm?/ GeV]

xsec / E, [1 0% cm?/ GeV]

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

0.1 fp

thanks to Shao-Feng Ge for
Genie cross sections

P |

0.01 0.1 1 10

CETUP* 2015 Deadwood
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R— Sensitivi 67

——PICO-2L Dune 34kton*years
1634 7 ——=DUNE (pion) KamLAND 5kton*years

1E-35 - we DUNE (kaon)
1E-36 - at low energy, take € ~ 1 % for LS
« ¢ KamLAND is signal limited
= viable models produce < 1 event
= 1E-37 - « in KamLANDs exposure
- * problem = o, small at low E,
Q.
= 1E-38 - * DUNE could do much better (34 kT

o LAr TPC, 1 year)

still negligible background (1 yr)
1E-39 - * competitive with direct detection
at ~5GeV (90% CL, € ~ 10 %)

other neutrino searches not sensitive
1E-40 - (focused on high-energy neutrinos)

1 10 100 1000
m, (GeV)

CETUP* 2015 Deadwood
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Pions from CR airshoweks

Cosmic Ray Spectra of Various Experiments

%10‘_+’v . 3 LEAP - sateliite
@ B b % ; : ' Proton - satellite
> 10° [ ¥+° L partlclelmz-soc) ¥ Yakustk - ground array
8 :— {‘%ﬁ‘ / & Haverah Park - ground array
; 10.1 - . ? (o) Akeno - ground array
"E — fooon g A AGASA - ground array
— — NN NESSS. W 0 Fly's Eye - air fluorescence
5104_— + HiRes1 mono - air fluorescence
(V' — '» ¢ HiRes2 mono - air fluorescence
— ! HiRes Stereo - air fluorescence
107 0O  Auger - hybrid
= (1 particle/m”-year)
10—
PP L S SR S-S, S ———

107 -

102 '!',( Qo AR
S :.\‘1'(4 BT p_nrticl.:lkm’-:ycar)‘: i
— SR \\c\/ i - i 3
25| X L& I :
- - \ \ 6 : 2 3
28 . ) *.. \ ) i $ ) -
10 - || ||| | |||J | “[‘.' L [ﬁl ||||ll| ”""] ||||||J Illllll L “I Ll ||||I ||||||] Lt

10° 10" 10" 10'? 10" 10™ 10" 10" 10" 10" 10" 10*
Energy (eV)

" p —CR
atmoshpere
AN Ni
_ 0 E_+>357.67GeV

7T+ - reaching surface D=20km n "
ct=7.8045 m ground Y
d=20,000m 10% stop * v m—,absorbed
mz-c2=139.57 MeV m°, decay

d? d\’
E? =m?c* + m?c* > E=mc? |[1+|—

c2t2 cT

® Estimate background from stopped pions
from CR’s hitting the Earth surface... very
conservative estimate (no interaction in the
atmosphere assumed)

® Pion at rest decay rate:

1.6 X 10 [pions][s]~?

® The corresponding neutrino rate is that of a
100GeV WIMP at 3x10-3cm?

Carsten Rott 8
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® [n-fill of a few hundred strings
Possible
design
for future
array:
64 x 3”
PMTs

®  String spacings ~5 m, sensors spaced
by ~| m on a string

® The Medium is the support structure

® An ambitious vision worth working
towards:

® Fiducial volume > |MTon

] wlelw

~,
CLTerey Tl egele B

® Photo coverage ~10%

e e atetn

g 5 :

e O(10 MeV) threshold for bursts 3 2 A

e O(100 MeV) for single events d B )

® |ceCube and DeepCore provide active % g 5
veto g 4 Ppixelization A oW
' ) Vo Y f 'ﬁg\
® No excavation is necessary, drilling/ 5:;;] J zf} . ,}\ . @, ' 0 ;9 2
deployment has been refined to an g 8 § B rQPP"«E{} '8 : :
industrial process — deployment costs g B g '3’} § A ‘

would be well below 10% of total g6 ¢ Ve 6 fe

OO o
AL

vavny] el wonte
SERSIE
-

® Physics extraction from Cherenkov ring
imaging in the ice

~-
Pt
Y
Narara

SO T S v

0 0.8 T o e

e A
Fom vanes fome
STy
Aol
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s S 5SS 55
~
s
Ve e avns el arane
N T
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o
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A\VAVA a\V/

ow-enhersy. neu

® 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 could potentially disentangle
the mix of WIMP annihilation final states

CETUP* 2015 Deadwood
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- S

® Solar WIMPs provide very distinctive dark matter
signal

® New detection channel with low-energy neutrinos
offers additional discovery potential and give access
to previously hidden scenarios

® Extremely sensitive to test low-mass VWIMPs

® Searches at LS detectors are signal limited,
sensitivity improves (~linear) with volume and
exposure ...a case for large detectors

CETUP* 2015 Deadwood
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 — PICO-2

10
o PICO-2L:2 liter C3Fg 8
C "37_ /,
bubble chamber in the g "0 ; ,
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FIG. 5:  (Color online) The 90% C.L. limit on the SD
WIMP-proton cross section from PICO-2L is plotted in red,
along with limits from COUPP (light blue region), PICASSO
(dark blue), SIMPLE (green), XENON100 (orange), Ice-
Cube (dashed and solid pink), ANTARES (dashed and solid
brown), SuperK (dashed and solid black), CMS (dashed or-
ange), and ATLAS (dashed purple) [7} 9} 10} 25H30]. For the
IceCube, ANTARES, and SuperK results, the dashed lines
assume annihilation to W-pairs while the solid lines assume
annihilation to b-quarks. The CMS and ATLAS limits assume
an effective field theory, valid for a heavy mediator. The pur-
ple region represents parameter space of the CMSSM model

of [24].
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D.F. Measday | Physics Reports 354 (2001) 243409 295

Table 4.2

Some illustrative total capture rates for g~ in nuclei. Also given is the mean lifetime. For the hydrogen isotopes,
molecular formation complicates the situation. For other light elements (He,Li,Be,'’B) the capture rate is the
statistical average of the hyperfine states except for those marked (lhfs), i.e., lower hyperfine state. For Z > 15 the
rate is always for the lower hyperfine state

®  Muon capture in hydrogen:

e  Capture Rate (4.5 10%s°') is
factor 1000 smaller compared

Z (Zaty) Element Mean-life (ns) Capture rate x10°(s™") Huff factor Ref.
to decay (4.55 10°s™')

®  Muon capture in helium: w 2197.03 (4) 455.16 [14]
1 (1.00) H 2194.90 (7) 0.450 (20) 1.00 [23]

) L= )]
o CopureRae 36 105N is  saw  h aly S, oW

factor 1000 smaller compared *He 2195.31 (5) | 0.356 (26)
5 | 3 (2.94) SLi 21753 (3) 768 (12) 1.00 [250]
to decay (4.55 10°s™) L 2186.8 (4) 226 (12) [250]
4 (3.89) Be 2168 (3) 6.1 (6) 1.00 [183]
Muon capture in oxygen: 5 (4.81) :‘:B 2072 (3) 27.5(7) 1.00 [183]
Ihf 2089 (3 23.5 (7 1.00 183
® Capture Rate (I 0 |OSS'|) i 6 (5.72) '22( . 2028 Ezi 37.9 ES; 1.00 {183}
. 3¢ 2037 (8) 35.0 (20) [183]
factor ~1:5 to decay (5.6 10°s™) 7 (6.61) N 1919 (15) 66 (4) 1.00 [183]
8 (7.49) 160 1796 (3) 102.5 (10) 0.998 [183]
The Huff factor is a small 9 (8.32) :2? (Ihfs) :ig 83 253'(()1()14) 0.998 Hgg
correction on the muon lifetime. It 13 (11.48) VAL (Ihfs) 864 (2) 705 (3) 0.993 [183]
. 14 (12.22 2g; 758 (2 868 (3 0.992 183
takes into account the fact that the 20 &6,1 5; Ca 334 8 2546 §23>) 0.985 {183}
normal muon decay rate is reduced 40 (25.61) Zr 110.4 (10) 8630 (80) 0.940 [183]
82 (34.18) Pb 74.8 (4) 12985 (70) 0.844 [183]
for a bound muon- as the binding 83 (34.00) Bi 73.4 (4) 13240 (70) 0.840 [183]
. 90 (34.73) Th 77.3 (3) 12560 (50) 0.824 [251]
energy reduces the energy available 92 (34.94) U 77.0 (4) 12610 (70) 0.820 [252]
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* scintillator produces a spherical
burst of light

 essentially a calorimeter
— easy to get total energy
— harder to get direction from a

spherical burst of light (7 \
* but timing of when PMTs are A O

illuminated can be used to
reconstruct charged lepton track

— essentially, Huygen’s principle

* analysis of KamLAND data is on
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* we’ll treat it as our benchmark A
/

detector .... \
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figures courtesy of John Learned | / ]
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