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Compelling observational
evidence
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4. Results 5. Summary

1. Introduction 2. Theory
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Dark Matter Detection

ICECUBE

Production — Colliders

{——

X SM

» Different interaction
channels/search strategies for dark

matter particles Scattering
— Direct Detection

* This work: Solar capture

- special: indirect detection, but
sensitive to scattering cross section y 4 SM

————————>

Annihilation - Indirect Detection
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Solar Capture

annihilation rate
\ capture rate
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Lann = 5 Ccap
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Solar Capture

annihilation rate
\ capture rate
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Motivation: standard spin-dependent (SD) and spin-independent (SI) interactions can be suppressed or forbidden
- include velocity and momentum dependent interactions

5|/'01=1,va A 011=1§X‘,1%1N
»standard assumption” O; =iSy - (% X ?J‘)ILX O12=8, - (SN X ?J‘) N N

SO — O4=AX'SN 013=i§X-GL)(§N-%) Lmt:NZn,pZiCi Oix"X NTN
Os = iSX ' (% Xi}J—)ILN O =i SX ' %) SN 'i}l) isoscalar:
T [ e
0, = SN {;lex 017 = i% S 9y isovector:
Os =8, - V1 1y Oig =im—-S-Sy ¢l =cP—c"
Oy =i8, (Swx;L)  ow=;L.s.L
010=l‘SN°%]lX 020=(SNX%)°S %

Goal: Constrain isoscalar and isovector coupling constants of all interaction operators (4, 14 and 18 for spin-0, spin-
1/2 and spin-1 DM)
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Solar Capture
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Solar Capture

How does DM interact with nucleons?
' — How to detect neutrinos?



The IceCube Neutrino Observatory

DM 11

Image: Yuya Makino, IceCube/NSF X

Neutrinos undergo deep-inelastic scattering in the
Antarctic ice

Optical detection of of Cherenkov light emitted by
secondary charged particles

IceCube Laboratory
Amundsen-Scott

@ Surface Array \ . e Station
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DeepCore SERERE

2450 m
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Goal: Constrain isoscalar and isovector coupling constants of all interaction operators

. . . 2
* Capture rate is proportional to coupling constant squared: Ccap X C

e Use proportionality to convert limits from IceCube solar dark matter searches

Climi

Ocap,i

2
Co

( Céimit )2 _

\ Calculate capture rates in the Sun for each
interaction operator assuming C; — Cg

~-3, —2
* Choose ¢y =10 "m, m, = 246.2 GeV (All other coupling constants are set to zero)
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3. Method 4. Results 5. Summary

1. Introduction 2. Theory
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1. Introduction 2. Theory 3. Method 4. Results 5. Summary
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Capture Rate Calculation (™) = b guwm.w THeACHEN
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1. Introduction 2. Theory 3. Method 4. Results 5. Summary

Climit
' limit )2 — =2 SUNGKYUNKWAN IRWTHAACHEN
Capture Rate Calculation (™) = o 6 SUNGKYUN TR &
Re 00 2 esC ()2 E
us + v (r) max doT
Cop =Ty | drdminr(r) | dudmu’fs(u) = J dEr —— O(AE)
u E... dEgr
5umtov;r1ds t DM density Solar Model DM velocity distribution
most abundan
elements
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Limit
(climit)? — Ceap”
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Capture Rate Calculation
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Re 00 esc 2 Emax
u? +vEse(r) doT
Chp =1y | drdminr(r)| dudmufs(u) : dErl —|0(AE)
P 0 0 u E i dEg
minmn
I \ ' /
Sum over 16 DM density Solar Model DM velocity distribution
most abundant DM response functions —> Contain the coupling constants
elements
,/
dot > > Zm 12 9 ‘
dE (w,q):w22]+]Z[ ) R ( m)W (q°)
R o k=M, 5" N T~
Nuclear response functions
q* yk2 q
T 5 D Re™ (vis, Wi (%)
mN _ mN
k=", d"M,D’,A,AL!

\

Nuclear response operators

- Multipole expansion of nuclear charges and currents gives
six nuclear response operators: M, z‘,2,4, ®‘, ®*

- Measure different quantities (spin, mass, ...)

- Favor different elements
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ReS U ItS * Capture Rates

* Systematic Uncertainties
* Limits on the Coupling Constants

Image: Yuya Makino, IceCube/NSF



Capture Rates

spin % isoscalar
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Operator 1 isoscalar Operator 3 isoscalar Operator 4 isoscalar Operator 5 isoscalar Operator 6 isoscalar Operator 7 isoscalar Operator 8 isoscalar
10137 1016,
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* Most relevant elements can be H1, He4, N14, 016, Al27 or Fe56
* Dependence on momentum transfer = suppression of lighter elements
15.11.2021 Lilly Peters 16




1. Introduction 2. Theory 4. Results 5. Summary
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R 00 U,Z un veSC(T.)Z Eimax do
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Systematics — Velocity Distribution
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» Standard Assumptions: Maxwellian distribution with rotational velocity of 220 km/s, dispersion of 270 km/s and

no galactic escape velocity

Operator 7 isoscalar

Operator 15 isoscalar

e L =g
Eg ]_OO g 100—=_ -
[ © |
-+ +—
= \ oo
m Cﬁ _———\ e —
[ ©
u =
=, =
2, H dominated 2, Fe dominated SR
d© @
@) @)
5% 10_1' 5 X 10—1-
101 102 103 104 101 102 103 104
M, [GeV] M, [GeV]

Vo =200 km/s,
oy =245 km/s
Vo =220 km/s,
o, =270 km/s
Vo =220 km/s,
o, =270 km/s,
Vesc = 550 km/S
Vo = 240 km/s,
oy, =294 km/s
Vo =280 km/s,
o, =343 km/s

- Operators which are dominated by hydrogen are affected at smaller dark matter masses
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e C(Calculated capture rates of dark matter in the Sun within the general effective
theory of isoscalar and isovector dark matter-nucleon interactions in the non-
relativistic regime

* The theory predicts four, 14 or 18 interaction operators for dark matter particles
with spin 0, spin 1/2 or spin 1 with a non-trivial dependence on velocity and
momentum transfer

e Studied impact of systematic uncertainties on the capture rate, in particular the
velocity distribution of dark matter particles in the Galaxy and the elemental
composition of the Sun

* Used the computed capture rates to convert exclusion limits on the capture rate by
IceCube into limits on the coupling constants of the theory

* Leading limits for various interaction types, dark matter masses and annihilation
channels
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Solar Capture

capture annihilation evaporation

\ 1 J
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E — Ccap — CannN° — CgN
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\
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1. Introduction . : 4. Results 5. Summary
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1. Introduction 2. Theory 3. Method 4. Results 5. Summary

Capture Rate Calculation 63%?1\%%@ WAN RNTHAACHEN
R 00 uZ 1 1)8SC (¢ 2 Emax do
Céap = nXJ dr 4nr2nT(T)J du 4mu’fe (u) o (7 J dEg —T‘G(AE)‘
0 0 u Ermin dEg
] 2u2
Emin = Equz / Emax = ‘ITL—I (uz ‘|‘V%SC (T)Z) ’ AE = Emax — Emin

- Integration over u has effectively an upper bound w4, Where E,,in = Emax
=2 Unmqy iS Smaller for heavier dark matter masses and lighter target elements
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1. Introduction 2. Theory

3. Method 4, Results

5. Summary
Capture Rate Calculation SUNGKYUNKWAN IR\NTHAACHEN
P ) UNIVERSITY UNIVERSITY @
M, = 102 GeV M, = 103 GeV
10%- 104-_ P— T
— s N'14
R T o e
E — §
5 L —
I ey g
2- — e \
107 e N14
016
- Al27
i == = Feb6 i
105 5 i 3 105 5 i 3
Radius [cm] 1e10 Radius [cm] 1lel0

= Integration over u has effectively an upper bound w4, Where E,in = Ejax
=2 Unmqy iS Smaller for heavier dark matter masses and lighter target elements
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Capture Rates spin % isoscalar 6
Operator 4 isoscalar Operator 7 isoscalar

E 1018 1013_

i

D 1016 11

< 10 10

~

o)

55 109

4

o,

©

O 107_

Tor T i dor 1or 107107 o
M, [GeV] My GeV]

Total
H1
Hed
He3
C12
N14
016
Ne20
Na23

Mg24
AI27
Si28
S32
Ar40
Cad0
Fe56
Ni58

 Two hydrogen dominated operators
* They contain the spin dependent nuclear response operators 2‘ and Z*
 Capture rate generated by operator 7 is smaller due to velocity suppression
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OgZin°(SNXn?N) O]OZiSN-TT?N]].X
Operator 9 isoscalar Operator 10 isoscalar
1015
1014 1014_
1013 — Total ---- Mg24
= 1073 — H1 ——-- Al27
4%1012 1012 —— He4 ---- §i28
a4 1011 —— He3 ---- S32
g 1011 — C12 Ar40
%1010.5 1010 N14 -=-=-- Ca40
S : — 016 ---- Feb56
107 1091 —— Ne20  ---- Ni58
] —— Na23
8]
10 i”” e 108_m” e
10! 102 103 104 10! 102 103 104
M, [GeV] M, [GeV]

 Operator6, 9, 10, 13 and 14 also contain only Z‘ and Z*
* Depend on momentum transfer = suppression of lighter elements

to a domination of nitrogen at large DM masses

* |In addition to the suppression of lighter elements due to a lower maximum accessible velocity u,,,,, this leads

15.11.2021 Lilly Peters
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Operator 3 isoscalar Operator 12 isoscalar Operator 15 isoscalar
— 1013 - Total --=- Mg24
> 10144 — H1 -——- Al27
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Q —— He4  --—-- Si28
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13
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© 108 1091 1074 — Na23
4 101_
107 107_
10—1_
101 102 10%  10% 101 102 103 104 100 102 10 104
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* Iron dominated operators
 Dominant response ®‘ that favors heavy elements with orbits of large angular momentum
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Capture Rates spin % isoscalar 55 SUNGKYUNKWAN R\NTH a
=) UNIVERSITY

ICECUBE

_ & (a4 s & .ol —i§, . L
01 =1y~ (95_1SX-(miN><VL)1lN Og =Sy - V1N O11 =15« - i IN
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— H1
— He4d

Operator 1 isoscalar Operator 5 isoscalar Operator 8 isoscalar Operator 11 isoscalar
10131

18 |
10 He3

C12
N14
016
Ne20
Na23
- Mg24
- Al27
= 5128
- 532
Ard0
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S — , , , . . . . . . ---- Fe56
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1011 1016

18 |
10 109 1014

107' 1012_

Capture Rate [1/s

105_

1010_

 The standard Sl response M favors heavy elements
* For Operator 5 and 8 additionally A contributes (= Nitrogen)
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Capture Rates

spin ¥ isoscalar SUNGKYUNKWAN RWNTH
) UNIVERSITY

&

ICECUBE

1019;

Capture Rate [1/s]

— [Ty [Ty
- - -
— = =
o] ~J 0o

1015;

1014;

102

M, [GeV]

Operator 1 and 4 are the ,standard’ Sl and SD
interactions

Operator 11 generates a larger capture rate for DM
masses > 35 GeV for isoscalar couplings

- Should be included in ,standard analyses’

>
Z
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Capture Rates
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Operator 1 isoscalar

Operator 3 isoscalar

Operator 4 isoscalar
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Operator 1 isovector

Operator 3 isovector

Operator 4 isovector

Operator 5 isovector

Operator 6 isovector
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1. Introduction 2. Theory 4. Results 5. Summary
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2. Theory

1. Introduction

4. Results

5. Summary
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Systematics — Solar Model spin % 6SUNGKYUN KWAN R\NTH %
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- Hydrogen dominated 04 and O7 least affected
- Largest effect for 016 dominated interaction types (up to 18%)
— Less deviation for isovector interactions because N14 and 016 do not contribute
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1. Introduction 2. Theory 4. Results 5. Summary

Systematics — Velocity Distribution spin % isoscalar SUNGKYUNKWAN IRWTHAACHEN
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- Velocity and momentum dependence in operators is subdominant
- Capture rate is less sensitive to changes in the velocity distribution with increasing order of q and decreasing
order of v
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4. Results

5. Summary

1. Introduction 2. Theory

Systematics — Dark Disk
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1. Introduction 2. Theory 4. Results 5. Summary

Systematics — Gaia Sausage spin % isoscalar SUNGKYUNKWAN RNNTHAACHEN
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