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Getting dark matter in and out of the Sun

Capture
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Co: capture rate
u: incoming DM velocity in solar frame
fo(u): DM velocity distribution

Q(w): probability of DM scattering from w — below Vese mperial coliege
W(I’) =/’ + vesc(r)2 London
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Getting dark matter in and out of the Sun

Evaporation
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Getting dark matter in and out of the Sun

Evaporation
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(lots of) dark matter E@(t) = 47T/ I’2 / fw(V)Q(V) avdr. (2)
0 0

E: evaporation rate

v: captured DM velocity inside Sun

fw(v): DM velocity distribution inside Sun

Q(v): probability of DM scattering from v — above Ves  imperia coliege
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Getting dark matter in and out of the Sun

Annihilation
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Getting dark matter in and out of the Sun

Annihilation
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A(t): global rate of annihilation processes

a(r, t): local rate of annihilation processes
(oaV)o: annihilation cross-section Imperial College
n,(r, t): DM number density e
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Getting dark matter in and out of the Sun

Dark matter population master equation

When

@ E(t)=0

@ C(t) constant

@ A(t) = constant x N(t)?
then

N(t) = C(t)tq tanh <tt> (6)

eq
with equilibration time t., = (2AC/N?).

In practice, it's usually better to just solve
for N numerically as the star evolves.
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Indirect detection
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Indirect detection
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Getting dark matter in and out of the Sun

Indirect detection
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Getting dark matter in and out of the Sun

Heat conduction
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Getting dark matter in and out of the Sun

Heat conduction
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Getting dark matter in and out of the Sun

Local conductive energy transport with dark matter

Dark matter number density:
d7(r’)

3/2 r Keor / r qu;(c/)
M) =m(©) {%} =P {/o ar (r)k"ér(t)m , } ®)

Dark matter conductive luminosity:

1/2
L) =4 rn b | 10| e T @)
my dr
Corresponding energy injection rate per unit mass of stellar material:
_ 1 dL,(r)
GX(r)_W ar (10)

¢(r): gravitational potential at height r in star

T(r): temperature at height r

p(r): stellar density at height r

¢(r): vo/vr(r) or go/[myvr(r)] depending on cross-section Imperial College
vr(r): DM thermal velocity at height r onen
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Getting dark matter in and out of the Sun

: Observables to watch out for

DM-nucleon scattering allows DM collisions with nuclei in the
Sun
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Getting dark matter in and out of the Sun

: Observables to watch out for

DM-nucleon scattering allows DM collisions with nuclei in the
Sun
— gravitational capture and settling the to solar core

— 1. observable: high-E neutrinos from annihilation

— 2. nuclear scattering inside the Sun

— additional energy transport
— modified solar structure

— 1. observables: — sound speed
(helioseismology) - oscillation frequencies
— convective zone depth

\\ j/.., :
N A — surface helium frac.
AR
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Getting dark matter in and out of the Sun

: Observables to watch out for

DM-nucleon scattering allows DM collisions with nuclei in the

Sun
— gravitational capture and settling the to solar core

— 1. observable: high-E neutrinos from annihilation
— 2. nuclear scattering inside the Sun
— additional energy transport
— modified solar structure
— 1. observables: — sound speed
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: Observables to watch out for

DM-nucleon scattering allows DM collisions with nuclei in the

Sun
— gravitational capture and settling the to solar core

— 1. observable: high-E neutrinos from annihilation
— 2. nuclear scattering inside the Sun

— additional energy transport

— modified solar structure

— 1. observables: — sound speed
(helioseismology) - oscillation frequencies

WIMPS )
— convective zone depth
(ov) #0 ,
Gne # 0 — surface helium frac.
fue — 2. different core temperature
— observable: solar neutrino rates ———
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Getting dark matter in and out of the Sun

: Observables to watch out for

DM-nucleon scattering allows DM collisions with nuclei in the

Sun
— gravitational capture and settling the to solar core

— 1. observable: high-Eneutrinosfrom-annihilation

— 2. nuclear scattering inside the Sun
— additional energy transport
— modified solar structure

— 1. observables: — sound speed
(helioseismology) - oscillation frequencies

CTT;AN 0 — convective zone depth
- . — surface helium frac.
— 2. different core temperature
— observable: solar neutrino rates —
London
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Neutrinos from solar dark matter

Outline

© Neutrinos from solar dark matter
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Neutrinos from solar dark matter

The IceCube Neutrino Observatory

@ 86 strings

@ 1.5-2.5km deep in
Antarctic ice sheet

@ ~125m spacing
between strings

@ ~70m in DeepCore
(10x higher optical

i
detector density) o T

@ 1km? instrumented / A 8 add. densely

: instrumented

VOlUme (1 Gton) strings

Imperial College
London
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Getting dark matter in and out of the Sun
Neutrinos from solar dark matter
Introduction to the solar abundance problem
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Neutrinos from solar dark matter

Neutrino telescope likelihoods: nulike

Unbinned v telescope likelihood = full event-level angular and energy info

Mot 0o — 5 o

£unbin = Enum(ntotletot) H (fSLS,i + fBGﬁBG,i) k

i=1
Strategy: precompute partial likelihoods for each event, then
reweight with the v spectrum at Earth for each model

@ precompute step uses nusigma with CTEQ6-DIS PDFs \\ %
to get charged current v — nand v — p cross-sectionsas 7, :—\—
function of x and y /7’ \

@ like step input: neutrino spectrum at Earth (from
DarkSUSY or whatever else you want to use)

@ like step output: num predicted events, likelihood
@ — fully model-independent = future-proof for global fits

Imperial College
London
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Neutrinos from solar dark matter

Neutrino telescope likelihoods: nulike

10—3{3 T r

- - bb, n only - = 777, nonly
—  bb, full £ — 7t full £
WHW~, n only == PRI soft
WHW-, full £ == PRL hard

10~
107%
107%
10757
1073
10-%

10710

Dark matter-proton cross-section OSD,p (cm2)

1041 = g
10 10? 10? 104
Dark matter mass m, (GeV)

IceCube Collab. (contacts: PS + M. Danninger) arXiv:1601.00653, JCAP 2016
nulike: model-independent unbinned limit calculator for generic BSM models Imperial College
Publicly available at nulike.hepforge.org London
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Neutrinos from solar dark matter

Neutrino telescope likelihoods: nulike

10733 IceCube Collaboration 2016
T T
e:ew Super-Kbb e IceCube bb
—34 L = e —e Super-K WHw~— = = IceCube WHW~— ]
10 - oe—e Super-K 777 ——— IceCube 7777
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kv E
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107 E"

10—40

Dark matter-proton cross-section OSDp ((31112)

—41 I I
10 10! 107 10 10*
Dark matter mass m, (GeV)

IceCube Collab. (contacts: PS + M. Danninger) arXiv:1601.00653, JCAP 2016

nulike: model-independent unbinned limit calculator for generic BSM models imperil College
Publicly available at nulike.hepforge.org
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Neutrinos from solar dark matter

Neutrino telescope likelihoods: nulike

IceCube_Collaboration 2016
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IceCube Collab. (contacts: PS + M. Danninger) arXiv:1601.00653, JCAP 2016

nulike: model-independent unbinned limit calculator for generic BSM models imperil College
Publicly available at nulike.hepforge.org
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Neutrinos from solar dark matter

Neutrino telescope likelihoods: nulike
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—~ 10 T
N,—<

3 103 oA i
\“q Area where essentially

81073 o all MSSM models are |
~& A excluded by IC79

S 10738 L i
g

; 10—39 - . x i

A

2 100 x % 4
2 x

= el )

S a Well-tempered MSSM models not

E 10 B neutralinos excluded by IC79 1
1 *

9] —a2 | ¥

g 10 x* coannihilation

T *
S\ —43 L = ~ ,
= 10 B—q g *pPure i

© MSSM-25 benchmarks coann.

E 1074 | % excluded at >90% CL *4 funnel E
9 tension (68% — 90% CL)

&= —45L & allowed E
& 10 ‘

10! 10? 10° 10*
Dark matter mass m, (GeV)
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nulike: model-independent unbinned limit calculator for generic BSM models Imperial College
Publicly available at nulike.hepforge.org
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Neutrinos from solar dark matter

A word on how (not) to interpret indirect detection in BSM models

@ Indirect limits always presented in terms of hard process
final states

@ Actual experiments do not measure those final states —
they detect one type of SM particle produced later: vs, vs,
etc

@ Limits as presented cannot be combined and applied to
models with mixed final states (= all non-toy models)

@ Proper treatment of indirect detection for BSM searches
requires full phenomenological recast abilities
— full experimental and theoretical treatment at the same
time

Imperial College
London
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Neutrinos from solar dark matter

GAMBIT: The Global And Modular BSM Inference Tool

gambit.hepforge.org

o Fast definition of new datasets e Many statistical and scanning options
and theoretical models (Bayesian & frequentist)
e Plug and play scanning, physics e Fast LHC likelihood calculator

and likelihood packages
e Massively parallel

Extensive model database — not just SUSY

e Fully open-source

e Extensive observable/data libraries
ATLAS . Buckley, P. Jackson, C. Rogan, M. White,
LHCb
Belle-1T son
Fermi-LAT J. Conrad, J. G. Martinez, P. Scott
CTA C. Balézs, T. Bringmann, J. Conrad, M. White
HESS J. Conrad
IceCube 1.
XENON/DARWIN J. Conrad, R. Trotta
Theory . Athron, C. B T. Bringmann,

J

J

P.

J. Cornell, J. Edsjo, B. Farmer, T. Gonzalo, S. Hoof,
F. Kahlhoefer, A. Krislock, A. Kvelle:

F.
R

. Mahmoudi, J. McKay, A. Raklev, R. Ruiz, P. Scott,

. Trotta, C. Weniger, M. White

27 Members, 9 Experiments, 4 major theory codes, 10 countries Imperial College

London
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Introduction to the solar abundance problem

Outline

e Introduction to the solar abundance problem
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Introduction to the solar abundance problem

Solar abundances

@ Latest solar photospheric abundances (Asplund, Grevesse, Sauval & PS:
AGS05, AGSS09) factor of ~2 less than old ones (Grevesse & Sauval: GS98)

@ Best atomic data, highly accurate observations, new 3D
modelling, NLTE corrections, improved agreement with solar
neighbourhood = highly reliable

@ Z=0.017 (GS98) — Z = 0.013 (AGSS09)

L T 105

10 sz L, 100

Normalised Intensity
Normalised Intensity

0.90

Cor 52127A

Ni1 6378.2A

085

Togolecs) = 4579 _|
P TR | 1

L
521.26 52127 52128

P
637.81

L
637.82

P
63783

. N Imperial College
Wavelength (nm) Wavelength (nm) London

PS, Grevesse, Asplund et al A&A 2015
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Introduction to the solar abundance problem

Helioseismology

@ Change Z
— change temperature and density of interior
— change frequencies of oscillations.

@ Observe central frequency of a line Doppler shifting

— reconstruct oscillation modes
— compare to predictions from solar models

Imperial College
Credit: U Birmingham London
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Introduction to the solar abundance problem

Sound speed

Adapted from Serenelli et al (ApJ 2009)
- T

0.015 T T T
|l  AGSO05 _ ]
I AGSS09 B — ]
r GS98 _ 1
0.010 -
[ Modelling error 1
% 0.005 [ Helioseismology error ]
B L ]
0.000 S R i =
-0.005[ ! ! . F ]

0.0 0.2 0.4 0.6 0.8 1.0
R/RO

Imperial College
London
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Introduction to the solar abundance problem

Depth of the convection zone and surface helium

@ Derivative of temperature gradient changes abruptly at
base of convection zone
— gives characteristic oscillation frequency signature

@ Surface helium has implications for initial Y and thus
overall molecular weight required to match observed L

Rcz Ys
Observed 0.713+0.001 0.2485+0.0034
GS98 0.712 & 0.002 0.243 4+ 0.003
AGSS09 0.723 +0.002 0.232 4+ 0.003

Imperial College
London
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Introduction to the solar abundance problem

Small frequency separations

@ Considering frequency difference ratios cancels many
modelling systematics

@ Particular combinations of frequencies are especially
sensitive probes of the core

— Up_ — Up_
r02(n): Vno — Vn 1,2; r13(n): VnA n—1,3

Y
Vn1 — Vn—11 Yn41,0 — Vno

v: oscillation frequency
n, I: radial order, angular
degree of mode

Gs98
AGSS09 ———
AGS05 —

L L L L + . Jimperial College
1500 2000 2500 3000 aspp  London
Frequency (uHz)

Dark matter and the Sun — capture, vs & intro to solar abuns

Serenelli et al. ApJ 2009




Introduction to the solar abundance problem

Solar neutrinos

p+p—2H+e* +v, p+e+p—>2H+v, ¢(7Be)o< Tgo
99.76% 0.24% d)(SB)OC T2
*H+p—>°He+y ¢
84.6% i 15.4% 2.5%105%
*He +°He — “He +2p *He +*He —Be+y He+p—"He+e'+v,
99.89% i 0.11%
Be+e —Li+v, ‘Be+p—=°B+y
Li+p—2'He %8 —Be* +e' +v, <D(7Be) ¢(SB)
. - - Observed 4.80(1 £0.05) 5.16(1£0.02)
PP PP PP GS98 5.00(1+£0.07) 5.58(1+0.14)

AGSS09  4.56(1 +0.07) 4.59(1 +0.14)

Haxton, Robertson, Serenelli Ann. Rev. A&A 2012

Imperial College
London
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Introduction to the solar abundance problem

@ AGSS09 abundances mess up inferred sound speed
profile, helium abundance, depth of convection zone and
small frequency separations

@ Many solutions attempted in the last decade:

Accretion of low-metallicity gas

Bulk opacity modifications

Line broadening in opacities

Attempts to discredit 3D models

Imperial College
London
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Introduction to the solar abundance problem

@ AGSS09 abundances mess up inferred sound speed
profile, helium abundance, depth of convection zone and
small frequency separations

@ Many solutions attempted in the last decade:

Accretion of low-metallicity gas

Bulk opacity modifications

Line broadening in opacities
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@ ...none successful = DM conduction?
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Introduction to the solar abundance problem

@ AGSS09 abundances mess up inferred sound speed
profile, helium abundance, depth of convection zone and
small frequency separations

@ Many solutions attempted in the last decade:

Accretion of low-metallicity gas
Bulk opacity modifications

Line broadening in opacities
Attempts to discredit 3D models

@ ...none successful = DM conduction?

@ Attempted in 2010 for constant o by Frandsen & Sarkar,
Cumberbatch et al, Taoso et al — no solution

Imperial College
London
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Introduction to the solar abundance problem

@ AGSS09 abundances mess up inferred sound speed
profile, helium abundance, depth of convection zone and
small frequency separations

@ Many solutions attempted in the last decade:

Accretion of low-metallicity gas
Bulk opacity modifications

Line broadening in opacities
Attempts to discredit 3D models

@ ...none successful = DM conduction?

@ Attempted in 2010 for constant o by Frandsen & Sarkar,
Cumberbatch et al, Taoso et al — no solution

@ Better agreement with Sun and direct detection if
o X q” V™ (Vincent, PS, Serenell, PRL, JCAP, 2015-16 — Aaron)

Imperial College
London
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Introduction to the solar abundance problem

How not to solve the solar abundance problem

Recent papers claim solar wind prefers high abundances, and
solves solar abundance problem

(Vagnozzi, Freese, Zurbuchen arXiv:1603.05960; von Steiger & Zurbuchen ApJ 2016)

Imperial College
London
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Introduction to the solar abundance problem

How not to solve the solar abundance problem

Recent papers claim solar wind prefers high abundances, and
solves solar abundance problem

(Vagnozzi, Freese, Zurbuchen arXiv:1603.05960; von Steiger & Zurbuchen ApJ 2016)

3.0

7\ T T T I T T T T I T T T T I T T T T |7

2 - S, ]

g r ]

Q1. Is the solar wind a good S g
measure of solar composition? 520 C s, ]
N <V [T ]

195 ,Mg. a

Z [ Fe® Ce 7]

150 0, N E

g f ]

Z10fF H, 3

g L Ne, ]

= L He, -

Serenelli, PS, Villante, Vincent, et al, arXiv:1604.05318 <05 Cooo b b Ly 1T
5 10 15 20 25

First ionisation potential (eV) |mperial College

Dark matter and the Sun — capture, vs & intro to solar abuns



Introduction to the solar abundance problem

How not to solve the solar abundance problem

Recent papers claim solar wind prefers high abundances, and
solves solar abundance problem

(Vagnozzi, Freese, Zurbuchen arXiv:1603.05960; von Steiger & Zurbuchen ApJ 2016)
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How not to solve the solar abundance problem

Q2. Do solar models with wind composition solve the solar
abundance problem?

2 2 2
XGs98  XAGSS09  XvSz16

Ys 14 135 342
Rez 0.15 148  0.60
Ys+Rc; 16 648  47.3
{c} 464 1112 3593
o(CB) 044 118 190
o("Be) 028 045 150

Combined 65.5 186.1 489.1

Imperial College
London

Dark matter and the Sun — capture, vs & intro to solar abuns



Introduction to the solar abundance problem

How not to solve the solar abundance problem

Q2. Do solar models with wind composition solve the solar
abundance problem?
No — complete nonsense.

2 2 2
XGs98  XAGSS09  XvSz16

Ys 14 135 342
Rez 0.15 148  0.60
Ys+Rc; 16 648  47.3
{c} 464 1112 3593
o(CB) 044 118 190
o("Be) 028 045 150

Combined 65.5 186.1 489.1

Imperial College
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Introduction to the solar abundance problem

Conclusions

@ WIMPs and asymmetric DM expected to be gravitationally
captured by the Sun

annihilation ~ generically produces high-energy neutrinos

— strong limits on spin-dependent cross-section
— also on particle physics models (cf. GAMBIT)

Potential impacts on energy transfer in the Sun

Solar abundance problem (helioseismology) suggests the
need for additional physics in the Sun

— suggests/constrains the existence of certain ADM
models (—Aaron)
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