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Motivation

- Discovering the interactions of dark matter

- but also: the Solar Composition Problem
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Solar composition problem

After more accurate measurements of the abundances of metals in the early
2000s, it was found that the sound speed from the Standard Solar Model are
not in agreement with measurements  inferred from helioseismology .
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Solar composition problem

After more accurate measurements of the abundances of metals in the early
2000s, it was found that the sound speed from the Standard Solar Model are
not in agreement with measurements  inferred from helioseismology .
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Direct detection




Direct detection

lonisation

# 3 # Nuclear recoll

phonon signal)

Seek to measure the interaction of “ambient” DM with quarks:

>0 0 o0 dow N
R = dE / vf(v v, ERr) dv
e f(v) dER( R)



Dark matter: Beyond esi and osp

Until recently, people have focused on two constant cases:
Q@ ! "
!II u" 5ﬂQ" “_II 5@' I #SD
However, in general
o=o(s,t,u)

Non-relativistic observables:

Urel
smalll
q = \/thargetER = mtarget! Utarget




Dark matter: Beyond esi and osp

Dipole coupling D-wave other effective
Anapole coupling  d-wave operators

Multiple massive  Massive mediator
mediators
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Dark matter: Beyond esi and osp

Dipole coupling D-wave other effective
Anapole coupling  d-wave operators
Multiple massive  Massive mediator
mediators
U(q, Urel)

For concreteness, let’'s look at two forms:

where n = {! 2, 2,4}
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Simplified models |

Effective operators (EFTs)

X7’ XqY°q

d Effective cross sections
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Velocity and momentum-dependent DM

Probing different parts of the
DM velocity distribution with a
given experiment:

Different recoll spectra, mass
dependence
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Dark Matter in the Sun



Direct detection

Probing the scattering cross-section between DM and quarks



The sun Is a direct detection experiment

- M =2x10% kg
(3% Hydrogen
+ 25% Helium

- 2% Heavier elements!
(important since o, x < A%)

- T =4.57 Gyr

1037 ton-year exposure (c.f. LZ: 5 ton-year)



The sun is a direct detection experiment
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The sun is a direct detection experiment

Collision




The sun Is a direct detection experiment

Collision
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WIMP gravitationally bound



The sun Is a direct detection experiment

Population:

Collision

v

AEkin 2 EWIMP — Eescape
WIMP gravitationally bound

N,

X = O(t) - 24() - B(t)



Capture rate

IC LR, £

C(t)=4! re f(”)wl , (w)dudr,
0) 0)

f(u) Halo DM velocity distribution

w(r)= w2+ V2. (rt)  Velocity at r, due to gravity

Tt w o (R ER) g, Rate at which a WIMP of velocity
| dEr W can scatter below Vesc

c.f. direct detection:

> 0 o0 dow N
R = dE / vf(v v, Er) dv
T f(v) iEn (v, ER)

Umin
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Differences with earth-based DD

- Probing different parts of the
halo velocity distribution

- DD: above threshold

- Solar: low part (Vesc)
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Differences with earth-based DD

- Probing different parts of the
halo velocity distribution

-+ DD: above thresholo
- Solar: low part (Vesc)

- Probing different kinematic
range (scattering with lighter
elements)

+ Spin sensitivity

f(v)

** solar lab
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Different couplings?

N

/




Differences with earth-based DD

+ Probing different parts of the ** solar lab
halo velocity distribution -
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DM In the sun: observable effects

Annihilation

The most obvious observable effect is annihilation:

- DM-DM — neutrinos: direct observation
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DM In the sun: observable effects

Enerqgy transport

f the se
N asym
the sola

Core

f-annihilation is suppressed enough (e.g. in as
metric DM ), the “cloud” of DM accumulated in

 core can transport kinetic energy outwards:

<\ nucleus mean free path ' nue ! Teore

Wean freepath ' ! T hue



Wimps in the sun: observable effects

Energy transport
a N

Heat transport away from the core — eftects:

Change in temperature
visible with B neutrinos
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Wimps in the sun: observable effects

Energy transport
a N

Heat transport away from the core — eftects:

Change in temperature
visible with B neutrinos

|y sg ! To " " 20# 2El

Change in structure
sound speed and
height of the convective
zone can be inferred
from helioseismology




g and v-dependent DM in the Sun



Capture rates

Spin-dependent

Spin-independent
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Diffusion coefficient «
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Conduction coefficient
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Heat transport

| r) 112 r
Ly (r) = 47”424:2%(7“)“(74)”)(( )iy (1) kpT(r) 4I(r)

v

1

Smaller cross-section: DM can deposit energy farther away



. ocal vs non-local

Knudsen Local Knudsen Local
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STARS + DarkSUSY

WIMP capture, annihilation and heat
transport

Generic stellar evolution

N




//kDarkStars \\\

(Scott, Edsjo, Fairbairn 2009)
STARS + DarkSUSY

WIMP capture, annihilation and heat
transport

Generic stellar evolution

-

' GARSTEC

(Weiss & Schlattl 2008)

code

~

High-precision (10°) solar simulation

Standard Solar Model: Full evolution

from protostar to current age (4.57

Gyr)




//rDarkStars \\\ //r GARSTEC \\\

(Scott, Edsjo, Fairbairn 2009) (Weiss & Schlattl 2008)

STARS + DarkSUSY High-precision (10°) solar simulation
code

WIMP capture, annihilation and heat

transport 4 Standard Solar Model: Full evolution
from protostar to current age (4.57

Generic stellar evolution Gyr)

\ Qolecular dn‘fusmn

DarkStec

High-precision solar DM code
iIncluding v and g-dependence




Net effect of asymmetric DM in the Sun

Large cross-section:

more captured DM Maximum eftect:

0-SD~1 0_34 sz
O ~1 0_37 sz

Optimal transport at !
Knudsen-LTE
boundary



Neutrino fluxes: constant cross-section

I'si! const. i ' sp! const.

p

oz # # #" % %"_$)
T omGey o Tomev)
Spin dependent Spin dependent

Unconverged models (changes too drastic)



Neutrino fluxes: o ~v2, v¥, g~
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Neutrino fluxes: o ~ v2, g°
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Sound speed: Constant cross-section
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Probing the core

Measuring the frequency separation between the low-nu
helioseismological modes allows us to probe the core
while removing sources of error.

roe(n) = (iofgga ri3(n)

dij4+2(n) = Vng — Vp—1142 =~ —(41 + 6)



Solar core observable: model — observation

Constant cross section g, v dependent

o N b

iS5

(Fmod! Tob9/" obs

N

1000 1500 2000 2200 23000 3500 2000 1000 1500 2000 2500 3000 3500 4000
# (UHZ) # (LHZ)

N

1113

SO N

N

(rmod! Tobg/" obs

1000 1500 2000 2500 3000 3500 4000 1000 1500 2000 2500 3000 3500 4000
# (UHz) # (UHz)

Standard solar model
------ g2 dark matter




Combined limits
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Combined limits: best models

lsi ! O m =3GeV

TABLE I. Measured and predicted solar observables.

, lsi! o
SSM SD SI q2 SI Obs.* Oobs Omodel #3 " K —ass
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What is going on”

e[-nergy extracted from core to!
intermediate radii (0.2 < R < 0.6)

eChange in sound speed, core !
state variables —> small freq separations

e [emp. gradient readjustment up to Rcz
= Convection sets in at slightly lower R

N
N
=
Temp. gradient

lear [erg s-1 g-1]
o

DL/dm - nuclear [erg s-1 g-




Other constraints

- Direct detection

- Mass (3 GeV) still too low to have been seen

- CDMSIite, DAMIC, SuperCDMS should probe this
range

- Collider limits

. Effective operators ~ ¥ ! @ still ok.



To summarise

- Sl, SD constant cross-sections bring some observables closer to agreement
but

-+ Suppress neutrino fluxes too much
- Do not do that well in the core (small-freq separations)
- Do not yield significantly better fit than SSM

- All DM models we looked at give some improvement, but only q2 gives a good
fit, and a significant, 6 sigma improvement over the standard solar model.

- Mass is low - evaporation?

- Could the solution to the solar abundance problem be the first hint of particle
DM?



Thank you




