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Solar reflec(on of sub-GeV DM
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I. 
Direct Detec(on of  
(sub-GeV) Dark Ma/er
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How do we know about dark ma/er?
(a) Fritz Zwicky and the Coma cluster

Photo: F. Clark (1971) 
F. Zwicky, Helv. Phys. Acta 6 (1933), 249
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(b) GalacMc rotaMon curves
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(d) Cosmic microwave background(c) Cosmological structure formaMon

Springel et al., Nature 435 (2005), 629-636
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Direct detec(on of dark ma/er
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Basic idea: Measure the energy 
deposit of a DM-maXer collision 
inside a detector.
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sub-GeV DM

• ConvenMonal direct DM searches lose 
sensiMvity to DM masses below ~ 1 GeV. 

• Why? And what can be done to probe 
lighter masses?
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•Typical nuclear recoil: 

•KinemaMc lower bound on the 
testable mass for a given recoil 
threshold. 

•Example: Threshold of XENON1T

90% CL 95% CL 99% CL
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er threshold

mmin
χ = mT

2mT

Ethr
vmax − 1

Etyp
R ∼

2m2
χ v2

χ

mT
≈ 2 keV

× ( mχ

10GeV )
2

( vχ

10−3 )
2

( mT

mXe )
−1

The low mass fron(er of DM searches

Ethr ≈ 5 keV ⇒ mmin
χ ≈ 7 GeV

Aprile et al., PRL 119 (2017)181301

Larger exposures do not 
probe lower masses.

mmin
χ
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An incomplete list of search strategies for sub-GeV DM

•Bremsstrahlung emission from the recoiling nucleus. 

•Migdal effect 

•Dirac materials (e.g. graphene) for direcMonal detecMon. 

•ExcitaMons of molecules in gases. 

•Up-scaXering of DM by cosmic rays.

Kouvaris & Pradler, PRL 118 (2017) 031803 
McCabe, PRD 96 (2017) 043010

Essig et al., PRR, [arXiv:1907.07682]

Hochberg et al., Phys. LeX. B772 (2017) 239 
Coskuner et al., PRD, [arXiv:1909.09170] 
Geilhufe et al., PRD, [arXiv:1910.02091]

Bringmann & Pospelov, PRL 122 (2019) 171801 
Ema et al., PRL 122 (2019) 181802 
Alvey et al., PRL, [arXiv:1905.05776] 
Cappiello & Beacom, PRD, [arXiv:1906.11283]

Ibe et al., JHEP 1803 (2018) 194 
Dolan et al., PRL 121 (2018) 101801

Figure from [1711.09906].
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Instead of nuclear recoils, search for DM-electron interacMons.

Direct Detec(on of Dark Ma/er via electron recoils
J. Kopp et al., Phys. Rev. D80 (2009) 083502 
R. Essig et al., Phys. Rev. D85 (2012) 076007

Figure from Essig et al., [arXiv:1509.01598]

Emax
e = 1

2 μχNv2 ≲ Eχ ∼ 0.5 eV ( mχ

MeV )
Emax

NR = γEχ

γ ≈ 4
mχ

mN
≪ 1 for mχ ≪ mN

Compare to

•Different kinemaMcs: 

•No kinemaMc penalty: . 

•The minimal test-able DM mass is 

Ee ≤ Eχ

mχ ≳
2Egap

v2max
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II. 
Dark ma/er in the Sun
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•Pro memoriam: 

•What if some process could increase the maximum DM speed somehow? 

•ElasMc scaXerings on thermal targets inside the Sun could do just that.

Solar Reflec(on of DM (SRDM)
H. An, M. Pospelov, J. Pradler, A. Ritz, PRL 120 (2018), 141801 
TE, C. Kouvaris, N. G. Nielsen, PRD, 97 (2018), 063007

vmax > v(gal)
esc + v⊕

mχ ≳ mT

2mT

Ethr
vmax − 1

mχ ≳
2Egap

v2max
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Title
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DM par(cles passing through the Sun

SHM
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w(u, r) = u2 + vesc(r)2

vesc(r) =
2GN M⊙

r

Γ(mχ) = nχπR2
⊙ ∫ du fhalo(u)(u +

vesc(R⊙)2

u )
≈ 1.1 ⋅ 1033 ( mχ

MeV )
−1

s−1

• GravitaMonal acceleraMon • Outside the Sun, the DM parMcles follow 
hyperbolic Kepler orbits. 

• The rate of DM parMcles entering the Sun is 
given by
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• We focused on the 4 standard scenarios in this study. 

1. Spin-Independent nuclear interacMons (SI) 

2. Spin-Dependent nuclear interacMons (SD) 

3. Electron interacMons only. 

4. Dark photon model

22

dσSI
N

dER
=

mN σSI
p

2μ2χpv2χ [Z + fn
fp

(A − Z )]
2

FN (q)
2

dσSD
N

dER
=

2mNσSD
p

3μ2χpv2χ

J + 1
J [⟨Sp⟩ + fn

fp
⟨Sn⟩]

2

FSD
N (q)

2

dσe

dq2 = σ̄e

4μ2χev2χ
FDM(q)2

DM interac(on models with heavy mediators

ℒD = χ̄(iγμDμ − mχ)χ + 1
4 F′ μνF′ μν + m2

A′ A′ μA′ μ + ε
2 FμνF′ μν

σ̄p

σ̄e
= (

μχp

μχe )
2

➡ Hierarchy of cross secMons

A small dark sector with an addiMon U(1) gauge group (broken) and kineMc mixing term.
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Underground DM sca/ering rates

Ωe

Ωp
∝ σ̄e

σ̄p

⟨ | ⃗v χ − ⃗v e |⟩
⟨ | ⃗v χ − ⃗v p |⟩ = (

μχp

μχe )
2

× 4(10)
• Dark photon model:

⟨ ⋅ ⟩ :

Number density
Total cross secMon
RelaMve speed
Thermal average

Ω(r, vχ) = ∑
i

ni(r)⟨σi |vχ − vT,i |⟩
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• We can make a first esMmate of the total solar reflecMon rate. 

• Here we assume an average probability for a DM parMcle to get reflected, . 
• The total flux is therefore 

• Compare this to the halo DM flux

prefl

24

ℛ⊙(mχ) = prefl × Γ(mχ)

Φ⊙(mχ) =
ℛ⊙

4πℓ2

≈ 3.8 ⋅ 105 prefl ( mχ

MeV )
−1

s−1cm−2

Φhalo(mχ) ≈ 1.3 ⋅ 1010 ( mχ

MeV )
−1

s−1cm−2

First es(mate of the SRDM flux
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• The nuclear recoil spectrum caused by a generic DM flux is given by 

• For halo DM, we usually directly insert 

• The SRDM flux can simply be added, 

• But one of the two fluxes will always dominate the other one.

25

dR
dER

= NT ∫vχ>vmin

dvχ
dΦχ

dvχ

dσχN

dER

dΦhalo
dvχ

=
ρχ

mχ
vχ fχ(vχ)

Direct detec(on of SRDM

Halo DM

SRDM

dR
dER

= NT ∫ dvχ ( dΦhalo
dvχ

+
dΦ⊙
dvχ )

dσχN

dER
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Dis(nguishing SRDM from background or halo DM

1. DirecMonality: If the detector is sensiMve to the DM parMcle’s incoming 
direcMon in the Sky, the Sun could be idenMfied as the signal’s origin. 

2. Annual modulaMon: There are two source of annual modulaMon: 

•  Orbital modulaMon: The flux scales as . Due to the Earth’s orbital 
eccentricity this causes a small annual modulaMon. 

•  Anisotropy modulaMon: If the Sun ejects the SRDM flux 
anisotropically, this could be a 2nd source of annual modulaMons. 

3. Diurnal modulaMons: Underground scaXerings inside the Earth would 
typically cause a day-night modulaMon.

ℓ−2

Signatures of a SRDM signal:
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The isoreflec(on angle
• The boost into the Sun’s rest frame gives rise to the DM wind. 

• The system is symmetric under rotaMons around the Sun’s velocity. 

• We define the polar angle of this symmetry axis as the isoreflecMon angle:

• Time evoluMon of the Earth’s isoreflecMon angle
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III. 
Monte Carlo 
simula(on of solar 
reflec(on
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MC Simula(ons of DM in the Sun

1. Ini(al Condi(ons: Where does 
the parMcle start? 

2. Free distance: Where does the 
parMcle scaXer? 

3. Target: What does the parMcle 
scaXer on? How fast is it? 

4. Sca/ering angle: How does the 
parMcle scaXer?

?

?

?

?

Medium

Repeat steps 2-4.

The main random processes are
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1. Sample a velocity u far away from 
the Sun from the halo. 

2. Sample the iniMal posiMon with a 
maximum impact parameter. 

3. Propagate the parMcle analyMcally 
on its hyperbolic Kepler orbit to a 
locaMon close to the Sun.

Ini(al condi(ons
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• The probability for a DM parMcle to propagate underground without 
scaXering: 

• Here, we used the mean free Mme 

• This enables us to find the locaMon of the next scaXering. 

• We solve the equaMons of moMon iteraMvely using the Runge-KuXa-
Fehlberg method. The parMcle scaXers as soon as

31

P(Δt) = 1 − exp (−∫
Δt

0

dt
τ(r(t), v(t)) )

τ(r, v) = Ω(r, v)−1

∑
i

Δti
τ(ri, vi)

> − ln(ξ)

Free propaga(on
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• Once we know that the DM parMcle scaXers at a radial distance r, we can 
idenMfy the target species. The probability to scaXer on target i is 

• The target’s velocity can be sampled from the following distribuMon, 

• Since we assume contact interacMons with heavy mediators, the scaXering 
is isotropic. 

• Finally, the new DM velocity is given by

32

v′ χ =
mT |vχ − vT |

mT + mχ
n +

mχvχ + mTvT

mT + mχ

Pi =
Ωi(r, vχ)
Ω(r, vχ)

Sca/erings inside the Sun

Maxwell-Boltzmann distribuMonf(vT) =
|vχ − vT |

⟨ |vχ − vT |⟩ fi(vT, T )
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Title
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• The total reflecMon rate and flux is found given by the amount of reflecMons among the 
simulated parMcles. 

• The reflecMon spectrum is based on the speed data recorded at 1 AU distance. Instead of 
histograms, we prefer a smooth distribuMon and use Kernel density esMmaMon (KDE). 

• To study anisotropies of the SRDM flux, we define equal-area isoreflecMon rings and 
perform the analysis for each ring.

34

From MC simula(on to the SRDM flux

ℛMC
⊙ = Nrefl

Nsim
Γ(mχ) ΦMC

⊙ =
ℛMC

⊙
4πℓ2

ℓ = 1 AU

dℛ⊙
dvχ

= ℛMC
⊙ fKDE

⊙ (vχ) dΦMC
⊙

dvχ
= 1

4πℓ2
dℛ⊙
dvχ



20.04.2021		 Science Coffee seminar, Lund University	 	 	 Timon Emken (Stockholm University) 35

The Simula(on Code
"The code is what you did, the paper is what you think you did.” 

-Patrick Koppenburg on TwiXer

•The Dark Ma.er Simula3on Code 
for Underground Sca.erings - Sun 
Edi3on (DaMaSCUS-SUN) is publicly 
available on github. 

•WriXen in C++, built with CMake, 
set up with unit and build tesMng, 
code coverage,… 

•Fully parallelized (MPI), ready to 
run on HPC clusters.

h.ps://github.com/temken/DaMaSCUS-SUN

https://github.com/temken/DaMaSCUS-SUN


20.04.2021		 Science Coffee seminar, Lund University	 	 	 Timon Emken (Stockholm University) 36

IV. 
Results
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The first sca/ering inside the Sun
• The first scaXering allows comparison with our 

analyMc descripMon of DM scaXerings inside the Sun.
TE, C. Kouvaris, N. G. Nielsen, PRD, 97 (2018), 063007
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The impact of mul(ple sca/erings
• Using MC simulaMons allows to quanMze the 

contribuMon of mulMple scaXerings to the SRDM flux.

➡   Great consistency between analyMc formalism and MC descripMon!
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The solar reflec(on DM flux
• Compare the SRDM flux to the halo DM flux.
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Exclusion limits for DM-nucleus interac(ons

➡ Higher exposures probe lower masses!

• For SI interacMons, next generaMon experiments can extend 
their sensiMvity to lower masses through SRDM.
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Exclusion limits for DM-electron interac(ons

➡ Solar reflecMon extends the experiments’ mass sensiMvity by mulMple 
orders of magnitude.
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Anisotropies of the SRDM flux

➡ The Sun does not eject SRDM parMcles isotropically into the solar system.
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orbital anisotropy orbital + anisotropy
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Annual signal modula(ons

➡ The orbital and anisotropy modulaMons feature comparable amplitudes.
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V. Summary & Outlook
• ScaXerings on hot solar targets can accelerate light DM parMcles. 

• The energeMc flux of reflected DM parMcles can extend the sensiMvity of direct detecMon 
experiments to lower masses especially for DM-electron interacMons. 

• We performed MC simulaMons to describe the SRDM flux for 4 different DM scenarios 
and derived exclusion limits based on exisMng and planned experiments. 

• An SRDM signal would feature a rich modulaMon signature. We invesMgated the annual 
modulaMon.

• So far we only considered heavy mediators. What about light mediators? 

• Migdal scaXerings + SRDM could potenMally extend sensiMvity to low mass DM searches 
via nuclear recoils.
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Thank you!
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VI. 
Backup Slides
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The solar model
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Standard Solar Model AGSS09

• Mass FuncMon M(r) 

• Temperature T(r)

• Nuclear composiMon 

• Number densiMes

A. Serenelli et al., Astrophys. J. 705 (2009), L123-L127
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DM Gravita(onal capture rate
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Runge-Ku/a-Fehlberg (RK45)

AdapMve method for the numerical soluMon of 1st order ODEs.
·y = f(t, y) , y(t0) = y0 ,

Requires the same number of funcMon evaluaMon of RK6, but is rather a 
combinaMon of RK4, 

and RK5,

ỹk+1 = yk + 16
135 k1 + 6656

12825 k3 + 28561
56430 k4 − 9

50 k5 + 2
55 k6 .

yk+1 = yk + 25
216 k1 + 1408

2565 k3 + 2197
4101 k4 − 1

5 k5 ,

Δtk+1 = 0.84 ϵ
yk+1 − ỹk+1

1/4

Δtk

The comparison of both yields an esMmate of the error, and allows to 
choose the step size adapMvely.

E. Fehlberg, NASA technical report, NASA, 1969


