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'.Sola.r reflection df sub-GeV DM |

.|'.,  ., .'Directdetec’_t_io'n of (SUb‘fG'eV)"dark matter
I :Darkmat.ter ih'fheSun : il

| n. Monte Carlo.simU'Iétiond~f s'c).l‘-a'r r'e.ﬂef'ctio'n.. i
IV. * " Results

VR Summary &Outlook

20.04.2021 Science Coffee ser.ninar, Lund University FON S Timon Emken (Stockholm University) 11



BN _
Dlrect Detectlon of
(sub GeV) Dark Matter
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How do we know about dark matter"

€) Frltz ZW|cky and the Coma cluster " (b) Galactic rotatlon curves’

— NGC 5055

— NGC 5985
=g | | — NGC6195

~——

2 | "1 —=— NGC-6946 *
s 1

La——— g

] — NGC7331

: : 4 .— UGC 0012
! 1 e 0028

A UGC 02916 -*

1= UGC02953

o el 09133 '

- rotational velocity vgbs[km/sec]

0 +, 10 20 30" 40 §ard 60 VT 70 o —UGC06614
: radius r.kpc] o

hoto: F. Clark (19 - . Ao '
P oto Clark (1971) :F. LeII| et alz A_stro'r], J. 152 (2016)-,‘ 157

F. Zwicky, Helv Phys. Acta 6 (1933) 249

(c) Co'smological'structure fo_rmation 0 (d) Cosmlc mlcrowave background
' ' - ) : angular scale | it
90° 45° .18° B0 o o o 0T ..o.|1'° :
60006- : .
5000'; z é
NE 4ooot :r
3 Watoit o
g/ 2006% : f 5 (7 = .
1000E_ il — S R 7N : o .
© 957345 10 2030 500 1000 1500, 2000 2500
. e multlpolemomentl
Springel et al., Nature 435 (2005), .629-636 | Planck CoIIaboratlon Planck Legacy Archlve (2018) .
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Direct detection of dark matter

- .
‘e

SRS o]][[c5)

. indirect detection

Ba5|c |dea Measure the energy
dep05|t of a DM- matter coII|S|on
|nS|de a detector

20.04.2021 | Science Coffee serninar,, Lund University

cross section ,JS’ [cm?] -

10738 SRR 5052 B = WD 00 " 10" 102
: DM-mass m, [GeV] :

' Conventional direct DM searches lose

-sensitivity to DM masses below ~ 1 GeV.
o Why’ ‘And What can be done to probe ~
hghter masses?

~ Timon Emken (Stockholm University) 14



The low mass frontier of DM searches |

oTyplcaI nuclear recoil:

21712v2

EP A~ Lm0 keV
- - mT

' 2 2 NG
.X : m)(. | V.)( ﬂ |
A\ 10GeV 1073 \omxe )
e Kinematic lower bound on the
 testable mass for a given rec0|l

»
t

scattering cross section gy,

Il I 'l Il B E E EE.-E = BB . -
-

L d

.

thresShold: i el i d s T B e e e S i R N 2
T My
| 2my
S Vmax — b - .
: T J0% Cl g o 055 (e 99% CL
. o _ : DM mass m,
| b e | : mmi’n
. eExample: Threshold of XENON1T . AT

" Larger exposures do not

e | min ~, 7 -
Ethr R keV = m, a7 GeY probe lower masses.
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“An incomplete list of sear-,c'h"strategieé for sub-GeV DM

o Bremsstrahlung em|55|on from the recoﬂmg nucleus

.Kouvarls & Pradler PRL 118 (2017) 031803 |
: MCCabe PRD 96 (2017) 043010

Ibe et al.; JHEP 1803 (2018) 194

o Migdal effect
A 'Dolan et al,PRL 121 (2018) 101801

a v
' //" .
e . o
" .OM \
3 N
\
N,
ot \

Figure from [1711 09906].

. Dlrac materlals (e. g. graphene) for dlrectlonal detectlon

Hochberg et al., ‘Phys. Lett. B772.(2017) 239
Coskuner €t al., PRD, [arXiv: 190909170]
Geilhufe et al., PRD, [arXiv:1910.02091]

o Excitations of molecules in gases.  Essigetal, PRR, [arXivi1907:07682]

- : Ay e A .'Br.ing'mann & Pospelov, PRL 122 (2019) 171801
e Up-scattering of DM by cosmic rays. Emaetal, PRL 122 (2019) 181802
~ : ' ' Alvey et al.,.PRL, [arXiv:1905.05776]

| 1 el Cappiello & Beacom, PRD, [arXiv:1906:11283]
20.04.2021 Science Coffee seminar, Lund University e . Timon Emken (Stockholm University) 16
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‘Direct Detection. of Dark'-.Matte'r via elettron recoils

Instead of nuclear recoils, search for DM-electron interactions.

\3 7,}, o Dn‘ferent kinematics: |
max. __ b 2 - m)( '
S =—,u)(Nv -"NOSeV
e AT MeV /.
{¥ N2 . )
: : ' W 7 Emax ¢ }/E
| Compareto SR |
| | o ymd42 <1 for mn, <my
o No kinematic penalty: £, < E,.
e The minimal test-able DM mass is-
7 2B
¢ o VI%I&X
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2)*aX Y1 //9. New velocity Eigeniivector3d v2 = sqrt GNOIton‘lSun!D)'(QisinltDQQIZ)Olz.norl.\l.izo.c\' 5 "

J double F2 = scosh( (e+cos(theta2)) /(1l.6+evcos(theta2)))}) // double K2 = emsinh(F2)-F21] // dosble t2 = 1g . 3 . L

tance at which we sasple from the halo distribution double R=108.0%AU; iT(R<1€6.9*rSEn) { cerr <<"warning in . - ‘

lacaholderstl_1 vEarth); desuble u = Rejection_Sampling(pdr, 8.8, (vesc+vEarth) ymax PRNG)} J/Velocity Diractic : ol .

dom Poldnt on & Tlat disk at distance R EigentiVector3d az=-vIni .nor-ll'lzodr); EigenttVector3d ax(e.az’2 ., . X :
cos(phi)cex+rsinipni)»ey); // cout <<"Norm = "<<xini.norm() JAU<<endl; // COUT <<"NOrm = "<<(R*@X, . .novn )/A ' . ‘ - 2 '
(8] JrBun <Ml s Position{J[1]/rSun<<M tN<<IC, Poition() [2] /r8un<<M\ EV<cXC Radiunl) /r8un<<MENceTC. Veloc ity -~ . X » - <
r_shife(rc,rmex,model); } //2. orbit simularion //Right hand sides of the 1st order equations of motion, “ocurle * . ‘ X
Euler Crumer // woid EC_Step(double &t,double &r,double &v,double Lphi,double J,double dt,Sun:iNodel &madel) ,/ { : v - . .

/) J/AK coefficients: // double k_r[4]3 /! double k_v[4]} // double k_p[a]s J/ k_r[0]l= dtedrdt(v)] // k_v[8] =4k . il vy .
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2)+¢k _v[3])y // phis= 1.0/6.00(k_p[e]+2.0nk_p[1]+2.0nk_p[2]+k_p[3])} // )} //ODE integration with Runge Kutta ¥ hik : AR

K vle)= deedvdtir,3,model); k_plel= dtedphidt(r,d); k_r(1]= dtedrdt(vek_vie]/4.8); k_v[1]= dtedvdt(r+h_r|e]) -
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X7 —= speedidt/urp § } = 4T3 re= ra) v= va; phi= phigj det= stdiimax(dtwin, stditmin(deltasdt,dthax)); } else  d%

ivector<EigentiVector3drk axes) { deuble v_phi = J[po-fr 2)3 EigentiVectorid xNew = re(cos(phi)raxes[@]+sin{phi s A ) . 5
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'Solar Reflection of DM (SR'DM)

H. An, M. Pospelov,.). Pradler, A. thz PRL 120 (2018), 141801

° P'ro memorlam:' ' t A TE, C. Kouvaris, N.-G..Njelsen, PRD; 97°(2018),,063007
| : ‘gap
m, 2 M 2 rm—
' Et}irvrﬁax_ L : % maX 3

OWhat |f some process could mcrease the max1mum DM speed somehow7

(gal)
> 1% + vGB

€SC

o EIastlc scatterlngs on thermaI targets |ns|de the Sun could do Just that

isotropic scattering on thermal protons & " isotropic scatterlng onh thermal electrons
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g, =0.2pb Emken 2019



-bM partlcles passmg through the Sun

o Grawtahonal acceleratlon

20.04.2021

-~ +500 1000 : 1500

DM speed w [km'/s]

' W(u, l-’) = \/u2 -+ vesc(r)2 s

2GyM,,

r

VGSC(r) =

 Science Coffee seminar, Lund University

e Outside the Sun the DM partlcles f0||OW
hyperbollc Kepler orblts / ,

o Th'e raté of DM_ partic’leé en'te\rin'g the Sun is

given by .

u

F(m ) = n, 71'R2 [du fhalo(u)<

| | ..'_1.
~1.1-10% eI Ol
, \Y (A% W0

~ Timon Emken (Stockholm University)

vesc:(R@)2 > ‘
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‘DM interaction models with heavy mediators
» Wefocused on the 4 standard scenarios in this study. W

% Spln Independent nuclear mteractlons (SI): -.

. 12
,dG My o> I, | i 12
= Iz ‘FN'(Q)‘ |
| dER 2//1)(19\/)( i p : ' , :
2. Spin'-Dependent nuclear interactions (SD) _
dGSD, 2mN0 J+1 : fn . ot Ok
L= (S + )| | FiP@)]
dEp * 3/4)(19\/ .J_ : ]; 1 -
33 EIectron interactions only. |
| ' do, = .0, 5
47 4%(6 2 Fpm(g)

4, Dark photon model

A smaII dark sector Wlth an addltlon U(1) gauge group (broken) and k|net|c m|X|ng term.

1
';,CZD;_)((W”D” —m%))(+ZF’ F””+mAA A” +5F Fm

2 (025 .
= Hﬁ o Hierarchy of cross sections
Hye i - '

il
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Underground DM scat;ering'rates

. (r, Vx) = Zl’li(”)@ | V;.( — Vil )

& m, = 100 MeV, g3 = 1 pb

— total — “He — 'H .— %0

ZONe

N 14N

scattering rate Q(r,w(r,u)) [s7}]

0.2 0.4 . 0.6 1.0

radial distance r [Ro]

e Dark photon model:

m, = 0.1 MeV, ge= 1 pb, u= 300 km/s

electrons — nuclei

= total

scattering rate Q(r,w(r,u)) [s7]

Sl 2 photon :
10—6 . ! | | | L L | L L | L L . )
0.2 0.4. 0.6 0.8 1.0

(0X0)

radial distance r [Ro]
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scattering rate Q(r,w(r,u)) [s™}]

Qe
3 raeX
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scattering rate Q(r,w(r,u)) [s™]

o

l

- Number density

Thermal average

m, =100 MeV, g5° = 1 pb *

—total — H — °He — YO

m, = 100 keV, g, = 1 pb

— total — e 4

scattering rate Q(r,w(r,u)) [s™]

0.2 0.4 0.6 1.0°

radial distance r [Ro]
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First estimate of the SRDM flux
e We can make a first estimate of thé total solar reﬂecﬁon rate.
Rofm,) = Preg X Tlim,)

e Here we assume an average probablllty for a DM partlcle to get reﬂected Dretl-
° The total flux is therefore

Ao

Q(m)—4n_f2 i
| 5 (e STk
5 ' p-reﬂ<MeV> e

» Compare this to the halo DM flux

| e dit
cphalo(m)Nw 1010< 4 ) sTlem™2

MeV
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Direct detection of SRDM
;. The nucléar recoil spectrUrﬁ caused by a generic DM'ﬂux IS gi\)en 0)% |

dR iy A0, da
= NTJ dV)( 2 ).{N ¥l
. dER : V>V 'dv)( dER ek

¥~ Ymin

e For hia.lo: DM, we usually directly insert i

A7 e
= ()
-dv, . m, |

e The SRDM flux can simply be added, . -

dv, dvx

TRt J <dq)halo dch)) do,, = HaloDM
= N;|dv, | - ' ' ' -
X

dEg dE,

e But one of the two fluxes will aI'Ways dominate the other one.
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Dlstlngmshlng SRDM from background or halo DM

Slgnatures of a SRDM S|gnal

'1. Di‘rectionality: If the detector is sensitive to the DM pérticle’sincdming |
directioh in the Sky, the Sun could be identiﬁed‘ as the signal’s Origin,

2. Annual modulatlon There are two source of annual modulatlon

Orbltal modulatlon The ﬂux scalesas £~ i Due to the Earth S orbltal
eccentrluty this causes a smaII annual modulatlon

Anlsotropy modulation: If the Sun ejects the SRDM ﬂux
anlsotroplcally, this could be'a 2nd source of annual modulations.

3. Diurnal modulations: Underground scatterlngs inside the Earth Would
typlcally cause a day-nlght modula‘uon |
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The isoreflection angle
o The beost into th'e Sun'’s re.st frame gives rise to the DM Wind :

* The system IS symmetrlc under rotations around the Sun’s velouty

o We deﬁne the polar angle of this symmetry axis as the |soreﬂect|on angle

. «9 ;=_' (X g, V.@)

Mer2

' " e Time evolution of the Ea.rth’s_isdreﬂection angle |
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120 bt
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\
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19d||var?nr(dnublo>& nscav,doubla dr) { datasdat} parficle = P /! sample_sire . N 7 .

-} -..c.ncrmu ~mean*nscav; nscatterings_m- IN_TOTTI. G forfunsigned int fwpzde . , ‘ ' t
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nbavwa=nbD] //Parallelisatien rank = myvank} rusprocs=fap' | Configur» . ’ ' « * . . v
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- MC Slmulatlons of DM in the Sun

The main random processes are

[}
(]
(]
(]
]
]
. [
¥V :
R
]
]
]
[]
]
]

1. Initial Canditions: Whare does ey Vi e : U
the. partlcle start? | I ~ »

2. Free distance: Where does the .
.‘partlcle scatter7 0 s

3. Target What does the partlcle G
' scatter on? How fast |s |t7 ‘

4, Scattering angle: How does the
partlcle scatter?

~ '. Repeat steps 2- 4

| . - 1 X ' 8 - - 4 ; N .
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Initial conditions

1 Sample a velouty u far away from
the Sun from the halo.

52! Samp‘lethe initial positioh with: a |
“maximum |mpact parameter
3. Propagate the partlcle analytlcally

- on its hyperbolic Kepler orbit to a
- location close to the Sun: |
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Free prbpagation‘ '

o The probablllty for a DM partlcle to propagate underground WIthOUt_

scatterlng iy | S
P(A) = 1 — ex —JN e o
A O )

e Here, we used the mean free ti'me' '

(r,v) = Q(r )~
. This enables us to ﬁnd the Iocation of the next scattering.

C® We soIve the equations of motion |terat|vely usmg the Runge- Kutta-
Fetherg method. The particle scatters as soon as |

i

]

~ In(¢)

(73, V)
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Scatterings inside the Sun
o 'ane we know that the DM particle scatters 'at a-radial distance r, we can
i,dentify the target species. The probability to scatter on target i is

Qi(ra v )
T Q(ra 'V)()

o The target’s velocity can be's}amp‘fled from the foI'I'c)Wing distribution,

. |V = VT| B, | 5 |
Jvr) = <| |>f( T> -)- | Maxwell—BOItzmann distribution .
LA | : .
K Since we assume contact mteractlons with heavy medlators the scattering

IS |sotrop|c

o"FinaIIy, the new DM velocity is given by

+ mTVT

2 mr|V,—vel " mv,
vV, = n+
. mr+m | )mT+mX-

4
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t=0.hr Vx=456kin
Ns =0 EX/EO =1

mX = 100 MeV

g, =0.2pb Emken 2019



From MC simulation to the SRDM ﬂux

The total reflection rate and flux is found glven by the amount of reﬂectlons among the
S|muIated part|cles s ,

Nr %M—C' e i s
TAMC =LA gMC O - g AU

Nsim : S _ 471'f2 ..

The reﬂectlon spectrum IS based on the speed data recorded at 1 AU d|stance Instead of
histograms, we prefer a smooth distribution and use KerneI den5|ty estlmatlon (KDE)

dR, ZMC KDE, . | 'd-q)lo/lc e 1 dZs
= % _ f@ (V ) . T
dv, : dv, 47:/2 dv

~To study anisotropies of the SRDM ﬂux we define equaI area isoreflection rings and
-perform the analysis for each ring.

.

) 4

. r‘d\l\\\ .
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The Simulation Code
The code is what you d|d the paper is What you thlnk you did.”
—Patrlck Koppenburg on TW|tter’

e The Dark Matter Simulation Code .:;"f.‘:,],..,ﬁ",ff,ﬂ;.:.,.[.;,_'.,.....ﬁ., R
for Underground Scatterings -Sun -~ =~ = — Jo—
'Edition (DaMaSCUS-SUN) is publlcly i | e
available on github. . S o —

| https}//github.com/temke’n/DaMaSC.US'—SUN T e

o Written in C++, built with CMake, | ———

- set up with unit and build testing, .. ZmrmETEE
code coverage | -

o Fully paral'leli'zed (MPI), ready to™ -
_run on HPC clusters. |
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The first scattering inside the Sun .
o The first scattering allows comparison withour - - ¢ e
analytic description of DM scatterings inside the Sun. »
- 3000 % m, = 100 MeV, 03 = 10°% cm? [ 3000 m, = 100 MeV, 03 = 107% cm? (@l 3000 ‘. X=100Mev,a§'=o35 cm? 3000, " mX=1OMeV, US':O’“cmZ ]
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‘The impact of multiple scatterings

° Using MC sjmulatidhs allows to quantize the |
contribution of multiple scatterings to the SRDM flux. O

] 'o : . ' ' 2. = ¥ . ' . E :
- . : — MC estimate (KDE) ' i MC estimate (KDE)
. == - s N Bk : € on - . -
=== ——=—= single scattering (analytic) _ Y : . =====single scattering (analytic)
BT 251 E=:-=_ : - BES oY — : : ' ' .
2 B, m, = 100 MeV, g, = .1 pb" S casl. - m, = 100 keV, T = 1 pb
Ve o = e £ -
83 aE '
E 15 e ot '
,g 1. - &an
() O .
4 & o5
0.5~
) .
O. . O. I I T | I I I I | I I I L [ ! 1 | | 1 I [ - =
» 0 £ 0 . 10000 20000 30000 40000 50000 60000 .

asymptotic DM speed u [km/s] asymptotic'DM speed u [km/s]

S Great consistency between _an‘a'lytic formalism and MC descri'pti'_c')n.!
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‘The solar reflection DM flux

o C'Qmpa'r'e the SRDM flux to the halo DM flux.
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‘Exclusion limits for DM-nucleus interactions

. 10_27; T T T " 10_225 T T .'\ T AR T
29 [ > N . % =i ot L
10 - % i . 10—24 § .
10—30§ Zh i 3
1031 e 0 S '!
T x] B 10H5E il )
Za > . -- LT SR e an,
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10_37; Eenr=20 eV, 0g=4 eV. 10730 3
'10-38; el
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o105 4 % : 102 Zann. 103 «. 101
' DM mass m,, [MeV] : ' R s ] DM mass m, [MeV]

-

= Higher exposures probe lower masses!

_ e For Sl interactions, next generation éxp'eri'm'ehtS'..can extend.
their sensitivity to lower masses through SRDM. |
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‘Exclusion limits for DM-electron interactions
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-> Solar reflection extends the experlments ‘mass sensmwty by multlple -

—orders of magnltude

' Science Coffee seminar, Lund Univeré.ity
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‘Anisotropies of the SRDM flux
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= The Sun does ' eject SRDM particles isétropically into the SOIéaf_syStém.
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‘Annual signal modulations -
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Timon Emken (Stockholm University) 43

.
*



V. Summary & Outlook

Scatterings on hot solar targets can accelerate light DM partie'les.

The energetic flux of reflected DM particles can extend the sensitivity of direct detection
experlments to Iower masses espeually for DM- electron mterachons |

We performed MC S|mulat|ons to describe the SRDM flux for 4 dn‘ferent DM scenarlos

~and derived exclusmn I|m|ts based on eX|st|ng and planned experlments -

An SRDM -signal would feature a rlch modulation S|gnature We mveshgated the annual
modulatlon | ' |

So far we. only conéidered heavy mediators. Whét abdut light media.tors?

Mlgdal scatterlngs + SRDM could potentially extend sen5|t|V|ty to low mass DM searches'

~via nuclear. recorls
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The solar model

Standard Solar Model AGSSO9 | | <
A Serenelll et aI Astrophys J 705 (2009) L.123.-L127
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Runge-KuttaéFetherg (RK45)
Adaptlve method for the numerlcal solutlon of 1st order ODEs

)’ = f(t, }’) )’(to)':yo-,

Requires the same number of function evaIuatlon of RK6 but IS rather a

“combination of RK4, e | .
25 1408 2197 . 1

_k1+ S k 4 5
216 ' 2565 0 4101 ' 5

)’k+1': Vi
~and RK5, Gl
o 16 == 6656 28561 Ol agit =)
135 12825 -~ 56430 - 50 55

Vil = Vet

The comparlson of both yields an estlmate of the error, and aIIows to

- choose the step size adaptively.: - ' ) \1,4

\ ‘)’k+1 ij’k+1_‘ }
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