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Dark matter-electron scattering

INn scintillators

ETH:zurich Materials Theory Group 4



Scintillating targets for direct light DM detection

» first proposed in 2017 by Derenzo et al. [1] * experiments reaching sensitivity for DM-electron
scattering with cryogenic calorimeters based on
scintillating Nal [2]
* Excitons as intrinsic luminescent centers, SN N NN
e.g. GaAs, Nal COSINUS

* Electron-hole interaction has not yet been
examined for DM-electron scattering THE EUROPEAN ®

https://doi.org/10.1140/epjc/s10052-024-13123-8 PHYSICAL JOURNAL C ijgi’

Regular Article - Experimental Physics

First measurement of Gallium Arsenide as a low-temperature
calorimeter

ETH:zurich Materials Theory Group ~ [1] S. Derenzo et al. (2017) Phys. Rev. D 96, 016026  [2]V. Zema et al. (2024) Phys. Rev. D 110, 123012



Finite momentum excitons

Inelastic X-ray scattering or scattering with massive particle (e.g. dark matter)

For dark matter: transferred momentum k ~ keV ~ A1

Conduction bands

@/

> Energy

Valence bands

» Momentum

Do excitonic effects play a role in the prediction for dark matter electron scattering?

ETHzurich Materials Theory Group



The dielectric function for DM-e" scattering

Model:  « non-relativistic DM mainly coupling to electron number density
* additional mediator particle to mediate small interaction

Rate [1, 2]

| _
R=—Fx T % /d3vfx(v)

2
PT My Gem [ye

&k, o [dw 1 —1 k?
X/ " 1Fe) / 2r =P L(w,k>]5(w+2mx_k'v)

—> Entire target response in one quantity
- Excitons, other collective excitations, in-medium screening effects
- Low energy range important: kinematic constraint w < kv

ETH:zurich Materials Theory Group  [1]S. Knapen et al. (2021) Phys. Rev. D 104, 015031 [2] Y. Hochberg et al. (2021) Phys. Rev. Lett. 127, 151802 7



Dielectric function from the Bethe-Salpeter Equation

Bethe-Salpeter Equation (BSE) captures electron-hole interaction / excitons:

L=1L"+L°ZL
W_J

Bare Coulomb interaction v
Screened electron-hole interaction W - Neglecting W yields RPA

) ) ) —1 . L .
Dielectric function: € =1+ vx with X = — L
1 2! 1 2/ 1 3 6 2/
< “«0® e—e0 ° o <« <«o < <« 3 S Nl
3V 6
= + = = ~ + w
L - L 4 5
o> > o 485
o> »—0 >0 [ > >—0—> >»—@ 4 5
1 2 1 2 1 4 5 2

. BSE diagrams adapted from B. Aurich (Master Thesis), available at
ETH:zurich Materials Theory Group http://exciting.wdfiles.com/local--files/neon-excited-states-from-bse/BSEtheory.pdf
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Methods overview

DFT

/N

BSE (TDA)

\ /

Dielectric function / ELF

Scattering rate

Cross-section sensitivity

ETH:zurich Materials Theory Group [1]S. Knapen et al. (2022) Phys. Rev. D 105, 015014 [2] V. Zema et al. (2024) Phys. Rev. D 110, 123012

Ground state properties
Initial Kohn-Sham orbitals

ex@ing

RPA: only electron-electron interaction
BSE: electron-hole interaction, excitons

[ DarkELF package [1] ]

Conversion into photon signal + realistic
background in light detector, following [2]

9



Excitonic effects in GaAs and Nal -

Impact on direct dark matter detection

ETH:urich Materials Theory Group 10



Absorption and energy loss in the optical limit

GaAs 8 | k=0OkeV I/\ --- BSE Schleife et al. (2017)
6l Nal : . band gap energy
Band gap: 1.52eV O . — BSE this work
Binding energy of lowest exciton: ~3meV [1] 2r
%25 5.0 7.5 10.0 12.5 15.0
Nal 1.5 :
w 1.0
Band gap: 5.9eV L -
0.5
Binding energy of lowest exciton: ~240meV [2] 0.0 I ‘ !
25 5.0 7.5 10.0 12.5 15.0

w [eV]

Schleife et al. (2017) J. Mater. Res. 32, 56-63
NT et al. (2026) PRR 8, 013056

ETH:zurich Materials Theory Group [1] M. Sturge (1963) Phys. Rev. 127, 768 [2] J. Eby et al. (1959) Phys. Rev. 116, 1099 11



Energy loss function

k = OkeV k = 3keV k = 6keV k = 9keV

x103
2.0 0.5
a) : GaAs :

1.5

ELF
o

0.5

0.0

b) 2.0 5 Nal 0.5

1.5}

1.0F

ELF

0.5F

0.0

5 10 15 0 5 10 15 0 5 10 15
w [eV] w [eV] w [eV] w [eV]

m— RPA e BSE RPA without LFE =~ =ece-e- band gap energy kinematically excluded region

—> Strong increase of BSE ELF at large momentum transfer in Nal

ETHzurich Materials Theory Group NT et al. (2026) PRR 8, 013056 12



Differential DM-electron scattering rates

dRA! T dk Im[" V(! ,K)]

Transferred momenta:
\k\ = [0.3, 0.7,1.0, ..., 14.7]keV

Massless mediator: Fi (k) ! 1/k 2

Massive mediator: F, (k) =1

ETHzurich Materials Theory Group

a)

dR/dw [1/kg/yr/eV]

dR/dw [1/kg/yr/eV]

104
10°
102
10°

10°
10

103
102
10°
10°

massless mediator

massive mediator

GaAs GaAs

Nal ,_ /\ Nal

15 0 5 10 15
w [eV]

RPA without LFE ~ m =10MeV
band gap energy  G_=10°"cm?

NT et al. (2026) PRR 8, 013056
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Cross-section sensitivity without background

" HHHSYHHEN Y6 () + "4, %6810 (") <+
9 M/

Assuming 3 events for a kg-year exposure

no screening

121! B

89

1,21 B

| _2@%AB | _2@%AB
— - /&3()4*5)&672
— 012 e - 1&3()4&F;&.J0#

ETHzurich Materials Theory Group Griffin et al. (2020) Phys. Rev. D 101, 055004 NT et al. (2026) PRR 8, 013056 14



Conversion to a photon signal

Signal rate in the light detector, following [1]:

dr
dE;

R, (00my) = |

\

Y

Ew,n7+1 dR B
a(ae,mx) dw

Ew,n»y

E’w,nv = Eabs + (n7 — 1)<E>

Expected energy in light detector:

E, =

ETHzirich

Ny Elem

Materials Theory Group

_ / dE' R (0,m) - 8(E' — nyBom) - f(Ey — E')

E
~

-18
-12
-10
-1/

'=>' 3§L4->?@>A+>%

11

" HHSYOHH &Y' (") +

(%81 (") *+

1,G&-18! -
| _G&1H%5

A

N

/\

/ 02 BCDE-1
3,4%56

— 7"8&9:3

[1 V. Zema et al. (2024) Phys. Rev. D 110, 123012

M<#&9:3&

/ 02 BCDE-
3,4%56
ZLWK & a

NT et al. (2026) PRR 8, 013056
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Cross-section sensitivity including background

Conversion of scattering rate into
photon rate in the light detector

Include a realistic background
taken from [1], suppressed by 104

light yield and collection efficiency
'l =13% (experimental value [2])

ETHzurich Materials Theory Group

10: L

100
107f
108

100

I"HHSYHHEI %' (") +

"H(, %6&100" (") <+

/

Improvement by " one order of magnitude for Nal due to excitonic effects

[1] Angloher et al. CRESST (2023) Phys. Rev. D %8, 122003

[2] Reindl et al.

(2020) "#$%&" (#)*+,"#-.I" "#$ 012099 NT et al. (2026) PRR 8, 013056 16



Cross-section sensitivity — comparison for Nal

* Kkg-year exposure

* a monotonically decaying
background suppressed by 10-4

* light yield and collection
efficiency 'l =10% for
comparison with Zema et al.
(2024) where screening and
excitonic effects were neglected

e 90% C.L. upper limits from
DAMIC-M

ETHzurich Materials Theory Group

I"HHSYOHHEN %' (") *+ "4, %&1%' (") *+

100 r
107
108
109

10:

10<

10: : . i . .

= D"@&EFG J'"?HEEFG& === D"@&H%!"&%)&"$I&B/./

K. Aggarwal et al. DAMIC-M (2025) Phys. Rev. Lett. "' |, 071002
Zema et al. (2024) PRD 110, 123012 NT et al. (2026) PRR 8, 013056 17



Summary

Finite-momentum excitonic effects in GaAs and Nal:
 Prominent (moderate) in the ELF at low energy for Nal (GaAs)
* Increase DM-electron scattering rate at low energy

* Improve cross section prediction by almost one order of magnitude for Nal

ETHzurich Materials Theory Group
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Limitations and Outlook

Technical points:
» BSE is computationally expensive = limits number of bands / energy range, momentum
* BSE solved within Tamm-Dancoff approximation: electron-hole pairs propagating
backward in time neglected
* no correlation effects beyond the GW approximation to the BSE adiabatic-only kernel

No anisotropy effects (tested (100) vs (111), no noticeable difference)

Self-trapped excitons in Nal so far not considered ")

> Measurements!

Energy dependence of the emission

7 Excitonic Polarons and Self-Trapped Excitons
from First-Principles Exciton-Phonon Couplings

Zhenbang Dai®, Chao Lian, Jon Lafuente-Bartolome®, and Feliciano Giustino 3
Oden Institute for Computational Engineering and Sciences, The University of Texas at Austin, Austin, Texas 78712, USA
and Department of Physics, The University of Texas at Austin, Austin, Texas 78712, USA

® (Received 17 March 2023; revised 30 June 2023; accepted 7 December 2023; published 17 January 2024)
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Appendix

ETHzirich

Materials Theory Group

20



DFT band structures

%

% 1

%

% 1
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NT et al. (2026) PRR 8, 013056
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Details on the DFT, BSE and RPA calculations

DFT BSE

e 6x6x6 kgrid

Within Tamm-Dancoff approximation
* rgkmax=9 « 3VB +10CB for Nal

* 4VB +10CB for GaAs

e 6x6x6 kgrid, ggrid for both materials

* Momentum transfer along (100)
(tested (111) as well, did not change rate)

ETHzurich Materials Theory Group

RPA
e 13VB + 10CB for Nal
* 14VB + 10CB for GaAs

* Remaining parameters same
as for BSE

22



Details on the DFT, BSE and RPA calculations

Convergence w.r.t. number of bands

0123 %aa) '
© I 0 (%) %"
? !|l$ L : |
a | 3
- . + &n
$||# . $ /
$"
¥ m S PR A 4 3 i
& >H9 @ & >HO@
<+&.&=;3 — @2&!$&=:3
<HESE=;3  ceeeceece ?@2&8&AP&=:3
—<H&IP&K=;3 eeeeee 4156&718&)5)97:
ETHzurich Materials Theory Group NT et al. (2026) PRR 8, 013056 23



Details on the DFT, BSE and RPA calculations

Convergence w.r.t. k-grid: BSE ELF in the optical limit

I"#

)+

# . / -
& >H9@

!

GaAs: 4 VBs, 4 CBs

ETHzurich Materials Theory Group

$HOSHOSH
—— 10101 3
e /0/0

2*3

y . ] -
& >H9@

Nal: 3VBs, 3CBs

3!

NT et al. (2026) PRR 8, 013056
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Contribution of semicore states at higher momenta

- "HH$Y& 1&($")*+
- .
= 7 34t
™ [ ,
-4 B A R :
R Vs
A -
z,
o ! OHO9 )
- -k 7
cF\]| 16,- °9! ’S:Q
~ /. 1 1
0] - ,0 - .0
& >H9 @
ETHzurich Materials Theory Group

— <=3 ('@
— 5393

< AHE) B3 (
EDQG JDS HQH

9%V é
9%V é

NT et al. (2026) PRR 8, 013056
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Details on the scattering rate

Non-relativistic limit: -£ > g,¢7x + g.¢2e - g,¢n, + g.¢n

9y9e€

d3k ik-x
Coupling between electron density perturbation and ext. potential to DM: Hex = /W”k X (m)
Vv

Evaluate the Hamiltonian between initial and final states, rewrite in terms of structure factor S ~ ELF

R:ip_x T &/dg’vfx(v)

2
PT My Gem :u’xe

d*k dw 1 -1 k?
k2 2 bt 1.
X (2m)? |Fy(k)| o T e—ﬂwlm l ] J (w + 2m, k v)

effective cross section: DM-mediator form factor: .
for massless mediator:

= _ Miegggi r k O[gmmg + ’mﬁ, / = agmmg/k2
m(o?mg + myg)? o) = k2 +m2 \

for massive mediator:
=1

ETHzirich Materials Theory Group  S. Knapen et al. (2021) Phys. Rev. D 104, 015031 Y. Hochberg et al. (2021) Phys. Rev. Lett. 127, 151802 26



Momentum transfer and kinematic constraints

Typical momentum transfer for light DM: |k|! keV " A'1

k2
2m,

Momentum-dependent energy deposition: ! = k av ! —_— < kv

Example:  Wk=10kev < 20eV

for standard halo model for the DM velocity distribution with ¥ < Vese + Uparth = 740km /s

—>  Low energy range of the ELF spectrum contributes

ETHzurich Materials Theory Group 27



