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DM-nucleus scattering in crystals
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Campbell-Deem, Cox, Knapen, TL, Melia 1911.03482
Knapen, Kozaczuk, TL 2011.09496

Campbell-Deem, Knapen, TL, Villarama 2205.02250

5  + work in progress with Villarama, Shen, Sholapurkar



DM-nucleus scattering in crystals

Applications also for the Migdal effect
and calculating backgrounds
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What does DM-nucleus scattering
look like in a crystal?
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DM scatters off an individual

a nucleus



What does DM-nucleus scattering
look like in a crystal?

\

When momentum transfer

/\/\/ >
q < dpz = —
da
and @ ~ @phonon

DM excites collective

excitations = phonons



DM scattering rate

DM-mediator
form factor
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Dynamic structure factor:

Target response for momentum transfer g

and energy deposited



DM scattering rate

DM-mediator
form factor
do A \ , 2
dSde 0.¢ pr ‘Fmed(Q)‘ ‘\?(q,W? 5(&.} — q -V I anx)

Dynamic structure factor:
Target response for momentum transfer q

and energy deposited

For free nuclei and spin-independent interactions:
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S(q,w) o< A% 0 (w 2511\7)




DM scattering rate

DM-mediator
form factor
do A \ 5 2
d?’qdw X Oxp ‘Fmed(Q)‘ S(qvw) 5(&) —q -V - Z;Inx)

\ /
Dynamic structure factor:

Target response for momentum transfer g

and energy deposited

For free nuclei and spin-independent interactions:

2

S(q,w) o< A% 0 (w 25@1\7)

Goal: understand S(q, @) from the single phonon to the

nuclear recoil regime
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DM-nucleus interaction

J; - effective coupling strength Short range Sl interaction
between DM and ion J

Scattering potential in Fourier space
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Theory of neutron scattering:
Squires 1996, Schober 2014



DM-nucleus interaction

J; - effective coupling strength Short range Sl interaction
between DM and ion J

2

Scattering potential in Fourier space
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ol interference terms
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Theory of neutron scattering:
Squires 1996, Schober 2014



Dynamic structure factor
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Dynamic structure factor

N ©.@,
1 . . .
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Phonons appear through positions of ions:

ry(t) =ry+u,(t)
t

Quantized phonon field given in terms of phonon dispersions @ , and eigenvectors e,
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Dynamic structure factor

S(q, ijfj, / dt (=i (0) giars (1)) it

— OO

Phonons appear through positions of ions:

ry(t) =ry+u,(t)
t

Quantized phonon field given in terms of phonon dispersions @ , and eigenvectors e,

Single phonon contribution has been studied extensively in literature

5" @) ~ 3 polr [t a-us0) a-up@)e

Griffin, Knapen, TL, Zurek 1807.10291, Griffin, Inzani, Trickle, Zhang, Zurek 1910.10716
Griffin, Hochberg, Inzani, Kurinsky, TL, Yu 2020; Coskuner, Tickle, Zhang, Zurek 2102.09567
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Many phonons

Expansion in ¢°/(Myw) (and anharmonic interactions):

S(q,w) — (O-phonon) Harmonic Anharmonic

\/
+ (1-phonon) \\f/

+ (2-phonon) + -

11 Campbell-Deem, Cox, Knapen, TL, Melia 1911.03482
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Quickly becomes more complicated to evaluate for more than 1 phonon
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Many phonons

Expansion in ¢°/(Myw) (and anharmonic interactions):

S(q,w) — (O-phonon) Harmonic Anharmonic
+ (1-phonon) \/ \\f/
+ (2-phonon) + -

Quickly becomes more complicated to evaluate for more than 1 phonon

Our approach: use harmonic & incoherent approximations

11 Campbell-Deem, Cox, Knapen, TL, Melia 1911.03482



Incoherent approximation for g > ¢p,

Neglect interference terms entirely:

N 00
1 . . .
S(q7 CU) — V g fjfj, / dt <6_7’q'rJ’(O) G’LQ’I'J(t)>€—’Lwt
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Motivation: scatter off individual nuclei at large ¢
compared to inverse lattice spacing
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Incoherent approximation for g > ¢p,

Neglect interference terms entirely:

Z f.]fjf / R Y (0) eiq-rJ(t)>€—iwt

JJ’ e

)

N
Z fJ /dt< —iq-us(0) olar uJ(t)> —iwt
J

Motivation: scatter off individual nuclei at large ¢
compared to inverse lattice spacing

Analytic result for phonon expansion in terms of phonon density of states D(w):

9 e, Qva <2mN> (H/dwz ) SRR

n = number of phonons
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Multiphonons become important around g = \/ZmNd)ph
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S(g, w) in GaAs
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q = 5\/ 2my@,p:

dominated by
n=1 phonon

qg= \/ 2mNa')ph:
contributions from

n=1,2,3,4...
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q = 2\/ 2my @,y

can be approximated
by Gaussian envelope




Nuclear recoil limit

When g > \/ZmNa')ph , “re-sum” the n-phonon contributions:

S (g, w) o Z il = eX (w ~ oy ) A? = 4 pi
(4, J \/ P 2A2 ’ 2
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Nuclear recoil limit

When g > \/ZmNa')ph , “re-sum” the n-phonon contributions:

2

S (q,w) Z f7 exp (w _ 22@N)2 A? = 7"Cph
’ J \/ 22 ’ 2m N
As @ > a_)ph, Al/w — 0, take narrow-width limit:

OCZfJ ( 277,;)

reproducing free nuclear recoils!
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15 Campbell-Deem, Knapen, TL, Villarama 2205.02250



Free nuclear
recoil limit

Logy[S(g,w)/keV ™ l
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DM scattering rate

GaAs, Massive Scalar Mediator
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16 Harmonic oscillator model: Kahn, Krnjaic, Mandava 2011.09477



DM scattering in crystals
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Future steps: quantifying theory uncertainties and improved calculations,
a closer look at 2-3 phonon processes
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