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Introduction
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Direct detection experiments

DM DM
e GeV+ range of masses (WIMPs):
no success so far Ps °
= sub-GeV DM? 'J\\ SM SM
@ nuclear vs. electronic recoil of non-relativistic DM
4M in A _ _
AFEsy < —— Epu < maximized for = msm/mpm =1
(1+p)?

= mgpm should be as close to mpwm as possible!
= electrons preferable for light DM

. \
@ what material to use? o
\
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Lasenby & Prabhu, 2110.01587
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Introduction
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Outline

o effective approach to non-relativistic DM-e™ interactions

@ linear response theory
[interaction rate] = f [DM model] x [material properties of the detector]

o generalized susceptibilities X+, (w, q)
@ Kramers-Kronig relations = theoretical upper bound on the interaction rate

@ application of Kramers-Kronig relations to generalized susceptibilities
calculated within the linear response theory [new!]
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DM-e interaction rate
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Effective non-relativistic theory for spin-1/2 DM
Catena et al., 2105.02233
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Assumptions:
@ non-relativistic limit

o Lorentz (Galilean) invariance

= M=>¢0; i=1,%34,...,15
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DM-e interaction rate
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Possible operators for a spin-1/2 dark particle
Catena et al., 2105.02233

M=3"¢0; i=1%3,4,...,15
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DM-e interaction rate
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Linear response theory
Catena & Spaldin, 2402.06817

@ the electronic part of each operator can be factored out, giving

!
ss’ oL _p L_ k+k
M=3¢0;=> F:(qv)J; (v), v= — | vi= ——
7 o my 2me
where
Jrr' _ 57"7“' rr’ _ L _rr
0o = ) A =V 0 )
rr’ rr’ rr’ 1 crr’ rr’ .1 rr’
Ji" =0, Jy v, 0", Jg =-ivzxo'"
’ .
and F% (q,v) contain cy,...,c15.

@ scalar coupling:

Fo Jo
—~
. nge ss’ crr’
M=~ - 2" 4m,m,0° & .
@+ M2
——
C1 O,
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DM-e interaction rate
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Interaction rate for bounded electrons
Catena et al., 1912.08204 VA
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@ electron-averaged matrix element e Tk K €
Pl = 5| [ 2L s o payin®|
ik—i'k = 4 = (27‘(’)3 'k’ q yD,q)Vik

i — energy band, k — momentum in the 1°* Brillouin zone
@ interaction rate per dark particle
3k d3K
OB
(2w )3 (2m)3 (2m)?

|-7\/Tik ~ | 8(cons.)

@ total interaction rate
1 dN
ny, V dt

- [ &v p(v) T(v)

r
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DM-e interaction rate
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Linear response theory, cont.
Catena & Spaldin, 2402.06817

@ we have

43l 2

|Mlk4>2’k3 | Z (2 )3

Vi L+ @M1, p, @) Yir(l)

@ non-relativistic limit

M(Lp.q) =) Fa(p,q) Ja(v})

DNACICHORPLRHO)

e

DM physics
—_—~—

= (M| = > Far(q,v) [ it — i (@) Tan(@)
ab

+ fik— i (Q) f;kw'k'(Q) T abr(q) +c.c.
+fik—in (@)" 'jab(q) : fik—»i'k'(Q)]

material response
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DM-e interaction rate
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Generalized susceptibilities
Catena & Spaldin, 2402.06817

@ total interaction rate

FE/d?’vp(v)F(v)
3 31./
I(v)~ .[(2 )3zf(;l7:;3 (C;rk)s (M inne|* (cons.)

DM physics

—_———
Mt~ i[> = " Fap(g,v) x[material response]
ab

e the material response part gives the generalized susceptibilities

rw)- [ 4 )3zfab(q,v)<xafb Xt )@ ng)

e fora=>b=ny,

=1- 4o -1 ,standard”

Xo00 = X € susceptibility
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Theoretical bounds
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Kramers-Kronig relations and the dielectric function
Lasenby & Prabhu, 2110.01587

@ if function f: C - C
» is analytic in the upper half-plane
|2~

» satisfies f(z) —— 0,
then
RP(0) = 1P [ A
35(0) - -ip [ 20
o the dielectric function £7!
» is causal, so ¢! (w) — well-defined for Jw > 0;
» is real in the time-domain, so 9™ (w) — even, Je ™! (w) — odd;
» satisfies ¢ ' (W) ———> 1.
Hence,

fow%‘” [1-c(w k)] = [1 e1(0,%)]

@ our generalization for generalized susceptibilities

© dw [4ra 4oy
[T o w0 I 5 i 0.9)]
0 q 21 q

w
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Theoretical bounds
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Kramers-Kronig relations and the generalized susceptibilities

o KK relation for x4,

® dw [4ra m[4ra
_j 5 9 =35 5 Oa
fo [ e Xata(w q)] 2[ 2 Xata q)]

w

@ interaction rate

r= [ o) [ 55 )3 > Far(@0) Oty = Xi1)(@00.0)
o diagonal terms (a = b) for Fuq(q,v) = fg%)(w, q) + fﬁ)(w, q)v?

o0 Ara
F(z(z“/q4dQ/; deaa(”yQ)JqTXaia(qvwv,q)

T 4o
< 5 max [(72 xafa(O,q)] f g*dgmax [wfoa(w,q)]

material response < 1 calculable for a given DM model

faa(w,q) = pO(w;9) FQ(w,q) + p (wi q) F2 (w,q)
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Theoretical bounds
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Preliminary results

ial-d d 4 4
mat:::ct Sglir; et f q dqfo dw faa(w, Q)~ " Xata (q,w,, q)
terial-ind dent t 4
T pper bound = P2$a = 7 [ ¢*dgmax,, [wfaa(w,q)]

faa(w,q) = p (w3 0) FO (w,q) + p2 (w; q) F2 (w. q)

@ truncated thermal local distribution of DM = po )(w q), p(2)(w'q)

o effective models of photon-mediated DM = ]—'(0)( q), F (2)(w q)

» dark photon
» anapole
» magnetic dipole

» electric dipole
~47ra

Wo,q)
» numerical data for Jx based on Catena et al., 2105.02233, 2210.07305

@ material science =

IDM 2024 @ L'Aquila, 9 July 2024 (\IISIEYREIN Theoretical upper bounds on I"(DM-e™ ) in the gen-sus formalism 14 /19


http://arxiv.org/abs/2105.02233
http://arxiv.org/abs/2210.07305

Introduction

Theoretical bounds
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Preliminary results
dark photon model

Lint = g XV"X 4], , A}, mixes kinetically with A,

4 light mediator
= Foo o< (m,%l' + q2)_2 oc {4 & . (others 0)
1 heavy mediator

(note: the same applies to the scalar-mediator model)

model: dark_photon_massless, ata =00
T,
ata

model: dark_photon_massive, a'a =00
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Preliminary results

electric dipole model

Eint = Z.)ZUMU'75X F;w

>

= Foo < q_2 (others 0)

modet: electric_dipole, a'a =00

t
PRI,
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1072+
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10°F
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107! 10° 10* 10°
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Preliminary results

anapole model e
g 10207
Lint = —— XY O"F,
int = 5 v
5 a2 XV 15X 07 Fy e
q q 1 -
= foo o — ’Uq — + — '1)2 s 10
4m 4m 4
X X 10°
2
3 1 q
Tr]—"MM xX — —Tr]-'55 e Py 10*
4 3 24 m?
. 10° ! T - ; MeV]
(others vanish) 10" 10° 10t 102 loamX[ eVl
model: anapole, a'a =00 model: anapole, a'a= ZkMkMk
DAL o T,
10%°- 10%°F
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Preliminary results

magnetic dipole model

Lint = QXUIWXFHV
A
2 2
m m
= Fooocl-4v) =X +40” ¢,
q q

my
TF}—MM < 8—2
q

(others vanish)

model: magnetic_dipole, afa=00

PR T

1 m
, gTrfg’,g, o< 2

2
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Theoretical bounds
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model: Mmagnetic_dipole, afa=

1 ot
325@

T,

10207
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1 — Ge
— Xe
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107 10° 10 10% 10°
model: magnetic_dipole, a'a = ZkMkMk

t
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Theoretical bounds
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Summary

o effective approach to non-relativistic DM-e™ interactions
» 14 operators in the leading order

@ linear response theory

[interaction rate| = / [DM model] x [material response of the detector]

@ material response — generalized susceptibilities x t,(w, q)

@ Kramers-Kronig relations
. * dw T
f: causal, analytic = / Jf(w) = §f(0)
0

w

@ material-independent theoretical upper bound on the interaction rate

r

afa

o0 Ara
fq4dqf0 dwfaa(waQ)JqTXa'ra(qawv,q)

° s
ToPt = §[q4dqmj,x [Wfaa(waqn

ata ~

@ application of Kramers-Kronig relations to generalized susceptibilities
calculated within the linear response theory [new]

» solids usually better than nobles (excl. my 2 20 MeV in the anapole model)
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Summary

o effective approach to non-relativistic DM-e™ interactions %

3,
%,
» 14 operators in the leading order 4J,

: %,
@ linear response theory “

[interaction rate| = / [DM model] x [material response of the detector]

@ material response — generalized susceptibilities x t,(w, q)

@ Kramers-Kronig relations
. * dw T
f: causal, analytic = / Jf(w) = §f(0)
0

w

@ material-independent theoretical upper bound on the interaction rate

r

afa

o0 Ara
fq4dqf0 dwfaa(waQ)JqTXa'ra(qawv,q)

° s
ToPt = §[q4dqmj,x [Wfaa(waqn

ata ~

@ application of Kramers-Kronig relations to generalized susceptibilities
calculated within the linear response theory [new]

» solids usually better than nobles (excl. my 2 20 MeV in the anapole model)
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Truncated thermal distribution
Baxter et al., 2105.00599

p('u):/\fexp[ vaea)]e(vesc v +vel)

0

PO (w;q) = fv:ovdvflldcos(v,v@);o(v)
P (wiq) = ffvmﬁ dv [lldcos(v,vea)P(v)

q

Vesc = D44 km/s
v = 250.5km/s
vo = 238km/s

-1
= 1 3 —\/E erf [—Uesc] _ Yesc exp —U%C
2rog \ 2 Vo Vo g
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Electronic couplings

— scalar —
symmetry:
Tba = J:;b
values:
Joo=1
2
q
Taa = 24—
AA im.
T 5.5, = Okl
G
T MM, = m
6rq® - e
JEE, = W
qk
Jom, =T as,, = om.

. dm
T5uE = —1€kim =——
2Me

others 0
(up to the symmetry)

— vector —
symmetry:

jab + jza = Cab
1 rr’ e’
= 5 Zvvé(Ja Jb )

rr! é=2731e
values:
jOo = j5ko
=T am, = I myE, =0
q
Taa=—
2me
q
T MM, = ——ey,
2me,
_0ng - qrer
JEkEl -
2me,
T AE, = —lej x
k 2me.

others 0
(up to the symmetry)

v-e; =v;

— tensor —
symmetry:
. -t
Jba = jab
values:
Jaa =1 S
2 _ s g
T MM, = Erl a0
~ oot
Sowl-éy 53
JTeee, =0ml—-én 42
T AE, = 1€kij€ij 3°
o
’U'éij'uE’Uin 2
q
Can=—
me
qrer + qieg
Cryym, = ———
2me,
_ 2019 - qrel — qiex
CEkEl =
2me

COMk = Ca5k =€k
Cs. 5 = —i€ximemn
others 0 (up to Cpe = C}yp)
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