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How to detect particle dark matter?
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Introduction
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Direct detection experiments

DM DM
@ dark matter is non-relativistic
@ nuclear vs. electronic recoil SM SM
AFEgy < 4—” in — maximized for p = mgsm/mpu =1
(14 p)2 Y

= mswm should be as close to mpy as possible!
= electrons preferable for light DM

e liquid/gaseous target: no success so far

o o
X

@ solid target: what material to use?

Si0y

001 0.10 1 10 100 1000
my/MeV

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] = /[DM model] x [material properties of the detector]

o generalized susceptibilities x4, (w, q)
o 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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Introduction 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

@ 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=>"¢0; i=1%34,..,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’ rrl g L _p 1 k+k
M—E CiOi—E F (q,v) J0" (vy), v=—, v, = ——
- " my 2me,
3
where
’ _ ’ ’ _ J_ !’
Jgr =6, JY =vs -0,
J’I'TI — TT/ J’I'TI — J_ §T7‘/ JTT'/ j— N L 7'7'/
5 =0 s M:’Ue s E:—Zvexo' y
/ .
and F3% (g, v) contain ci,...,c15.
@ scalar coupling:
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DM-e interaction rate
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Interaction rate for bounded electrons

Catena et al., 1912.08204 % &f B %
7y
7 T~
e k, r /{?/, ’I“/ e

@ electron-averaged matrix element
Mool = 55| [ s U QM. @)
ik —i'k =4 = (271_)3 ik’ q , P, q)VPik

1 — energy band, k — momentum in the 15 Brillouin zone

@ interaction rate per dark particle

d3k d?’k'
F( / 3 Z/ |M2k:~>z/k’| 6(COI"IS )

@ total interaction rate

R =ny V/d3v p(v)T'(v)
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DM-e interaction rate
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Linear response theory, cont.
Catena & Spaldin, 2402.06817

@ we have

|M kHz’k/ = Z ‘/ d l ’k’ +Q) (l p, q)"/}zk( )

@ non-relativistic limit

M(l,p,q ZF P, q )
=Y Fulg.) (J‘;(q) )

DM physics

P P
= (Mol =Y Falav) | v (@F Twla)

ab

+ fik— i (@) Fi— i (@) - Tan(q) +c.c.
+Fik— i (@) - jab(q) “fik— i (@)

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

@ total interaction rate

R=n,V / d3v p(v) T (v)

dSk dSk’
I(v) / )3 Z/ g (Mg — i |* 6(cons.)

DM physics

— —_——
Mk — ik |* = Zfab(q,v) x [material response]

o the material response part gives the generalized susceptibilities

3
(00~ [ s o) (s = i)

e for a =b=ny,

Xoo=x=1———c¢ «— ,standard” susceptibility

SUSY24 @ IFT Madrid, 11 June 2024 (\ISETREN Theoretical upper bounds on I'(DM-e ~ ) in the gen-sus formalism 11/15


http://arxiv.org/abs/2402.06817

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
0,

|z| — oo

» satisfies f(z)
then

RFO) = P[22, 25
SFO) = =3P [ 5

—00 T

@ the dielectric function £~ 1

» is causal, so ¢ (w) — well-defined for Sw > 0;
» is real in the time-domain, so e *(w) — even, e *(w) — odd;
» satisfies ¢! (w) > 1.

Hence,

[1—e71(0,k)]

/oo WS- e (w k)] =
0

w

ol
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Theoretical bounds
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Kramers-Kronig relations and the generalized susceptibilities
o KK relation for x,t,

/0 LS et k)] =

X dw _[4ma T
/0 -3 |:q2 XaTa(waq)] =3

@ interaction rate

3
R~ /d% p(v) /(ZTC)I?) %;fab(q,v) (Xats = X5t a) (@5 Wo.q)

e diagonal terms (a = b) for Foq = cc;'l“

aa /dQ/ de w q 2 XaTa(qvwv q)

47r
<7 [ damaxtoplw. ) 5 vara0.)

o3

[1 —e Y0, k)]

dra
|:q2 XaTa(Oa q):|

—

4
< gmqax {;a Xam(O,q)] /dqmj;tX[w p(w,q)]

material response calculable for a given
(but <1) dark halo model
IS
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Theoretical bounds
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Preliminary results

for the lowest-order approximation of X,

e dra s
FaTa = /dQ/ dwp(w7Q)%qT XaTa((I,qu)v 1—Wopt = E/dqmgx[wp<w7qn
0

(truncated thermal distribution assumed)
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numerical data for &x based on Catena et al., 2105.02233, 2210.07305

SUSY24 @ IFT Madrid, 11 June 2024 (\ISETREN Theoretical upper bounds on I'(DM-e ~ ) in the gen-sus formalism 14 /15



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

Theoretical bounds
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Theoretical bounds
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Theoretical bounds
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Summary

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, (w, q)

@ Kramers-Kronig relations

f causal, analytic = /OOO dw Sf(w) = gf(O)

w
@ theoretical upper bound on the interaction rate

F - /dq/ dw p(waQ)SXa*a(qaw%q) ) ]_"°pt - g/dqmax[w p(w7q)]
0 w

application of Kramers-Kronig relations to generalized susceptibilities
calculated within the linear response theory [new]
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Truncated thermal distribution
Baxter et al., 2105.00599

(v+vg)?

p(v) = N exp [——2} O(vesc — |v + va])

Yo

Vesc = 44 km /s
vg = 250.5km/s
vo = 238 km/s

2 Vo Vo
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Electronic couplings — tensor —

— scalar — — vector — symmetry: T
symmetry: symmetry: Tba =T ap
Tva =T oy Tab+ The =Clap values: R
=1 =
values: — 1 rr’ e’ ~ jAA 2
Too =1 *szvé(Ja Jp )uﬁ;:# ‘ZM’“Ml =&y ;_9,
2 .TT JTeE, =0ml—én o g
Tan = q values: jAE el g9
AA_4me Toe =T 5,0 k ) ij€ij a
V- U=vu; 2
T 55, = Okt =T am, =T, =0 ij iy =
qrk4qi q
T MM, = ——5 Tanr=— q
o 4mg 2me Caa = o
e
5qu2 — qkq1 jM M, = iek e + qe
TE.B, = o M=o Crtonty = qrer + qieg
© 0r1q — qre 2me
= = & T, = BB 20k19 — qrer — qiex
Joat = T a5 = gy BT o, Crup = A
 m I .
\75kEl = —1€kIm 2me jAE’“ 1€k 2me COMk = Ca5k = ey
others 0 others 0 Cs. .k, = —i€kimen
(up to the symmetry) (up to the symmetry) others 0 (up to Cpo = Cy)

v-e =;
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