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Overview

The main purpose of this seminar is to review a selection of “theoretical
frameworks"” that are currently used in the analysis of DM direct detection
data

Each framework has an associated DM particle phenomenology which | will
briefly review

| will place the empahsis on the interdisciplinary character of the field,
where astro-, particle, nuclear and solid state physics play an important
role.



Outline

Evidence for DM, and motivation for DM direct detection

m Basic principles of DM direct detection

m WIMP-induced nuclear recoils

m Sub-GeV DM-induced electron transitions

m Summary and conclusion



Evidence for DM / Overview

m How do we know that DM actually exist? The evidence for DM is based on
the gravitational pull it exerts on stars, galaxies and light from luminous
sources

m Specifically, the evidence for DM is based on: Small scales
- Velocity dispersion of stars

- Rotation curve of spiral galaxies

- Velocity dispersion of galaxies in galaxy clusters

- Bending of light from distant luminous sources (lensing)

- Cosmological structure formation

- Cosmic Microwave Background (CMB) anisotropies v Large scales



Evidence for DM / Large scale structures

Wayne T. Hu PhD thesis, “Wandering in the Background: A CMB Explorer”;
astro-ph /9508126
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Evidence for DM in the Milky Way
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- rotation curve data
baryonic bracketing
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F. locco, M. Pato and G. Bertone, “Evidence for dark matter in the inner Milky Way,”
Nature Phys. 11, 245 (2015)



Basic principles of DM direct detection

m Face-on view of our galaxy: m DM direct detection experiments
search for signals induced by this
Perseus N flux of DM particles in terrestrial
‘ detectors

m Expected rate of DM “signal
events”

dZ =

Py
E / dv |v|f (v + vg)do

Astrophysics

m The sun’s orbital motion induces a

flux of DM particles through our Particle physics,
planet Nuclear physics,
Solid state physics



Two examples of DM signals

m WIMP-induced nuclear recoils

m WIMP: DM candidate with mass
in the GeV - 100 TeV range and
with interactions “at the week
scale”

m WIMPs with typical speeds around
v ~ 1072 are expected to induce
nuclear recoils of about few keV or
so

m The search for WIMP-induced nu-
clear recoils is currently led by
xenon and argon detectors, e.g.
LZ, XENONI1T, PandaX, Dark-
Side



Two examples of DM signals
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WIMP: DM candidate with mass
in the GeV - 100 TeV range and
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scale”
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so
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Sub-GeV DM-induced electron
transitions

Sub-GeV DM: paradigm where
DM has mass in the MeV - GeV
range, and primarily interacts with
electrons

The energy deposited in sub-GeV
DM-induced electron transitions is
expected to be of the order of 10
eV

The search for Sub-GeV DM-
induced electron transitions is led
by Si and Ge detectors in the 0.5
- 10 MeV mass range, and by ar-
gon and xenon detectors above 10
MeV

E.g.: DAMIC, SENSEI, EDEL-
WEISS, CDMS, XENON, Dark-
Side



WIMP-induced nuclear recoils



General considerations

m In any theoretical framework for DM-nucleus scattering, the amplitude for
non-relativistic DM scattering by free nucleons, . ,y, plays an important
role

m It is often assumed to be a function of the momentum transfer only, i.e.
/%;{N = /%;(N(‘I)

m From . ,y, one calculates the cross section for DM-target nucleus scat-
tering
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Spin-independent and -dependent interactions

m For spin-independent interactions,
_ N
'%ZN - Cl <:[|';{N>

WIMP-nucleon g [em?]

Experimental results presented in
terms of,
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N A 4 sults from the LUX-ZEPLIN (LZ) Experiment,”
arXiv:2207.03764



SUSY WIMPs

m SUSY neutralinos are the most ex- e
. . . . 100) 1 figgeina e
tensively investigated DM candi- ol
date
e 10
m WIMP-quark interactions are %
. 8
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m Effective couplings non-trivially -
depend on SUSY parameters: en- o m, (TeV)
hancements and cancellations are M. Chakraborti, L. Roszkowski, S. Trojanowski,
possible “GUT-constrained supersymmetry and dark mat-

ter in light of the new (g — 2), determination,”
JHEP 05 (2021), 252



Non-relativistic effective theories

m In the non-relativistic limit, .Z , is constrained by Galilean invariance and
momentum conservation. Consequently it can at most depend on 2 3D
momenta:

My = My (g, vY)

where v' = v+ qa/p,y)

m Furthermore, in the non-relativistic limit |g|/my <« 1 and |v| < 1, which
implies

Moy =Y V{0,

<00

where 0; are quantum mechanical operators: 0, =S, -Sy, 0, =S, - vt
etc..

J. Fan, M. Reece and L. T. Wang, “Non-relativistic effective theory of dark matter direct detection,” JCAP
11 (2010), 042

A. L. Fitzpatrick, W. Haxton, E. Katz, N. Lubbers and Y. Xu, “The Effective Field Theory of Dark Matter
Direct Detection,” JCAP 02 (2013), 004



Non-relativistic effective theories
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E. Aprile et al., “Effective field theory search for high-
energy nuclear recoils using the XENON100 dark matter
detector,” Phys. Rev. D 96 (2017) no.4, 042004
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(2019), 193-198
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G. Angloher et al., “Limits on Dark Matter Effective Field
Theory Parameters with CRESST-II,” Eur. Phys. J. C 79
(2019) no.1, 43



Including mesons: Chiral Effective Field Theory

m Non-relativistic effective theories m Experimental search for WIMP-
do not account for meson ex- pion couplings
change effects in DM-nucleus scat-
tering: ol !

XENONIT 1txyr
limit on WIMP-pion coupling

5

1045

WIMP-pion G35 [em?]
s
>
i

m Meson exchange effects induce a

g-dependence in the CZN coupling e i 10
constants WIMP mass [GeV/c?]
N _ _N E. Aprile et al.,"First results on the scalar WIMP-
c»[ - Ci (‘I)

pion coupling, using the XENON1T experiment,”
Phys. Rev. Lett. 122 (2019) no.7, 071301

m This g-dependence can be com-
puted in Chiral Effective Field
Theory

F. Bishara, J. Brod, B. Grinstein and J. Zupan,
“Chiral Effective Theory of Dark Matter Direct
Detection,” JCAP 02 (2017), 009



Light WIMPs: Migdal effect

DM-nucleus scattering can ionise
isolated atoms

For light WIMPs, the energy of
the ejected electron can be larger
than the associated nuclear recoil
energy

To model this effect, one has to fo-
cus on the overall DM-atom scat-
tering, rather than on DM-nucleus
scattering.

DM-atom scattering is described
by the initial and final state atomic
wave functions

i (ay, () = @ (2= 2y))
W, (zy, (7)) = e eimeRevs

X Oy ({z—xy})

The rate of atomic ionisations in-
duced by this effect depends on
the overlap of electron cloud wave
functions
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Sub-GeV DM-induced electron transitions



General considerations

m In any theoretical framework for Sub-GeV DM-electron scattering, the am-
plitude for non-relativistic DM scattering by free electrons, .Z ., plays a

key role
m It is often assumed to be a function of the momentum transfer only, i.e.
m From ./, one calculates the rate of DM-induced electron transitions in
detectors
Py
d# = — [ dv|v|f(v+ vg)do,_,
m}!
where
do,, I/ vy (k+ @l , (@, (F)|* 5(E, - Ey)
-2 16m1m€|v| (2n)3 Q2r)3 " * re



The dark photon model

m It extends the Standard Model by
an additional U(1) and a DM can-
didate

m The “dark sector” Lagrangian is
given by

_ . 1 v
Zp=70iy"D,—m)y + ZF,:VF’”

2 I Aty v
+my, A A +eF, F

m The covariant derivative D, is de-
fined as

Dy=0,x—- igDAL)(

m Recent compilation of direct de-
tection constraints
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R. Catena, D. Cole, T. Emken, M. Matas,
N. Spaldin, W. Tarantino and E. Urdshals, “Dark
matter - electron interactions in materials beyond
the dark photon model,” arXiv:2210.07305



The dark photon model
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A. Aguilar-Arevalo et al. “Constraints on Light Dark Matter Particles Interacting with Electrons from DAMIC at
SNOLAB,” Phys. Rev. Lett. 123 (2019) no.18, 181802



The dielectric function formalism

m If a perturbation of strength F
couples DM to the electron den-
sity n

7 (t) = —/dr n(r)F(r,t)

m then linear response theory pre-
dicts the DM-induced charged
density

nind(q’ (l)) = n(q’ Cl)) F(q$ CO)

Density-density correlation function

m [I(q, w) is related to the dielectric

function
—L 1+
€,.(q, ») q

m In addition, DM-induced electron
transition rate d% and ¢, are re-

lated by
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In-medium effects: screening

m Density-density correlation function Il(g, @) and €,(g, w) can be computed
perturbatively:
11°(q, )
1-U(ggq, )
m For |U(@)IT°(g, w)| > 1, the transition rate d% is suppressed by screening

effects
m Sensitivity projections with and without screening effects for selected ma-
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S. Knapen, J. Kozaczuk and T. Lin, Phys. Rev. D 104 (2021) no.1, 015031



In-medium effects: collective excitations

m Density-density correlation function Il(g, @) and €,(g, w) can be computed
perturbatively:
11°(q, )
1- U(@°(q, w)
= For U(@)R (I1°(q.w)) = 1, the transition rate d% is enhanced by collective
excitations

(g, ) =

m Regions where collective excitations enhance J(—1/e,) for selected materi-

als:
keV FEG
Al Si
E Si band ge
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q
Y. Hochberg, Y. Kahn, N. Kurinsky, B. V. Lehmann, T. C. Yu and K. K. Berggren, Phys. Rev. Lett. 127
(2021) no.15, 151802



Kramer-Kronig relations

m From the basic requirement of Il(g, t) being causal, i.e. Tl(q,t) = 0 for
t <0, one finds

[C%(maw) <5 (- aam)
e @ €,.(q, ) 2 €,.(q,0)

m which implies a theoretical upper bound on the DM-induced electron tran-
sition rate d%:
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R. Lasenby and A. Prabhu, Phys. Rev. D 105 (2022) no.9, 095009



Electromagnetic moments

m When 4 ,.(¢) > 4 ,.(q, k), #,. cannot be factored out in the dk integral
indo,_,

m This occurs when, e.g.

9

ganapolo = m )?7”75)(5VF,,V
—
gmagnctic = X WO—M WF;W

and in a variety of “light mediator models":
R. Catena, et al. “Dark matter - electron interactions in materials beyond the dark photon model”

arXiv:2210.07305

m In this case, standard ionisation and crystal form factors do not provide an
accurate description



Non-relativistic effective theories

m In the non-relativistic limit, i.e. [g|/m, < 1 and |v| < 1, 4, admits
an effective theory expansion (analogous to the one in the case of nuclear
recoils)

‘%;(c = Z C; <@1>
<00
where O, are quantum mechanical operators: 6, =S ,-Sy, 0, =S, - vt
etc...

m The rate of DM-induced electron transitions in materials can now be written
as )

d# Ty
dInAE  128zm2Zm?

[ daai@an 30 @i o7 i@a0)
=1

Particle physics nput Response functions from solid state physics

R. Catena, T. Emken, N. A. Spaldin and W. Tarantino, “Atomic responses to general dark matter-electron
interactions,” Phys. Rev. Res. 2 (2020) no.3, 033195

R. Catena, T. Emken, M. Matas, N. A. Spaldin and E. Urdshals, “Crystal responses to general dark matter-
electron interactions,” Phys. Rev. Res. 3 (2021) no.3, 033149



Response function formalism

m The response functions %)(q, AE) admit the following compact represen-
tation

W(qAE) = 2AE Y BSAE - E,+ )
{1}.{2}

where the 3,’s are (up to 5) material-specific electron wave function over-

lap integrals
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Response function formalism

m Selected response functions for ar- m Recent XENONI1T analysis based
gon on our response function formal-
R. Catena, T. Emken, N. A. Spaldin and ism

W. Tarantino, Atomlc responses to general dark E. Aprile et al. (XENON Collaboration), Phys.
matter-electron interactions,” Phys. Rev. Res. 2 Rev. D 106 (2022 2 022001
(2020) no.3, 033195 ev. (2022) no.2,
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Summary and conclusions

| reviewed a selection of theoretical frameworks used in the analysis of DM
direct detection data

Focusing on WIMP-induced nuclear recoils, | highlighted some of the fea-
tures of frameworks based on non-relativistic effective theories, and on
chiral EFT

Focusing on Sub-GeV DM-induced electron transitions, | placed the em-
phasis on the dielectric function formalism, and on non-relativistic effective
theories

The highly interdisciplinary character of the DM direct detection field calls
for an increased collaboration between particle, nuclear and solid state
physicists



