University of
Zurich™

Lecture 1: Principles of direct dark matter detection

ISAPP 2024: Particle Candidates for Dark Matter
Scuola Galileiana di Studi Superiori
Padova, July 2, 2024

Laura Baudis
University of Zurich




Content

« Overview: DM candidates

 Direct detection: general remarks

- Astrophysics and the Standard Halo Model

+ Kinematics

- The differential scattering rate

 Cross section predictions from particle physics
- Sl and SD scattering, form factors

 Light DM detection



Dark matter candidates: overview
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Direct detection: overview
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Direct detection: overview
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Direct detection: general remarks

Search for scatters of galactic dark matter particles in terrestrial, deep
underground detectors

.

galactic'plane

Rhalo ~ 300 kpC



Direct detection: general remarks

» Main physical observable: a differential recoil spectrum

» Its modelling relies on inputs/tools from several fields!

Astrophysics:
local density,
v-distribution

Particle
physics: mass,
cross section

®



Overview: local DM density

» Local measures: vertical kinematics of stars near Sun
as ‘tracers’ (smaller error bars, stronger assumptions
about the halo shape)

Major source of uncertainty:
contribution of baryons (stars,
gas, stellar remnants, ...) to the

» Global measures: extrapolate the density from Milky local dynamical mass
Way's rotation curve derived from kinematic
measurements of gas, stars... (Iarger errors, fewer DM density at the Sun, ppm o [GeV /cm3]
: 0.25 0.3 ' 0.35
assumptions) — 1
- = Contracted halo
0'8__—— NFW halo y
0.6
L
8 s
0.4
0.2
0.0 — : e
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DM density at the Sun, ppm, o [X1073 Mg / pc3]

M. Cautun et al, MNRAS 494 (2020) 3, using Gaia DR2



Overview: local DM density

Local measures: vertical kinematics of stars near Sun : :
, , . Major source of uncertainty:

Our results

Local (spherically-average) DM density ‘DM mass within 15 kpc

pom (Ro) = (0.3770%8) GeV /cm® Mpy (R < 15kpe) = 1010933 M,
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Sven Poder, Tartu Observatoorium; Talk at EuUCAPPT, CERN, May 31, 2023



Overview: DM velocity distribution

Standard halo model: Maxwellian distribution
(isotropic velocities)

p(r) ocr—?

Goal: determine f(v) from observation (e.g.,
motion of stars that share kinematics with DM)

Recent studies: some deviations from SHM,
due to anisotropies in the local stellar
distribution (in Gaia data)

These arise from accretion events, where the
“Gaia-sausage” seems to be a dominant
merger in the solar neighbourhood

Effects for direct detection experiments:
relevant mostly at low dark matter masses

Necib, Lissanti, Belorukov 2018, Evans, O'Hare, McCabe,
PRD99, 2019; Buch, Fan, Leung, PRD101, 2020; and others

DM velocity distribution

§
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Normalised Gaia DM velocity
distribution in heliocentric frame
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Milky Way: fits to the observed rotation curve
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Rotation curve for different MV mass models
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Galactic Rotation Curve

- Expectations: from centrifugal force = gravitational attraction  (M: = total mass interior to r)
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= a hon-visible mass component, which increases linearly with radius, must exist



Galactic Rotation Curve

- The rotation curve depends on the distribution of mass = one can thus use the measured rotation
curve to learn about the dark matter distribution

“Rigid body” rotation: the mass must be ~ spherically distributed and the density p ~ constant

Flat rotation curve: most of the matter in the outer parts of the galaxy is spherically distributed, and the
density is 5

p(r) ocr™

- To see this, we assume a constant rotation velocity V. The force, acting on a star of mass m by the
mass M, of the galaxy inside the star’s position r is:

mV? B GMrm

r r2

- if we assume spherical symmetry. We solve for M;:

Ver
M, = —
G

- and then differentiate with respect to the radius r of the distribution:
dM, V?
dr G 14




Galactic Rotation Curve

« We then use the equation for the conservation of mass in a spherically symmetric system:

dé\fr = 4714 p(r)

- and obtain for the mass density in the outer parts of the Milky Way:

VQ
~ 472G

p(r)

- The 1/r2-dependency is in strong contrast to the number density of stars in the visible, stellar halo,

which varies with 1/r35, thus decays much more rapidly as one would expect from the galactic
rotation curve

= the main component of the Milky Way’s mass is in a form non-luminous, or dark matter

[so far, the dark matter has been observed only indirectly, through its gravitational influence on
visible matter]

15



Galactic Rotation Curve

« One needs however to modify the previous equation:

V2
pr) = Arr2QG

* in order to force the density function to approach a constant value near the centre (rather than to
diverge!), to be consistent with the observational evidence of a rigid-body rotation

« Thus, a better form for the density distribution is given by:

Co

a? + r?

p(r) =

« where the parameters (Co, a) are obtained from fits to the overall measured rotation curve, e.g.:

Co=4.6 X 108M@kpc_1 We note that:

forr>a = p(r) « r2

a = 2.8Kkpc
forr < a = p(r) « const. 16



The Standard Halo Model

- The standard halo model (SHM) is an isotropic, isothermal sphere with density profile r-2. In this
case, the solution of the collisionless Boltzmann equation is a so-called Maxwellian velocity
distribution, given by:

f(v) = Nexp (2 )

« where N is a normalisation constant. The velocity dispersion is related to the asymptotic value of the
circular speed, which is the speed at which objects on circular orbits orbit the Galactic centre:

Veoo = \/2/30

« Usually it is assumed that the rotation curve has already reached its asymptotic value at the solar

radius r = Ro, such that:
o =+/3/2v

Ve = ve(Ro)

 where

17



he Standard Halo Model

« The density distribution in the SHM is formally infinite and hence the velocity distribution also
extends to infinity. In reality however, the Milky Way halo is finite, and particles with speeds greater
than the escape speed:

Vosc (1) = \/Q‘gb(’r)‘ ¢(r) is the potential

will not be gravitationally bound to the Milky Way.

« This is addressed by truncating the velocity distribution at the measured local escape speed:

Vese = UeSC(RO)

. such that see, e.g. Anne M Green
f(v) =0 for |v| > Vesc JoPG, 44 084001, 2017

* or (to make the truncation smooth):

N fexp (=% )exp (=5 )| V] < vese
f(V) _{ eXp 202 eXp 202 |V| v

0, ’V‘ > Vesc - 18



he Standard Halo Model

e The standard parameter values used for the SHM are the following:

* |ocal denSity pO — p(RO) — 0.3 Gev Cm_g
po = 0.008 Mpc™2 =5 x 107%°gem ™3

* local circular speed

ve = 220km s~

 local escape speed Vese = 544 km s_l

« The escape speed is the speed required to escape the local gravitational field of the MW, and the
local escape speed is estimated from the speeds of high velocity stars

- The RAVE survey had measured (later improved with SDSS and Gaia data):
498 kms * < Vese < 608 km g1

19



Recommendations for DD experiments

- Community effort towards using the same astrophysical parameters in the analysis of direct
detection experiments' data

Eur. Phys. J. C (2021) 81:907 Page 11 of 19 907

Table 1 Suggested Standard Halo Model parameters. Vectors are given as (v,, vy, vg) With r pointing radially inward and ¢ in the direction of the
Milky Way’s rotation. Analyses insensitive to annular modulation can approximate vg (#) with Eq. 12

Parameter Description Value References
Py Local dark matter density 0.3GeV/c?/cm3 [9]

Vesc Galactic escape speed 544 km/s [45]

(Ivel) Average galactocentric Earth speed 29.8 km/s [41]

Ve Solar peculiar velocity (11.1, 12.2, 7.3) km/s [46]

Vo Local standard of rest velocity (0, 238, 0) km/s [47,48]

Table 2 Reported values of galactic escape speed. The measurement reported in [70]* is a re-analysis of the data set using the same priors used in
[71]

Year References Survey Data release C.L. (%) Vesc Interval (km/s) Vesc median (km/s)
2007 [45] RAVE 1 [68] 90 498-608 544
2014 [71] RAVE 4 [72] 90 492-587 533
2017 [73] SDSS 9[74] 68 491-567 521
2018 [75] Gaia 2 [50] 68 517-643 580
2019 [70] Gaia 2 [50] 90 503-552 528
2019 [707* Gaia 2 [50] 90 548-612 580

2021 [76] Gaia 2 [50] 68 477-502 485




Milky Way rotation curve

¢ A more recent compilation of all existing data
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of galactocentric radius)
including data from gas
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regions, molecular clouds); star
kinematics and masers

Contribution to the rotation
curve as predicted from
different models for the stellar
bulge, stellar disk, and gas
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Direct detection: DM flux on Earth

« For a typical WIMP mass of 100 GeV/c2?, the expected WIMP flux on
Earth (for the ‘standard local density’ value) is:

by = 2X % (v) = 6.6 x 10* cm 25!
M

 This flux is sufficiently large that, even though WIMPs are weakly
interacting, a small but potentially measurable fraction will
elastically scatter off nuclei in an Earth-bound detector

- Assuming a scattering cross section of 10-38 cm?, the expected rate
(for a nucleus with atomic mass A = 100) would be:

Na

R = I X @y X 0~ 0.13 events kg~ tyr~!

22



Direct detection: kinematics

+ Elastic collision between WIMPs and target nuclei

« The recoil energy of the nucleus can be expressed (in the COM frame) as:

2 2,,2
q pov
Fr=—= (1 — cos @) @
\
« ¢ = momentum transfer q2 = 2u2v2(1 — cos 0) '® |
T TN
« pu=WIMP-nucleus reduced mass M =
My + My

« v = mean WIMP-velocity relative to the target (as we saw, of the order of 100 km s-1, hence we are
in the extreme NR limit)

« O = scattering angle in the center of mass system

23



Direct detection: kinematics

- Hence, WIMPs with velocity v and incident kinetic energy E, = mevz which are scattered under an

angle 0 in the center of mass system, will yield a recoil energy Er in the laboratory system:

et F o (1-cos0)
6 2
g,
4u’ 4m, m,
3 T ) z
< m,my  (m, +m,y)
A TN

WIMP nucleus reduced mass M =
My + My

24



A simple numerical example

 Let us assume that the WIMP mass and the nucleus mass are identical:

m, = mpy = 100 GeV - ¢ ?

dm,my
= I = 5 — 1 remember: r = kinematic factor
(mx T mN)

N 1 3 v = mean WIMP velocity relative to target
v~ 220kms = 0.75 x 107 "¢ (assumption: halo is stationary, Sun moves through halo)

1
(Fr) = FE; = §mxv2
1 GeV _
(Er) = 5100 — (0.75 x 1073)?

(Er) = 30keV = mean recoil energy deposited in a detector

25



Direct detection: momentum transfer

With the WIMP-nucleus speed being of the order of 100 km s-1, the average momentum transfer

. Thus the elastic scattering occurs in the extreme non-relativistic limit and
the scattering will be isotropic in the center of mass frame.

The de Broglie wavelength corresponding to a momentum transfer of g = 10 MeV/c
A= —~20fm > rgAY/3 =1.25fm A/3

, thus the scattering amplitudes on individual nucleons will add
coherently (coherence loss will be important for heavy nuclei and/or WIMPs, and WIMPs in the tail of
the velocity distribution)

26



—Xpected rates in a detector: overview

IR o [Umes do
iEr - "N dvf()o g
i Mw J\/(mnEwm)/(2u2) It
Detector physics Particle/nuclear physics Astrophysics
NNaEth mW7d0/dER pOaf(v)
LE A
N Velocity
g lower WIMP mass f(V) distribution of
o) WIMPs in the

galaxy

higher
WIMP mass

. Er 0 200 600
v [km/s]
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Minimum velocity

« Minimum velocity = the velocity that is required to produce a recoil energy Er

2F R ERmN my +mpy | Eg
Umin = —
r - mX My 2my

100

Example for vmin for
different nuclei and Er

10

DM mass [GeV]

velocity distribution [arb. units]

28



WIMP-nucleus differential cross section

e The WIMP-nucleus cross section encodes the particle physics inputs including the WIMP
interaction properties

® It depends fundamentally on the WINMP-quark interaction strength, which is calculated from the
microscopic description of the model, in terms of an effective Lagrangian describing the interaction
of the WIMP candidate with quarks and gluons

® In a next step, the WINMP-nucleon cross section, using hadronic matrix elements that describe the
nucleon contents in the quarks, is calculated

® In a third step, using nuclear wave functions, the spin and the scalar components of nucleons are
added to obtain the matrix element of WIMP-nucleus cross section as a function of momentum
transfer. This step introduces a form factor suppression which reduces the cross section for heavy
WIMPs and/or nuclei (analogous to low-energy electromagnetic scattering of electrons from nuclei)

¢ Important simplification: the elastic scattering takes place in the extreme NR limit, 2 cases are
mostly considered:

@® spin-spin interactions (coupling to the nuclear spin)

@ scalar interactions (coupling to the mass of the nucleus)



WIMP-nucleus differential cross section

e The WIMP-nucleus cross section encodes the particle physics inputs including the WIMP
interaction properties

® It depends fundamentally on the WIMP-quark interaction strength, which is calculated from the
microscopic description of the model, in terms of an effective Lagrangian describing the interaction
of the WIMP candidate with quarks and gluons

® In a next step, the WIMP-nucleon cross section, using hadronic matrix elements that describe the
nucleon contents in the quarks, is calculated

® In a third step, using nuclear wave functions, the spin and the scalar components of nucleons are
added to obtain the matrix element of WIMP-nucleus cross section as a function of momentum
transfer. This step introduces a form factor suppression which reduces the cross section for heavy
WIMPs and/or nuclei (analogous to low-energy electromagnetic scattering of electrons from nuclei)

* Inrecent years: efforts to treat WIMP interactions more generally, using the tools of EFT

® one writes down all WIMP-nucleon operators consistent with general symmetry arguments

® then the interactions are imbedded in the nucleus — nuclear operators — response functions that
describe the WIMP-nucleus elastic scattering

see, e.g, Fitzpatrick et al., JCAP 1302 (2013) “The effective field theory of dark matter direct detection”
M. Hoferichter et al., PRD 94 (2016) 6 “Analysis strategies for general spin-independent WIMP-nucleus scattering”



Scattering cross sections and effective operators

« Use effective operators to describe WIMP-quark interactions

- Example: vector mediator . .
contact interaction scale

1 M 4
LT = — vy, xgy* A= = Tot < A
X A2 X’VMXQ’Y q m

» The effective operator arises from “integrating out” the mediator with mass M and
couplings gq and gx to the quark and the WIMP

X g’ X X

\ G
\ [2 7 Teft
q

X

K

31



Scattering cross sections and effective operators

- Use effective operators to describe WIMP-quark Name| Operator |Coefficient
interactions (also called NREFT approach): D1 v me /M3
D2 X7’ Xqq img/M;

@ after adding a dark matter particle to the SM,

. . . — — 5 . 3
choosing a spin and EW representation, add D3| xayta | img/M:
iInteractions with quarks and gluons, consistent D4 | XV°xq7°q | me/M
with the exact symmetries of the SM: write D5 | XY*XGV.q 1/M?2
down all possible operators D6 | vy vivgveg | 1/M2

. . . D7 | xv"xqvu’q | 1/M:
@ certain operators will contribute to Sl or to SD g

. . AN 5 2

WIMP scattering at zero velocity D8 I yxae) 1ML

D9 | xo"xqo.q l/M*2

® many operators have very weak direct D10 | X0 XGoasq| i/M?
detection bounds due to the velocity DIl | GG | ay/aM3

suppression of the scatterin
pp 9 D12 | Y79XG o G | oy JAM3

D13 | xxGWGH | i /AM?
More recently: chiral effective field theory ChEFT (in NREFT, D14 | X7xGuwGH | ag/AM3

the operators are not independent of one another due to
QCD effects), see, e.g. M. Hoferichter et al., PRD 99, 2019

Goodman, Ibe, Rajaraman, Shepherd, Tait,Yu 2010
32



Spin independent cross section

The differential cross section can be written as:

do(q) _ 0,F*(q)
dq’ 4u°v’ >

where op = total cross section for F(qg) = 1.

From Fermi’s Golden Rule it follows:

One can then identify the total cross section oo for F(g)=1 as:

relative velocity in center-
of-mass frame

4 u 4 M
2 2 2
cross section for — 7T J'L' n
scattering off nucleus o )
cross section for O >

scattering on nucleons

33



Spin independent cross section

« Putting now everything together:

do 1
(2q) = 7 9 UnAze (q) differential cross section
dq dm’ v
E
dR R, —
= ° € Eoer (Q) differential recoil energy spectrum
dE, E,r
>N p— ] /} %
P m, m
0~ : XUOVO GO:On zk XN)
\/; A m m, \ m, +my

34



Spin independent cross section

¢ As we saw, interactions leading to WIMP-nucleus scattering are parameterised:

e scalar interactions (coupling to WIMP mass, from scalar, vector, tensor part of L)

2
—M 2 ; r 4-fermi
os1~ 5 [Zfp +(A=2)fa]” Gzt
X

= nuclei with large A favourable (but see nuclear form factor corrections)

35



Spin dependent cross section

¢ As we saw, interactions leading to WIMP-nucleus scattering are parameterised:

e spin-spin interactions (coupling to the nuclear spin Jn, from axial-vector part of L)

J _l_ 1 ap, ar_]: effective couplings to p
2 YN (ap<5p> 4 @n<Sn>)2 andn; {S) and (S)

J expectation values of the p and n
N spins within the nucleus

Osp ~ U

= nuclei with non-zero angular momentum (corrections due to spin structure functions)

X\/X
; X

36



Cross sections on nucleons: examples

® Predictions from supersymmetry for the neutralino [10-8 pb = 10-44 cm2]:

— 10
5 . —————rrr]
¢E> a1 nwupre LHC CMSSM
— 10 __LHC Buchmueller et al;
b e arXiv:1110.3568v1 [hep-ph]
1042
10

i T s Rl s T e e ~ 1 event kg1 year-!

10"%

10

L S e e LR EE e ~ 1 event ton-! year-

10
é 3
m_ [GeV/c ]0

CMSSM


http://xxx.lanl.gov/abs/1102.4585v1

Cross sections on nucleons: examples

® Predictions from supersymmetry for the neutralino [10-8 pb = 10-44 cm?]:
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-5
-7
—_
O
o
~ _38
A o
.
o 9
—
1)
O
—

CMSSM, 1 >0
-6} Posterior pdf
Log Priors

XENON100 (2012) |

-10 ENONIT (proj.) |
v’ @ nner contour: 1o
—11r outer contour: 2o
_12 1 1 . . . . 1
0 0.5 1 1.5
m, (TeV)

L. Rozkowski, Stockholm 2015

R - og1 (pb)

[y

o
L
[

[y

o
.
w

[

o
3
o

10—17

10—19

PMSSM

— XENON100 (2011)
— XENON100 (2012)
— LUX (2013)

- - XENON1T (2017)
- - LZ (1000 days)

102 ] 10°
m(x}) (GeV)
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Cross sections on nucleons: examples

® Sl scattering cross sections for various "visible sector" models

10-39 B
10—41 n
8 Di D :
g 1 0_43 3 iIrect Detection
% N
&)
= 10—45 B
= 2
—47 | %
10 2\ NMSSM - 1 =
el
10749 - NMSSM - 2
1 10 100 1000

https://Iss.fnal.gov/archive/2022/conf/fermilab-conf-22-180-v.pdf MDM [GeV]

104
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Nuclear form factors: Sl couplings

« Scattering amplitude: Born approximation § = h (/2’ — /2)

- Spin-independent scattering is coherent A = A/q ~ few fm q = J2mnER

M(Q) = frA /d?’azp(i’;’) eI = g |M]?x A mass

2 o

fundamental Fourier-transform of the
couplings to density of scattering
nucleons centres
p(r)ip(0)
3(sin(qgr,,) — qr,, cos(qr > 1
F(qry) = sin(grn) — q g (q7n)] o—(as)?/2 |
™~ - - 0.9 - -
jl(qrn) \
0.5 c .
“Helm” form factor Woods-Saxon Potentiax

40



Sy(w)

Nuclear form factors: Sl couplings

- Important for heavy WIMPs and/or nuclei and for WIMPs in the tail of f(v)

« Helm form factor: Fourier-transform of the density of scattering centres

dO’ ST S
i 00,51 X Ss(q)
| T T | T T T T T T T T T T T T T T T T | T T T T | T T T T =
* This work - * This work 7
1000 — Helm form factor 3 1000 = — Helm form factor 3§
- — - Fitzpatrick etal. ] - —- Fitzpatrick etal.
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1 gm e E
E wn F 3
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g b 3 3
- \ B ]
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-4 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 -4 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
10, 1 2 3 4 5 6 10 1 2 3 4 5 6
u u

212 -
U — b 2 b = h/mw p=n i illator si ter 41
L. Vietze et al., Phys.Rev. D91 (2015) 4, 043520 q / V / b = harmonic oscillator size parameter



Nuclear form factors: SD couplings

* For spin-dependent couplings the scattering amplitude is dominated by the unpaired nucleon: the
coupling is to the total nuclear spin J (paired nucleons 11 tend to cancel):

do(q) _ 8

p— NG, J(J +1)F’(q)

- with: Gr = Fermi constant, J = nuclear spin, F2(q) = form factor for spin dependent interactions

1

o A= [a,(8,)+a.(s)]

* ap, an: effective coupling of the WIMPs to protons and neutrons

« and the expectation values of the proton and neutron spins in the nucleus

N> measure the amount of spin carried by
the p- and n-groups inside the nucleus

(Sy.) = (NIS,.,

42



Nuclear form factors: S

D couplings

- Form factor example: simplified, based on model with valence nucleons in a thin shell:

sin(qry,)
qTn

F(an) — jo(an) —

« Better: detailed calculations based on
realistic nuclear models
-for instance, the conventional nuclear
shell model using reasonable nuclear
Hamiltonians
- cross check by agreement of predicted
versus measured magnetic moment of
the nucleus (since the matrix element for
XN scattering is similar to the magnetic
moment operator)

1g¢

197

Q-

10-4

10-

=T TTTIrf T T T IO T T PITrI

I T rrrmg

131X e

single
particle
model

|
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Lewin & Smith; Engel et al
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Nuclear form factors: SD couplings

- WIMP-nucleus response based on detailed nuclear structure calculations

dO'SD
dq?

= 00.sD X Sa(q)

1 2 3 4

0.1F — S (u)1b t E
0.1 — S (u) 1b currents 2 129 p(u) currents ]
: 19 P Xe -- S (u) 1b currents
F -- S _(u) Ib currents Sn b s b t
0.01 == S () 1b + 2b currents alAC) currents
mm S (u) 1b + 2b currents 0.0 mm S (u) 1b +2b currents E
0.001g -~ n _
2
>
10 5
,,,,,,, ; 0.001}
10—5 ————————— C
10°
0.0001 z
107 | :
0 1 2 3 4 5
u

1 — q2 b2/2 h— /ﬁ/mw b = harmonic oscillator size parameter

P. Klos et al., PRD 88, 2013 44



Nuclear form factors: SD couplings

- WIMP-nucleus response based on detailed nuclear structure calculations

dO’ SD S
dq? = 00,SD X A(Q)
@)
- 129
-1 oo Xe
10 F =3 Aw=16 MeV
107 NSl
- emax—6 -_~: ~~~~
10_3 E_ - emax_8 \\\~§§1
n ;
S _| 1 | | \ | I
w b S
10 §
(@]
- 3
_2 e
10 F  NAT
E o hw=12 S
T Q‘U:;g ——with 2BC
E o hw=
T wio 2BC B.S. Hu et al, PRL 128, 2022
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Putting it all together: expected differential rates

R~ 0.13

events
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Dependance on the WIMP mass

» Recoil spectrum gets shifted to low energies for low WIMP masses

« One needs a light target and/or a low energy threshold to see light WIMPs

| light WIMPs

10
20| m [GeV]
30 X

40
50

events on Ge / keV [arb. Units]

heavy WIMPs

Enr [keV]

40
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Summary on expected rates in a detector

« One has to take into account following facts:
® the WIMPs have a certain velocity distribution f(v)
® the detector is on Earth, which moves around the Sun, which moves around the Galactic Center
® the cross section depends on whether the interaction is spin-independent (Sl), or spin-dependent (SD)

® the WIMPs scatter on nuclei, which have a finite size; we had to consider form-factor corrections < 1
(different for S| and SD interactions)

® the nuclear recoil energy is not necessarily the observed energy, since in general the detection
efficiency is < 1

@ detectors have a certain energy resolution and energy threshold

observed diff. rate dR

=R S(E,)F*(E)I

spectral function \ \

(masses and kinematics) form factor correction type of interaction 48



Cross section versus DM particle mass: limit plot

recoil
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Cross section versus DM particle mass: evidence

e |n case of a detection: one aims to reconstruct the DM mass and cross section (here shown
for various DM masses, 25, 50, 250 GeV/c2, and one cross sections

fixed galactic model including galactic uncertainties

T T T T T T T | T T T T T T T T
p =0.4 GeV/cm3, v__ =544 km/s, v_=230 km/s, k=1 7]
0 esc 0

T T T T T T LI | T T T T T T LI
p,=0.4£0.1 GeV/em’, v,  =544+33 km/s, v =230+30 km/s, k=0.5-3.5

" reconstructed probabilities
" for Xe, Xe + Ge, Xe + Ge + Ar

Q
B xe

- B xe

........

of, [pb]
of, [pb]

10°

1 1 1 1 1 . DM ber]Chma.rk|s 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
50 10 10° 50 10 10°
m, [GeV] m, [GeV]

Xenon + Germanium + Argon

Pato, Baudis, Bertone, Ruiz de Austri, Strigari, Trotta: Phys. Rev. D 83, 2011 50



| ow-mass dark matter detection

- Using the same targets as for WIMP searches, one can also search for MeV-scale and keV-
scale DM

® Interactions with electrons

@ Absorption (in the case of ALPs and dark photons)

Absorption

SM

See also Tonyang Lin, Sub-GeV dark matter models and direct detection, SciPost Phys. Lect. Notes 43 (2022) 51
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Kinematics again

® Light DM: nuclear recoil energy - well below the threshold of most experiments

* Total energy in scattering: larger, and can induce inelastic atomic processes — visible signals

2 2 2 10GeV

mppmv mpm . q MpM C

E < < 3eV % ENR_—zler( ) X

€ — ) — 1 Mev 2mN 100 MeV TN

Mpwm | | | Nuclear recoils
h I | I | I I | e
10 keV 1 MeV 1 GeV
Essig, Mardon, Volanski,
PRDS85, 2012
v~ 10 3¢ Electron recoils US Cosmic Visions,

arXiv:1707.04591



Kinematics again

b, i
O) keV
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o i g ]
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Figure: Tongyan Lin, TASI lectures on DM
models and direct detection, arXiv:1904.07915
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Interaction rates for DM-electron scattering

dRion, 6.2 ( 00 ) ( O ) (10 MeV) y d{o;onv)/dIn Er events
1

dlnFr A \0.4GeVcm—3 0—40cm? MDM 10—30, ke d

Expected number of events for a xenon detector with 1 tonne year exposure, for 500 MeV DM mass
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See, e.g., Essig, Volanski, Yu, PRD 96, 2017



Events/(t-y-keV)

Interaction rates for DM absorption

@ ALPs: absorption via axio-electric effect results in peak at boson mass
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Events/(t-y-keV)

Interaction rates for DM absorption

@ Dark photons: absorption results in peak at boson mass

« Rates ocng(f:pXZXa
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Dark Matter - Electron o [cm?]

—xamples: constraints on LDM interactions

XENON, PRD 106, 022001 (2022)

DM-electron scatters Dark photons and ALPs absorption
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