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Forewords

Overview

1) Evidence for DM, Candidates, Direct Detection basics (sub-GeV)
2) Direct detection in noble liquids

3) DD in semiconductors and other solid-state ideas

Tutorials
1) after this session

2) hands-on on setting exclusion limits on DM interactions (material provided). Tools available online from
XENON-1t

Lecture 1: Useful references and further readings:

- Feebly-Interacting Particles:FIPs 2020 Workshop Report
https://arxiv.org/abs/2102.12143

- TASI lecture by T. Lin on dark matter models and direct detection
https://arxiv.org/abs/1904.07915

- N. Fornengo’s lectures at SoUP 2021
https://indico.cern.ch/event/871645/timetable/?print=1&view=nicecompact

- J. Monroe’s lecture at CHIPP 2019
https://indico.cern.ch/event/744252/timetable/?print=1&view=indico_weeks_view

- R. Essig et al. Direct Detection of sub-GeV Dark Matter with Semiconductor Targets
https://arxiv.org/abs/1509.01598
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https://arxiv.org/abs/1904.07915

We live in a dark universe
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Evidence for Dark Matter

Coma Cluster
Rotation curves
Strong/Weak lensing
Galaxy Merger

CMB
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Vera Rubin g

Evidence for Dark Matter

Coma Cluster
Rotation curves (10 kpc)
Strong/Weak lensing
Galaxy Merger

CMB
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Evidence for Dark Matter

Coma Cluster
Rotation curves (10 kpc)
Strong/Weak lensing
Galaxy Merger

CMB

150 — —

Vera Rubin

Radius (kpc)

https://arxiv.org/pdf/astro-ph/9809214.pdf
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Gravitational lensing
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Gravitational lensing
Mmage |

source

=N\, observe:

R(E) = / o(€ 2) dz
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Evidence for Dark Matter

Coma Cluster

Rotation curves (10 kpc)
Strong/Weak lensing
Galaxy Merger (Mpc)
CMB

Xray gas (Chandra)
Dark Matter

https://www.nasa.gov/vision/universe/starsgalaxies/dark_matter_proven.html
Paolo Agnes, QSFP school, 2021 9



Evidence for Dark Matt

Coma Cluster

_ Planck TT,TE,EE+lowE+lensing +BAO
Rotation curves (10 kpc)
2
Strona/Weak lensin Qph 0.02237 + 0.00015 0.02242 + 0.00014
9 9 Qch? 0.1200 £ 0.0012 0.1193 + 0.0009
Galaxy Merger (Mpc) LNTe 1.0409 = 0.0003 1.0410 + 0.0003
N 0.965 = 0.004 0.966 =+ 0.004
CMB (100 kpc) r 0.054 + 0.007 0.056 + 0.007
In(10°A%) 3.044 +0.014 3.047 +£0.014
h 0.674 + 0.005 0.677 £ 0.004
o8 0.811 4 0.006 0.810 & 0.006
Qnm 0.315 =+ 0.007 0.311 £ 0.006
Qa 0.685 = 0.007 0.689 =+ 0.006

() = density parameter

=
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Standard DM Halo model

Dark Matter Halo Solar System Dark Matter Properties:

Optically Dark

~ Interact Gravitationally
/"gﬂ”{ Stable
// Collision-less
Mass unknown?
Galactic Disk
2
= 0.3 GeV/c

15 kpc Po /
- ~150 Kpc -

The Solar system is travelling across static halo (DM wind) —> directionality

Paolo Agnes, QSFP school, 2021 11



DM mass parameter space

see TASI lecture by T. Lin

QCD axion WDM limit unitarity limit
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— E t | | | —
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(Q-balls, nuggets, etc) black holes

non-thermal dark sectors
bosonic fields sterile v

can be thermal
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A tiny bit of Cosmolo

Today - 14 billion years
Life on earth_ ") »

Acceleration —
Dark enengy dominate

Solar system forms\ * = R

Star formation peak & - ‘3 bilfion years -

Galaxy formation era\ y

Earliest visible galaxie _ 700 mill’ion years

Recombination Atoms form \— MMM
Relic radiation decouples (CMB] I‘E’ *h ,w,‘ ay

*wl

Matter domination 5,000 years
Onsed of gravitational collapse . :

Nucleosynthesis 3 minutes
Light elements crealed - D, He, Li

Nuclear fusion hegins 0.01 seconds

Quark-hadron transition
Protons and neutrons lormed

Electroweak transition

Electromagnetic and weak nuclear
forces frst differentiate

Supersymmelry breaking

Axions etc.?

Grand unification transition —
Blactroweak and strong nuclear %
lorces dillerentiale

Inflation

Quantum gravity wall
Spacetime description breaks down

Paolo Agnes, QSFP school, 2021

11 billion years

Thermal equilibrium:

X X

X X

Boltzmann equation:

an

T —3Hn—(0Av)( n- )

T -

expansion of the Universe

annihilation

production
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Thermal Production: Freeze-out

T < mx : the production stops
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10 100 1000
x=m/T (time -)

X > ~ 20: the annihilation is inefficient

T l \ 1 1 I L] L L ] Ll L L] 1 LI
/ https://www.particlebites.com/?p=7004

an? —g.5. 101 9 (1) ( GeV )
gxS (xf) <Uannv>int

The WIMP miracle:
Q.~ 0.1 <=> <ov> at the weak scale

for mx~ GeV-TeV

FREEZE-OUT:
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“Natural” limits

4 1/2 —9
m > mz (Cannv) ~ gz Qh2 =8.5.10"11 I* (z¢) ( GeV )
Mmpwm g«s(xf) \ (Tann?)int
X a
Y
9
X q2 > mQZ a
Ky
Oh?

0.l

T CW }c"'.'
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“Natural” limits

4 1/2 —9
™m >> myz <O'ann'v> ~J g2 QhQ —8.5. 10—11 gx ("'Ef) ( GeV )
mDM gxs (mf) <Uannv>int

X a

_____ Z matches the observed value

g q g 2"‘ of CDM abundance
Qh

X 2 2 a

Q- > my o -

m <L mgz (Cann¥) ~ GEmdy
| >
X a Few GeV FCWE m
Gr
Favourite mass range for WIMPs
A X a
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“Natural” limits

4 1/2 —9
m >> myz <O'ann'v> ~J g2 QhQ —8.5. 10—11 gx (ICf) ( GGV )
mDM gxs (mf) <Uannv>int

X a

_____ Z matches the observed value

g q g 2"‘ of CDM abundance
Qh

X 2 2 a

q- > my o -

m < mz (Cannv) ~ G%‘m%M i |
| I >
€ I
X a f:ew GeV Few TeV m
Gr
Favourite mass range for WIMPs
A X a The WIMP miracle:

Q,.~ 0.1 <=> <ov> at the weak scale
for mx~ GeV-TeV
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Lighter Candidates: need for new mediator(s)

The implication is that for sub-GeV DM, new mediators below the weak scale are required

Paolo Agnes, QSFP school, 2021 18



Lighter Candidates: need for new mediator(s)

The implication is that for sub-GeV DM, new mediators below the weak scale are required

- Vector - Dark Photon kinetic mixing with SM: k or €

|- - 1 i
LD _ZFWFW = 1(1 — K4V, VI 4 577‘2.%/‘/#‘/“ +e(Ay + &Vy) Iy + o Vidp

Not necessarily the QCD axion,

5 - P coupled to fermions or gauge bosons
arF .5 a
.;: a f / #f) f fa FF

- Scalar - Dark Higgs

x yrof f

- Spinor - Heavy neutral lepton

interaction with fermions, proportional to f mass

_ sterile neutrino, mixed with SM neutrinos
LHUu,

Paolo Agnes, QSFP school, 2021 19



Cosmology
(BBN, structure formation, relic abundance...)

Astrophysics
(observation today,
stellar evolution, SNae)

Direct detection

Searches at Accelerators &

colliders
jet




Sterile Neutrinos as keV DM

10—6 oy T v A | . T v g | v T ]
‘~Q Qe
‘. ~\~ - . .
R N\ - KATRIN statistical limit
n ~\~ -
‘§~ n “---—--—-’
ATHENA *
-9 L sensitivit , -
10 Y thermal overproduction
s
resonant production
© inconsistent
<= with BBN current X=ray
10-2} @ .°"'-~-.._ n constraints -
- { U i L ....."-....
hermal pi | Tt -
107° | .
M 1 M s a1 2 A A 1 M s a 2 A A 1 M
0.5 1 5 10 50
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Boyarsky, Drewes, Lasserre, Mertens, Ruchayskiy [1807.07938]
21



Scalar Portal

5 1 0_4 l 1 | 1 \l | ) 1

10-6 L

https://arxiv.org/abs/2102.12143
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Axion-like particles
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1 | CMB Coulomb _

- Stellar SN1987a _
constraints

S — ek e —
| o o o =
— | | | |
o o0 N PeN b
|
I

SN1987a
(decays)

Kinetic mixing s

Late decays

10—1‘2 -
BBN
1074 - _

10716 1074 10712 1072° 10® 10°% 107% 1072 10 102 10* 10 10% 10 102

my |eV]

https://arxiv.org/abs/1904.07915
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Production Mechanisms - conclusions

1 III 1 1 IIIIIII 1 T lllllll

i Freezeout of relativistic particle

Freezeout of
non-relativistic particle

|

log(abundance)

Freeze-1n

Neg

m/T  (time)

https://arxiv.org/pdf/0911.1120.pdf

Paolo Agnes, QSFP school, 2021 25



DM direct detection



DM direct detection

Dark Matter Halo Solar System

Galactic Disk

15 kpc

Lighter the candidate
 ~150kpc ' ==> more challenging the detection



DM direct detection

Number of Events = (Flux) x (Cross Section) x (Exposure)

e f

(how much dark matter)

(how likely it is to interact)

[
(how long you look)

Paolo Agnes, QSFP school, 2021 28



Differential rate

dR N / do .,

dEr X | dEp
2

Ez:;)Txa P = MyV
(P—q)P® ¢

Paolo Agnes, QSFP school, 2021

f(v)dv

N(k = 0)

N(g=p—9p')

29



Differential rate

dR
— Npny / Y9 pf(v)dv

()
dE R dEp
N(k = 0) N(g=p-7)
2
E; = p—, p = m,V
2my :

i (p — q)2 % Umin = \/mNER/QﬂxN

F 2my | 2my

|q|max — QALXN|P|/mX = Q/LXN’U where v ~ 10_3.

pyN =~ 10 — 100 GeV and |q|max =~ 20 — 200 MeV.

2

2 2142 v
ER® = Ui — N ~ 20 — 200 keV.

2my mn —> Tutorial 1

Paolo Agnes, QSFP school, 2021 30




Cross section calculation

SPIN INDEPENDENT CASE
o x M= <NaX|£eff ‘N7X>

O =1

Non-relativistic limit, coherent interaction

nuclear response functions describe
the q dependence

1(qrn) 25
F(gry,) = 3]1673”" X exp (—qT)

o x A2 [J(nucleon )] F2 (ER)

scalar

Paolo Agnes, QSFP school, 2021

(ER)/A?

2
helm

N(g=p—9p')

100 R

101 b
1072 ¢
1073 |

: Silicon
10~4 | rermanium

: ——  Xenon
107° — —

10° 10! 102
E R [kCV]
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WIMP - nucleon

dR do
- N 3
dER Tnx/ dERUf(V) d°v

Cross section

Astrophysics

d NR (" Vesc )
R Px AZFA( ) dB'Uf(,U,fUE)

dER M 2’“’”)( Vmin (ER) U )

Dark Matter Properties

Paolo Agnes, QSFP school, 2021 32



Standard DM Halo model - velocity distribution

po = 0.3 GeV/c*

. 1 _1vP
J(v) = e 27
Dark Matter Halo Solar System \/ 270
g \-‘.\\\ //_/_‘_,.--‘ 3
~ o= \/;vc where v = 220 km/s

Vesc ~ 544 - 600 km/S

DM velocity distribution

~ 6
—-— Halo
Galactic Disk 5 - -==- Substructure
— - Gaia (total)
| —_—
&4 SHM
15 kpc £
=,
- - E
~150 kpc =
=

Paolo Agnes, QSFP school, 2021
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Interaction rates

Cross section

Astrophysics
NR ( vesc \
dR Px | TMA AZF 2 d3 f(’U, ’UE)
iEn U oz A Fale) v
R X l’l’nx Vmin (ER) (% y
Dark Matter Properties
"; - G,= 1077 cm?
2 103 b —}+— Xe, m=100 Gev/c?
PO \\\ ——F— Ar, m = 33 GeV/c?
. - D —+— Ar, m =100 GeVv/c?
Tm 102 = _\___\ e e Ar, m =300 GeV/c?
LY — TN X
w NN —+— F, m =100 GeV/c?
+ B N\ TR
g 10 = \\\ """"""
5 E NN\ e ==> event rate scales as A2
= F N e
» NN N
g 1 = NN N T
: P
S \\ ==> lower DM mass means lower Er
510-1 — \\
El | | l L1 1 l | | 1 l | | | I L1 | ‘\ | L1 l 1 | | L1 l 1 | | I | | | I L1
0 20 40 60 80 100 120 140 160 180 200 220
E, [keV]

Paolo Agnes, QSFP school, 2021
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WIMP signal prediction

- Interaction rates:
~1lev/t/day atM~ 100 GeV /o~ 1047 cmz2.

- Interaction deposited energies:
~ 100 keV for WIMP mass ~ 100 GeV
~ 1 keV for WIMP mass ~ 10 GeV
~ 0.1 eV for WIMP mass ~ 100 MeV

==> event rate scales as A2

==> |lower DM mass means lower Er

Paolo Agnes, QSFP school, 2021 35



Current exclusion limits

10—37

10738 = . 77
oz,
10°3° T w—

1074° --------------------- Qm
1074
10—42

10-43

10-—44

10746

SI WIMP-N cross section G, [cm’

10—47

—
-«-'"UH-
——

10—49 llllllI 1 1 lllllll .-lh. I el e W O O | 1 1 1 llllll 1 1 1 L1 L 1l

1 10 10?2 10° 104
WIMP mass [GeV]
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Dark Matter - Electron

d
" _ Nen, / Y of(v)dPv

U
d w d w
9 e(k) e(k’)
P-q q
- 5 — = Ee(K') — Ee(k), |
o My ke ~ 1/Rpohr = ame
P-q _ k°q_ q2 Ve,i = |k|/m€ > Uyi = |p|/mX
mX mMe 10-? 103

—> Tutorial 1
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Dark Matter - Electron

d
" _ Nen, / Y of(v)dPv

U
d w d w
9 e(k) e(k’)

P-q q
W = 9 = Ee(k') — Ee(k), '

My My ke ~ 1/Rpohr = ame

2

P-q_ k'Q_ q Ve,i = |K|/me > vy = |P|/my
My Me 2ftxe 102 103

|q| = luxeve,z'

> My

mX =
|Q| X UyeVei =~ TNeUeg g

W~ Mele iUy ~ few eV
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Dark Matter - Electron

d
" _ Nen, / Y of(v)dPv

(V)
d w d w
. 9 e(k) e(k’)
W — P-q Q _ Ee(k/) — E.(k), _
My 2y ke ~ 1/Rpohr = ame
2
P-q_ k'Q_ q Ve,i = |K|/me > vy = |P|/my
my me Qﬂxe

|q| = luxeve,z'

My 2 Me: my S Me:
|q| = ,Uxeve,z' ~ meve,z’ |q| =~ Mxeve’i ~ mx?)e’i,
W~ Mele iUy ~ few eV
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Cross section calculation

Free electrons, j initial state X ;
d?’p/ d?’k’ |Mf |2

ov); = 2m)(AE, — w reel g (q)]2
09 = | Ty CTBE: ) {5 (e

M2 = 169%“2627”;2(7”2 N 169%’1262’”13(7”2 Model dependent,
IM|” = ((QE) _ m%/)Q -~ (|q|2 + m%/)? here assuming generic V boson

2 2 2 2\ 2

:LLxe|M| —~ 12 2 (ame) +my

= OeF " (Q)a F; / (Q) =

167rm>2< m2 DM DM P + m%/

2 2

o m
Light mediator:  Fpas(q) = pea

Heavy mediator: Fpul(g) = 1

Paolo Agnes, QSFP school, 2021
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Free electrons —> Atoms

30 | lonization of Hydrogen : f:z(; |
— (=2
2.5 AN
X\ /'X 520 s
T f_é/ Total
/ = 1.5
/ e =q
e = 10
N 0
0.0 [
5 10 15 20
q [keV]
Cross section
Astrophysics
dREE Py | 1 .
X 2 2
e T s [ ladalFow ()| (@, Ee) Fn(vmin) )
€ X :u'ex

Dark Matter Properties
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Predicted spectra

dR/dlog, Eg [kg™' year™']

dR/dlog, Eg [kg™' year™']

Paolo Agnes, QSFP school, 2021

Electron Ionization Spectrum, o, = 107’ cm?

10* ¢
10° |

107
10

1
0.1
1072 ¢

LT T T T T T
—mDM:IO MeV ]
—— mpy=1000 MeVé

Fom(Q) =1 3

— MpM= 10 MeV T
—— mpMm=1000 MeV_
Fpm(Q) = @2 m*/q°

e ---y—e

P NN R
3 4

10 10

Electron Recoil Energy Ey [eV]



DM-interaction signal prediction

WIMP-nucleon
DM -electron

- Interaction rates:
R~1ev/t/day atM~ 100 GeV /o~ 1047 cm?

R ~ Ntp/my 0e Vo~ 50 ev / kg / day
atmy ~10MeV /o~ 1037 cm?

- Interaction deposited energies:
Er ~ 100 keV for WIMP mass ~ 100 GeV
Er~ 1 keV for WIMP mass ~ 10 GeV
Er ~ 0.1 eV for WIMP mass ~ 100 MeV

Er ~ 50 eV for my ~ 100 MeV
Er ~ 10 eV formy ~ 10 MeV

Paolo Agnes, QSFP school, 2021 43



Projected Sensitivity

Cross section Sensitivity and Event Rate (per kg-year)
10 ——r—trrr—r———

3 1073
ol Fpm(@=1 &
10735 g0=01 A1l b----—-—-- 1107 o
6L ’ o 401 2
10_ C -
— 10—37 Pg—pfl—(_)_i L T VR T %1 —=! 1 éU
5 joml * Jwo ®
S 107 - 5
Y -39 gD—,l(.)_ — — N\ 10 1
SI U 5 S 0 3
10—40 B é]’
~41 - — 410* :
10 = TN\ gD:10‘4 j 105 3,
107#
1o-4 I S S ) 110°

1 10 10° 10°
Dark Matter Mass [MeV/|]
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Projected Sensitivity

[cm?]

Paolo Agnes, QSFP school, 2021

107
1077
107°
107
107%
10~

0ok

10—41

2

10725

107+

Cross section Sensitivity & Event Rate (per kg-year)

T I I | -
10~
He 2. 2,2
o Fpm(q) = a*m.”/q 01 m
- L 2
- _ - - - e
_ - (o
o
10> S
- S S 3.3 b
Hidden photon gp=10 10 C:I
4G
- 10 S
o op=10% 4105 o
10°
| | . ol |
1 1() 1()2 1()%

Dark Matter Mass [MeV/]

Phys.Rev. D85 (2012) 076007
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U;

f---»

- QUGBS -

—

a

a = Inter-atom distance
~10-10m
~ 105 eV

ui . displacement

For ~MeV DM:
Edep ~ 0.1 eV
=>(Qq << 1

https://arxiv.org/pdf/1712.06598.pdf

Paolo Agnes, QSFP school, 2021

1.0 —05 0.0 0.5 1.0

q [r/al
g = amplitude of wave vector

q ~ 0 : low frequency oscillations
q ~ 1/a : perfectly out of phase

Wq : energy of the vibration mode

slope: sound speed (10-9)

46



https://arxiv.org/pdf/1712.06598.pdf
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Projected sensitivity

x B T T T
/ 107% £ ppx R —
X 1034 | Stellar b’gunds :“ gl _
N, :-0_35 I : 3 ; : ; )
e 10-36 | i
CIE 0—37 L .
107 | T
S 10 | oIS

.
. .. .
-----------

Dark photon mediator 7
ma < keV
el TR

102 1072 1071 109 101 102 10°
my |MeV]

https://arxiv.org/pdf/1712.06598.pdf
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Summary

keV |

o0

éj oV | Electron recoil |
- Phonons -

(calculated)
mev | | |
keV MeV GeV
mpm

https://arxiv.org/abs/1904.07915

Paolo Agnes, QSFP school, 2021
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Detector Technologies
2 o
é R S Electron recoil
Atomic/Molecular systems (e.g Noble liquids) s
~10eV e
12 eV for Xe, 15 eV for Ar 23 eV mean ionisation E VL o
mpm
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Detector Technologies
éﬂ Y o Sifon recol ]
Atomic/Molecular systems (e.g Noble liquids) =
~10eV - T,
12 eV for Xe, 15 eV for Ar 23 eV mean ionisation E T o
. | ion ( E )|2 . { E ‘2
Semiconductors ~ 1 eV n,l \4, e fcrystal(qa e)

Si

15¢

empty conduction
band

10

E [eV]

1.11 eV (silicon)
gap —

Opm=sccmpmge==r-=ccccecreorennm=z 0.67 eV (germanium)
-54 :
filled valence
ol ] | ‘ _ band
L r X W K r

Brillouin zone path
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Detector Technologies
éﬂ Y o Sifon recol ]
Atomic/Molecular systems (e.g Noble liquids) =
~10eV - T,
12 eV for Xe, 15 eV for Ar 23 eV mean ionisation E T v o
. | ion ( E )|2 . { E ‘2
Semiconductors ~ 1 eV n,l \4, e fcrystal(qa e)
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