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1- Preamble (10’ )
2- What is dark matter and what.it is, made of 2 (20 )

3- Direct detection of dark matter (40 ) T L
4- Conclusions '




Energy (Mass) Unit: Electron Volt

Frtrtr ettt rtt |
1 2
KE = —my = eV
lE |'E| 2

D 000 Al e Mk |
| electron volt=16x 10 J . .

E=qV=(16% lo"g CX1 %)

-19
e = electroncharge=16x 10 C

VY = voltage

Will talk about ueV, eV, keV, GeV

P. Pralavorio Lecture on Dark Matter, June 2024 2



Lesson from XXt century

S. Glashow serpent swallowing its tail
New York Times Magazine, Sept. 26, 1982, p. 40

[ Two infinites (micro and macro) deeply interconnected ]
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Fairly simple detector !

Fairly simple
experimental set-up !

[ Instantaneous gravity explains all (1688) ! ]
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Neutrino from the Sun
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Neutrino from the Sun

Radioactivity 3~ (1896)

Uranium salts
leave
fingerprints

ona |
photographic |
plate —»

Compute the solar
neutrino flux (1964)

70x10° neutrino/cm?/s

Build experiment 1.4km
underground in USA

Hypothetical v (1930)
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= ber month
(1969)

[Neutrino could have been discovered by looking at the Sun ! ]

[Discovered in 1956 by looking at a nuclear plant]
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Neutrino flux today

] One of the main background for dark matter searches !
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Dark Matter (Part |)

1- Observations of Dark
matter in cosmology

and astrophysics :
characteristics of Dark matter

2- Particle physics:
status and open questions.
New hypothetic particles ?

3- What is Dark Matter made of ?
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Galaxy rotation curve

1 Well-known spectral lines - Doppler shift > velocity curve of stars

Galaxy rich in Hydrogen gaz

Hydrogen spectral lines (f) @
F=1
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Galaxy rotation curve

1 Well-known spectral lines - Doppler shift > velocity curve of stars

Halo Observations
from 71 cm Iy

¥

® = Optical disk radius

Disc
Hub

M
Prediction: ™V’ _mM@G =, _ GM(r)
r r2 r
Bulk: r<R-M@) xr:=>vur « : _ .' ’ 3
« . 20 30

1
Disk: ¥ > R: M(r) =const > vxc— X
VT

R (x 1000 ly)

Observed: > R: v~const > M(r) < r

“Mass, unlike luminosity, is not concentrated near the center of spiral galaxies” (Vera Rubin)

[ Dark matter halo in the galaxy ? J
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Cosmic microwave background

380 000 years after Big Bang™  As measured today 73.7 Byr red-shifted

Recombination
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Cosmic microwave background

380 000 years after Big Bang

Recombination

As seen today 13.7 Byr red-shiftea

1.2¢
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Other proofs

= Galaxy formation, evolution, collision

PO NG ' _

FS'\:@ P "-“ y Cosmic Cc_>sm|c

G \}‘i' ‘ . ~Microwave Microwave

8- ., background background
data data

Lo e

Baryon matter only >
our o TR I

Baryon + dark matter’ #—
. . [ ")

¥

= Gravitational lensing

* Absence of massive objects made of baryonic matter

[ All proofs point towards dark matter ]
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Dark Matter from cosmology

J Main characteristics

= Dark matter exists (!)
v' Massive: Interact with gravitational forces Dark matter in our galaxy

v" Form a halo in our galaxy - favorable for
. . Extended dark
direct exploration - part Il A

= |fitis a new particle it should be
v" Neutral (dark) | /
v Stable or very long-lived (Big Bang) /

ppom ~ 0.3 GeV/ cm?®
(vpm) ~ 300 km /s

v" Very weakly interacting with known
particles

v" Non relativistic to form galaxies

[ What is the nature of Dark matter ? J
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v' Massive
P t' I h - j Neutral

a r Ic e p ys I CS v \?\;ZELer interacting
v Non relativistic

O Elementary particles in a Standard Model (1970’s)

Fermions Bosons

None of them has the
- Forces required characteristics to
V4 N4 be a dark matter particle

- Dark Matter calls for
New physics
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Particle physics

J Standard Model status

= 26 free parameters® (21 measured) = 5 not measured

v'12 fermion masses (9) 2 v masses

v 8 weak angles (7): 6 mixing (6), 2 CP phases & (1) = v CP phase
v’ 1 strong angle (0): 1 CP phase 6 >
v'3 coupling constants (3): agy, Gg, og

@strong

de s be

v'2 Higgs parameters (2): my, fewss

U ce te

Vi —eiaVo 8Vy ee Le Te

» Some parameters look strange R SR eV oV T
v'm,, < eV while m(charged fermion) > 0.5 MeV: why ? < v mass origin problem
V'|O4trongl < 1071%: why ? > strong CP problem
v"Higgs Mass: very high radiative corrections - gauge hierarchy problem

[We need new particles to solve these problems ]

* Assuming v Dirac particles (if Majorana, add 2 other phases)
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Particle physics

J Standard Model status

= 26 free parameters® (21 measured) = 5 not measured

v'12 fermion masses (9) 2 v masses

v 8 weak angles (7): 6 mixing (6), 2 CP phases & (1) = v CP phase
v’ 1 strong angle (0): 1 CP phase 6 >
v'3 coupling constants (3): agy, Gg, og

@strong

de s be

v'2 Higgs parameters (2): my, fewss

U ce te

Vi —eiaVo 8Vy ee Le Te

» Some parameters look strange e
v'm,, < eV while m(charged fermion) > 0.5 MeV: why ? - Sterile Neutrino
V'|Ostrongl < 10710 why ? > Axion
v'Higgs Mass: very high radiative corrections>Weakly Interacting Massive Particle (WIMP)

v' Massive
v" Neutral

[ 3 candidates fulfilling the dark matter criteria ! ] v Stable |
v Weakly interacting

* Assuming v Dirac particles (if Majorana, add 2 other phases) v Non relativistic
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History of the Universe

1 Reconciling particle physics and (early) cosmology ?
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History of the Universe [

1 Reconciling particle physics and (early) cosmology ?
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[Dark Matter appears at the very early instant of the Universe ? ]
WIMP or axion t<1s
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Matter (Part Il)

neutrino I'm super et ‘I'I‘r'th:CD - | do not like to
masses heavy ot} Be darks interact with anyone|

Co_un‘esy of F Qe/}ozo O |

I am still If hi dies it's :\:Ie‘::vwe never
the king L ALY =

I'm still in the pic |
you know...

1ﬂ-,-“"4-" -

| have to freeze-in
to survive

o

(-]

dark photon ”
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Nature of Dark Matter

1 Many dark matter candidates in a gigantic phase space

A 1

5 sl 1401.6085 J/ c (fb)

102t
T o -’
<=1 £ 10°% - —
T g o
® 5| o .
m -‘= o 10 & . AXID[‘] g 10_5
£ 8 % bl B Black Hole
Ks) g % e B Gravitino "l 10-13
) o e ® Moduli

o o ;
2 2o ® Q-ball
B o 10l W Sterile Neutrino
= 107y W Strangelet

00 7] 16
o 107 m WIMP
- IU“’ ;

101 B WIMPzilla

([

j-1 \ , ,

HF' IU 107% 107° III HP‘ IUE'I H'J' 104 IH' !{J I[}' IU" I(I 0" ]{.I I[}"‘I ]lf' 0% 0%
Mass (GeV 60 orders of magnitude !
A ) g p Mass (GeV)

[Direct searches are restricted to 2 well-motivated spots: WIMPs, axions]
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Nature of Dark Matter

 Experimental challenges of direct searches

1
}:-;'It 1401.6085 / O (fb) Dark matter in our galaxy
< o .
(2] -g ®\M'° . B Axion
| S < /\ > 10 -5 , pom ~ 0.3 GeV/cm?
% = E ( . ) Very feeble interaction with SM — (o) ~ 300 ks
B g “i" N/ B Gravitino > 10-13 I
o £ B Moduli ... balanced the abundance
? B Q-ball . .
ol [ > > S : of DM particles™ in the
| % () W Sterile Neutrino 3
ol | o B Strangelet gala?<y halo = 0.3 GeV/cm
ol S ] m WIMP moving at v=10-3c wrt earth
e | o -
I e) E)’ B WIMPzilla *produced in very early Universe
([ )
e |u.'-‘ |£j‘“ 10°% 10 _1 |u" m" 10’ m' 101 ;n' m' m 1077 mr m -u"i m” ]lJ" I[J m"
3 orders ?f magnitude 4 orders (A)f magnitude
f \ [ - High mass - visible signal \

- O(10'2)/cm3 ~ gaz = high occupancy
- Tiny mass & interaction - very feeble signal
= Boost the signal, very low background

- O(103)/cm3 = low occupancy (1 / coffee mug)
- Large detector > background under control

= Large volume, very low background
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Direct detection of WIMP
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WIMP Detection

U Event rate expected in the detector
= Galactic halo WIMP elastically scatters on a target nucleus (Xe, Ar, Ge, Na)

Elastic scattering

m,=100 GeV/c® og=1x10" cm?

o oc A2

100 GeV y

_
2

<v>=10-3c >

X
| Nuclear >><= 1072 2
Recoil -
energy g i
(ER) ~ 1023 |
. 2 2 E

ER—(W)l(l—cosf?R) C PR ] | R A O I U MR O [~
My + MA ma 0 10 20 30 40 50 60 70 80
Recoil Energy [keVnr]
<Eg> = 40 keV

40 keV is very very low : 6.4 1015 J !

= For a detector filled with 1 ton of Ar, taking data during one year and c,,=10""cm?,
we get R= 1 evt / (ton.year)

[ Very low number of event expected per year ! ]
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WIMP Detection

] How to measure the nuclear recoil energy ?

wimp @ Atom A (target)
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WIMP Detection

] How to measure the nuclear recoil energy ?

wimPp @ Atom A (target) @ Atom A (target) WIMP (elastic scattering)

000000 00000 Bt e
Y Y 000000 '1Smm%?mmA-éy
® ....M,. ( 1 Possible recombination
000000 rccoii @O e+ATSAM SA* Dy
200000 o0 _ .
000000 00000 2- lonisation: e-+ A

l'lf

1:"""#“1 l—"..\.

—— W

* :'l'i-:" .
“ne e
Wucleus track : g

10 nm
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WIMP Detection

] How to measure the nuclear recoil energy ?

Exp. constraints

wimPp @ Atom A (target) @ Atom A (target) WIMP (elastic scattering)
.::zzz ::::.. 1- Scintillﬁtion: A* >y PhotoMultipliers (single »)
00090 0®@® Nuclcar 900 Possible recombination
Q00000 'ccoii @O e+AT DA™ SA* Sy i ] _
000000 OO0 1 High Electric Field (kV/cm)
000000 00000 2- lonisation: e-+ A*

Very low temperature (mK)

31# comes-o (> ek N —™™

‘: - ;
* "‘h_ 1
". _."
Mucleus frack : g

10 nm

[ WIMP search rich in experimental challenges ]
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WIMP Detection

1 Background and its mitigation

100 keV

GeV WIMP
; Gammas / Electrons

MeV Ngutron

v'Cosmic rays and cosmogenic isotopes

Sources Galactic Halo v'Natural (238U, 232Th, 235U, 222Rn) and
anthropogenic (8°Kr, 137Cs) radioactivity

v'Neutrinos (solar, atmospheric, supernovae !)

Detector v'Very low background =» careful material selection, shielded detector
constraints| ¥ Low energy detection threshold =» low noise electronics
v'Very large volume = scalable technologies
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WIMP Detection

1 Detector trying to combine two signals (higher background rejection)

Heat dissipation
-> Very low Temperature

Phonons
meV
Al:O_, -
CRESST
Ge,S5i: CDMs cawoy,
Ge: EDELWEISS Al,03:
CRESST
Gt S D L g v
PICASSO,COUPP :
Ge: LXe: XMASS in
Texono, CoGeNT LAL: LAr/LNe: Deap/Clean o
CS,,CF,, He: Darkside
DRIFT,DMTEC, ArDM NaI: Dama/Libra o
N MIMAC ILXe: NaI: Anais
&69 AT+C,H®: Newage Xenon CsI: KIMS . o@ &0‘
Y AR/ PandaX Q *,
Qo’ \%9/ eV LUX 10-100 eV @’b o\\\Q
’}o o) Charge Light & S
2 & &
® \\)
Y Q
¢ 2
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WIMP Detection

d All experiments located in deep (>0.5 km) underground laboratories

MODANE
EDELWEISS

SNOLAB BOULBY
DEAP-3600 ZEPELIN

. DRIFT

SEDINEum

PICASSO
3 UENY
Sovdan woie' et mwe’ e ') NEWS-G

- B Kamioks ® snon -

sl Jopm o
'% WE @ rnnel 2
£ F o H tak GRAN SASSO KAMIOKA
E e 3 o i 2% 4 XMaSS
i | Lhas Modere g LUX / LZ L 34
5 P - g XENON 2
= usA a3 i DARKSIDE . YANGYANG
Em'_'- 2m§‘ ) i 1 !.
R = SOUDAN CRESST &

L Gonete WO Cuns —lasao CDMS Vi -
COGENT JINPING ™
e R T PandaX
Equivalent Vertical Depth (km.w.e) CDEX
Xenon Scintillators
Bolometers  Gas Detectors
[ Very high scientific competition ! ]
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Status of WIMP search

 Direct detection of Dark Matter WIMPs
= Since 30 years, try several technologies :

1509.08767 m, =50 GeV (quite low for Ar)
& 0 + ¢ s i 50 GeV/c?
g [ = e it Ll . & ° " '
s.: 107% i % " K : PR N = i
g 1074 | i v !
Z 0% - -Gerﬂlaﬂm:m-defp Below favored. b_yThgoTy T 1 evt /(10 kg X year) = 2010
E g ¢ Cryogenic bolo‘nerel
b 107% e==—--4&- ]:rq-lnd Fenor d?f'&t!‘{‘ﬂ ———————————————————————————————————————————— 1 th l(ton X year) = TODAY
1 ¥ Liquid argon detector
0% B Bubble Chambei‘ neutrino floor
107* T  ——— : T B S B B P B A P S s s | 1th/(1000t0nxyeal")
1985 1990 1995 2000 2005 2010 2015 2020 2025 2030
Leading techno: Ge Bolo LXe LXe+LAr Year

= Gained 5 orders of magnitude in sensitivity in last 20 years
» Next decade: reach irreducible background (neutrino elastic scattering)

[ Liquid Xe / Ar dual phase TPC are now leading the race ]

[Time Projection Chamber]
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Status of WIMP search

1 How does the “king of the WIMP research” works ?
= Combining two signals: prompt scintillation (S1) and delayed ionization (S2)

E,~3kV/cm
@ Atom A (target) !
00000 -
. .. . s\j\) Electrons
—h. .. drifting in E4
e E,=200 V/cm
o0 d—

000000 ‘ S Outgo'ing

Particle

Nuclear Recoil

Incoming
Particle

S1 s2

N Photo-Electron

t (ms)
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Status of WIMP search

1 Direct detection of Dark Matter WIMPs

[
=]
HIIN]

90% CL exclusion
10—40

Excluded

104

10—42

| llllﬂll I|II||1 IIIHH

\—A X \J eaﬂ

ot 6

10-—‘4

10—45

10—46

107%

I
Low Mass ! ~ High Mass

1 IiIIIIIY 1 1 lllllli 1 IIIIIII1 1 1 IIIIIII

10 102 10° 10*
WIMP mass [GeV]

SI WIMP-N cross section o, [cm®]

10—48

10"49

10—50 1111

[AII the white space is well motivated by theory and still to explore !]
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DarkSide (LAr)

 LAr Technology is scalable and mature
» One world-wide collaboration (GADMC): 300 people
» DarkSide-20k profit from best G1 and G2 technologies

~2

G = £

o == ©

l \ i .= -

p !1{1

DarkSide=50

Lab (fid. data) LNGS (0.05 ton.year) 20 SNOLab (10ton.yea{21 LNGS (200 ton.year)
TPC target 50 kg purified Ar X » 3.6 t Aimosph. Ar X2, 50t purified Ar
TPC wall Stainless Steel ” Acrylic 8 Acrylic
TPC nb ch. 38 PMT X » 255 PMT XS , 200k SiPM = 2100 channels
TPC techno Dual Phase Single Phase Dual Phase
Veto Scint (30t) + Water (1000t) Water (250 t) LAr in vessel (50 t) + ProtoDUNE (650 t)

[inner] [outer] [inner]
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DarkSide (LAr)

DS-20k can be optimized to be background free

Nuclear Recoil Electron Recoil

S1 s2

N Photo-Electron

GeV WIMP WIMP signal
S2
Nuclear Recoil (NR):
| Etectrons (‘ - fast scintillation (6ns)
ariinginEs g 3 Y , - few ionization electrons
£ Olrgoing TE=1-100 keV large _quepc_hmg (loss in elastic
By Porticle nuclei collisions)
Incoming % ﬁ
Particle o 100 keV
e c
ER bkg # WIMP Signal
Gammas / Electrons
\ Electron recoil (ER):
."\ ‘u - slow scintillation (1600 ns >>NR)
E4=200 V/em [E,~3kViem] X\ - many ionization electrons (>NR)
b - no quenching (<NR)
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DarkSide (LAr)

1 DS-20k background removal strategy

2- S1 pulse shape discrimination

1- Purified argon (depleted in 3°Ar cosmogenic argon)

ER rejection measured Rgg>108 (90% &)

NR (mainly fast scint.)

LAr

ER (mainly slow scint.)

. o fgo = S1(90 ns) / S1tot
URANIA (USA)

Underground Ar extracted

from a CO2 well in ARIA (Italy) :
exploitation Cryogenic distillation column

Residual ¥Ar activity ~30 Hz in DS-20kTPC | © * 2z 3 & s ¢ © 7

Time [us)
Y2 of the TPC ER back d before PSD | . . 0 -
e aergrotinabeton | Unique discriminating power

(intrinsic to Ar, not present for Xe)
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DarkSide (LAr)

d DS-20k overall background
= DS 50 results validates the strategy with 0.05 ton.year

Energy [keV_]

- 0 20 40 &0 8o 100 120 140 160 180 200
a 1:III T T I | T T I T T T | T T | T | T | T T Tu
~— Eap
8 G.Q___. o
Y e -
0.8 mgm -- &0
[ |
NR band - °-7 —{50
0.6
—{40
0.5
0.4 = 30
ER band = 0.3 B
- 20
0.2
= 14
0.1F
ﬂ:IIIIIIIIIIIIIIIIIII|IIII|IIII|IIII|IIII|IIIIIII D
0 50 100 150 200 250 300 350 400 450
s1 (PE)

[ Expect ~0.1 bkg™* event in 10 years of running (200 ton.year) ]
* Note: expect ~3 irreducible evts from v NR
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DarkSide (LAr)

1 Assembly in Gran Sasso laboratory (ltaly)
400 SiPM grouped
in one PDU

200 000 Silicon
Photo Multiplier

TPC

8 m

SS vessel

[3 years of construction ahead before data daking (2027) ]
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DarkSide (LAr)

 Physics Perspectives

DS20k - Fiducial Volume - exclusion (90% CL)

a —— DS50 - 2018
19 \ —— DEAP 3600 - 2019
10-42 \ —.— DEAP 3600 - proj.
\ —-— DS-20k - 1 month DS.20K g
-43 : -
- \ -~ DS-20k - 10 years y needs one
& \ ay to be the most
£ 1044 % sensitive LAr TPC
™ \ _—
o 10-95 L .’,:::;:::"" After few years of
N Sug ST exploitation it will be

10-46 Nt S T most sensitive TPC

10—47 \\\\ ————————————

10-48 I 1 1 1 1 l_:-l_]_r-—— 1 1 1 1 1 1 1 ll 1 1 1 1 1 1 11

101 102 103 104

M, [GeV/c?]
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Direct detection of axions

Lab experiments Helioscopes Haloscopes

Lab produced & Solar axions ’/ , Relic DM axions Q

- fully controlled setup

Low axion flux Medium axion ﬂux;zi

107
::; » % Modk ly model dependent Model dependent
-
it il (2
et = ALP QCD axion / ALP QCD axion DM
1077 o
10°% = [1-1000 peV]
|U m 0
e.g. ALPS I e.g. (Baby)IAXO e.g. MADMAX

1012 107

Dark matter in our galaxy
Extended dark )
matter halo a y

PONIRI013 GV /om® Dark Detectable
vpm) ~ 300 km/s .
iy Matter Light
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Axion Conversion to E-field

A,98= h/mv
m, =100 peV/ic? > A, =12 m

“Invisible” axion

(classical field) t /\ /\ /

'IF!I"I""I'I"IF'-I'1

X(m)

Experiment

The axion field is not
propagating in space
and is spatially constant in the
region of the experiment

1eV=1610"7J h=6.61034J.s

m_c? = hf,, f,=m_c%/h
- f,=25 GHz

IWANE
VN

The axion field is
oscillating in time
a(t) = ap cos(2nf,t)

1
|3o] = V(2ppm)/m,
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Axion Conversion to E-field

ﬂa Compton—= /17= c/ fa

m, = 100 peV-> f,= 25 GHz 2> f=25GHz> A =1.2cm
E,(t) = -0,/ B a(t) = -Ey/e cos(2nf,t)
B,
m n » E i )
“Invisible” axion Photon _ S
(classical field) < (EM field) Field
Strength
a (102 V/m)
WEwET "R . ... |:> /\ L /\

NEZEE \/ x(cm)

er!uqt B=10TT1I1I1TI111I

—i :
B Energy density 5 E3/|e|?

s Wi By
— a
Power 22 x10 il (1[} T)

In vaccum (g=1):

[ A very very faint E; 4 should appear ]
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Boost E-field with resonant cavity

m_ = 100 peV-> f,= 25 GHz %f;:ZSGHze}W=12cm
. . . Resonator
“Invisible” axion Photon
(classical field) A (EM field) wall @ /2
/_\
/_\
(l Y Field |— Y
FEEETEEEREEEEEET |:> Strength 0'3 o
(10-12%) /_\ /1y(cm)
/_\
/_\
-‘:’wr!uat

B B [TTTTTTTTTTT

Constructive interference - Boost
Power 1027 W > 1022 W

[ A resonator will enhance the very very faint signal ]
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AXxion Detection

 Convert it to photon in a magnetic field Exp. constraints
ueV = 10" M(proton) GHz .
“Invisible” axion <> Photon = RF, micro-wave
(classical field) Y (EM field)

TFEEEFRETEFEFTTEETEERY

er!uat

—
High Magnetic field B

R

Very weak coupling: feeble signal
(9,,= 10" GeV'" for m, = 100 peV)
- Need boost

Very high Background

- Very low temperature
- Low Noise Amplifier

[ Axion search very rich in experimental challenges ]
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Axion Detectors

1 Lots of new axion experiment in the last 10 years ...

Chandlra, NuSTAR,
Fermi, Planalt,
INTEGRAL

-"',._1 & 3 mm
Pl g "
a0 (Globe)
! o (Space)
% BREAD | - .-
0 / CASPEr SUMICO

HAWGS m
POLARBEAR SIKA
e H.ES.S8. n g
e UPLOAD/DOWNLOAD
\?M‘ ORGAN
(MUSE/VIMOS) = SKA
SPT, BICEP
Antarctica)

[ Very high scientific competition ! ]
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Axion Detectors

d ...but very few can attack the theory favored region !

Laboratory

Iga'yl (G(—!V_l)

Axion - Photon coupling

P 7
\ "
I~ > u
4 [

| Q I i L | I :|-. . | I
10—’~_\>OJ—8 165 1074 10721080
>

106
m, (V)  AXion mass (eV)
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Axion Detectors

4 ...but very few can attack the theory favored region !

/_____\ s 103 . Ha[oscopels: -
- & F 2100.07376 - Haloscopes
= s - - with projections | :
5— = " | from 1801.08127 | |
S il || Published
— 5 102 |
o~ _8 F i R ,
L2 ' | | . Prospects
o (@] ia | L !
o = I B
_(': m -O 1 H [8] 1 1
ST £WF 9 1= E
= o o RO I
: > o it = e [
) © Ll 4T L@ k{vz
U2 o - TaATZE
c 100_ E’ A i |
I o E O 27 powAX
== 5 O APPE 7ol ,
g I_E I'\xmn models
1 peV 1000 peV
10_1 IIII \II!I | ) 1 1 IIIIIII . 1 IIIIIII
1074 = 15 1073 102

100 peV. Axion mass m,(eV)

[ Few experiments can search for QCD axion =100 peV (favored by theory)J
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Axion Detectors

1 Challenges for haloscopes

= Convert axions into photons [E field of O(102. =) V/m] < high Byqq [B >> 17]

= Boost E;4 [up to detectable P~10-?2 W] = resonant set-up

= Scan over range of axion mass = tunable set-up [precision mecanics]

= 10 ; @@ R N 3
2 E g L™ KSVZ ) "‘n\:”\- . h ‘E
197 > (e 103 Tio—= T qo—=
100 peV m, (eV)
1 ueV [0.25 GHz] 40 ueV [10 GHz] 400 ueV [100 GHz] [Va=v,]
IS o rereeeereeeette
52 EgEa N
Cavities o g = e.g. Dielectric
e =
[baseline concept 1983] I ‘53 == haloscopes
T < = [novel concept 2013]
8 + Mirror ) ‘Dielectric DisLs . Rec

MADMAX
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MADMAX

1 A novel experimental concept
= Constructive interference of photon emitted at dielectric surfaces boost signal (3?)

Field

Strength
(10-12 \//m)

/\./\ _
NoE/ 2\/x(cm)

s=tot [ [ TTTTTTTTT]

Dielectric disk in sapphire
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MADMAX

A novel experimental concept
= Constructive interference of photon emitted at dielectric surfaces boost signal (3?)
=9 e=9 e=9

.

D

A
] 1

" 1.2 1.8

AN . >
\/ \\ X (cm)

1
N

Mirror

s=toT [ [ [[TTTTTTT1

EM waves emission perpendicular
fo the surface of the disk because
of sudden & change

wave emission_ JWVWW\AW'
Amplitude /e

Dielectric disk in sapphire

[ Multi “leaky” resonator ]
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MADMAX

A novel experimental concept
= Constructive interference of photon emitted at dielectric surfaces boost signal (32)

A A
T TIIeeneTt e
4_@/\/\,7 z
LS. d
A B :
Mirror Dielectric Disks Amplifier

» ik B, 3* A :
e (o) = ()
¥ 0 W (SUUUU * 10T 1 1 m? & (‘”
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MADMAX

A novel experimental concept
= Constructive interference of photon emitted at dielectric surfaces boost ($2) signal

= ﬁ}! B, - A +! detect. SN T 4 davs 1/2
P, =10% ( ) ( ) i o0k —22 sys aays
= (5uuuu o) X\TmE) X% || Pug = 1072W x T A VT e

T T TT TT T T T TT TT T B, ICul= (__) - m'j’;ﬁ;'m,_l) (“"I’”fit“') Thermal Noise

= i E
o 1 —
= ' ~ Tsys - Tbooster + Tamplifier
Q) - :
S - :
™~ 1
i 1
[a o | o 1
< 1
o |
a - B (g DAL D o T
4_‘,;{ :

S, : Va =[mde* /h

X Bl i [ i i |
Mirror Dielectric Disks Amplifier - Frequency
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MADMAX

A novel experimental concept
= Constructive interference of photon emitted at dielectric surfaces boost ($2) signal

_ ﬁz B, 2 A o | detect. SNR T 4 dave 1/2
Pyio—1 22 ( ) ( ) 2 : eteot. 99 - days
g =107 W (5uuuu “\107) *\Tm2) * G i Py = 107%°W x =%l e X ;

A , Ja 100 preV Th | Noi

TETTTTTTTTTIIeT e - (e (52)
=3 T I i =
S e 1 —
= ' E Tsys - Tbooster + Tamplifier
§ ] b > E o
8 | E
N~ 1
— 1
o — [ 1
< 1
o i
a4 =-B== {Gayy "\—7\1 i E T

> E Vg :2/h

S . ) |
Mirror Dielectric Disks Amplifier - Frequency

= Axion mass scan: move discs with piezo motors (um prec.) at 4K and 10 T (50 mHz step)
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Final MADMAX

Formed in 2017. 10 institutes: French (2), German (6), Spanish (1) and US (1) > ~50 people

E;-: S/N >5 in few days
Mirror Booster > 80 adjustable
dielectric discs @~1m T
s Cryostat va =[gk? /h
; - 0/2/ Thoost™4 K
Experiment location: HERA n Frequency
in former H1 iron yoke T <100 mK - DAQ
amp. N *.‘:

Amplifier

Horn Antenna

Dipole B~10 T

magnet (B>A~100T2m?) Focusing Mirror

[ =>» Start with prototyping phase to validate concept: cutting-edge R&D ]
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MADMAX recent tests

Morpurgo magnet in the CERN North Area (500 m x 50 m x 8 m)

Article in CERN Bulletin
https://home.cern/news/news/experiments/madmax-forefront-search-axions
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MADMAX recent tests

MADMAX Cryostat in the Morpurgo magnet

P. Pralavorio Lecture on Dark Matter, June 2024 56



MADMAX recent tests

MADMAX Prototype MADMAX cryostat

10 cm

Booster
Mirror
+
3
sapphire
disks

Parabolic
taper

Cylindrical
wave guide

Low Noise
Amplifier
(LNA)
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MADMAX foreseen results

i
1 CB100
T 1073 OB300_3 (2026)
= i OB300_20 (2027)
O, 10724 [ OB300_20 (2028, 90 days)
= 1o
50 10~13 =
- e KSVZ
R MADMAX _ _ ________
1071 E — DFSZ
10_15 i | |
o xGI’A‘
s maleV]
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MADMAX Timeline

Design Phase “

I II | 4

Foundation of
MADMAX
Collaboration

First endorsement
by DESY PRC

M, o, o, o, ~  Full-size MADMAX

Usage of MORPURGO magnet (1.6T) approved : o
Extension magnet commissioning

by CERN Research Board during beam shutdown
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Last Important point

] How to be sure it is really dark matter ?

Annual Modulations Directionality
Earth rotation around the Sun => largest speed of the The recoil rate, in the Galactic rest frame, is highly
dark matter particles in the Milky Way halo relative to anisotropic: the rate in the forward direction is roughly an
the Earth around June 2nd and smallest in December order of magnitude larger than that in the backward
Expected seasonal variation at 2-10% level direction
Cygnus
T Dark Matter Halo @ _.--- =

-
.’
’O
-
- 4 ad
. :
-
" -

[ S . &

— ',’ ’ e N
’ ] 5 o y
wry . S8 .
o L w |
-

/ v,=230 km/s .+’ o
,o"Ve=30 kmf " '3 ey

-
P

~
~
~
Say .
--------

December

[ For now, none of the detector presented can be sensitive to this ]
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Conclusions

1 Dark matter is a central question of fundamental physics
= Evidence of dark matter (gravitational) existence over many different scales
= So dark matter exists but what is it made of ?
= XX physics suggests it could be a particle(s)

1 Dark Matter direct searches: very dynamic research field
= WIMP and axion are two hypothetic particles, very well motivated by particle physics
with the required dark matter properties (massive, neutral, stable, weakly interacting, non relativistic)
» Searches are entering the phase space favored by theory
v Couples with lots of very challenging technological developments
v"Very high scientific competition with lots of new experiments

= | arge discovery potential in the next 10 years !

[ Short term Opportunities (scientific & technical) on a fundamental ]
question of particle physics with a strong discovery potential
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Readings

1 General, cosmology and particle physics

= M. Cribier, D. Verkindt, D. Vignaud, “History of the neutrino”, https://neutrino-history.in2p3.fr
* A. De Rujula, “The dark Side of the Universe”, arXiv:2108.01691
= S. Carroll, “Cosmology for particle physicist’, https://indico.cern.ch/event/417992/

= K. Schmitz, “Modern Cosmology, an Amuse Gueule”, arXiv:2203.04757

= J. Woithe et al, “Let’s have a coffee with the SM of particle physics!”, Phys. Educ. 52 (2017)
= G. Altarelli, “Collider Physics within the Standard Model: a Primer”, arXiv:1303.2842

= G. P. Salam et al., "The Higgs boson turns ten”, arXiv:2207.00478

= N. Craig, “Naturalness: a Snowmass white paper’, arXiv:2205.05708

1 Direct dark matter detection (WIMPs, axions)

= K. Garrett, G. Duda , “Dark Matter: A primer’, arXiv:1006.2483
M. Schumann, “Direct detection of WIMP dark matter: concepts and status”, arXiv:1903.03026
= J. Cooley, “Dark Matter direct detection of classical WIMPSs”, arXiv:2110.02359

= D. J. E. Marsh, “Axions for amateurs”, arXiv:2308.16003
|. [rastorza, “An introduction to axions and their detection”, arXiv:2109.07376
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B radioactivity

1 Historical evolution

» <1930, only aware of Nucleus1->Nucleus2 + e (did not know about neutrino and neutron)
v Natural conclusion: e- is in the nucleus = Nucleus = protons + electrons
v" New particle carrying part of the energy, present in the nucleus (Pauli, 1930) ?
v Observe violation of Energy conservation - Violation at quantum level (Bohr, 1931-38) ?
= Discover of the neutron, n (Chadwick, 1932)
v' n=p-e bonded states ? Introduce a new symmetry called isospin (n = p) (Heisenberg)
= Theory of weak interaction (Fermi, 1934): n 2> p + e + v,
v" A new particle is created - called it neutrino
v Coupling constant G = 300000 GeV-2 > New physics scale: A = 1/VGg = 500 GeV

B-particle
count

Total Energy
Released in Decay

Kinetic Energy of B—particles’
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Particle physics: end ?

O After LHC run ll, Standard Model (SM) is stronger than ever!!

E|3 [ ATLAS Run 2 B
D} 1 B r K. is a free parameter W I
ELL|$ 10° E_ SM prediction o _E
e - E
0% r -T‘L =
E ..’./__.»"' Leptons O'L.rarks : E
07 B -l E
i o Force carriers Higgs boson E
b o LEE [ 2
k} 1.4__LIII| T T III| I IIIIII| T IIIIII| __
S 12 =
> o r -
= Higgs discovery/in 2012 : SM complete ol ! i :
. . . : —_|||||" L vl Lol Lol i
= Precision measurements of the Higgs 10 ) 1 10 102

couplings agrees with the Standard Model Particls mass [GeV]
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Particle physics: end ?

O After LHC run ll, Standard Model (SM) is stronger than ever!!

ATLAS SUSY Searches* - 95% CL Lower Limits ATLAS Preliminary
March 2019 Vi =13 TeV

Ek 0

4B . 4 2
'_ 5;5_ Byl N 2 : B
_ b o c

= Higgs discovery/in 2012 : SM complete

= Direct searches = no sign of New Physics so far
up to TeV scale
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Higgs mass fine tuning

Quantum Field

SM Team Problem
Nb of opponent
defenders
exponentially
growing when SM

try to score I
v v

Atomic Strong Weak Planck
» E-scale

S
S
<
(7))
3
Q)
>
)
9
S
S
S
L
T
%)

Can SM Team score at the Planck Scale given this problem ?
SUSY coach (formed in the Poincare training academy) knows how to annihilate the defenders ...
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Higgs mass fine tuning

O Standard Model is a perturbative theory wrt weak interaction

v Standard Model (SM) is an effective field theory valid up to Ayp M Veltman, Acta Phys. Polon. B 12,437 (1981)

Classical Quantum Quantum Quantum Quantum

I | l P e
[ | AN
| ' ! \‘
&® E X + + flnm :
I I " ;
I I ' S
| | I |
3G 3G
1250=m2 = (m2)o " 1w (4m:2)1\~p o (2my? + M7 + m, D) Ae? soimeiniayei)

» Some SUSY realizations are ‘natural’ candidate for New Physics (NP) (e.g. for the top loop)

i Coreiow e e S. Dimopoulos, H. Georg, Nucl. Phys. B193 (1981) 150
1 I

I 1 \ Imposed by SUSY since t

& = b4 + 32y andTare part of the same

1 I r supermultiplet

1 I |

I | | !

SG

mﬁ = (mﬁ)o " ;T, ﬁmr*')f\ P+ (4m,2)an2 +O(m?infAyeimi)

T

6Gy \Note to have 4, two scalars
zfnzmt \ In (ANPAT% are considered (f; and1,)
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AXxion scales

1018 1015

peV neV

kHz MHz
I
NMR/Spin- ¢ | circuit 9« Cavity >« P>
precession electric

Haloscopes Haloscopes Helioscopes

T TTTTm]

RLRRLLL
0.001 0.01 0.1

spunoq |edisAydoulsy

AdeBroglie 1000km

(vpm) = 1075¢

Europe—-USA  USA " Europe Europe
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AXIon sources

Dark matter Dark radiation Stellar

N L L Ll I L] L L] L] l

DM(m, = 10 "&V)
10

[em ™

DR, (Ty = 1GeV) Sun

Betelgeuse |

log(dp/dp)

log p(eV) p = axion momentum
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Axion detector types

Lab experiments

Lab produced %

—> fully controlled setup

Low axion flux

Helioscopes

Solar axions

Medium axion

ALP

e.g. ALPS Il

QCD axion / ALP

e.g. (Baby)IAXO

Haloscopes

Relic DM axions s

Model dependent

[ QCD axion DM ]

[1-1000 peV]

e.g. MADMAX

[ Complementary experimental approaches }

P. Pralavorio
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Cosmic microwave background

Q Early Universe: dense plasma of charged particles and photons

= Rapidly expanding and cooling during 380 000 years ...
= ... until neutral atoms formed (T=3000 K) - Universe transparent to photons ...
= ... which create an isotropic relic radiation (cosmic microwave background)

Recomblnation
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Cosmic microwave background

Q Early Universe: dense plasma of charged particles and photons

= Rapidly expanding and cooling during 380 000 years ...
= ... until neutral atoms formed (T=3000 K) - Universe transparent to photons ...
= ... which create an isotropic relic radiation (cosmic microwave background)

1.2+ As seen today
Recombination £ ' .
5 13.7 Byr red-shifted
= 1.0}
% e
: g Fit of blackbody curve
£ 5 08r forT=274K
o BN = 8
E’.&-E 0.6 Cosmic background
£ 5 data from COBE
c =
§°Po 0.4
o B
D
% 0.2
g ~400 photons/cm3
0.0 1 1

o
(3

1 2 5 10
Wavelength A in mm
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Q When you listen to a note played by a musical instrument ...

= ... you can directly infer what is the instrument. How it is possible ?

Uniform blow
in @ music instrument

Ear
+ brain

=» Spectral analysis
(Fourier transform):
Which material
produce this sound

time

/ frequency
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Cosmic microwave background

Q Use this photon flux to know the composition of the Universe

Uniform blow Uniform light
in @ music instrument § in the whole Universe
Ear Spatial telescope
+ brain g + computer
=>» Spectral analysis =» Angular analysis of thermal
(Fourier transform): | fluctuation around 2.74 K:
Which material § What is the Universe
produce this sound composition ?
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Cosmic microwave background

Q Use this photon flux to know the composition of the Universe

= Very small anisotropy (uK) observed — once background subtracted
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Cosmic microwave background

Q Use this photon flux to know the composition of the Universe

» Decompose data in spherical harmonics
= Amplitude and position of “acoustic” peaks gives the composition of the Universe

Multipole moment, ¢

Temperature fluctuations [ 1 Kz]

6000 r

5000 f

4000 |

3000 f

2000 |

1000

10

50

500

1000

1500

2000

2500

0.2°
Angular scale

ACDM Model
v Matter particles (p, n, e-)
v Cold Dark Matter (CDM)
v' Radiation (y, v)
v Dark Energy (A)

[ Ready to extract the abundances QQ of the ACDM Model ? ]

P. Pralavorio
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Cosmic microwave background

Q Use this photon flux to know the composition of the Universe

» Decompose data in spherical harmonics
= Amplitude and position of “acoustic” peaks gives the composition of the Universe

Multipole moment, ¢

2| 19 50 500 1000 1500 2000 2500 N 0 w
6000 | | | | | 1 68.34%
5000 | ACDM Model fits the data
essentially perfectly with

DARK
ENERGY

4000 |

Q=1 - k=0

3000 f

2000 |

1000 |

Temperature fluctuations [ 1 Kz]

o0 18  1° 02° 01° 0.07° StarsY H, He gas
Angular scale 4.98%

Cosmology is making precision measurements ... and
we don’t know 95% of the Universe and 85% of the matter !
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d Strong CP problem
= Neutron electric dipole moment: d,=q.£.0 =10 ® e.cm

d u d

g Qu= (2/3)e Neutron STZ n cp ‘:_/
@ @ Q,=(-1/3)e| (udd, S=1/2) \P’T,’“

= Measure d, < 10%° cm - |®| < 101, why ??

= Global U(1)pq symmetry (peccei-auinn, 1977) Spontaneously broken at scale f,

U(1) with QCD:
Peccei-Quinn explicit
symmetry symmetry
breaking breaking CP symmetry
> —_— > restored in
fa 250 MeV QCD

Axion, a massless and neutral Axion oscillates around
scalar boson, is created, ® = G, ©=0 > mass m_=v,
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v' Massive

v Neutral

v’ Stable

v" Weakly interacting
v Non relativistic

A Strong CP problem (|®] < 10-19)
= Global U(1) pq symmetry (peccei-quinn, 1977) Spont. broken at scale f,

U(1) with QCD:
Peccei-Quinn explicit
symmetry syminetry
breaking breaking CP symmetry
> — restored in
fa 250 MeV QCD

Axion, a massless and neutral Axion oscillates around
scalar boson, is created, ® = G, ©=0 - mass m_=v,

= Consequence: neutral scalar boson created = axion (weinberg-wiiczek, 1978)
v" Properties given by the scale of symmetry breaking f, [f, >> fewsg]
v" Very weakly interacting with SM [f, suppressed] and stable [f, enhanced] : T, > tuniverse
v' Tiny mass [m,=m_f /f, <<eV]

v Non-relativistic [v, << c]: time scales >> oscillation period

[Axion is a very good dark matter candidate (10-"°<m_<10-12 GeV) ]

1<m, <103 ueV
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v Massive

Lightest SUSY Particle

v' Weakly interacting

1 Higgs mass fine tuning (a.k.a. gauge hierarchy problem)
= Corrections to the Higgs mass (4am) increase with E: m 2=(m,2), - AM?

»= Add new ‘mirror’ SUSY particles* to mitigate the problem

AM?= 0.01A2%p AM? = 0.01(mgysy® - Mgy®) I (Axp/Msysy)
Anp (GeV) m2 = (125)2 = Mass (GeV)
Planck L g1e 36.127,890,984,789,307,394,520,932,878,928,933,023 SM (R=-1) 4 5 SUSY (R=1)
— 36,127,890,984,789,307,394,520,932,878,928,917,398 'B —
t—
t 3t
H 102 ©
1 7103 my2 = (125)2 = 505521 — 490000 = 7112 — 7002 VZV _ T Lightest
1102 2 = (125)2 = 15700 — 100 = 125.42 — 0.01%(102)2 SUSY
Weak +10 my* = (125) \_'_,1 (§2 ) b Particle
] _ LSP)
Strong 1 10 — (
g g’ Y — 0 —

= LSP y: stable (protected by a new R symmetry), massive, neutral, weakly interacting

* Same quantum numbers as SM particles but the spin (S-1/2) and the mass (as SUSY us broken).
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Lightest SUSY Particle =y

 Thermal production in the Early Universe
= When T(K) <m,, x x =2 ff 2 to maintain thermal equilibrium

" p, drops so that y x = ff stops: freeze-out with  non-relativistic

1 . . WIMP Miracle
relativistic regime 1‘-3)(1 010
o ¥pum = constant n{;n—lclativi,stit.: rf:j}irme l '”'_)\.
-3 M o — My 4
5 10 E \/ D o expl=nipy/T) 2107 SZ\ X .y -
S A . (ov) gk
x 10—5r ! 1 increasing (ann Vret) 1 J
. : % 8 I X f
1079 ! e _ =
” : ER | 3x10" G B
g 102 ; ] ->0.26 X f
- ! ! ; 3x102
3 10| ' | Assuming gpy = weak interaction = 0.6
= ' 3x10° and Qy =Qpy =0.26 > m, ~ 200 GeV
=18 1
10 10° 1 1 0 10 10° _
xlm Mo | T Close to the EWSB scale - Miracle ?
M
ISt | | XL —1f AL * .-

Weakly interacting Massive Particle)

[X is a very good dark matter candidate called WIMP (1O<mx<104 GeV)]
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