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The known and the unknown

Vi

> > >
V),
Free Hydrogen and Helium : 4 % Stars : 0.5 % Active neutrinos : 0.3 % Heavy elements : 0.03 %

Ordinary Matter: 4.8% Sl taint
on neutrinog, but
clearly not the

Dark Matter: 25.9% - dominant one

Dark Energy: 69.2%
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The known and the unknown

Particle candidates : Alternatives :

* Weakly Interacting Massive Particles (WIMPs) (WIMP * Primordial black holes
miracle, SUSY, ...) * MACHOs

* Axions (QCD axions and Axion-Like Particles) * Modifications of gravity

« Sterile neutrinos ( ~keV - "warm" DM)
* Adark sector ?

Y 4

Ordinary Matter: 4.8% Untinown particles ?
Or just a poor

Dark Matter: 25.9%

Dark Energy: 69.2%
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Fantastic Beasts and Where to Find Them
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Make ! -

¥ 4

Cach of them hay their
own assumptiona.
. Poasible to combine
their resaults with aome
| caweats

Hunting WIMPs

"Detection” with colliders : measuring missing P_
(CMS, ATLAS @ LHC)

time <

Dark Matter
Particles

Standard Model
Particles

Ny

Dark Matter
Particles

Standard Model
Particles

> time

>
>

time

Shake ! - Direct
detection of galactic
DM :

on earth scattering off
a detector nuclei

(Xe, Ar, Ge, Nal,
Si, ...)

Break ! — Indirect detection of cosmic DM : annihilation
(AMS, PAMELA, CTA, IceCube, ...)
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Dark Matter searches by accelerators

Mor\o—:)e{'
q DM
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. . . YDmM-SM
monojet with 9q :‘gom Mediatorig
P missin i Mediator i DM :Q‘PM-SM
it T g q q/ DM

2000

m, [GeV]

1400F
1200

1000

800

600

400

200

HATLAS Prefiminary Tm>20% T
1800

g g —Observed

2HDM-+a, Dirac DM 7]
m, = 1OGeV,gZ= 11
"'q,---E)(peC‘[ed sinB = 0.35, tanﬂ =4
..., m, =my=my,

Limits at 95% CL

Tiw.
-

10

200 300 400 500 600 700
m, [GeV]

%|III|IIIIIIIII-'JIII"-I|III|III|II

—ET"™4Z(qq), 36.1 b
JHEP 10 (2018) 180

—E™1h(bb), 139 b
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arXiv: 2111.08372
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EPJC 81 (2021) 860
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Dark Photon
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How to represent the results

MeJdigtor Ms:’
<0
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DM mass

Mediqtor mass
sk Fix couplings
sk Fix DM mass

sk #% C.L. on production cross section ratio
of mediators

DM mass
sk Fix couplings

%k Limits on spin x-nucleon cross sections at
# % C.L.

sk Allow to compare collider searches with
other experiments

Credits : FE. Cirotto, Dark matter searches with the ATLAS detector
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Towards the cross-section vs Dark Matter mass

Spin dependent DM-neutron interaction
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Just to show the concept.

Old data :

* ATLAS 2017

* Latest XENONIT results missing

Spin independent DM-nucleon interaction

d,, (DM-nucleon) [cnr]
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Hunting axions

Models :

e Strong CP problem — "Peccei-Quinn" mechanism PQWW (Peccei-Quinn-Weinberg-Wilczek)
. . ~ a C

* Axion-photon coupling : L., = _%AFWFW gay = %ﬁ

* Now ruled out and replaced by two new benchmarch models : KSVZ and DFSZ

Many experiments fully dedicated on them :

—_
—

Solar axions (helioscopes) :

. CAST, .. o
)
Haloscopes : = Laboratory
+ ADMX, ORGAN, ... & l
‘ ‘Very wide mass
See talk from
‘Michael Tobar
on ADMX

100 10° 10° 10% 102 10° 102 10% 10°
mg, (eV)
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Direct detection in one phrase (and one picture)

WIMP elastically scatters off nuclei

Luca Scotto Lavina, ICISE, Quy Nhon, Vietnam 10



Direct detection in one phrase, but...

WIMP elastically scatters off nuclei

? ? ?

e
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Direct detection in one slide

WIMP elastically scatters off nuclei = nuclear recoils

X+N - xX+N
lectron
B.y.v ERe;(oil 9 9
_ M
E = o (1 — cosB) < 100keV v ~ 230 km/s
m, = 10 — 10* GeV/c?

IR o AR g el py ~ 0.3 GeV/c? Jem®

uclear = 5 d v

Recoil dE My 2IUJp Umin(E)

nyv

Spin Independent : x scatters coherently off of the entire nucleus A: o ~ A?

Spin Dependent : mainly unpaired nucleons contribute to scattering amplitude: o ~ J(J+1)

m,=100 GeV/c® og=1x10"" cm?

_.
2

Experimental challenge :

- low energy thresholds : O(1) keV

Rate [t! x y! x keV]
=

- very low backgrounds

—
=]
w

C | N ] | | I | | | N I | | ] | ‘ ] | 1 1 | I -
0 10 20 30 40 50 60 70 80
Recoil Energy [keVnr]
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Past, present and future
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Latest news : PandaX-4T (2021), then LZ (2022)

15; PandaX-4T arxiv:2107.13438 [hep-ex]__ Exposure :
ke * PandaX-4T : 0.63 tons x year
 LZ:60d x 5.5t = 0.90 tons x year

»
o _44
\_/E 10 :l I T T T T L I T T T T T LI T T T LI
&
- DEAP-3600 (2019)
PO & |
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=, r ]
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= bsry  OORV—Lidkey, Lo E _
425E LZ key, N tadn = 10 v = E
: ~ e - .
400 ~. C ]
= i ]
55375 Lo L o o y
4
N 10' 10 10° 10
g KN/, WIMP Mass [GeV/c?]
= arxiv:2207.03764 [hep-ex]
AL v
| l"‘-l ’ 4
3.00F 80/ ev,, 2.9ke V. 5.1keVe 7.4ke Ve . . . .
P G A B Both of them did a non-blinded analysis
2.75 e e e b b e e e b e b UV Ly . . . .
o 10w A N e 0w for their first scientific run
Sle [phd]
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https://arxiv.org/abs/2207.03764
https://arxiv.org/abs/2107.13438

Scoping many other models

DM-e scattering (Fpm = 1)

mﬂ DAMIC-M : World class sensitivity !!!
See talk from

10—29 Low Background Chamber
= This Work, 90% CL
Preliminary
10—31_
.
Traina on
DAMIC 167
E
.t
6'10 350
Stay tuned with XENONNT !!! (IDM2022)
10—37_
ol Other experiments
_! XENONIT SE (This Work) =3 ety
10_135 e 39|/ Pandaxii oz1)
& E ) — Xecuar s
: . —— XENON-1T (SE) (2022)
Vector-boson B ol S e (N UTE TN (N (1%
dark matter: -l E DM mass [MeV]
. o r DM-e scattering (Fpoy = (ame/q)?)
i o I Low Background Chamb
relic dark photon Z 10-1) PR Fa R TRSE%
o £ 10732
i Preliminary
10-16| Dark Photon
P (T LR VRN LR ATy ST oo 10-33
10-10L XENONLT SE (This Work)
3 .\',_'10—34_
: §
-11 .._v:
Pseudo-scalar P S
. . o E 10—35-
dark matter : axion-like =
1 ? SuperCDMS XENONIT Low-ER
part|C|eS (ALPS) F XENONIT 52-Only, 16
1 G—l a3 l 10 E Other experiments
o SENSE! (2020, Recasted)
E —— DAMIC-SNOLAB (2019)
[ Axion-like Particles = i:r':ldgrlu:)(éuozll;l
10-1%Luu .,1.'.31_2 R “III:'II—‘ M ...I.EIO P 161 ol 10737 O AT SEY 22
1 10 i0? 103
my [keV/c?] DM mass [MeV]
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The scoped energy domains

Axion-like DM-electron
DM - electron particles or (charge-only)

Dark Photons g _ W XeSi

(charge-only)

zeV aeV feV peV neV peV meV eV keVv MeV GeV TeV PeV 30Mg

—t—
» QCD Axion -
o Ultralight Dark Matter < Hidden Sector Biack‘H'oles
- <
Pre-Inflationary Axion Hidden Thermal Relic
<> <
Post-Inflationary Axion Asymmetri
. Freeze-lt
D>
SIMPs / ELDERS
EDM - nucleon] With Migdal effect Low-Mass High-mass
(charge-only and both) (charge-only) (charge+scintillation)
Xe Xe, Ar Xe

e
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Dark Matter and neutrinos

* Neutrinos as component of Dark Matter. Ruled out ? No, simply it has been quantified (hot
dark matter with a well precise density)

* Short baseline experiments : NOMAD and CHORUS (~1995-1998), neutrinos at high Am?
(1-100eV?)

 LNSD anomaly (1995, 2001) -
Sterile neutrino ? e £
< MICROBOONE BT L
See talk from ‘.U
(Frw]wm (unumi MicroBooNE has harnessed the full power of LArTPC
detector technology to make important new
on A[erﬂe rwu]‘rinoa precision measurements
Detailed initial investigations into MiniBooNE anomaly

show no evidence for an excess in pure V. and

* MiniBooNE excluded (2007) then NCA Iy channels
Conflrmed a Slmllar anomaly (2010) MicroBooNE's first exclusion limits presented — further

investigations (including different potential

. ‘ explanations for the excess e.g. dark sector couplings) 1;’ i
* MicroBooNE underway
ImprOVEd See tull'ifl'(}m Beyond the excess: broad programme of neutrino
i . cross~-section and BSM physics underway
the eXCIUSIOn q{ww (Duﬂu on including searches for heavy neutral leptons, Higgs portal
. scalars, neutron-antineutron oscillation, dark tridents...
MicroBooNE
Kirsty Duffy I
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Cosmic Neutrino Background detection

y position Transverse Kinetic Energy
. -2 - 10
PTO I_E M Y wonyongc@princeton.edu wd
https://ptolemy.Ings.infn.it —11 1074
4 A 107
g o0+ \ 3 \\m -
* Collection of cutting-edge technologies for CNB detection opens up ol 109 W
interesting possibilities for other unknown DM searches il 10 ;
20z 0o o2 o1 o6 os gz oo oz o: o6 os

* Configurable target

* First-stage RF detection

¢« Next-order compact EM filter (107-4)

* Next-next-order TES microcalorimeter (10/-2)
* Compact/highly-scalable size (~1m) |

* Suitable for precision spectroscopy for wide range of samples c""’”"’m“

(<50meV resolution in ~10 eV steps)

* Sterile keV neutrinos, directional DM

* Full-scale LNGS prototype 2022-2024

7 (m) z (m)

= Quadrupole Point
= End of Filter

Instantancous 1 T
=== GOS8 1T

— Instantaneous 3 T
==== GCS3 T

Andi Tan (Princeton)

“RF Antennas =

h.. =
Tritium Target

! : _ ‘Norid—recorc_i TES calorimeter
min! ¥ w/50 meV resolution for CNB
neutrinos
time (100ns/div) 0 photons; : @ @ @
1 &
1 )
Infrared  A-1540 nm o photen:
Photons 0.8 V) -T a2 photons - — -
I J;, 3 photons PTOLEMY
1 !
e = BB

C. Pepe, E. Monticone, M. Rajteri

~ &

PTOIEMY
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Dark matter detectors ?
No, astroparticle observatories

» Nuclear/Particle Physics |

@ 2vECEC capture
= Nature 568, 532

® OvBB decay
= EPJC 80:785 (2020)

WIMPs

® Spin-independent
= PRL119,181301
= PRL121,111302

® Spin-dependent e . Sun
= PRL122,141301 S i ' "\ & Solar 8B CEVNS
® Sub-GeV = PRL 126,091301

\.

= PRL122, 071301 @ Solar pp neutrinos i
= PRD 103, 063028 = EPJC80:1133(2020)
® Solar axions
Dark Matter = PRD 102, 072004
@ Light DM i

-  PRL123,241803 Supernova
= PRL123,251801

® Bosonic DM
= PRD 102, 072004

See talk from
Maxime Pierre
on XENON

® Supernova neutrinos
= PRD 94,103009

Astrophysics
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Dark matter detectors ?
No, astroparticle observatories

eeeeee 1 background

| single-electrons

10t

event /1N /B8s / ton

o o o o & o O ©o ©o

40 60 80

100

2 O M N W kW N @ W

120
52 [Ma]

e Exclus 90% C.L. _ 100;
' = f —— 27 My SN - Argo
g —— 11 Mg SN - Argo
- E 27 My SN - DS20k
ey ‘B S 11 My 5N - D520k
* Dual phase LAr TPCs are powerful tools _** i i
| °F
to search for rare events thanks to: % ok
5 IS
* Scalability to high target masses; > B —_|
i d |
* Event 3D position reconstruction; g y
104 1 : 3 E l‘ii | = ':I | 1
* ER vs NR discrimination. £:2 B ey e = & it Fio s et ior

¢ DarkSide-20k expects only 3.2 events of ¢ DarkSide-20k (Argo) will be able to detect
¢ DarkSide-20k, under construction at

LNGS, will have an active (fiducial) UAr

atmospheric neutrinos in the DM ROl for a and study core collapse Supernovae to the

200 tonnexyr exposure., edge of the Milky Way (LMC).
target mass of 50 (20) tonnes. 1

See talk from
Claudio
Savarese on
DarkSide

Luca Scotto Lavina, ICISE, Quy Nhon, Vietnam 20



Looking for low-energy Electron Recolls

120
I I T I I |
Look PRD 102 (2020) 072004 Excess found in 2020 by XENON1T
S I l on low-energy electron recaoils :
: ol il i
£ s6of l [T 1] I l I IL - Tritium contamination ?
oy . .
= - Axion signal ?
L 40 — .
& [ - Effect of a non-null neutrino
20} — B, . magnetic moment ?
I SRl data
op—— | | | | A2 g, (1 A N2
b_ij‘ Teteel ., aatv -.‘.._'.‘_v: amVNQme;L_B_lO_18;LB(1TeU) g
0 3 10 15 20 25 30 Limits on neutrino magnetic moment in the latest years
Energy [keV] F
10—10
10ﬁ: I I I I I I I 1 E Stﬂg I].Ln.ed. ! PandaX-IT
% E -E-: 1" — (Predentaﬁﬂn Oj\fu'ot Borexino I TX]?SNI%IEI}T
= 15 491 e —-21 ©
R ﬁ "E | KENONnT dataon | ¥ e o
2 02k 34 -2 . 5 o =
r—— i 2 ) bemy H - % thia AUbJBCt TODAY! . {101 =
. — 3 - : lg % r [ White ::?_
R - ioh ratc R R R
_:"._Ef 10—2;_ requ.red iﬁ“:_: - _E 10-27 | (é];)bular
B L | | | | | | I‘ 1 —
O 00 o P g @ g0 e 1
Time [days] 10712
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Double electron capture in **Xe

—— Fit Materials -~ Solarv = —— Pb . B3MKr L Bmye  __, 13xe L. 5Ke Excluded from fit
— 2yECEC  ___ 13yg J— |

12%Xe + 2 e~ =" Te+ 2 v + epyger + X

Rate [keV~1t-lyr-1]

Residual

KLM KLMm ;
LT T 3
¢ £
* 2‘5 SID 7‘5 ll;l) 12‘5 1;0 1'.:5 200 2‘5 SID 7‘5 lll)l) 1;5 15‘0 17:‘5 200
Energy [keV] Energy [keV]
» Extremely rare process, never observed before T s oty

104 E——- XENON1OO (2018)

22 F
tal
104 | t

Nature volume 568, pages 532-535 (2019) «a\ B ) & &

» K-shell electron capture — X-rays and eayger (64.3 keV)

UECEC [yr]

THFPC = (114 0.2ga & 0.15y) x 10%% yr

Then, recent paper with all XENONA1T science runs (accepted in PRC) :  arXiv:2205.04158 [hep-ex] o
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https://arxiv.org/abs/2205.04158
https://www.nature.com/

Neutrinoless quadruple decay of +**Xe in XMASS-|

x1 u"‘z
I Period1 (124.0 days)

=
51
T T LI

Events/day/kg/keVee

Energy (keVee)

2- Period3 (338.1 days)

Events/day/kg/keVee

Energy (keVee)

Exposure : 327kg x 800 days

Looking for a peak >~ 79 keV

107

o
th

2
I Period2 (249.1 days)

=
o
UL

Events/day/kg/keVee

2 L Period4 (88.8 days)

Energy (keVee)

Energy (keVee)

The calculated 90% CL upper limit is 3.7 x 10** years.
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Turat experimental
conatraint on Ov43

- of ¥Xe. The longest

hal e lmil

arXiv:2205.05231 [nucl-ex]
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https://arxiv.org/abs/2205.05231

Challenges for very low-mass DM search

Isolated electrons are the main background for this
analysis and the mayor obstacle to go below 1GeV

35000

Ea
EHE
5]

30000
E 5
Faw €192 N

T *@Q@@/ﬁ (i

(2
E
5
.
&
\/\
.
B
Lol

25000
220000
]

5
2
8
15000

10000

so00¢ |

0 = e o T —— LT
25 50 7 100 125 150 175 200 ' (S I Ll
52 [PE]

Possible reasons :
1) photo-dissociation of negatively charged impurities;

)
3)
4) neutralization of positive xenon ions at the cathode surface
5) long-lived bound states of excimers or weakly bound higher-energy states

Solutions to be investigated:

- Passivation of electrodes i F
- Optimization of electrodes geometry oo}~ Single SiPM
- Minimization of metallic components 800/
- Flushing electrons from surface soof—
- Use of SiPM to improve resolution
e L] 50 100 150 200 250 300

Amplitude [Arb.Units]
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energy in flat ER spectrum [keVe]
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A new physics case : neutrinos

Neutrino is background for Dark Matter search with noble liquids but it also offers a
physics case of unvaluable richness !

. . Scoping neutrino and solar models ! . D
Electronic Recmls. (ER) RGO - CNO neutrinos Neutrinoless Double Beta Decay
from solar neutrinos  cap 1608 (2016) 8,017 136Xe (8.9%): Q,, = 2458.7 £ 0.6 keV
Vie =V+e DARWIN: ~ 2000 neutrino pp per year, — Be
2% (1%) precision in 1 (5) years .= Bomowr 1 Do
JCAP 01, 044 (2014), arXiv:1309.7024 3s-‘s_lTa PRELIMINARY W
1 %4_ . = 0 *
Nuclear Recoils (-NR) DARWIN: 90 events/t/y @ E>1lkeVnr E } XENON1T : 0/E = 0.8% @ ?Qﬁﬁ
from solar neutrinos  (~3000 CNNS events/year) R s
v+ N-=>v+N JCAP 01, 044 (2014), arXiv:1309.7024 S SR ..
ARGO and DARWIN T . n 1'09%:03%00'91% 00'92% .ojal% ‘0.31%
NUClear RCCOilS (NR) DARWIN: 0(10) MeV Vv's = 0(1) keVnr % 500 1000 1500 3000 3500 3000
from supernova bursts = 50 significance with a 27 M, Energy [kev]
progenitor far up to 65 kpc from Earth , : —
v+N->v+N — 704 events @ 10 kpc B o ey gy
Phys.Rev. D94 (2016) no.10, 103009, arXiv: 1606.09243 3 10 i s
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What if XENONNT (or LZ or PandaX) finds a signal ?

If the interaction is Spin Independent
It needs to be confirmed with larger detectors like DARWIN or DarkSide-20k

DARWIN and Argo could do spectroscopy

10" E
E e 0= AN
E L] — r Xenon
'_10'” -.‘:’ Ll Aoeel Xenon
ma § | | o onyesr e (5.6 events)
AT 8 -
g 5
E 1[}74 10 710-47 cmZ /
@ Argon
Le) 10" (4.2 events)
00G
T
Ll Ll ol oy il O O | R ot 1°“"1o — 1("2 E—
10 10° 10° 10 10° 10° Mass (GeV
Capability of DARWIN on reconstructing the WIMP mass and cross section Crossing Argon and Xenon detectors can reduce
for various masses (20, 100, 500 GeV/c2) and cross sections the likelihood, but only for a WIMP at 100 GeV/c?

If the interaction is Spin Dependent

Argon or any pair target is useless. The only way is to re-run a xenon detector with
different xenon isotopes (enrichment)
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Continuing enlightening the Dark...

Thanks
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