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Dark Matter is a necessary and very abundant component in our Universe

We have observed its gravitational effects at different scales
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A plausible hypothesis is that dark matter is a new
type of (stable, neutral, weakly-interacting) particle
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Very few people know this, but the tiny pocket in
our jeans is for carrying 10 GeV of dark matter




There are plenty of viable candidates,
which imply very different cosmological
histories

-  "“Thermal” candidates: WIMPs
(weakly-interacting massive particles)

- Out of equilibrium production
- Axions

- Asymmetric Dark Matter

- Ultra-light Dark Matter

- Primordial Black holes

Finding the dark matter might give us
information about how the Universe
came to be
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Dark matter can be searched for in different ways

These explore complementary properties of dark matter particle models

/ Direct Detection \ / Accelerators (LHC) \

productlon

(dispersion)

Indirect searches
(annihilation or decay)




Dark matter can be searched for in different ways

These explore complementary properties of dark matter particle models
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The search for DM is inextricably linked to the efforts in other areas (and benefits

from advances in them)
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Dark Matter interactions inside a detector

Instrumentation conduits

High voltage
feedthrough

Water tank

Gadolinium-loaded
liquid scintillator
veto

2x D-D neutron

calibration

conduits Liquid xenon
heat
exchanger

120 veto
PMTs

7 tonne liquid xenon time

494 photomultiplier tubes (PMTs)
projection chamber

Additional 131 “skin” PMTs



Dark Matter interactions inside a detector

\ V~200km/s
SN X NUCLEAR SCATTERING
-

’ . ” .
» -~ « "Canonical” signature
« Elastic or inelastic scattering
+ Sensitive to m>1 GeV

ER~ keV

If the DM particle has a mass ~ GeV, its equivalent wavelength is of the order of the nuclear
radius. The DM particle sees the nucleus as a whole: COHERENT SCATTERING



Dark Matter interactions inside a detector

\ V~200km/s
\ X
X \\ e
\ ’/”
ER~ keV
\\
L \\ _

NUCLEAR SCATTERING
« "Canonical” signature

« Elastic or inelastic scattering
+ Sensitive to m>1 GeV

ELECTRON SCATTERING

» Inelastic scattering
« Sensitive to MeV scale DM

ABSORPTION BY ELECTRON

« Sensitive to eV scale DM
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Charge and phonon
Sensors

Copper casing
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Charge and phonon
Sensors

Copper casing

holes
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Charge and phonon
Sensors

Copper casing

Prompt phonons
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Charge and phonon
Sensors

Copper casing
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Direct dark matter detection often requires large underground experiments

Expected number of events

N = €

Instrumentation conduits

High voltage Water tank

feedthrough

Gadolinium-loaded
liquid scintillator
veto

2x D-D neutron
calibration

conduits Liquid xenon

heat
exchanger

120 veto
PMTs

] photomultiplier tubes (PMTs)
Additional 131 “skin” PMTs

7 tonne liquid xenon tim i
projection chamber

d
P / v () 2N g5 dE g

dER

Scattering cross section

Particle physics (dark matter model)
Nuclear Physics (form factors)

Materials Science, solid-state physics etc

(describe the structure of the target in
the detector)
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Conventional direct detection approach (nuclear scattering)

Expected number of events
_ downN
N = EL/ vf(V) ——=—dUdFER
ET meN Umin dER
Particle (+ nuclear) Physics

The scattering cross section contains the details about the microphysics of the DM model

Traditionally, it has been split into two components: spin-dependent and -independent

dO'WN _ (dGWN> + (dGWN)
dEr Er )y \dEr Jgp

These include nuclear form factors that encode the coherent scattering with the nucleus.

If nothing is found, we derive upper limits on the scattering cross section.
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Liquid noble gas detectors are leading the search at masses above 10 GeV

Currently xenon experiments (LZ, XENONNT and PandaX-4T) have provided the best upper
bounds on the spin-independent cross section.
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Liquid noble gas detectors are leading the search at masses above 10 GeV

Currently xenon experiments (LZ, XENONNT and PandaX-4T) have provided the best upper

bounds on the spin-independent cross section.

WIMP-nucleon og; [cm?]

/DISCLAIMER:

THIS PLOT ASSUMES
Isothermal Spherical Halo

elastic scattering

WIMP with only spin-independent interaction
coupling to protons = coupling to neutrons
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Low-threshold experiments can look for ~ GeV scale DM

Solid state detectors (SuperCMDS, Edelweiss, CREESST) can have a very low threshold.

iZIP: lonisation + Phonons

Excellent discrimination between
nuclear recoils (NR) and
electronic ones (ER) of 1/10°

HV: Phonons (High Voltage)

Amplify the signal through the
Luke-Neganov-Trofimov effect.
Greater sensitivity to low mass
DM (no discrimination)
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Low-threshold experiments can look for ~ GeV scale DM

Solid state detectors (SuperCMDS, Edelweiss, CREESST) can have a very low threshold.
Likewise, gas detectors (NEWS-G) can employ very light targets. This gives them sensitivity to
sub-GeV DM through nuclear recoils.
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Direct dark matter detection often requires large underground experiments

Expected number of events

p L AdowN
N = _ ————dvdFE
ET emeN /'l;min /Uf(/U) dER ° "

The scattering cross section contains the details about the microphysics of the DM model
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The resulting dark matter signature depends on the microphysics

Different effective operators lead to characteristic spectra (especially if there is a momentum

dependence)

Momentum dependent
interactions show a
characteristic “bump”

A low-energy threshold is
crucial to discriminate these
features

Some signatures could be
confused with new sources of
background.

Enlarging the maximum
energy in the signal region
allows to set better constraints
(or mass reconstruction)

Bozorgnia, DC, Cheek, Penning 2018

normalized event rate
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Experimental results on EFTs

SuperCDMS 2022
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SuperCDMS carried out an analysis with HV detectors
(low threshold) and allowing for isospin violation

100 A2m?2
O'? = 4 4 N 2A1
g 1072
Cg = Az sin(Hz)
ci = A;cos(8;)

Xenon experiments (PandaX, Xenon1T) improve at large masses. LZ implemented the

extended analysis range in energies

1T T T T T T TIT] T T T T L I e
10 F E Lo
E\ E [ = Trigger
L& | 0.8+ —— + S threshold
0 A —— + 88 & data analysis cuts
TN 10 F = — +ROI
NEQ F 3 206 1.0_—""“"":"“""
r J 2 F
o i .g 08 i
o =
S0 F = 5 04 06 |
~ F Y NG e 3 04 I 50% efficiency:
- TN ] 5 | 55keV
L T v A 0.2 02 !
2 10+ 0.0: I L 1
10 ¢ E 0 2 4 6 8
I 1 1 11| III 1 1 1 |- IIII 1 Tl 007
101 102 103 bt AN SR EEPN PPN S R B
0 50 100 150 200 250 300 350

WIMP Mass [GeV/c?]

True Nuclear Recoil Energy [keV]
23


https://arxiv.org/pdf/2410.17036

Direct dark matter detection often requires large underground experiments

Expected number of events

Astrophysics

d
Ne [ P /m v f (@) C‘Z’TW;VdUdER

Dark matter halo parameters

Local density and DM velocity distribution
function

Uncertainties in the halo parameters

Directionality and time-dependence
(annual modulation)

Scattering cross section

Particle physics (dark matter model)
Nuclear Physics (form factors)

Materials Science, solid-state physics etc

(describe the structure of the target in
the detector)
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Numerical simulations of the Dark Matter halo

log M, =10.50
SFR=89 Mg yr



https://www.tng-project.org/movies/tng/tng50_single_galaxy_formation_g1_1080p.mp4

Prob. density (103 km~! s)

How well do we know our dark matter halo?

Astrophysics

N = ep

Epr TYMN

Standard Halo Model

1

f(v) = e [TTvE()"/20 O (Vese — |’U|)

(2m0)3/2

d
/ v f (@) ;TW;VdUdE}

min

Smooth, spherical, isotropic, truncated Gaussian (two parameters, Vqsc and o)

Folsom et al. 2505.07924

I == Standard Halo Model
TNGS50, unscaled
TNGS50, scaled

it

containment

local DM density
pom(Ro) ~ 0.4 GeV/cm?
Velocity distribution of DM particles

Maxwellian distribution is (globally) a good fit
Bozorgnia et al. 1601.04707

How well can f(v) be inferred from visible stars?

100 200 300 400 500 600
Dark matter speed (km s~1)

Attempts to use old (halo) stars
Necib, Lisanti et al. 1807.02591

Bozorgnia et al, 1810-05576 76



Prob. density (103 km~! s)

How well do we know our dark matter halo?

Standard Halo Model

Astrophysics

p , down
N = — ———dvdE
Ao mee®P/2e’g
f(U) _ (27_‘_0_)3/26 (vesc o |’U|)

Smooth, spherical, isotropic, truncated Gaussian (two parameters, Vqsc and o)

Folsom et al. 2505.07924

! == Standard Halo Model
TNGS50, unscaled
TNGS50, scaled

]t containment

Direct detection is extremely sensitive to the
high-velocity tail of the distribution

Particularly important for low-mass DM

100

200 300 400 500 600
Dark matter speed (km s~1)
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How well do we know our dark matter halo?

Most of what we know comes from comparing results from n-body simulations and

observations (recently from Gaia)

The positions and
velocities of 2000
million stars in our
Galaxy inform us
about the dark matter
distribution in the
halo.

Several non virialised
components have
been identified that
alter the DM velocity
distribution function.

A Radially Anisotropic
Component (sausage?)
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How well do we know our dark matter halo?

35 T T T T T T T

S1

Similarly, stellar -
streams also hint at D
the existence of similar
dark matter
structures.
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O’Hare, McCabe, Evans, Myeong, Berlokurov 2018

Plenty of streams identified
that have an impact on the
DM velocity distribution
function

lbata et al. 2023

Especially important for
direct detection of light
particles.
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The presence of the LMC can also alter the DM
velocity distribution function, introducing
larger velocity particles and improving the
detection rate of low-mass WIMPs.

Limits are affected, and can extend well
below 10 GeV.

EFT operators are affected in different ways
(depending on their velocity and momentum
dependence).
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Residuals (cpd/kg/keV)

Annual Modulation of dark matter direct detection

The DAMA/LIBRA (Nal) collaboration has reached 2.86 ton yr over 22 annual
cycles. It observes a clear modulation in the [1-6] and [2-6] keV regions with

very high CL (13.7 o)

2-6 keV
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The interpretation in terms of dark matter is not
compatible with the non-observation by any
other experiment. However, comparison is
sensitive to the target, DM model, halo
parameters...

A number of experiments are testing
DAMA/LIBRA with the same target: ANAIS,
COSINE, SABRE, COSINUS, DM-ICE...
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The DAMA/LIBRA annual modulation signature has not been confirmed

Because of the seasonal dependence of the Earth’s velocity through the DM halo, one can
expect an annual modulation in the number of DM events detected in direct detection
experiments (with an amplitude of ~7%).

The ANAIS collaboration (Nal target) has done an excellent job in putting the DAMA/LIBRA
signal to the test and virtually excluded the DM interpretation of its annual modulation.
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Migdal effect and implications for low mass DM searches

Emission of an electron (ionisation) when a neutral particle impacts a nucleus. Simultaneous
signal of electron and nuclear recoil.

Migdal 1939; Feinberg 1941

T
10* A NR my = 0.5 GeV
102 | I
|
100_
1072 1
1074~

10—6_

10—3_

Ve
7/
\
\\
Q)
Differential Rate [evts/kg/d/keV]

10-10 T .
1071 100

Energy of Recoiling Particle [keV]

The emitted electron is easier to observe than the nuclear recoil (NR), as it is more energetic
(and more easily exceeds the threshold energy)

Bernabei et al. 2007; Ibe et al. 2017; Dolan et al. 2017

It is NOT new physics
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The Migdal effect is being searched for with various targets

Xenon and liquid argon can be ideal targets to observe the Migdal effect, thanks to their

scintillation efficiency.

Bell et al. 2022

A first search at the Livermore

National Laboratory using XeNu
TPC did not find it.

Xu et al. 2023

Arecent search on dimethyl ether
CH30OCHj; claims first observation!

Yi et al. 2026

The MIGDAL collaboration is

trying to measure this effect at the
Rutherford Appleton Laboratory.

y (pixel)

X (mm)

NR 273.0 + 4.4 keVee
ER 5.9 + 0.6 keV

D-D neutron direction

-—

Migdal event topology with tracks

of NR and ER sharing a vertex Electron

Recoiled nucle% \
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Future experiments will further explore the DM parameter space
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Future experiments will further explore the DM parameter space
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Future experiments will further explore the DM parameter space
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However, experiments are
starting to experience a new
background source that limits
their performance... neutrinos!
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Future experiments will further explore the DM parameter space
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Going beyond the neutrino fog is
possible:
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Neutrinos can be observed in direct detection experiments:

Direct detection experiments are becoming so sensitive that they will son be able to detect

solar and atmospheric neutrinos.

____________________________

-~-1 Coherent Elastic neutrino-Nucleus Scattering (CEVNS)

Rare Standard Model process recently measured in

COHERENT Collab. 2017, 2021

O'Hare et al 2017
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Neutrinos can be observed in direct detection experiments:

Direct detection experiments are becoming so sensitive that they will son be able to detect

solar and atmospheric neutrinos.

____________________________

-~-1 Coherent Elastic neutrino-Nucleus Scattering (CEVNS)

Rare Standard Model process recently measured in

COHERENT Collab. 2017, 2021

O'Hare et al 2017

e o m mm mm m mm o mm mm m mm mm m mm mm mm mm e e mm e mm e e e mm e e mm e e e e o e = =

(Inelastic) electron scattering

Usual electroweak process mediated by the Zand W

v v
spallation source experiments
Z
Irreducible background - neutrino fog/floor
q q
v v Ve e
7 W bosons
e e e v
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Expected signal in a direct detection experiment
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New physics can lead to extra contributions to CEVNS
/
Z - The neutrino floor rises
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Neutrino flux
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Solar neutrinos o |
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Neutrino flux

E
max do, do,

N = E: ¢ Plv, - v,) —=L dE,dE

enr [E [Em dE, (ve = va) dEx k

. Amaral, DGC, Foldenauer, Reid 2020
Solar neutrinos

0.55
dominate at low energy - the leading i
contribution is the pp chain below 1 MeV 0.50F
Produced as electron neutrinos, they 0451
oscillate into other flavours 3 0.40F
o8 0.355—
ve Ve Up V. 0.305—
’4 \ 025F
’LLLZ, A =
SuN 0.20 = :
(ot o seole) L4 -’E v
R

Matter oscillation in solar medium dominates flavour composition
reaching earth: at 10 MeV (8B) there is significant oscillation into Vu, Vr
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Direct (DM) detectors can be excellent complementary test of new neutrino physics

- Low energy threshold and excellent energy resolution
- Sensitive to both nuclear and electron recoils
- Sensitive to the three neutrino flavours Ve, Vy, Vr

There have been recent claims by XENONNT, LZ and PANDAX-4T that they have data
consistent with the observation of B neutrinos.

Lot XENONNT 2604.06002
(A): SI DM-nucleon scattering
1042
Set constraints on non-standard og
interactions (NSI). S 10-3 | Sarkide-50 (2023)
S
Future direct detectors will = J—
complement information from 3
dedicated neutrino experiments E (045
>
A
1046

DM mass [GeV/c?] 44



Effective theories: Non-standard Interactions

The new physics can be expressed in terms of an effective theory, which parametrises
corrections wrt the SM in terms of neutrino Non-Standard Interactions (NSI)

Ve V3

Lnsi=—2V2Gp ) EZ;]; [ZarpPrvg) [fAPPf]
f=e,u,d Efp
a,B:e,,u,T QB

53;5 = ef;g + 8£§ f f

Direct detection experiments are also sensitive to electron recoils.
Therefore we must use a three-dimensional parameter space for each NSI

AN
Eap

(n) proton-neutron

New parametrisation including electron recoils

éap
¢ =+>5cosnsinp,  __==T77"

€P = /5 cosn cos g,
£" = /5 siny.

60‘['3

() proton-electron
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A prospective study on archaeological lead with RES-NOVA

SNuDD
Based on PbWQ, crystals, we computed predictions for a Amaral, DGC, Cheek, Foldenauer
nominal configuration of 1 tonne-year. + RES-NOVA 2026

0.1 keV threshold

Copper
structure

/2

Pb benefits from the large atomic number, but argon experiments might be useful if the
energy threshold is small.



NUCLEAR + ELECTRON
SCATTERING

ER sensitivities drop off towards ¢ = 0 (pure
proton), whereas NR sensitivities become
maximal.

Direct detection experiments have excellent
sensitivity to ER.

Yo
Future DARWIN-like experiments can potentiaW

improve by an order of magnitude over current
electron NSI bounds

Direct detection will become crucial to constrain
neutrino parameters.

They will need to be included in global neutrino
parameter fits.

Coloma, Esteban, Gonzalez-Garcia, Maltoni 2020

Amaral, Cerdeio, Cheek, Costa, Foldenauer |

Amaral, DC, Cheek, Foldenauer 2023
LZ XENONnT
i 1 NR ER [l NR (2022) {1 NR { i ER ] ER (2022)

DARWIN
i1 NR ! ER

https://github.com/SNuDD/SNuDD

SNuDD,



DM-Electron interactions allow to probe keV scale DM

X X
When the target is an isolated (noble gas) atom, the \Z)’k 7)}«
ionisation form factor is easier to compute. In solid
state crystals, this is more complicated.
e & §
X{N+ N+
dREE 0 1 :
_ = X 2 on 2
dE. Oe 3 qdq | E(q)|” 1" (e, Ee)|” n(vmin)
e My Sllex
|fcrysta1(q,Ee)|2
8 ———r—r——r— 7
The Dark Matter "form factor” encapsulates the | Crystal form factor (Ge) -
momentum dependence of the interaction o
/II 1. 1
~1/q for low-mass mediators £
= e : 0.1
~1 for heavy mediators : s
2+
L' 1072
R R T - SR

E. [eV]

Essig et al. 1509.01 592}18



DM-Electron interactions allow to probe keV scale DM

Liquid noble gas experiments (xenon and argon) can look for only scintillation S2 signal,
interpreting the results as DM-electron interactions. CCD detectors (SENSEI, DAMIC,
OSCURA). Single electron detection in SuperCDMS or EDELWEISS
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=
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5 (2025,
XEND‘N {%ﬂlfmaigmﬁ
277 PangaX-4T E’EEEL :

m, (MeV/c?)

These searches are starting to probe other ways of producing DM in the early Universe,
namely freeze-in models.

See also Hambye et al. 2011, 2018
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Is freeze-in Dark Matter dead?

Because of the scaling of the relic density and the scattering cross-section in freeze-in
models, a slight under-abundance of DM leads to a reduction in the number of detected

events.
Dark Photon Model Direct detection experiments can only probe
5 the local DM density times the cross section
il DAMIC-M R :
—36[11 i
0778 £ = Qh2 /Qh?
oo X DM
10_37 §_‘ | ; E
—~ 1073} B gt .
C\‘E F LY sy ‘3‘5‘? ---------- g - o | Freeze-in: £~ Q,h% x k?
_39— |‘ BT g ae /// _—
o 1077+ A i 4
= : 4 = §oye < k
§)< 10—40:E e TESSERA g il
& 10-up | S \Q o Freeze-out: &~ Qh%ox k?
E N L QN
- “ SCUR N\ ]
142L > s Sy §oye x 1
i~ S 3
- \ \\\\\\\\\\\ § . .
10~44 b i NP, o] 5 p oy pepel s ow puuaon DC, Foldenauer, Lopez Noé, Zapata 2026
109 10t 102 103 10
m,, (MeV)
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Is freeze-in Dark Matter dead?

Because of the scaling of the relic density and the scattering cross-section in freeze-in
models, a slight under-abundance of DM leads to a reduction in the number of detected

events.

Dark Photon Model

100 . .
C ol PANDAX-4T ]
! (2025)
) DAMIC-M j
I (2025) |
v
. v i . . .
; L & o Direct detection experiments can probe
-1 \ ; - . og e
107°F \ o 9 MeV freeze-in dark matter even if its
b 4 L ] . .
A e ! abundance is 1000 times smaller than
Y ™ | the total DM relic density.
: N et . 4 i e S ,/
' N .-~ TESSERACT "
1 e Ut i
1 ’
].0_2 F || ,/, —:
: .
1 // -
1 7’
“ // -
\\ OSC“:YZP:*” -
\\ /”’— ]
1o S ”l'l N s easa DC, Foldenauer, Lépez Noé, Zapata 2026
10" 101 iz 102 10
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51



Direct detection can test particle models of freeze-in.

Moreover, in slightly more complicated models (but still anomaly free) there are coupling to
leptons (and quarks) and bot ER and NR signals are possible at low energies.

Viable regions of the parameter space exist but
require freeze-in with a low reheating
temperature.

Signal mainly on NR in an interesting region for
DarkSide 20k, XENONNT S2 or solid-state
detectors.

Potential to observe new neutrino physics!!
DC, Foldenauer, Lopez Noé, Zapata 2026

00 10t 107 i New opportunities for directional detection
m, (MeV) to help separate both signals
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Direct detection can test particle models of freeze-in.

Moreover, in slightly more complicated models (but still anomaly free) there are coupling to
leptons (and quarks) and bot ER and NR signals are possible at low energies.

Viable regions of the parameter space exist but
require freeze-in with a low reheating
temperature.

Signal mainly on NR in an interesting region for
DarkSide 20k, XENONNT S2 or solid-state
detectors.

Potential to observe new neutrino physics!!
DC, Foldenauer, Lopez Noé, Zapata 2026

New opportunities for directional detection
to help separate both signals

53



Seeing DM and neutrinos simultaneously?

These models can display a simultaneous Dark Matter and neutrino signal in direct

detection experiments!

101

Events [kg~!day™}]

DM [ BSM CEVNS total
= =1 SM CEVNS total

10-2 10~ 10°

Er [keV]

DC, Foldenauer, Lopez Noé€, Zapata 2026
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Conclusions

Direct (DM) detectors have become very versatile probes of DM across a wide mass range.

« Liquid noble gas detectors (Xe, Ar) will continue probing the WIMP paradigm above 10 GeV

« Solid state detectors and gas TPC ideal for masses ~ 1GeV

« DM electron interactions accessible with several technologies, probe less standard
cosmologies and candidates (freeze-in, axions, dark photons)

Open questions about the DM distribution and Migdal effect are relevant to properly
reconstruct the DM mass.

Direct DM detectors are starting to see solar neutrinos. This is a great opportunity to test new
physics in this sector.
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Direct dark matter detection often requires large underground experiments

Expected number of events

p L down
N=[ e vf (@) N 45 dEg
Er meN Umin dER
Dark matter halo parameters Scattering cross section
Local density and DM velocity distribution Particle physics (dark matter model)

function
Nuclear Physics (form factors)

Uncertainties in the halo parameters
Materials Science, solid-state physics etc

Directionality and time-dependence (describe the structure of the target in
the detector)
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Direct dark matter detection often requires large underground experiments

Expected number of events

p L down
N=|[ e vf (@) N 45 dEg
Er meN Umin dER
Dark matter halo parameters Scattering cross section
Local density and DM velocity distribution Particle physics (dark matter model)

function
Nuclear Physics (form factors)

Uncertainties in the halo parameters
Materials Science, solid-state physics etc

Directionality and time-dependence (describe the structure of the target in
the detector)

Experimental parameters
Size, energy resolution, energy threshold
Backgrounds and signal identification
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Unsuccessful searches have led to upper bounds on the scattering cross-section

T =T T TT

-
~ -
o —— -

WIMP-nucleon og; [cm?]

T T IIIIIII
{
1 1 IIIIIII

10_48I| 1 | IJIIIII 1 1 IIIIII|3 1 | 11 1 1 11
10 10 10 10

WIMP Mass [GeV/c?]
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DEAP 3600

Glove box

Central support assembly
(Deck elevation)

Steel shell neck
(Outer neck)

Inner neck (green)
Vacuum jacketed neck (orange)

Cooling coil

Acrylic flow guides (FGs)

255 PMTs
& light guides

Acrylic vessel (AV)
& TPB layer
Steel shell

3279 kg
liquid argon

Filler blocks

Foam blocks behind
PMTs and filler blocks

Bottom spring support

DarkSide 20k prospects

Exclusion 90% C.L.
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10-48 — L2 2.7 y (15.3 t-y)
= XENONnT 5 y (20.2 t-y)
----- DS-20k Fid. 5 y (100 t-y)
== DS-20k Fid. 10 y (200 t-y)
----- DS-20k Full 5 y (250 t-y)
== DS-20k Full 10 y (500 t-y)
= DS-20k Full 20 y (1000 t-y)
10-49 £
0.01 1 10
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Proyeccién de sensibilidad de SuperCDMS (Retrocesos Nucleares)

SuperCDMS va a explorar nuevas regiones de MO ligera, siendo uno de los detectores con mejor

sensibilidad por debajo de 1 GeV.

Los blancos Ge y Si exploran
areas complementarias (entre
siy con otros detectores

Mejora de sensibilidad en
Teorias Efectivas

El criostato esta preparado
para incluir mas torres de
detectores en una fase
posterior, y se esperan
mejoras en el ruido de fondo.

Se acerca al “suelo de
neutrinos" y permitira explorar
nueva fisica en este sector

Dark Matter-nucleon og; [cm2]
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<
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—

<
N
w

10~
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https://arxiv.org/abs/2203.08463

Created Dec 15 2022 i

0.1 1

Dark Matter Mass [GeV/cz]
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CRESST —— CRESST-IIl 2024 CRESST-Il 2022 --- SuperCDMS-CPD 2020  —-— Collar 2018
—— CRESST-I12019  --- CRESSTsurf. 2017  --- SuperCDMS-0VeV 2022
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Uncertainties on nuclear form factors
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Direct Dark matter detection:
leaving no stone unturned

DAVID CERDENO

https://projects.ift.uam-csic.es/thedeas/
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IMAGE CREDIT: Mehmet Ergun (top) Matt Kapust/Sanford Lab (bottom6)3


https://www.ift.uam-csic.es/en

Liquid noble gas detectors are leading the search at masses above 10 GeV

Currently xenon experiments (LZ, XENONNT and PandaX-4T) have provided the best upper
bounds on the spin-independent cross section.
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Liquid noble gas detectors are leading the search at masses above 10 GeV

Currently xenon experiments (LZ, XENONNT and PandaX-4T) have provided the best upper
bounds on the spin-independent cross section.
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Cross Section [cm?]
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Limits on Spin-dependent cross section

The best limits for the SD coupling to protons direct detection came from the PICO-60

experiment, employing 52 kg of CsFg (1404 kg day exposure).
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WIMP-neutron o, [cm?]

Limits on Spin-dependent cross section

The best limits for the SD coupling to protons direct detection came from the PICO-60
experiment, employing 52 kg of CsFg (1404 kg day exposure).

However, these may be superseded by LZ!

Two isotopes have non-zero nuclear spin: 29Xe
(4% isotopic abundance) and 3'Xe (21.2%).

These have an unpaired neutron, leading to
strong SDn limits.

=+ Median 3¢ discovery potential |

= Power constrained upper limit
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10 10> 10° 10
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Limits on Spin-dependent cross section

The best limits for the SD coupling to protons direct detection came from the PICO-60
experiment, employing 52 kg of CsFg (1404 kg day exposure).

However, these may be superseded by LZ!

Sensitivity to SD proton interaction is
possible through mixing between
proton and neutron spin states (but
with large uncertainty)

Hoferichter, Menéndez, Schwenk 2020
Pirinen, Kotila, Suhonen 2019

WIMP-proton o&p, [cm?]

=+ Median 30 discovery polemial‘g

Power constrained upper limit ]
s L

10 10 10°
WIMP Mass [GeV/c?]

10
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Limits on Spin-dependent cross section

Indirect detection limits from dark matter annihilation in the Sun by IceCube, Antares, and
more recently KM3NeT/ORCAG6 lead the SDp bounds at larger masses.

10-2 KM3NeT/0RCA6 543 days KM3NeT/ORCA6 543 days
_— PIC060 (2019) — 5K[3903 days] —_— P|C060 (2019) — SK [3903 days]
—— ANTARES [1321 days] == ORCAG6 [543 days] —— ANTARES [1321 days] == ORCAG [543 days]
——— |ceCube [6.75 yr] ——— |ceCube [3 yr]

NAE /

WIMP + WIMP—» W * W~
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N
=

102
Mwimp [GeV/c?]

102
Mwimp [GeV/c?]
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https://arxiv.org/pdf/2411.10092

Low-threshold experiments can look for ~ GeV scale DM

Solid state detectors (SuperCMDS, Edelweiss, CREESST) can have a very low threshold.
Likewise, gas detectors (NEWS-G) can employ very light targets. This gives them sensitivity to

sub-GeV DM through nuclear recoils.

iZIP: lonisation + Phonons

Excellent discrimination between
nuclear recoils (NR) and
electronic ones (ER) of 1/10°

HV: Phonons (High Voltage)

Amplify the signal through the
Luke-Neganov-Trofimov effect.
Greater sensitivity to low mass
DM (no discrimination)
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Low-threshold experiments can look for ~ GeV scale DM

Solid state detectors (SuperCMDS, Edelweiss, CREESST) can have a very low threshold.
Likewise, gas detectors (NEWS-G) can employ very light targets. This gives them sensitivity to
sub-GeV DM through nuclear recoils.
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DM-Electron interactions allow to probe keV scale DM

Liquid noble gas experiments (xenon and argon) can look for only scintillation S2 signal,
interpreting the results as DM-electron interactions. CCD detectors (SENSEI, DAMIC,
OSCURA). Single electron detection in SuperCDMS or EDELWEISS

XENONI1T S2-only

XENONNT
(this work)

Freeze-In

D: Hallo DM (Light Medialtor)
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104 10°
DM Mass [keV]

106

XENONRNT 2411.15289

XENONNT

(this work) i
!

B; Halo DM (Heavy Mediator)

104 105
DM Mass [keV]

These searches are starting to probe other ways of producing DM in the early Universe,

namely freeze-in models.
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10—13

10714

10—15

10-16

DM-Electron interactions allow to probe keV scale DM

Liquid noble gas experiments (xenon and argon) can look for only scintillation S2 signal,
interpreting the results as DM-electron interactions. CCD detectors (SENSEI, DAMIC,
OSCURA). Single electron detection in SuperCDMS or EDELWEISS

XENONRNT 2411.15289

XENONI1T Stellar Bounds
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(this work)
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(this work)

F E: Dark Photon F: Axion-like Particles

E
E
E

|

102 0.1 1 10 0.1 1

DM Mass [keV] DM Mass [keV]

Also dark photons or axion-like particles!
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Residuals (cpd/kg/keV)
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Annual Modulation of dark matter direct detection

The DAMA/LIBRA (Nal) collaboration has reached 2.86 ton yr over 22 annual
cycles. It observes a clear modulation in the [1-6] and [2-6] keV regions with
very high CL (13.7 o)

2-6 keV

v

AN

DAMA/LIBRA-phaseél (1.04 tonxyr}—————> | | 4+ DAMA/LEBRA' phaSeZ (1‘53 to’nxyr)

AV AAAAA A AAAAAAAA
Ll L e WWWWW

4000 5000 6000 7000 8000 9000
Time (day)

The interpretation in terms of dark matter is not compatible with the non-observation by any
other experiment. However, comparison is sensitive to the target, DM model, halo
parameters...

A number of experiments are testing DAMA/LIBRA with the same target: ANAIS, COSINE,
SABRE, COSINUS, DM-ICE...
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ANAIS-112 sees no modulation employing the same target (Nal)

cpd/kg/keV

0.2 mod hyp: Sm = (-0.0044 = 0.0058) (cpd/kg/keV) — */NDF = 47.4 / 52 [pval=0.65]
- [2-6] keV null hyp — x2/NDF = 48.0 / 53 [pval=0.67]
- DAMA mod hyp: Sm = 0.0102 (cpd/kg/keV)
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ANAIS 6y and COSINE 6.4y

Results from ANAIS and COSINE
show no modulation.

Incompatibility with DAMA/LIBRA
at ~4.3 o (ANAIS) and ~3.6 o
(COSINE)

There are still questions about the
quenching factor (which ANAIS finds
to be lower than DAMA/LIBRA).

Courtesy of Maria Martinez (ANAIS)
Presented at 9th MultiDark IBS workshop
11/2024
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The resulting dark matter signature depends on the microphysics

Different effective operators lead to characteristic spectra (especially if there is a momentum
dependence)

EFT event sample for 10 GeV WIMP in Ge

0.25 ——
Low-mass WIMPs are expected g | — EFT event sample
to leave more energy at small | == 0Os 10 GeV WIMP
energies. 020 |\ - | — Standard SI 5 GeV WIMP |

— Standard S| 10 GeV WIMP
—— Standard Sl 20 GeV WIMP

. LV R = — —

Momentum dependent
interactions show a
characteristic “bump”

normalized event rate

0.00 i ‘ —
2 4 6 8 10 12 14

Nuclear recoil energy [keV]

Schneck et al [SuperCDMS] 2015
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The resulting dark matter signature depends on the microphysics

Different effective operators lead to characteristic spectra (especially if there is a momentum
dependence)

EFT event sample for 10 GeV WIMP in Ge

0.25
Low-mass WIMPs are expected I | — EFT event sample
to leave more energy at small i | -- 0310GeVWIMP
energies. o O .| — Standard SI5 GeV WIMP |-
© . | — Standard Sl 10 GeV WIMP
Momentum dependent = ' —  Standard SI 20 GeV WIMP
interactions show a © 0.15 e -
characteristic “bump” &
g
=ofp LA
A low-energy threshold is £
crucial to discriminate these é | | | |
features 0.05 N o~ o
Erp
0.00

2 4 6 8 10 12 14
Nuclear recoil energy [keV]

Schneck et al [SuperCDMS] 2015
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How can we deal with such a large number of parameters?

For a positive detection:

Parameter reconstruction is
possible through the
combination of different
experimental targets

Challenges:
- Large Dimensionality

- Flat directions in the
likelihood

- Combination of data
from different
experiments

)

loglo(c(l)m

2)

IOglo(C(l)Om

Scalar DM - Scalar Mediator

—— Xe+Ge+Ar (1o)
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(
)
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< T :
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Possible strategies (1): S
%ﬂ
Speed up the computation lé*

For example, through the use of parametrisations or “surrogate models” (e.g. RAPIDD). The
energy spectrum is, in general, a well-behaved function (however potential accidental

cancellations can make this more complicated)
Cerdefio, Cheek, Reid, Shulz 1802.03174

dR /E’““ £0 / _ downN "
— = dE v f(U v, FR) dv,

Fon XENON
= / dE ————- pom Z Z C(T) (T ).F(T i )( , 4 ) 3 From Physics
B, 327T2m2 — I 0 0 1 Ipol
iy 7,7'=0,1 Pl,l(mX7cl)
~ Z Z PZ(JT;) (ciycj,my, 0, B,...)

iy 7,7'=0,1

150 A 0 0
o : . P1a(my, c1)
A triple integral is substituted by a

polynomial fit for each energy bin. 100 1
. . P?,3(mX7C?)
Trained using the Professor tool
,P?A(mX?c(l))




Possible strategies (2):

Devise strategies to sample a wide parameter space

- Run 3D Bayesian fits for each EFT operator separately, considering the coupling to
proton, neutron and the DM mass

- Use the Bayesian evidence to determine the most likely operators (or set of operators)
to reduce the parameter space

- Run 5D Bayesian fits (or higher-D) for the combination of two or more relevant
operators from the previous step.
Seee.g., Rogers et al. 1612.09038

Truncated Neural Networks

For example, through the use of parametrisations or “surrogate models” (e.g. RAPIDD). The
energy spectrum is, in general, a well-behaved function (however potential accidental

cancellations can make this more complicated)
Seee.g., Rogers et al. 1612.09038
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Expected signal in a direct detection experiment

Emax d¢’/ do-
N — o Vol 4R dE
o [E 2 [Em dE, dEr .

Vg

------------------------------ Coherent Elastic neutrino-Nucleus Scattering (CEVNS)
v v
The Standard Model rate has no free parameters
‘ (other than the Weak angle at very low energies)
q q

do, G2 myFE
By = dn O (1 ) 2NE?R> ()

Qo =N — (1 —4sin®6y ) Z
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Expected signal in a direct detection experiment

Emax d¢’/ do-
N — o Vol 4R dE
o [E 2 [Em dE, dEr .

Vg

Coherent Elastic neutrino-Nucleus Scattering (CEVNS)

v v
New physics can lead to extra contributions to CEVNS
/
Z - The neutrino floor rises
- It makes it possible to observe the new low-mass
mediators
q q
dUVaN _G%MN 1_MNER
dER T\ 2
,l ‘| e 2 \\
x { oy e Z QL Qv | &t 27 Q5 } F?(Ep)
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Neutrino flux

e d, o,
stnT/ Z/ 2 BOvar 4p,dER
Elr}‘lin

Eu dE, dER

Vo

Solar neutrinos
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contribution is the pp chain below 1 MeV 1o PP Solar
Diffuse supernova neutrino background EART S RS !
relevant around ~20-50 MeV. Yet undetected =
S0t e : |1 CNO '
T i
= B
% 10° i e i ]
. R iy
Atmospheric 2 N PR S | N
very energetic but with a much smaller rate R “rii Supernova 7
10_27 e e Atmospheri¢
N 1 I \ S ~
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Neutrino flux

E
max do, do,

N = E: ¢ Plv, - v,) —=L dE,dE

enr [E [Em dE, (ve = va) dEx k

. Amaral, DGC, Foldenauer, Reid 2020
Solar neutrinos

0.55
dominate at low energy - the leading i
contribution is the pp chain below 1 MeV 0.50F
Produced as electron neutrinos, they 0451
oscillate into other flavours 3 0.40F
o8 0.355—
ve Ve Up V. 0.305—
’4 \ 025F
’LLLZ, A =
SuN 0.20 = :
(ot o seole) L4 -’E v
R

Matter oscillation in solar medium dominates flavour composition
reaching earth: at 10 MeV (8B) there is significant oscillation into Vu, Vr
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Experimental response to CEVNS

Ruppin, Billard, Figueroa-Feliciano, Strigari 2014
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Experimental response to CEVNS
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dominate at low energy - the
leading contribution is the pp
chain below 1 MeV

Atmospheric neutrinos
contribute at higher energies but
at a much smaller rate

Diffuse Supernovae

Background
relevant around ~20-50 MeV

Ruppin, Billard, Figueroa-Feliciano, Strigari 2014
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Direct (DM) detectors can be excellent complementary test of new neutrino physics

- Low energy threshold and excellent energy resolution
- Sensitive to both nuclear and electron recoils

- Sensitive to the three neutrino flavours Ve, Vy, Vr

There have been recent claims by XENONNT and PANDAX-4T that they have data consistent
with the observation of 8B neutrinos.

Direct detection can already set constraints on the general neutrino non-standard

interaction (NSI) parameter space. Future direct detectors will complement information from
dedicated neutrino experiments

Amaral, DGC, Cheek, Foldenauer 2023
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Future experiments will further explore the DM parameter space
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Experimental response to CEVNS

Ruppin, Billard, Figueroa-Feliciano, Strigari 2014
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chain below 1 MeV
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at a much smaller rate
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Background
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A prospective study on archaeological lead with RES-NOVA

SNuDD
Based on PbWQ, crystals, we computed predictions for a Amaral, DGC, Cheek, Foldenauer
nominal configuration of 1 tonne-year. + RES-NOVA 2026
1 keV threshold 0.1 keV threshold
T
100f° _—
10—1 | - — —
1074 10724
Y : u d o ' d
w ’ P w - P u
-1072; ~10-2-
-1071; 1 & " —10-1. g
—100 1 _100
-n/2 —n/4 0 n/4 n/2 —n/2 —n/4 /4 /2
n n

New neutrino physics is not only within the reach of xenon experiments. Other targets also
viable. Pb benefits from the large atomic number, but argon experiments might be useful if
the energy threshold is small.
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Future experiments will further explore the DM parameter space
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The DAMA/LIBRA annual modulation signature has not been confirmed

Because of the seasonal dependence of the Earth’s velocity through the DM halo, one can
expect an annual modulation in the number of DM events detected in direct detection

experiments (with an amplitude of ~7%).

The ANAIS collaboration (Nal target) has done an excellent job in putting the DAMA/LIBRA
signal to the test and virtually excluded the DM interpretation of its annual modulation.
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The resulting dark matter signature depends on the microphysics

Different effective operators lead to characteristic spectra (especially if there is a momentum

dependence)

Low-mass WIMPs are expected
to leave more energy at small
energies.

Momentum dependent
interactions show a
characteristic “bump”

A low-energy threshold is
crucial to discriminate these
features

Enlarging the maximum
energy in the signal region
allows to set better constraints
(or mass reconstruction)

Bozorgnia, DC, Cheek, Penning 2018
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NUCLEAR + ELECTRON
SCATTERING

We show the results on the {fp, 56} plane.

ER sensitivities drop off towards ¢ = 0 (pure
proton), whereas NR sensitivities become
maximal.

Direct detection experiments have excellent
sensitivity to ER.

Future DARWIN can potentially improve by an
order of magnitude over current electron NSI
bounds

Direct detection experiments become crucial to
constrain neutrino parameters.

They will need to be included in global neutrino
parameter fits.
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Low-mass DM can be tested if it is BOOSTED!

DM in the halo moves at a slow velocity (300-800 km/s) and this limits its kinetic energy
(and energy deposition in an experiment).

There are different mechanisms for boosting DM, which allows to detect lighter
candidates.

- Cosmic Ray upscattering

- Semi-annihilation in the Galactic Centre

- Up-scattering from cosmic neutrinos

- Solar/stellar capture and re-emission

- Decay or annihilation of heavier Dark Matter component
- Non-galactic astrophysical sources

One particularly interesting case is production of semi-relativistic DM in supernovae
explosions. The superposition from different supernovae gives rise to a diffuse flux of

particles at Earth deRocco et al. 2019

" _/emi-relat. DM\ /-\ @
L » 1
At to

a a

Galactic SN

At, ~ 5 x 10% = 5 x 10° vears
Alonso, DGC, Cermeno, Perez, 2025
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Signal in direct detection experiments
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To compute the flux at Earth, we have

B0 simulated the Galactic Supernova history over
-125 the past 10° years.

-1.50

605 anp 0N ﬂw 120° 150°
2 ‘ P RTER R
Lo eV PRSI o Y

750 e We have discovered that the flux is not

smooth as previously assumed.

";,:iif-'-"""- ] Results from XenonNT, PandaX-4T and LZ set
: very strong constraints on these models.

logyo (y)

, deRocco et al. 2019
zig | Alonso, DGC, Cermenfo, Perez 2602.17597

—— LZ stochastic 90% C.L. exclusion
— XENONNT stochastic 90% C.L. exclusion

—— PandaX-4T stochastic 90% C.L. exclusion 7
SN 1987A cooling
-22 : .
10* 10¢
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Liquid noble gas detectors are leading the search at masses above 10 GeV

Currently xenon experiments (LZ, XENONNT and PandaX-4T) have provided the best upper
bounds on the spin-independent cross section.

lonisation only in liquid noble gas detectors (xenon and argon) also probing ~ 1 GeV WIMPs

XENONRNT 2601.11296
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It improves the sensitivity to low mass WIMPs!

10—3:'; ; -
—XENONIT

10 % -~ XENONIT (Migdal)

i —DerkSidos) ] Experiments are interpreting their data

10-8 —CDMSlite using the prediction for the Migdal

— CRESST-III E
—DAMIC at SNOLAB effect.

107"} DAMIC-M LUX 2019, XENON 2019, SuperCDMS 2023
N Qﬁgdal) DAMIC 2023
0¥ e,

r
10 10
This greatly improves the sensitivity to

104 low-mass WIMPs, allowing to explore

lg-2| DAMIC-MGkgy)\ ; new regionsl!

107»13 " " P N . "

107! 10° 10

m, (GeV)

It is crucial to measure it and characterise it in the targets employed by DM experiments.

Otherwise, we might mis-reconstruct the mass of light DM particles.
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