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| Defining Rare Events

We are searching for interactions so rare that ton-scale — 4.5 2
o~10 cm

detectors might only see one event per year

The statistical challenge is the "Needle in a Haystack"
problem, where the haystack is a billion times larger

than the needle

Examples:

« Dark matter direct detection

« Neutrinoless double beta decay
* Proton decay

« Charged lepton flavour violation
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Background: Public Enemy No. 1

Background is the antagonist. It is not just noise; it is a e Data ATLAS

- Background ZZ'° H—}ZZI:.:I—} 4l
B Background Z+jets, tf
|: Signal [_mH=1 25 GeV)

mimic that obscures the signal across multiple domains:

%" Natural Radioactivity: U/Th traces in materials
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15[Vs = 7 TeV:|Ldt = 4.8 fb”

%  Cosmic Rays: Muons and high-energy neutrons

{8  Instrumental: PMT thermal noise and electronics (s =8 TeV:|Ldt = 5.8 fo’

The challenge is not just to find something rare...

... it’s to distinguish it from other events
that look almost the same
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| How do we deal with background?

Common features

- The signal is extremely rare Everything is
- the background dominates background!!

- and the differences between them can be very subtle

So any successful strategy must focus on
reducing or controlling the background
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Background mitigation strategies (I)

Material screening

Traditional background suppression .

‘" Radioactivity — Radiopure materials, passive shielding ~ detector
Copper _
4 . : Passive
Cosmic Rays — Underground laboratories, veto systems shielding
| . Sample Lead
Cosmogenics — Moderators, absorbers e
~ “PACO @LSC
Laboratorio Subterraneo de Canfranc (LSC)
T PO Muon flux about 105

HOMESTAKE (USA)

SUDBURY (Canada) lower than at Surface

¢ BAKSAN (Russia)|
RD (Switzerland) 4 \
FREJUS (France) *

MONT BLANC (France)
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Depth (m.w.e)
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Background mitigation strategies (Il)

Active veto system

Event-level discrimination
#  Cosmic Rays — Active veto systems

&  Instrumental — Coincidence requirement, cryogenic cooling,

pulse shape discrimination (PSD), fiducialization... ] = 12
' /0% ANAIS-112-@LSC

PSD based on selected features: Traditional cut-based methods

Signal
Background
--- Cut

Perfect separation between signal and
background based on feature x,

0
-1.0-0.5 0.0 05 1.0 15 2.0 25 3.0
Feature x;

Ilvan Coarasa ML for Rare Event Searches 4t COMCHA School Zaragoza, 14/04/2026

Each muon
crossing
the shielding
is tagged

5/43



Background mitigation strategies (Il)

Active veto system

Event-level discrimination

# Cosmic Rays — Active veto systems Each muon
crossing
&  Instrumental — Coincidence requirement, cryogenic cooling, thiesstglgeglg(ljng
pulse shape discrimination (PSD), fiducialization... e
' 7 0% ANAIS-112-@LSC

PSD based on selected features: Traditional cut-based methods

g%nkzround The difficulty is that signal and
| background often look very similar § This is exactly where
g traditional cut-based
The differences can be slight and GRS S D
Tyl  spread across multiple features
Feature x; Feature x;
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Background mitigation strategies (llI)

PSD based on selected features: Machine Learning methods

o Signal

: Instead of designing selection rules by hand, we can train machine learning models
o Boomee NSO to learn optimal decision boundaries directly from the data

—— ML boundary

« Machine Learning finds the best separation in a multi-dimensional
parameter space

o
u
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- Captures correlations between features (e.g., pulse shape vs. noise
characteristics)

o
o

« Can improve signal acceptance and background rejection compared to
classical cut-based methods

0 1

Feature x « Trains directly on calibration data, reducing human bias

« Flexible: works with multiple features simultaneously, even complex, non-
linear ones
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| The four pillars of background mitigation

Il O

Shielding

Passive and active

barriers to block

IV @

Machine Learning

to extract signal from

~

Algorithmic refinement

external radiation flux noise
- 4
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s ™
R R ¢ @
Detector Design Data selection Final Result
Radiopurity and Logic-based filtering of Final high-purity
geometric events through triggers signal sample
optimization and fiducial cuts
\ J
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Dark matter in the universe

A large fraction of the Universe budget
is not explained within the Standard Model
Planck’s satellite (2018)

Results consistent with
ACDM standard model

Dark
But... dark matter nature matter

still unknown!
26%

NGC 3198

Numerous hints
at different scales

Galactic scale Galactic cluster scale Cosmological scale
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Dark matter candidates

A plethora of DM candidates beyond the SM having a very low interaction
probability with baryonic matter

. . ~ ) Composite
“Light” DM WIMP Dﬁ“” . Primordial BHs

Limit
thermal relic

Thermal WIMPs: produced at the early t (ns)
Universe via a freeze-out mechanism
when SM and DM particles were in
thermal equilibrium, producing a
constant relic density, reproduced for a
wide range of masses from 1 eV to 120 TeV

100

31

(Oann V) = 3 X 107%¢ cm?s

4

M_
2
my

Oann
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| Dark matter detection

Different complementary strategies for detection

Production at colliders (make it)

P
<

DM SM

g
DIVI/ \SM

»
»

Direct detection (shake it)

Indirect detection (break it)
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Dark matter direct detection

Nuclear recoils

WIMPs with masses of 10-100 GeV would produce
nuclear recoils with energies of 1-100 keV

Detection rate

Emax Umax
R = j dER E(ER)__J dv
My Umin
=> Target nuclei (sensitiveto  =» Local DM density
spin-(in)dependent couplin ) C .
R e pling) =>» Velocity distribution
=» Detector mass
> Energy threshold = Differential cross section
=> Nuclear uncertainties
Ivan Coarasa ML for Rare Event Searches I 4th COMCHA School

Signals:

= Heat (phonons/bubbles)
=> Light (scintillation)

= Charge (ionization)

m,=100 GeVic* g =1x10" cnp?

—
5
o
—_
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&,
L
o
e

30 40
Recoil Energy [keVnr]

Continuum energy spectrum entangled
with background
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Dark matter direct detection

Direct detection experiments can be focused on different physics cases:

Exclusion plot (my;yp, 0)
« Looking for an excess of events over background, considering:
Reference

limit

= Spin-Independent or Spin-Dependent interactions (Sl /SD) Signal contour.

= Different ranges of masses

c
o
)
)
b
0
)
n
E
®)

= Nuclear or Electronic Recoils (NR / ER)

« Searching for distinctive dark matter signatures: Smaller target
. . . . nucleus
= Annual modulation in the interaction rate ‘Lower
. . . energy
= Directionality threshold

Increased
Exposure

WIMP mass
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| Dark matter direct detection technologies

Many different detection technologies depending on which observable is exploited

Ivan Coarasa

Cryogenic Superheated
bolometers liquids
Phonon/Bubble
(HEAT)

Sem

To date, no detector exists
that measures all three
channels simultaneously

onductor

Scintillating Germanium
crystals detectors
Scintillation NOb,l_e dual-phase lonisation
(LIGHT) "!'T“'P' !C' f‘“ (CHARGE)
Noble liquid Directional
detectors detectors

I ML for Rare Event Searches

4t COMCHA School | Zaragoza, 14/04/2026 14/43



Summary of exclusion results

Present exclusion limits (solid lines) and future sensitivities (dashed lines) at 90% confidence level (C.L.)

SD proton SD neutron

CDMSlite

Neutrino fog (Xe)
Neutrino fog (Xe) '

Neutrino fog (°F)

10 10! e 10° C 0 10’ 10 0 0 10" 10%
Dark matter mass [GeV/c] Dark matter mass [GeV/c?] Dark matter mass [GeV/c?]

The comparison is model-dependent, based on assumptions about the
dark matter particle and its velocity distribution in the galactic halo
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Dark matter annual modulation

Due to the revolution of the Earth around the Sun, the speed of dark matter
particles in the Milky Way's halo relative to Earth varies seasonally, producing
an annual modulation in the rate of nuclear recoil events in detectors

R(t) =~ Sy + S, - cos w(t — ty) where w = 2r/365d7 %, t, = 152.5d

Detection rate would have a cosine behaviour with
a yearly period and maximum around June 2nd

Only at low energy Single-hit events

S../So S 7%

December

No background known to mimic the effect

Observed annual modulation signal by the

Challenge: years of measurement in very stable conditions DAMA/LIBRA experiment over 28 years
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The only positive signal: DAMA/Nal & DAMA/ LIBRA

DAMA experiment using Nal(Tl) @LNGS (1995-2024)

DAMA/Nal 1995-2002 9x9.7

DAMA/LIBRA-phase1 2003-2010  25x9.7

DAMA/LlBRA-phaseZ 2011-2024 25%9.7 14
[Higher QE PMTSs] (2019) ' (8 released)

DAMA clearly observes an annual modulation
compatible with DM at more than 13¢

[2,6] keV: S, = 0.0102 + 0.0008 cpd/kg/keV
[1,6] keV: S,, = 0.0105 + 0.0011 cpd/kg/keV

A model independent test is
needed using the same target
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Other Nal experiments around the world COSINE-100 "\

@Y2LLYemilab
SABRE (North) COSINUS @LNGS ==

& :
/ B> ; F
ik A d
-~ ) L e |
s

f Se|!2016 -M
2 0.3
5 0U (~100 kg)
Stopped in 2026 ' 200 (200 kg)
after accumulating _
8.5 annual cycles
(112.5 kg)
0.90 txy K 3 PICO-LON
0.63 txy (released) Ry @Kamioka

Stopped in 2024 SABRE (South)

after accumulating

@Stawell

® In preparation 28 annual cycles 3
Commissioning ; (250 kg)

® Completed s 2.86 txy (released)
\* J
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The ANAIS experiment

ANAIS (Annual modulation with Nal(Tl) scintillators) intends to provide a model independent test
of the signal reported by DAMA/LIBRA, using the same target and technique, but different
experimental approach and environmental conditions

GOAL

WHERE At the Canfranc Underground Laboratory, Experimental requirements for testing DAMA
LSC @ SPAIN (under 2450 m.w.e.)

- Target: Nal / Nal(Tl)

Large exposure @

Very stable operation conditions @

Energy threshold at 1 keV,, or below @

Background level as low as possible (a few cpd/kg/keV) @

¢ ol e S R Good knowledge of the detector response, in particular to
R, > nuclear recoils

v

Raj, :
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The ANAIS—112 experimental set-up

Nal(Tl) scintillating detectors Shielding

* 9 cylindrical crystals, 12 cm ¢ x30 cm, 12.5 kg each ¢ Gamma shielding: 10 cm of ancient Pb + 20 cm of Pb
- Alpha Spectra (same as COSINE) « Anti-Rn: metallic box fluxed with N, gas

« PMTs: Hamamatsu R12669SEL2 (QE~40%) - Active muon vetoes: 16 scintillator plastics

* Quartz windows  Neutron shielding: 40 cm Polyethylene/water tanks

* Encapsulated in OFE copper Anti-Rn box

Outstanding light collection of ~15 phe/keV

—l— ANAIS-112
|| —— cosINE-100

A DAMA/LIBRA-phasel |

Neutron
shielding

Lead shielding

—_
>
®
©
~
o
Y4
~~
=
Q
e
=
[%2]
-
c
-]
o
=
Q
-—
©
e

10
energy (keV)

Ilvan Coarasa | ML for Rare Event Searches 4t COMCHA School Zaragoza, 14/04/2026 20/43




Low energy calibration

Linear calibration in 10-100 keV Linear calibration in 1-10 keV [ROI]

- Detectors equipped with a Mylar window - Calibration in the ROl with internal bulk

- Calibration with 1°°Cd sources (11.9, 22.6 and \fv?:;?/vﬂiglzn;faizigt?c(:g keV) and 4K (
88.0 keV) every two weeks for gain correction

=)

AU

12indf = 67.7/64
¥2/ndt = 67.1/72
12indt = 130.1/107

counts/bin
counts/bin

Guides A,
for 10°Cd ‘ " 'k
200 40 60 80 100 60 80 100 10 60 80 100
sources areaS (mV ps) areaS (mV ps) areaS (mV us)

counts/bin

20 40 60 80 100
areaS (mV us)

counts/bin

Energy threshold at

R | 1 1 i |- i
20 40 60 80 100 6 60 80 100

areaS (mV us) areaS (mV us) areaS (mV us) ’I kevee 0 r be l.OW
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What do we expect to see?

Scintillation light in the
Nal(Tl) crystal (bulk)

Expected signal ... but at low energy
(15 phe/keV)

Voltage (mV)

87.98 keV

400 .600 800 1000 1200
time (ns)

1.06 keV

200 400 800 1000 1200

1i§nueotns;

T ~ 230 ns P

v

PMT1

Lo

0 200 400 600 800 1000
time after trigger (ns)

Voltage (mV)

LI L N R
~ DA W

o

400 600 800 1000 1200 200 400 800 1000 1200

time (ns)

600
time (ns)
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What do we actually see?

Scintillation light + light emitted
in the materials surrounding the
Nal(TLl) crystal

Scintillation light in Nal(Tl)

Voltage (mV)

.600 800
time (ns)

1
0

Voltage (mV)
[}

LI L N R
~ DA W

800 1000

o

200 400 600
time (ns)

Ivan Coarasa

ML for Rare Event Searches

The region

of interest (1-6 keV) is dominated

by non-bulk scintillation events

Rate (c/keV/kg/d)

1.41 keV

200 400 .600 800 1000 1200
time (ns)

PMT1

200 400 .600 800 1000 1200
time (ns)

4th COMCHA School

Filtering
protocols are
mandatory

8 10
energy (keV)

400 800 1000 1200

ti%oeo(ns)

PMT1

200 400 800 1000 1200

li%oeo(ns)
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Event selection (1)

Application of event selection protocols to distinguish scintillation events from noise

1st approach: Traditional cut-based method

1) Pulse shape cut to select pulses with Nal(Tl) scintillation constant

Scintillation light in Nal(Tl)

Voltage (mV)

Voltage (mV)

Ivan Coarasa

Energy: 1.06 keV
nphe0: 7.1, nphe1: 4.0
n0: 7. n1: 6

up: 222 ns

400 800 1000 1200

tiFnDED(ns)

PMT1

400 600 800 1000 1200 200 400

time (ns)

ML for Rare Event Searches

Cherenkov light @PMTs

Energy: 1.41 keV
nphe0: 16.5 , nphe1: 4.8
n0:3,n1: 6

up: !l ns

800 1000 1200

600
time (ns)

PMT1

800 1000 1200

800
time (ns)

4th COMCHA School

p _IIMBA© _Tidn
PR AR) TP XA
Bulk scint. sample

[1,2] keV

2 -1
log(u, [us])

Cherenkov-like events and long

-1 0
log(u, [us])

phosphorescence or pulse tails are removed

The mean efficiency decreases to 78%

in the 1-2 keV range
Zaragoza, 14/04/2026 |
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Event selection (1)

Application of event selection protocols to distinguish scintillation events from noise

1st approach: Traditional cut-based method
_ 2200 ns A(t) 2 At
YOSAD P XA

1) Pulse shape cut to select pulses with Nal(Tl) scintillation constant P,

2) Number of peaks cut to remove asymmetric events (<2 keV,,) with origin in the PMT ng, Ny

Scintillation lightin Nal(Tl)  Asymmetric light sharing @PMTs Bulk scint. sample

Energy: 1.06 keV Energy: 1.39 keV

nphe0: 7.1, nphe1: 4.0 nphe0: 14.4, nphe1: 0.1
n0:7,n1:6 [n0: 16, n1: 2

P1: 0.67 P1:0.74
pp: 335 ns

Voltage (mV)

up: 222 ns

800 1000 1200 400 tiemoeo(ns) 800 1000 1200

PMT1 PMT1

1‘|Fnueo(ns)

(=Y

Asymmetric events are removed

Voltage (mV)

The selection efficiency decreases
200 400 600 800 1000 1200 400 600 8O0 1000 1200 to 15% at 1 keV

time (ns) time (ns)
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Event selection (1)

Application of event selection protocols to distinguish scintillation events from noise

1st approach: Traditional cut-based method

: ST 200 ns A(t) 2 Aiti

1) Pulse shape cut to select pulses with Nal(Tl) scintillation constant =~ P, = 5= By =
A
0 ns A(t) 21 l

2) Number of peaks cut to remove asymmetric events (<2 keV,,) with origin in the PMT ng, Ny

3) Removal 1 s after a muon passage
4) Single-hit events (multiplicity=1)

Comparing with MC background model:

= —+} AnAIs-112 data |
2 _ _ « Strong discrepancy in [1-2] keV
> |5 - Very low efficiency at 1 keV (~15%)
x = .
E = The unexplained events <2 keV could be
< = related with:
g « Background sources not considered
o in model
NS  Non-bulk scintillation events not
rejected
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| Event selection (ll)

Application of event selection protocols to distinguish scintillation events from noise

2"d approach: Machine learning method

Boosted Decision Trees (BDT) implemented in Toolkit for Multivariate Data Analysis (ROOT) ITMVA

Supervised learning algorithm

@ 109Cd calibration Background
22Na and “°K coincidences Blank module
Neutron calibration
Synthetic events

Ilvan Coarasa I ML for Rare Event Searches 4t COMCHA School Zaragoza, 14/04/2026 27/43
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Event selection (Il)

Application of event selection protocols to distinguish scintillation events from noise

2"d approach: Machine learning method

Boosted Decision Trees (BDT)

« Multivariate analysis

« Combination of several weak discriminating variables into a
single powerful discriminator

« Two classes: signal-like and noise-like events

- BDT response: from -1 (noise-like) to +1 (signal-like)

Nrrees: NUMber of trees

S e S a; = L hoost weight
BDT (X;) = " In(a;) - T; (%) S
Trees £
=il : : - :
! . fraction of misclassified events of the previous tree
j

AdaBoost
T;(xX;): result of an individual classifier (-1 or +1)
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| Event selection (ll)

Application of event selection protocols to distinguish scintillation events from noise

2"d approach: Machine learning method
Training populations Balanced training populations (>30 000 evts), split 70% (30%) for training (test) thé’{?&?i?nsg’zsifnfple

E NR elastic + Calibration
2 L “scatterin
10°E % g -I— Background

.

\v "'1.

]

10 20 30 40 50 60 70 80 90 100
enerqgy (ke\ke)

—
o

© TITET

—
>
T
ke,
—
=)
=
-_— =
= E
o)
=
—
=
Q
oL
©
o

—_

JCAP11(2022)048 and JCAP06(2023)E01
Comm. Phys. 7(2024)345  Phys. Rev. Lett. 135(2025)051001
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BDT

Event selection (Il)

Application of event selection protocols to distinguish scintillation events from noise

2"d approach: Machine learning method

Training parameters

15 discrimination parameters combined in a boosted decision tree

instead of the &4 parameters used in the standard analysis

Standar,d analysls Neutron calibrgtion Neutron calibration
o IBEAO T
| = L
Yo SA(t) D)
_J 2(5)0 nSA(t)
P, = S 6OgSnSA . Asynphe
0 ns ( ) - Eq..energcjl/
A(t) estimate
0 ns
CAP, = from
T I AG) | L=
x = 50,100, 200,300,400,500, 600,700,800 ns et kens ey

—

Ilvan Coarasa | ML for Rare Event Searches I 4t COMCHA School Zaragoza, 14/04/2026 I 30/43



Event selection (Il)

Application of event selection protocols to distinguish scintillation events from noise

2"d approach: Machine learning method
BDT training

« Multiple BDT models trained varying key hyperparameters
« Each trained model produces a ranking of variables contributing to the predictions

Example: nTrees Ranking

.155e-081
.636e-02
.342e-02
.885e-02
.713e-82
.324e-02
.250e-02
.240e-02
.980e-02
.562e-02
.510e-02
.257e-02
.233e-02
.935e-02
.576e-02

11
3
. 8
7
6
. B
. B
: 6
-1
: 5
: 5
: 5
: 5
.4
4

BDTCut
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Event selection (Il)

Application of event selection protocols to distinguish scintillation events from noise

2"d approach: Machine learning method

BDT score
Neutron calibration Background

(defined for every
detector and
l‘; energy bin)
8 10
energy (keV)

130% in efficiency [1-2] keV
420% in background [1-2] keV

Rate (c/keV/kg/d)

Total efficiency

Efficiency better than DAMA/LIBRA
above 1.5 keV, but sharply decreasing
below, limiting the analysis energy

threshold to 1 keV ' e (kev;o
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Event selection (Il)

Application of event selection protocols to distinguish scintillation events from noise

2"d approach: Machine learning method

Additional mandatory validation checks

Cross-check of consistency Check for Training parameter
across different bulk overtrainin distributions
scintillation populations g (pre-/post-selection)

efficiency
Norm. counts

Y

Q
cU.
2
2
=
wY.

—— BDT cal
—— BDT coin
BDT neu
—— ANAIS-112 cuts

.\ﬁ.ﬁ . . 16 18 2 -. .-\.‘.‘-I_‘-.v'-é - | _..‘ .-I. o . h L 15
energy (keV) energy (keV) Asynphe

. . Background before Background after
No bias Confirmed no

observed overfitting

Neutron cal. before
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Event selection (Il)

Application of event selection protocols to distinguish scintillation events from noise

2"d approach: Machine learning method

Ongoing improvements

since winter 2024, extending
the digitization window from 1.25 to 8 us and free of dead time (ANOD)

To better understand (and eventually remove) anomalous events Using the full dataset [9 dets, >8 y]
appearing at low energy with asymmetric light-sharing

0.9 [1 '2] keV .:!r-.-‘ “1 0.9 [1 ‘2] keV :'Il._

0.7 3 : : I ; . .
06 " . . o Clear separation Simulating pulses through the response

03 #

0.2F'S

0.1Fid il 1 o T c .

o B ! ST —. .. A more advanced technique is under

log(u, [us]) development to improve event classification
ANAIS + events ANOD
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| Event selection (I11)

Application of event selection protocols to distinguish scintillation events from noise

3rd approach: Deep learning method

MACHINE LEARNING
inputs feature extraction learning outputs

Traditional machine learning relies on hand-crafted
features, which are tedious and costly to develop

DEEP LEARNING

inputs feature extraction + learning outputs

Deep learning learns hierarchical representations
directly from data and scales effectively with larger
datasets

https://quantdare.com/
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Event selection (1)

Application of event selection protocols to distinguish scintillation events from noise

3rd approach: Deep learning method

Convolutional Neural Network (CNN) Implemented in Keras (Tensorflow)

ORIGINAL SIGNAL INPUT: ' PRE-PROCESSING CONVOLUTIONAL MODEL ARCHITECTURE
(2520,2) SUBSAMPLING Im()gé ghza)pe dilation_rate doubles

at each step
2D Data Grid
(2520, 2)

Kernel
Calculation

\ Sigmoid
SUBSAMPLING Parameter F (filters)

; ; Loss:  binary_crossentro
C t f4 t ry_i Py
?é’g ‘g agqregated. Redupestemporal Rebined (630, 2), : Optimizer: Adam(1e-3)
g x_train_full (1260, 2) is formed by concatenation. Metrics: AUC(name:‘auc‘)
DETAIL: ATROUS CONVOLUTION MECHANISM & RECEPTIVE FIELD EXPANSION Accuracy

Block 1: k=3, d=1 Block 2: k=3, d=2 Block 3: k=3, d=4 Block 4: k=3, d=8
000000000 000000000 000000000 O0O00OGCOCOOOS

BEEB Expansion——> [ [ W Expansion——> [l [ B Expansion——> [l [ B
I output size I output size I output size I output siz

(630) ® (530 ® (530 ® (630
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Event selection (1)

Application of event selection protocols to distinguish scintillation events from noise

3rd approach: Deep learning method

Convolutional Neural Network (CNN)

 Less interpretable compared to rule-based models (e.g., BDTs)

+ Interpretation methods include:
= Grad-CAM / saliency maps - highlight input regions driving predictions
= SHAP / LIME - estimate contribution of individual features

Activations Activations

Layer activations
show what patterns
each layer detects
in the input

Ilvan Coarasa ML for Rare Event Searches 4t COMCHA School Zaragoza, 14/04/2026 37/43



| Outline

1. Rare Event Searches
2. Dark Matter

3. Case Study I: The ANAIS Experiment
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The DarkSide-20k experiment

« Next generation LAr detector for direct detection of dark matter

« Underground in LNGS (Italy)

b 4
7
{

« Dual-phase TPC containing 50 t of underground Ar (~20 t fiducial volume)

*“\\'¢

« Instrumented with 21 m? of SiPM-based light detectors

“\\'e

« Global Argon Dark Matter Collaboration (400 scientists from 14 countries)
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https://www.youtube.com/watch?v=kl1yqlmBb4o
https://www.youtube.com/watch?v=kl1yqlmBb4o

Working principle of the dual-phase TPC

- Two readout channels: S1 (primary scintillation) +
: | S2
I SiPM Arrays (Top) }_" 1% : 4% 4 (Electroluminescence S2 (Charge Signal)
| Eemses - B ™ in Gas)
[EEsm iy P 52 » S2 light pattern gives x-y position
Extraction Grid ’ 2 AG”::

Active Argon Target: .. E::TQC % ° Dl’lft t|me giveS YA pOSition

~20 tonnes LAr

ncoming Wike— i S, « S1-S2 relative size gives particle information

Recoil Scintillation)

TPC optical plane ( ~ 21 m‘) Photo-detection unit Tile / photo-detector module
525 PDUs 16 tiles arranged into 4 channels 24 SiPMs + signal amplifier

Ivan Coarasa

Example of simulated event near the bottom plane
LP - Bottom plane LP - Top plane

-150 . .

SiPM (~ 1 cm?)

_209200 -100 0 100 200 -100 0 100 200

X [em] X [cm]
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Limitation: position reconstruction and pile-up

« The expected event rate of around 120 Hz and the maximum
drift time of 3.5 ms would result in approximately 42% pile-up
(a second event can occur while electrons of a previous event
drift) — loss of live time

« A possible solution to avoid such loss is to develop an
algorithm to reconstruct the position of S1 pulses

« If the z coordinate can be reconstructed from the S1 light
pattern, S1and S2 pulses can be unambiguously associated
when the events are spatially separated

« In this case, a specific time window can be defined in which the
S2 corresponding to a given S1is expected

Proposal:
Geant4 simulation +

Training a 2D CNN using the light patterns

t, and t, calculated from the reconstructed z from the top and bot planes
coordinate using the drift velocity
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S1-based Z reconstruction

Geant4 simulation
« e 30 keV uniformly distributed in TPC
« Light Patterns from top and bottom planes

« TPC interaction position (x, y, z) for validation

(35,35,2) (35,35, filters[0] (17,17 filters|0] (17,17 filters[1) (8,8, filters[1) (8,8,filters|2)

INPUT CONV1  MAXPOOL1 CONV2 MAXPOOL2 CONV3

n_neurons[0] M n_neurons|1]

FLATTEN DENSE1 DENSE2 OUTPUTS
Conv2D }relu), MaxPooling2D Conv2D (relu), Conv2D (relu),

Top Plane filters(0], (sizeofpool) filters{1], filters(2], ' ‘ . Denj:it(lslglear)’
padding='same’, padding="same’, padding='same’,

kernel_sz1 kernel_sz1 kernel_sz1 . .

{@ -9 ii*ﬁnu-»@-» :.;

(35,35.2) Bottom
Plan

CONV1  MAXPOOL1 CONV2 MAXPOOL2 MAXPOOL3 OUTPUTS

Previous estimates using KDE had an RMSE of approximately 60 cm,
whereas the CNN-based approach reduces it to 18 cm

Ivan Coarasa ML for Rare Event Searches 4th COMCHA School

Supervised regression with a 2D CNN to estimate the Z
coordinate from light patterns

« Training sample size: 10° events

« Randomly split into 75% training and 25% test

RMSE~18 cm

©
(9]
+—
2
©
(O]
—
o
N

Zaragoza, 14/04/2026 41/43



| Summary and conclusions

Rare Event Searches: Dark Matter
« Signal is extremely rare and hidden under dominant background
« Mitigation is multi-layered: detector design, shielding, radiopure materials, event-level discrimination

Case Study I: The ANAIS Experiment

« Traditional cut-based methods are simple but limited

« Machine learning (BDT) improves signal-background separation

- Deep learning method (CNN-1D) exploits waveform correlations to increase sensitivity
Case Study II: The DarkSide-20k Experiment

« CNN-2D applied to S1signals allows Z-position reconstruction

« ML enables precise spatial reconstruction and background rejection

Final Remarks
» Rare event searches require combining hardware, traditional analysis, and ML for maximal sensitivity

« Machine learning is not a replacement, but a powerful extension of classical methods
« Understanding the full workflow from detector design to analysis is crucial for future discoveries
« These methods are broadly applicable to other rare event physics beyond dark matter
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Yearly HEP-ML Publications
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Thank you for your attention!

a Ja
M kS O

Centro de Astroparticulas y
Fisica de Altas Energias
Universidad Zaragoza
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| Back-up
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Dark matter directionality

The average direction of the “WIMP wind” through the solar system comes from
the constellation of Cygnus, as the Sun is moving around the Galactic center

The measured track direction of NR could be used to distinguish a DM signal
from background events (expected to be uniformly distributed) and to prove
the galactic origin of a possible signal

Challenge: to reconstruct very short tracks (~1 mm in gas,
~0.1 mm in solids) for keV scale NR

-90

[ |, S < 10°
1000 2000 3000 4000 S(X!(
WIMP Flux/m™s"'sr*!

n i
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Annual modulation results with 6 years

[1-6]1keV [2-6] keV | —w— paMA/LIBRA result ANAIS-112 -

—&— ANAIS-112 6 y best fit

Best fit modulation amplitudes compatible with zero at 1o
—— Cosine-100 6.4 y best fit

Incompatible with DAMA/LIBRA at 4.0 (3.5) o for [1-6] ([2-6]) keV

1o sensitivity
exposure 6.0y
20 sensitivity
exposure 6.0 y
3G sensitivity
exposure 6.0 y é”
40 sensitivity (,o
exposure 6.0y
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5G sensitivity
exposure 6.0y

Incompatible with DAMA/LIBRA at 2.8 (1.5) o for [1-6] ([2-6]) keV
Sensitivity: 3.6 (3.3) o for [1-6] ([2-6]) keV

counts/bin (a.u.)

Sensitivity to DAMA/LIBRA result as: 8§ = ——

Incompatibility to DAMA/LIBRA result as:

2( & 2
0.02 0.03 g“(S,, )+ o
S,, (cpd/kg/keV) ( m) DAMA
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| DS20k background mitigation

Background source Mitigation strategy

3%Ar B decay Underground Ar + PSD

y from rock and y, e from materials PSD, material screening and selection

Radiogenic neutron, mostly Material screening and selection
(a,n) reaction in detector material Definition of TPC fiducial volume
Rejection from neutron veto

Surface contamination from Rn progeny Reduction of surfaces
Surface cleaning
Radon abatement system

Muon induced background Cosmogenic veto

Neutrino coherent scattering Irreducible
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