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Discussion outline

DM paradigm
The CYGNO/INITIUM experiment
PhD thesis workpoints
PMT waveform analysis
@ Tilted cosmics studies
® Alpha particles 3D tracking

@® Alpha spectroscopy

t Negative lon Drift operation
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Dark Matter - Where?

- In the past few years, several gravitational anomalies have been

found that support the existence of a new type of matter.

1. Galaxy rotation curves

2. Gravitational lensing

Universe's weight seems
inconsistent with observations....

3. Plank’s CMB measurement 4. Motion of galaxies inside clusters
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Dark Matter - Where?

- In the past few years, several gravitational anomalies have been

This “matter” dominates the universe and

found that support the existence of a new type of matter.

only interacts gravitationally...

1. Galaxy rotation curves > - Llensi !
-Gravitational lensing Commonly called Dark Matter

Best explanation (?)

e e e e e e =
e ' WIMPs :
Universe's weight seems : |
inconsistent with observations.... I (mx ~ GeVto TeV) I
3. Plank’s CMB measurement 4. Motion of galaxies inside clusters Highly justified theory independently
et predicted by extensions of the
§ - GM Standard Model at the weak-scale and
e ~_ ) T Cosmology!
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WIMPs - Challenges

...but there are some problems...

» A
Event rate is very low... There are a lot of backgrounds...
Considering: e Cosmicrays
e o, =108°%cm? e Natural radioactivity (>*8U,
e <p>=220kms" 232Th, 222Rn, “K)
e ¢,=03Gevcm? e Neutrinos from the Sun,

R << 1 events / kg / year supernovae and atmosphere

...we can try to minimize these ... or handle them in analysis

Go underground! / Use radioactive Shield the detector! |;hAC‘:Whe I?G I.el_jfd:lton
— - PURE materials! e rough siqnas Teacures
Gran Sasso d'Italia Paper  Thibomdmch Thekbomd il

June Earth
a — WIMP wind
— — / 60"
B v ~220 km/s '
~

December

neutrons
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WIMPs - How to see them?

In the WIMP model, DM forms a halo within our galaxy
+

Solar system rotates around galaxy towards Cygnus

g constellation

Earth susceptible to an apparent WIMP wind from
Cygnus direction! CYGNO wants to observe it
through direct detection of nuclear recoils

Cygnus
onstellation
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WIMPs - How to see them?

In the WIMP model, DM forms a halo within our galaxy Direct detection
* &  SM+x—SM+x
Solar system rotates around galaxy towards Cygnus

. ". M t- l 1] -l
g constellation SM particle’s recoi
Nucleus

Earth susceptible to an apparent WIMP wind from Dark Matter
Cygnus direction! CYGNO wants to observe it

: . . Particle
through direct detection of nuclear recoils
Nuclear Recoil
Cygnus R A— : ...From WIMP scattering kinematics...
onstellation — : g ! 2
WIMP Target Nucleus WIMP
from galactic halo in laboratory Elastic collision

v=220 km/s  v~0 km/s ;o /s

I Er~30 keVr :

...the nuclear recoil is non-relativistic,
of energies in the range 1 - 100 keV
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WIMPs - How to see them?

In the WIMP model, DM forms a halo within our galaxy
+

Solar system rotates around galaxy towards Cygnus

g constellation

Earth susceptible to an apparent WIMP wind from
Cygnus direction! CYGNO wants to observe it
through direct detection of nuclear recoils

e ENERGY = Excess would

T T
71| lighter WIMPs

resultin falling

exponentials.

2vents on Ge /Ke farb, Unis|
°

e TIME = Results
in a few %
annual
modulation.
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WIMPs - How to see them?

In the WIMP model, DM forms a halo within our galaxy Results in a characteristic anisotropy
+

Solar system rotates around galaxy towards Cygnus

g constellation background can mimic!

Earth susceptible to an apparent WIMP wind from S D p—-
e . Directional discrimination is a striking feature to
Cygnus direction! CYGNO wants to observe it
through direct detection of nuclear recoils

in the angular distribution of nuclear recoils = No

positively identify Dark Matter!

e ENERGY = Excess would

solar
6th Sep. . 26th Feb.
33333-5 Lp\ neutrinos 3.3333 - 5 keV

CEvNS produces NRs identical to the DM-induced ones, but,

T
|| lighter WIMPs

m, (GeV]

V (ard. Units]

Al
10|
2
0|
ol
50

resultin falling

2vents on Ge / ke

heavier WIMPs

exponentials.

v m:—:nn«vli0 = h _ v fian (V)

e TIME = Results

ina few % T = below 10 GeV/c?, we have mostly Solar neutrinos = with
annual : :

modulation.

WIMP wind

directionality*, these don’t superimpose with Cygnus, allowing us

to venture into the neutrino fog.
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L J
WIMPs - Head-tail

Galactic latitude, b

On top of the directionality, the correct identification of the

head-tail asymmetry of NRs impact the experiment's ability

0 300°
Galactic longitude, |

@

to explore the DM discovery parameter space.
O

Indeed, directional detectors can only successfully venture

the neutrino floor/fog — mitigate the background generated

N
0 001 002 003 004

by solar neutrinos - if the HT recognition is above 75%
O
Number of ®B events
The more “axis” are reconstructed, better are the regions 104 oo
that can be explored and the DM halo parameters that can be 104 105

constrained, with the less amount of data points needed.

[

107 104

10747 1047

— == Counting
— Time

Sl discovery limit (cm?)

For 3D, directional, and head-tail reconstruction, gas TPCs

Sl discovery limit at 9 GeV (cm?)

Energy + time S
1091 o Epm1keV, 9 107 |- e 1D + energy + time = = = no head/tail
. . i,

H H = 2D +energy +time === no head/tail
are one of the most promising techniques e i

102! 1 1 10-5 1 1 I 1

10° 101 102 10° 10 102 107 10! 102 108
DM mass (GeV) Exposure (ton-years)
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A CYGCNus TPC module

with Optical readout
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https://inspirehep.net/literature/1663137

CYG No - Wha+’9 -l-he geiUP? https://www.mdpi.com/2410-390X/6/1/6

Triole GEM Camera + PMT
TPC —» . —> Light from gas scintillation
Charge multiplication during electron avalanche Carbon tetrafluoride (CF4)
N -=>  Significant light yield at the
A g‘:’l‘?‘j:t ield cage [ ] ,
o field cag somenss os¥e : camera’s QE peak (~600 nm)
S il o 0% o ’ ®g
o\e ") ¢ g/ ¢ [ ) () f = 100r ;
1 sl 2; ft 3. registt l\‘ E V(“ g 80: IA\ f :OSRCA‘Fus.\on
.|0n|fal\\‘on N :, . registra |0:-1 E dg:l_» E N
= 60[-
© A.:\& © E ‘.. ‘.“ z. E 4Gf A/\ /
: o‘: o‘ \. .. ... .. g 2cf / 7’ M /\\\\_ \
[ J r
‘ § ‘ L 200 400 600 800 1000
= Wavelength [nm]
10
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https://inspirehep.net/literature/1663137

CYG NO - WM+’9 -l-he ge{UP? https://www.mdpi.com/2410-390X/6/1/6

Triole GEM Camera + PMT
TPC —» ~Hpie =t e Light from gas scintillation

Charge multiplication .
during electron avalanche

incident
\ particle field cage [ )
thod: \ segmented 7]
cathode \\ anode (pads) ® . ® g
Ly Vo [ %0 o L I
:/ [ ) £
7]
o\ © ¢ S o (]
¢ = A%
1. ionisation 2. drift 3. registration < GEM
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With the high granularity of

the camera, we measure

a-particle

energy + X & Y coordinates
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https://inspirehep.net/literature/1663137

CYG NO - WM+’9 -l-he ge{UP? https://www.mdpi.com/2410-390X/6/1/6

Camera + PMT 1. Independent
Light from gas scintillation
during electron avalanche

Triple GEM

TPC —>
¢ Charge multiplication

energy measurement.
2. Electrons times of arrival =
dZ coordinate (track’s tilt)

incident
\ particle field cage
cathode “, segmented
anode (pads)
1 » r 4 .
\ e/ ‘

e\e © [

@
o
atons

Straight track

IIIIIIIIIIIIIIIII’

3

i 1. ionisation 2. drift 3. registration

Tonization cluster:

L\e v
()
v ¢\e ¢ ‘ .‘ s g
\ S
¢ oo o ~e 00 ..."0 £
\ =
© o\o © ‘ ‘ .l. A
" [ ]
=
£
=
>
=
=
\ |
P i e i i -
N\

With the high granularity of

the camera, we measure

a-particle

energy + X & Y coordinates
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1. Independent \
energy measurement.
. Electrons times of arrival =

dZ coordinate (track’s tilt)

Straight track

IIIIIIIIIIIIIIIII’
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David Marques

-

Y [em]

X+Y+dzZ=

3D reconstructed track

Alpha_3D_vector_run_41525_pic_399_trig_1
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Some cool pictures T R T




CYGNO - Darle Matter Paracligm

CYGNO Dark Matter exploration region < 10 GeV/c?
107 ! > To observe lower WIMP masses:

10737
10—38

sy
=110

&

¢  Low thresholds are necessary, since lower my
originate lower energy recoils.

¢ Light nuclei used to maximize energy transfer.

=
T

1 WIMP-nucleon cross section [pb]

5x107 1 2 3456 10 0 30 10?7 2x10° 10
WIMP Mass [GeV]

[ e -
M
o
L
&
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CYGNO -

CYGNO Dark Matter exploration region

. L To observe lower WIMP masses:
=505 het Low thresholds are necessary, since lower my
| 2104 10+ & . . .
| G0 105 originate lower energy recoils.
10 10° ¢ . . .
: 2107 107 & Light nuclei used to maximize energy transfer.
I ;§1044 = 107 “g’
| SHOmE =4 10° 3
1 5107 T Helium (He)
=107 =102
b o = 1022 . .
I o i e ->  Light target for Slin low Fluorine (F)
I =0 ol S i T [ Y ..5310_14 )
I B P - A R " mass range + longer recoils - Heavier target to
Sy | oE e p— g intermediate WIMP
L D . i , 20-30x bigger than Xe :f
ow Density @ atm pressure §1°_ Masses.
=10
8 .
- Allows tracks of up to £ > One of the highest
illi i £ o <y E——— .
millimetres at few keV without g0 T sensitivity to SD
4 smaller masses than Xe
ici 10 2 U ST DO .
compromising exposure. 10 o mi::s(Ger'c?;o 10 coupllng.
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CYGNO - Roaclmap

Several ongoing efforts in different

fronts:

3D reconstruction
Directionality

ERvs. NR (+ML)
Shielding optimization
Background data vs. MC
DM Sensitivity

Design and Commissioning of
CYGNO_04
Enhancement of the
light yield

Negative lon drift

PHASE 0 - R&D and prototypes PHASE 1

o 1cmdrift

o 3D printed
o 20 cm drift

o Background
o Material tests

o 50 cmdrift o 1-20 cm drift o Gas purification
o Underground tests o Different GEMs o Shielding © Dark Matter searches
o MC validation o Electroluminesce o Scalability o Neutrino spectroscopy

o Negative lons

I
Acrylic box

David Marques
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LIME - The conceP+

50 L & 50 cm drift gaseous TPC with Copper ring field cage.

LIME is the
Atm pressure (910 mbar), room temperature and He:CF4, 60:40

base module

Triple 33x33 cm? GEM stack For amplification
for CYGNO-04

Optical readout = 4 PMTs + 1 sCMOS camera (ORCA Fusion)

N Z0 R 7
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LIME - The concep+

-  50L &50cm drift gaseous TPC with Copper ring field cage. )
LIME is the
-  Atm pressure (910 mbar), room temperature and He:CF4, 60:40
) o base module
=  Triple 33x33 cm? GEM stack for amplification
) . for CYGNO-04
-  Optical readout = 4 PMTs + 1 sCMOS camera (ORCA Fusion)
%  LIME was placed underground at LNGS in the beginning of 2022.
*  Commissioning: tests on DAQ, remote control, slow control, gas quality,etc.
%  Technology test in a realistic underground environment for rare event searches
%*  Staged shielding approach to validate CYGNO MC and test shielding effectivity
%  Multiple radioactive source runs : >>Fe, '3"Ba, '>?Eu, 2'Am + AmBe

.nlﬂ“’m’"n Stability

Live monitoring of detector performance & data quality
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LIME - Overar'ouncl commissiohing

< 50¢

CMOS + PMT tests e o g iome

> S F opo-
B 40F S gob- PO=105202

i
@ .. i E P1=1.02+0.1

S 350 v s0f- P2=-0.006 £0.001 \
3 30F a0f

o : E

J  Detector energy linearity measured with

2 252— . aoi—
. ; : 2 20- ,,v-’"/* 201
different energy ERs Ba 3}kev o i

O First studies to determine absolute Z - o LI N B

N N PR PN PR TU PRI Y P ST P
00 5 10 15 20 25 30 35 40 45 50
Expected energy (keV)

through diffusion

https://link.springer.com/article/10.1140/epjc/s10052-023-11988-9
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https://link.springer.com/article/10.1140/epjc/s10052-023-11988-9

LIME - Overﬂrouncl commissiohing

< 50¢
& 455 ¢ fline ~70p

E nd i 5
Hao- ° 2 line; S o PO=105202

@ .. o E P1=1.02+0.1

S 350 v s0f- P2=-0.006 £0.001 \
B 30- a0f

o ’ 5

CMOS + PMT tests

J  Detector energy linearity measured with

2 25 r'd 30
. 3 50k “ E
different energy ERs =2 i3

O First studies to determine absolute Z ey R e

N N PR PN PR TU PRI Y P ST P
00 5 10 15 20 25 30 35 40 45 50
Expected energy (keV)

through diffusion

n F|nd opt“-nal PMT trigger coincidence https://link.springer.com/article/10.1140/epjc/s10052-023-11988-9
configuration
. . . . = 20 10 E ni - keV)
m Testing trigger rate as function of bias R S z b -
. % 16;* —%— Atleast3 PMTs . . % 1’6;_ :‘::((2‘:::\),)'
voltage, time, and event energy. @ e Lo Ao, . ' 5 E pofat
12F- = =
10 .z & 8 ¥ e & & @ W ; 1 § = *,7 4 \N\;’i
s ° v B S os8f
Data taking of to later test the )3 oot oaf-
. . . oF . 2 " 0.2;
PMT-reconstruction developed for this thesis S S T T T s
PMT bias voltage [V] Distance [cm]

https://ieeexplore.ieee.org/document/9875803

David Marques 3D Tracking with the CYGNO/INITIUM experiment - PhD Thesis defense, July 2279 2025, L'Aquila



https://link.springer.com/article/10.1140/epjc/s10052-023-11988-9
https://ieeexplore.ieee.org/document/9875803

next step...

CYGNO-04

(COPPER FRONT-COVER REVITIED,

\ HO-FOLYETHYLINE BASE
=
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/\ https://www.openaccessrepository.it/records/xhxzr-k8g76

CYGNO-04 - Fhaze |

=> Test scalability on realistic scale + all ancillary systems

=> Test Feasibility of physics reach for directional DM

searches with a radiopure large detector
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https://www.openaccessrepository.it/records/xhxzr-k8g76

https://www.openaccessrepository.it/records/xhxzr-k8g76

CYGNO-04 -

=> Test scalability on realistic scale + all ancillary systems

=> Test Feasibility of physics reach for directional DM

searches with a radiopure large detector

=> Back-to-back 0.4 m3 TPC, with central cathode.

v

Projected shielding composed of 10 cm Cu + 100 cm H20

=> Low radioactivity materials selected and measured

€ Improve MC vs. data = Determine sensitivities
=>  Currently validating all the components:

¢ Camera:Orca Quest=>3*2

€ PMT: 8 * 2, with position optimized for coverage

€ Field cage: copper strips on insulator support

€& GEMs: 50x80 cm?

=> Timeline: Commissioning from Fall 2025
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https://www.openaccessrepository.it/records/xhxzr-k8g76

CYGNO-30 - Pr'ospec+9
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CYGNO-30 - Pr'ospec+9

- Composed by multiple CYGNO-04-like modules

30 - 100 m3 detector

-> Low mass (0.5 - 10 GeV) reach for directional DM
searches

= >2027

v

Expected Sl and SD (90% CL)

interaction cross-section exclusion  t10*: a1
E CDMSLite - negg =10 E, =0.5keV,, \_—/
. . ? DAMA Allowed
QF simulated with SRIM E pr——
%i == "EKG=102
E = Nggg=10°

0.5 -1 keV__energy threshold &

o Npgg = 104

30° angular resolution assumed

FUI0SE |- HeCF 6040 | ONCL | Qqpde e HOICR/CH, 58402 TTRRIIIImmmmm ]
107 = | weee He/CF,iC,H, , 58/40/2 weo-0
. \-47 e s e a2
H-doped mixtures tested = allows to 0= : : : — ol bl
1 10 DM mass (GeV/cz)1 10 DN? gnzass (GeV/c?)

explore very low DM masses!

David Marques 3D Tracking with the CYGNO/INITIUM experiment - PhD Thesis defense, July 2279 2025, L'Aquila



PhD within the
CYGNO experiment

3D Eracking with the
CYGNO/INITIUM experiment
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PhD in CYGNO - Framework

electron,
photon

A particle interacts inside our gas, He:CF4 =»

We look for the g

and are recorded.

Nuclear Recoil Electronic Recoil

David Marques 3D Tracking with the CYGNO/INITIUM experiment - PhD Thesis defense, July 2279 2025, L'Aquila



PhD in CYGNO - Framework

electron,
photon -~

A particle interacts inside our gas, He:CF4 =»

We look for the -
and are recorded.
Nuclear Recoil Electronic Recoil
Development of an algorithm for the -
reconstruction of the longitudinal track e .
pattern and absolute track drift coordinate of = £ .M___ ”

R OOV co VU NPV PITIPEY SOUOPRIPYY 0 o L "\ =
ionisation tracks With PMT Waveforms 0 200 200 600 800 1000 P3 200 200 800 300 1600 0 500 1000 1500 2000 2500 3000 3500 4000

David Marques
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PhD in CYGNO - Framework

WIMP, electron,
photon

A particle interacts inside our gas, He:CF4 =»

We look for the ionization signal = Camera

pictures and PMT waveforms are recorded.

Nuclear Recoil Electronic Recoil

Development of an algorithm for the .

1000 300

reconstruction of the longitudinal track

pattern and absolute track drift coordinate of

Ly

0 500 1000 1500 2000 2500 3000 3500 4000

ionisation tracks with PMT waveforms

Obtain full 3D tracking
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PhD in CYGNO - PMT importance

Development of an algorithm for the reconstruction of the longitudinal track pattern and

absolute track drift coordinate of ionisation tracks with PMT waveforms

Use the charge carriers’
times of arrival to
calculate the dZ (track’s

tilt)

Third coordinate (dZ)

T2
@ [ | ® 11
® (N o) N
-4 o < in
% B Al ... B
‘: i : I
111 3 b 11
o 11 T iastielacirons © 11
R e 1
Q T e g
{" First electrons L
Z=50cm Z=0cm A%‘ 2 Z=50cm
Cathode AT GEMs = < ¢ T Cathode AT=T2-T1

David Marques
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PhD in CYGNO - PMT importance

Development of an algorithm for the reconstruction of the longitudinal track pattern and

absolute track drift coordinate of ionisation tracks with PMT waveforms

¥ H 3 g
: : i 7 T2 §, tast sectrons
Third coordinate (dZ) % i i . N — oLl
(€] I 5} 11 "
Use the charge carriers’ % i Y T _
. . @ i ] : % T p
times of arrival to ¥ 4 1 § o. Ol .
11 T Last electrons 11
calculate the dZ (track’s : A" ° 1
e I H
a First electrons
tilt) Z=50cm z=0em | § 2 Z=50cm
Cathode 7~ GEMs == <3 ° 7%+ Cathode ' AT=T2.7T1
Particles deposit energy in e — Chamnel1 — Chamnel1
H — anne —— Channel 2
different ways 1500 — Chamel 3 2% Chamner3
—— Channel 4 —— Channel 4
l 5 1250 Q150
g S
Imprinted in PMT waveform g1 g oo
Q Q Q Q 5 750 s
amplitudes in time domain £ £
50
. 250
PID and Head-tail . 0
0 200 400 600 800 1000 0 200 400 600 800 1000
ADC sample [#] ADC sample [#]
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3D Eracking with the CYGNO/INITIUM experiment

Thesis work outline

PMT data reconstruction

PMT analysis validation with cosmic rays

Alpha particles 3D tracking

LIME alpha background spectroscopy with 3D tracking

PMT analysis of Negative lon Drift waveforms - first ever!
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PMT data

reconstruction

Basic data handling

waveform analysis

David Marques

— Channel 1
17
50, —— Channel 2
1500 —— Channel 3
—— Channel 4
gj 1250
* <
= 1000 =
i g 1000
£ 2
a a 750
> E
1500 < 500
250
2000 o
0 200 400 600 800 1000
ADC sample [#]
1000 1500
X pixels [#]
(a) CMOS image (b) PMT trigger #1
—— Charrel 1 600 —— Channel 1
200{ — Charrel 7 —— Channel 2
—— Charrel 3 500 —— Channel 3
~—— Charrel 4 ~—— Channel 4
S o=
g1s0 g 400
= s
2 <€ 300
2100 2
E £
& £ 200
50
100
0 0 by s, 1 |
0 200 400 600 800 1000 o 200 400 600 800 1000

ADC sample [#]

(c) PMT trigger #2
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(d) PMT trigger #3




PhD Reco - Waveform analysic

O First CYGNO official PMT analysis [

PMT reconstruction = Full integration of waveforms information
within CYGNO's data framework.
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PhD Reco - Waveform analysic

O First CYGNO official PMT analysis [

PMT reconstruction = Full integration of waveforms information
within CYGNO's data framework. e e

>  Steps: - e = s
€ PMTs readout by digitizers => Retrieve data from DAQ “ “ ;‘"’
€  Update the waveforms with digitizer corrections — oty )
€ Apply basic Filters for HF noise and amplitude correction. : e . &%
€ Employ peak Finder with simple parameters with
possibility of tuning, and other variables °
€ Create a TTree with the PMT reconstructed variables and 600

ADC counts [#]

integration in the cygno analysis framework

€ Create a framework that allows for analysis of PMT

events stand-alone and together with camera. ¢ A A dester 8

Samples [#]
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PhD Reco - ~ull in+egm+ion

Rundown of the variables:

e pmt_wf_[run/event/trigger/channel/sampling] = Basicinfo of each waveform

e pmt_[baseline/RMS] = Baseline and RMS. Useful to check quality of data

e pmt_tot_[integral/charge] = Sum and conversion of all samples of a waveform

e pmt_max_ampl = Waveform’'s max amplitude. Useful for PID (alpha’s high signal)
e pmt_nPeaks = Waveform’'s number of peaks. Useful for PID (*>Fe’s single peak)
e pmt_peak_[Position/Height/Halfwidth/Fullwidth] = Basic implementation.
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PhD Reco - ~ull in+egm+ion

Rundown of the variables:

e pmt_wf_[run/event/trigger/channel/sampling] = Basicinfo of each waveform

e pmt_[baseline/RMS] = Baseline and RMS. Useful to check quality of data

e pmt_tot_[integral/charge] = Sum and conversion of all samples of a waveform

e pmt_max_ampl = Waveform’s max amplitude. Useful for PID (alpha’s high signal)
e pmt_nPeaks = Waveform’'s number of peaks. Useful for PID (*>Fe’s single peak)
e pmt_peak_[Position/Height/Halfwidth/Fullwidth] = Basic implementation.

%  Compatible with different
prototypes, with different

amount of PMTs.

PMT_fast_run_21600_ev_9_tr_0_ch_1.png PMT_fast_run_21600_ev_9_tr_0_ch_2.png ‘GEM_fast_run_21600_ev_9_tr_0_ch_5.png

%  Easy to adapt and optimize.
%  Addition of GEM signals
recording for LIME R&D

PMT_slow_run_21600_ev_9_tr_0_ch_2.png PMT_slow_run_21600_ev_9_tr_0_ch_3.png
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PMT data reconstruction

Tilted cosmics study

Making use of the PMT-reconstruction
developed and time-over-threshold variable to

calculate the zenith incident angle of cosmic

muons in LIME
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PMT Reco - Tited cosmics

Motivation:
e Test the data acquisition system of the PMT signals and validate the

PMT-reco waveform reconstruction techniques & capabilities.
Method:

e Using scintillator bars on top and bottom of LIME, record muon tracks

with well-defined orientation, given by the coincidence of the bars

Outcome:

e  Evaluate cosmic ray flux at ground and its directional dependence w.r.t.

®(0) [m?stsr]

Z8

the zenith angle = proportional to cos?(®)*

Analysis & Math:
1. Calculate the zenith angle -y \

2. Calculate the event rate - N/At
3. Calculate the geometric acceptance - AQ
4

Efficiency (g€) and area (S) are known

Expected results...
*hitps://dx.doi.org/10.1088/1475-7516/2023/04/025

o]
o

T T
—— P, >0.91GeVic| 7
—e— P, >0.62 GeV/c|_
—— P, >0.33GeVic

Ry
=]
TTT 1777

\r
! ‘—20‘ — 0 — I20I ' l40l Ie[;jggoree]
N
(I) Pm, — K
1PU %) = 5 Ag At
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Tilted Cosmics - Experimental setup

Setup:
-  Two scintillator bars placed on top and bottom of LIME. LIME DAQ triggered by coincidence of two scintillators. ™

€ 3 different scintillator positions = By geometry, only certains angles are possible

Accuracy:
e  This configuration actually allows for cosmics to enter and trigger from the side of LIME - clipped muons.

e Random coincidences from radioactivity or secondary particles are also possible. ;

e Amount of data points limited by system geometry (large Faraday cage). = Each point takes ~1 week.

\ 107 cm
o _Topsamtatr@e=my 7em
| \ |
| \\p 18.5cm |
| |
Ay
: Field cage \\ l 13.5 cm :
________ N |
E : 5 : \ : | z \\
a o |! \ 1 Camera -
< @ | \ i | €
| o[ WY I | PMTs 2
-3 = o 1
P 21 < [ | e
| l______________\____' | "
| | 5
| £ N | =
I 3 \ 54/31cm | q
| Faraday cage —~ \ | -
L o e i e e e e e e o e e N e e e e e e 1

N
Bottom scintillator l;l
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Tilted Cosmics - Ana\ysis

Analysis method: s, | oraf-fhamber A
1.  Calculate the zenith angle from the PMT - ; b@ | Tiddfttme §
o  Get the Time over threshold of the weighted 1251 A

T2 drift time

=
o
o

average waveform (see bckp)

Drift speed on
He:CF4 ~ 7cm/us

ADC counts (#)
~
w

. . . . . AT=T2-T1
o Multiply with e- drift velocity in He:CF, 60:40 -
(~5.5 cm/ps) to get travelled Z 25
o  Use LIME's height to calculate the final 01
0 1000 2000 3000 4000
incidence angle SAEIPESIE)
AZ = ] Angle #1 %= 3007 _ Angle #2 =
P = tan ! [ —— % wih| ¢ Ea o R
hiime S Wom oistsoss| O Mo 2705008 O Moan 6307 50,039
Sigma  2.81% 0.0 200 Sigma_ 2.328 +0.045 Sigma 2.116 +0.025
200(~ 400~
100
100+ \ 7 200
%  Compare obtained angle with geometrically o S, | ped .,
061620 50 40 50 60 70 80 90 0816565640 5060~ 708550 04462630~ 40 5060~ 76~86~00
accepted and simulated ones it Araet Aot
(a) Angle #1 (b) Angle #2 (c) Angle #3
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Tilted Cosmics - Ana\ysis

Analysis method:

2. Calculate the event rate for each of the 3 angle configurations
o  Retrieved from the DAQ timestamps of each run, predefined to have 100 events.

o  With event rate below 0.1 Hz, inefficiencies due to dead-time or overlap are negligible.

el 35F Angle 1
- - [ ]Angle 1 Entries 130
£ = %2/ ndf 12/23
= 4 - angle 2 Constant 8.50 +1.14
© = [ JAngle 3 Mean 0.0536 + 0.0006
25— Sigma 0.00527 + 0.00064

= Angle 2
20— Entries 289
- X2/ ndf 15.1/20
C Constant 276+20
15— Mean 0.0386 + 0.0002
- Sigma 0.00368 + 0.00017

10— Angle 3
- Entries 216
C %2/ ndf 25.8/32
5 Constant 11£1.2
- Mean 0.0697 + 0.0006
ok L Sigma 0.00664 + 0.00063

0.02 0.04 0.06 0.08 0.1

Event rate [ s]

= The differences in event rate of each dataset highlights the variations in flux and geometrical acceptance between them
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Tilted Cosmics - Analysis

Analysis method:

3. Simulation of the geometrical acceptance

o A GEANT4 simulation was designed with a simple 3-body
schematic representing the two scintillator bars and the
LIME sensitive gas volume.

o  For each geometry, muons with an energy of 4 GeV were
shot randomly from top scintillator creating a isotropic flux
of muons in 3D.

o The geometrical acceptanceis calculated from ratio
between the scintillators coincidence and total shot

particles.

GA = (Nhit>*7t*3
Ntotal
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Tilted Cosmics - Results

N
(P, = ) = ®1(0°) - cos™
(PR W) = B i) = §1(0°) - cos™ ()
— 100 e (angle, flux)
i = —— data fit
% 90—
o e T cos"2.0(y)
E, 80— T
x F %2/ ndf 0.01265/ 1
T 705— (0°) 83.01+ 3.992
60f- n 1.698 + 0.4379
50E-
40F-
30F-
20F-
10
) S R B E R BRI R B i
0 0.2 0.4 0.6 0.8 1 1.2 1.4
Measured angle vy [rad]
®7(0°) = 83.01 + 3.99 m 2sr ls! n = 1.698 + 0.438
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Tilted Cosmics - Results

N
O (P, b) =S AB At ®1(p) = @1(0°) - cos™ (V)
Authors P: Alt. P, n value @,(0°)
— 100 e (angle, flux) (GV) | (m) | (GeV/e) (m? sr s)~!
- —— data fit Pethuraj et al. [34] | 17.6 | 160 | >0.11 [ 2.00+0.16 | 70.07+5.26
f 905_ ----- cos"2.0(y) Sogarwal et al. [35] | 16.38 | SL | >0.25 | 2.10+0.25 | 66.70+1.54
% so;— T 0_01265/'1 S. Pal et al. [36].- 16 | SL | =028 [215£0.01 | 62.17+0.05
i 70;_ ®(0°) - Bhattacharyya [37] 14 24 2;014 llfr’l;i:(;).lll
605— n Tu698 H0:4979 Arneodo et al. [38] 14 SL >0.04 | 1.91+0.18 75.4+1.4
50F- Present data 9.6 | 38 | =033 [1.82+0.11 | 68.77+£1.94
40E- >0.62 | 1.72+0.10 | 61.49+1.44
E >0.91 | 1.7240.10 | 56.66+1.60
30 = CRY (23] 96 | SL | =033 2.02 69.26
20~ >0.62 1.95 63.02
10E- >0.91 1.87 56.80
0: T P T T . . ™ Riggi et al. [33] 8 [3100| =02 |1.83+0.13 83.48
0 0.2 0.4 0.6 0.8 1 1.2 1.4 Judge and Nash [39] | 2.5 SL >0.7 1.96+0.22
Measured angle vy [rad]
= Results consistent within
®;(0°) = 83.01 + 3.99 m 2sr ls! n = 1.698 + 0.438

published data
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Tilted Cosmics - Conclusions

N i .
QUPT, W) = e B D) = ©1(0°) - cos™(W) Conclusions:
e CYGNO PMT-DAQ working properly
& 1 "ol e PMT waveform reconstruction validated
% 90 '
N e S s eas52.00y) . e ToTis areliable variable to assess the track's AZ
g X2/ ndf 0.01265/ 1

e R e  Study could be improve with more angles and more

n 1696 £04370 precision in the dimensions measurements

e Similar studies are being carried out to study the
transverse and longitudinal diffusions of MIP-like

particles selecting vertical-only muons

[¢)]
o
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII|IIII|IIII|IIII

00 I0!2I I I0!4I I I0!6I I I0.8I - 1 = I1!2I I I1?4I ..
Measured angle y [rad] = Assessment of efficiency of PMT Reco
developed and implemented
®1(0°) = 83.01 + 3.99 m st !s7! n = 1.698 + 0.438 = First CYGNO Full PMT analysis
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Alpha_3D_vector_run_41525_pic_399_trig_1

Alpha particles 3D <=
tracking

] — ]
20
30 28 o5 [ A

Y [em]
&

PMT and sCMOS analysis integration into a -
complete CYGNO analysis framework for 3D Y e . X\d
directional event reconstruction (including o 2 ’ ’;“. Z
head-tail) of alpha particles in LIME . LT
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7

Alpha particles 3D tracking

1. CMOS analysis
1.1. Track's XY absolute position and pixel intensity

1.2.  Directionality algorithm applied to retrieve the ¢ angle

Light intensity [a.u]

1.3.  Track transverse profile to retrieve absolute Z

2. PMT analysis
2.1.  Waveform time-over-threshold to determine track’'s AZ

3
t

5 i 15 200 25 30 35 40 5 10 is 20 25 30
Pixels [#] Pixels [#]

2.2. Bragg peak analysis to determine the sign of 6 angle

,,,,,,,,,,,,

3. Combined analysis / e e
\ |
3.1.  Matching alpha track in the CMOS and PMT using the BAT-fit [] ; [m\

S RS

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

3.2. Merging all the information to retrieve value of 8 angle

BAT - CAM association

2000 - PMT
+ CAM

¥ pixels [#]

=  Alpha 3D vector in space achieved

a0
X
2Ziem ¥ B B HE 2

€ Results: Alpha spectroscopy in LIME using obtained 3D length S

00
X pixels [#]
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7

¥ pixels [#]
g

Alpha particles 3D tracking

500 | 76.300077

1. CMOS analysis
1.1. Track's XY absolute position and pixel intensity

]
g

1.2. Directionality algorithm applied to retrieve the ¢ angle

Light intensity [a.u]

1.3.  Track transverse profile to retrieve absolute Z

510015200 25 30 35 40
Pixels [#]

David Marques 3D Tracking with the CYGNO/INITIUM experiment - PhD Thesis defense, July 2279 2025, L'Aquila



CMOS analysis -

e The analysis of the CMOS images starts with a
which clusters
groups of pixels belonging to the same
ionization event.
o For , each can be selected

through its: light integral, length,

slimness, photon density, dE/dx, etc.

Directional iDBSCAN to detect cosmic-ray tracks for the CYGNO experiment - IOPscience
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David Marques

CMOS analysis -

e The analysis of the CMOS images starts with a
which clusters
groups of pixels belonging to the same
ionization event.
o For , each can be selected

through its: light integral, length,

slimness, photon density, dE/dx, etc.

Directional iDBSCAN to detect cosmic-ray tracks for the CYGNO experiment - IOPscience

Alpha tracks are here initially selected = similar to
NRs but longer and easier to “3D Track”

Fake sensor noise clusters were analysed in terms of
length and width in pedestal runs and the removed.
Then I select events with high dE/dx (6 > 25), easily
separable from ERs/MIPs.

]

100 e o
ot 4 : 200

C_nhits

180

gral/s

160

sc_inte

140

3

120
100

80
60

40

20
P B R R (1 P
1000 1200 1400 1600 1800
sc_integral [light a.u.]

PR T N I SN T B l
200 400 600 800
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CMOS analysis - & angle

e The directionality algorithm - initially optimized by S. Torelli’ for ERs — was further tuned For alpha particles.

e The algorithm starts by identifying the track’s major axis (a), then estimates the interaction point (IP) (b); then it refines the
track direction by reweighting pixel intensities relative to the IP (c); and determines the final orientation of the track (d).

e The XY (2D) length automatically comes out as the distance between the edgemost pixels.

e Foralpha particles, two free parameters were adjusted to account for their broader electron cloud and straighter tracks,

simplifying the direction and sense reconstruction, without the need for intensive optimization.

= = 240 ¥ F
E [ E [ 6 erok: 2 00 T
§ 800 (a) as0 L (b) = 3 600 (C) § 161.252612 oso
x x , & F
< s50- oo ss0f o > 550k > s50F (d) o0
E {250 16c E\\ 250
500F 500 —140 500k i 5001 S
r 200 120 £ ~ 200
450F - 450F 100 450 \ 450F s
£ 80 F
400F 100 400 60 400F 400 100
E 3 1 40 2 E '\
3501 0 350F 20 350 350F o
Lot L I | | 1 I I I I f i 3 Eo. | | | |
1700 1800 1900 2000 2100 ° 1700 1800 1900 2000 2100 17003800 1900 2000 2100 1700 1800 1900 2000 2100 °
X pixels [#] X_pixels [#] X pixels [#] X pixels [#]
(a) Alpha - Original (b) Alpha - IP (c) Alpha - IP + re-weighted pixels (d) Alpha — Initial direction angle
.
Reconstructed info here: * AXY * XY angle (¢)

Thttps://www.arxiv.org/abs/2408.03760
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CMOS analysis - Absolute 7

e In experiments like CYGNOQ, there is no information about the start
position of the event (t0 or trigger).

e The absolute Z position is determined by through the diffusion of the
electron cloud = fitting the transverse distribution of light of the
alpha track’s major axis = Transverse profile

e Agaussian fit does not present well this distribution. The RMS results

in a better description of the distro.

— x10° Entries 8923
s00F- = 70 RMS 7.20
o > cobE *Jrii*\ %2/ ndf 378.60/37
® SiE- 4T b N c 65995.62
7o0f- £k /ﬁ+ BN " 20.37
650 _E’ 405_ ﬁ+ N c 7.47
=3 30 I X+ (B -1817.35
e %
550 10; ***_ {**
Bt ! L L ! it
s % 5 10 15 20 25 30 35 0
800 850 900 950 1000 1050 PiXEIS I#]
5 02 — op2 0.=129.7 + 3.1 ym/cm'/2
o7? 0, =780 + 30 pm/cm'/2
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CMOS analysis - Absolute 7

e Inexperiments like CYGNO, there is no information about the start 0

Entries 63552

Counts[#]
T

position of the event (t0 or trigger). -
0.8—
e The absolute Z position is determined by through the diffusion of the -
0.6—
electron cloud = Fitting the transverse distribution of light of the -
0.4—

alpha track’s major axis = Transverse profile

0.2

e Agaussian fit does not present well this distribution. The RMS results

WMWY,/ /i insisittves
—-40 -20 0 20 40 60 80 100

in a better description of the distro. Seplenl
=>»  Peaks at 50 cm, the length of LIME.
—_ 5103 Entries 8923
& 70 e AMS 720 -  Offset below 0 cm due to
ok Z 60F- J:)r ﬁ x2/ndf 378.60/37
£ ME A4+ e P limitations of the formula and
g 40 1+ %\ o 7.47
T 0E yjﬁ Ry le oo parameters measurement
N DI D .. P =  Usable to hint absolute Z position
509 800 850 900 950 1000 1050 0 5 1 0 1 5 20 25 30 35 PlXe“Ig I#]
=>  First indication of higher amount
P =2 - + 1/2
z-2 0r=129.7+3.1 pm/ sz of events at cathode level
oT 0, =780 + 30 pm/cm"/
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Alpha particles 3D tracking

2. PMT analysis

2.1.  Waveform time-over-threshold to determine track's AZ /N N Ty z ]
1 1| 3 1
2.2. Bragg peak analysis to determine the sign of 8 angle ! JL\ ;ff‘\?T; jl&\w ‘:j"fi;%:

“““““““““““““““““““““““““““““
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3D Events - PMT analysis

=> The PMTs gives us information regarding the longitudinal coordinate Z, and allows us to close the 3D geometry

E E
2 [ 2
S sl 5
400—
8 "k 8
[ 3]
a I a
< 300f- <
200
100~
0
L P R B N
200 400 600 800 1000
Sample [#]
WF_run_22100_evt_40_trg_0_ch_4
= [ )
2 L2
€ 2000(— S
5 5
8 [ 8
F 9}
8 3
<1500 <
1000[—
500~
0
L P I EUEI B
200 400 600 800 1000
Sample [#]

T T T T T T [ T [ T

MR
= T I B R
200 200 600 800 1000
Sample [#]

@
S
S

IS
3
S

T W | I
200 400 600 800 1000

Sample [#]
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3D Events - PMT analysis

=> The PMTs gives us information regarding the longitudinal coordinate Z, and allows us to close the 3D geometry

1. Time-over-Threshold = Traveled Z
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3D Events - PMT analysis

=> The PMTs gives us information regarding the longitudinal coordinate Z, and allows us to close the 3D geometry

. WF_run_22100_evt_40_trg 0 1 WF_run_22100_evt_40_trg_0_ch_2
1. Time-over-Threshold = Traveled Z
2. Ratio between TOT20 and TOT30 + number of peaks g
used to identify alpha waveforms = PID

- ~ 0,

% % WF_run_22100_evt_40_trg_ 0_ch_4 WF_run_22100_evt_40_trg_0_ch_3

§ : : |

0- 260 460 660 860 10ll)0 0 260 460 660 860 10|00 : : : : : :
Time sample [#] Time sample [#]
(a) ER event (b) Alpha event
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3D Events - PMT analysis

=> The PMTs gives us information regarding the longitudinal coordinate Z, and allows us to close the 3D geometry
1. Time-over-Threshold = Traveled Z : s b 40_trg_0_ch_1 p 40_1g_0_ch 2
2. Ratio between TOT20 and TOT30 + number of peaks 3’ A ’

used to identify alpha waveforms = PID ‘ @ | 7

3. Bragg peak position = Moving towards GEMs or
cathode
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3D Events - PMT analysis

=> The PMTs gives us information regarding the longitudinal coordinate Z, and allows us to close the 3D geometry

1. Time-over-Threshold = Traveled Z

2. Ratio between TOT20 and TOT30 + number of peaks

ADC counts [#]
ADC counts [#]

used to identify alpha waveforms = PID

3. Bragg peak position = Moving towards GEMs or

cathode i S
) B PRI PRI P N I
200 400 600 800 1000 200 400 600 800 1000

Sample [#] Sample [#]

= F = 700F
* 2 r 2 F
Reconstructed info here:
o o =
2 F 8 soof
. <1500 < F
*AZ * Z angle (0) sign i
1000[- a00f
r 200f
500 F
n 100
of OE

T HU U B Y U T SR E R R

200 30 500 800 7000 200 300 500 800 7000
Sample [#] Sample [#]
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Alpha particles 3D tracking

3. Combined analysis
3.1. Matching alpha track in the CMOS and PMT using the BAT-fit

3.2. Merging all the information to retrieve value of 8 angle

BAT - CAM association

=
g . + CAM

00
X pixels [#]
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LIME -

PMT plane
plane
CMOs
plane -
[zt
L
&1
43 cm 19cm "

-  50L &50 cm drift gaseous TPC
-  He:CF4, 60:40,1 Atm (910 mbar), 293 K
- 4 PMTs + 1sCMOS camera
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LIME -

Run 41000, event 1

GEM
PMT plane e
plane 1500
CMOs 1250
plane - gmno
- e sompe = 13317
Run 41000, event 2
Long ER
43 cm 19 cm 0
® 10
3 <
-  50L &50 cm drift gaseous TPC s
Low-energy ER : -
-  He:CF4, 60:40,1 Atm (910 mbar), 293 K M
- 4 PMTs + 1sCMOS camera k
> Oneevent= 1000 1500 2000 —
X pixels [#] e
4 1CMOS pic:R, =500 ms oo
_ * *
¢ X PMT WFs = Ntriggers NPMTs Ndigitiz :
° RM:1.3 ns &4 ns

400 600 800 1000
Time [Sample = 1.3(3) ns]
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Run 41000, event 1

LIME -

PMT plane

plane
CMOS

plane -

Amplitude [AD1]

Time [Sample = 1.3(3) ns]

Run 41000, event 2

Long ER

43 cm 19cm

Amplitude [ADC]

50 L & 50 cm drift gaseous TPC
He:CF4, 60:40, 1 Atm (910 mbar), 293 K
4 PMTs + 1 sCMOS camera

s 202

One event = 1000 1500 2000 I
X pixels [#]

4 1CMOS pic:R, =500 ms
L 2 XPMT WFs=N *N *N

triggers PMTs digitiz
e R,=13ns&4ns

—— Channel 1
—— Channel 2
~—— Channel 3
—— Channel 4

Amplitude [ADC]

> The information needs to be matched! ;

800 1000

400 600
Time [Sample = 1.3(3) ns]
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3D Events - One-to-One association

=>  To Fully reconstruct the information of one event, we developed a 1-to-1 association to merge the CMOS

clusters to PMT triggers, using the event's light barycenter.
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3D Events -

=>  To Fully reconstruct the information of one event, we developed a 1-to-1 association to merge the CMOS

clusters to PMT triggers, using the event's light barycenter.

1. Light (L,) seen by each PMT depends on their f. = o
‘ =
relative positions wrt light emission (R,) o e |
= Juad Quad 2 2,0
E G 1 . Q g ‘\\‘\“

GEM plane it e 200 :gg sampseo[ux] 800 1000

) A (XJ-YJ) (b) Trigger #1
1500 2000 .\ —— Channel 1
.2 i\ = e
& L_] A] Ai COS 01‘] giso0 oy Channel &

— 5 2000 < [ {
Ri 3 Quad 4 Quad 3 2 1000 ‘ |
J 500 1000 1500 2000 §‘ J'/Nq v\‘
X Pixels [#] L / L\h\

L L] (a) CMOS image , M\»«v\w
ZJ Ex R_‘/l 0 200 400 600 8oc 1000

l_] ADC sample [#]

(c) Trigger #2

i-th PMT . . .. .
(X, Y) ...through the relative amplitudes of each PMT it is possible to

determine the overall position of the event in the CMOS FoV...

https://arxiv.ora/pdf/2506.04973 (as corresponding author)
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https://arxiv.org/pdf/2506.04973

3D Events -

=>  To Fully reconstruct the information of one event, we developed a 1-to-1 association to merge the CMOS

clusters to PMT triggers, using the event's light barycenter.

2. Weintegrate the waveform charge in a given time window, and then apply a multi-variable Bayesian Fit to
retrieve the (x, y, L) information of the track as seen by the PMTs.

a. Initially performed for **Fe ERs given their spot-like shape

_ plix}l6) - n(8)

pei) = 2T
— Cramel 3 -1 (Qij — Lj;(0))?
300 —— Channel 4 r({x}10) = ]11 g \/Z_T[O'ij - exp < — 20_%

Amplitude [ADC]

150 200 250 300 350 400 450 Ry = \/(Xj — xi)2 + (y; — Yi)* 4 h2

ADC sample [#]

https://arxiv.ora/pdf/2506.04973 (as corresponding author)
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3D Events -

=>  To Fully reconstruct the information of one event, we developed a 1-to-1 association to merge the CMOS

clusters to PMT triggers, using the event's light barycenter.

3. With(x,y, L) from the PMTs, we compare it with the CMOS clusters and assign them through the closest neighbor.
a. | extended this work for alphas through the ‘slice-and-fit’ method of the ToT variable.

i. ToTis cutin spot-like slices which are individually Fitted, create a trail of of XY points (“track”)

Amplitude [adu]

0200 400 600 800 1000
Time sample [#]

https://arxiv.ora/pdf/2506.04973 (as corresponding author)
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3D Events -

=>  To Fully reconstruct the information of one event, we developed a 1-to-1 association to merge the CMOS

clusters to PMT triggers, using the event's light barycenter.

3. With(x,y, L) from the PMTs, we compare it with the CMOS clusters and assign them through the closest neighbor.
a. | extended this work for alphas through the ‘slice-and-fit’ method of the ToT variable.

i. ToTis cutin spot-like slices which are individually Fitted, create a trail of of XY points (“track”)

::Iw-n = 2&0»47 Xpmr - Xcanm
[ Mean: -0.07cm Mean: -1.9 cm
80 Std: 0.85cm 25000 B 5ig:1.9cm
Yeur —gc;u
1 Mean: 0.2cm = Your - Yoau
Teo Std: 1.6cm £ 20000 =3 Mean: 0.2 cm
£ 5] Std: 1.9 cm
= 0 o
= =) 15000
= < a0 £
> 8 310000
= o
&)
= 20 T‘
8 | 5000
2
a P P -
E -100 -i5 -50 -25 00 25 50 75 100 0 —35 -5 ) 5 10
Residuals [cm] Residuals [cm]

...deviations below < 2cm when comparing with the CMOS...

C I
0200 400 600 800 1000
Time sample [#] httos://arxiv.ora/pdf/2506.04973 (as corresponding author)
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3D Events - CMOS-PMT 3D reco

=>  Once the two sensors are matched, the final component (6) can be calculated: 0 = arctan <—AAXZY>
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3D Events - CMOS-PMT 3D reco

=> Once the two sensors are matched, the final component (0) can be calculated: 0 = arctan ( AZ )

AXY
Reconstructed info at l‘.hiS stage: Alpha_3D_vector_run_41525_pic_399 trig_1
3D Alpha information
e CMOS: AXY + Phi (¢) + Abs Z [ 1 : B
- Travelled Z = 2.25 cm
e PMT: AZ+Sign of Theta (6) — n R o e
E‘ ] 47— | ——————— = 3Dalphalength (cm) = 4.52
e Mixed: Value of Theta (0) >
o 3D length 12 .
o 3D direction + Head-tail .
&
- \\\\
B 724
1 22
205
30 o8 1877\
2 i 26 24 57,0 16
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3D Events - CMOS-PMT 3D reco

=>  Once the two sensors are matched, the final component (6) can be calculated: 0 = arctan <—AAXZY>

Reconstructed info at this stage: Alpha_3D_vector_run_41525_pic_399_trig_1
e CMOS: AXY + Phi (¢) + Abs Z T T g
e PMT: AZ+Sign of Theta (8) - 4\ ()H
e Mixed: Value of Theta (6) 14
o 3D length 12 )
o 3D direction + Head-tail .
8-
= 3D reconstruction is a landmark for CYGNO 6_3 \\724
within the scope of directional DM searches and S N S ” f\d‘\\
Z [cm] 22 20

overall TPC tracking capabilities
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Alpha particles 3D tracking

= 7 =
Py / Py \
§ resof- oo G e00- \
a s N
> 1600 < s
| oo
1550 700F-
Lok o0 esof
600}
1asol o0
5507
i // 55.606045 e 500 76.300377
13501/ ke \
bk s vy o 50 L , ) L
1000 1500 2000 750 800 850 900 O 100 o 1100 1150 1200 1250
X pixels [#] X pixels [#] X pixels [#]
.
- (e Entros  11069| o ! Entries 6586
f +++ i Mean 2094| & JeHL Mean 15.14
++ + swDev  78%1) Z S0 ++ + StdDev 5881
£ 4 + £ ) o T
E + by % 30 + 2
+ +, i + +
o~ e 20| Flad +
L e b 0F > s
5 10 15 20 25 30 40 5 10 15 20 25
Pixels [#]

30
Pixels [#]

WE run 41525 0v.999.19.0.ch 4

BAT - CAM association

2000~ - PMT
+ CAM
ool #

=  Alpha 3D vector in space achieved

¥ pixels [#]

€ Results: Alpha spectroscopy in LIME using obtained 3D length

David Marques
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Dual sensor 3D analysis

Objectives:
m Similarity to NRs at first order, providing good analysis template.
m Complement the previous LIME background studies, shining light to some inconsistencies.

m Different detector materials were studied, highlighting different isotope contributions to the overall background.

m The presence of Rn was studied in more detail, leading to design updates for upcoming detectors.
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1- F. di Giambeattista, Background study of the LIME prototype at underground LNGS for the CYGNO experiment, Ph.D. thesis (2024) ¢

3D Analysis - BG studies conclusions

Phase Shielding GEMV [V] # pictures Live time [s] Rate PMTs [Hz]
Run 1 None 420 285665 175627 30
Run 2 4 cm Cu 440 297992 191382 3.5
Run 3 10 cm Cu 440 171579 191471 1.6
Run 4 +40 cm H20 Great external neutron suppression = Under analysis...
3 i :::::':’ﬂ';’: fund backoround K +  simulation Run2 background +  simulation Run3 background
A *% T ,m.%q T roven
.0 i“ M
+ i WW \

a0 60
Energy [keV] “Eneray tkev]

=>  Shielding strongly suppressed external background
=>  Differencein Runs 2 & 3 attributed to internal background
excess (contaminations of the detector — materials, gas, etc.)

& LIME was not meant to be radiopure
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1- F. di Giambeattista, Background study of the LIME prototype at underground LNGS for the CYGNO experiment, Ph.D. thesis (2024) ; =Y G S
CAGNO

3D Analysis - BG studies conclusions

Phase Shielding GEMV[V] | #pictures | Livetime[s] | Rate PMTs [Hz] = iZiiiiii
Run 1 None 420 285665 175627 30 = p
Run 2 4cm Cu 440 297992 191382 35 5 = §i§§
Run 3 10 cm Cu 440 171579 191471 1.6 —
Run 4 +40 cm H20 Great external neutron suppression = Under analysis... lom E g Eagg‘z E?
i i o ?.% e m - i
* M "y W Ly, W
3 g | g | F M . .
_ * _ { WWW -  When studying the 2D length of alphas’, it was
) h ‘ MWWHWMM found (with low certainty) what could be the alpha
\ | wmm peaks of the 222Rn chain
- This chain has additional beta decays at 1.2 and 3.3
=>  Shielding strongly suppressed external background MeV, leading to betas and Compton scattered ERs,
=>  Differencein Runs 2 & 3 attributed to internal background which contribute to a diffuse background
excess (contaminations of the detector — materials, gas, etc.) =  The introduction of the 3D reco could
® LIME was not meant to be radiopure confirm/reject this hypothesis...
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12 jul - 17 jul
17 jul - 18 jul
18 jul - 19 jul
29 sep - 2 oct
2 oct-3oct
3 oct-4oct
4 oct -5 oct
5 oct- 6 oct
6 oct-7 oct
7 oct - 8 oct 150
8 oct-9oct
9 oct-10 oct
31 oct - 2 nov
22 may - 23 may 100
23 may - 24 may
24 may - 25 may

0.004

250

Counts [#]

200

0.003

1]

0.002

Rate [Events/s]

0.001

50

\|I\‘II\[|I\\I|\II\‘II\I|

i

G e T
1 2 3 4 5 6 7 8 9
20 40 60 80 100 3D Iength [Cm]

Length [mm]
2D = 3D

0.000

o

=>  The transition from 2D to 3D definitely cleared the spectrum, and allowed for a more detailed analysis!
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3D Events - True track 3D Ienaﬂw

- The measured 3D length typically results greater than the actual range due to the smearing of the primary ionization

cloud which is degraded by diffusion during drift and amplification + by the detector response = minimum XYZ signal
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3D Events - True track 3D Ien3+h

- The measured 3D length typically results greater than the actual range due to the smearing of the primary ionization

cloud which is degraded by diffusion during drift and amplification + by the detector response = minimum XYZ signal

€ Forthe CMOS, images of alpha tracks were generated starting from GEANT4 simulations which are then

smearing simulating the CYGNO detector effects. The difference between before and after smearing give an
estimate of the detector effect for alphas.

n

@  For the PMT, the signals from a >>Fe source (spot-like) were analysed and assumed as the “minimal visible signal”.

T 100
7.05+0.06 mm | 4.767 £ 0.002 mm

! 80
E . .
g ©0 -  Preliminary approach!
g =  Other methods under
<

2p \ study in the collaboration
01 A
6 8 10 0 200 400 600 800 1000
2D length difference [mm] Samples (#)

Final result: 3D length correction factor = 8.51 * 0.06 (stat.) £ 0.85 (syst.) mm
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"https://www.sciencedirect.com/science/article/pii/S187538921400635X 2via%3Dihub
2https://iopscience.iop.ora/article/10.1088/1748-0221/12/06/P06021

Alphas - 3D length

¥ 250[—
2 B 3D alpha
< B
3 200/ length (cm)
150 —
100 —
50—
0_\IIAII\Il\VII]\II\llllll\lll‘l I\!erﬂ\nh—dk—-
0 1 2 8 4 5 6 7 8 9

3D length [cm]
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"https://www.sciencedirect.com/science/article/pii/S187538921400635X 2via%3Dihub
2

https://iopscience.iop.org/article/10.1088/1748-0221/12/06/P06021

Alphas - 3D length

1 1
= - — i How to associate them to actual decays? i
= L Rn —
(2] um 1 1
€ 20 3Dalpha -- Peak 1 1.  Look at the most common backgrounds in LIME. :
o — 1 1
(B} - - = Peak 2 1 . . . . 1
61~ length (cm) L P ' 2. For the most abundant primordial isotopes (238U, 222Th), the main !
- 1 1
L - Peak 4 1 1
- gl ! alpha decays are cross-checked. !
150— Peak 6 ' . ) . '
u = i 3. The alpha energies are converted into 3D ranges using SRIM for the i
— 218
_ Po ! ) !
100f— | CYGNO mixture. |
— 1 1
— 1 1
u 4. The closest range pairs are considered the most likely candidates. |
50— 214py e e o o :
:. S i, S Material Activity (mBq/kg)
00. bt : = “8 Isotope Fields rings /
Resistors GEMs PMMA Camera Lens
3D length [cm] Cathode
B8 (B4Th) < 210 (20 + 2)-10° 163 + 65 < 35 3290 £ 940 4200 + 1400
Measured values Candidate decay 29 (26Rq) <13 2160 £ 160 32 £ 16 < 35 850 £50 1920 + 90
Peak 3D length Corrected Estimated i & energy SRIM 210pp < 13 (592 + 70)-10° 32 +16 < 35 850 + 50 1920 + 90
sotope
# (£10) [mm] 3D length [nm] energy [MeV] [MeV]  range [mm] 22Th(?*8Ra) < 11 3500 + 320 < 309 <5 990 + 90 360 + 40
1 33.73 + 3.93 2522 4 4.02 4'160tg:i§8 28 4198 25.34 22Th(225Th) < 1.3 3360 + 320 < 156 < 45 990 + 50 365 + 28
+o110 | 210 By < 16 30 +60 <158 - 190 £50 145 = 37
2 4160+111  3309+140 505510110 Po 5304 35.45 " .
o 55 K < 6 < 1780 < 358 < 35 890 + 140 (53 £ 5)-10°
3 4490+149 3639172 54001017 Rn 5489 37.26 Wes 0w o s P o
4 5160+191  43.09 +2.09 6.055703%5 | 218po 6.002 42.52 0Co < 057 <77 < 748 . <56 Y
5  60.80+290 5229 =3.02 6.880702%2 | 26po 6778 51.10 Material 118/
i 0.054 0.039 27.6 1.7 0.19
6 7324+384  6473+393 789010302 | 2Mpo  7.687 62.10 quantity (kg) 16

David Marques 3D Tracking with the CYGNO/INITIUM experiment - PhD Thesis defense, July 2279 2025, L'Aquila


https://www.sciencedirect.com/science/article/pii/S187538921400635X?via%3Dihub
https://iopscience.iop.org/article/10.1088/1748-0221/12/06/P06021

=> Initial associations are consistent with values from SRIM and with

works from similar experiments (DRIFT', MIMAC?, etc.)

= The peaks not visible in the distribution are expected to be mixed with

the broad 238U peak or behind the large ?>’Rn one.

= Using the 3D reco, these peaks were further analyzed in terms of
emission angle and position to understand the full contribution of each

material and highlight new peaks

David Marques 3D Tracking with the CYGNO/INITIUM experiment - PhD Thesis defense, July 2279 2025, L'Aquila



Alphas - Alpha localization

-  Using the variables from the 3D
reconstruction, several cuts in X, Y and
Z were used to divide the detectorin

different zones:

N k \

(3) GEMs

(2) Cathode
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Alphas - Alpha localization

>

\ 2 Z0 7

Using the variables from the 3D

reconstruction, several cuts in X, Y and

Z were used to divide the detectorin

different zones:

(3) GEMs

5 NN

(2) Cathode

Counts[#]

Counts[#]
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35
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Gas => Mostly 22?Rn decay alphas, excluding >'*Po, expected to drift towards the cathode.

=) =] =)

S

TTT[ T T T[T T[T T[T [TTI[T

222 Rn

218 pg

~— Cathode

214pg

o o 5 6 6 &5 © 5 & S

Lowrs nil gl
1 2 3

5 6 8

7
3D length [cm]

TTT T T[T T[T T[T ITo]oT
[ S R A R A L R

216 pg,

gl :Ninnft

—— Field Cage

S e Lo

L

6 7 8
3D length [cm]

Cathode = The 2'*Po peak appears, confirming the charged nature of the 222Rn decay daughters; intensity of 2'®Po increases.

GEMs = A new peak appears, expected from ?'°Po, and further motivated by the presence of 2'°Pb in the GEMs.

Large contribution from 238U peak due to its measured large presence in the FC. Consistent emission angle and position.

David Marques
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Alphas - A closer loock at the ***En
contamination

=> Gas + cathode regions

=

Counts [#]

4
12|

1
08

0.6

0.4]

(SR RARNRRRRLARNRRAN AR

0.2

8
"~ ‘ength [cm]

David Marques
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Alphas - A closer look at the %***Rn
contamination

=> Gas + cathode regions

— 10° 'g . = =
% 1.4 2p, % 9: E ]
H = = E = C
8 v 2 8 5 g
1= 2L E ¢ <@ =
08f- 8 7:_ % 7;—
08E 6 =
o 3 g
025— 214pg 5:— 5:_
* # ! & ‘ength [cm] 4 E_ y 4 E_
3E v 3E
oF ; 2F
= 1

=S AN PSPPI AT AT ETATEPIrES ANU AT A R | OBl b b b e b L 1

-10 0 10 20 30 40 50 60 70 -80 -60 -40 -20 0 20 40 60 80

O/ Smble Absolute Z [om] or1
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Alphas - A closer loock at the ***En

contamination

=> Gas + cathode regions

1.4

Counts [#]

12

0.

0.

0.

0.2

10° 'E E —_ =

;_ 2z, % 95 5 9:—
5 ‘ > 8 5 gf
of- 8 F S 7
3 6 =
4 F =
= (] 5
3 4 4F- 4
~" ‘ength [cm] - -
3 vt 3
oF- : 2F-
1 1=

=S AN PSPPI AT AT ETATEPIrES ANU AT A R | OBl b b b e b L 1

-10 0 10 20 30 40 50 60 70 -80 -60 -40 -20 0 20 40 60 80

Absolute Z [cm] 0[]

-  Three Rn chain bands visible. Daughters decays increase for increased Z, showcasing effect of polarization of daughters:

€  ?22Rnwell distributed in Z, showing the neutral nature of the parent.

&  Alphas at ~5 cm length (?'8Po) emitted preferentially at higher Z, but not all, since it can decay before arriving to the cathode, or not
being polarized (10-20% chance).

€ Alphas at ~7 cm length (?'#Po) preferentially towards GEM and at high Z, again showing the polarization effect.
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» 3D analysis validated through 3D length, emission angle and position.

o  Can also be used to characterize alphas energy through cuts.

%  Presence of Rn confirmed, potentially explaining discrepancies in initial BG studies
o  Additional simulations and studies undergoing
%  Polarization of Rn daughters and consequent drift observed.
%  Design optimizations for upcoming larger CYGNO detectors — CYGNO-04 — from
these studies and others involving gas filters.
% Alpha spectroscopy through 3D reconstruction allows for background

characterization!
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RAD work with MANGO "

a Multipurpose Apparatus for Negative ion studies with GEM Optical readout
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RAD work with

a Multipurpose Apparatus for Negative ion studies with GEM Optical readout

- Enhancement of light yield

o Different types/configuration of GEMs e ITO vs. Mesh
- Negative lon Drift

e Optimal gas pressure, composition & amplification

e Transverse & Longitudinal Diffusion o lon mobility

Cathode (10x10 cm?)

\ 15 cm drift
Field cage

3 GEM stack:
50 ym thick

140 pm pitch

@70 uym holes

Drift field cage:
5 silver wires,
1 mm thick,
@8cm

4.7 cm

-—
w>90°L

GEMs facing
sCMOS and
PMT

GEM1 Triple thin
GEM2 GEM stack
GEM3 10x10 cm?
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- Negative lon Drift
e Optimal gas pressure, composition & amplification

e Transverse & Longitudinal Diffusion e lon mobility
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https://cordis.europa.eu/project/id/818744
https://www.sciencedirect.com/science/article/abs/pii/S0168900205017572 e

Negative lons -
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Negative lons -

l— Advantages: —l

Reduced diffusion Multiple charge carriers
: i
Longitudinal and ° i
. i
transverse ° i
z=50 z=? z=0
diffusion reduced cathode GEMs + Anode
.. : i
to thermal limit : o Il
o MM
: i
48L z=hsg z=? z=0 g
O'D = SE— cathode GEMs + Anode
eE
A Atoc z
© (0]
Better spatial
resolution! P

Absolute Z from At between minority charge carriers
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Negative lons -

l_ Advantages: _l otintain-atm pressure'_:

Ampiitude [mV]
T

wE N
Reduced diffusion Multiple charge carriers "3
o ; i B
Longitudinal and ° i
. i .
transverse ° i g
z=50 z=? z=0 ;E
diffusion reduced cathode GEMs + Anode
to thermal limit : o ::: i ; : :
i :7 eGR4 10676 SF6
48L z=50 z=? z=0
O'D e _E cathode GEMs + Anode
e .
Al  atez = Peculiar waveforms at O(ms) scale!
. © (o]
Better spatial
resolution! ;

Absolute Z from At between minority charge carriers
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ED: He:CF4 60:40
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Due to PMT signals shape, a new trigger system

was developed = GEM3 bottom signal
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control for repeated measurements
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Negative lons -
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Negative lons -

Problem = How/where to define the beginning and end of the waveform?
Threshold = Only individual peaks above 6*RMS
Rebin = Selected peaks put into histogram

Delimitation = Start (end) when 2 bins are above (below) 10 mV

H W DN =~ o

Systematics = Varying #bins & threshold voltage
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Negative lons -

...With the analysis developed, the waveform time window
was analyzed for different drift field and drift distances...
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Negative lons -

=>  The plot shows the expected trends:
...With the analysis developed, the waveform time window

was analyzed for different drift field and drift distances...

g 4:’:;— - :z::z - Within the data, a convolution of effects — diffusion, track length,
§ 3'52_ +:Z:Z: different anions, etc. — play a role, making it hard to retrieve
T ;— i : : ¥ = Hole 9 physical meaning from these results (at this point...)
22%: : ‘ . ' -  Given the limited literature, further analysis of the systematics
155 ' s associated with the data taking and analysis are hard to assess.
E_ . . - Future studies involve measuring quantities such as
025_ € The possible use of the signal’s primary scintillation could

ol by by b e by by by by 1y
100 200 300 400 500 600 700 800 900
el fem] provide the necessary “t0".
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Negative lons -

=>  The plot shows the expected trends:
...With the analysis developed, the waveform time window

was analyzed for different drift field and drift distances...

g 4:’:;— - :z::z - Within the data, a convolution of effects — diffusion, track length,
§ 3'52_ +:Z:Z: different anions, etc. — play a role, making it hard to retrieve
T ;— i : : ¥ = Hole 9 physical meaning from these results (at this point...)
22%: : ‘ . ' -  Given the limited literature, further analysis of the systematics
155 ' s associated with the data taking and analysis are hard to assess.
E_ . . - Future studies involve measuring quantities such as
025_ € The possible use of the signal’s primary scintillation could

ol by by b e by by by by 1y
100 200 300 400 500 600 700 800 900
el fem] provide the necessary “t0".

- Overall, the First optical observation of NID was proved both with CMOS and PMTs, and further work is

being done to better characterize the signals, and possibly apply the 3D reco developed to these signals.
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Conclusions

=> The CYGNO collaboration is developing a high-precision gaseous TPC at atmospheric pressure with optical readout.

v

The main focus is the directional direct search of DM WIMP-like particles in the low mass range (0.5-10 GeV).

=> | developed a PMT-reconstruction method to retrieve the basic properties of the waveforms.

€ Initial tests with cosmic muons showed accurate measurement of the track’s AZ and overall PMT-DAQ interplay.

= The merging of CMOS (X-Y) with PMT (Z) information for the 3D reconstruction of the alpha particles paths was the main

Focus of my thesis. This reconstruction of events in 3 dimensions greatly improves spatial resolution and PID capabilities.

@ This analysis uses directionality techniques in the CMOS and analysis of the Bragg peak in the PMT waveforms.
€ The final matching between events in the two sensors is carried out through a Bayesian Fit.
@  Properties such as 3D length and emission localization/angle are used to identify different alpha peaks in the LIME

background spectra. = The presence of Rn is confirmed!
= The at 1 ATM in the CYGNO gas mixture puts the detector in the regime

& Stable NID operation was demonstrated and proved through the PMT signals. Preliminary analysis of the complex

ion-arrival structures in the waveforms form the basis for

Dual-sensor 3D track reconstruction is a milestone for CYGNO, and is crucial for future directional WIMP

searches through the determination of the nuclear recoils direction!
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Thank you for your attention!
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The CYGNUS project

CYGNO is part of a proto-collaboration, CYGNUS, focused on establishing a Galactic

Directional Recoil Observatory that could test and study DM hypothesis beyond the

neutrino floor.

10 m?, HecSke,
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https://inspirehep.net/literature/1813839

Within the CYGNUS collaboration, several approaches are being studied.

The Italian group, CYGNO, is developing a gaseous TPC based on the setup:
GEMs + sCMOS + PMT to test Optical Readout
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J DM directional modulations

a  Fluorine recoils (8-50 keV,) September 6

Fi § 0:00
QO [ n oM
3 3 WIMP wind
3 4  —— £
9 < ©
o
0 lll ¢
Galactic longitude, I z -
@ N | o 12:00
00H00 | v
WIMP wind \ “ bM
—_— 5
-4
O - ¢
(a) (b)
001 002 003 004 O 001 002 003 004 Figure 1.9: Illustration of the daily oscillation signature generated by Earth’s rotation on its axis,
®) © showing (a) a schematic of Earth under the influence of the WIMP wind at different hours of the
Figure 1.14: (a) Event rates from a 9 GeV WIMP (blue) and solar neutrinos (red) displayed in day and (b) the resulting diphase in the nuclear recoil rate originating from the WIMP wind and

galactic coordinates on September 6", with the plane of the galaxy running horizontally and
the Sun following the Ecliptic line. The star marks the current position of the Sun for this time
of the year. The panels below show similar information, highlighting the difference between
the expected positions of the angular distributions of recoils induced by WIMPs and solar v at
different times of the year: (b) February 26" and (c) September 6, the dates corresponding to
the highest and lowest differences between the two recoil sources. Further details on these two
original works can be found in [67] and [106], respectively.

solar neutrinos. Retrieved from [67].
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O Neutrino floor

David Marques
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Figure 1.11: Current status of the limits on the cross-section for SI WIMP-nucleon interactions,
as a function of the WIMP mass, based on the SHM model. Each line represents the most
stringent lower limit set by each experiment in different subsequent years. The orange region at
the lower part indicates the irreducible background from CEvVNS interactions, which can mimic
WIMP signals (see text for more details). This plot was selected and retrieved from [80] due to
its detailed illustration of the various limits. A more up-to-date (but less detailed) version can
be found in [81].
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O CYGNO's gas emission spectra I
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Figure 2.9: Normalized emission spectrum of He:CF,4 60:40 (adapted from [136]) and the quan-
tum efficiencies of the optical sensors used in CYGNO/INITIUM detectors: the ORCA-Fusion

CMOS and R7378 PMTs, both from Hamamatsu.
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O CYGNQO'’s lens effects — vignetting & barreling
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Figure 2.11: (a) Vignetting map obtained for the Schneider Onyx Fast lens, and (b) respective
values used to correct the pixel light intensity in each picture.
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Figure 2.12: Example of the barreling effect showing (a) the outward bowing of straight lines in
an image, and (b) the inward shift of the perceived position of points. In the latter, the red circles
represent the original equally distributed points, while the black circles represent the perceived
positions of these points under the influence of the barreling effect. Retrieved from [174].
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O CYGNO'’s camera recording scheme - old and new

Beginning of 1st picture Beginning of 2nd picture
Bdtemaltigger | 1 L L [ LI L]
Shadow ] ] ; Exposure time
B3 SE region GE _’} = _’} —
e O(H) A
3 1(H)
a : : .
v i
o CMOS | DGTZs ;|
5 i readout | readout ! : .
Shadow ; [30ms] | [~ms] | 3 ! N-1(H)
region ] N(H)
GE Time Sensor readout N s T, * s
[20 ms] jeactivatio —_— 2
84 ms 184 ms CoaXPress data output ) e EEE—
PMT trigger / acquisition window Global exposure timing output i I s I S
Any row exposure timing output
Figure 2.19: Schematic of the LIME trigger system. The exposure of the CMOS pixel rows Trigger ready output (CoaXPress) ::[_; ___________ —

occurs sequentially from top to bottom. While each part of the sensor is exposed, the PMTs can
trigger the acquisition of images and waveforms if the light signal produced exceeds the =5 mV
threshold on at least two PMTs. The “GE” region corresponds to the Global Exposure, where all Standard scan: 1H = 7.2 ps
the pixels of the sensor are exposed and activated. The shadow region represents the pixel/time Ultre:: quiet scan: 1H = 93.9 ys
region where the PMTs can trigger (thus saving the image), but no visible event is present in the
image. The CMOS/DGTZs readout is the time required for the DAQ to save the information of
the camera and the digitizers (PMTs).

* Delay + Jitter = 4H + Maximum. 1H

2.27: CMOS sensor readout schematic in continuous acquisition mode. Retrieved from
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O CYGNO'’s published
DM limits

expectations
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Figure 2.29: Spin-independent (a) and spin-dependent (b) 90% credible interval exclusion limits
for CYGNO-30, assuming 3 years of exposure under different background scenarios and opera-
tional thresholds of 1 keVee (top plots) and 0.5 keVee (bottom plots). Dashed curves correspond
to a He:CF4 (60:40) gas mixture with 100 (black), 1000 (red), and 10.000 (dark green) background
events. Dotted curves represent the sensitivity for a He:CFy:isobutane (58:40:2) mixture. The
remaining solid lines represent the currently published bounds from other experiments, while
the dotted lines indicate the projected future limits. Figure adapted from [131] and references
therein.
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O Meaning of the PMT & — cramars
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Figure 3.13: Example of a cosmic or high-energy electron recoil visible in the top right corner
of the CMOS image, in (a). The position of the four PMTs of LIME is also shown in the CMOS
image, with numbers and colors representing the respective channels and waveforms associated
with each in (b) and (c). The shape of the PMT signals reflect the path traveled by the track in
XY, as it gets closer or father way from each PMT.
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Tilted Cosmics - Wei9h+eal avg

\
e Measurement of the time length of the signal which is above a given threshold.

o Not trivial for long tracks where the signal intensity in each PMT changes within the particle track.

o A weighted average based on waveform’s SNR is performed and the ToT is calculated.
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O Tilted cosmics —angles cross-check
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Figure 4.8: Distributions of zenith angles obtained from the ToT variables, using Equations 4.3
and 3.4, for the three setups shown in Table 4.1. The distributions were fitted with a Gaussian
curve, and the fitted results are overlaid on the data.
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Table 4.2: Summary of the geometrically allowed range of angles for the three setups used § 300} St Dev 0,977 g WO | oas g S G
in this measurement (Table 4.1). The absolute minimum and maximum incidence angles were

calculated using the expressions in Equation 4.6.
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Figure 4.12: Distributions of angles for the simulated muons obtained through the GEANT4
simulation for the calculation of the geometrical acceptance of each detector setup.
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0 Importance of third °
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Figure 3.15: Example of two different alpha events that appear similar in the CMOS images (a

and c) but show significant differences in the corresponding PMT signals (b and d). The signal
from PMT #1 has been omitted for clarity.
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O Noise band cuts
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(a) CMOS field of view. (b) CMOS zoom-in. (c) Reconstructed alpha particle.

Figure 5.4: Example of an alpha particle emitted near the border of the detector and falling
within the noise-band-cut region. (a) shows the full CMOS field of view, including the noise-band-
cut indicated by the grey band. (b) provides a zoomed-in view of the alpha event, and (c) shows
the same event after the CYGNO-reconstruction algorithm.
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O TOT 20 and other TOTs
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Figure 5.10: Example of an alpha particle waveform signal, illustrating the different definitions
of the variables TOT 5RMS, TOT10, TOT20 and TOT30. These thresholds are marked in the
waveform with, respectively, purple, green, red and grey full lines.
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O Alpha’s Bragg peak skewness — easy and hard cases
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Figure 5.15: Two examples of events where the determination of the alpha direction using the
skewness of the waveform crown is more complex. In (a), the Bragg peak skewness score was
-0.52, indicating low confidence in the alpha’s direction, although it still suggests it was moving
toward the cathode. In (b), the score was +0.15, meaning no definitive conclusion about the
direction of the track in the longitudinal plane can be drawn and, therefore, a random direction
is assigned.
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Figure 5.13: Example of two PMT signals from alpha events in LIME. In (a), an alpha particle is
moving towards the GEMs, while in (b), the alpha is moving towards the cathode. This difference
is reflected in the position of the Bragg peak within the waveforms.
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Figure 5.17: Three examples of the PMT-CAM matching using the BAT-fit, demonstrating the ~ = glt?ja' T293'77px
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O Alpha’s slice-and-fit

Figure 5.18: Example of an event with two alpha particles as seen (a) in the original CMOS
picture. In (b), the positions of the identified alphas are shown, as reconstructed with the BAT-fit
(red stars) and seen by the CMOS sensor (black crosses), in the CMOS XY plane.
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O Rn-222 decay chain

Figure 6.27: Decay chain of ??Rn. The probabilities and types of decay between isotopes are
shown (blue for alpha and green for beta decays). The half-life of each element is also indicated.
The energies correspond to the Q-values of the decays. Figure taken from [277].
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O U-238 decay chain
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Figure 6.28: Decay chain of 2®U. The probabilities and types of decay between isotopes are
shown (blue for alpha and green for beta decays). The half-life of each element is also indicated.
The energies correspond to the Q-values of the decays. Figure taken from [277]
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O Th-232 decay chain

Figure 6.29: Decay chain of 2?Th. The probabilities and types of decay between isotopes are
shown (blue for alpha and green for beta decays). The half-life of each element is also indicated.
The energies correspond to the Q-values of the decays. Figure taken from [277]
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O Alpha’s localization cuts
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Figure 6.9: Geometrical cuts in XY illustrated in (a) as a green dashed line box overlaid on the
distribution of the average XY positions of alpha particles in the LIME, and (b) as seen in the
CMOS images, used to separate the alphas associated to the field cage from the remaining ones.

Figure 6.10: Geometrical cuts in applied in Z. Specifically, from the distribution of absolute Zs
found for the alphas analyzed, two regions corresponding to a low and high Z are defined to
isolate the alphas emitted by the GEMs and cathode, respectively.
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O Moreon alpha’s localization
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Figure 6.15: Distributions of the 8 angle for the alpha selected through the geometrical defined
defined for the (a) GEMs, and (b) cathode regions. A negative 0 represents an alpha moving or
emitted towards the cathode, and vice-versa.

Figure 6.17: (a) CMOS field-of-view with the Left and Right bands used to select the lateral alphas,
and (b) showing the distributions of ¢ angles retrieved in each of these bands, within the field
cage geometrical cuts.
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Figure 6.18: Relation between measured 3D lengths and absolute Z of the low energy alpha
particles identified within the field cage geometrical cuts.
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0 Alpha’s energy spectrum (with 3D cuts)
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(a) Linearity (b) Resolution
the candidate decays discussed in Section 6.3.2.

Figure 6.26: Energy (a) linearity and (b) resolution obtained for the 22Rn decay chain alphas,
using the fit parameters showed in Figure 6.24.
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