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The C )( GNO project:

* Aiming for a large detector for high precision 3D tracking of
rare low energy nuclear recoils (keV)

sCMOS camera
[Hamamatsu Orca-Fusion]

« Experimental challenges: rate O(evt/kg/y), background
rejection, and energy threshold (keV)

cathode

Amplification -
s, With GEMS

 Strategy: photograph nuclear recoil in a He:CF4 (1 atm) [Hamafnzf::;wm]

TPC with a GEM amplification stage

 Low density material: “visible” track for low energy ER/NR

* Optical sensors: high granularity, very low noise, and high
sensitivity

357 ns
463 ns
541 ns
625 ns
667 ns
715 ns
813 ns
896 ns
991 ns
1065 ns

* Optical coupling: sensors outside the sensitive volume,
acquire large surfaces with small sensors

++++++

3D tracking: position, direction, head/tail, and fiducialization,
total released energy, dE/dx, particle identification
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C Y GNO timeline

INITIUM:

NID studies

Currently at
LNGS

- up to 5 cm drift
- for gas studies

PHASE O:

Ré&D and prototypes

2015/16 2017/18 R019/:3
ROMA1 LNF LNF/LNGS

ORANGE

- 1 cm drift

LEMON LIME

o “ﬁﬁr_i mun Lt
& L (AL
v ’,. f wumlmmi.ﬂu.m

- 3D printipg - B0 em drift
- 20 cm drift - underground tests
- MC validation

Instruments 6 (2022) 1,6 JINST 15 (2020) 12, T12003

JINST 15 (2020) P10001

2019 JINST 14 PO7011

JINST 15 (2020) P0O8018
Measur.Sci.Tech. 32 (2021) 2, 025902

NIM A 999 (2021) 165209  arXiv:2305.06168 [hep-ex]
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PHASE 1:
O(l) m> demonstrator

2023/26
LNF/LNGS

CYGNO_O4

- background

- material tests, gas
purification

- scalability

: W ao-*’“’”‘-c'

Experlmenf

PHASE 2:
30 m> experiment

R0R6 ...
LNGS

CYGNO_30

- Physics research



https://arxiv.org/pdf/2007.00608.pdf
https://arxiv.org/pdf/1905.04066.pdf
https://arxiv.org/pdf/2005.12272.pdf
https://iopscience.iop.org/article/10.1088/1361-6501/abbd12/pdf
https://iopscience.iop.org/article/10.1088/1361-6501/abbd12/pdf
https://arxiv.org/pdf/2004.10493.pdf
https://www.mdpi.com/2410-390X/6/1/6
https://arxiv.org/abs/2305.06168
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CMOS sensor
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33x33 cm?
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50 cm Field Cage

He:CF4 60/40 (1 atm)

copper ring field cage, 50 cm drift

3 GEMs for a 33 x 33 cm? sensitive area

1 sCMOS sensor + 4 PMT

acrylic vessel, aluminium faraday cage
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CYGNO PHASE 0: Lime prototype

. ~ . ¢ » P——
§ S e e

Experiment;

10(§3F4 Spectrum from: L M S Margato et al 2013 JINST 8 P0O7008
g § He/CF, 60/40 emission
w  90- V |
@) 30 = - —— ORCA Fusion
70 % //— \ — PMT R7378
60— { / .....................
40 i_ | \ / ..... \
30 L
20 4— \
10/ AN
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1/ ndt 5.157/5 | C
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p1 31.76 + 277 | S R
m HIGH RESOLUTION
2304 x 2304
thr 0.5 keV I DI 5.3 Megapixels
|
l < READOUT NOISE
O 0.7 electrons rms
300 400 500 609 700 m Ultra-quiet Scan
Light in fake " Fe spots O



' ' chNo
Lime images )

Natural radioactivity
(underground @ LNGS, no shielding)

500 1000 1500 2000
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Energy response

Study of linearity and energy resolution (15-20%) performed with different X-ray sources

-

Rb 15 keV
.

Cu 8 keV

Ed
.

Ba 3} keV

arXiv:2305.06168 [hep-ex]

Spot like tracks Extended tracks
CYGNO (LIME)
gZOO_— e
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https://arxiv.org/abs/2305.06168
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Gas and environmental parameters

CYGNO PHASE 0: LIME underground installation €&

Experiment,
! ~~-‘ ..".' 7(:» L

-

Gran Sasso d’ltalia

. MIC SILEN
_ | . Experiments COSMIC SILENCE
: ' v , e \ CRESST LEGEND-200 / COSINUS

° ° ° ' - ilr —\_ \ // £
Spring and Summer 2022 * RUN O: Commissioning n Ly N CUQRE "\ LUNA-400| LVD /XENON-nT/ _GINGER

(— N CUPID . K \ \ \‘ / / // / pf ~

S oa \ / !
Autumn 2022 * RUN 1: No-shielding h | LUNA-MY
__CUPID R&D
Winter 2023 *RUN 2: 4 cm Cu shielding BOREXINO

. / LIME/CYGNO ~DARKSIDE 50

e RUN 3: 10 cm Cu shielding
Spring and Summer 8083 = measurement of NR response with

Toda AmBe We are here o Running ENTRANCE
v = Measurement of the underground o Construction/Commissioning
Decommissioning
neutron flux
Autumn 2023
' *RUN 4: 10 cm Cu + 40 cm water shielding
v
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Background and detector simulation

10° ER+NR, no cuts Only NR, no cuts
- . F) Bl FieldRi 5 ——
* Activity of LIME components measured £ soff PRELIMINARY % Cahode | &, F PRELIMINARY el
underground @ LNGS & 400 - GEM(oils ) 6.11x10% events/yrmmm GEMfoils NR
£ R DetectorBody | = 350 + " DetectorBody NR
_ o ) 2 350 7.45%106 events/yr BB Resistors 5 BB Resistors NR
* Natural radioactivity from decay chains of ~ CameraLens | © 300 ~ CameraLens_NR
232Th_ 2381) 2351) 40K (ri i 0 B Camera BN Camera NR
Th, 238, 235, 40K (rings, resistors, 250 =

250 . . . .
Main contribution from rings,

GEM/cathode)

Illlllllll TTTrfred

200 Main contribution from 0 GEMs and cathode
- : 150
* Internal bkg reduced by 96% (99.97%) for ™ I dieSIStOrS and |
. i i 100
ER (NR) with fiducial cuts 0 w
50 50
* External bkg measured with Nal % 100 200 300 206 'E' g' [;sé]o 0500 1000 1500 2000 2500 3000
nergy (ke Fnornvu ka\/1
SimUIation g 10-2_ ————————
g = PRELIMINARY
« GEANT4: geometry, material radioactivity, g
energy deposits i
10

e GARFIELD: electron diffusion

| llllll

Data run2

 Detector simulation and digitisation:
primary electrons, light production,
CAMERA and PMT

10 ——— Simulation 4cm Cu

lllllllllllllllllllllllllllll-lll

0 0.5 1 15 2 2'?og(Energ>§ keV])
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Underground data so far SN

RUN 2: 4 cm Cu shielding RUN 3: 10 cm Cu shielding

RUN 1: No-shielding

e From Oct 8 - Dec 6, 2033 e From Feb 15 - Mar 9, 2033 ” From May 13 - ongoing, 2023

e Some numbers:

¢ Some numbers: Some numbers:

= [ntegral number of BKG pictures:
~ 6 X 10°, 17 h cam exposure

= [ntegral number of BKG pictures:

= ntegral number of BKG
~ 4.5 X 10°, 38 h cam exposure

pictures: ~ 4 X 10°, 33 h cam

exposure = Background observed event

rate: ~ 3.5 Hz

= Background observed event rate: ~

= Background observed event 1.53 Hz

rate: (35.88 = 0.58) Hz

= Background expected event rate:
~ 1.1 Hz

= Background expected event rate: ~

= Background expected event 0.31 Hz

rate: ~ 37 Hz
- . ~ 2 %X 10° events; 0.04 Hz

observed rate;
Ca—

2]
‘ ! | T

‘:_
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Underground data so far

RUN 1 No-shleldmg

. RUN 2: 4 cm Cu shielding |

TAUP 2023 - Andrea Messina Sapienza Universita di Roma & INFN Romar 10




Response to different type of interactions: &3
LIME Run3 - AmBe

The energy density, AE/AA or photon/pixel, is a powerful variable to separate NR ER and MIP

9 keV/ mm

B NR:
20 1 2.7 keVV/mmz2; 26 keV

*

Online analysis on 40% of
events

dE / dA [keV )

Nuclear Recolls

50 5 100 125 150 175

E=865keV - dE/dx=1.07 keV/mm

} ER:
0.7 keV/mm?2: 8.7 keV

0.2 keV/mm - mip particles
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PHASE 1 CYGNO_04:

construct and operate a CYGNO demonstrator to pave the road

for a larger apparatus

e Preliminary design:

@ TPC made of & chambers
with a common cathode.

@ Closed by R sets of
SOcm x 80 cm

triple GEMs

@ Readout of each GEM side:
& cameras with rectangular
sensors (ORCA Quest) + 6
PMTs

@ Vessel: low radioactivity
PMMA

@ Shielding: 10 cm copper +
100 cm water with a
polyethylene base

TAUP 2023 - Andrea Messina Sapienza Universita di Roma & INFN Romar
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CYGNO 0.4 TPC
500x800x1000=0.4 m’

Geometrical tolerance ISO 8015-E Roughness 1SO 1302

General tolerance I1SO 2768-mK-E

. i = DATE ‘ N»\ME '
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e ) EATE ‘ N\ME A
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SCALE

CYGNO EXPERIMENT K
CYGNO 0.4 DETECTOR 1/3 - :
TPC COMPONENTS SCHEME CY4-01-P
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PHASE 2: The C /G N O experiment 30 m3
Searching for low mass DM

* Use 1(0.5) keVee threshold assumed bkg / y -== Npkg = 102
° QF evaluated with SRIM == Ngkg =10

* Ngyg = 10°
* Angular distribution as discriminating information

Vi Ny

Spin Independent Spin Dependent
0% N E | 10 e
1079 | -~ | 0%
= O COMSLite E, =0.5keV uE
1078 = N, B > " 107 &= l
= @ e ey, 10-35 ’ : :
10-39 - %%) AN Y Xenonl1T S2 E t l
10740 % N 10§ ovono | -
} CYGNO "8 o E 3
10—41 = U&; "o.}an’x3yr\ 10 I = %o, 30m x 3yr “
5, g -38 o,
|l =C— e RGN 10 F N \
10‘43 = M"“w'.-;.,.._...,., ,,,,,,,,, N e ——— 10-39 e
= e ety ------------------ _40 =
0% R e = 1041 " mm+ He/CF, 60/40
10745 & | ==== He/CF, 60/40 107 & | A e ——— .
‘ g_ 6 F - 4. Yeroni T 10422 A L ‘ co-500 """
‘ O- E | R | | I I I . | [ N N S =
) 10—44*A N I L1l L1 L1 N T
1 10" DM mass (GeV/c?° 1 10 N?oz ,
DM mass (GeV/c)
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R&D activities

Minimise internal Gas studies

radioactivity

» Adding hydrogenated

- Develop custom sCMOS gas
sensor

*Very good light yield

* Realisation of custom from with hydrocarbons

lens with large aperture
& low radioactivity

» Optimise field-cage
materials

0.10;

o
o
(0]

* Eco-friendly gas studies

o !

0.061

o
o
E=N

0.02;

EL photons emitted per avalanche electron

2% ¢

3% &

4% &

5% °

Negative ion drift  Enhance light with

(ERC INITIUM GA818744)  strong electric fields

Negative ions SFst0 . Apply strong electric
improve spatial field after the GEMSs to
resolution accelerate electrons

Encouraging results at 2nd produce more light

nearly atmospheric
pressure

0093 500 520
Voltage across the GEM [V]
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540

560

580

Baracchini, E. et al. JINST 15 08 (2020)

ttttttttttttt

IN TIUM

an Innovative Negative lon Time E T+180/20, GEM1/2 @640/340V
projection chamber for Underground
. Dark Matter searc hes

717.71il_1717*17._1717.

14 16
Eyyean (KV/cm)
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https://iopscience.iop.org/article/10.1088/1748-0221/13/04/P04022/pdf

Summary

 The CYGNO collaboration is developing a He:CF4 TPC with optical readout

« CYGNO PHASE 0 commissioned overground: very good detector
stability, energy and position resolution;

« CYGNO PHASE 0 underground at LNGS currently ongoing: validate the
background model, shielding configuration, measure neutron flux;

« CYGNO PHASE 1: construct and operate a CYGNO demonstrator to
pave the road for a larger apparatus for Dark Matter search.

A 30-100 m3 CYGNO detector might connect to a multi-site CYGNUS
observatory for rare events

TAUP 2023 - Andrea Messina Sapienza Universita di Roma & INFN Romar 15
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The multivariate regression

e Multivariate regression algorithm to correct for x-y non uniformity of

the light yield, and partially the saturation effect = big improvement in
the energy resolution

CYGNO z=15cm  (LIME - Run2)
(B of
0 : E_Eraw = 12 @ I
S 7001 f . T TN
LL B :
B “‘Eregr
600 =~ ---®8-=-- % - - - - (R «-| £ 10 e
- Uncorrected: ¢ : 8 z resolution
500 — ~21% res. | Corrected: } " N 6 below 6 cm
B ~18% res. 0.8 . Em—
400:— i ® ) ¢
300 0.6/ FTTTTTTT T
B - e -2 . :
200F : -
B 0.4 8
100 :_ —®-raw —9 e regression
e . e og—uul.l;-h.11.11-fregression_ 10T 20 30 40 50
0 ¥ L1 1 ! e = o i ' 10 20 30 40 50 z (cm)
0.4 0.6 0.8 1 1.2 1.4 z (cm)
ElE. 21
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Drift along
the drift gap

e Continuous hits during the path =
diffusion

o 0.2
g ..~ Measured Diffusion coefficient in
= agreement with Garfield
0.16F expectations
0.14—
0.12;— 135 um
01T — —
0.08/— \/ ¢cm
0.06— ’
0.04— » »
0.02F— o = \/O‘O - DTZ
O:lllllllllllllllllllllllIllllllllllllllllllllllll
0 5 10 15 20 25 30 35 40 45

Distance from the GEM

TAUP 2023 - Andrea Messina Sapienza Universita di Roma & INFN Romar

cathode

L

Particle
4
3 Drifting charges

due to electric field

Gas
_>
>
>
y 2
% > 8
/; Anode T

[e.g. wire or plane]

e Electrons captured by electronegative
impurities along the drift

s L
5 1— T S TN
31 o
i o
L B
%0.8—
s | 95% collection efficiency
S 0.6 for Drift Field of 0.75 kV/cm
0.4 ~ ~
- @1 keV,.
0.2— — e
- _de — ~23e
ol v v 1y ] o 1 l

1200 1400
Drift Field (V/cm)

- f 1 | | 1 1 | 1 1 1
0 200 400 600 800 1000
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Response to different type of interactions:

AmBe dataset

BKG dataset

217 runs Without AmBe 7 107 runs With AmBe
.| [22726-23054] [>23818]

10°
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PHASE 2: The C /G N O experiment 30 m? (&%

Searching for low mass DM

Experiment

—

« Use 1(0.5) keVee threshold 2 oo
* QF evaluated with SRIM e :
8 " Mpm=1GeV:
 Angular distribution as discriminating information 5 osE ' - He
© 05—
* full head/tail recognition e - C
- - ~F
* 30 deg. resolution = .
. . . . 02 :Mbm =10 GeV
e Various scenarios with different background levels e
e isotropic distribution T OO
o 10 GeV DM nuclear recoil signal . Lo T T
7 e SRIM MC =T
Z: —— Hin He:CF,
0.2} He in He:CF,
08 - C in He:CF,
‘ 1 |1l J F in He:CF,
1 10 10° E (keV )
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BIATS European

Ré&D: Negative Ion Drift (NID) erc e \G&

- .
.....
. .

Transverse Profile Sigma Transverse Profile Sigma

IN TIUM

p— [ — | -

.S. _S_ [ ®- 150 V/iem
: g 1000 g 1000} &~ 200 V/iem
an Innovative Negative lon Time B + & | ——
jection chamber for Underground r o= 300 v
projection chamber for Undergroun 800 l . 800! 200 iam
Dark Matter searches | ! * *- 400 Viem
, | ‘ D ? —‘- | . 600 V/iem
Elisabetta Baracchini 60— . 4 L + . L 600 +

Gran Sasso Science Institute | 0 ‘_'L_ | . ‘
ERC-COG-2018 400-< = 400/ N S S T , T
Proposal number 818744 :r/ ‘ ' - | 1 ”T‘ . . =
PE 2 - Fundamental Constituents of Matter + | _+4 . :f_ - ‘ . :‘:
"Dark Matterdike signals (He | .ﬁ _.t ;i: 4 $ '_?_‘

recoils) in CYGNUS-RD 10 L TPC 200 — E 200 = T - v :

| A A | A A A A & A A A s 1 ' & d 0. A l ' ' A A A A A i A ' A i A A A l

e INITIUM project: the e LT
development and operation of
the first 1 m3 Negative Ion

Drift field [V/cm] | 05" [um] o TP Tum/y/cm]

o7 [um/y/em] | o5 " [um]

TPC (NITPC) with GEMSs

amplification [in He/CF4/SFe
mixture] and optical readout
with CMOS-based cameras and

PMTs.
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45 = 10
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gas by accelerating electrons below

last GEM

e First evidence:

= Charge yield increased by a

factor of x1.%7
= Light yield increased by a
factor of x%.0

8.0
7.0 o
- Photons
b
g 5.0
2
S 4.0 -
=
= 3.0 °
oc
.
2.0 o o o
1000 © @ e & & o 00°
Electrons
0.0
0.0 2.0 4.0 6.0 8.0 10.0 12.0 14.0 16.0 18.0

Electric Field (kV/cm)
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40

Ré&D: enhanced light yield

e Idea: enhance the light yield in the

GEM#3
Electrons Electric
- field

Y (pixels)

g 8 8 8 8 3 & B

Y (pixels)

8 8 § 8 8 3 & 8

E - 15.5 KV/cio...

E=0kV/cm
| . -m




Ré&D: Hydrocarbons

e Tests to study the possibility of
adding hydrogen-rich gas (CaHio
and CH,) to the mixture

e Adding up to 5% CH4 to He:CF4
increases the maximum attainable
BEL yield

e In terms of EL yield, CHsseems to
be a better alternative than
isobutane.

| ) e deosre f a ry |
. good light yield from a
__mixture with hydrocarbons
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D . Fe source
e | AR
S . - S
Single GEM g
dedicated o SN QD
S etup lnduc()llg':\:t:: Induction mesh
TR S e e e e
0.1 kV/iecm
1750 V
T LAAPD readout
Cas inket The LAAPD detects the
EL produced in the GEM
avalanches
3.07
g 0
E
-
O
=
e ] CHa
-
C —
o
CH
% =1 CaH - |
d -4 A ‘ _;“
= He-40%CF, » %
= 1.0 -
= - A—p — o
P> I-CaH1o
© A
- > A 6 8 10

Concentration of hydrocarbon [%]

Charge readout

" MW, Secondary electrons

are collected at the
bottom of the GEM.
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