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Evidence for dark matter

Several indirect observations:
- Galactic rotation curves

90°

- Hot gas in clusters 6000 1g°
- Galaxy clusters Atoms
- Strong lensing 4.9% s o
- Weak lensing Dark Matter S
- Bullet Cluster 26.8% E2000
- Supernovae
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Direct detection

The Dark Matter particle properties:
collider production

- It is stable

- It is electrically neutral X

- It does not interact strongly

- It interacts through gravitational force

- It may interact weakly

- It should show a direction signature

direct

<
Q | detection
A favored candidate: /

Weakly Interactive X q

Massive Particles —
freeze out, indirect detection
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Detection requirements

Heat

Large masses Al203: CRESST-I
ROSEBUD

Low rate (~ 1 event/tonne/yr
@ 1047 cmz2 in noble liquids)

Low energy thresholds
Low energy nuclear recoils

(< 100 keV)
C,F,I, Br: PICASSO, NaI: DAMA/LIBRA
Background suppression et S el s e o
Deep undergrouna CS2, CF, *He: DRIFT,
. . . . DMTPC, MIMAC
Passive/active shielding Ar+Cats: Newage | \LAEEDarkSidey X :
Low intrinsic radioactivity
Gamma background discrimination Charge ight
Electronic

Nuclear .

. Reco1il
Reco1l t

NR backgrounds @ ER backgrounds &
neutrons internal and ¥
a’s external B’s, Y’s
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Spin-independent cross section

Noble liquids are suitable targets:

M dense, stable, easy to purify, inexpensive

[ large ionization/scintillation yields (W~10 eV)
™ transparent to own scintillation light

SI WIMP-N cross section o, [cm?

102 10° 10*
WIMP mass [GeV]
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Detection in noble liquids

Excitation —— lonization

Ar' < r

Art | Electrons
Ar’, *
{ l Arts Y
Singlet Triplet| | — |=====--
| | AP i
ST Recombination
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Dual-phase TPC

M 3D vertex reconstruction < 1 cm
M Rejection of multi-sited events (y-rays and neutrons)
M ER Rejection based on ionization/scintillation: 103
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The DarkSide-50 detector

A dual-phase LAr TPC

e taking data since 2013 at Gran Sasso
e 50 kg of argon

e in a 30t liquid scintillator veto

¢ in a1 kt water Cherenkov detector

S1 and S2 Yields:

e S1 Yield ~7.9 pe/keV at null field
e S1 Yield ~7.0 pe/keV at 200 V/cm
e S2 yield ~23 pe / e-

Electron lifetime > 5 ms
Maximum drift time: 376 ps

Position reconstruction:
@ Resolutionin Z ~1 mm

@ Resolutionin XY <1 cm

Neutron Veto Efficiency: 99.6%
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DarkSide-50 installation
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G4DS: optical tuning and energy scale

G4DS: the DarkSide simulation tool
M Geometry of detectors

M Several generators

M FLUKA interface

M Calibration of TPC optical response
M Reconstruction algorithms

Sisy=i=gl [MModel for ionization and scintillation mechanisms in
1~ liquid argon

Internal calibrations Data/MC: percent level agreement
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Background model

Background model for DarkSide-50

2 Full simulation of each background component (238U, 232Th, 40K, 60Co) from detector
materials and intrinsic to the target (3°Ar and 85K().

Z Multivariate fit based on S1 single scatter, S1 multiple scatter, and drift time

7 Excellent agreement with measurements from material screening
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Low-energy searches

Calibration of electronic recoils

Calibrations:
» ER Internal with 37Ar

with 270 eV and 2.8 keV lines
z external with neutrons sources 1073

lonization-only analysis - 10° — =
‘%" First 100 days ™ 0.6 :
No S1: o 107 — Last 500 days d | L/KBRRatio=0.11+0.01 |
» Loose fiducialization o single 52(s00a) ¥ 04 2.8 keV -
. . . . ~ N . 14
» Loose discrimination % 10 St s200d E a0 ev TAr
Multiplication in gas phase (23 PE/e") o . 5 0(; . ity |
. . & 5 ]
> 100% trigger efficiency at 1.3 e (~30eV) "
<
n
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P
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Low-mass WIMPs

» Profile Likelihood analysis; analysis threshold set at 4 electrons
» Background model from high energy (internal and external 3 and y). Un-modeled but
understood peak at very low Ne

» Good agreement above 7 electrons
E [keVnr]
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Low-mass WIMPs

» World leading exclusion on WIMP-N cross section between 2 and 6 GeV/c2

10738

"
~,

Dark Matter-Nucleon G ; [cm?]
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— e PTICO-60 2017 PICASSO 2017
10—43 -.=.CDMSLite 2017 = CRESST-III 2017
== EDELWEISS-III 2016 - ==+ PandaX-II 2016
£= XENON100 2016 DAMIC 2016
- = = CDEX 2016 CRESST-II 2015
10—44 . .-+~ SuperCDMS 2014 CDMSlite 2014
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Counts /Kev/Kg /s

Low energy analysis

i : . 2 _
Same data to constraint other interactions 10°e
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Pulse Shape Discrimination in LAr

S 3155— —2-50 g
s <™ £ Energy deposition Heat
365 nuclear Zm0 §
3605— reCOiIS —5'200 5 : : : :
- . k Excitation —— lonization
e 81 (mostly singlet state) =**
350 g —-300 Ar*
3‘55_.1,.11111|..11.,11.1.1.1.111:'35° V+
2 o 2 4 & 8 10 Art | Electrons
sample time [us] Ar*
2
5380_ ;0 g : lz l Ar+2 1 82
$ ..o o 8 Singlet| | Triplet | |- 1
3 3718~ . § r | :
§snel T £ — Ar” :
376 — - - — 1
) : electronic Jus0 § o |
e . recoils EN Recombination
12— § : 3
. (mostly triplet state) —#°
370— _:.300
- = LAY Tsj_nglet = 7 ns
R S S S S S S T
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PSD: fraction of S1 in the first tens of ns
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Experimental signatures

1.0
prompt/fast _ _
component g RS alphas on surface full energy alphas
fracion 2 " | newrons | (lose energy) (in argon)
L o7 [ degraded o's pu < <
0.6
“nuclear recoil band” —

—_——

Y’s

“beta/gamma band”—

0 5000 10000 15000 20000 25000 30000 35000 40000 45000 50000

photoelectrons

Define ROl with a (blind) analysis:
- maximize acceptance to nuclear recoils
- minimize leakage of backgrounds in ROI

DarkSide-50 successfully performed 500 days search, similar to the result of DEAP (stronger exclusion)

Paolo Agnes, NEXT, 2019 17



The DEAP experiment

Dark matter Experiment using Argon Pulse shape discrimination

Glove box

A single-phase detector

e taking data since 2016 at SNOLAB
e 3300 kg of argon

® in a8 m water shield

Central support assembly
(Deck elevation)

Steel shell neck
(Outer neck)

et

Inner neck (green)
Vacuum jacketed neck (orange)

® Acrylic vessel, resurfaced in-situ
e 255 PMTs at room temperature Neck
e 50 cm acrylic light guides veto

Cooling coil

o L W

Acrylic flow guides

. ' Gaseous ry g

e Spatial resolution better than 3 cm ar;cn"““

® LY of > 6 PE/keV i
255 PMTs

\ v / & light guides
Acrylic vessel
& TPB layer

. & - Steel shell

3279 kg
liquid argon

Filler blocks

Foam blocks behind
PMTs and filler blocks

Bottom spring support
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DEAP installation

acrylic vessel light guide bonding

/ . 'z
4 -

‘é
o
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Backgrounds - ER

Monte Carlo scaled to activities from material screening: ER in the PSD parameter space:
> 10° 51.0 10°
ch) 103 = Data —— MC Sum Ar39 LAr —— Ard2+K42 LAr = §_
g 107 —— Bi214 BulkAV —— Th232 BulkAV K40 BulkAV —— K40 BulkLG = L 08 .
‘g 10° —— Bi214 PMT Th232 PMT Co60 SSS TI208 SSS 103
§ 10° | 1 0.6
10% § = o ot —
10° oo = Lil S, NS, - 102
S SN e o4
1 . 0.2 |-
107"
10_2 1 1 TN | A el 11\“"1 1 0 0 I o L L i
500 1500 2000 2500 3000 3500 c [kea{goo ~0 a0 T o T e T T o
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2105 EI ML LN R L L '-' T --' L I L L B L L L L EL L LA B lé ? 1 o= IE o .E |®.
5 ‘Large statistics of 3°Ar 3 decay: 109 - 5 10” - =
= 10t ' § 10 s in
o 10* E S S 18
= - . 10 S 19
@ - : > .4 T i
2.5l ] £10°F ., Data(156t016.6keV. ) z iz
e10" ¢ ) = g 10°° Model L e
e e R S ] — o e
P 1 Tee L _ 107 ® O
102 _ _I_ Data - . B 10_7 H
- — Fit function : 10°® 1 leakage event in 3 tonne years
] L Background contribution | 10_9 ..........................................................................
10 §_ . . ‘ . ‘ . ‘ ' 10—10 T B B B R |§. - i L\
0 . 500 1000 1500 2000 2500 3000 3500 4000 4500 01 02 03 04 05 06 07
\ Photoelectrons detected prompt
dark matter search region Ngroi = 0.03 = 0.01

Rejection: 4 x 102 in [16, 33] keVee
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Backgrounds - alphas

> Bulk alphas are not a concern: high energy in LAr
> Degraded alphas are fiducialized out

Lowest 222Rn activity in Xe/Ar experiment
Component Activity
*22Rn LAr (1.840.2)x 10" uBq/kg
“14Po LAY (2.040.2)x10~" uBq/kg
22YRn LAr (2.6+1.5)x10™* uBq/kg
“19Po AV surface 0.22 4+ 0.04 mBq/m?
210py AV bulk <3.3 mBq
E\soo_'l"'l"'l‘"I"'I"'I' ] b'l;' T T T T T T A
o - —t+— Data . = § f
S - —+— 2% AV surface g .di § B E
2 400 - —+— 2%0 AV (bulk) L o
2 [ Z%Rn(LAn £ Ty : g =k :
3300 [ [ Fit i 1\ = 8107 = E
O - fiT i - ~ . o -
o - | ] N O : ]
200 F i o 10 E 3 ! .
: A : = é
100 |- - 107 & i 3
O I l I ....;,.....::: ............... et ::!-:::-:::::..:.;;ii::-;,:::::::::;;‘;_ :&;m‘ o %: 10—6 : [N TN T SN AN T SR T SO S .:
10000 12000 14000 16000 18000 20000 22000 0 500 1000 1500 2000 2500 3000
Photoelectrons detected Contained LAr mass (kg)
Nroi < 0.08
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Backgrounds - Neck alphas

Refill of the detector in 2017 after argon leak

|||||||||||

h s e by Ly
50 100 150
X [mm]

Lower the Ar level to avoid new leaks brings
in a new class of background

=+—Inner flowguide
. (inner surface LAr)

— Inner flowguide
(outer surface LAr)

Piston ring
Outer flowguide
(inner surface LAr)

Alphas from the neck may be reconstructed:
- in the FV and
- at low energy

!UV Scintillation§

Need to develop specific cuts to reject this
background:

- position reconstruction
- charge in top PMTs
- early PE’s time

(0]
o
o
I
|

600 ]

400 |
200 |

Reconstructed z [mm]

L Y -t 'y
2 e . e o
- * <
vy X
0 va o 3
- Np -
why

—200 1 Outer flowguide

(inner surface LAr)

llll

~400
— > 600 | -

-800 .

0 500 1000 15002000 2500 3000 35004000
Photoelectrons detected

Ngroi = 0.5 = 0.27

Paolo Agnes, NEXT, 2019 22



Mentioned background sources: Other background sources:

- Leakage of ER:  NFERro = 0.03 + 0.01 - Radiogenic neutrons: Nmgor = 0.10 + 0.10
- Bulk alphas : Naror < 0.08 - Cosmogenic neutrons: Nengor < 0.11

- Neck alphas: NNagoi=0.49 + 0.27 - Cherenkov in the acrylic: NChgor < 0.14

TOTAL: Ngroi=0.62 + 0.3

Energy [keV ]
60 80 100 120 140
- I |

"5_ 1 - I I I ! ! I ! ! ! I I : I .
0 Y ) . B 0.5.08EK. ..o S E
T bacl]grounds .
0.8 Eroodr ] e -
0.7 E :
" : Region of mterest ]

0.6 '_OOSER ....................... e e -

- : : == NR band 50°/p acceptance .

0.5 —backgrounds ------------------- TN R — -
0.4 - g 1% NR acceptance loss == ER band, 50% acceptance 3

" E . = Neck o band; 50% acceptance]
0_3 : R TP P PP P PP —
02 e -
0.1 o e E— E— -

O : 1 i 1 1 1 1 i 1 1 1 : 1 1 : 1 1 :

! | ! ! | ! !
100 150 200 250 300
Photoelectrons detected
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Photoelectrons detected

No event in the WIMP search region
Background-free exposure of 3 tonne x year
Pulse Shape Discrimination proven at the level of 4 x 109 in [16, 33] keVee
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Exclusion from noble liquids

10"
10738 772075}
1073 )
107%° -------- QW
1041 -
10742

10—43

10744
10—45

10-—46

SI WIMP-N cross section o, [cm’

10—47

10—48

10—49 ||||||| 1 1 ||||||| |“1——|-—-'|"l"|||| 1 1 1 |||||| 1 1 L L1111

1 10 102 10° 104
WIMP mass [GeV]
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DarkSide-20k

DarkSide-50, DEAP, ArDM, MiniCLEAN formed the

Global Argon Dark Matter Collaboration (GADMCQC)
to reach the neutrino floor.

>100 t yr (instrumental) bg free UAr exposure

DarkSide-20k will use:
> 40t (20 1) active (fiducial) UAr dual-phase TPC

It requires:

> Extraction of 50 t of UAr
(UAr is 39Ar depleted x1400: no pile-up)

» 600 t LAr ProtoDUNE cryostat
(move material away from the active volume)

> Instead of PMTs: grouped SiPM arrays
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DarkSide-20k SiPMs

SiPM based light readout system (FBK): intrinsically radio-pure

DS-20k requirement

SiPM tile (PDM)

24cm? prototype
25cm? final PDM

Power dissipation <250mwW ~170mwW
PDE >40% 50% - €geom = 45%
Noise Rate <0.1lcps/mm? 0.004cps/mm?
Time Resolution O (10ns) léns

Surface 5x5cm?

D NN N NN

Dynamic Range >50 ~100

H - Gain: 52.68 o 10°
: 1200; o, 2.1 E
s - san: 241 3 10° Over-Voltage
“ o . N 2, 4 V, Low Field —*—— 4 V, Std Field
1000(— S|ng|e S|PM g 10 5V, Low Field — + — 5 V, Std Field
- & o 6 V, Low Field —~* — 6 V, Std Field
800_— 3 .
C 10? 7
600 DCR .
- 10 "
400[— 1, - — e
200:_ I‘[ 10"1 --------------------------- Ssvessssssssssssnssnsansnnanne : ---------------
_Jl J ) 102 DS-20k requirement
1 | 1 P
00 50 100 150 2(‘)0 250 300 —3.:717‘7.777.7:....|....1....|....|
Amplitude [Arb.Units) 10 50 100 150 200 250 300
T [K]
100 po
- Measured at room temperature
PE 90— v
0 1 2 3 4 5 6 7 E s v
80—
- - 6V
i Prototype Tile - PDE .v
- 70—
t SNR: 13 E a4v
10001 . '™ e : 60 :—
: ‘ w  SOE-
3 b ' ) R >
H o ' & a0
é 5004 :’ ; ‘ 305.-_
I ' \ E
Py A : 20
I 10E- .
L first 5x5 ¥ assembly
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Mass production is about to start
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Expected sensitivity

1 0—38 -
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Predicted signal
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... 1o be folded with target intrinsic behavior and with the detector response function
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Underground Argon

Main results

2 First measurement of 3%Ar activity in
underground argon (0.73 + 0.10 mBqg/kg)

2 |dentification of a 85Kr contamination

7z Background model for low-mass WIMP search

— 101
n — .
« F Atmospheric Ar s
m 10_2 r’-f
~E Underground Ar s
m |
A 107 = 85Kr
o —
1 u
< 10
0 -
o -
8§ 105
> 107 E
m =
10°° = :n:?'h
107 =
10 8 B | | | | I | | | | I | | | | I | 1 | | | | | | | I | | | |
0 1000 2000 3000 4000 5000 6000
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Unexpected contamination (no specific purification procedure put in place).

Two independent measurements: MC spectra fit and beta+gamma coincidence (0.04% BR)

r11863e7999chSUM

-Decay: 3Kr—8mRb
BR=0.4% (T12~1 ps, Ey~514 keV)

[arb]

s o

-20

- Signature: 2 Sls (B+Y) in delayed 0
-Rate: 80
observed: 33.1 £ 0.9 events/d 100
spectral fit: 35.3 £ 2.2 events/d

time [us]

r11863e7999chSUM

w - ) -
= 120 = 0 -y —
g -~ Decay time [
— 100_-_ 1.64 = 0.12 us B
J % 20
3 —
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ARIS: calibration of nuclear recoils

neutron ,
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4PN

NSI IUI B( PHYSIQUE NUCLEAIRE

LICORNE source: inverted 7Li(p,n)’Be reaction
> Pulsed: 1.5 ns width

> Collimated: <2 degrees

» Monochromatic: <6% (u~1450 keV, 6~85 keV)
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The ARIS results
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Run 14750 Event 1618 TPC Sum Channels
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Figure 8.9: A BiPo event with many S2s coming from coincident 2!4Bi gammas.
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DarkSide-50 neutron veto
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Scintillator
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Precision Lesr at low energy
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low-mass WIMDPs
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Backgrounds in DS50

surface a’s can leak from high energy.
Self vetoed (no S2 + TPB long tail)
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high-mass WIMP result

Quality +Trgtime +Slsat +R 2
x10° 1
b4 : 4 fa ™ :
" Entries 1.9%7394e+07 W - - Entries 361687
0. Integral 9.899e+06 90 0.9 Integral 3.576e+05
80
0. 0.8
0. —|7° 0.7
0. —160 0.6
0. —50 0.5
0. — 40 0.4
0. 0.3
0. 0.2
0. 0.1
0:IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
(0] 50 100 150 200 250 300 350 400 450 500 0 50 100 150 200 250 300 350 400 450 500
S1 [PE] Sl [PE]
+Veto
Energy [keV ]
1<
0 20 40 60 80 100 120 140 160 180 200 .Hg - - Entries 227934
1 _I T T I T T T I T T T I T T T I T T T I T T T I T T T I T T T I T T T I T T T I T 70 0.9 Integx‘al 2.258e+05
0.8
60
0.7
—150 0.6
| 0.5
o 40
“ 0.4
—{ 30
0.3
20 0.2
10 0.1
: 0:IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
o:I 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 o 0 50 100 150 200 250 300 350 400 450 500
0 50 100 150 200 250 300 350 400 450 S1 [PE]
S1 [PE]

Paolo Agnes, NEXT, 2019

800

700

600

500

400

300

200
100

0

500

400

300

200

100

0

42



3500

3000

2500

2000

1500

1000

500

500

400

300

200

100

~ANNe

TPC
data

P i st o i o W

0 50

100

150

|I,.I|IIII|IIII|IIII|IIII|IIII

EDEN
data

1800

1600

1400

1200

1000

800

600

400

200

Paolo Agnes, NEXT, 2019

T =
E ~—1000
3 [
—] (]
. s TPC
3 &, response
_: 700
1 1
_: 600
g 500
_E 400
= 10*
200 250 300
TPC-beam TOF [ns]
200
100
™ 0.2
a L | L L L | L L L | L L L | L L L | L L L 2
- 00 20 40 60 80 100 120 10
] Visible energy [keV]
T (2]
] 2
— 10.15
7 g
i (]
1 Q
] Q
. % 0.1
E B
0.05
\ 4
! — 1 1
: 800— 1 1
- 1 1
: 1 1 0
241 700 ' 133 .
—|— Am Data ' —|— Ba Data ;
1 1
. ! 600 ' . ' -0.01
Best fit : P ' — Best fit
' C
' 500— | :
1 : | 1
: s | :
400 . .
; E : ;
1 [~ 1 1
, 300— ' '
1 - 1 1
1 — 1 1
1 — 1 1
1 200— 1 1
1 — 1 1
1 C ' 1
1 — 1
1 100— . f
1 — 1
H 4 , o o_||||:|||||||||||||||||||||||:|||||||||
800 1000 1200 1400 1600 (] 200 400 600 800 1000 1200 1400 1600 1800 2000
S1 [pe] S1 [pe]

0

300:_ _} —I— Data
250:— —— Background
200:_ + Subtracted Data
150:— _I_
- + 4
100_— _I_
SR o
50_— +++ + ++
- +
- | | Hhy et
oo 1 1 1 20 1 1 1 4 1 1 60 1 1 1 80 100 1
N
Fusion-evaporation
neutron _‘j?:'!-
=
---
1 | | I I | | L1 1 1 | | I I | | | S I | | 1
0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08

TOF beam - TPC [us]

—I— Data

120 ‘} + Background
100—_ {+ + Subtracted Data
so[—
60—
a0
20— H

C +'t

o__l (] |7 | 1 1 1 1 | | 1 1 | ’_i—‘ | 1 | 1 L

(1] 500 1000 1500 2000 2500 3000

S1 [pe]
49



ARIS neutrino
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222Rn decay chain and surface alphas
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DEAP acceptance
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bg-free condition
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For 3 sigma claim
Next generation of Xenon experiments:
LZ (6 evin 18 t.y), XENONNT (2 ev in 4 t.y - Radon dominated)
in DarkSide, CNNS neutrinos (a signal, actually): 1.6 in 100 t.yr
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A discovery limit fixes a WIMP-nucleon cross section such that if the true WIMP-nucleon cross section is higher than this
value then the considered experiment has a 90% probability to detect a WIMP with at least a 30 confidence level

Only marginally affected long y axis: both CEVNS and o0 scale with A2,
There is however some difference in the kinematics: the vertical
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LHC search exclusion depends on (SIMPLIFIED MODELS): Caution with EFT theories:
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Solar neutrinos in Argo

Solar neutrinos with 1000 t yr exposure
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. pey Could resolve CNO shape feature (if Rn is low)
s oy and provide hints to solve the solar metallicity
:

Could lead to measurement of CNO

10?

component at 15% if 222Rn is <1 uBqg/t
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Figure 1: Simulated solar neutrino spectra in a 400 tonne-yr LAr TPC exposure, assuming
o =1.3% energy resolution at 1 MeV, corresponding to a PE yield of 6 PE/keV. The blue
shaded area represents the tail of the 3*Ar contamination, intrinsic to underground LAr.
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Figure 7: Statistical uncertainties on the solar neutrino components, as a function of the
radon activity.
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Quality +Trgtime +Slsat

Entries 1.9%7394e+07

Integral 9.899e+06
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* Trigtime: the first pulse is within expected trigger time window
e Sisat: S1 pulse is not saturated
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* Most of surface events are gone
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+S1pmf

1 x10’
.- Entries 3881935
0.9 Integral 1.71e+06
0.8
0.7 —12.5
0.6
— 2
0.5
0.4 —1.5
0.3 .
0.2
o e ra 0.5
0.1: -m l:-_l-_
oC I-H-'n:"-.‘-ll'l' o= - o
0 50 100 150 200 250 300 350 400 450 500

S1 [PE]

* S1pmf: fraction of prompt light in the maximum PMT is less than a threshold, which
is a function of t_drift and S1

e Remove S1+Cherenkov events from fused silica windows
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+min S2uncorr
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* min S2uncorr: S2>200 PE

* This is more like quality cut, but remove surface events, which number of electrons
are reduced by the surface effect




+xy-recon
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* Xy-recon: reasonable x-y reconstructed values
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+S2 F90
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S2 f90: 190 of S2 pulse <0.20
Remove S1+S1 pileup events




+min S2/S1
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* min S2/S1: S2/51 need to be above threshold, which is a function of S1
* Remove strangely small S2 events, like surface events
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+max S2/S1
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e max S2/S1: S2/S1 need to be below threshold, which is a function of S1

x10°
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* Remove strangely large S2 events, which we don’t expect, but applied as a safety

net
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e 52 i90/i1: S2 have reasonable rise time
* Remove events in which S2 is actually S1+S2 pulses
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+S1 TBA
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e S1 TBA: z-position from S1 Top-Bottom Asymmetry agrees with t_drift
* Remove random pileup S1 and S2
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+TPB Tail
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TPB Tail: remove events, which have long tail of scintillation caused by TPB
scintillation

Remove surface events, in which a goes through TPB layer
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+NLL
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* NLL: Negative Log Likelihood cut, which compare event position from S1 light
distribution among PMTs and event position from t_drift and S2 x-y

* Remove S1 + Cherenkov events which deposit energy in separate locations
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R 2: Radial cut as a function of t_drift
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+Veto
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Veto: all veto cuts
Remove neutrons
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