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OUTLINE

1. Motivation, the Deep Underground Neutrino Experiment
o Light defection systems in the DUNE far defector modules y
© Detailed dscription of the WAT05-DP demonstrator 7/900//

2. Defailed analyses of the scinfillation light signal in the WAT05-DP demonstrafor

o Primary scinfillation light
o Secondary scintillation light PHYS/CS/?ESUL
s

3. Outlook and comparison with bigger LAr-TPCs (ProroDUNEs)

4. Summary
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C. LASTORIA - THE SCINTILLATION LIGHT IN LAR-TPCS (10.05.207] )



THE DEEP UNDERGROUND NEUTRINO EXPERIMENT

Sanford Underground
Research Facility,
South Dakota

) miles/1300 km

ATh g — ‘
very ambifious physics program:

Fermi National
Accelerator Laboratory,

Illinois

PHYSICS GOALS OF THE DUNE EXPERIMENT ]

O precise measurement of the neutrino oscillation parameters, CP

© non beam physics

(Supernovae neutrinos, solar

neufrinos, profon decay
searches, efc.))

 for more defalls: J. Dawson seming |

> most powerful (anti) v beam

> in the USA (31 countries, more than
1000 scientists)
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https://indico.in2p3.fr/event/23373/

THE DEEP UNDERGROUND NEUTRINO EXPERIMENT

800 miles/1300 km

\ !
very ambifious physics program:

Sanford Underground
Research Facility,
South Dakota

Fermi National
Accelerator Laboratory,
Illinois

{4 X I0KTON LAR-TPC MODULES

o single (SP), dual-phase (DP) or
ofther technologies :
o 3D frack reconstruction at high
resolution '
© none of them operated so far

. afsuch a giant scalel

..........................................................................

> most powerful (anti) v beam

> Near Detector (ND) at FermiLab
> Far Detector (FD) at SURF laboratory




ADVANTAGES OF USING ARGON

> noble gas, third element most abundant gas in the atrmosphere (~1%)

o cheap for using in big defecfors

> it is dense (1.4 g/cm®) and inert

o significant energy deposition of crossing particles

> large dielectric rigidity,
© high voltage in long drift paths

> strong scinfillation power (~bx10% phoftons/MeV)
© good pulse shape discrimination

o transparent fo its own scintillation light

> good purification by freezing out impurities from ifs

liquid stafe




SP LAR-TPC WORKING PRINCIPLES

Cathod i
{ athode Inductionl Induction2

. event reconstruction from collecting the

2 signal in the anode-plane
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g .c o scinfillation lighr,
e .t time of the event
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Flcture adapted fkom & Abi et gl JNST 15 TOS005 (2070)



https://iopscience.iop.org/article/10.1088/1748-0221/15/08/T08008

DP LAR-TPC WORKING PRINCIPLES

Anode and
Readout
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. Multipliers . evenf reconstruction from collecting the| AMPLIFIED :
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. signal in the anode-plane

.

Exrracrion ........................................................................................................................

o scinfillation light (primary, S1) in the LAr phase,

E, drift field

f time of the event

o secondary scinfillation light (S2) in the GAr phase,

/7 \P_\-,H-)' _ Cathode s proporfional to ionization charge

Liquid Argon

\

PMT
Ficture adapted fkom & Abi et al JNST [5 TO5005 (2070)



https://iopscience.iop.org/article/10.1088/1748-0221/15/08/T08008

LAR-TPC WORKING PRINCIPLES

Q event reconstruction reaching a[mm SCALE PRECISION]
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C) excellent track-vs-shower separatfion

P/chRes RO '
- (harge. WAIO5 Coll, arXivZI01.0827 7(202/)



https://arxiv.org/pdf/2104.08227.pdf

LAR-TPC WORKING PRINCIPLES

3

drift time [ps]

© event reconstruction reaching a[mm—SCALE PRECISION]E

. o excellent track-vs-shower separation

.

3F — ruiclear recolls
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{ Plctures fRom: |
-Chakge WAID5 Coll, arXiv- 2101087227 (202))
—L/ghf C. Jackson, CPAD Workshop (207) o T

C J Martoft Fos (EPS- HEPZO/7)07‘/ P S S

S1 [PE]

...........................................................................................................................

© additional calorimetfric measurement
. o improved bkg suppression, sysfemafic uncerfainties
. © more important for[NON—BE/—\M E\/ENTS]reconsrrucrion

(e.g. proton decays, supernovae neutrinos, efc..)



https://arxiv.org/pdf/2104.08227.pdf
https://indico.fnal.gov/event/46746/contributions/210539/attachments/141211/177748/cpad2021_Jackson.pdf
https://pos.sissa.it/314/074/pdf

TOWARD DUNE FD MODULES STRATEGY

> in the past, SP LAr-
TPCs already used in
several other experi-
ments for studying
neufrino physics

PHOTON DETECTION SYSTEM
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~ ~Field shaping rings
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PHOTON DETECTION SYSTEM
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© Charge Readout Plane

7. TRIGGER SYSTEMS
o PMTs
o Cosmic Ray Tagger
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THE WAIO5-DP DEMONSTRATOR

> Building 182, at CERN (10 countries, more than 100 scienfists)

> Exposed to cosmic muons (March-November, 2017, @ months of operation)
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Four main components
O cryosfat (stable T = 87K)

o Charge Readout Plane

o Field Cage

o Light Detection System

for more defails: B. Aimard et al. [UNST 13 PIO03] (2018)
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https://iopscience.iop.org/article/10.1088/1748-0221/13/11/P11003

THE WAI05-DP DEMONSTRATOR: CHARGE READOUT

> Charge Readout Plane (CRP):

independent structure from the field cage

for more details: WAIOS Coll, arXiv:2104.08221 (2021)

[ (M3 WOLL09) D

[ 0034 INan3 |

[TECHNOLOGICAL MILESTONES]

; Q extraction over 3m area

o amplification by combining multiple 50x50 cm? LEMs (12 units)

| o readout two collection planes with strips (up to 3m length)



https://arxiv.org/pdf/2104.08227.pdf

THE WAIO5-DP DEMONSTRATOR: LIGHT DETECTION SYSTEM

Array of five cryogenic R5921-02Mod Hamamatsu PMTs (8 inches):

> underneath the cathode




THE WAIO5-DP DEMONSTRATOR: LIGHT DETECTION SYSTEM

Array of five cryogenic R5921-02Mod Hamamatsu PMTs (8 inches):
> underneath the cathode

> different configurations (PMT base, wavelength shifter)

[ 27PB COATING OPTIONS

(*) TetraPhenyl-Butadiene
(**) Poly(Methyl-MethAcrylate)

N

[ 2BASE CONFIGURATIONS | <

e PB w_ O NB

lT_ power supply

+HV

| V. +HV — signal

Decoupling capacitor
& power supply filter

o one cable, signal splifter o two different cables

oufside the cryosfaf




LIGHT DETECTION SYSTEM PERFORMANCE

( BASE CONFIGURATION |

[ TPB OPTIONS |

© base design and cabling costs

© PMT response linearity
© PMT pedestal stability

" for more detalls: B. Amard et al, JNST 6 PO300T (2021)
E D Belver et al., JNST 13 TIOO06 (2018),
andinbkp glides

(POSITVEBASE }.. {DRECT TPB COATING |

baseline design for [PROTODUNE-DP DETECTOR]

g W T T T T T T T
2 e Neg. base [PMT 2]
8 I 0 Pos. base [PMT 3] E
g oo
E le e 0% @ e b A e -
TS Rt eSS P
2 B8 © °© L oo °
RN | | | | l | l
E: —&— direct TPB coating
Ei% ——&— TPB coating on PMMA plate
=
© wider geometrical =
acceptance od | ____________ ‘
© minimization of light + _____________ T """"" T
absorption + +
| ! \ | |
0 1 2 3 4 5
PMT n.

U IO " - ph N WG]

— (7 2
R s e

SRS TPB on PMMA pla

PEN™ sheet
(*) polyethylene

naphthalate
: -VJ 'R b

36 PMTs, in a non-uniform layout for optimizing coverage
of light produced af the side of the defector



https://iopscience.iop.org/article/10.1088/1748-0221/16/03/P03007
https://iopscience.iop.org/article/10.1088/1748-0221/13/10/T10006

TRIGGER SYSTEMS

[ PMT TRIGGER |

> b-fold coincidence of the prompt scintillation signal

over a fixed ADC threshold, within 80 ns time window

Time [ns]

2
‘= 4000
-]
)
1(':'3800
- .f‘3600_—
T B
o0 L
2 N — Neg. Base PMT
L 3400_
E i : — Pos. Base PMT
oL 3200 80 ns
oz - e >
Ll L window
D) . [ AP | PR S B
D 400 500 600 700 800 900
oz
=
N’




TRIGGER SYSTEMS [ COSMIC RAY TAGGERS (CRT) AS EXTERNAL TRIGGER ]

>4 modules of plastic scintillators (2 modules/side)

[ PMT TRIGGER ] © 16 strips (112.5 mm width) per module
> 4-fold coincidence among the 4 CRT panels

> B5-fold coincidence of the prompt scintillation signal O af leasf a signal must be defected in one sfrip/panel

over a fixed ADC threshold, within 80 ns time window

ADC [Arb. Units]

112.5 mm
p.F

)

~N

-

Nz\ — Neg. Base PMT

Lil

E ; — Pos. Base PMT

o 3200 80 ns

a4 B = =

Lil window

b S BAVS SR | PSS S BRI SRR
D 400 500 600 700 800 900
P_ﬁ Time [ns]
N——r

| TRIGGER RATE-03HZ |




CRT RECONSTRUCTION OF MUON-LIKE EVENTS

[ALWAYS A\/AILABLE], independently from the drift field conditions and track reconstruction in the anode-plane

> CRT panels allow having a good topology reconstruction of the muon tracks crossing the defector
© CRT and PMT DAQs information (stored separately) are matched (ms precision)

| (RT RECONSTRUCTION |

> requirement of unambiguous frack reconstruction: only 1 hif per panel & only one muon per event)

(=

] e R

: 4000 H 25 i % DX\)‘E ‘(\’\E
o [ oeces
: - 3000 ‘J\“OWE E(' \0“

o quality cuts for an optimized PMT
and CRT response

2000

u1000

© geometrical cuts relative to the 3D

0 R e TR R T 0 T e T CRT track reconstruction
n. SiPM (z coord.) n. SiPM (z coord.)

o only single|COSMIC MUON|rack




CRT RECONSTRUCTION OF MUON-LIKE EVENTS

[AL\A)AYS AVAILABLE], independently from the drift field condifions and frack reconstruction in the anode-plane

— 1500
E - 1800
. - CRT coordinates
1000 |— ) (WA105 DP data) 1600
= e e‘ 1400
500 [— [ oo T o
— == — 1200
0 LAr Active Volume Tl — 11000
500 — ... SRS e v | S R EOTUUNS S— | — {800
= “wall ONR(O)IEC5:(C): O, i N R
- 5 H N — 600
_1 000 .....
- Z
— Y 400
~1500 [ i
— o >
— X ~ “door” 00
_2092000 —-3000 —-2000 —-1000 0 1000 2000 3000 Z[IOOO] 0
y [mm




PRIVARY
SONTLLATION
LIGHT
(1)

. SCINTILLATION LIGHT PRODUCTION FROM COSMIC MUONS IN LAR
o study of the LAr scintillation time profile
o study of the LAr purity
o impact of the drift field on the scintillation light signal

(LAr recombination factor and of the recombination dynamics)

Z. SCINTILLATION LIGHT PROPAGATION IN LAR

o evaluation of the Rayleigh scattering through data/MC

comparison




THE PRIMARY SCINTILLATION LIGHT SIGNAL (51)

* /\/\/’\\{,V & Mf‘asfcorrpanenf
) o &~ | |
DRECT AR EXCITATION nVw NS : * i
' ~ ® ~ [lElsh |
NUW Gl 5 | " slow component |}
2 = : g, :
L W [ ——N
la AT+ = : TME? |}
MR 84 O =T | = . TMEPROFLE |
AR IONIZATION ~ RECOMBINATION e o VUV SCNTILLATION LIGHT " OF SONTILLATION LIGHT SGNAL
N . . o T _~ns
scinfillation emission mechanism, two contributions in LAr: fast
| DRECT EXCITATION | Ar* + Ar = Ar* = Ar + Ar + Toow ™ B8
[RECOMBINATION| Ar*+ Ar = Ar' + e = Ar* = Ar + Ar + ~ A A
’ E(T) - — e v/rf gy e t/7s
suppressed in presence of the drift field Ts Ty

dis-excitation probability from singlet (A ) or triplet (A ) states, in ferms of AS/AT, depend on the inferacting particle

-

(AS/AT~O.3 for e-, muons, efc...)




CINOWNS

o two characteristic decay times describing the LAr

dynamics (t__~ns, T _ ~ ps)

o probability of excitation in the singlet or triplet
states depending on the particle nature (used
for particle identfification)

o excimer formation from either direct excitation or

Ar,'-e” pair recombination

— driff field, suppression of the recombination

processes and, in furn, light yield decrease

AND UNYNOWNS

ar least, an addifional third infermediate component
has been experimentally measured, BUT.

© origin? most accredif hypothesis, WLS material
o decay time? so far, found in [34; 132] ns..

Hints of dependence on the driff field strength of
o dis-excitation probability, why that?
o is the LAr dynamic affected? if so, how?




THE SCINTILLATION TIME PROFILE

> In the WAT05-DP demonstrator, fit of the average waveform to a Gaussian function (PMT response) convoluted with

THREE | exponential functions:

[40) = Gl o) ® 5, (A, /7, V"expl-1)/7, )]

[Arb. Units]

107!

1072

107

107

CTTITT

&= LT

+« Data
Error/4 ns
— Fit

(PMT5 - E = 0kV/cm)

—— Fast
Intermediate
---- Slow

| | | |
200 400 600 800

|
1000 1200

Time since T, [ns]

:> Physical meaning of fit parameters:

o f, S peak fime

Qoo
© Tj:fas'r, inf, slow’ decay fimes
o A ., normalizaftion constants

j=fast, int, slow

> Obtained from the fit parameters:

oA, =A/S

j j=fast, int, slow

Aj, relative

confribution fo fot. scinfillation light




FIT PROCEDURE AND SYSTEMATIC UNCERTAINTIES

> general fit procedure, independent from frigger and electric field condifions (valid for any PMT in each run):

o CRT trigger, the [MUON-LKE EVENT SELECTION] is applied

o PMT self-trigger, only rejection of events saturating the ADC dynamic range or the PMT response

— EMPTYING
COMMISSIONING PHASE .;?
N ! ! J ! ! U U 509 x 10* events
% 5 Trigger :0 PMT .
5 | CRT . : 500
& a4 . G=10" ' G=10° o ' % E
5 L v CRT : : 5
&0 ‘e 400 =
=1V
.: 3 — : — —_
= L R ¢ B {300 2
2t . P i
- L PMT H 20 £
0 i - ! | M | 1.I " w 1 ’ ] 0
Mar. 25 Apr. 24 May. 24 Jun.23 Jul. 23 Aug. 22 Sep 21 Oct 21 Nov. 20

STABLE DETECTOR OPERATION

- (MAN OUTCOMES FROM DEDICATED TOY-MC |

. > Effect of parameters’ correlation

:> Limifafion due to the digitization

sampllng (4ns):

(inﬂuencing T rneasurernenr)

- > all included in<systematic uncertainty,

V parameter

| for more detalls C.Lastoria PD thesis (2070) andin bikp sides |



http://cds.cern.ch/record/2748990

MONITORING OF THE LAR PURITY

> Quenching of the light in presence of electronegative impurities, T __most sensitive parameter

®)

. AR DE-EXCITATION + /:{/’\V’WVW
®\ e
@\

TWO-BODY COLLISION

two processes in competition:
[EXCMER DIS- EXCITATION] Ar*, = Ar + Ar # ~

(TWO-BODY COLLISION JAr* + X = Ar + Ar + y + X

g 77777777 O Triplet
g 1 X Intermediate
"E © Singlet
=5
Fal 1
p 7([1\’2]) B + ko [V2]
0 = 7 J
[ ky quenching Rate constant
-2 Il
10 -
-3 |
0" " - -
10 1 10 10 10
N2 Concentration (ppm)
Q
°
3
= * Total
=
E o Triplet
‘_'E LSS * Singlet
e [ X Intermediate
-1
10
L Al
FA(N)) = ——L——
L I([ ]) 1+Tij [Nz]
5L Feduendiinggate constant d

1

102

10
N2 Concentration (ppm)

.........

.........



https://iopscience.iop.org/article/10.1088/1748-0221/5/06/P06003/meta

MONITORING OF THE LAR PURITY

> Quenching of the light in presence of electronegative impurities, T __most sensitive parameter

> On average,[T ., =(1426 £ 24) ns ] consistent with electron lifefime, _ > 4ms for more detaile: B Ainard et al. [INST 13 PII003] (208) |
Slow .\ ;

) —— CRT Trigger
= T P PMT Trigger
21700 f—---- (PMT2 - E_ =0KV/CIM) ...ttt Drift Scan (PMT Trigger)
e —_— T = (1426 £ 24) ns
Average value (All NB PMT)

O[GOOD AND STABLE LAR PURITY], during 5 month of sfable defector operafion

o scinfillation light analysis from all data collected during stable detector operation



https://iopscience.iop.org/article/10.1088/1748-0221/13/11/P11003

LAR SCINTILLATION TIME PROFILE (NO FIELDS)

...................................................................................................................................................................................

. © observation and measurement of the infermediate component:

— relative contribution to the tofal scinfillation light, Aim/Z)j=f i SAJ, ,[AimreI = 1%]
— decay fime, [’rim = (49.7 £ 3.0) ns] [ E. Segreto, Phys. Rev. € 91 035503, (Z015) ] T =(49+1)ns

.........................................................................................................................

o due to the delayed light re-emission of TPB molecules



https://journals.aps.org/prc/abstract/10.1103/PhysRevC.91.035503

LAR SCINTILLATION TIME PROFILE (NO FIELDS)

...................................................................................................................................................................................

. O observation and measurement of the intermediate component:

— relafive contribution o the fotal scinfillation light, Aim/Z)j=f i SAJ, ,[Aimm =1 1%]

~ decay fime, (1 = (49.7 £ 3.0) ns | [ E.Seqreto Phys Rev C9.035503,.(208) |+ = (49 + 1) ns

.........................................................................................................................

o due to the delayed light re-emission of TPB molecules

. o for cosmic muons,| FRACTION OF SINGLET OVER TRPLET] - £ 05 pe—
E Lsc 0-4 - - e rgget
~ expressed by the ratio (A+A)/A,, (A+A)/A_ = 0.284 + 0.020) R
(PMT5 - E  =0kV/cm)
= I 0.1 o Gt -
— empirical definifion of prompt 0.5 o
o o 2 (PMT Trigger) o=
contribufion fo the ftotal scinfillation 0.4 g o e
light, f__ factor = EQOnSnghr/EAusnghr oL . G -
(independent from parametrization) 0.1 ,_,""._k_ff;_o - 0277 J-'_O_'O]é]_ -
0 2000 4000 6000 8000 10000 12000 14000
S1 Light [P.E.]



https://journals.aps.org/prc/abstract/10.1103/PhysRevC.91.035503

EFFECT OF THE DRIFT FIELD ON THE SCINTILLATION LIGHT

AR IONIZATION

Drift
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[RECOMP;!NATlON] suppressed in presence of the driff field
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FOR more details: 5. Kubota et al, Phys. Rev. B20, pp 3186-34% (H’H)
' 5. Amoruso et dl, NMin Phys. Res. A Sl (2004) 63~ 7“1

150 e
0
5o i / ke = (NORGE(E = 0)/Charge(€ = 0)
c i o / Ar
g \ r{‘/ _________________________________________ -
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- N .
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Field Strength ( kV/cm)

Characteristic Birks recombination constant, ks(dE/dx)

such that R(e) ~

o in LA, k€=

for cosmic muons at MIP

A/(1+k /&)
(0.0486 + 0.0006) kV/cm (g cm~2/MeV),



https://journals.aps.org/prb/abstract/10.1103/PhysRevB.20.3486
https://www.sciencedirect.com/science/article/abs/pii/S0168900204000506?via%3Dihub

EFFECT OF THE DRIFT FIELD ON THE SCINTILLATION LIGHT

s y
: k\) NVW N
= DRECT AR EXCITATION o
5 3
, ?,: L] v ow
& + /'\/\/\:\\{/
W + N
— IAVAVAY.V4

AR IONIZATION RECOMBINATION

s y
: \\) JAVAVAV YV
i DIRECT AR EXCITATION
IE L ,
HOH (o
‘E_‘ Tvpm e/ f\/\/\:{{/
J @ YA ;
— N\

AR IONIZATION RECOMBINATION

[RECOME;!NATION] suppressed in presence of the driff field

In the WAT05-DP, | &y # OKV/CM |

Considering the total scintillation light
: > LAr recombination factor @ nominal TPC
operation driff field (~0.5 kV/cm)

Considering the scintillafion fime profile
:> impact of the drift field on the:
o fraction of singlet and triplef, (Af+Ai)/As

and relafive amplitudes A, separately

o decay fimes (t_and T__ )




LAR RECOMBINATION FACTOR AT THE NOMINAL DRIFT FIELD

> Selecting only CRT muon-like tracks crossing the TPC field cage volume

— _‘c
& . Edrm = g l;:;ckn;/ oMTs T 2 ~e- WA105 DP data
g 8000 drift = el 7 ;;: L® ’ A Kubota et al.
=}
a —4— ARIS coll.
2 :
S *
Ad
2000
0.7
Z 15 0.6 —— g A
%
=L S1_, /51, | 0577+ 0022
0> ” \ | \ | \ | \
200 400 600 800 1000 1200 0 01 02 03 04 05 06
Track to PMT Distance [mm] Drift Field [kV/cm]




DRIFT FIELD EFFECT ON THE SCINTILLATION TIME PROFILE

> The scinfillafion fime profile is sensitive fo the LAr conditions
o few (and old) information investigafing the LAr recombinafion
dynamics

o suggestion of drift field affecting the scintillation time profile

[ Kubota et ol PhusRev b 70,(979) |

[Exc. + Recomb.] [Exc.]
Edrm =0 kV/cm Edrm =6 kV/cm
AS/AT 05 +0.2) (0.36 = 0.00)
Toow (1020 + 60) ns (860 + 30) ns

© big error in A/A_ratio af O driff is due to the

freafment of the intermediate component
o small value of the slow decay suggests a low

control of electronegative impurities

2l


https://journals.aps.org/prb/abstract/10.1103/PhysRevB.20.3486

DRIFT FIELD EFFECT ON THE SCINTILLATION TIME PROFILE

> The scinfillafion fime profile is sensitive fo the LAr conditions
o few (and old) information investigafing the LAr recombinafion
dynamics
o suggestion of drift field affecting the scintillation time profile

( Kubotacet al,PhysRev. B 70.(91) |

[Exc. + Recomb.] [Exc.]
Edrm =0 kV/cm Edrm =6 kV/cm
AJA, (05 +0.2) (0.36 + 0.00)

(1020 + 60) ns (860 + 30) ns

slow

© big error in A/A_ratio af O driff is due to the

freafment of the intermediate component
o small value of the slow decay suggests a low

control of electronegative impurities

—_

[Arb. Units]

[y
<

1072

E i = 0.00 kV/ecm

— E g = 0.04 kV/cm

E . =0.17 kV/cm
E i =0.52kV/cm

WA105 DP data

(PMT 5)

~3L
10 0

| | | | | |
500 1000 1500 2000 2500 3000
Time since T, [ns]

> In the WA105-DP, several dafa collected in the

(0, 0.56) kV/cm driff field range

2l


https://journals.aps.org/prb/abstract/10.1103/PhysRevB.20.3486

DEPENDENCE OF THE (A_+A )/A RATIO

slow

(PMT 5)

A DA

(At ast
o

e

s o

LAl
iR

» I —— Weighted Average (CRT Trigger)
—®— Weighted Average (PMT Trigger)
Drift Scan (PMT Trigger)

| \ \ \ \ \ |
0.2 0 0.1 0.2 0.3 0.4 0.5 0.6

Drift Field [kV/cm]

o around dw.m. fhe value measured in absence
of driff field, [ (A+A)/A - 0.378 + 0.022

s @ 0.5kV/cm




DEPENDENCE OF THE (A_+A )/A RATIO

0.5
5 (PMT 5) <§ 1 u Weighted Average (CRT Trigger) Rel. A,
’__?é =~ L Weighted Average (PMT Trigger) | Rel. A”“
$—‘ < Iy Drift Scan (PMT Trigger) Rel. A,
< ¥ g
l 0.2 B -
03_+ ........ e o e oot e e Siina s menien e e oeee e e e e en e ] I 1 1 I
» I —— Weighted Average (CRT Trigger) [’ r "r\ A ‘I‘ 4 4 é * A * 4
—®— Weighted Average (PMT Trigger) 01755 | : o o
Drift Scan (PMT Trigger) (PMT 5)
0 2 | | ‘ ‘ ‘ ‘ | 0 L L L L L L L
0 0.1 0.2 0.3 0.4 0.5 0.6 0 0.1 0.2 0.3 0.4 0.5 0.6
Drift Field [kV/cm] Drift Field [kV/cm]
© around @@ w.tf. the value measured in absence o intermediate relative contribution, A~ not
rel, Inf,

of diiff field, [ (A+A)/A

- 0.378 + 0.022]

s @ 0.5kV./cm

affected by the presence of the drift field

2



DEPENDENCE OF THE INTERMEDIATE DECAY TIME

> No variation due fo the increasing strength of the drift field is observed (never studied beforel)

© combining all the dafa and all NB P/\/\Ts,[ T, =(80.7 £ 4.1) ns ](fully in agreement with value ar null driff field)

— 120
H —B— Weighted Average (CRT Trigger)
o —®— Weighted Average (PMT Trigger)
100} (PMT 5) .............. Drift Scan (PMT Trigger)
T, = (50.7£4.1) ns
80 U PTRN Combined values (Au NB PMT)
60 Lt e e e + ........
40 I 3 Y IS e P VOV URR IR 1 SN
20 | | | | | | |
0 0.1 0.2 0.3 0.4 0.5 0.6
Drift Field [kV/cm]

o together with the result on the relative intfermediate amplitude, it suggests the origin of the infermediate component

independent from the LAr excitation mechanisms




DEPENDENCE OF THE SLOW DECAY TIME

> Decreasing of the slow decay time with the drift field, -1 O%*rhan at null driff field

o such a[CLEAR TREND HAS NEVER BEEN REPORTED BEFORE FOR LAR!]

© no dependence with the trigger conditions (PMT frigger drift scan, durafion < 2 hours)

1400

1300

1200

(PMT 5)

—il— Weighted Average (CRT Trigger)
—8— Weighted Average (PMT Trigger)
Drift Scan (PMT Trigger)

L

\ |
0.2 0.3 0.4 0.5 0.6

Drift Field [kV/cm]

© Robusf, but not explicable
with the “classic” LAr dis-

excitation model..

o Combining all the dafa and NB PMTs, af the nominal drift field, [ T ow @ 05v/em — (1276 £ 44) ns ]

.........



http://cds.cern.ch/record/2748990

AN INTERPRETATION OF THE SLOW DECAY TIME DECREASING

*singlet state foo fast for being affected

A very recent study PROPOSED an [EXPLANATION for REPRODUCING THE WAI05-DP DATA! ]

> confribution of two addifional processes quenching the triplet” state

{INTERACTION J o
[.] 5

BETWEEN | . -,
TWO EXCMERS | AT » * AT, = AT, + 2Ar 1 4
I + ’VV\I{/
INTERACTION )
BETWEEN ()

IONIZED DIMER
ANDEXCIMER ) Ar™, + Ar', = Ar', + 2Ar

[ E.Segreto, Phys. Rev. D103, 043001 207) |

The escaping probability of electrons from ions
exisfing also af null driff field makes both
processes always possible:

A A e—T/’TQ
T

f(f) - _S e—r/Ts+ _ v
T T 1+q7_(1-e"9)

g ~ N, initial density of friplef sfafes
= I/x and N, =\, T K,

with k=~ N_', inifial density of ions

5


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.103.043001

AN INTERP RETAT'ON OF THE SLOW DECAY TIME DECREASING *singlet sfafe foo fast for being affected

A very recent study PROPOSED an [EXPLANATION for REPRODUCING THE WAIOS-DP DATA ]

> confribution of two addifional processes quenching the triplet” state
D —————— . [ E SegReTOl Phgg Re\/ D |03‘ OLBOO| (ZOZD N

1500 — 0O Lastoria et al. [24]
INTERACTION we= this work
F\f : 1400 -

BETWEEN e
(1 (T ExaMErs ) Ar s * AT, > A, 2A0

INTERACTION &) - ar) - 00T = 008) kviem |
iOI\?ggg) EDEIEI\[;‘ER 1100 I ¢ the Birks Recombinartion constant
L compartivle with previous measurements

ANDEXCIMER | Ar* + Ar* = Ar' + 2Ar
2 2 2 : 1000 M " 02 03 04 05 06 07

T4 (NSec)

e e e e e e e e T e s "' Electric Field {kvfcm}
> consequently, slow decay time is an effective time, T_, and ifs
eff 1 1
quenching is nothing then else than the measurement of the Teff =Tq = " KA V.
P + + B(l—i—k.E/E) 1+ke/e

recombination process, ks, through the scintillation light

5


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.103.043001
https://www.sciencedirect.com/science/article/abs/pii/S0168900204000506?via%3Dihub

SIMILAR STUDIES PURSUED IN PROTODUNE-DP

> Encouraging preliminary results come from the ongoing
analyses:

60

Entries

50

40

Tintee ™ s

30

20

10

O
o

o Dependence of the intermediate decay fime
with the wavelength shiffer material

... Paper in preparation!




SIMILAR STUDIES PURSUED IN PROTODUNE-DP Drift field (KV/cm), z = 130 om

' © Main difficult
> Encouraging preliminary results come from the ongoing # _ due to the
analyses: | inhomoge-
. | neity in the
e driff field
g 60 -100
—PEN T o~ 20 NS '
*F —7pPB - -
_39

(7)) = 7
@ C ]
t °°F E
L L ]
4(); -9 E 00 -200 -100 0 100 200 300
C 7 x (cm)
C L~
30F | Ty~ 1106 =
B f% 7 i
201~ £ - n A Kubotaet al.
: ; = s + ARIS
B ] — v WA105 demonstrato
10 7 @ o ProtoDUNE-DP
E E 0.9 + +
P P R I TE N BTN I DOC) N N\
Tyt (NS) 0.8 A
N agreemenr
, , , 0.7 with
o Dependence of the infermediate decay fime _
, , , previous
with the wavelength shiffer material 0.6/ LA
works
| | | |

| |
‘ ‘ 0 Gitti a2 ieis 0 A G506
... PapeR in preparation! Drift field (kV/cm)
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2. SCINTILLATION LIGHT PROPAGATION IN LAR

TO YEEP IN MIND..

Neg
......................................... 6B
> VUV light affenuation is affected by several factors: i — ~— * — / D
DN . . )STEM
aft ay abs

> In big LAr-TPCs, the impact of the Rayleigh scatffering length can limit their operation

o contfroversial knowledge, estimation from theoretical calculations and experimental measurements

(66 + 3) cm direct measurement

X (52 + 7) cm direct measurement
[110; 163] cm derived measurement

Q0 cm fheoretical calculafion

>\Ray (55 £ 5) cm theoretical calculation
(9.9 + 0.8) cm derived measurement

21



RAYLEIGH SCATTERING LENGTH AND OTHER FACTORS

"> Due fo WA105 DP dimensions, dafa/MC
. rafio compatfible with both >\Ray =55 cm

and )\Ray = 163 cm

PMT 2
(no VUV reflectivity)

—e— WA105 DP data b

o
S

S1 Charge [P.E.]
I
-0
e
—eg-
§

103;
- Agy=20cm
|- Ay =55cm *#
L Ag,,=163cm +
| | |
U 4
23
z T.___ﬁrlll
T L
0
400 600 800 1000 1200

Track to PMT Distance [mm)]




RAYLEIGH SCATTERING LENGTH AND OTHER FACTORS

5 i for moRe details: B Abi et al, JNST 15 PIZ004 (2020)
‘> Due fo WA105 DP dimensions, data/MC :
. rafio compatible with both =55 cm 3 S o ]
P >\Ray L, 200 + LR=600m ]
_ a> - !
and >\Ray = 163 cm Q -+ Lg=90cm ]
|| ¢ 150F T .
gl | e |
PMT 2 = || » 100l 53 B o better data/MC
o 100 - S| & B i
~r F (no VUV reflectivity) = @ _ ] agreement for
PR 2|2 so 4/ R g X =90 cm
I M Sl A | ™
3 . P TN A _— N
~ - nubis w 0s 0.9 1 1.1 1.2
, RAgL 1o, Data/Simulation
107 = T"g~ WAT105 DP data '
N Agay =20 cm ]
-7 My =35 em *# (o) The more horizontal, the
- o g =163em =1l PRELIMINARY
‘ | | O S qgL.| 4 DatwmcC(99.9cm)| . CIELUIZNASL better:
L 4 = || g ¥ Data/MC(61.0em) :
% 3 § § 14_---"_ ........ Bie o o )\Ray = QQQ cm is
< _‘*_.\—*1’:. 0 #“PH_}_‘
Q 2 Yy ) -1 - S 5 1.2_ ........................................................................................
- HWMMHW% % preferred
0 I I I | | 1_-----‘."- ............... .__é__. ..........
400 600 800 1000 1200 : R S 5 s o S ST
Track to PMT Distance [mm]| 400 420 440 460 480 500
: Track-PMT distance (cm) | ... paper in preparation!
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C. LASTORIA - THE SCINTILLATION LIGHT IN LAR-TPCS (10.05.207] )




> In DP LAr-TPC, the amplification mechanism in LEMs is a

relafively innovative concept -
© electro-luminescence light in GAr, both from the extraction ro

and amplification in the LEMs holes

e CHARACTERIZED

Q'J
7

ELECTRO-LUMINESCENCE
under strong electric = LIGHT
: P\{ ( e‘ _ ~ H
: ()& ; , o
- fields (< tens of kv/cm), NIV ; o how the electro-luminescence light is affected?
s . 8 s
. extraction and A g
. amplification of =~ |messsssssssssssnnaan LAR-GAR INTERFACE g 10 | no fields
P 2 drift field only
: lonizafion elecfrons > Q s —— drift & extraction fields only
' take place in a few P N < 10° —— drift & extraction & amplification fields
& Vo i \
. mm space "\
LAR
400 500 600 700 800 900 1000
Time [ms]
WA105 DP data
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57 SIGNAL RECONSTRUCTION ALGORITHM

[ MAIN DIFFICULTIES IN THE RECONSTRUCTION: ]

mpl

o3, , o << S
typically, S, pmpl < 40 ADC

1, Amp

24100
g

3
gioee e ot

3200

[ S N I U W A [
200 300 400 500 600 700 BOO

arao - - \'5‘0
3800 [ |6\ N‘(\?\

1N

Time [ns]

o S2 signal is nof always clearly separated from ST

signal or if is confaminated by spurious ST signals

3050
39005—
assuf—
sso0f

arsof-

aroof-

§4ono_—
g8
< k

assol i Lo Lo b L b bova ey
200 300 400 500 600 700 8OO 900 1000

Time [ns]

10

24100
£
5

§4Dﬂ0

'-1r1-v-“'-"

E \S. ’3\0\)\& ©

o bbb o s b Lo 0
200 300 400 500 600 700 8OO 900 1000

Time [ns]

30



52 SIGNAL RECONSTRUCTION ALGORITHM

[ MAIN DIFFICULTIES IN THE RECONSTRUCTION: ]

24100
g

@ S2, Ampl << S1,Amp|

3
Sanan
I

fypically, 521 ampl < 40 ADC | w=f

3500

3400

- S

1N

Yy

AP
EXN

T NS NS N e |
200 300 400 500 600 700  BOQ

Time [ns]

)

o S2 signal is nof always clearly separated from ST

signal or if is confaminated by spurious ST signals

3950

3900

3850

reconstruction of a real WA105-DP event (zoomed in y axis): B
Drift = 0.49 kV/cm, ExrrGAr =2.14 kV/cm, Ampl. = 25 kV/cm, Ind. = 1kV/cm

Pedestal baseline

A

S2 starlirfg timet, 52 ending time Lo end
i« : .
S2timét,,
I | i i | | | i I I
200 250 300 350 400 450 500 550 600

Time since T“ [ns]

x10°

= r 24100
gmo?w-—. §mu_ TR
(3950'—
[ 3800
E asa0f-
assu;— \)‘)( \Ne\\ 3700 N
£ \0 E -
39110; d\sg\c\)\)\ 3600 4 ‘?\C\)\)‘ )(0
3750 E— 0()\66 8001 ()\’3 ()\&
g O suof- o
3700
E 3300
sl lon Lo o b b Do o Lo G NI T T I S
200 300 400 500 600 700 BOO 900 1000 200 300 400 500 600 700 800 900 1000
Time [ns] Time [ns]

[ RECONSTRUCTED INFO*

o driff fime, t_ and S2 amplitude

o sfarting and ending fime, fime duration

o infegrafed charge
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ELECTRO-LUMINESCENCE LIGHT FEATURES

o sfarting and ending fime, fime durafion = related fo the track inclination with respect fo the CRP plane

© integrated charge = proporfional to the ionization charge signal

o driff fime = corresponds fo the arrival time of the electrons at the LEM holes

2 oFpuri
5 20
= Reconstructed Hits £ 10F
CRT Allowed trajectories < Ao
0 r —T 0 0.2
':‘ 0'1 :"\ t—‘ N T T T =0 T T T L} T - T T T T T T
& T T s T T
ool T . 4 =z opPMT3 : .
E 2 .. N""‘N.. B 2 0 : — Raw 1
5 03F T s . SR ts, g, —Corrected
04 g {4 £ 1} -
S osf TR {1 = :
' S L L st | 1 1 L 1 L 1 1 (- L
Y o6k T4, i 0 0.2 0.4 0.6 0.8 1
L 1 . I L 1 L 1 ) [
-150  —100  —50 0 50 100 150 D e - B A e p
e collection [y axis, cm] & 7L PMTS :
S or : .
s i L5, st
PMT 1 PMT 3 PMT 5 = r T"‘LQ ]
0 — i Wl 1  m— i il Bl L 1 : | L
0 0.2 0.4 0.6 0.8 ] 1
reconstruction of a real event: Drift = 0.49 kV/cm, ExrrGAr =2.14 kV/cm, Ampl. = 25 kV/cm, Ind. = 1kV/cm Time [ms]




ELECTRON DRIFT VELOCITY

> Crucial parameter also for the frack reconstruction in the anode-plane (it gives the z coordinate of the eventl)

o difficult parametrization, v = V(T, €), dependent on the LAr temperature and drift field strength

Drift Velocity [mm/ps]

-------- ICARUS-T600 (T = 89.0 K)
————  Walkoviak (T=875K)
— —  Walkoviak (T =89.0K)
Lietal. (T=875K) -
— — Lietal (T=89.0K) -

—e— ICARUS-T600 (T =87.0 K)
—=— ICARUS-T600 (T =89.0 K)
(T =88.9K)
(T =89.1K)

—&—— Rossi et al.
—*— Rossi et al.

| I

|
0.6 0.8 1
Drift Field [kV/cm]

o Discrepancies between parametrizations
and measurements are present
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MEASUREMENT OF THE DRIFT VELOCITY IN THE WAIO5-DP

> Two distinct analyses that show a good agreement:

o CRT selection: driff length from CRT reconstruction and drift fime from PMT waveforms

—e— QGaussian Profile = === Fit: v= 1.56 £ 0.03 mm/us

Drift Distance to the Anode [mm]

< .:.: 2 et - r
u All PMTs summed L
E g =487 % 17 Viem| §

| o 1w BT |
400 500 600 700

Atg, g Zt(SZmM) -t(S1. ) [us]

Tise

© added systematic uncertainfies due fo the
. width of CRT strips
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MEASUREMENT OF THE DRIFT VELOCITY IN THE WAIO5-DP

> Two distinct analyses that show a good agreement:
o CRT selection: driff length from CRT reconstruction and driff time from PMT waveforms
© combining light and charge information: considering t_, _  signal for anode-to-cathode fracks (d ~ Tm

—e— QGaussian Profile = === Fit: v= 1.56 £ 0.03 mm/us

300 PMT 2
E,, =487+ 17 V/cm

200— Ly = 6349 £10.5 us

Drift Distance to the Anode [mm]

oy =" ! 100— ]
i ‘ -.; - -
u All PMTs summed L L _
E,, =487+ 17 V/cm|
A N R I PO SRR . s . l o
400 500 600 T00 400 500 600 T00

Atg, g Zt(SZmM) -t(S1. ) [us]

Tise

Atg g = t(SZcm)-t(Sl - ) [ps]

nse

© added systematic uncertainfies due fo the
. width of CRT strips

o assigned conservative error due to
LAr surface posifion

[V, = (158 £ 0.02) mm/ps
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COMPARISON WITH OTHER MEASUREMENTS AND PREDICTIONS

> Unfortunately only few data available, atf 87 K in the (0.4; 0.5) KV/cm drift field range

— - - Icarus (89K)

-~ - Walkowiak (90K)
17— ___ Walkowiak (89K)
| Walkowiak (87K)
- Li (89K)

1.6— — Li (87K)

e” Drift Velocity [mm/pus]

1.5 _=-Icarus track (89K) ~
-+ [carus shower (89K) _| © WATOS-DP results
> -+ Walkowiak (89K) are compatible

1 44—~ ~ Walkowiak (90K) — o .
P - 3x1Ix1 [S2 end] (87K) —+ Rossi muon (87.3K) (within two @) with
o & XIXT[CRT] (87K) - Rossi laser (87.3K) predictions
l . | . I . | . |

350 400 450 500 550 600

Drift Field [V/cm]

‘.

M



SUMMARY..

C. LASTORIA - THE SCINTILLATION LIGHT IN LAR-TPCS (10.05.207] )



FINDINGS ON THE PRODUCTION MECHANISMS

[PRESENCE OF INTERMEDIATE COMPONENT]

[ UNKNOWN PROPERTIES OF LAR ]

> Contributing with A~ 11% to the total scinfillation

light > Dependence of the LAr dynamics on the driff field
> Not affected by the drift field strength o Increasing of the fraction of singlet over friplet
= (50.7 + 4.1) ns (A(Af+Ai)/AS’ r0 = +34%, at ~0.5 kV/cm)

oo _ o Net decreasing of the slow decay time

Reinforcing the |HYPOTHESIS| of not being related to (AT o, g0 = ~10%, ar ~0.5 kv/cm)

. LAr dis-excitation but theWAVELENGTH SHFTER MATERaAL]

.......................................................................................................................

Explained including secondary scintillation
> Qualitatively confirmed by ProtoDUNE-DP analysis , , , :
mechanisms neglected so far in the classical

T T
( int,TPB 7 mr,PEN) LAr scintillation model

=
L1l
N
O
&
=
oz
Q._.

—1
(|
[
(=]
>
=
o
=




.ON THE PROPAGATION

> New models and addifional measurements tend fo confirm a higher value for the Rayleigh scattering

length ([CRITICAL PARAMETER FOR OPERATING BIG LAR-TPCS!])
o) >\Ray ~ (90; 100) cm

> From studying the electro-luminescence light signal in the WAT05-DP demonstrator, additional

measurement of vV, measurement af low driff field, £~0.5 kV/cm

ov, ~1.58 mm/us

drift

( [CRITICAL FOR OBTAINING THE Z-COORDINATE OF THE RECONSTRUCTED TRACK!])
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