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Where's the light?
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-
Where's the light?
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Outline

% Brief introduction
> Light production in LAr
> Light propagation in LAr
> What can we use light for?
% SBN |ight reconstruction: current performance and
next steps
> SBND
> |CARUS

> MicroBooNE

% Conclusions
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Light production in LAr

LAr scintillation light signal

| . . . L. . | x10°
> LArisa prohﬂ; scintillator (~40k photons/MeVin 1 g WIWWH T
| absence of E field) | 4
| ' i
i = Argon dimers de-excitate from 2 states: singlet and i 12| Slow component (triplet)
| triplet, commonly referred as the fast (prompt) and | 1ol
| slow (late) light components. i of
| :
| . . | B
. > The emitted photons peak at 127 nm (VUV) region. ! 3 Fast component (singlet) .
e I I R B T B ¥ -
Time (s)
Emission spectra of argon
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EPL (2010), 91(6), 62002
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-
Light propagation in LAr

—r—_———————e— e —— — —

= Reported values on 127 nm Rayleigh
length are ~1 min LAr [1], and

A oo™ 10 M to visible light,

- Different approaches to compensate
for the light dispersion:

€ Dope LAr with Xe, a la
ProtoDUNE.
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€ Use wavelength shifters at long
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(SBND TPB fOllS) - Detected light (PE/MeV) - Side view .
> Similar ideas: convert 127 nm light to a 0
longer wavelength where scattering E 10
length is bigger. .
. N ) Noticgthe 1
- Light velocities in LAr ~ns/m: light yield
drop for d>
€ Vis:24cm/ns -4 ns/m 2/3m 10”
¢ VUV:13cm/ns-7.6 ns/m -
_______________________________________ I
e 1T 2o e T

Z (m)
ProtoDUNE DP,

) Eur. Phys. J. C (2022) 82:618
1. M. Babicz et al 2020 JINST 15 P09009
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https://iopscience.iop.org/article/10.1088/1748-0221/15/09/P09009/pdf

-
What can we use light for?

= Photon detection systems (PDS) have been used in LArTPCs mainly for triggering
(thanks to the fast light propagation), but they can offer much more.

= After processing light signals, we end up with a list of “hits”: charge depositions at
specific times, for each PDS sensor.

- We can also use the sensor position to extract topology information of the interaction.
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-
Applications: calorimetry

C 1
| = Area of light Hits is related to the arriving |
| #Photons. |
| |
| =  Light Yield (PEs/MeV) depends on the I
} distance of the energy deposition to the l
! sensor. :
| |
| = Italso depends on the amount of the }
| deposited energy (dE/dx), due to !
| Charge-Light anticorrelation. |
| |
| > MicroBooNE has observed a reduction of |
| LY over time not yet explained |
| (degradation of wavelength-shifter |
| materials, impurities ...) |
- |
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F Marinho et al,
JINST, 17(07), C07009.

L Isolated Electrons
- LY =20 pe/MeV
SIN = 7:1

Q(e)+L(y)

® Q-only

¥V Q+L (likelihood)

w— Fit
w— Fit

Only Q(e)

Q-only fit:

30

35

dE/dx (MeV/cm)

A=2463 + 1.46 %
B= 375+ 044 %
Q+L likelihood fit

A=17.71+ 049 %
B= 2.09 + 0.20%

LArIAT showed how photon
calorimetry enhances low

energy shower reconstruction
using Michelle Electrons
Physical Review D, 101(1),

012010.
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https://journals.aps.org/prd/pdf/10.1103/PhysRevD.101.012010
https://journals.aps.org/prd/pdf/10.1103/PhysRevD.101.012010
https://microboone.fnal.gov/wp-content/uploads/MICROBOONE-NOTE-1119-PUB.pdf
https://microboone.fnal.gov/wp-content/uploads/MICROBOONE-NOTE-1119-PUB.pdf
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Applications: timing

Target SBND MicroBooNE ICARUS

-> Resolution of O(10ns) is sufficient to
remove all out-of-time cosmics (muons
crossing the TPC before-after the BNB
window)

-> Resolutions below 2-3 ns allow to
resolve the BNB structure
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Windows for
long lived
particles (LLP)
without SM BG

€ Powerful discriminant to search
XSHSQE—'Ir

for long-lived BSM particles!
Notice BNB bunch g

separation is ~19
ns. Comparable to
propagation inside
our detectors.

= Requires to properly correct
propagation inside TPC, cable delays,
electronics... and also precise event
generators with O(ns) precision

Beam spill structure

0.090 SBND S:mulatlon | Work In E’rogress

T
=0.1 MeV BNB Neutrinos

[ —my

=k i s Wi [ HNL mass = 244 MeV
n 012 - rl_ —m, =50.35 MeV} 0.075F .
© - - —m,, =105.5 MeV| Between Bucket Selection width of 10ns

< i ion of HNL kept = 45%
o 01k 1 - m, = 1906 MeV Fraction o ept = o
2 B - _- m, =309.7 MeV| - 0.060- 1
é ™~ ] — Vdet =

o 0.08 |- 4 H S,

c n 0.045 J
o 5
& 0.06 g
T 0.030 -
]
N 0.04

£ 0.015F -
6 0.02
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Bunch Time (ns) Physical Review D, 98(11). 112004 04/04/2024 o



https://journals.aps.org/prd/pdf/10.1103/PhysRevD.98.112004

.
Combining information: Flash matching

- Requires good time, spatial and energy
reconstruction.

- Make an hypothesis for a charge cluster

(track/showe r). TPC charge

measured light

o

5
%

- Find the light cluster (Flash) that better
matches the hypothesis.

predicted light .QQ
-  Many-to-many flash matching can be used
to isolate interactions in large detectors

(MicroBooNE, ICARUS, DUNE FD...)

- Matching needed to set the drift coordinate
of the TPC track/shower (uncertainty due to
long electron drift times).

100 Hypo flash —
— Reco flash

PE Count

32 [PEhypothesis (n) — PEreconstructed (n)] -

(0a
n=0 PE

X:

MicroBooNE, JINST 15.03 (2020): C03023
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Applications: Particle ID

- Different particles in LAr
have different fast/slow
ratios.

- Main separation is
between «a particles and
the rest.

= Dark matter experiments
such as DarkSide, have
used it to put constraints
on WiMP searches.

Rodrigo Alvarez-Garrote
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SBND PDS

Coated PDS box

PMT (x4)y N
Telle

Uncoated. D C I‘Jj

PMT D" e P

J"(OJ @]

Coated
Uncoated X-ARAPUCA (x4)

X-ARAPUCA (x4)

Single box . Installation in the eecor

312 total sensors (half each TPQ).
€ 120 PMTs
€ 192 X-ARAPUCASs [2]

VUV light re-emitted as vis in the middle
(TPB foils).

Coated are sensible to VUV and vis light.
Uncoated are sensible to vis light only.

Thanks to both light components, we can
estimate the drift direction as well using
only light info.

LAr filling completed past month, preparing
to take data!

2. A.A. Machado et al, 2018 JINST 13 C04026

SBND Booster neutrino
Early 2024 (almost there!) beam (BNB)
L=110

M., = 112 ton (E), ~ 0.8 GeV



https://iopscience.iop.org/article/10.1088/1748-0221/13/04/C04026/pdf
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SBND PDS

-> 312 total sensors (half each TPQ).
€ 120 PMTs
¢ 192 X-ARAPUCASs [2]

Coated PDS box

PMT (x4)y_ | -
Tell®

[relt

Uncoated |~ ) /;, =
PMT (xl)’J '(6?]7‘(. :
A A T s

Coated
Uncoated X-ARAPUCA (x4)

X-ARAPUCA (x4)

- VUV light re-emitted as vis in the middle
(TPB foils).

- Coated are sensible to VUV and vis light.

- Uncoated are sensible to vis light only.

- Thanks to both light components, we can
estimate the drift direction as well using
only light info.

= LArfilling completed past month, preparing
to take data!

Single box

2. A.A. Machado et al, 2018 JINST 13 C04026

SBND Booster neutrino
Early 2024 (almost there!) [oY=Y:111] (BNB)
L=110

M =112 ton (E), ~ 0.8 GeV

active

. . : EEE‘rNtEcAr%n " \
Of course we installed them [== . *
too! check cover slide R Bt



https://iopscience.iop.org/article/10.1088/1748-0221/13/04/C04026/pdf

-
Light reconstruction: SBND

I Non-drift coordinates can be
| reconstructed using the position of the

I hottest sensors (Z=d,__ )
| beam
S
PE/PEmax (by PMT type)
5 10 OO 0.5 1
<7 B o... == Threshold=0.8 | S prrcomr=mm
o 0.8 o B < pmt_uncoated
l’g) ’ o ¢ Barycenter}i®
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N>~ ©
200
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1 5
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=200 --------- -SBND> wbrk in progress
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Z[em] D PEV/(ZPE )max
Z z
75 1 = .
SBND work in progress
50 -
E
S 25
ISR ++
©
2
© —-25
< *
-50
Expected
—751 resolution ~25cm

0 100 200 300 400 500
(dbearn)MC [cm]
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Drift coordinate can

| |
TPB-coated : |
/reﬂective foils PDS | be estimated using :
Vi I'the ratio of visible !
o is > . | : |
e , | and VUV light |
S VUV ....................... . I (uncoated/coated)- |
S vov | |
0 4 Coated PMTs (VUV+Vis) 121  SBND work in
S #  Uncoated PMTs (Vis) e
é’ i#1 Coated PMTs (VUV only) 1.0 progress
§ SBND work in 0.5
150 progress
2 —> < 0.1
'S\ 100
£ 0.4
- * T . n= 4#PEuncoated
o 021 4 ¥ . #PEcoated
0 25 50 (gdrlft);:(é [C;:] 150 175 200 6 5.0 160 léo 260

301

20 1

10 1

Adgriee [cm]
o

SBND work in progress

(darie)M€ [ecm]

-10
_20 E
Expected
~301 resolution ~15cm
0 50 100 150 200
(darif) M€ [cm]
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-
Light reconstruction: SBND Ii

- The expected time resolution is
O(2ns), while only using light (TPC

info will enhance the

|

|

|

|

|

|

|

|

|

I . .

| information.
|

|

|

|

|

|

|

|

| performance).

Neutrino
arrival times at
upstream wall

- After correcting for the time of
flight (ToF) of the neutrino inside
the TPC and the ToF of the
photons, SBND can recover the
BNB structure using only light

ddrifl

2] SBND work in progress
€ 100 \ prog . t]C
: Ill m b A N S0l
. | | 1 1 1
+ | & M A h A T
£ R
Y50
1)
H*

0 0 20 40 60 80 100 120 140

Time [ns]
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\

ToF

y o
T TR

20004 0=2.30+0.03 [ns]

# events

500

b
w
o
o

=
o
o
o
s

SBND work in
progress

u=1.43+0.03 [ns]

--- Fit
1 Allv's

-10 -5 0 5 10
t°°-tenBBuUnch [NS]
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uBooNE PDS

- 32 PMTs with TPB coated plates
- Upto 2.6 m drift distante
- 10.3 min beam direction
- Slow sampling frequency (15.6ns)
compensated using a electronic shaper (60ns)
PMT -—---—--—-)
- \
?ﬂx{' Ym LY\ ‘ M‘i’ \
v beam A ) :/ Al
Frontal
view

Yvuv

Clear Acrylic Plate

' ' ! Plate

PMT Teflon Covered Height

' Wln Ajuster
1
eﬂon Pad Spr ng For Wire

' P
Wire Neck
Support A8 s

Legs

That
Connect to
Backplate

uBooNE

2015-2021
L=468 m
M__. =89 ton

active

SBND

Early 2024 (almost there!)
L=110m
M_. =112ton

active

Booster neutrino

beam (BNB)
(E), ~ 0.8 GeV

A B O

SB NEAR
DETECTOR

= it 2




-
Light reconstruction: uBooNE

Analysis performed with point-like proton
candidates aligned with PMTs. Different
Rayleigh scattering lengths tested (60,100
CFT)' not finding huge differences between
them.

MicroBooNE run1 semi-analytical {60 cm), Prefimnary
% MicroBooNE run1 semi-analytical {100 om), Prefiminany
MicroBooNE run1 EXT data, Prefminary

~—‘— MicroBooNE run3 EXT data, Preiminary

Factor of x5-6 light yield drop from anode to

1

cathode (2.5 m propagation). 83_ g
MICROBOONE-NOTE-1119-PUB i |
| i i Pe—
i et
2| s e
x> 10 cm &4 x < 40 cm B = :‘:T,._—:_‘—___._:___
i é ok % i T T:mz:é?n;w;m;_x ;Cgs]o
12
10 é °~9‘ —  Uniform drop between

> 08~ runs ~40/50%

Eﬁ’—+—'—+——+—~+—+l T

700 750 00 750
Track_midpoint_x [cm]

Proton

z fem] candidate

Hexagonal cut selecting
hot areas only i subrun 14

Run 7389

evt 725

nBooNE
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https://microboone.fnal.gov/wp-content/uploads/MICROBOONE-NOTE-1119-PUB.pdf

-
Light reconstruction: uBooNE II

l Recently demonstrated O(ns) timing resolution! I
| |
Phys. Rev. D 108, 052010 l

|

|

|

|
I
|
| Check Dante’s talk for all the details.

e | MicroBooNE
R 21 LA HEL L e A L P Dl (i
E 2 ]
ol /=8 1 2.13 x 10° POT
50 . . , — - N =(2.55 £0.02)x10" Evt All bunches 1
E Before corrections 213 x 10 POT 3 L 1=-0.042002ns merged ]
40— — - B
= = 2 3000~ o= 2.53+0.02ns =
: 30 ;— —: g E CE»‘-:g=543 + 12 Evt/ns 3
1= = - @ - .
& 2 = 3 20001 ]
tof~ = : :
= 3] 1000} -
o = Ju I b
sol— After ' | 213x10°POL] - —— N Fpe e e 7
- — 0 1 bt L e
[Z 7] -15 -10 -5 0 5 10
2 O = Arrival Time [ns]
g a0f— _—
I _
20— i I —

4 Jd
3500 4500

G

y 4000
Arrival Timing [ns]
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.052010

ICARUS PDS

x90 PMT on
each wall

- Upto 360 PMTs (90 on each TPC)
- 2 nstick sampling (500 MHz)

-> TPB coating evaporated on top of
the PMTs surface

Frontal
view

| [l \~NNN
AR Y
\ : \ N

) i

|

\
l
\
|

| uBooNE

2015-2021
L =468 m
M, ... =89 ton

active

12k | ICARUS

M =476 ton

active

S8 FAR
DETECTOR

DETECTOR



-
Light reconstruction: ICARUS

| Good agreement between TPC and PDS

24000
22000
20000
18000
16000
14000
12000
10000
8000
6000
4000
2000

# events

Rodrigo Alvarez-Garrote

barycenters (beam coordinate) using cosmic
muons and scan selected BNB candidates
(bottom)

EP] C 83(6), 467, 2023

Also tested cosmics time of flight using CRT and
PMTs (flash) time with good agreement.

= _ Entries 282361

E Cosmic muons Mean 0.7743

E RMS 51.16

E ! ] ___a’(/ ] \\k-_ i !
-400 -200 200

400
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@ C
N 1400:—
-og 1200:_ Entries 15060
()
> N Mean [ns] -27.3
W 1000
_ Sigma [ns] 8.2
800
600
400
200
:J_..J. I B R B R o [ AR ISR
Q60 "% 60 =0 20 0 20 40 60 80 100
Top CRT Hit timestamp - Optical Flash [ns]
® -
& B
8 1o BNB vu CC candidates
“ C
10(~ RMS 41 cm
8-
6/
4~
2
] 1 1 1 1 1 ' l L 1 IIA—I ' 1
—900 -50 0 150 200
Z, - Zpyy (CM)
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https://link.springer.com/article/10.1140/epjc/s10052-023-11610-y

-
Caveats: impurities

————— e

Xenon doping can improve light yield, but other
elements (N2), can de-excite the Argon dimers

without producing light at all!

performance.

Recombination e

/ ok °
lonization

v
60 ~ 9

Excitation Triplet

Needles to say, purity is key for good

“ " c h
B >

XENON

Rodrigo Alvarez-Garrote

______ » o DUNE:ProtoDUNE-SP ARAPUCA

. [ T T T I T L] T I T T T L] ] T T T T I L] T
B @ LAr+N2+00Xe ]
n L ] LAr+ N2 + 1.1 Xe o
o - L ] LAr+ N2 + 4.2 Xe PR
“ 165 @& LAr+N2+116Xe e I

- & LAr+N2+16.0Xe
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o' © e [ ° "1

-— L ]
m | | —
o o 1.0 B (T

ol
& J - |
» =
05— 599 _|
178 nm B n
<23ns % = B i ]
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100 25)0 . 300 400
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Niccolo Gallice and the DUNE collaboration 2021
]. Phys.: Conf. Ser. 2156 012197
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https://iopscience.iop.org/article/10.1088/1742-6596/2156/1/012197/pdf
https://iopscience.iop.org/article/10.1088/1742-6596/2156/1/012197/pdf

R
Caveats: non-linearities

And even the
shape of the
light pulses!

Real world detectors suffer from effects such as
dark current, correlated noise, saturation... that

|
|
|
|
|
| . . . . . '—ZOO(X} T T T T
| will smear and bias our distributions. We better - _
| . . . . e Positive Base PMT ¢ G =2 0x10° [PMT 3]
| characterize them if we want our simulations to 2 15000
I ' & * G=27x10" [PMT 4]
| match our data! 2
e ! S 10000}~ =
®
[5)
£n .
S 5000 ,,;> 1
) Non-linearities (:'
o - 5 - = %) v
21400/ Linearity with laser at RT can affect the L= L L ) "
< F| e PMT1:G=10] | total amount of " e A, orm o hen I
512000 W PMT 2: G=10 | light collected.... S1 Charge over 1 to 4 us [P.E.]
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R
Conclusions

- Scintillation light provides many more capabilities beyond
triggering.

= SBND design with 2 light components allows to also estimate
the drift coordinate using purely light information.

-> |In combination with TPC and CRT information (well-known
topology events). Provides complementary calorimetry,
especially good for low-E events.

- Allows to measure many properties in LAr such as time of
flight, Rayleigh scattering length, group velocity of photons,
TPB efficiencies, your own idea ...

- All SBN experiments will be capable of resolving interaction
times with O(ns) precision. This opens the door for LLP BSM
searches in BNB-background free regions.
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Now | am become LAr
photons, the destroyers of
cosmic muons
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-
Charge light anticorrelation

e It . . | 1
N 0.95 : W o M F &
08: . . « Free charge 2 1
= c
0.7 o « Scintillation light =
w 0.8
065 . = T
055 o 3 0.6
= . - @ B
04 _ 3 - . % :
L L [ ] a - - 0_4_
0.2;- 0.2k
0.1E- K
00"' i 1 é 1 1 L 4|‘ I L L é 1 1 Il 8[ 5 L 1 110 | 0_ sl peasinl | sl R ol Ll
. 10 1 10 100 10 _ 10°  10°
&(kViem) dE/dx (MeV/cm)

Rodrigo Alvarez-Garrote 04/04/2024 28



Light production in SBND
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-
Light sighals deconvolution

Simulated PMT Signal Simulated X-ARAPUCA Signal
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-
PDS: Photomultiplier Tubes

Uncoated PMT

TPB-Coated PMTs

Left & right: uncoated and coated PMTs installed in PDS Box

Rodrigo Alvarez-Garrote

—r—————————e—e—_e—_e—e—e—e—_—_ e — —

= 120 total 8" Hamamatsu R5912 PMTs

€ 96 TPB coated PMTs (VUV +visible
light)

€ 24 uncoated PMTs (visible only)
=> 500 MHz CAEN readout.

- PMT system already tested and
characterized by CCM experiment

= Used for trigger building.

—_—_—————— e
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S —
PDS: X-ARAPUCAs

Reflective surface

= CAEN readouts: 14-bit 5 o
MHz and 12-bit 62.5 MHz [Aprals il i o

-> Important R&D for future

Modules in
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SensL Eljen 286 pTP coated erlments (DUNE PDS is
MICROFC-30050-SMT 400 nm cutoff X ARAPUCA based)
SensL . |
MICROFC-30050-SMT Eljen 280 450 nm cutoff 88 00 - 3
HPK Glass to pTP coated 6
6050-VE power B. 400 nm cutoff
Filter
HPK-VE Glass to
6050-VE power G. 450 nm cutoff 6 WSL bar
HPK Glass to pTP coated 2 S
6050-HS (|bias,tPDE) power B. 400 nm cutoff P "
HPK-HS Glass to 450 nm cutoff ) ')( SiPM boards |
6050-HS (|bias,tPDE) power G.

SBND X-ARAPAPUCA configurations Left: SBND X-ARAPUCA mechanical
scheme. Right: mounted module
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]
PDS installation

Rodrigo Alvarez-Garrote

=> PDS cabling of each box to
the top side of the
detector.

- Cold-warm connection
through flanges at the top
of the cryostat.

= QA/QC tests performed at
different stages.

04/04/2024
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-
LArTPCs working principle

ANODE W IRE PLANES

= Charged particles produce ionization
electrons and scintillation photons
inside the TPC.

Liquid Argon TPC

CATHODE PLANE

-=> Photon sensors measure the

Y PdS PLANE

interaction time t, with ns precision.

=> Electric field drifts e towards anode
plane.

= Wire planes(or other readouts) detect
the e” producing 3D mm-level
resolution images.

10 cm BNB Run: 16341 Subrun: 27 Event: 1359

Rodrigo Alvarez-Garrote
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