:
pey
A
cdd
4
3
i
.:.)
AR
'
!
. 2
sy
<
et
.
|
|

a novel neutrino detection®

V Colloquium Prague v19 o
24-25 October 2019
2019 J Heyroysky Institute of Physical Chemistry

Anatael Cabrera

CNRS/IN2P3
LAL/FLUO @ Orsay
LNCA @ Chooz



: LigquidO s both...

LiquidO = new detection framework
(llquid scintillator based)

LiquidO = collaboration®cooperation team
(physics «< demonstration®R&D)

~40 scientists ® ~20 institutions @ ~10 countries
[Brasil, Canada, Chile, France, Germany, Italy, Japan, Spain, USA, UK]

Anatael Cabrera (CNRS-IN2P3 @ LAL - LNCA)



LiquidO: ensuring correctness. ..

Anatael Cabrera (CNRS-IN2P3 @ LAL - LNCA)



today's technology. ..

2 Anatael Cabrera (CNRS-IN2P3 @ LAL - LNCA)
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the V discovery (1950%)...

Anatael Cabrera (CNRS-IN2P3 @ LAL - LNCA)




Reines&Cowan detection strategy...

PMT & transparent medium

interaction coincidence and/or tagging
overburden (p-cosmic shielding)
external shielding (radioactivity shielding)

(''3Cd)— non-native detection!

(reactor source)

~70years ago similar to today!

Anatael Cabrera (CNRS-IN2P3 & APC)




neutrino detection <~ art of transparency

[Reines&Cowan since 50s]

Anatael Cabrera (CNRS-IN2P3 @ LAL - LNCA)



today’s technology is much about shielding
(active and/or passive)

overburden (up to km’s)
(It new facility: large construction cost)

(typically)
2 half excavated volume in shields
(buffer precious/expensive)

Anatael Cabrera (CNRS-IN2P3 @ LAL - LNCA)
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Neutrino Physics with an Opaque Detector
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AIX e

August 9, 2019

The discovery of the neutrino by Reines & Cowan with the conventional paradigm of transparency by
in 1956 revolutionised our understanding of the uni- confining and collecting light near its creation point
verse at its most fundamental level and provided a with an opaque scintillator and a dense array of fi-
new probe with which to explore the cosmos. Fur- bres. The principles behind LiquidO’s detection tech-
thermore, it laid the groundwork for one of the most nique and the results of the first experimental valida-
successful and widely used neutrino detection tech- tion are presented. The LiquidO technique provides
nologies to date: the liquid scintillator detector. In high-resolution imaging that enables highly efficient
these detectors, the light produced by particle inter- identification of individual particles event-by-event.
actions propagates across transparent scintillator vol- Additionally, the exploitation of an opaque medium
umes to surrounding photo-sensors. This article in- gives LiquidO natural affinity for using dopants at un-
troduces a new approach, called LiquidO, that breaks precedented levels. With these and other capabilities,
- . LiquidO has the potential to unlock new opportuni-
*Contact: anatael@in2p3.fr and suekane@awa.tohoku.ac.jp. e . B i . 2
AR eyl Nadibmi. Wi Fansia Bralil ties in neutrino physics, some of which are discussed
fDeceased. here.

Anatael Cabrera (CNRS-IN2P3 @ LAL - LNCA)
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LiquidO In a nut-shell...

Imaging— powerful Particle-I1Dentification (PID)

2MeV particles in LiquidO (simulation)

True Hits

= transparent Rt transparent
(washed out info) . S8 (washed out info)

LiquidO = PID @ (high) Doping

physics beyond detector “native composition” (H,C)

Wi



; LiquidO: the detection principle. ..

confine energy deposition locally=* freeze information

readout: wave-shifting-fibres®SiPM’s

PMTs — become useless (unreachable light)

Anatael Cabrera (CNRS-IN2P3 @ LAL - LNCA)



y known light confinement strategies. ..

Event Horizon Telescope: Black Hole's Mapping

gravitational confinement stochastic confinement
(ex. a black hole) (ex. random walk)

light position restricted
(both cases)

Anatael Cabrera (CNRS-IN2P3 @ LAL - LNCA)



s LiquidO recipe: just "bread & butter” physics...

today’s technology LiquidO technology

light ball size: scat

ering®fibres

(sampling optimisation)

Anatael Cabrera (CNRS-IN2P3 @ LAL - LNCA)



LiquidO = Liquid ® Opaque

Anatael Cabrera (CNRS-IN2P3 @ LAL - LNCA)




First Opaque Scintillator: arXiv:1908.03334

\ "
PRy %
Rartide . 2 <
-~

liquid~wax behaviour

reality 1s more like this...

Anatael Cabrera (CNRS-IN2P3 @ LAL - LNCA)




LiquidO implies (“theorem™)...

“milky” / “cloudy” / “waxy”
scintillator
(gas<>liquid«<>solid)



LiquidO detector articulation...

R e Coee ONRSINEES @ ARG

-

e e R



simplest LiquidO design: 2D®time...

— .\\} ‘\\

very simple: fibres (a lot) + LS
radius (R) (plane x-y)

T
il i

lattice distance: €
(a few cm) =

r - /_ =
(%,Y) info [lattice €]~ image pixelation (up to ~|cm) S8 // _

(z) info [along fibre] = time difference (up to cm’s) . > S

(also z-pixelation possible = envisaged for R&D) : ' > -

= image: multi-wire chamber |
#ﬂ” - o e L
- = (principle by G. Charpak @ CERN) |




detector articulation & readout...

READOUT UNIT

0 LiquidO Transverse View
(®
T P <1cm e nnnns s
@ | |\ SdwssssssssmssEEs:
* s o
& =[1.5]em et ettt
READOUT UNIT ey
® YEEEEEEEEEEEEEEEEEEEEE)
v - “::;:::::::::::;::'
B T LIJ < icm L '""ff'"r'—1m
SIPM l « = "
(®

“infinitesimal” fibres— MeV calorimetry

(reduce non-stochastic terms)

Anatael Cabrera (CNRS-IN2P3 @ LAL - LNCA)
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(fastest) SIPM electronics readout. ..

i " q»
£ ¢ e w7
\,‘.“" : ',” .‘m 208 g2

¢ . w ;,',v ;r‘ ‘ v }_”L' )‘
o A ; Y p " a Y & ¢o
“only mounted!

(expected) time resolution: <100ps/PE
(Le. <3cm/PE @ speed of light)

Anatael Cabrera (CNRS-IN2P3 @ LAL - LNCA)




| our digitisation electronics. ..

0B s B
| -

Samples

(expected) time resolution: <100ps/PE
(Le. <3cm/PE @ speed of light)

IEEE NSS (2014):The SAMPIC Waveform and Time to Digital Converter 1
NIM paper (2016): Measurements of timing resolution of altra-fastjsilicon detectors with the SAMPIC Waveform Digitizer AnatacT/ Qahrega (CNRS-IN2P3 @ fulnsal N @Ay


http://events.lal.in2p3.fr/conferences/wasiw2018/SAMPIC_IEEE_NSS_2014.pdf
http://events.lal.in2p3.fr/conferences/wasiw2018/SAMPIC_NIM_2016.pdf

24

(Instrumentation-wise)

LiquidO = “light” TPC @ 41-ToF

Anatael Cabrera (CNRS-IN2P3 @ LAL - LNCA)



stunning event pattern. ..

L L S AR " Angtael Cabrera (CNRSIN2P3 @ LAL - LNCA)

-



y LiquidO vs “traditional LS (example: e+)
‘2‘40_ ........ ............... e+ G e v Eg

> . . . 10

NP 005 SUURUOUUORTRIN: JUVPSTROIOORI SUUUOUPSTTRIOTS SEORORI . YO Q

O

- C

10

10

................................... 0

P

WLS FIBER

why opacity? [up to now the death of LS]
*stochastic light confinement (few cm’s)— powerful energy pattern (PID)
*slow down speed of light (~[/|10x)— energy flow & causality [hext]
maximal light collection (=90%)— light level up to <400PE/MeV? [R&D]

MC says LiquidO works!!
|bread-&-butter physics]
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powertful PID expected...

no need for segmentation—problematic! (cost/complex)
(opacity—self-segmented)

Anatael Cabrera (CNRS-IN2P3 @ LAL - LNCA)



, CC V Interaction observables. ..

-20 0 20 40
X [cm]

-20 0 20 40
X [cm]

a breakthrough capability <100MeV
(—only possible with Vy's so far)

Anatael Cabrera (CNRS-IN2P3 @ LAL - LNCA)



2 event topology...

LiquidO resolution @D dE/dx per particle
(translucide medium) (= 100MeV)

| MeV Electron

= -

native tracking (mm info)

effective point effective track
(Bragg peak dominated) (MIP dominated)

NOTE: traditional liquid scintillator: poor vertex resolution (~10cm @ [MeV) & no tracking!! SIS (CNRS-IN2P3 @ LAL - LNCA)



» consider an e~ @ 50MeV (Ve CC or Michel). ..
dE/dx: ionisation till ~100MeV (k. for scintillator)

Electron 50MeV Mabs)=5m A(scat)=0.5cm Electron 50MeV AMscat)=5m A(abs)=0.5cm Electron 50MeV Mabs)=5m A(scat)=0.5cm

= 15F | 15 =15
S | All Hits | 5, | Time Contrast | S, | Charge Contrast
> 10k . . > 10k (t<1.1ns) | > 10F (Top 10%)
5 5|~ 5|~
of- oF oF \;
; ; : S
-5 -5 -5
-10- -10f ~10F
-15f- ~15[ ~15F
01 "lllllllllllllllllllllllllllllllllllllllllllll ;llllllll[ll’li[llh’lllillllillllillllikllll
10 15 20 25 15 10 -5 0 5 10 15 20 25 15 10 -5 0 5 10 15 20 25
X [cm] X [cm] X [cm]

simple calculation (by eye!)
~(30x2)cm (length) [50MeV]= (1.7£0.1)MeV/cm [expected: ~1.8MeV/cm]

(systematic: dE/dx is not uniform along track due to Bragg-peak)

energy measurement: both calorimetry (typical) & range (only LiquidO)

LiquidO stunning information level (with pros and cons)
Anatael Cabrera (CNRS-IN2P3 @ LAL - LNCA)



Worst Scenario

ProbDN = RateDN x AT oout

. LiquidO @ readout (today's technology) effect.. ..

Readout-like View
Prob,, = Rate,, x AT,,q0.= 10° Det.Eff.= 3%

Trigger-like View
-50 0 DetEff.=3%  Prob,, = Rate,, x AT,s..= 10°Det.Eff.= 3%
| |
Diffusive Medium Diffusive Medium Diffusive Medium

L

"
gt

LT ;:. _.:

-y
=at.
-

Netr

[ et

e
. ooNE

*‘“'.'lr_ O A

O I L L

. ) L
- - L
T - ] :.i'.- I}h‘:v' - .
llhl. --:‘-_-!ﬁ_ . .-
=l -

ey
0 F LI
"

.
-

.
-:-..

Photoelectrons Photoelectrons Photoelectrons
. |
1 10 100 1 10 100 1 10 100
Transparent Medium Transparent Medium

Hits per Fiber

1 10 100
Transparent Medium

- = Fa_ " H . -
" " SEan = _.:i'-\.".I L
-

Transparent Medium

: At=100ns _ -

~_Dark Noise SiPM (2019) Dark Noise SiPM (2019) |, . - [Dark Noise SiPM (2019) x .10~
0 50 -50 0 50 -50 0 50

X [cm] X [cm] X [cm]

NOTE: SiPM cooling under consideration: AT=-10°—1/2x less dark-noise

detection photons—reduce information

[technology dependent: conservative assumption |

readout dark-noise (LiquidO light confinement critical)
Anatael Cabrera (CNRS-IN2P3 @ LAL - LNCA)
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Opaque sci
(so far o

tillator— new technology!

vy transparent considered)

Anatael Cabrera (CNRS-IN2P3 @ LAL - LNCA)



beyond "just pattern’. ..

L L S AR " Angtael Cabrera (CNRSIN2P3 @ LAL - LNCA)

-



transparent

versus

34

scattering

“straight” light covers Ax in a shorter At

v(light) effective slow down...

(v = Ax/At)

Anatael Cabrera (CNRS-IN2P3 @ LAL - LNCA)



LiquidO implies imaging @ energy flow...

c defines “line of interaction causality”

= 1
QO S e e S =
- : —
ks 1<
.';% 20_ ................................................ |

O ;

an _

1 1 1 1 1

R&D: implies critical control of ALL time-dispersion mechanism



Y LiquidO native tracking: even e-...
Electron 50MeV A(abs)=bm A(scat)=0.5cm

3 15_— N o
S fe= @ 50MeV i
10— —18 X
- %
n 16 I
51— o
_ —14 @
- =
0 ﬂ —12 é
e —10
_5—
- 8
_10:_ 6
- 4
_15_
- also dlrectlonallty ?
T 1 1 lIIllIIlIIl|IIII|IIIIIIIII|IIII| llllllll |
15 10 -5 0 5 10 15 20 25 O
X [em]

e- tracking (U even easier)

Anatael Cabrera (CNRS-IN2P3 @ LAL - LNCA)



pertinent events for v physics 2500MeV (beamoatmospherics) & proton decay 37

Y [cm]
o
S

_ .......... : *?ﬁ. ................................... ...................................... Event 15

- o \.:f-:.-.\ :

from annlhllatlon y

100 MeV p+
- 400 pe/MeV
. Undoped LS
bl ] om fiber spacing.

I | | 1 1 I 1 1 1 | I | | | 1 I | | | | l

-100 -50 0 50 100
X [cm]

00

Y [cm!h

400

300

200

100

-100

-200

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

I|IIII|IIIIIIIIIlIIIIIIIlIlIIIII

—IlllllIIIlIlIIllllIIIIIIIIIIIIIIIIIII

200 -100 0 100 200 300 400 500
X [cm]

stopping p* (decay into Michel-e?)

700MeV 119 (YY decay) [MC]

more complex events Is better.

Anatael Cabrera (CNRS-IN2P3 @ LAL - LNCA)



y e-/e+ discrimnation...

Positron 50 MeV A(abs)=bm A(scat)=0.5cm
E | 1 o
L0
cs-@+ @ S0MeV i
i _5 g
60— 1 2
_ 41
- 4 O
40 — | N
O
B =
20 1 2
OF-
201
- 10
-40—
60—
_l I 1 1 | 1 1 | 1 1 | | 1 1 | 1 1 l L1 1 I 1 1 | L

-40 -20 0 20 40 60 80 100
X [cm]

e+ discrimnation with no B-field!
| but we can magnetise]

Anatael Cabrera (CNRS-IN2P3 @ LAL - LNCA)
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—{800
80|
{700
H* (T2, ZHS)
40 . - ~[°%0
20;— S - | =500
of- Y (annihilation)
~20[—
- . ; 300
40 L
o K* (T |24HS) 200
aok 100
- L1 I L1 1 I L1 1 I L1 1 | L1 1 I | 11 | L1 1 I | 1 1 | L1 1 | | |

19900 80 60 40 20 0 20 40 60 80 100

0

KT decay (647%): Ut —et...

(sign tracking through decay)

el Cabrera (CNRS-IN2P3 @ LAL - LNCA)
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v proof-of-principle simulation

Anatael Cabrera (CNRS-IN2P3 @ LAL - LNCA)



make It large and/or clean?

L L S AR " Angtael Cabrera (CNRSIN2P3 @ LAL - LNCA)

-



NOVA~ 10k ton (scintlllator@fibres®@photo-detector)

GeV might be OK!! BUT ~1MeV physics @ 10kton?
(R& D) Anatael Cabrera (CNRS-IN2P3 @ LAL - LNCA)
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v scintillator (ex. v Borexino)
S

v photo-detector outside!

[no PMT—no buffer]
S

? fibres—/ R&D!

(under further study)
®

only natural radio-activity

Anatael Cabrera (CNRS-IN2P3 @ LAL - LNCA)



fibres are rather okl good enough?
(under estimation)
y TP YT
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indeed, Opaque seems a solution.. !
(the solution?)

LiquidO is still more!

Anatael Cabrera (CNRS-IN2P3 @ LAL - LNCA)
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dope it? non-native capabllity...

CA)



. why going beyond native composition?
organic scintillator = H + 12C + R2C(~1%) [+ impurities]

detection efficiency neutrino interaction(s) rare decay source
enhancement enhancement enhancement

Evaluated at 30 MeV

‘E Ito be loaded
(&)
"-’o 1 il RTINS | W——
Cd loading = BB decay
[Reines et al] = — native 136Xe [KamLAND-Zen]
B 107 g | | 1 130Te [SNO+]
Gd/Li loading @ i
[typical In reactors] & oo I e | | | (next slide)
IBD CC NC
H 2C

Anatael Cabrera (CNRS-IN2P3 @ LAL - LNCA)
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doping stability via solidification. ..

—
(beyond chemical stability)



(example) Y to e~ separation...

L L S AR " Angtael Cabrera (CNRSIN2P3 @ LAL - LNCA)

-



PID(e:Y) @ 2MeV— major Y rejection...

Statié:

X[cm]
-20 |
Electron " -
ot

Near Hits
. Far Hits

Hits per Fibre Dist 10 rt3|9' tHg'?
- IStance w Irst mi

110,100 800 (reco) “event size” only

. L. |
A(scat): 5Smmn A(scat): Smm llssferneural network, etc]

“Unoptimised PID (2D)
-Optimised PID (2D)
_LOptimised PID (3D)
FOptimised PID (2D) [30x light]

.;.lL M SRR
<

>90% detection efficiency

LXe _'

Photofraction

N
<
N

1 |6A|?/-; PID[Y:e-] separation
Wt%]
indium] 1:<104 (scintillator native)

1:<102 (heavy loaded)

Gamma Contamination
S
w

composition dependent
o
A

LAB -

not practical so far!!!

Electron Efficiency Anatael Cabrera (CNRS-IN2P3 @ LAL - LNCA)



cool really?

upon novelties, duality...

Anatael Cabrera (CNRS-IN2P3 @ LAL - LNCA)



first proof-of-principle. ..

2 Anatael Cabrera (CNRS-IN2P3 @ LAL - LNCA)
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low energy e- = "light ball"...

7))
L
-~
(e >
Q
b |
8
H

LiquidO means light confinement!
(everything else— corollaries)

Anatael Cabrera (CNRS-IN2P3 @ LAL - LNCA)
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U-LiquidO @ our e- beam...

Counting rate (a.u.)

B

Folycarbonate im

14 Sum
)= Delta ¢ Absorber
M)I.n sndow : - XY

(few pm <4 vl
scanning

pMetal

F}mrgy ( MeV)
e- energy <% up to [.8MeV

Anatael Cabrera (CNRS-IN2P3 @ LAL - LNCA)




2 scintillators

*LAB (transparent)+3g/l PPO
*new (LAB-based®opaque)
—polymer [10,20]% loading




y first experimental proof of principle...

>

PMT transparency monitor

Charge [pe]

-
N
I

-
o
I

+140%

. LAB + PPO [12°C,30°C]

Transparency Monitor

LiquidO
Technolog)B

Distance (mm)

=)
O, transparent

2_

=-75%

Photosensor Fiber

1 MeV 4 electrons Pist. to Source 1cm

Fiber PMT
4 cm 5cm

Traditional
Technology

light bending— light confinement!
(data-driven reference — no need MC)

Anatael Cabrera (CNRS-IN2P3 @ LAL - LNCA)
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v proof-of-principle experimental

Anatael Cabrera (CNRS-IN2P3 @ LAL - LNCA)
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urther prototyping effort. ..

Anatael Cabrera (CNRS-IN2P3 @ LAL - LNCA)



applications?

2 Anatael Cabrera (CNRS-IN2P3 @ LAL - LNCA)
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*MeV physics @ “Super Chooz”?
PMNS Unitarity?— 013 & |Am2(ee)|
*supernova [V(e), anti-v(e) ,V(X)]
*proton-decay ([several channels]
*solar neutrino on Indium [ ]

«40K geo-neutrinos?

* B8 multi-ton (= |0ton non-enriched & do

v . :

v=-beam physics (NOVA update)

p—— | ;7
S/

r st d»iis”ﬁ&mg

. Tovvar '

1\_
* :».’
=]
i
b
‘,l,
/’ -
o
5" &9 Anatael -
BB, CNRSINZP3 o
.::' N LAL(

Conference @ HEP-European Physics Soaety
(july 20I9 @ Ghent, Belgium)
Web: https://indic .ch/event/577856/contributions/3421609/

N‘!eutrmo eosc1eﬁce

Conference @ Conference @ Neutrino Geoscience 2019
Prague,Czech Republic — Oct 2019
Web: https://neutrinogeoscience20|9.amca.cz/main/home

) [ ]

(ND and/or FD)

*H and '2C target + loading (nuclear physics)

*HEP: high energy calorimetry (under study) — colliders, Y-astronomy, etc

*society/industry: medical physics, reactor monrtoring, radioprotection...



what to remember. ..

2 Anatael Cabrera (CNRS-IN2P3 @ LAL - LNCA)
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“v demonstrator” detector NEXT STEP

data needed—towards physics experiments

v proof-of-principle (data & MC)

Anatael Cabrera (CNRS-IN2P3 @ LAL - LNCA)




questions,

anatael@in2p3.ir

dlease?!

(l.e.a low energy “e+")

mercl. ..

HIDED...

danke..
|:|I-A |__| |_—_|. N
obrigado...
Cnacmbo...
orazie...
A
hvala. ..
oracias. ..
thanks. ..


mailto:anatael@in2p3.fr

-

- who knows??!)“ |

- -

LiquidO?

_ transparent
i scintillator
technology
(Reines et al)

qUIdO in th

-

LiquidO mherlts ~80 years of technology/expertlse
(simplifies dramatically LiquidO R&D)
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