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the reactor-V saga (since 1956)...

unique history: v discovery (1956)
—much v detection principles definition

neutrino oscillations: high precision (= 1980)
—012, 013, 5m2, tAm2 (922 & cctant
—high precision for dcp (beams) [— J-invariant]

review detection principle limitation?
— a possible solution?

Anatael Cabrera (CNRS-IN2P3 & APC)



the V discovery (1956)...

rera (CNRS-IN2P3 & APC)



s inverse-f decay (IBD) interaction. ..

IBD: anti-Ve. +—> e+ + n

IBD detection art...

n-capture n-H (native)
*(fe'a)') n-C (native oil)
n-0? (native water)
n-Cd (non-native)

anti-ve . e
(reactor) n-Li (non-native)

(0.51 IkeV)

{(prompt) — n-Gd (non-native)
note: H = proton (oils or water) scale O(Us)]

no e+ PID implies
Y = e = et= X = p-recoil (fast-n)

Anatael Cabrera (CNRS-IN2P3 & APC)



: Reines&Cowan pioneering detection. .
Handford (\953) Savannah River (1956)

“h (R BIREES diaansnEanm

*surface (inside a truck)

= emass: 2x 200kg
«target: water + Cd
e 1+H+11: scintillator
‘rough segmentation

THE REVIEW OF SCIENTIFIC INSTRUMENTS VOLUME 29, NUMBER 2 FEBRUARY, 1958

Liquid Scintillators for Free Neutrino Detection*

> |57?m from reactor
*mass: ~300kg

-target: scintillator + Cd (loading?) today’s inspiration!

A. R. Ronzio,t C. L. Cowan, Jr.,} AND F. REINES
Los Alamos Scientific Laboratory, University of California, Los Alamos, New Mexico

(Received October 28, 1957; and in final form, December 9, 1957)

The criteria by which liquid scintillators have been selected and developed for free neutrino detection experiments
are described and a discussion is given of the preparation of the solutions. Triethylbenzene is a superior solvent and
cadmium octoate is found to be the best cadmium compound known for these purposes.

Cd loading on liquid scintillator AROTORICbrera (CNRS-IN2P3 & APC)



,  Reines& Cowan powerful coincidence (I1BD)...

,// neutrino

/
/
/
/
/
/
/
/ - B
/

o
é/ e+ track: <lcm (dE/dx)

e+ annihilation (2x 051 [MeV) n-Cd capture (~9MeV)

I

e . e

N S

thinking FADC?

(a) Positran scope Neutron scaope
Anatael Cabrera (CNRS-IN2P3 & APC)



Reines&Cowan detection strategy...

PMT & transparent medium

overburden (p-cosmic shielding)
external shielding (radioactivity shielding)
(''3Cd)— non-native detection!

(reactor source)

~70years ago similar to today!

Anatael Cabrera (CNRS-IN2P3 & APC)




; Reines & Cowan detector (300kg)...

i \ii\*““
il

™

oday’s

Handford (1953)

Anatael Cabrera (CNRS-IN2P3 & APC)



e todays version ofsmﬂlartechno\ogy

//\\' \ ..

‘ PMT(~\né IR transparency

CTF@ Gran Sasso

(Borexino R&D)
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y (example) Double Chooz near detector. ..

DC-IV-IBD(Gd+H) 481(SD)+384(MD) days
PRELIMINARY (CERN seminar Sep 2016)

Entries / 0.25 MeV

6 8 10 12 14 16 18 20
Visible Energy (MeV)

Energy(v) ~ Energy(e+) + 0.8MeV

Anatael Cabrera (CNRS-IN2P3 & APC)
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fast) V oscillations reminder...

abh - L Anatael Cabrera (CNRS-IN2P3 & APC)



. neutrino osclillations manifestation. ..

Let's take vy (a popular example) to start with...

appearance

“propagation” in vacuum/matter

observation: both (the anomalies) & (July 2013) have been seen

all observations (most!) consistent with 3v oscillation model

Anatael Cabrera (CNRS-IN2P3 & APC)



; ingredients for neutrino oscillations. ..

Non-degenerate @ Mixing in the — Oscillation Probability
mMass spectrum leptonic sector = T P=f(0,Am?2)
(Am?) ()
quantum Interference UPMNS matrix
(macroscopic) (a la CKM)

Vo (Start WIth) & VB (ﬂoﬂe at ﬂr‘st) Twoneutrmo approximation

R | ] “‘””

- e
o0 O

-
N

Probability

L/E (km /GeV)
Anatael Cabrera (CNRS-IN2P3 & APC)



WL, o
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3
“atmospheric’=> 0,3~450°

“solar’=0,,~33°

Am3, Ams,
1 0 0 § %" C12 512 0
U= O 3 s3 . iz —sip ¢ O
0 —523 (23 ) 513 . 0 0 1
atmos—+LBL(dis) Chooz+LBL(app) solar+KamLAND
| P(Vu—Vp) ' ‘P(ve—we) & P(vu—vve)' P(ve—>vx)j
ATMOSPHERIC ANOMALY PREDICTION SOLAR ANOMALY

effective decoupling of “solar” & “atmospheric”:
«Om? (order 10-°eV?) versus Am? (order |0-3eV?)

*0,3 being small (relative to very large 012 and 03)

/9|3 drives this!!!

B E O . Uckm

(Ve,Vp,Vr)! = U(Vi,V2,v3)T, where UPMNS Jooks like ( g m B 7 i :
" = B ( ——_—
is U unitary? [if not— 4th v family]
UPMNS

Anatael Cabrera (CNRS-IN2P3 & APC)



20

every ~ 10 years...

a reactor-V breakthrough!!

Anatael Cabrera (CNRS-IN2P3 & APC)



(also Palo Verde)

~ 1990 @ France

Anatael Cabrera (CNRS-IN2P3 & APC)



(assume Borexino was solar only)

~2000 @ Japan

Anatael Cabrera (CNRS-IN2P3 & APC)



KamLAND (lkton) detector...

. Calibration device
‘E{J/

Water-Cherenkov | | = | Photomultiplier

outer detector = TT———p / tube

) A O R ) Non-scintillating
Outer detector / 77111 | BEREL 4 oi
photomultiplier tube T Loud U LEy iy
L Iscintillator—— 1 114

. (1 kton) | il
= | | "_;.\Balloon

(13 m diameter)

Containment vessel /

(18 m diameter) :

recycle KamiokaNDE's site (~3kton). .. ..o o e



KamLAND strategic position & time. ..

(a) 0.9 — 2.6 MeV
‘ 0.6

Fukushima
+ —+_—+— earth-quake

Kashiwazaki Kariwa Electric Power Development Co.-Ohma >

@@@@@@@ @ Hokkaido Electric Power Co.~Tomari

Tohoku Electric Power e
Hokuriku Electric Power Co.-Shika Co.-Higashidori @ @
@@ Tohoku Electric Power } Tohoku Electric Power Co.~Onagawa

4 =
Japan Atomic Power Co.~Tsuruga CoMal @ @

@@ > Tokyo Electric Power Co.~Fukushima Daiichi
Q

=
Kansai Electric Power Co.-Mihama @ @ @ @ @

@@ @ Tokyo Electric Power Co.-Fukushima Daini
Kansai Electric Power Co.-Ohi @@@@ 1

AEEE) 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012

Japan Atomic Power Co.-Tokai =
Kansai Electric Power Co.~Takahama , Closed (Mar.1998) Year

@@@@ Japan Atomic Power Co.-Tokai Daini (b) 2.6 - 8.5 MeV

Tokyo Electric Power Co.- (Commercial plant. As of Aug. 2001) i ‘

=
B

1

o
W

o
()

Rate (events/da

o
[

Chugoku Eledric Power Co~Shimane
emmme Y

A’ rs
@@ g Chubu Electric Power Co.~Hamaoka
Chugoku Electric Power Co.~ @ @ @ @ @

—) () Kaminoseki . :
R Kyushu Blectrc Power Cor Shikoku Electric Power Co.~Ikata

Kyushu Electric Power Co.~Genkai Sendai @ @ @ @ @
D]

: Number of Units | Total Output (Million kW)
Output scale ) operating [Operational 51 44.917

@ @ @ a Under construction | Under construction 4 4.663

@ I Blaral ' In planning stage 6 7.239
Under 0.5Million kW Under 1Million kW Over 1Million kW n pianning stage TOl&' 61 56.819

KamLAND data reactor-OFF—

~
Kal I |Ll \kD 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012

Year

~70GWth (~]2% global ) =1.0 IBD/day

<L> = (175*35)km till Fukushima earth-quake

Anatael Cabrera (CNRS-IN2P3 & APC)



the latest KamLAND's P(Ve—Ve)...

(to me) still the most beautiful E/L so far...?

- |

== [eutrino oscillation with real reactor distribution

~ Drevious

| reactor experiments

A"
'
4

| QipZ(ze 12)

before 013

-

¢ lLL

B Goesgen

A Savannzh River
Palo Verde
CHOOZ

Bugey

._/.
-—
A
—
—
s
P.
—
-
-
A,
‘ot
:-’U
-~
.
-
/)

iiilTii|iii|Ifi‘1iii|

VY 41TT/0m2
R\‘\n“ \\ é \\ l,
- - v S d

Krasmoyarsk

+ short-baseline |
L il xnuml.nnuullllllllllllllllIllllllllllllllllllllllllllllllll | | |

10) ) 3) ) 50 H) 0

L /E (km/MeV)

average E/L over many reactors: visible oscillation over 100’s km!
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KamLAND’s measurement of Om2 & 95...

1ottt F ﬁ:rrhTrrh'rrri"r'rrrf‘r‘lgrr'
KamLAND+Solar KamLAND
BN 05%CL.  w=n959,CL.

00% C.L. 9N CL.

7]

E-_
-
w
14

S
R
p—

w99 73% CL.

Y best-fit @ bestfit

Solar
05% C.L.

~ 09% C.L.

1
0.8
0.6

04 .
913 constrainted

0.2 i
=2 llllIlllllllll|llllIllllllllllllllllllllllll Ill[l[lllllllll
0162 03 04 0506 0.7 0809 3 101520
2 2
tan~ 0, Ay

_LL.|.J_J_|_|_L.1_|_|_|_L l_IJ_I_L{.lJ_l_l_Lle_l_l_

s ¥

W

L p———— [ '______'_'—'_'-_________—_"-'Cff'_

S B e

S —

—
—

e 55 o O
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first observation geo-v (U®1h)...

Vol 436|28 July 2005|d0i:10.1038/nature03980 nature

ARTICLES

Experimental investigation of geologically
produced antineutrinos with KamLAND

T. Araki', S. Enomoto’, K. Furuno', Y. Gando', K. Ichimura', H. lkeda', K. Inoue', Y. Kishimoto', M. Koga',

Y. Koseki', T. Maeda’, T. Mitsui', M. Motoki', K. Nakajima', H. Ogawa', M. Ogawa', K. Owada’, J.-S. Ricol,

. Shimizu', J. Shirai', F. Suekane', A. Suzuki', K. Tada', S. Takeuchi', K. Tamae', Y. Tsuda', H. Watanabe',

J. Busenitz?, T. Classen?, Z. Djurcicz, G. Keefer?, D. Leonard?, A. Piepkez, E. Yakushev?, B. E. Bergers, Y. D. Chan?,
M. P. Decowski®, D. A. Dwyer?, S. J. Freedman?, B. K. Fujikawa’, J. Goldman’, F. Gray?, K. M. Heeger, L. Hsu?,

K. T. Lesko?, K.-B. Luk®, H. Murayama®, T. O'Donnell?, A. W. P. Poon’, H. M. Steiner’, L. A. Winslow®,

C. Mauger?, R. D. McKeown?, P. Vogel*, C. E. Lane’, T. Miletic®, G. Guillian®, J. G. Learned®, J. Maricic®,

S. Matsuno®, S. Pakvasa®, G. A. Horton-Smith’, S. Dazeley®, S. Hatakeyama®, A. Rojas®, R. Svoboda®,

B. D. Dieterle’, J. Detwiler'®, G. Gratta'®, K. Ishii'®, N. Tolich'®, Y. Uchida'®, M. Batygov'!, W. Bugg'!,

Y. Efremenko'!, Y. Kamyshkov'!, A. Kozlov'!, Y. Nakamura'!, H. J. Karwowski'?, D. M. Markoff'?, K. Nakamura'?,
R. M. Rohm'2, W. Tornow'?, R. Wendell'?, M.-J. Chen'’, Y.-F. Wang'® & F. Piquemal'*

Events /O TMey

SN

Antineutrino eneigy, E(Mel)

oo

4 6 d

Events /0.17MeV
Events /0.17MeV
N

o

S
LR

22 24 206 28 3 : 7o S 2 22 24
Anti-neutrino energy, E, (M&V)

26 28 3
Anti-neutrino energy, E, (MeV)

together with Borexino

Anatael Cabrera (CNRS-IN2P3 & APC)



~2010 @ several

reactor-0 | 3 experiments. ..

abh - L Anatael Cabrera (CNRS-IN2P3 & APC)



reactor-0 13 experiments. ..

LS Double
GW,, | q383tnear ~38(;ctfar B Chooz

120 m
=

=
égvi l"i:‘iﬁ @ 16t near

POt &
[Eb m 2x20t near |
17.4
GW,,
[ﬂb m 2x20t near ||

4x20t far |

— Electron antineutrino
e 1050 M .- —s Sy survival probability

|

Effective baselines

D 1380 M ey ——
s THEEHTNR ses—b

= ...and maximum overburden to reduce backgrounds from cosmic-ray muons

Anatael Cabrera (CNRS-IN2P3 & APC)



Near Lab
<[>=4|0m
~30v day! ton"!
~ 20 mwe

Chooz Reactors
Power: 8. 5GWthermal—=  ~ | (021y/s

(2x N4 reactor)

3 Flam anville \\h" | Nogent

R \A. %~ | - Fessenhelm

~‘“'\ St- Laurent \ Damplerre | ~

Bellewlle .
> Chmony * A Bugey,
Civaux D\ \ \Creys Malville

Blayalsb\ j St- Albanv

\
‘ » "Cruas
I 752" i
Golfe(h.\

)

\T . - ™ - A
-&l ncasﬁn g

\
! |

< o
- L N ) .j
A 1‘\ = L O Centrales A llarrst

Far Lab
- <|>=1050m
;‘%V day-! ton-!
- ~300 mwe




31

<|.>=0m

Probability(v,—V,)

(nut-shell) ex

beriment’s rationale & history...

Bugey4 — —

Chooz | (~ND) | | ¥ %" Near Detector S Far Detector
Reactors ==, e (ND) =4 = (FD-1& FD-II)
~tonvzs | | | | ———

\<a8|  Dec20l4 s || April201)
<[>=400m <[>=[050m
FD®Bugey4
FD®ND

_‘sm2(29|3)_9n2(29.2)

10
Length (km) [at E~3MeV]

Site Geometry??

iso-flux?
(flux cancellation)

reactor-OFF?
(precious BG)

Anatael Cabrera (CNRS-IN2P3 & APC)




; reactor 013 experiments geometry...

Double Chooz RENO Daya Bay

R1 OG0 R2

FD @ 300mwe FD @ 450mwe FD @ 850mwe
(target: 30t@FD) (target: | 6t1@QFD) (target: 80Ot@FD)

(ND = perfect monitor)

Anatael Cabrera (CNRS-IN2P3 & APC)



DC a 03-LAND...

Outer p-Veto (OV)

plastics-scintillator: strips (—tracking)

Y-Catcher (GC)
~20m?3 Liquid-Scintillation

Buffer

~100m?3 oil (no scintillation)

Inner p-Veto (1V)
~90m3 Liquid-Scintillator

Inert y-Shield
I5cm steel [FD] / Im water [ND]

Liquid Scintillator
itio ®

10” PMTs
)

FADC readout
@

offline reconstruction
(time,charge,position,PS,multiplicity,etc)

Anatael Cabrera (CNRS-INZ2P3 & APC)



Relative energy scale

" detector response (in)stability...

...... o n-Gd capture p-n (CHARGE) @ N=Gd capture p-n (CHARGE)

Double Chooz Preliminary Double Chooz Preliminary

----¢--- n-Gd capture p-n (PE) Far detector ' ----¢--- n-Gd capture p-n (PE) Near detector

n-Gd capture p-n (MeV) n-Gd capture p-n (MeV)

response no decrease with time (=1%/year)
(stability ~0.35%° & ~0.457%Nb)

DC: the only loaded-LS detector not deteriorating
(FRosT-16 workshop — FNAL, USA)

Anatael Cabrera (CNRS-IN2P3 & APC)



y larger single-0,3-target. ..

Far Detector Near Detector

-
N

D@1V-IBN ( d+H) - 864 days

- DC-HIV-IBD(&d+H) - 346 days
jno 16 Prellmlnary

Neutrlno 2016 Prellmlnary

-
o

Delayed Visible Energy (MeV)
Delayed Visible Energy (MeV)

8 10 12 14 16 18 2 8 10 12 14 16 18 2
Prompt Visible Energy (MeV) Prompt Visible Energy (MeV)

target: ~30t (large 013 single detector target)| i

Anatael Cabrera (CNRS-IN2P3 & APC)



y IBD(Gd+H) vs time...
IBD(GdoCoH)

Rate / day

ifiilth, 2xReactors it ,'.' i

=140day-'@ FD =1000day-'@ ND

=~0.2%stat final DC(FD)

Anatael Cabrera (CNRS-IN2P3 & APC)



stunning BG (active) rejection. ..

AccidentalBG(Raw) .................................................... —
Accidental BG (Vetoes Only)

a—
—4

== Accidental BG (Vetoes®ANN)

MC TnC IBD P

—e— IBDTnC

H! 1||'”"lll\l. el
1

V|S|ble Energy (MeV)
dig into BG to recover the H-n peak
(several orders of magnitude)

HIH \HHHHHHHH
Anatael Cabrera (CNRS-IN2P3 & APC)
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latest DYRB result. ..

EH1
— No oscillations ||
— Bestfit
I Fast neutrons
BC(a,n)®0 ]
2414 1 130
9Li/®He
Accidental

+ + Data

S
00

Entries (/MeV x 10°)

o
=)

S
o

pred
RObs/ Rno-osc.

No oscillations |]

Best fit

Fast neutrons

‘ 13C(a, )10

EH2 | , , 241Am-13C

= r;:sc:sf;matuons - 9Li / 8He

= T:Z‘(:::)T; ] | | Accidental
2415 1130y : : : ' :
9Li/®He

Accidental

<+ + Data

<
e

Entries (/MeV x 10°)

o
N

—
n
o]
i
X
>
Q
=
=
(7]
Q
=
i
c
L

-0SC.

ed

Robs / Rﬁ;

o o L
S © O

© o o o

W O
o W

o
(=)

Prompt energy (MeV)

EH3

= retmes | excellent Rate+Shape measurements on

e | sin2(20,3) & |Am2e|

Entries (/MeV x 10°)
o
N

o
[

obs ; ppPred
R / Rio-osc.
© o oo

o w o o 2
S W o © o

i L e = most precise measurement so far

Prompt energy (MeV) Anatael Cabrera (CNRS-IN2P3 & APC)
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DYB measurements...

211111
0.05 0.06 0.07 0.08 0.09 0.10 ;
Sil’l22013

sin2(20,3) = 0.0841 * 0.0027(stat) * 0.0019(syst)

|Am2ee| = (2.50  0.065tat + 0.065Y5t) meV?

Anatael Cabrera (CNRS-IN2P3 & APC)
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I B B

Double Chooz g 1. )
JHEP 1410, 086 (2014 - ——— -ED-l®

( ) (precision:;§~35%)§ DC FD I@Bugey4 |n
Preliminary DC-1V 5 : 2
(CERN seminar 2016) (p,.e;,!isio:m ..! 13%) DC-FD-12FD-lloND
sin2(20,3)=(0.119+0.016) - o
Daya Bay £ r’lil
PRL 115, 111802 (2015) el : =
(fprecision:%5~4%) : —
RENO ' K 4
PRL 116 211801(2016) e : —
(:precisionzg?- 13%): z
T2K e >
PRD 91, 072010 (2015) ~ Arbitrary 5ij e
Am, >0 F— - =<
Am?, <0 i —i ®
NOvA ' ' ‘@
Preliminary (private communication) m
Am3, >0 y - — _ A
Am2, <0 —_—— <

DC result @ CE

RN (SEPT-2016)...

A I I N T I
0 0.05 0.1 0.15 0.2 0.25

. 2
sin“26,,

need to investigate carefully— systematics @ %. level (complex)

Anatael Cabrera (CNRS-IN2P3 & APC)



41

cactor-0 -

(combining results)
Daya Bay®Double Chooz®RENO

Oth discussion/pla n0=20 16, London (UK)

Ist workshop— October 2016 (Seoul, South Korea)
(systematics, results consistency)

2nd workshop— June 2017/ (Paris, France)
(further O 13 systematics consistency)

3rd workshop— end 2018 (Hong Kong, China)

(likely) most precise input to 0,3 for several decades...
Anatael Cabrera (CNRS-IN2P3 & APC)
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UNO experiment...
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EUROPE
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INFN Ferrara
INFN Milano-Bicocca
INFN Milano
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America
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8th Col

2 =

L
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St A

UNO Collaboration...
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Beijing Normal University
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ChongQOing University
CIAE
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Guangxi University
Harbin Institute of Technology
IHEP
Jilin University
Jinan University
Nanjing University
Nankay University
Natl. Chiao-Tung University
Natl. Taiwan University
Natl. United University
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Pekin University
Shandong University
Shanghai |T University
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SUT
SYSU
Tsinghua University
UCAS
USTC
University of South China
WuYi University
Wuhan University
Xi'an University
Xiamen University




UNO location...

44

o

I-!ong"kt)ng

Taishan (9.2 GW under construction,
9.2 GW planned)

Yangjian (2.9 GW operating,
14.5 GW under construction)

simplistic schedule: data=-taking starts by 2021
Anatael Cabrera (CNRS-IN2P3 & APC)



. a long story short...

= 1f
T
0.8
z |
0. 2:_ .......................
0—-1
10 . —

Length (km) [at E~3MeV]

JUNO sensitive to both oscillations— first time!

Anatael Cabrera (CNRS-IN2P3 & APC)



the JUNQO detector (predecessors)...

Super-KamiokaNDE @ Japan
(Nobel prize 2015)

Bl T D P
- T
T
A B T

; '4’ ™ e -.w"“ -

T e
- ’

i e owm e e e
= - ; & s

B
S T T8
AN
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Y R R N

...
T

TRva raced
PR

JUNO can be regarded as a hybrid of both...
(filled with liquid-scintillator— ~100x more light)

Ll o

=

*u ~ o s

k= e |»4,000 PMTs (20" diameter)

tute 1

Anatael Cabrera (CNRS-IN2P3 & APC)




+ JUNO: one of the largest neutrino detectors...

{ \I \

I E

o
. I
ol

-

intillat o s Bl | ;
Shimmaleeee= = /8 W unique readout system
liquide H=iika Y , - :

DNAUA(20'000 tonnes) W‘;g ' \ g ] g

4

Anatael Cabrera (CNRS-IN2P3 & APC)
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largest photo-cathode quantity ever built = highest LS precision calorimetry ever built

largest light level ever detected z1200PE/MeV = stochastic resolution <3% @ IMeV

control of non-stochastic resolution extremely demanding— =<1%
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” JUNQ calorimetry condition...

lot of light is a necessary but not sufficient condition

9 \
) + G'Jo.i-sroaﬂf) <3% @ IMeV
L x10~° :
W I
=, - — Resolution Stochastic Term
2 095
O ~ :
o u 3% Energy Resoldtion "
S 0'9: AX| o
a ©
— 0.85 1% £
o) D N Y SRR -+ 2
5 m : 2
©o 08— ! | - /)
o L : S
T 075 | 2% | | g \
= | S /
— ! O 4
0.7— | Y |
ol : \ (previous experiments)
os- 1MeV .
: | | | | l | | | | I | | | | | | | | ] I | | | | | ] | | !
1000 1100 1200 1300 1400 1500 1600

Number of Photolectrons per MeV

Anatael Cabrera (CNRS-IN2P3 & APC)



5 stereo calorimetry concept...

JUNO JUNO+
(ho SPMT) (with SPMT)

idea |: “2 eyes see more than |I”
(arguably not very original)

idea 2: “different eyes allow to see better”
(arguably not very original)

idea 3: “put than together in a largest detector LS detector in the world”
(arguably somewhat original)

Anatael Cabrera (CNRS-IN2P3 & APC)



Reactor spectrum

—— QOscillated spectrum

Arbitrary units

llll|llll|llll|llll|llll|llll|llll|llll|lll

Anatael Cabrera (CNRS-IN2P3 & APC)



JUNQO spectrum in more detall...

0| i Aml(periodicty) | ~5 years illustration

Isin2(29|3)

...
]

-
L]
[]

oscillations

BRI EEE T Z e a e E T mE T

“SOLAR/JUNO”
oscillations

Entries per 0.05MeV

_llll]llll]llll

lllllllllllllllllllll
3 < 6

Energy Visible (MeV) Visible Energy (MeV)

rationale data-like
(vacuum oscillation)

(o—IllllllllIllllIllllIllllIllllIllll

elegant @ rich physics
(01290 1300Mm20tAm?)

Anatael Cabrera (CNRS-IN2P3 & APC)




 (Marrone et al @ NEUTRINO-16) 3V oscillation status...

LBL Acc + Solar + KamLAND + SBL Reactors + Atmos

normal ordermg...

om?/10™° eV?

40 245 250 255 260 265

Am?/107% eV?

035 040 045 050 055 060 0.65

\
- . - - - v -
1111 I 11 [ I 1111 I 1111 1 1 | I 111 I | : 1 I 111 1111 I 1111 I 11| I 1111 Sillz a3

7 75 8 85 22 24 26 28 05 1 15
dSm/10™ eV? AMZ107 eV? &/

lllllllllllllll)lll
- A .

om?/10™° eV?

0.015 0.020 0.025 03 230 235 240 245 250 255 260 265

sin? 63 Am?/107% eV?

L —

035 040 045 050 055 060 0.65

2
sin” f:
|||||||1||||1|1||| z

O_I 1 1 1 1 1 1 Ill_ i 1 1ML 1] llll‘l;l Il—
025 03 035 0.01 0.02 003 03 N\ozs/e'b( 07

2
Sin 612 Sin 913 Sin 923

oscillation parameters: 0, +Am2,+0m203, 03, 0(CP)

= improve world precision knowledge towards O(CP)

BARI - NPB908 (2016)218-234  VALENCIA - PRD90 (2014) 9, 093006 NU-FIT JHEP 11 (2014) 052 (www.nu-fit.org) Anatael Cabrera (CNRS-IN2P3 & APC)




internal redundancy on om2-0,,...

I | | | | | | | | | | | | | | I
Sinze12 = (0.304 energy resolution @ 1 MeV =3%
2 -5 <2 energy resolution @ 1 MeV =6%
Am ..=7350%10" eV
21 energy resolution @ 1 MeV =9%
sinze - 0218 energy resolution @ 1 MeV = 12%
_ energy resolution @ 1 MeV =15%
Am =25X 10 eV - energy resolution @ 1 MeV = 18%

PRELIMINARY

y
n
)

o=l
~
o0

N
>
O

i
=
—
X
-
—_

S

N
=
<

S yrs, 100 % eff.

Normal Mass Ordering is assumed

- param uncert. + sys erros (with all pull terms)

I 0(sin28 ) =41% 0(Am2 )=24% oy, =3%

0,,) = 46% O(Am3l)—19%
| | l | | | | | | | I | | | | | | | | |
0298 0300 0.302 0304 0306 0308 0310 0312

.9
SIn 812

SPMT®LPMT cross-check— better physics

Anatael Cabrera (CNRS-IN2P3 & APC)
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. a (tough) BIG question. ..

UCKM

UPMNi . ©

(zzm) (0

= ~maximal mixing = ~minimal mixing

PMNS unitary?

(beyond standard model—= only 3 families?)

Anatael Cabrera (CNRS-IN2P3 & APC)
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reactor=V historical contributions. ..

(much Neutrino osc:|\|at|on)
N vd Shaa ' W Ana

ael Cabrera (CNRSIN2P3 & APC)
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! [poor PID]
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g SN todays State of the art..

o \ \‘ '
~ \ \ T 7
\
\ “\./ z‘ ‘ | / . -G.‘T"\ “ ’/“
£ PP k‘ N

N reach “perfection” since R&C...
2 *exquisite radio=-purity

“ebuffer volume (PMT shielding) NN
scintillation PSD (itle/some” PID) | B’ |

¥ |
' o)

; "..: ;
B A
: \ ,".' 1
-~ ’ ,-.' \ \ \ p— RS |15
/ = x 2 TRy W
. h p b A

PMT(~ | ns) & "'ransparency — PID

CTF @ Gran Sasso .............. —
(Borexino R&D)
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e+ PID limitation (illustration)...

traditional liquid scintillator detector

(no much info= heavy shielding & underground)

powerful event pattern washed out= hardly any ID!

Anatael Cabrera (CNRS-IN2P3 & APC)



o exploriting FADC @ Double Chooz...

220
180 200

140 160
Time (ns)

many channels — triangulation info

*charge: single-photon resolution
*timing: fraction of ns resolution
*derived information (i.e. reconstruction): position, PID, etc

Anatael Cabrera (CNRS-IN2P3 & APC)



. e+ via Ortho-Positronium (@Double Chooz)...

Ortho-positronium observation in the Double Chooz
Experiment

arXiv:1407.6913

ortho-positronium— delayed annihilation y’s

(identified via PSD empowered by FADC) ortho-positronium formation: (42x13)%

- --- Prompt signal fit &
—— Delayed signal fit B

C —— Global fit | e —e— %Co source
ok Fitted At = 8.4 ns 10 R
- e —e— v Target candidates

= 102
s
i 107 T
05 T*
2 oF 0S5 W~ hy - B
$ - --- Prompt signal fit Fitted At (ns)
mo 8E —— Delayed signal fit
U= — Gilobal fit
o et ortho-positronium impractical for e+ PID
i (reactor experiment)
=
3:
2 Wi [ok to clean e- sample as done in Borexino]
1 o
0 | D o P N i i
B el R s Anatael Cabrera (CNRS-IN2P3 & APC)




novel PSD @ Double Chooz ...

N - Xiv: 1710.04315

2500 T T T T 5000 T ry T
flank Q(tail) to Q(total)
10 2000 [orvrevrenbenreeee 4000 |+ e eren i 3 , : ]
_ : : | Method 0 : : :
. e N B | Charge Comparison (flank) 0.44
woo b ff1. .\ ] Charge Comparison (tail) 0.47
- | Pulse Gradient Analysis 1.16
6l 500 - vovovcio o e Comparison with reference 1.42
| SSD 3.56
G OO.l 0.2 0.3 04 O.l5 0.6 0.7 ) 0.76 0.78 0.80 0.1;2 O.ézl 0.86 O.éS 0.90
4000 o’ v T T T T T
4 pUIse gl"adlent : R reference
i s : e, . :
6000 [
21 s : : : :
. . 2000 b+ - ... . . I - o]
novel SSD technique , , 5 , s
0 . . - - . 1000 s | ) : e
Evis [MeV] : ‘ : : :
8.20 0.25 0.30 0.35 0.40 0.45 O(.JOOO 0.002 0.004 0.0‘06 0.0108 O.OJlO 0.012 0.014
— H 2 2 | — —
Q) = scintillatoroFADC®Fourier
250 250 ~
[1.0,2.0]MeV [4.8,10]MeV
200 T
150
100 100
50 50
: = | - O — | '
2.0 2.5 3.0 3.5 4.0 2.0 2.5 3.0 3.5 4.0
discrimination parameter Qpqs discrimination parameter Q. e

Anatael Cabrera (CNRS-IN2P3 & APC)
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e+ P|

pattern— @+ * @-

D In traditional techonology...

Anatael Cabrera (CNRS-IN2P3 & APC)



64

mpractical e+ PID physics...

Anatael Cabrera (CNRS-IN2P3 & APC)



PSD important so far...

PSD on slower scintillation
(PMT good enough)

abrera (CNRS-IN2P3 & APC)
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why such a “poor” PID?
no PID (beyond PSD) implies

Y= e = et= X = p-recoil (fast-n)

PMT & medium transparency— little PID

l v

o(time)zlns & o(space)=20cm [unresolvable]

1

o(vertex)= 10cm [individual vertex]

liquid— (easy) loading BUT breaks transparency

T PID implies
Y ¥ e+ et &et* (X & p=-recoil)

—> no heed for coincidence?

Anatael Cabrera (CNRS-IN2P3 & APC)



i naive O(1cm) spatial resolution...

impeortant: scintillator/water very low-Z material + a lot of “stable” H

e- = X = p-recoil (fast-n

dE/dx— Bragg peak
(e- starts as MIP)

Compton scattering <3MeV

et= e+ 2xYO05I1 MeV)

hybrid-like event

impeortant: o’s and protons are scintillation quenched el cabrera (CNRS-IN2P3 & APC)
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Entries / 0.25 MeV

(example) latest Double Chooz data...

DC-IV-IBD(Gd+H) 481(SD)+384(MD) days

PRELIMINARY (CERN seminar Sep 2016)

Sesesssnssssassassansans cpsesssssessassannse .o R PP PP —

___J Fasi-n + Stop-u BG

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

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

B R PP PP

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

cosmogenic BG (fast-neutrons)

0N {:\ R N R \\ \

_'\l\ N
2 4 6 8 10 12 14 16 18 20

Visible Energy (MeV)
reactor-v's?

Anatael Cabrera (CNRS-IN2P3 & APC)



=— if opque detector?
' (easier; no?)

problem: (holy) transparency?

.‘ ’ f;"" N ' o Anatael Cabrera (CNRS-IN2P3 & APC)
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(first) V opague detector?

beyond today's limits?
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PID beyond today's LS technology...

pattern— @+ * @-

~ | Ox better for pattern
recognition stopping (=

cattering

powerful event pattern= differentiate particles (i.e. D)

...and (maybe) much more!

Anatael Cabrera (CNRS-IN2P3 & APC)



LiquidO = Liquid ® Opaque

Anatael Cabrera (CNRS-IN2P3 & APC)




. indeed opagueness helps. ..

confine energy deposition locally=* freeze information

readout: wave-shifting-fibres®SiPM’s

PMTs — become useless (unreachable light)

Anatael Cabrera (CNRS-IN2P3 & APC)
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N reality, more like this...

Anatael Cabrera (CNRS-IN2P3 & APC)




very simple: fibres (a lot) + LS

D info...

radius (R) (plane x-y)

41

il

lattice distance: E_,
(a few cm)

(x,y) info [lattice €]~ image plxelatlon (up to ~| Cm) =
(z) info [along fibre]— time difference (up to cm’s) |8
(also z-pixelation possible = envisaged for R&D)

o —

image: multi-wire chambe
#® (by G. Charpak @ CERN)

-

- R




stunning event-pattern. ..

L R YA A YR " 1, Anatael Gabrera (CNRSIN2P3 &APC)

-



. LiquidO vs “traditional LS (example: e+)
E [ _er@iMev| 2
Sag- € @TNEV R
>~ 10

20 3
= C
10
0 15
P
~20
~40

X [cm]
why opacity? [up to now the death of LS]

*stochastic light confinement (few cm’s)— powerful energy pattern (PID)
*slow down speed of light (~|0-'x)— exploit energy flow & causality [next]
maximal light collection (=90%)— light level up to <400PE/MeV? [R&D]

= opens for new LS technology!! [opposite to LS state of the art: transparency]

moves forward from R&C(1956) technology?



pattern = energy=flow(t— o)

abh - Ny ' Anatael Cabrera (CNRS-IN2P3 & APC)



. preliminary Pl

D quantification. ..

— =
> 5
uﬁg
) 10
e- 2MeV
40 -20 0 1
X [cm]
2 5
_\ &8 E L o 1.~
e ,q.|) ID Performance - '8
9] — Truth Hits | l v
23081 Dumcems e [l if 4085
if ci | H é e+ 5 e,
if signal(e-) S I R O b e I W
o P
H : ©
o o 00. 4] S Y i SR W W 1o.a%
= rejection both e+,y o -
] g
0.2 e e | —0.24
i
b ~ 6? g 1 : ) i | ) o,
goal: R= 106? [under stuady] a0 o8 1 ©

PID (Energy Density)
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doping: beyond native-ness...

ex: Cd loading



. isotope loaded LiquidO (vs enrichment)...
loading % (—)

0.0 | 50.0 | 100.0

v: | 28m3 . .
| o/ | Og/| 509/ | 009/l 2509/ | 000g/|

0.5
SRREREA Y 5.
s o5 340 [768.0] 3640 | 7680 TR

512 1024 5120 | 1024 | 5120
20,5 ‘ 1024 2048 1024 ‘ 2048 ‘ IOZ40‘ZO48O

2560 5120 2560 | 5120 | 25600 | 51200

isotopic fraction/abundance

4864 972.8 4864 | 9728 | 48640 | 97280

Double Chooz LENS R&D possible?

massive loading capability (R& D)= no enrichment?
[natural abundance < 100€/kg vs enriched = |0k€/kg or =2 10M€/ton]

Anatael Cabrera (CNRS-IN2P3 & APC)



*BG-less reactor-v detection! [ 1
*40K geo-neutrino detection?! [ ]
ev(e)/anti-v(e) separation? [ 1
— CP-violation <100MeV (vacuum)? [ |
—supernova’s CC & NC detection? [ ]
emulti-ton 2B* decay observation? [ |
—2B+2v first observation? [ |

eand more! [no time sorry!]

what (pending) physics?

k . 5" k0% 1, W P Anatael Cabrera (CNRS-IN2P3 & APC)



hommage to Reines&Cowan

Anatael Cabrera (CNRS-IN2P3 & APC)



anti-ve + 106Cd — et + 106Ag
[single e+ detection]|

— Cd-106
10°

Energy(threshold)= |.2MeV *

likely optimistic
(to be calculated)

=
o
=

NOT easy but possible?

events [a.u.]
—
o
w

IBD(Cd)

—
o
N

depends on O interaction
(low—measure reactor?)

[
o
bt

—
o
(=]

0 1 2 3 - 5 6 7 8 9 10 11 12
antineutrino energy [MeV]

[M.Chen] e+:e+ coincidence (T=24min): www.ipgp.fr/sites/default/files/ngs2015_chen.pdf

(first) single et V. detection!

Anatael Cabrera (CNRS-IN2P3 & APC)



hope to detect geo-V(4°K)? [impossible so far] =

Earth Formation Heat Contribution

120

% 1 :IBD(p) Interaction
g 10 (Ex=| 8MeV)  |J-Series 40K -v mystery
o : .
> Interaction,  Th-Series (volatility vs Earth center)
C .
= 10° E

2
= :
2 5
& 10" +

o= — (:150
.5 Ga present
Energy [MeV] Time

Cd-v interaction: 9K and more! UeTh geo-V’s?

geo-V(4%K) detection ever?

Anatael Cabrera (CNRS-IN2P3 & APC)



Cd doped LS

e+— difficult to mimic

.x e+— impossible?

study: Y’s = 2.6MeV

. | i
-50 0 50
X [cm]

3 channels: 2B+(ok) ® B+€ (ok) @ £€ (no)

106Cd 2P+ (first) observation?

Anatael Cabrera (CNRS-IN2P3 & APC)




Cd doped LS Y-background (Tl line)

= 10°

£
no &’s BG— quenched (<1 MeV) >

[
o
w

20

Y [cm]
True Hits

]
[
o

N

10

e —

Each e-(1.4MeV) slcm track . . .
= unresolvable [see NEXT or alike] Y rejection =106 possible??

116Cd 20V (multi-ton) search?

Anatael Cabrera (CNRS-IN2P3 & APC)
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Nature always waiting to be unravelled...
(history of science = detection/instrumentation progress)

today
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LiquidO R&D: valic

ation soon!
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just an appetiser. ..

Anatael Cabrera (CNRS-IN2P3 & APC)
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hat to remember?

abh - L Anatael Cabrera (CNRS-IN2P3 & APC)
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*reactor-V: active leading edge field...

*past (histoniclegacyasepicsent = future!

*R&D: surprises? (beyond reactors)

Anatael Cabrera (CNRS-IN2P3 & APC)
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questions. ..!

obrigado...
HUDED...
TG
danke. .
mAL| Ch
Cnacmbo...
oracias. ..
grazie...
..
hvala. ..
thank you. ..

anatael@in2p3.fr

Anatael Cabrera (CNRS-IN2P3 & APC)
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