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Pontecorvo-Maki-Nakagawa-S
0,5

g}gata matrix

Vu

ve\7 Vi

Usual parametrization (in case of
Dirac neutrinos):

Uel UeZ Ue3
U,=| U, U, U, with ¢, = cos0, and s, =sin6,
UTl U’L’Z UT3
~idcp
1 O 0 Ci3 0 s, ¢, S, 0
= 0 ¢, 85 0 1 0 S, ¢, O
0 -5, O —5,°7 0 ¢ 0 0 1

o J

/

' . v . .
rotation around x—axis with angle 6,3 rotation around y—axis with angle 6;;

~
rotation around z—axis with angle 6,,

atmospheric, reactors, solar,
accelerators accel.erat'ors reactors o Scp for neutrinos
CP violation
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® _dcp for anti-neutrinos



How neutrinos propagate through matter?
(Mikheyev-Smirnov-Wolfenstein effect)

(v ) (v )
e e
L 1% H, |V
__ _—iHt/n l— =
v,0) = " |v,O) ar| 7|
Y, Ve )
Ve ur Ve,ur
only for . in "ordinary" matter
electron Z
neutrinos
p.n.e p.n,e
NC
0 0 0 0 0 0 4 0 0
Hf=UHU*=iU 0 A, 0 |uts—tlul 0 Ak 0 |usl 0 0 0
2F , 2F )
0 0 Am 0 0 Am 00 0
E
with: a=2EVCC=2\/§EGFN6z7.56><10'5eV2 P 3 ( ) (p~3 g/cm? for earth
glem” )\ GeV crust)
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Probability as a function of mixing angles

P(v, —>Vy)=0,,—4Y Re(U,U,U

’ Uy Uy )sin® @, +2 Im(U, UsU, Uy )sin2®,
i>j
2

i>j
_am

L
=1.27Am, (E) (L in km, E in GeV, Am in eV ang hic=197 MeV fm)
Am; = mj2 — ml2

i

(3 mass differences but only 2 are independent)
To obtain: P(v, — ‘7/3) CP transformation *o*é
replace: U->U é
or: (I)ij - _(I)ij “*:
it P, > Vvy)#PV, > V) # CP violation

(never observed up

to now)
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Present measurements

6, =33.5+0.8°
Am3, =(7.50+0.19)x10™ eV?

0,, =42.3"7 or49.5) deg.
|Am3,| = (246 £1003)x 107 eV?

(JHEP 11 (2014) 052 [arXiv:1409.5439])

0, =8.4°+0.3° (from DB)
oscillation observed in 2012

~(almost) no information on 0.,
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Oscillation probability

neutrino beams

/AN
-am’ ="~00

T— U+V

i) = 4508 L —sin’ (-7 )AL
V=V (Vv (I—VA) 2

—In cos — AL)sin RAL Gn A=T)AL
r(l=r) 2 2 2

"solar"

"atmospheric"

Am? a Am

—_ — 31 _ _ 2
J, =C158,C538,38,5, A= Ty = > s TA =

Am;, Am;,

v

e for antimatter: 0p —-0.pand a—-a

» fake matter/antimatter asymetry due to matter effect
e for NH: Am,,>—|Am,?| ’
» for IH: Am;,>—-|Am;,?|

"Interference"

2
3 @ 2V2G,N,E, matter effect

O-p dependence,
sizable matter effect for
long baselines

in the leptonic sector.

if 0,;,~0 — oscillation probability not sensitive to 6., — impossible to observe CP violation
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Oscillation probability

reactor neutrinos

P(\Z — v, ) ~1-sin”26,,c;, sin’ Ay, L
4FE
2 2
—sin”20,,|c;, sin® Am;, L + 5, sin’ Amy L
4FE 4FE

, m; —m; >0 (NH)
m; —m; <0 (IH)

* Mass hierarchy measurement possible, thanks to the relatively large 0,5 value
* n0 Op dependence
* matter effect negligible
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Why to measure MH?

arXiv:1507.08134

V/\ -I. TTTT | TTTT | TTTT | TTTT | TTTT | TTTT I TTTT [ TTTT 1—
* The oscillation parameter values (slightly or T 3.0 NH b
strongly) depend on the mass hierarchy and E: SK joint OA ]
. . o . a8 3_ ]
this avoids precision measurements and E ]
. . . . . < B !
checks of the unitarity of the mixing matrix. 281 T2K joint OA ]
* This also significantly reduces the CPV P E
discovery performance of future projects. 24l \} " .
* Reject many theoretical models. 220 \mos oV 7]
NOVA'1(rand20'C'ontoursfor'StarredPoil'lt [ N TR NN TN R AT |
NOvA . NOvA Nominal Run

8'1(;km Baseline 3.6E21 PoT (v +7) e I I [ T I [ I
L Pt Q2 E
= [ IH ]
T22F -
0.06}+ Inverted :N : """""""""""""""" i
[ aaN oo - -
2 a2 ]
Tl r n
£ o004 R 26 ]
............ 2 i i
\1‘0 o8k T2K joint OA |
0 Normal i i
_______________ 6=0 3L SK joint OA J
=4 i —
.6;3ﬂ/2 T 1111 | 1111 I 1111 | 1111 | 111 | 111l | 1111 [ 1111 |_
0.00L i S o i 03 035 04 045 05 055 0.6 065 0.7

P(vu—ve) si112623
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MH and cosmology

Meosmo=My+My+M,

Meosmo 1IN €V

from cosmology

if m.,.,<0.1eV=NH

_ 99.7% allowed arXiv:1505.01891
B3 NH (3 o uncertainty on all mixing
B ters)
m IH parame
1 L L 1 L1 11 I 1 L 1 L 1 l A
3 , -
10 10° 10"

Lightest neutrino mass in eV

. _f oo+ Vmi + Amay + y/m% + |Am3,|  (Normal Hierarchy)
cosmos mp + \/mi + |Amiy| + /m3 + |Am3;| (Inverted Hierarchy)
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MH and direct neutrino mass measurements

12 i , 1000 e
L /
1 / . -
-~ | /800 ® to scattering, resolution effects
3 0.8 /' ; - 3H 3-Zerfall Elektron
= I /) B 600 const. offset ~m4vy)
£0.6 | R i =3, Uy Pm?
= i 2 400 ,
041 / E __—my?=0ev 3He
S ) 8 200 ~2:10°
0.2 ! 2_ e
_ | o meewe % > He + &7+, |
N S B B Lo
00510 15 Ho------. —30 —20 —10 0 10
energy B [keVl E—Eo, [eV]

22 22 2712
IU_Pm2+IU_Pm+U_Pm2

>
®
= from direct mass
g 1 measurements
107
s if m,<0.05eV = NH
I arXiv:1505.01891
1072 lrmrm—— 99.7% allowed
I VM2 + 2352, Am3, + s3] Am2, | (Normal Hierarchy)
- - v V3 + ek |Amd | + 24535 |Amy|  (Inverted Hierarchy)
10 10 10"’

Lightest neutrino mass in eV

Journées prospectives LLR, oct. 2015

M. Dracos IPHC/CNRS-UNISTRA 11



MH and neutrinoless Double Beta Decay

2 20 a2 o 2B arXiv:1505.01891
= 100
M=l IUe1I m1+IUe2I m,e +IUe3I mye~" | ¢romm double beta
1 decay (Dirac or
Majorana particles)
d u
W-
e_
v
Y

« ifm,>0.015eV = IH = future
Double Beta Decay experiments
could observe neutrinoless DBD

(Majorana neutrinos)
1042 T © 4+ else,if NH, possibly hard time for
10 10 10 DBD experiments.

99.7% allowed

Lightest neutrino mass in eV

(cyCiamy + Ciysign/m2 + Am3, cos2a + sigy/m2 + |Am3,| cos23)%+
m? (c23sta/m2 + Am3y sin 2a + s354/m3 + |Am3, | sin2)? (Normal Hierarchy)
e (clacia/mi + |Ami| + Gasta/m3 + |Am3 | cos 2a + siymy cos 28)*+
(c235290/m2 + |Am3, | sin 2 + s33my, sin 23)? (Inverted Hierarchy)
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Present accelerator neutrino oscillation
facilities in the world

JPARC beam and T2K experiment NOvVA, same beam than MINOS,
off-axis, E,~2 GeV, L=810 km.

(appearance/disappearance, of f-axis,
E ~0.6 GeV, L=295 km) @

(@) 14— — —r (c) 14 e A
TK — T2K —

121 NOVA — 1 12} NOVA — o
T2K+NOVA — T2K+NOVA —

10 10
, 8f ~, Of if lucky, NOvA can reach more
Y Y than 3o significance (little
af ab contribution from T2K)
2 - - zﬁ”“ -
-150-100 -50 O 50 100 150 -150-100 -50 0 50 100 150

True 5¢p(°) True 3¢p(°)
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Future neutrino acceleration projects
(approved or not, >2025?)

LBNF/DUNE (1300 km, E,~3-8 GeV)

0 ——— Accelerator v: 8
1! J-PARC to HK ™

!
Super-K
-

NO.6GeV Vit

Yokohama \ A Satama | -
Quest for CPViolation in ! Higher Intensity
lepton sector Vv beam from J-PARC
A
JPARC /

- o
4 2N

TR

HyperK (295 km, E,~0.6 GeV)

Water Cherenkov

ESSvSB (540 km,
E,~0.4 GeV, 5MW,
~500 kt)

o
o

KEY T0 SYMBOLS

.:.azﬁosoomw

LITHUANIA)

uuuuu

o ,‘ A
ives LLR, oct. 2015 = M. Dracps® I@QNRS C

S=Uinees [T



Future neutrino acceleration projects

Mass Hierarchy Sensitivity (NH)

20 T T T

15k Beam, Signal/BG Unc: |
llllllllllll CDR, 50/0/1 0°/°
-=-=- 80 GeV, 5%/10%
— 80 GeV, 1%/5%

sL. DUNE
(1.2 MW)x (34 kton) x (10 yr)
ot 1 1 1
-1 -0.5 0 0.5 1 . .
8ee/T || Very long baseline experiments are
4 . .
10 e better for MH determination
1000 - — —(EP_'V: _____________
........ e L T
L 100F — =L _
SPl2 T~~~
5c == —
ESS — =
(1] S —— 30
~~~~~~~~~~ 2 ‘:/./[\
l \\\\\

00 02 04 06 08 10
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Future neutrino non-acceleration
projects
(approved or not)
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Using atmospheric neutrinos

p | : 0 AR
primary flux ks 0

J-E J’C ecee

— decay cascades

[\'\/M . k ‘A ;.. .
- neutrinos arrive from all

M directions

Vi

~2x more v, than v,

e V .
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integrate all neutrinos between 3 and 15 GeV

Atmospheric neutrinos

|
500

- a
S = S S

0.0
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Large Water Cherenkov detectors

ICE Cube (neutrino mass hierarchy)

PRECISION ICECUBE NEXT
GENERATION UPGRADE

e 2-12 GeV neutrinos

e good angular
100 resolution
50l * good energy
— resolution
E of
> [
-50F ORCA
KM3NeT Collaboration
-100+— ORCA
115 strings - d_ = 20m 4
PRI KT S T W W N YT ST TN N AT TN M S N N UNE AN

M
-100 -50 50 100

0
X (m) .
Mediterranean see
I'15 strings each carrying 18 DOMs
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vieaian signiticance o

Future neutrino non-acceleration projects

PINGU sensn:lvn iv: 8 ' ' 5 s
“é< 6 ty ! arX|v.!1401 2046 IH true, Multichannel ; :
- 1st Octant IH true | : . — M = 1stOctant """""""""
sl — Tracks K Vit en T S l|_— 2nd octant ................
) — Cascades g : - § '
8 4 — Multichannel|: =7 S
% ' =
O 5
:|= 3 ............................................. 'a
c
o =
U Sl —T 2
I :
= :
L Il L L
I s L 0o 2 4 6 8 10
: P ] ; PINGU livetime [yrs]
i A | i
% 2 4 6 8 10 II- large dependence on 6,,
PINGU livetime [yrs]
NH True | -IH True
KM3NeT/ORCA sensitivity (PRELIMINARY Feb 2015) 0 30
4 - - 10 years 10 years
5 == S 25 5 25F
3.5 YRCA = S ¢ s
d¢p=0 URL ///4/ 8 I H
3 i ¢ 20 ¢ 200
25 i zf I
- %—;—,«:’/"/ s .5 Iﬁcp Uncertainty H W5k
> 5 15 g F
2 /' NH 6 a0e g E :; E I8°" Uncertainty
15 e ) 993=re T 5 10 36 5 10 3o
%/ IH ’ 923=42 E— ‘;- N § N
1 Z NH | 655=40° ——— 20 2t
IH, 053=40° ———- < 5¢ 20 < 5¢ 20
0.5 NH , 859=44° ———— - : | - |
IH;623=44° ______ ol L v v e ey g Iy 0— 1 | T BT RN B L [
(O, . v r Y04 | 0.45 .055 0.55 0.6 | 045 '02.5 0.55 0.6
0 0.5 1 15 2 2.5 3 315 0.42 sin" 0, 0 43 "%

Years of ORCA d detect i i i
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Reactors are back...

1]
(mass hierarchy) »
— Am’, L
P(ve — vV ) 1-sin”20,,¢/, sin’ 42
—sin” 26,,| ¢, sin’ A L +5., sin’ Ay, L
4F 4FE

—

P (L/E)=1-cos"6,,sin’20,,sin’(Am;, - —)

L

4E

—sin”20,, sin’ (‘ Am?l‘ -L)
* n0 O.p dependence 4K
* matter effect negligible

—sin® 6, sin” 20, sin* (Am,, - %) -cos(2|Am; |- —=)

with: @M SlIl 2013 SlIl(ZAmzl ) . sin(2 Aﬂ’l?1 . L)
. 2 AE AE
A = m; —m, >0 (NH) g : o/
31 = 5 ) =(2n-1)t/2= max. sens.
my —m; <0 (IH) { =N = non sensitivity
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Reactor neutrino spectrum

Daya Ba
v’ JUNO/RENOS0 511keV v
RENO KamLAND
et N\ Prompt
14F
Near Site g . 511 keV
1.2 x* l Far Site Ve Y
Py
1.0—'* '#M—————-“ Y (Y
o 08F
% & IO ' ~200 us {Y‘
) X Savannah River
ZO 0.6~ O Bugey ! XA 2)
X Rovno \ '
04+ & Goesgen delayed Y
A Krasnoyark ¢
02+ O P‘aloYerde = 0.6 o -
B Chooz ® KamLAND = e Non oscillation
0.0 1 1 ! 1 E’ —— 0,, oscillation
10' 107 10° 10* 10° 5 05 — Normal hierarchy
Distance to Reactor (m) < H Inverted hierarchy
> Observable Vv spectrum
o]
5
<

2l “3“ ‘4 ”‘5““6” 7 ’8A 9 10

Journées prospectives LLR, oct. 2015V M. Dracos IPHC/CNRS-UNISTRA 22



. 20,25
The sensitivity wi!l strongly depend on R(E,.E, )= TG ¢
the energy resolution (£, : mesured , ,
energy) Orl 28 &
E E \ E? ~
stat. syst. noise

(Noe)  (non-uniformities,

Measured spectrum (without energy leaks. ..)

background):

JHEP 1305 (2013) 131
N(E,)=[R(E,.E)E,) O(E,) P, (EME, e Bt

A AT MY
6000 | NH — 11’ M‘K‘V\

5000 |- Best Fitto NH data — “\k&’

"~

Shift in energy spectrum of 1000 /B = | A

3000

2000

dN / dE, [1/MeV]

6000 ff\»:\
5000

An energy resolution of ~3% e 4

4000

(for E~1 MGV) 1S needed 3000 /_\\—"1///

p | e e e e e e

2 3 4 5
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Spectral analysis

. PHYS. REV. D 78, 111103(R) (2008)
Fourrier transform of the energy spectrum F(t):

(t=L/E)

FCT (w) = :nf F(t)cos(wt)dt

FST(@)= [ F(t)sin(wr)d:

t

R(ight) V(alley)

min

L(eft) V(alley)

Discriminant Variables: 00078 500 600 bober 600 G00% 5:112/;2)203
FST
RV - L 8000
_RVZLV - or FeT) S

RV+LV ool
pv=L"Y (forFST) i
P+V Ji
RL>0 and PV>0 —NH ok
RL<O and PV<O —IH -4000§

Statistical test of RL+PV T e
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Conditions:
* Go to the right distance

e Accumulate 100 kKIBD (~6 years)

* High energy resolution ~3% (at 1 MeV)

acceptable uncertainty on the distance: £500 m
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~20 kt detector

high PMT coverage (~80%)

high PMT Quantum Eft. (~35%)

high liquid transparency

significance: 3 -4 ¢

| Y.F Liet al
| PRD88(2013)013008

-1 0 1
AL (km)

PHYS. REV. D 88, 013008 (2013)

30 v 1 ' 1 1
6 years
25 B y - ] - 1
Ideal distribution
~52 km | Eres=3%
—~ 20 - 4

100 120 140 160

L (Km) Baseline

6 years
Ideal distribution
L =52 km

0 . 1 . A

y . 1
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N o

18 kton LS Detector
~47 km from YG reactors |- ..

Mt. Guemseong (450 m) | .
~900 m.w.e. overburden |

JUNO/RENOQO-50

* Rich physics program:

/. ShenZhen i e Reactor neutrinos

* Mass Hierarchy

* precision measurements of
oscillation parameters

* Supernovae neutrinos
* (Geo-neutrinos
* Solar neutrinos

* Atmospheric neutrinos

................. * Exotic searches

ey
e
--------
e
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Operational
17.4 GW

Status

Power

RREIPINEy
Jizigl g MV clny,

ZNaegingy

J,.LJFJJCJ INBETOv]

g :
fle

»

fangjlng
NFP
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Planned Planned
17.4 GW

N
: é\_/ =
o

L
\ -
’ N . -"
N .
-_."J S TR
K2 T RN

JUNO
NPP_| Daya Bay | Huizhou | Lufeng | Yangjiang _____| Taishan ____

17.4 GW

‘011]»1

Guang Zhou Deniggnt
‘L\\

Shen Zhen

_ A
e /lln sha 1®‘
J Zhu Hai q\
:l{ong Kong

Under construction

17.4 GW

Previous site candidate

o il\l.i:.lm,@c S L
AN

Under construction

18.4 GW

by 2020: 26.6 GW

YJ-C1
2.9
52.75
TS-C1
46
52.76

Cores
Power (GW)
Baseline (km)
Cores
Power (GW)

Baseline (km)
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52.84
TS-C2 TS-C3 TS-C4

52.63

YJ-C2 YJ-C3 YJ-C4 YJ-C5

29
52.12
DYB

17.4

215

29
52.51

29
52.42

2.9

4.6
52.20

4.6
52.32

4.6



Experimental site

_surfaee bfds

41, 00n, 35581

A %R, L-300m, i=3. 08}

~

#IFFR, L=85m, i=0. 3%

assembling “ 7
+ \

storage

assembling



Ground breaking ceremony
(January 2015)

="

s IPHC/CNRS-UNISTRA
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JUNO detector

(JUNO CDR: arXiv:1508.07166)

s

A

Top muon tracker
(scintillator strips)

Outer water tank
(muon Cherenkov veto)

steel structure

(170000 PMTs, 20")
optical separation

acrylic sphere

A

o

o NS AN
S

s
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(diameter: 35.4 m)

liquid scintillator
(20 kt)
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High energy resolutlon

How to reach the required energy resolution?
* Photocathode coverage: 77% with 20" PMTs
* High PMT QE: ~35%

* Liquid scintillator attenuation length: ¥~30 m

* High light yield with optimised fluors
| rs912 | R5912-100 | MCP-PMT [ 05 A
QE@410nm  25% 35% 25% ¢ bYe
el 2 04| / KamLAND
Rise time 3 ns 3.4ns 5nst | E o
[e) % 0,2 )
Dark noise 1 kHz 3.5 kHz 22kHz ol
'I—I'S 5'5 ns 1.5 ns 3.5 nS goozsoaooa;:\:;;z::o(ﬂ:«:mosso 700 ’ Y ’PPO r’nassfr‘action,’f’/o ’ Y
KamLAND BOREXINO JUNO
LS mass 1 kt 0.5 kt 20 kt
Energy Resolution 6%/VE 5%/VE 3%/VE
Light yield 250 p.e./MeV 511 p.e./MeV 1200 p.e./MeV
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Performance
(JUNO Yellow Book, arXiv:1507.05613)

PRD 88 013008 (2013) * Inputs

Iy . e 100 kevents (6 years)
JUNO sensitivity (Y.F. Liet al.)

e 3% @ 1 MeV energy resolution
— 10r —\zT 1% MG, prio 50% vs. 50% i . 10 &Y .
|><]' i ' 1o orior 1 1% ve. 98.9% 1% energy scale uncertainty

" I 68% of exp. JUNO . 3 75106 vs. 1 * realistic backgrounds
i 95% of exp. JUNO . Sensitivity
 JUNO only
* 50% chance to have 3 o or higher
* 2.3% chance to have 5 o or higher
* JUNO+1% Am 2
* 84% chance to have 3 o or higher

AT = sz * 16% chance to have 5 o or higher
i MH
L L L I L L L I L L L I 1 1L 1 I L L L “ 40 — _ : .
O 2 4 6 8 1 O “ : ----- 5 cp=0°
e Years BRI -
9E () ~ \/0.72 L2808 T\ (yesrs
E E E T 3 . 1
‘ P> \ arXiv:1303.6733
Am2, = cos?01,Am3, + sin26,Am3,, :;” ‘O I
Bt S
Am?,, =~ sin?0,,Am?2, + cos?0,,Am? i | oS EEEEEE
K 1257031 1257732 by NOVA, MINOS, T2K
+ sin 26, sin 65 tan 0,3 cos SAm3,, oL
0.00 0.01 0.02 0.03 0.04

2
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Comparisons and complementarities

~
—

s 4
LBNE,” ¢

True NO

N [*))
B T =

IAI T

Median sensitivity [o7]

2025 2030

Date

2015 2020

. width of bands due to:
* Ocp (for NOVA and LBNE)
¢ 40°<0,,<50° (for INO and PINGU)

. 0%3(1 MeV/E)<c,<3.5%(1 MeV/E)
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(big unknown: t,)

Median sensitivity [o7]

88}

arXiv:1311.1822

L True IO

wn [*))

B

%)

[a—
————
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Date

0215 2020

e complementarities:

* reactors (low energy)
LS, antineutrinos

* LBL (high energy)

e accelerator and atm. neutrinos
« LAr, WC, ...
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JUNO 100k IBD Events

Ay? (Am?Z)

> >
. . _qg, 300 Anqso/ar
* First experiment to observe: o | /
. i 2
*simultaneously “solar” and §-200 e Am,,
“atmospheric” oscillations @ |
S 100
*more than two cycles of *
neutrino oscillations 0 L ‘
* Complementary to long
baseline accelerator program |
. . . A0.8 -
* Probing the unitarity of Uy X |
to the sub-percent level! 5
) 0.4 -
o -
0.2 —
0.0 L s
2 3 4
E_res [%/sqri(E)]
Current JUNO
Am221 ~3% ~0.6% ..
5 ) . better precision than for
Am*;, ~4% ~0.5% CKM matrix elements
sin’0,, ~T7% ~0.7%  |Dracos IPHC/CNRS-UNISTRA

Ay (Am?z)

0
0.32
10
8} 4
6
4
2k wio pulls § |
= = «wi pulls
1 " (| 1 i L
2.38 2.40 2.42 244 2.46 2.48
2 -3 2
AmZ(10° eV?)
10 — T T
]
8k
6
a4l SN S
2k —wio pulls | |
= = :w/ pulls
o 1 1 1
7.45 7.50 7.55 7.60 7.65

AmM?x(10° eV?)



Double beta decay

PHYSICAL REVIEW D 73, 053005 (2006)

hierarchical cancellation quasi—degenerate
1 (only normal)
V AmA ¢, cos 2019
: mo
0.1
> R
2,
- 0.01
£
2 2
0.001 M1ciaCs
—/ AmZ, + mistycis
12 o2 2 -
VA‘m-SlzCls VAMZ + m2s?
— mx + mysi;
Am3 A51 3
0.0001 . . e
0. 0001 O 001 0.01 0.1
Inlee)lnm > | lee |1101 m [CV] |772€e)|1101 > |nlge)|nol
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Supernovae explosions

w0 o e 5000 v will be detected by JUNO if explosion at
- { IN1987A 10 kpc (centre of our galaxy)
5 l { * energy sp.ectrl.lm
Bl } + * time distribution
+ + * better understanding of the explosion mechanisms
off * detection of relic neutrinos produced by previous
i explosions

erg/sec]

in 10 years
- g
:/{//////////// L i

27/////////////? v s SK: 90%CL
1 %%%%%é%%////%%% SNR prediction
l

AN ///// IS
1—I\II|I\II‘ IIIIIIII |II\\| IIIIIIIIIIIIIIII ‘JUNO:90%CL

\ | \
12 13 14 15 16 17 18 19 20 21
Mean supernova neutrino energy, MeV

O
I|IIII|II|||HIIIHH
\
.
N\
\

0)*L(V,) [10™*Mpc3*y(0.5*10%%rg)]

Average Energy [Mevy] Luminosity [10%

Rgn(Z
(@]

Time [sec]
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40

35

30

25

20

Events/10keV(1032 p y) 1

15

10

Geo-neutrinos in JUNO

- geo+reactor

‘ geo
[ reactor
==
— Th

2 3 4 5 6

Neutrino Energy (MeV)

1.8-3.4MeV

Reactor Neutrinos: 144+0.14/day
Geo-neutrinos 2+0.5/day

Journées prospectives LLR, oct. 2015

JUNO ~700/year
Kamland 116/10 years
Borexino 14.3/5 years

KamLAND: 30+7 TNU
Borexino: 38.8+12.0 TNU
JUNO:
reach an uncertainty of 3 TNU
large background from reactors

Aim: xx £10% (stat.) £10% (syst.)

TNU

55
50
45
40
35
30
25
20
15

(TNU ~ number of detected v/year/kt LS (IBD, 1032 p)

M. Dracos IPHC/CNRS-UNISTRA
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First get-together

meeting

2013

Funding(2013-2014)
review approved

| JUNO schedule

Kaiping Neutrino Research
Center established

Funding from CAS: “Strategic Leading

Science & Technology Programme”
approved (~CD1)

Journées prospectives LLR, oct. 2015

Geological survey
and preliminary civil
design

Collaboration
- formed

Groundbreaking

1t 20" Ceremony (10 Jan.
MCP-PMT 2015)
2014 |
Civil/infrastructure
construction bidding
Civil design

Yangjiang NPP started to
build the last two cores

approved

e Civil construction:
e Detector component production: 2016-2017
e PMT production: 2016-2019
e Detector assembly & installation: 2018-2019
e Filling & data taking: 2020

2015-2017

M. Dracos IPHC/CNRS-UNISTRA
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Europe (24)

APC Paris

U. Libre de Bruxelles
Charles U.

CPPM Marseille

FZ Julich
INFN-Frascati
INFN-Ferrara
INFN-Milano
INFN-Milano Bicocca
INFN-Padova
INFN-Perugia
INFN-Roma 3

INR Moscow
IPHC Strasbourg
JINR

LLR Paris

RWTH Aachen U.
Subatech Nantes
TUM

U. Hamburg

U. Mainz

U. Oulu

U. Tuebingen
YPI Armenia

Journees prospectives LLK, oct. 2015

America (3)

U. Maryland (phys.)
U. Maryland (g€
PCUC Chile

Observers
US institutions
HEPHY Vienna
PUC Brazil
U.F. ABC Brasil
Jyvaskyla U.

MSU Moscow

M. Dracos IPHC/CNRS-UNISTRA

JUNO Collaboration

Asia (28)
BNU Nanjing U
CAGS Nankai U
cQu Natl. CT U
CIAE Natl. Taiwan U
DGUT Natl. United U
ECUST NCEPU
Guangxi U  Pekin U
HIT Shandong U
IHEP Shanghai JTU
Jilin U Sichuan U

SYSU

Tsinghua U.

UCAS
USTC
Wuhan U
Wuyi U
Xiamen U
Xi‘an JTU

e q | 13-17% A0 T3, HHE
4 > A |

- BN ¥ ""
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French contributions to JUNO

Targ@t Tracker wall'Wt e —

[

“ORERA (62 infotal) | = e

5 French institutes are involved in JUNO:

APC, IPHC, LLR, CPPM, SUBATECH IS

« Veto: installation of the OPERA Target
Tracker on top of JUNO detector

 cosmogenic background study and
evaluation.

« DAQ and electronics of the JUNO
central detector.

« Radon background.

DAQ cards

° Op‘l’lon "Sma|| PMTS“ for' beTTer' light injectors (to be replaced)

ISEG HV modules

CGIO r i meT r'Y' front-end chip
« Data simulation and analysis.

(to be replaced)

modification of TT electronics (collaboration
with OMEGA/IN2P3 electronics lab)
HC/CNRS-UNISTRA 40




Two last neutrino oscillation parameters to measure:

* observation of a possible CP violation in the lepton sector using conventional
neutrino beams.

* neutrino Mass Hierarchy determination.
Present projects (mainly NOvA) will give some indications on MH.
Atmospheric neutrinos are very useful for MH (projects still to be approved)

New Medium baseline large volume reactor experiments will very probably solve
the Mass Hierarchy problem during the next 10 years:

* High energy resolution 1s needed.
* JUNO:
* Under construction in China
* Data by 2020
* Strong French participation

* Rich physics program (accurate measurement of neutrino oscillation
parameters, supernova neutrinos, geo-neutrinos, etc.).
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Backup

M. Dracos IPHC/CNRS-UNISTRA
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=882

http://juno.ihep.ac.cn/cgi-bin/Dev DocDB/ShowDocument?docid

O 00 NN O 1l H W IN BB

N N B B R R R R R R R
B O VW 0 N O L1 & W N B O

Underground lab construction

Water pool cleaning and CD construction preparation

CD & water poll equipment installation

PMT base(& to be sealed electronics) design finalized

PMT base production and aging test
PMT bidding

PMT mass production

PMT testing

PMT potting and testing

CD & VETO PMT installation

Readout electronics design finalized
Readout electronics mass production
Readout electronics testing and aging
Readout electronics installation

CD & water pool cleaning

Water pool cover is placed

TTS supporting structure installation
TTS installation

AD & VETO water filling

LS filling

Test run

2015.1.1
2017.12.28
2018.4.2
2015.1.1
2016.10.1
2015.7.1
2016.1.1
2017.4.4
2017.7.1
2018.12.3
2017.1.2
2017.6.1
2018.4.1
2018.9.28
2019.4.1
2019.5.1
2018.12.3
2019.5.1
2019.5.3
2019.7.3
2019.11.5

2017.12.27
2018.2.23
2018.11.30
2016.9.30
2017.6.30
2015.12.31
2018.8.31
2018.11.30
2018.11.30
2019.2.28
2017.5.31
2018.3.30
2018.11.29
2019.2.28
2019.4.30
2019.5.2
2018.12.21
2019.7.30
2019.7.2
2019.10.2
2020.1.2

11
12

15
16
17

18
19
20



Radioactivity
(in FV <17.2m)

Singles

Cosmogenic
isotopes (delayed)

Spallation
neutron

Accidentals

Fast neutron

Background

IBD~60/day
Event Type
0.4 Hz (PMTs) Use low radioactivity PMTs;
2.2 Hz (LS) LS raw material purification
3.7 Hz (acrylic) (w/o distillation after LS production)
0.2 Hz (support)
1.3 Hz (Rn)
~0.03 (rock)
340/day
1.8 Hz
~410/day - 1.1 /day w/ prompt-delayed distance
Rp.a < 1.5m. Negligible.
0.01/day 0.01/day (c=100%)
80/day 1.8/day after muon veto (0=20%)

Li/8He

(a, n)

Journées prospectives LLR, oct. 2015

3.8/day (acrylic) - 0.05 /day (acrylic), FV cut (0=50%)
0.2/day (balloon) = negligible (balloon), FV cut

M. Dracos IPHC/CNRS-UNISTRA

44



Risques

Si les 3% de résolution en énergie ne sont pas atteints?

0.040

35/ Augmenter la prise de données.

w/ De toute facon l'expérience ne va

// pas s'arréter a 6 ans (SK tourne
= _— |  depuis 1996).

0020 Il | 1
0.50 0.75 1.00 1.25 1.50

E_res

Luminosity
100 kév. 9 ans
(6 ans)
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Mass Hierarchy and
Supernova explosions

o
o0

S

6 -1
-
o)

|

’—’.---“-_
'-

02 F

Count Rate [10

=
o
|

000 002 004 006 008 0.10 0.12
t [s]

arXiv:1111.4483
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Detection of Geo-neutrinos

Radiogenic contribution at the earth surface.
Quantity of U and Th in the mantle.
What is it hidden in the centre of the earth?

Heating at the earth
surface ~46+3 TW

Mantle cooling
(18 TW)

Mantle R*

total R*
20 +4

*R radiogenic heat
(after McDonough & Sun "95)

Geoneutrino Luminosity

2% Series

232 .
Th Series
40

Luminosity [1/sec/Me\]
2

NIRRT U SV S RS S S P S [N I A
0.5 1 1.5 2 25 3 35 4
Antineutrino Energy [MeV]
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Events / 0.2MeV

180
160
140
120
100
80
60
40
20
0

(0.4 TW) Tidal dissipation
Chemical differentiation

Ngeo = 116£28(10y)

[MeV] | [MeV] | [MeV]

238|J>206P+ 8 +6e +6V, 325 517 476
230Th->208Ph+6+de +4v, 225 427 404
40K->40Ca+e-+%, (89%) 1311 1311 059

40K + e ->40Ar+e+v, (11%) 0.044 1.505 1.461

Ngeo=14.3£4.4 (5y)

Sgeo =28%6.7 TNU Sge0= 38.8+12.0 TNU
B/5=0.24 B/S=0.31
F 5 l6p
- —o— KamLAND data * =+ Best-fit reactor V, o -
F Accidental | .
- < Borexino
r s 12
— \ on -
3 ‘ S 10
- ) N <
\ _n-m-: Q 8_—
3 . ceno 2
- , ; N\ Best-fit geo V, N C
C St — Best-fit reactor V, + BG ] 4
C E . — = L
L s + best-fit geo V, ) L
. ] > 2 [
Freckeet o | Lo Lo b b boa b 82 r » -
1 12 14 16 18 2 22 24 26 ot T ey

M. Dracos IPHC/ENRS-UNISTRA
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NNNNNNN

CHANNEL WALL

Photodetectors

OUTPUT
ELECTRONS

— INPUT ELECTRODE T TS
Nouveau type de PMT: MCP.(remplacement des dynodes)
MicroChannel Plates
P R ~ | P «. Sphere entierement active
/ X3 4 X 2 1. Insulated trestle table
4 30% 4 / . 2. Anode
; > Y _4 | 3. MCP dodule
! s 6 |t % 5| 4. Bracket of the cables
40% illl . s | ©- Transmission Photocathode
".l 7 6. Glass shell
‘\ / 7. Reflection Photocathode
\ / 8 8. Glass joint

8

»
i

Efficacité quantique: 30%
Transmission du verre: 40%
Efficacité de collection: 70%

FFEURERENS

s s BB
L M
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Liquid scintillator

o
~
A 1 A

— Optimisation of the fluor concentration

o
N
1

Baseline: A

LAB+PPO+bisMSB (without Gd) “ N DYB
< 0,61

Improvement of the light yield e KamLAND

JUNO

Improvement of the transmission
— Solvent: LAB

» improvement of the production process

> distillation, filtration, water extraction,

o
o

01 02 03 04 05 06 07
PPO mass fraction, %

o
o

N, separation, ... RAW 14.2 m

Radioactivity reduction Vacuum distillation 19.5m

— less critical due to Gd absence Si0, column 18.6 m

— Singles<3Hz (>0.7MeV), if YK /U/Th Al,O; column 22.3 m
<1015 g/g (preliminary) LAB from Nanjing, Raw 20m
Al,O; column 25m
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Stainless-steel tank +
Acrylic R balloon with acrylic
sphere +steel ' \ U @Y support
space truss ; R

JUN detector

Selected
July 2015

Acrylic option \/ Balloon option X’

Long term stability
Earthquake: 0.1g
~ Temperature fluctuation
" Material/background
Compatible with Liquids
Calibration system
Circulation interface
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JUNO (55 institutes)

(under construction)

Hong Kong
Muon Tracker

_Overburden ~ 7(? m
: ‘»: t i ".7."-/. : -

N — : ,
AN = | AT 0w ~ 4 ' ~1500 20” | .
: : : ' g VETO PMTs .00

......

JUNO external lab

=

¢ I‘«"

~reg

v

o "% 2 "7 > o
- ol P ' / N
g - /.‘ s ; assembling
, g == 3 : +

storage
J2015'DigitalGlobe
<R015 AutoNavi —~
2972015 Google Goo

Tour Guide imagery Date: 12/13/2014 22°07°27.68" N 112°30'22.68"E elev 64m ¢



Rates

Supernova v
~ Sk in 10s for 10kpc

Atmosphericv . |
several/day

Solar v
(10s-1000s)/day

Cosmic muons
~ 250k/day

0.003 Hz/m?
215 GeV
10% multiple-muon

Geo-neutrinos

reactor v, ~ 60/day 1-2/day

Journées prospectives LLR, oct. 2015 M. Dracos IPHC/CNRS-UNISTRA
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Nominal setup for JUNO

Performance

pee
= reactor power: 36 GW
= detector mass: 20 kt
= |ive time: 6 yrs '
= |BD efficiency: 80% 22km baseline
Stat. Coredist. DYB&HZ Shape B/S(stat.) B/S(shape) |Am?,]|
Size | 52.5km  *0.5km  215/265km 6.3% 0.4% 1%
Ax? +16 -3 -1.7 -0.6 -0.1 +8
nominal value BG signal from background
(statistics only) nearby NPPs uncertainties
rate/shape precision
measurements

distance deviation

of individual cores

Journées prospectives LLR, oct. 2015

uncertainty on
spectral shape of
reactor signal

of v, oscillations
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Veto system

Water Pool muen Rock muon

Muon track

Top tracker

+ Veto is not just a veto. Besides radioactive background
shielding, we also need tracking information to better
understand and remove cosmogenic backgrounds

- The main body is the water Cherenkov detector

- OPERA scintillator calorimeters will be moved to
JUNO as the Top Tracker (TT)

» Earth magnetic field compensation coils are being
designed together with the veto system design

 Radon removal, control and monitoring are under study

Journées prospectives LLR, oct. 2015 M. Dracos [IPHC/CNRS-UNISTRA



Role of the Top Tracker

e Act as veto around the covered surfaces (impossible to nge ——(n
cover all surface around the central detector, 40x40 7 .

m?). "19L| l\ (g)
« Study the production of °Li/*He produced by the

muons crossing the central detector or the areas
around. oonf

/-m‘

—— Li-9 spectrum

—— He-8 spectrum

002

* Study the production of fast neutrons produced in the
surrounding rock.

0.015—
001~

0.005—

* Precise measurement of the spectra of these
backgrounds. T et

« Define the cuts to apply to reduce these backgrounds. fest neutron background spectrum

1i9 background spectrum

accidental background spectrum

* Introduce all measured parameters in the simulation.

« Better estimation of the systematic errors induced by
this background.

6 8 10
Energy (MeV)
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Schematics

8 SUMs Hold 1 Hold 2
destal) (pulse max)
ICHANNEL 63 | ‘
CHANNEL O in_ADC
EN_ADC=1 an
HIH2_choice=1
S&H 7
N
SUM of 8 ¥
channels = :
ENADC=1 and MUX Multiplex
| Linzec ccesy) charge output
[s&H
emd_sum N~ .
T
cmd_ss
LA
N emd_fsu emd_fsb_fsu
in63 M p Unipolar ;
Preamplifier Fast shaper
inOM—

Gain correction
(8 bits)

cmd_fsb

Tmd_fsb fsu

Bipolar
Fast shaper

coincidences

I Hit_ChO m—
Half Bipolar E
Fast shaper LmHit_che3
L| MAROC3
ommon to the 64 channels d41063.0]
. B
LVDS/CMOS d2063.01
Wilkinson ADC
10 bits in_ADC
Vband . . . = T T
andoap DAC 1 Vth 1 8bits, 10bits or 12 bits | DAQ modes
10 bits
[ [
f — — \

Trigger

\4

Data (internal trigger
+validation)

TRT (external start/
stop)

64 bits register (or
nx6 bits)+1 bit for
"high" charges
+timestamp (1% hit)

J

64 bits register

I Trigger+Charge
(combined mode) I

) U |

Charge

Calibration (external
trigger)

Charge (12 bits) Pedestal (8 or 12 bits)

Journées prospectives LLR, oct. 2015
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64x12 bits 64x(8 or 12) bits

Data (internal trigger
+validation)

Charge (8 bits)

nX(6bits+8bits)
+timestamp (1 hit)

zero suppression on
charge




Hardware Coincidences

x-y coincidences on 3 layers (in a time window of 100 ns)
120ns

. I
— .
& T -

total for 3 layers' coincidence: (25+20)+120+8+120+8 +3x50 <600 ns

\

delay in the 3 boxes

Journées prospectives LLR, oct. 2015 M. Dracos [IPHC/CNRS-UNISTRA
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Double calorimetry

» 20" PMT

 Small PMTs (SPMT) are
cheaper and faster in time
response (<1ns), lower
noise and higher QExCE

’ Addlng 3” PMTS in the The front end of the 3” PMT is in the same
gaps: ~2 SPMTs for eve ry plane as the equatorial plane of 20” PMT
large PMT (LPMT)

— increase the photocathode
coverage by ~1%

— 3" PMT:
r=38.48mm,
height=200mm

Complementary Roles by sPMTs and LPMTS
— improve the central detector
IBD SN H (2BG)

muon reconstruction . . .
physics physics physics

reSOIUﬁon e e e e e e :
LPMT range E :
— avoid high rate supernova 5 g

neutrino pile-up (if very
near)

SPMT range

— increase the dynamic range : ;
and global trigger : >
0 10 100 1000 visible Energy (MeV.
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Events

013is large!!!

reactor experiments discovery
of the 1—3 oscillation

bouble Ch Daya Bay RENO
| ouble Lhooz (March 2012) (April 2012)
with only a far detector z [ BA0E | = Fast peutroon
(N 201 1) 800 [ —4— Far hall z ot 530 ﬁi 22 pccjdental
ov. —}— Nearhalls (weighted) | | & [ 2
700 — o ~ 1000~ 220
"2 600 3 i £
:: ﬁa% illation - & 2 - m 10
608 + T BestFit su:'ztze,g =008 s 5 i \
@Ami =24e3eV’ | T 2
500 SR Fostn - é . 500—_ Prompst energy [IIV(I)eV]
I Accidentals m | |
- —+— Far Detector
b ! i —— Near Detector

] 0
200 - ] e No oscillation | & T ' ' ’ I ' — I
fg L2r 4. — BestFit Z 1.2F ~ Nooscillation I
100 Il L ¢ < -
Z§ N .I+l|+ t . * & .} JT{
ot | Wﬁ toT gttty
Energy [MeV] = o[ ¢ + . o 08- . . - + e
5in2(20,5)=0.085+0.029 (stat)£0.042 (syst) 0 5 m 0 > Prompt eneisy [MeV]
Promot enerev (MeV) sin? 26,3 = 0.103 £ 0.013(stat.) # 0.011(syst.)

sin2260,3 = 0.092 + 0.016(stat.) + 0.005(syst.)

II-
proposed LBL beam facilities had to be readjusted. ..
0,5>0 (C.L.>50) "- now, the name of the game 1s MH and CPV
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w /¢

1000 20” OD PMTs Water
A Mineral Ol

A

LS (18 kton)
15000 20” PMTs (67 %)

wee
w 0¢

A
A 4

30m

A 4

A

32m

A

37 m

33-'
' IVIt GuemSeong

Aitltude 450 m

" .‘-\

v

Cooqk Bl D 2cos IPHC/CNRS-UNISTRA

=30

18 kton liquid scintillator underground
detector

15000 20" PMTs

R&D funding (S 2M in 3 years, 2015~2017)
given by the Samsung Science & Technology
Foundation.

A proposal has been submitted to obtain
construction funding.

2015:

* @Group organization

e Detector simulation & design

* Geological survey

2016~ 2017 :

* Civil engineering for tunnel excavation,
Underground facility ready, Structure
design,

 PMT evaluation and order, Preparation
for electronics, HV, DAQ & software tools,
R&D for liquid scintillator and purification

2018 ~ 2020 : Detector construction

2021 ~: Data taking & analysis
60



