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V

e Neutrino Oscillation formalism

* Measurement of the last mixing angle 0,, and
importance for mass hierarchy determination and CP
Violation discovery

e Neutrino mass hierarchy
* Present neutrino oscillation experiments

e Future projects

e Conclusion
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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

Strasbourg, August 2015 M. Dracos IPHC/CNRS-UNISTRA

® _dcp for anti-neutrinos



For 3 neutrinos with a well defined mass and energy:

Schrodinger equation:

. d
Fhid

dt

(VJ\

&

(v,

vV,

\\V3 )

\V3

for the mass eigen states

V](t)> — e—th/h

Solutions of Schrodinger equation

Strasbourg, August 2015

v,0)

0

2
0 m

2
0 m]

.d
i

dt

(H: Hamiltonian)

(v,

Vi

\\Vz )

=H

/ve\

£l Vu

\V:

for the flavour eigen states

with: 1ff::l]f1LfT

Uel Ue2 Ue 3
Uul UMZ Uu 3
U‘r 1 Ur 2 U‘v 3
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~
unitary mixing matrix




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)
— — o
To obtain: P (Va — Vﬁ) CP transformation E
. =
replace: U—->U %
=
or: b, — -0,
l
" P(v. »>v.) )PV —V # CP violation
if: ( % ﬁ) ( @ /3) (never observed up
Strasbourg, August 2015

to now)
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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)

Strasbourg, August 2015 M. Dracos [IPHC/CNRS-UNISTRA



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])
6., <12.4° 90% CL
up to recently

~(almost) no information on 0.,

Strasbourg, August 2015

2

~2x107° eV?

_

f ~7%x107 eV?

(I |
(?

~7x107° eV?

|

~2x%x107° eV?

o ——
(?

normal hierarchy

M. Dracos IPHC/CNRS-UNISTRA

inverted hierarchy




Oscillation probability

(neutrino beams)

gL o (-n)AL "atmospheric"
mve e (g y? 2
A
+8J, — % cos — AL)sin AL sin (=r,)AL "interference"
Ty (1 - rA) 2 2 2
2
+A ey, (F—A) sin? T4AL "solar"
r, 2

Am? a Am?
J. =C,8,C,35,38,5, A= = Fy = T A= 31" 2\/5GFNeEv
2E, Am;, Am;, @
matter effect

 for antimatter: op —-0rpand a—-a

« fake matter/antimatter asymetry due to matter effect | * Ocp dependence,
e for NH: Am,,2—|Am, 2  sizable matter effect for

 for [H: Am,,>—-|Am;?| long baselines

if 0,,~0 — oscillation probability not sensitive to d-, — impossible to observe CP violation
in the leptonic sector.

Strasbourg, August 2015 M. Dracos IPHC/CNRS-UNISTRA



Why to measure MH?

* The oscillation parameter
values (slightly or
strongly) depend on the
mass hierarchy and this
avoids precision
measurements and checks
of the unitarity of the
mixing matrix.

i
<

* This also significantly
reduces the CPV discovery
performance of future
projects.

Ax2

* Reject many theoretical
models.

Strasbourg, August 2015
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MH and cosmology

Meosmo=My+HM,+My

Meosmo 1N €V

from cosmology

if m.,.,<0.1eV=NH

i 99.7% allowed arXiv:1505.01891

I E9 NH (3 o uncertainty on all
B | | mixing parameters)
1 1 L 1 3 a1l L 1 L 11 l
10° 10?2 10

Lightest neutrino mass in eV

. [ mp+/mi + Ams; + /m3 + |Am3;|  (Normal Hierarchy)
OIS myp 4+ /m2 + [Amy| + /m3 + |Am3;| (Inverted Hierarchy)

Strasbourg, August 2015 M. Dracos [IPHC/CNRS-UNISTRA
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MH and direct neutrino mass measurements

O -
o) o

©
~

count rate [a.u.l
o
9]

o
N}

—_
T T

P TR
5 10 15 26

,1000 [

~
~
~

count rate [a.ul

800 |
600 |
400

200 [

const. offset ~m4vy)

mycZ=10ev—

. 2 2
i =3, IUg; P m

~2+1010

W
3H u.zmau\

myc2 =0 eV 3He

Elektron

3H—>3He+e-+veJ

R N T
—20 —10

energy E [keV]

22 22 272
m, 1U_ PmeHU_PmE+U_Pm?

10

99.7% allowed

10° 102

E—E, [eV]

from direct mass
measurements

if m,, < 0.05 eV = NH

arXiv:1505.01891

10

Strasbourg, August 2015 Lightest neutrino mass inveVracos IPHC/CNRS-UNISTRA

m2 + 2355 Am3, + 35| Am32
mye:{\/ LT C13%1p M1 132| 231| i o
V3 + ek |Amd | + 24535 |Amy|  (Inverted Hierarchy)

(Normal Hierarchy)
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MH and neutrinoless Double Beta Decay

m..=l U Pm.+lU Pm.e2e+lU PPm.e2? | arXiv:1505.01891
o™ Tet Mt -y M H g5 s from double beta

1 decay (Dirac or
Majorana particles)

« ifm,>0.015eV = IH = future
99.7% allowed Double Beta Decay experiments
could observe neutrinoless DBD
(Majorana neutrinos)

3 2 ;| * else,if NH, hard time for DBD
10 _ 10 _ _ 10 experiments.
Lightest neutrino mass in eV

(clyCiamy + Ciystgr/m2 + Am%l cos 2a + sig/m2 + |Am2, | cos28)*+
m? (c135%x/m2 + Am3y sin 2a —|— stan/m3 + |Am3, | sin28)? (Normal Hierarchy)
e (C:f2013\/mL + [Am3, | + ci3s3s \/mL + |Am3, | cos 2a + siamy cos 23)%+
(c235290/m2 + |Am3, | sin 2 + s33my, sin 23)? (Inverted Hierarchy)

Strasbourg, August 2015 M. Dracos [IPHC/CNRS-UNISTRA 12



0,, hunting...
(up to ~2012)

New proposals for neutrino beams to measure:
* 0,5 (as low as possible)
* neutrino mass hierarchy (sign of Am?,,)

e CP violation 1
P ” g/ TC \Y,
—~ G- =" NOICX j{l

T— U+V

(Super Beams, Beta Beams, Neutrino Factory...)

Strasbourg, August 2015 M. Dracos [IPHC/CNRS-UNISTRA 13



1.0 T T T T . 1.0 :
CPV —_—— sgn Am?
L signal syst. signal syst.
0.8+ IDS-NF 2010/2.0 se— 1 .49 . 0.8F IDS-NF 2010/2.0 e—— 1.4% )
F MIND LE se— 1.4 Y o~ MIND LE se— 1.4 % =
LBNE 1% R LBNE 1% o -
LBNE+Project X 1% \\4 LBNE+Project X 1% E' -
c 06 T2HK 5% T YLD - 06} T2HK: 5% IS
2 | T2KH - known MH 5% /< 2 T2KH - known MH 5% £ -
e SPL 29 S SPL 2% S -
a - BB 100 s 29, 1 BB 100 29 £ -
O 04} LBNO — 33kt smm— 5 1 9 04t LBNO — 33Kt s 5 @
LBNO — 100kt 5% . LBNO — 100kt 5%
2025 2025
0.2} . 0.2
00 | GLOBES 2011 — November 03 / 00 GLOBES 2011 — November 03 I
107 1076 10-5 1074 10-' 10”7 10-6 10-5 104 1073 10-2
True sin®26,3 True sin’26,3

mass power S€C. 1 year years S1g. SySt.
LBNE 200/33 0. 7MW 2 x 107 545 1% landscape up
LBNE+ Pro. X 200/33 23MW 2 x 107 545 1% to 2011
LBNO 33kt ., 33 1. 7MW 1.7x107 545
LBNO 100kt , 100 1. 7MW 1.7 x 107 545
T2HK . 560 1.66MW 1x107 21429
SPL 440 AMW 1 x 107 248 . the game:
BB100 440 1.1 x 10" Ne 1 x 107 545 . go as low as
2.9 x 10'8 He possible on 0,
IDS-NF20 400047500 MIND 100450 AMW 1 x 107 545
MIND LE 2000 MIND 100 AMW 1 x 107 545




The 013 hunting

(meanwhile, reactor neutrinos)

disappearance of electron anti-neutrinos

141 14F
Near Site
1.2 x* 1.2= X \L Far Site
R o4 [
3 T + g
= A =
i 0.8 [ 5 Iy o 0.8 B
Z A ILL A Z A IL
& ¥ Savannah River 3 iha & ¥ Savannah River
Zo 0.6 O Bugey :&E' Zo 0.6 O Bugey
X Rovno Y : X Rovno
04 & Goesgen =-.' .:' 04 & Goesgen
A Krasnoyark g A Krasnoyark
02F O PaloVerde 02+ O PaloVerde
B Chooz ® KamLAND B Chooz ® KamLAND
004 I I I 00_1 ] 1 | ]
10" 10° 10* 10° 10' 10° 10’ 10* 10°

Distance to Reactor (m)

Actually, we have almost
neglected 013 on this figure

Strasbourg, August 2015

M. Dracos IPHC/CNRS-UNISTRA

Distance to Reactor (m)

For 613 ~ 10°
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Inverse P decay e
and reactor neutrino detection moc

511keV v L .
\ P(Ve — Ve) =1-sin’ 29120143 sin® —2—=
et o PI"OI‘F\p'F
Am? L Am> L
f 02 2+ 2 27 .2
511 keV —Ssin 2913 [Clz Sin 37 4 $, Sin 4—2
Ve
\% "» * no &, dependence
/  matter effect negligible

\ (Bemporad, Gratta, Vogel)
Y X(A , 2)
delayed '

Observable v spectrum

arbitrary units

» Nuclear reactors are a very intense electron anti-neutrino
source (3 decay of neutron rich fission fragments).

» Each fission release an energy of ~200 MeV and generates ~6
electron anti-neutrinos. For a typical commercial reactor (3
GW thermal energy):

3 GW = 2x10%! MeV/s — 6x100 v /s
M. Dracos IPHC/CNRS-UNISTRA

Strasbourg, August 2015



Reactor neutrino detectors

Target (r=1.2 m)
* acrylic vessel (8 mm)
* 8.3 tons Gd-scintillator

Outer Veto
(plastic scintillator)

Shielding
(15 cm steel)

Gamma Catcher (e=0.55 m)
* scintillator

Buffer (e=1.05 m)

Inner Veto « steel (3 mm)
glgq(ljglﬁ)s|;:3$llator) . 80 tons "oil"
S =

* 390 PMTs (10")

@Imag'in IRFU
CNRS-UNISTRA

Strasbourg, August 2015 M. Dracos IPHC/ 17



Events

013is large!!!

reactor experiments discovery
of the 1—3 oscillation

Double Choo Daya Bay R
Z .
. (March 2012) (April 2012)
with only a far detector = [ B4 == Fast neutroon
800 [ —4— Far hall = B 530 §‘K ZZ pcgjdental
(NOV. 201 1) —— Near halls (weighted) | | & B S
700 S —_— > ~1000{— 220
I | I I E 2 600 S B g
T~ No Osclllation -4 E B w 10
608 + T BestFit: sin'(2s, ) =0.085 -2 t - ¢
@Amj;=24e3eV’ | T B
500 SR Fostn - é . 500~ Prompst energy [llv(I)eV]
- I Accidentals E &) o i - —— Far Detector
. - i —— Near Detector

-3 0

200 —: ."gﬂo e B et No oscillation § :' ’ " .' : ' — I
100 _E :Bi 1.2 — It — Best Fit E 12F7 No oscillation { I

B - :§ 1f #}J‘i’wti}* I" & 1: h % ; ﬂ

0 B S T i | - :

2 3 3 8 En1eorgy[Me:I‘]§ 0.8:— | A } +HT 4 ost t?#*,# §. ﬁ'*{,ﬂ o
5in2(20,5)=0.085+0.029 (stat)£0.042 (syst) 0 ' 5 — % 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

Strasbourg, August 2015 M. Dracos IPHC/CNRS-UNISTRA 18



Next steps...

The door is now open for Mass Hierarchy measurement
and CP Violation discovery

—

Sy

but, how steep is the slope?

Strasbourg, August 2015 M. Dracos IPHC/CNRS-UNISTRA



Oscillation probability

(Long Basellne Experlments)
0.10— — T T

A~ |
) - enhanced phenomenon PR |
- Ev_3 0 GeV for neutrmos w1th MSW /I “
Tio.os ------- oo TR ‘
Z ;
al - = == 1H |
R L SRELEELR \REE |
neutr1n0s+MSW a

e — __Va?_l_'_l_l_m_(!!_e_!!_tr!!}f?ﬁta!!?_l)__

‘ ant1-neutr1n0s+MSW
0.02

0.00

- ) i ‘ ‘ 1
100 500 1000 5000

distance [km]
Oﬁgr(;cs)lrileenon for | compare neutrino and "~ MSW effect
P y ) ‘ anti-neutrino oscillations helps to find the
anti-neutrinos right MH

Strasbourg, August 2015 M. Dracos IPHC/CNRS-UNISTRA 20



Oscillation probability

(in matter)

be careful with ambiguities

/;) 0.10— ambiguity: RN 1
T E.=3.0 GeV " NH+0¢=0 or dN
— 0.08
Z
A

0.06

0.04

0.02

0.00

distance [km]

Strasbourg, August 2015 M. Dracos IPHC/CNRS-UNISTRA 21



Present accelerator neutrino oscillation facilities
(long baseline)

ake
) uperior
=]
Duluth t‘
Lake
Michigan

\% I\

Madison

o
GRAN SASSO

-

CNGS beam and OPERA (ICARUS) experiment

NUMI beam and MINOS experiment (v,—V, appearance experiment, 2008-2012)
(disappearance experiment, 2005-) <E >~4 GeV <€y ;“117 GeV
M 1 | | i % 1
| position of MINOS S | position of OPERA
?0_8 ‘ ‘ ‘ : T 0.08} ————————————————————————————————————————————————————— o
% = | E=17GeV 1 1
e e N A
— NH | |
(VRTINS —— . Y S—
a0 | ]
0.02] S A R —
_ 6CP=9P

0 | | ! 0.00 !
0.0 160 260 560 10‘00 100 200 500 1000
distance [km] distance [km]

almost no sensitivity to mass hierarchy
Strasbourg, August 2015 M. Dracos IPHC/CNRS-UNISTRA 22



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) @

V‘l?
‘ ‘ ‘ 0.10
| position; of T2K
o 0.6 GeV i ; i S~
s o}
T 0.08 > 008
. i
& 006 006
ol
0.04 0.04
0.02 0-02
0.00
00000 200 300 400 500 600 100 200 500 1000
distance [km] distance [km]
Strasbourg, August 2015 M. Dracos IPHC/CNRS-UNISTRA 23



Present accelerator neutrino oscillation
facilities in the world

JPARC beam and T2K experiment NOVA, same beam than MINOS,
(appearance/disappearance, of f-axis, off-axis, E,~2 GeV, L=810 km.
E.~0.6 GeV, L=295 km)
V‘E
(a) 14 prr——rr—————————————————— (c) 14 —r————r——rr——r—r——r—r—r—
; ToK : T2K —
d T 12 | NOvA —
121 oK :g:: — [ T2K+NOVA —
10 F * 10F o
i +normalization ———-. : 17
i systematics g : 74
8 B (Y] : 5
o L - X
Qf Ele 6 5 4
6 [ IH
‘ * Y
yé 2 ;’ g — 2% B
—/
L N p —
0 - ) 0 50 100 150 ? 150100 50 0 50 100 150
True 5¢p(°) True 5¢p(°)

if lucky, NOVA can reach more than 3o significance (little contribution from T2K)
Strasbourg, August 2015 M. Dracos IPHC/CNRS-UNISTRA 24



Future neutrino acceleration projects
(approved or not)

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

CAXVE

LAr

N

o
o

] & A 5
Oskafshapn M. XLATVIA

=260 km, D=500m

N 'LITHUANIA)

7

s caew 8 DdéSS
uuuuu e

sea _;‘:.. Z‘:_iMT'DraCQS—'@éNRS‘L

Yokohama \ A Satama | -
Quest for CPViolation in ! Higher Intensity
lepton sector Vv beam from J-PARC
; 3 ; /¥
- JPARC

Vi

. Accelerator V: -
J-PARC to HK ™

NO.6GeV Vit

I' ~ o

HyperK (295 k, Ev.6 GeV)

Water Cherenkov

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

25



Kuture neutrlno acceleratlon proj jects

0.10

posmon f T2IQHyperK

0.04
0.04

0.02
0.02

0.00

i I
= 100 200 300 400 500 600
100 200 500 1000 distance [km]

distance [km]

0.00

0.10— ‘ 1

0.04

0.02

0.00

100 200 500 distance [km]
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Future neutrino acceleration projects

Mass Hierarchy Sensitivity (NH) 0.08¢ DUNE
20 T T T 007:_ (1300 km)
r Am3,| = 2.4x10° V2
0.06f sin(20,)) = 1
15 Beam, Signal/BG Unc:_ . si(26,,) =009
------------ CDR, 5%/10% _ 005,
- 80 GeV, 5%/10% % - *
— 80 GeV, 1%/5% o= 004F
002 5=0 >
- 2 &=n/ Am3,>0
001 o d=m
Fom3=3n2
(1.2 MW) x (34 kton)x (10 yr) 000 5 6T 002005004 005 006007 008
ol 1 1 1 P(v,—v)
-1 -0.5 0 0.5 1
S/
10*
L — - LENF_
e et
1000F == = = === _____ . .
-------- A e Very long baseline experiments are
gk —dme better for MH determination
=< T T == —
SPL2 T~
5c Il —
ESS =
10 36
........... 2 /./1\
l hl T

00 02 04 06 08 10
Strast Fraction of 0 . Dracos IPHC/CNRS-UNISTRA 27



Future neutrino non-acceleration
projects
(approved or not)

Strasbourg, August 2015 M. Dracos IPHC/CNRS-UNISTRA
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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 .

Strasbourg, August 2015 M. Dracos IPHC/CNRS-UNISTRA
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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)
(south

e 2-12 GeV neutrinos

e good angular
100p resolution
sof e good energy
T resolution
E o
>
50 ORCA
C KM3NeT Collaboration
-1001- )
115 strings -d__ = 20m
PR [N T TN T SN W W N SN T ST S A RNV

b o 1y
-100 -50 50 100

0
X (m) Mediterranean see
I'15 strings each carrying 18 DOMs
Strasbourg, August 2015 M. Dracos [IPHC/CNRS-UNISTRA




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 ; :
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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
<
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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

Strasbourg, August 2015 M. Dracos IPHC/CNRS-UNISTRA

~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




JUNO/RENOQO-50

Cores YJ-C1 YJ]-C2 YJ-C3 YJ-C4 YJ-C5 YJ-C6
! Power (GW) 29 2.9 29 29 29 29
| Baseline (km) 5275 52.84 5242 5251 5212 5221

Cores TS-C1 TS-C2 TS-C3 TS-C4 DYB HZ
U Power GW) 46 46 46 46 174 174
., Shen Zhen | Baseline (km) 5276 52.63 5232 5220 215 265

N
e L

* Rich physics program:
* Reactor neutrinos

* Mass Hierarchy

Fzisnzin

‘o N
(ENEIIENs

NP  precision measurements of
' oscillation parameters

* Supernovae neutrinos

* (Geoneutrinos

..........................  Solarneutrinos

ea.
veus
..........
tees

* Atmospheric neutrinos

18 kton LS Detector r
~47 km from YG reactors | . .
Mt. Guemseong (450 m) | | ,'t » Exotic searches
~900 m.w.e. overburden |-

Strasbourg, August 2015 M. Dracos [IPHC/CNRS-UNISTRA
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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 ¢



Comparisons and complementarities

TV

T T T 7
1 / 4

~
—

True NO

o))
S

N
I

Median sensitivity [o7]

2025 2030

Date

2020

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

* 3.0%V(1 MeV/E)<c,<3.5%\(1 MeV/E)

Strasbourg, August 2015

(big unknown: t)

Median sensitivity [o7]

88}

arXiv:1311.1822

7 i ! 7
i True IO i/ LBNE

wn [*))

B

%)

[a—
————

2025 2030

Date

05 200
e complementarities:
* reactors (low energy)

LS, antineutrinos
* LBL (high energy)

e accelerator and atm. neutrinos
« LAr, WC, ...
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Reactor experiments allowed the 0,; measurement and opened now the door to:
* neutrino Mass Hierarchy determination

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

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 is needed.
* JUNO:

* Under construction in China (data by 2020)
 RENO-50:

* In R&D phase in S. Korea.

Accurate measurement of neutrino oscillation parameters.
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Backup
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Mass Hierarchy and
Supernova explosions

o
o0

S

6 -1
-
o)

|

’—’.---“-_
'-

02 F

Count Rate [10

O'O_IIIIIIIlIIIIIIIlIIIIIIII_
000 002 004 006 008 0.10 0.12

t [s]

arXiv:1111.4483
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Geo-neutrinos in JUNO

- geo+reactor

‘ geo
[ reactor
==
— Th

40

35

30

25

20

Events/10keV(1032 p y) 1

15

10

2 3 4 5 6

Neutrino Energy (MeV)

1.8-3.4MeV
Reactor Neutrinos: 144+0.14/day
Geo-neutrinos 2+0.5/day

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: 37 £10% (stat.) £10% (syst.)

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

PHYSICAL REVIEW D 73, 053005 (2006)

quasi—degenerate

mo

2 2

7711612613
2 2ol 2
—V/AmZ, + mislycly

— 95 , 2.9
—\/Am.A + misiy

hierarchical cancellation
| (only normal)
\/A'n'z%cf?) cos 26019
0.1 5—
> . myy v
O
f@ 0.01
g@ :
0.001
- Vv AmE siyci
++/Am3 s,
0.0001 e L,
0.0001 0.001 0.01

Strasbourg, August 2015

I,rnég)lnor > |,n,2é~z)|nor m [eV]

M. Dracos IPHC/CNRS-UNISTRA
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Asymmetry due to matter effects

L0 : — ’
< |+ EF3GeV
R T Y / G e & .
o8] Normal Hierarchy (NH) /L |} |
. Inverted Hierarchy (IH) ' ' 2
LI N S N N N N N A . | #\
02
0.0L - N ! ;
200 500 1000 000 5000
/ distance [km]
L
A = - - s o, .
P, ., +P — good position to measure MH

Strasbourg, August 2015

(LAGUNA-LBNO)

M. Dracos IPHC/CNRS-UNISTRA
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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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First neutrino detectlo ..

1956: Fred Reines and Clyde Cowan detect the
first neutrino interactions near the nuclear

| Nobel prize
| in 1995

reactor of Savannah River at the USA (11 m from |
the reactor and 12 m underground). |

: 75 l\ dg Cowan | W’ 2 ~ Frederick R&mgx'
s about three neutrinos per hour
. prompt

- produced by ot .

the nuclear J' €

& reactor —

\ L

Y A water, scintillatort cdcl,

4 e ;
i I (cadmium chloride)
inverse \ \

N b

decay 1\ /

/ 4
~200 ps n

delayed v XA, 2)

(a) Positron scope Neutron scope
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Sin22913 and the ""new" reactor experiments

isotropic electron anti-neutrino
“well known” source

/ E, <8 MeV Oscillations observed as an
anti-neutrino deficit

S ~
O ®

1
sin?20
unoscillated neutrino flux |

=
>

P
>
— observed here
He) . .
= (normalisation) : 2
o ) L 1.27Am: . L . . 1.27Am’. L
£ P(ve - ve) ~1-cos"6,,sin’ 20, sin’ [Tm”] —sin’26,, sin’ (Tmmj
Distance 1000 to 1800 met:ers
2
surv ( far) - p Ll X gnear X[ dfar ) X Nfar
N p.far € far dnear N near
=TT =11
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New Reactor Projects ready (2011)

Daya Bay Double Chooz RENO
(China) (France) (South Korea)

—

. NearDetector

===

- B
5 \
# @

HOE

\ & ' ,.‘: ~F .
\\ ‘ /'l}. -

24 \ A

\ & f

, Coat

Vo e A \ g
YongGwang Nuclear Power Plant
\

Far Detector

Luminosity in 3 Overburden Expected Start of data
years near/far (mwe) | sensitivity taking
(ton-GW-y)
Daya Bay 4200 270/950 <0.01 August 2011
Double Chooz 210 80/300 0.02~0.03 April 2011
RENO 740 90/440 ~0.02 August 2011

Strasbourg, August 2015 M. Dracos [IPHC/CNRS-UNISTRA
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Present results Tt

DC: 97 days [1112.6353]
R+S
DB: 49 days [1203.1669]
RENO: 222 days [1204.0626]
DC: 228 days [1207.6632]
R+S
DB: 139 days [1210.6327]
DC: n-H [1301.2948]
R+S
______________________ RENO: 403 days [NuTel2013]
L DC: RRM analysis [1305.2734]
R+S
DB: 190 days [1310.6732]
R+S
RENO: 403 days [TAUP2013]
DB: 190 days n-H [Moriond2014]
DC: 469 days [v 2014]
DB: 563 days [v 2014]
RENO: 795 days [v 2014]
384 days n-H [v 2014]
---------------------- 384 days n-H [INOW 2014]
RENO: 795 days [Singapore 2015]
0.2 0.25 o3
NuTel 2015
R 1 R
4 EH1 o a Current Sys. g p
—_ T 7 -
® Y EH2 X 4 s Improved Sys] =
1> ® s —4 8
1 - ¢ EH3 s = Statonly £
0.95— —— Best fit o 3 1 o
o© | c —13
= i ‘D - ] %
o B e 2__ ) [
i + C 12
0.9+ . C ]
| arXiv:1505.03456 1 b
S RS SRS SRR R N ]
0 0.2 04 0.6 0.8 C ]

L./ (E ) [Km/MeV] PHC/CNRS-UN. O s Fvie Fri7 0 49



. 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
Strasbourg, August 2015 M. Dracos IPHC/CNRS E, [MeV]



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

Strasbourg, August 2015 M. Dracos IPHC/CNRS-UNIST] 00018 0002 0oo2s  0oozd 000z 00028 0309 5|



JUNO (55 institutes)

(under construction)

Daya Bay | Huizhou | Lufeng | Yangjiang _____| Taishan ___

Status Operational

Power 17.4 GW

4

RREIPINEy 2
Jizigig g clny, = 4
ic

Zha0qing

Gl INBEONEETOV

»

fangjlng
NP P
Strasbourg, August 2015

Planned Planned
17.4 GW

174 GW 174 GW

Under construction

Under construction
18.4 GW

Previous site candidate

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

2

‘011]1

J Zhu Hai C:J{;/

Guang Zhou) G

9
s ok
’ o) . -.‘
A0 R
R IR

‘L\\
Shen Zhen g

/l n l11 e Nz
%]

NPP

Yz Bl

eiongKi }] =)

- Hong Kong

Cores YJ-C1

Power (GW) 2.9
52.75

Cores TS-C1

Power (GW) 4.6
52.76

Baseline (km)

Baseline (km)

M. Dracos IPHC/CNRS-UNISTRA

by 2020: 26.6 GW

YJ-C2  YJ-C3 YJ-C4 YJ-C5
2.9 2.9 2.9 2.9
5284 5242 5251 52.12
TS-C2 TS-C3 TS-C4 DYB
46 46 46 174
5263 5232 5220 215




Performance

* |nputs
* 100 kevents (6 years)
* 3% @ 1 MeV energy resolution

PRD 88 013008 (2013)
JUNO sensitivity (Y.F. Liet al.)

[ 10 —\zT: 1% MG, priot 50% vs. 50% ]
<]

° (") 1
- —\ZT:no prior = 1.1% vs. 98.9% 1% ?n_ergy scale uncertainty
" I 68% of exp. JUNO . 3 75106 vs. 1 * realistic backgrounds
i 95% of exp. JUNO . Sensit—ivity

 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

2 .
~ e 16% chance to have 5 o or higher
) PR B AT . A|XMH il i 5
0 2 4 6 8 O N L TR A sopot
2 2 Years et
E E E

. arXiv:1303.6733 |
Am2, = cos?01,Am3, + sin26,Am3,, 1

) 2 2 2
Amy,, = sin“0,,Am3, + cos“0,Am3, by NOVA, MINQOS, T2K

. . 2
+ sin 26, sin @5 tan 0,3 cos 6Am3,,

2
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Oscillation parameters

(precision measurements)

JUNO 100k IBD Events

Ay (AmZe.)

>  F >
. . ;q:, 300 Aﬂ?.so/ar
* First experiment to observe: o | /
= i 2
*simultaneously “solar” and §-200 e Am,,
“atmospheric” oscillations @ |
S
*more than two cycles of o
neutrino oscillations . - ‘
2 4 6E 3
e
* Complementary to long prompt (MeV)
baseline accelerator program " :
—_— AM©2
. . . ’\08 - -.Amze
* Probing the unitarity of Uy,s > —-= sinO;
to the sub-percent level! 5 S
’G_) 0.4} -
ot -
0.2 -
0.0 L s
2 3 4
E_res [%/sqri(E)]
Current JUNO
Am221 ~3% ~0.6% ..
; ; . better precision than for
Am’;, ~4% ~0.5% CKM matrix elements

sin%0,, ~7% ~0.7%

Dracos IPHC/CNRS-UNISTRA

Ay (Am?z)

10

!
- —gem
I
8 !
[}
6+
al N
!
2k ’ = wio pulls | |
’ = = «w/ pulls
o 1 "
0.32
10 T
!
i
8L ! -
I
6}
S - R ——
2} wio pulls § |
= = «wl pulls
1 1
2.38 2.40 2.46 248
AMZe(107 eV?)
T T T
!
| [ ppp—
wlo pulls | |
= = :w/ pulls
o L 1 1
7.45 7.50 7.55 7.60 7.65
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RE\IO 50

1 1000 20” OD PMTs Water 18 kton liquid scintillator underground
M—= MINeralOn 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

LS (18 kton)
15000 20” PMTs (67 %)

w /e

wee

w 0¢
[

A
A 4

= i * Detector simulation & design
W 32m g * Geological survey
< > .

7 m 2016~ 2017 :
s  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

' x:,tﬁ:;:mzsg?f : s g S e 2021 ~: Data taking & analysis
7 ' ”( "O‘lk sl Dracos IPHC/CNRS-UNISTRA 55
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RENO-30 physics

»Determination of neutrino mass hierarchy
- 3 o sensitivity from 5 years of data
»Precise measurement of 6,,, Am?2,, and Am?,,

c 2 2 2
% <1.0%(10) Am=1 1 0%l1o) 5Am2 =
sin” 6, Am~ 2 Am~3

<1.0%(10)

=Neutrino burst from a Supernova in our Galaxy
- ~5,600 events (@8 kpc)

*Geo-neutrinos : ~ 1,000 geo-neutrinos for 5 years

- Study the heat generation mechanism inside the Eart | I

=Solar neutrinos : with ultra low radioactivity

- MSW effect on neutrino oscillation and solar models
Detection of J-PARC beam (Hyper-K): ~200 events/year

Strasbourg, August 2015 M. Dracos [IPHC/CNRS-UNISTRA



Strasbourg, August 2015

Oscillation probability

(negligible matter effect)

_______________

__________________________________________________________________________________________________

‘ | ‘
5000
distance [km]
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Present accelerator neutrino oscillation
facilities in the world

JPARC beam and T2K experiment @ NOvVA, same beam than MINOS
(appearance/disappearance, of f-axis, ‘ .

E,~0.6 GeV, L=295 km) of f-axis, E,~2 GeV, L=810 km.
V‘U

P(V,—V,)

0.08 0.08
n T2K n NOvA
C (295 km) C (810 km)
007 ) 007
- |Am3,| = 2 4x107 eV? - IAm3,| = 2 4x107 eV?
0.06- sin’(26,,) = 1 0.06= sin’(20,;) = 1
T F sin’(26,,) = 0.09 T F sin*(26,,) = 0.09
0.05\ _005F
E I%o E L\m§3<0
0.04— Am3,<0 b 0.041-
: = r
0.03 0.03F
C Alll§2>0 :
002 o §=0 002 o §=0 Am>0
C e d=n/2 C e d=m/2
001 o d=m 001 o d=m
- m § =32 - m 3=3m2
0.00_IIII[llllIIllIIlIIIIIIlIIIlIIlIIIIIIllI 0.00—IIIlIIlIIIlllllllllllllIIIIIIIIlII[lIIl
0 001 002 003 004 005 006 0.07 008 0 001 002 003 004 005 006 007 008
P(vu—we) P(vu—we)
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Decay
volume

N Near detectors

ETZK (013 on accelerators)

Y = off-axis
P M:h ______________________________
30GeV ZINEmEREIREdI Il
rotons 1 arget + GE ----------
P & Horns M Muon monitor — on-axis
fro | . .
| | |
FPARCMR 4 120m 280m -
Very intense proton beam 3
(0.75 MW nominal power, 30 GeV) @
Off-axis (2.5 deg.) g8t
<E>0.7GeV 0_55_ .
o s - ez 3
e 20094 0 2 4 6 Pr(Gevic
|_Under Construction | > || Getaton T T
W1 i295km T : W
- ; Bt OA 0.0° —_
T Z0A20° A
57 SL0A25°
<
2 05
=
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