proton ‘ Q
beam

P P4

S @l = LOW

— U+vV

4

hadronic collector
(focusing)

Detector

eadjustable proton energy,

eadjustable distance between the production point and the detector,
eneutrino type choice (neutrinos or anti-neutrinos),

ebut as usually, the neutrino energy is not well defined...
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target

—_—

protons
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\

A

horn shape (conical)
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OPERA experiment
(appearance)

MINOS
experiment
(disappearance)

CERN

.J“.l 732 km

J“.\
[ ]

GRAN SASSO

1 kton — 100 m deep 5.4 kton — 714 m deep

2005-2016
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I‘PHC MINOS Experiment

TR (Main Injector Neutrino Oscillation Search)

3.5 T T T | T T T I T T T I T T T T
" ® MINOS best fit —— MINOS 2008 90% ]
B /
[ — MINOS 90%  —— Super-K 90% / |
n 1.5 ' ' L N —~3.0 - - - MINOS 68%  — Super-K L/E 50% / -
c - - Lot ;
S | | 3
- . ™
= + + | 1 Soas}
- — 1 - :
8 —— - (\I—
o i - | N g :
e [ =20}
_9 0.5 i —<4— Far detector data n
@) Best oscillation fit - i
:‘: Stats Only decay flt 1 .5 L1 ' ' PR N S T B
&“ Stats. only decoherence fit 0.80 0.85 0.90 0.95 1.00

|—...l..ll...l...l... ‘2
Yo% %6 8 10 Sin’(26)

Reconstructed neutrino energy (GeV) +0.12 x10-3

lAm2l =2.32 Y308

7.25%1020 POT sin220 > 0.90 (90%CL)
(protons On the Target)
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"’“C CNGS Oscillations

IK \H(XR(

<E\>~17 GeV (Ecm >> my),
L=732 km
<L/E>~43

neutrinos vy beam well
adapted for v appearance

v,/GeV/m’/an

1 10 102 10° 10*
L/E (km/GeV)
Ey x 10 .. Rgsc" 0p o (arbitrary units)
3 M T Am2= 3 103eV/2
- § 035
5 03
7\5
very small
. 44 3 02
h,L-_ﬂ-m - beam .
. . r v fluence
ﬂ “”f“lf’[ contamination 01 S
ﬂ|— 0.05
o 10 20 30 40 S{ O b i oy v, s o peey P
0 5 10 15 20 25 30 35 40 45 50
E, E (GeV)
_ ) Sensitivity: Am2=1.6-4.0 x10-3 eV2
July 2019/Baikal M. Dracos [IPHC/CNRS-Unistra
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emulsion “grains”

~15 grains/50 um
2

track segment V1
1. VesVu
e, Wh
S Ve V. e (R decay “kink’
>25 mrad

Pb ES Pb  ES| Oy~ 2.1 mrad

;lmmﬁﬂ—ﬁ

0,~0.21 ym

50 200 50 (um)

July 2019/Baikal M. Dracos [IPHC/CNRS-Unistra

v_detection in OPERA

A very high spatial
resolution is necessary
(do not forget that
large surfaces have to
be covered)

Nuclear Emulsions
(photographic)
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: Institut Pluidise pn
(LR(

Am3, =[2.52|£0.04x107 eV’
Am;, =750 %107 eV’
sin” 6, =0.441°727  (~41.6°) or 0.587% ¢ -,

-0.024

m m
A

.2 . +0.012 - Y
sin” 6, =0.306",,,, (~33.6°)
- mi—- T __m22
Sin“0,,<0.046 (<124 ~7x107 eV? .
up to 2011 ) +fm;
’ ~2x107 eV?
We can then write: =
mlzJ— _ ——m§
Am, = Am,, = Am ?
Am,, = 0m 0 L/ 0
Am > om normal hierarchy inverted hierarchy

ocp can be considered unknown
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STRASRCLURG

V'C
X
v, 0, g . if 813=0 we could not measure
CP violation
S — R
( b
1 0 O C3 0 s,e ¢, S, 0
U= 0 ¢y 8y ‘ 0 1 0 ' -5, ¢, 0
_ i0
\ 0 -5, ¢y -5, 0 Ci5 0 0 1
rotation around x—ins with angle 6,5 rotation around y:gxis with angle 6,5 rotation around z—ins with angle 6,,
atmospheric, reactors solar,
reactors

accelerators
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Steam
Pressurizer nerator
Control
rods drive
mechanisms
Primary
pump

Reactor
core

Pressure

vessel

IPHC Nuclear Reactors as neutrino source

B Reactor coolant system

@[] Secondary system

steam water ;

Generator
Condenser
Feedwater
pump | —
Coo{ing
r
Preheater T wale
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@“C Nuclear Reactors as neutrino source

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

* Each fission releases an energy of ~200 MeV and generates ~6
electron anti-neutrinos. For a typical commercial reactor (3 GW

thermal energy):

(Bemporad, Gratta, Vogel)

3 GW =~ 2x1021 MeV/s — 6x1020 v /s

Observable V spectrum

arbitrary units

* Observable neutrino energy spectrum=
neutrino flux * cross section.

* The spectrum has a maximum at ~3.7 MeV.

July 2019/Baikal M. Dracos [IPHC/CNRS-Unistra
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Nuclear Reactors as neutrino source

o =
144N 235U(Tl;ermal 43 142Cs
a —— 4 100Nb
144 ~ R—7
O—»Neutron Fr I S 10! —:2-3222
Electron 44Ce ]@ 3. ° [ —— 47 - 98mY
0\‘ 144 @ . O\A e —— 8- 140Cs
.o Anti-neutrino La - ° 2 —— %9 - 91Kr
1445, @ e O\A = 02 — 510 -97Y
- — 441- 8788
Gamma @] 0\‘ 3  #12.94RD
0\'1 £ e 413 - 95T
144g4 / (some loss) g 10-3 ::1;;3?
—— © a —— 416 - 86Br
235 236 235 236 @ 7.
U U @O/' U U @o/' _:1,7,_3?,3'
o @B oo — o BB - =
—— #20 - 143Cs
@ 9 Chain Reaction —» @ T:xu:
89K|’ \ & S n e | et TSR DS S
1.00 3.00 4.00 500 600 9.00
q‘ Electron Energy (MeV)
238
o '@
VN
239
U
8o @o Not so easy to calculate the
¢ s .
\ i \@fssmp neutrino spectrum..
89gr @Q\‘
x" O \ 239p,

July 2019/Baikal
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Inverse [ decay (IBD)
and detection mode

 In a pure scintillator the neutron
y & Prompt will be captured by hydrogen:

511 keV nH—-Dy (2.2 MeV)

e ./\p v o o  Very often the scintillator 1s
AR Y doped with gadolinium that
/]/x—/ 8 7 increase the capture probability
~28 us n and liberates more y's:
| A n mGd — m+1Gd y’s (8 MeV)
Y X(A L 2Z)
delayed !

July 2019/Baikal M. Dracos [IPHC/CNRS-Unistra 74



IPHC Inverse [ decay (IBD)

Institut Plurldlvlpllnalro
u

bert CURFN
STRASRCLURG

. v and detection mode

e\ Prompt

W AN reconstructed neutron (delayed) capture energy spectrum
7 | c F
B 3 YS 1TkeV &350 Entries 75959
Ve D 1 § - :l;asn 7
- 222
‘ V‘ | y w300 Underflow 0
PANY W 250/
&0 200/
~28 us n ' -
& 150[
, | ) -
T XA, Z) 100[—
delayed Y -
501
S 20¢ - . . : e B B S
RN R .t 0 2 4 6 8 10 12
= 18- . \‘ - Recon. Energy (MeV)
> "N
o - " - 4
16 . "'u- 10
2 PE g " 2 ool
S q4Fitk ’, = 4000 - = Signal
g E R 2 g &3 Accidentals
S 12fmh  po e 10 E C Lithium-9
a 'E 3000 |- XAm-"c
10 3 X {7 Fastn
8 10° i Hes |
. 2000 - EH1
6L i
s . 10 1000
: P :--l: 5 . =
2: - "'.':'i":i:_ e e 0= P - DN B
I-l . 1 l;- l-l l'l 111 I 1 I.lll 111 1 0 2 4 6 8 10 12
O TE T 0 12 14 16 18 20 Prompt energy (MeV)
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disappearance of electron neutrinos

1.4

1.2
1.0
0.8

0.6

Nobs/Nexp

0.4
0.2

0.0

BOD> & XOX»p

_’.,,_
H
>
—&
i
: 5
{
i
1

Savannah River
Bugey

Rovno
Goesgen
Krasnoyark
Palo Verde
Chooz

® KamLAND

I I I |

[y
)

10° 10° 10" 10°

Distance to Reactor (m)

Actually, we have almost
neglected 6;; on this figure

July 2019/Baikal

For 6;; ~ 10°

141

1.2+

- b

T

Near \llx

Far Site

o
>
(3]
Z A ILL
B8 % Savannah River
Zo 0.6~ O Bugey
X Rovno
04r- o Goesgen
A Krasnoyark
02F O PaloVerde
B Chooz KamLAND
0.0 . 1 1 .
1 2 3 4 5
10 10 10 10 10

Distance to Reactor (m)

Due to “large” uncertainties, up
to 2011:

sin” 6, =0.046 (<12.4°)

M. Dracos IPHC/CNRS-Unistra
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Probability v,
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S1n220,, and the reactor experiments

1sotropic electron anti-neutrino
“well known” source

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

@ \O

1

sin220,;
unoscillated neutrino l
flux observed here
(normalisation)

v

. ) 1.27Am> L , . 1.27Am2 L
P(v —>v)z1—003491351n22012sm2(¢)_szzemsmz(i)
- E E

v
l

Distance 1200 to 1800
2
N d N meters
Four. (Ev’dfar) = 7 x Encar x| L | S
N p.far far d near N ear

' —
M. Dracgs ‘[PHC/CN S Unistra
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New generation reactor

experiments

Double Chooz
(France)

.. Near I')Pter'rnr

RENO
(South Korea)

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

July 2019/Baikal

M. Dracos IPHC/CNRS-Unistra
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1
/4

IPHC .
re Reactor neutrino detectors EEE'

ez

Outer Veto
(plastic scintillator)

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

Shielding
(15 cm steel)

Gamma Catcher (e=0.55 m)
* scintillator

&)
bov)
AQ)

Inner Veto i =
(liquid scintillator) &S o : X
78 (8") PMTs

©Imag'in IRFU
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IPHC :
Q, 613 1S “1arge” 1]

The reactor experiments have Daya Bay RENO
discovered the 1—3 oscillation (March 2012) (April 2012)

Phys.Rev. D86, 052008 (2012), 1207.6632.

Phys.Rev.Lett. 108, 191802 (2012), 1204.0626.

Double Chooz F — > T BAE L] = Fast neutroon
( N oV 20 1 1) i I E | 5 F 2224 A Accjdental
. o L —}— Near halls (weighted) o L PR 30;_ *Li/ He
_ P S
() ~ — » 20F
Phys.RevLett. 108, 171803 (2012), 1203.1669. & ™ 5 10007 -:‘5_’205 <
@ 0 ——————————T——7——73 [ E L = 10
8 —— Dana 1% 400 m L Qj
i@ 600f + T Bestrtame-o0ss | |2 [ i Promp energy [MeV]
S @ami,=24e3ev" | |0 X 5001— prenersy
500 -9 - 200F i —+— Far Detector
- - B Accidentals ] i i —— Near Detector
400 - - i
300:— —H5 A | No oscillation 0 . ) . . | . . . | ’
C 13 12 _ . = C
zoof_ _f % [ + T BestFit g 1287 No oscillation I
- 4.9 [ b1l * = -
100" 1z W | A | [
- == ! + L B
g I t1s HT i **éi*#***ﬂé**{'ﬂ”
OF{""‘"‘WA TS é G P ”18' \-F';Bm% . h . M ]6 a 080_ X . ) X 5| X \ X 7o ,
Energy [MeV] Prompt energy [MeV]

Prompt energy (MeV)
sin2(20,5)=0.085+0.029(stat) +0.042(syst) sin? 2013 = 0.103 £ 0.013(stat.) + 0.011(syst.)

sin226,;3 = 0.092 *+ 0.016(stat.) = 0.005(syst.)

* the future "long baseline" projects must readjust
— 0.3>0 — their p;lrameters.f. . | |
(C.L. >50 by Daya Bay) now, the name of the game 1s neutrino mass

hierarchy and CP violation.
July 2019/Baikal M. Dracos IPHC/CNRS-Unistra 80



inaire

Mass hierarchy: normal or inverted?

* CP Violation 1n the leptonic sector? . .

* Are neutrinos their own anti-particle (Di

$ V' a
v
\

or Majorana)?

»

* How many neutrine families? Are there.Sterile neutrinos?
, ; c’..‘,* . }‘
* What is the absoltieheutrino masssscale 2=

What is the neuffim the'Universe evolution?

’

July 2019/Baikal M. Dracos IPHC/CNRS-Unistra



A’t_the very beginning of the Universe:

10,000,000,001 10,000,000,000

matter . antimatter

July 2019/Baikal M. Dracos IPHC/CNRS-Unistra



+ radiation

R

e ,.’;‘. - ' » . .
= ‘what we'see arOun&L}s'foday_;. g

o fverse (BA -y

-

Ba.ryon_Asymmetryin’the -

- R e,
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2 -
. A . »| B.L .
o= 53-3 sin’ 20, E—” sz( = atmospheric

2
ALY AL
+c5,sin” 26, (712) sin” (—) solar

2
~A, A AL L A, L
+J —2—Bgin| — |[sin| —/— |cos — 13
A B\ 2 2 2

2

~ Am: .
J = ¢,45in26,, 5in 26,5126, A =~ B, = 4, A=V2G,N,

” AN

Non-CPV terms

interference
) CP violating

P _P matter effect
ViV, ViV, N Qs
o = #0 = CP Violation = accessibility to
P + P 7, mass hierarchy

be careful, matter effects also

create asymmetry = long baseline
July 2019/Baikal M. Dracos [IPHC/CNRS-Unistra 84



IPHC

Pluidisciplin

Aaﬁ = P(va - vﬁ) P(va - vﬁ)
= JEMNS . ging.p

with: ]PMNS ~3X1O_3 (Jarlskog invariant)

(for hadrons: J$5M ~3x107°, not enough
even if §.p~70°)

Theoretical models predict that if |sind,|=0.7 (45°<6,<135° or 225°<6,<315°),
it could be enough to explain the observed asymmetry.

July 2019/Baikal M. Dracos IPHC/CNRS-Unistra 85
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C 6S TNe logg
Dﬁk_k WATTER

Nevteine C/lj
Pﬂo'[’dN Decay

Bike Pavty

sl
© WARNER BROTHERS
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T2K (013 on accelerator)

- Delcay Near detectors
p -~ Youme - off-axis
il | e = ke U By bl ) sl
3r%(t5§r\1/s Target_""" T —
P Horns M Muon monitor — on-axis
from | | |
J-PARCMR 120m 280m

]
* Very intense proton beam (0.7 MW, 30 GeV) %F

* Off-axis (2-3 deg.)
e <E>0.7GeV

| fokdy 0 Ry o R
(o i L4220 §kin
B T 1

July 2019/Baikal

0.5

29
0AB 2.5 degree
OAB 3 degra=

|

30

s b s b a | RIS A

K‘ ‘ Pz (GeVic
: Qo 1 ) 1>

: e % 1l Oscillation Prob. @

Under Construction o8 it AME=EX T0Pe V3

. Dracos IPHC/CNRS-Unistra
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IPHC Present and Future Projects

IR. VSRCLKG

25 ‘-_l;: T T T |: \tl T T T |: \g l-_;} T I T T T T | T T T T l T T T
. N | T2K Runl-7c preliminary

-2InL
7

T2

T2K 1ncreases its statistics.

— Normal Hierarchy
— Inverted Hierarchy

Increase of the beam power.

lIIIlIIlIIIlllI

A slight preference for 0-p~-90° and NH
but not enough to conclude.

dcp (radians)

Super-Kamiokande m
Mt Iksnoyama / A A
1360m / w \ /\/\/&\ Near Detector

/ —¢ea level =
o, C/;}ifﬂ Mooom z«m‘\\
VM il Muon Neutrino Beam
295km

Near Detectors
Off-Axis: ND280 On-Axis: INGRID

Far Detector
Super-Kamiokande

Side Muon Rar ge Defector

UAT Magnet

Slechromagnefic
N Calorimeter (FCal) POD ECcl

«" dersctor
(PCD)
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IPHC  Present and Future Projects €&

STRASRCLURG

——— AN O~VA
N To 1 APD pixel
,..7/
- e g \
5 MN
¢ ")
¢
L
5 ~d
ypical _ o7
charged P
15,6, = J particle
m— o ath
Far L | } ; ’
Detector
—
Fermilab i Near 29m,
/- . Detector NDOS
8
CPV MH 2R
T K [ it SV iasteed
Goal: é = 6f NOVA — | 12} NOVA — |
Q -&D T2K+NOVA — T2K+NOVA —
. . 5F 10 ¢ J
* Determination of mass = B . .
. o c N o~ 3
hierarchy. Z a g0 BN
. . . g 2t 4+t N
* Observation of CP violation. ~ “ "L /F W FF ™7 W1 eowdy ——
1 2f e 1\ jf
. Il’IlpI'OVC the Sil’l22923 0 1507100 50 0 50 100 150 03507100 50 0 50 100 150
True 8¢p(°) True 5¢p(°)

measurement.
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Projects under
construction or
preparation

July 2019/Baikal

2 2
m m
A I Ve A
[ ]
VM
[ ] V
m m2
iy —+
3 2
0 ~7x107 eV? ,
—+m,
~25%107 eV?

~75%x107° eV?

normal hierarchy inverted hierarchy

M. Dracos IPHC/CNRS-Unistra
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P

”~

Mm}mm
NO, IO (w/o SK-atm) NUFIT 4.0 (2018) |
A T

=====z NO, 10 (with SK-atm)

IIIII\\‘IIIIIIIIIJ|I III|III,I'|
\

15~ . 7]
*The oscillation parameter 5 1t ]
. ol 1r h
values (slightly or strongly) w | 1 :
depend on the mass hierarchy F 1F E
and this avoids precision 1 S I B
sin“ 0, am;, [10° eV’
measurements and checks of s (YT [T e
the unitarity of the mixing . ol -
matrix. 3 1 }
5 1F ii .
*This also significantly reduces N TR, N V] TN AT
04 045 05 s 055 06 0.65 -26 E’.52 2.4_3 2.24 2.52 26
the CPV discovery performance S Oz Amsp [107eV] amy
. 15j| T T T iil;,}'l‘?\\lTlVl||‘\TITIIII|,L
of future projects. i
10
*Reject many theoretical models. ¥ |
5 —
. L4 0 : L1 1 l 1 1 | - l 11 | l 1 1111 l 1011 |
0.018 0.02 0022 0024 0026 0 90 180 270 360

2
sin” 8, dp
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I‘PHC
MH and cosmology

Meosmo=My+My+M,
>
®
=
g
. 99.7% allowed fr'om cosmology
I BB \H
. I st ) if Mcosmo < 0.1 eV = NH
10° 1072 10"

Lightest neutrino mass in eV

. B { mp +\/m3 + Am3, + /m3 + |Am3,|  (Normal Hierarchy)
cosmos mp +\/m3 + |Amiy| + /m3 + |[Am3,| (Inverted Hierarchy)

July 2019/Baikal M. Dracos [IPHC/CNRS-Unistra 92



IPHC

In s!lntPIl Idl sciplinair
ho Cl RFN

Guang Zhou
4

i 2.5,,h drive K& o2
. | /);\ ‘en en
», ‘- c Cf\v‘o : e _/
~/.. ' Zhu Hai q\ o
1y
_ . ,~Hong Kong
F ety

, Je% -~/ Macau

1n construction
(data by 2021)

Shift in energy spectrum of ~
Ama12/Ams312~3%

—
An energy resolution of ~3%
(for E~1 MeV) 1s needed

July 2019/Baikal

JUNO

(Jiangmen Underground Neutrino Observatory)

P (L/E)=1-cos"6,,sin’26,, sin’(Ams, - ﬁ)

* no dcp dependence

Arbitrary unit

o
o

o
9

—sin’ 26, sin” (A3 |
) .2 .2 2 L 2
—sin” 6,, sin” 20,, sin (Amzl-ﬁ)-cos(Z‘Amﬁ‘-

, sin 20,

sin® 20, sin(2Am;, -

L
4E)

E)-sin(z\Am;\- L

« matter effect negligible my —my <0 (IH)
:_ ----------- Non oscillation
- —— 0, oscillation
— Normal hierarchy
- Inverted hierarchy
= ‘."' 012
S \ V, =V
s ; ., e e
C Amd,
o
7 1 - lvw-—: N :
10 15 20 25 30
L/E (km/MeV) 93
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Ry 2 GuangZhou !
4

2.5_,h drive Pea?
: _Shen Zhen &
=~/ " Zhu Hai @
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i ,~Hong Kong
OL\

53

Macau

1n construction
(data by 2021)

Daya Bay JUNO

RiNO \ KlamLAN D
1.4F [
Near Site
12 l “ar Site
1o|-- J
=
m WF 4 m
8 X Savannah River
Zo 0.6 O Bugey
X Rovno
041 @ Goesgen
A Krasnoyark
0.2+ 0O PaloVerde
B Chooz ® KamLAND
00 1 1 1 1

-

10° 10° 10* 10
Distance to Reactor (m)

—
S
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JUNO

(Jiangmen Underground Neutrino Observatory)

* Very rich physics program:

Reactor neutrinos
* mass hierarchy

* precise measurement of the
oscillation parameters

Supernova neutrinos
Geo-neutrinos
Solar Neutrinos

Atmospheric neutrinos

Current | JUNO
Am2y; ~2.3% | ~0.6%
Am2;3 ~4% ~0.5%
sin2012 ~6% ~0.7%

M. Dracos IPHC/CNRS-Unistra
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Calibration Electronics
Top Tracker Filling +
Overflow

(OPERA TT)

Central detector

SS latticed shell y Acrylic Sphere:
Acrylic sphere & ID: 35.4m
<+ Thickness:120mm
P
18000 20” PMT o / I
Q ID: 40.1m
(Hamamatsu 5K s OD: 41.1m
NNVT 15 K) S
25000 3” PMT R~ Water pool
(HZCT) ID: 43.5m
Height: 44m
Water Depth:
~2000 20" PMT _ | 3.5m
Water Cherenkov

--------

Pool ID:43.5m
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800
600
400
200
2 3 4 s 6 7 8 9
E (MeV)
(JUNO Yellow Book:, J. of Phys. G: Nucl. Part. Phys. 43 (2016) 030401) &(%) ~ .07+
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2000 ¢

1800
1600
1400
1200
1000

LifHe

o-n
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IPHC IceCube/PINGU

‘ (Precision IceCube Next Generation Upgrade)
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I'PHC ORCA

h (Oscillation Research W1th COSIIIICS n the Abyss)
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iPHC Baikal-GVD

l (Gigaton Volume Detector in Lake Baikal)
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IPHC PINGU/JUNO combination
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