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, 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
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(50 years quest) the historical starting point...

Solar Neutrino Anomaly Atmospheric Neutrino Anomaly
(deficit of solar-Ve's) (deficit of atmospheric-v's)

Total Rates: Standard Model vs. Experiment
Bahcall-Pinsonneault 2000

+0.20 +0.20
1‘0-0.18 1‘0-0‘16

0.48+0.02

il ' 0.35+0.02 : Sub-GeV
Multi-GeV
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"Be mE PP, Pep Experiments pgm
B Il CNO Uncertainties

Theory

—> both manifestations (or facets) of the one phenomenon

major implications to v’s phenomenology...
*V’s are massive— like other fermions [=> why so light!]

*mixing in leptonic sector— more symmetrical quark-lepton behaviour
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., neutrino anomaly solution; neutrino oscillations...

| ¢8¢.4 Super-KamiokaNDE @ Japan
rize 2015) BNGES b

(Nobel prize 2015)
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many experiments: quest over ~50years
(huge experiments & theoretical challenge)
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much owned to the Cowan+Reines technique
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(discovery)

Anatael Cabrera (CNRS-IN2P3 & APC)



; ingredients for neutrino oscillations. ..

leptonic Non-degenerate
— Oscillation Probabllity
Mixing 6—) mass spectrum b 8. Am2
= m
UPMNs matrix quantum interference
(a la CKM) (macroscopic)

Vo (Start WIth) & VB (ﬂoﬂe at ﬂr‘st) Twoneutrmo approximation
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L/E (km /GeV)
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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
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(atmospheric) Mass Hierarchy/Ordering...

.ve qu .vt
Normal 50" Inverted
V., — g Eemeees——— V',

——

Arngtm
Vz—é ¢Al‘l’l§ol re—— V.,
Vq 0

solar data: +Om?2—m ;<m; [matter effects]

atmospheric data: ~vacuum! | Am?]
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do we see osclllations!?
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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 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
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hy CP-violation 1s important?
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e live In a matter Universe (so it seems)...

e ——




matter / anti-matter asymmetry...
Big-Bang: equilibrium at first (same of both)

CP-Violation necessary ingredient!
—> breaks the symmetry— leads to our existence

CKM(quark): CPV far too small to explain...
—> neutrino oscillation embeds CP-Violation (mixing)

are we byproduct of Vv’s?
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ingredients to CP-violation...
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3 main ingredients...

*(sub-dominant) appearance transition: v,—Ve
— sensitive to CP-Violation

esizeable amplitude [|-invariant]: sub-dominant
—> Om2, Am?2, 0,2, 023, 0,3 combination

fake CP-violation due matter during oscillation
—> sensitive to sign Om?2 and Am?2 (Mass Hierarchy)
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hy & how Vuﬂve?
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’ why the V= Ve transition?

Ve apparence

Vy — Vi disappearance

hard production hard detection
(Vrand Ve) (ask OPERA)

t's the simplest— higher luminosity/detection

Anatael Cabrera (CNRS-IN2P3 & APC)



. TT/K-decay neutrino beams. ..

Muon Monitors

Figure courtesy Z. Pavlovi¢

Absorber
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Sizeable amplitude...
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the Jarlskog invariant. ..

J(CP) = cosB12 cos203 cosO23
x sin@17 sin@3 sinB»3

x sin®(CP)

J(CP) = 3.3% [~10° in CKM]

Joip = 0120%3023312813823 sin 0 is called Jarlskog invariant.
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» global knowledge before Nu2018 (MAY2018)...

NuFIT 3.2 (2018)

8.5

0.7 -28 26 24 22 22 24 26 28
2 3 (2 2
Am,, [10"eV'] Am,,

0.015

Ll
0.02

[ L1l L1l
0.025 ) 360
. 2e

sin 0.,

013 terms:

«03: reactor-0,3

reactor-0,3=DYB®DC@®RENO

solar terms:

*012: solar experiments (SNO)

«Odm2: KamLAND

atmospheric terms:
*023: beam

« Am2: beam+reactor-03
beam = T2KONOVA[@MINOS]

atmos = SK@DeepCore

CPV term: beam (directly)
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» global knowledge before Nu2018 (MAY2018)...

NUFIT 3.2 (2018)

Normal Ordering (best fit)

Inverted Ordering (Ax?* = 4.14)

Any Ordering

bfp 1o 30 range bfp 1o 30 range 30 range

sin? 015 0.30770015 0.272 — 0.346 0.30770015 0.272 — 0.346 0.272 — 0.346
012/° 33.62170-78 31.42 — 36.05 33.6270-78 31.43 — 36.06 31.42 — 36.05
sin? @3 0.53879033 0.418 — 0.613 0.5547 5 0%a 0.435 — 0.616 0.418 — 0.613
023 /° 47.2759 40.3 — 51.5 48.1715 41.3 — 51.7 40.3 — 51.5
sin? 0,3 0.0220670-00572  0.01981 — 0.02436 | 0.0222775:5007%  0.02006 — 0.02452 | 0.01981 — 0.02436
013/° 8.5410-12 8.09 — 8.98 8.58T0 13 8.14 — 9.01 8.09 — 8.98
Scp/° 2347123 144 — 374 27872° 192 — 354 144 — 374

Am§1 +0.21 +0.21
TR 7.4070-21 6.80 — 8.02 7.4070-21 6.80 — 8.02 6.80 — 8.02

Am3, 10.033 10.032 +2.399 — +2.593
vz | P2A9AIGEE 42309 42593 | 24651055 —2.562— —2.369 | | a0 T
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023 almost maximal—023-octant ambiguity...

NUFIT 3.2 (2018)

3.2

O
o
O
iy
o,
O
N
]

2.8
2.6
2.4
2.2

Daya

2.2

Am., [10°eV7] Am
N

-2.4
-2.6
-2.8

[1(5,20]:
|||||||||||||||||||||| ||||||||||||||||_

0.3 0.4 0.5 0.6 0.7 0.015 0.02 0.025 0.03
.2 .2
sin 623 sin 613

-3.2
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s the Jarlskog invariant—= CPV max. amplitude...

NUFIT 3.2 (2018)
15 I 1 1 1 N 1 1 1 I 1 1 L | | | | | | | |
10 —

- 1L _

< | — | ]

5 I
0 i I I | | L1 | | | I | | 1 | i | |K‘__12/| | | | | | | | | |
0.025 0.03 0.035 0.04 -0.04 -0.02 0 0.02 0.04
max 2 max .
Jop = Cy 845 Cog Sp3 Cy3 Sy3 Jop =Jcp SN0,
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CP-violation first glimpses today...

NUFIT 3.2 (2018)

1O

—— Minos _

NOVA _
— T2K _
— LBL-comb —
IBRCPYV role:

¢ 032 reactor-03

(indirect contribution)

| | | L | L I.| L I_ .S(CP): beam
— Rea + Minos i
R NOvVA - =
| Roa + ToK - beam = T2K@NOVA

Rea + LBL-comb —

little aid by atmos

atmos = SK@DeepCore

90 180 270 360
o

CP
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“take” CPV control...
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—arth 1s matter: interact with V's (propagation). ..




, Take CPV' disentangling: Mass Hierarchy a must...

$in22 923i>0.98

T2K/HK MINOS NOVA  LBNF
Llkm]

Suekane-=-san courtes
y Anatael Cabrera (CNRS-IN2P3 & APC)



and the future...!
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3 main efforts world-wide...

*JUNO experiment

—> high precision (several) & Mass Hierarchy (vacuum)

*beam experiments [ DUNE & HyperK]
—> high precision (several) & Mass Hierarchy & CPV

satmospheric experiments

'ORCA & PINGU]

—> mainly Mass Hierarchy (matter effects)

disclaimer: 23 & v(sterile) not covered
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olobal knowledge future...

NUFIT 3.2 (2018) 013 terms:
'9 kX
reactor-03=DYB®DC®RENO

32

JUNO: a cross-check (like DC now)

8.5 UNO (sclar) terms:

| |||||||__||||||||||||ii|||||||||||
0.6 07 -28 -26 -24 22 22 24 26 2.8

amz, [10° eV am?, Am2; |UNO®beam*

*sign[Am?2]: |JUNO®beam®atmos
beam* = DUNE®HK
atmos = ORCA®PINGU

| | I I | | [ | I I |
0.015 0.02 0.025 0.03 0
s.in2 613

CPV term: beam™ (directly)

¢ PC)
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stay watchful for consistency...
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110° eV*]

2
21

Am

a Om?2 issue or astro/terrestrial effects...?

NUFIT 3.2 (2018)
14 T T T T [T T T T[T T T T[T 1T T_ 12 L L L L L | L
B sin2613 = 0.0221 i — — (GS98
B ] _ = — KamLAND
10 N — § ]
B 3 N _ 8 — —
- \‘ o ~
6 — | — . _
- " . 4= _
4= — i & ’
o — 2 \/ -
0 o b v b T 0 L | 0
0.2 0.25 0.3 0.35 0.4 2 8 10

. 2 2 5 ;2
sin 6, Am,, [10 ~eV']

v(Sun) vs anti=-v(reactor): difference!’
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JUNO internal redundancy on 0m2-0,...

| | | I | | | | | | | | | | | | | I
Input: sin2812 = 0.304 energy resolution @ 1 MeV =3%

2 -5 <2 energy resolution @ 1 MeV =6%
Am . =750x10" eV
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

S yrs, 100 % eff.

N
>
O

i
=
—
X
-
—_

S

N
=
<

Normal Mass Ordering is assumed

| L | | | ] | L | | | LI

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

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

No Geo-v
?) 4 6% O(Am 31) =1.9%
| | l | | | | | | | I | | | | | | | | |
0.298 0.300 0.302 0.304 0.306 0.308 0.310 £).312

.9
SIn 812

SPMTa®LPMT cross-check— robust result
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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)
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Reactor-03

(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)



-
.“"

hat to remember?
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neutrino oscillation: coherent solution to most
data today (3V model)...

*BIG step In precision upcoming >2020: very
mature pro |

better detectors— surprises!?
1.e. discoveries beyond today's view]
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Nature always waiting to be unravelled...
(history of science = detection/instrumentation progress)

today tter: detectors?

continue effort on detectors!!
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questions. ..!

obrigado...
HLUDED..
merci...
danke..
mAL| C}
Cnacubo...
oracias. ..
orazie...
...
hvala...
thank you. ..

anatael@in2p3.fr
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