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v Neutrino Mixing
The PMNS Matrix

e Assume that neutrinos do have mass:
— Mass eigenstates # weak interaction eigenstates
— Analogue to CKM-Matrix in quark sector!

/Ve\\ Vl\

v, |=U] v,

\Vr \V3
Ua Unp Ug 0 0 ¢y 0 se”
u=\U, U, U;|= 0 ¢, Sy, 0 1 0
u, U, U, 0 =55 Cy _313816 0 ¢,

with ¢, =cos(6,), s; =sin(®, ), 0, = mixing angle and Amijz. =mass” difference
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The Who-is-Who
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V Mass Ordering

Normal Inverted
V.. I v, I
3 2 Am§o|
v, I
g Amaznm
[ Amgtm
v,
2_f Ao
v, v, I

Bve BV V- Bve BV. 0.

1-Oct-2018 A.Weber @ KIT | Neutrinos



\) Oscillations for Dummies
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Matter Effects

e Simplified treatment: two neutrinos only
 |n vacuum IN matter

2
P(v, —v,)=sin*(20) sin{AZiEL ]

P(v, >v,)= sinz(zem)sin{AZlEiL j
sin(26)

J(cos20 - A —sin?(26)

Am’ = Am’ \/(cos 26— A) —sin*(20)
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Am?

with sin(26, )=

A==

e Matter modifies oscillation probability
— Sign of masss difference matters (opposite for anti-v)
— Larger effect at higher energies



v The Full Monty

e Lifeisn't that easy

— 3 Flavour oscillations
— Matter effects

e The full formula

2
P(v, —v,)=sin*(20)sin’ ( A4’"EL)

. o Am3, L 2a
Bl @ s i 4];1 X (1 + N (1- 25@,))
. Amek Amel
+80%3512S13523<012023 COS0 — 512513523) COS TEQ sin ZlEi))} sin 1FE
Ams e 0 Ams B Ams L

AE S111 1E S111 1E

+451220123 {01220223 - 512252235123 — 2C19C53512593513 cos 5} Sin2

Ams,L . Aps b al 5
T S111 IE AE (1 — 2513>

Am3 L

-

—80123012023S12313323 sin 0 sin

Am3, L
41F

SNGIZNG 2
—8C 3573553 €08

1-Oct-2018 A.Weber @ KIT | Neutrinos 7/



The T2K Experiment
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Super-Kamiokan
(ICRR, Univ. Tokye)

 Neutrino Beam from j-parc
— Beam power 50 — 480 kW
e Far Detector
— SuperKamiokande

— 40 kton water Cherenkov
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Producing Neutrinos
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Super-Kamiokande
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Super-Kamiokande PID
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Muon Neutrino Disappearance
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NOVA

80 N
L ot

> . —

3 | . *.

S . .

E a) I~ .‘ ° n

g | d :

-t I .

2] L —— On axis «

: 40 - —_— . -

3 I 7 mrad .

> —— 14 mrad .

E i —— 21 mrad

Q

8 20

|

n

Eo.to

Z 005 ]
NO vi\ 0.00 p) ] 10

Fermilab Ash River

1-Oct-2018 A.Weber @ KIT | Neutrinos 13



NOVA Detector Concept
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NOvVA Events
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Events /0.1 GeV
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A word of caution
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The Happy Family

Mark Ross-Lonergan @mross!| - Jun 5 v
b Although we will have to wait a bit for a combined analysis, we can easily take a

look at yesterdays exciting accelerator updates to the atmospheric mixing
parameters in one place! #neutrino2018
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NOVA
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Electron Neutrino Appearance
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v The Full Monty
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sin(&) changes sign for anti-neutrinos
e §6is CP-violating phase
e Matter & anti-matter difference
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T2K Results

DATA FIT
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NOVA Results
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Solar & Reactor Neutrinos
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Global Fits

[P. F. de Salas et al., Phys. Lett. B 782, 633 (2018)]
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All is Fine?




All is Fine?
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All is Fine?
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Signatures
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Signatures
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More Neutrinos?
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Global Sterile Picture

e Approximation: Am?, < Am2,, < AmZ, = 6 different mass schemes:

\ \

T T T PO Taw P U U

- - TSOL i T el e2 e3 ed

. SBh U = U#I U#2 U#3 U#4

“ATM T SOL SBL SBL ‘ 1 U‘rl U1'2 U‘r3 U‘r4

IsoL __ATM 1 1 TsoL __ATM \Uss Uy Ug Ugy)
\(a) (b) (©) (d)/ \(M (l;)

(311) (212)

e Total: 3 Am?, 6 angles, 3 phases. Different set of experimental data partially decouple:
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Neutrino 2018, 8/06/2018

Michele Maltoni <michele.maltoni@csic.es>
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SNAL Short Baseline Programme
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MicroBooNE First Results
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MicroBooNE First Results
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ICARUS

ICARUS Neutrino Detector lnstallatlon at Fermllab
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SBND

 Near Detector for SBL program
e Detailed study of neutrino Argon

interactions
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Elastic
Scattering

Absorptio

3 year

event rates
Charged Current
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SBL Sensitivity

5 sigma test of allowed oscillation parameter regions

v, dppearance
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‘| 0_1 — SBM sensitiviies assume exposures of;

6.60x10% protons on target in ICARUS and SBND
13.2x10% protons on target in MicroBoohE

LA

Global 2017: 5, Gariazzo et al.. arXiv:1703.00860 [hep-ph]

107
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107 107 10" 1
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v, disappearance




. In
\/‘ Global Corrststency “Cong;
SiSte, .

e The tension cannot be eliminated by discarding any individual experiment.
AnalySiS X 2min,qlobal X 2min,app AX gpp X ?nin,disapp AX :cziisapp X 2PG/dOf PG
Global 11209 791 119 10122 177 296/2 3.7x107’
Removing anomalous data sets
w/o LSND 1099.2 868 128 10122 01 1292 1.6x107°
w/o MiniBooNE 10122 407 8.3 9472 161  24.4/2 52x10°
w/o reactors 925.1 791 12.2 833.8 8.1 20.3/2 3.8x 107
w/o gallium 1116.0 79.1 13.8 1003.1 20.1  33.92 44x107®
Removing constraints
w/o IceCube 920.8 79.1 119 8124 175 29.4/2 42x1077
w/o MINOS(+) 10521 791 156 9486 894 2452 47x10°
w/o MB disapp 10549 791 147 9472 139 28.7/2 6.0x1077
w/o CDHS 11048 79.1 119 9975 163 28.2/2 7.5x1077
Removing classes of data
5 .-dis vs app 628.6  79.1 0.8 5429 5.8 6.6/2 3.6x 1072
V,-dis vs app 564.7 791 120 4689 47 16.7/2 23x10*
v -dis+solarvsapp 8844 791 139 7817 97 2362 74x10°
Michele Maltoni <michele.maltoni@csic.es> Neutrino 2018, 8/06/2018
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v The Big Question

e s B,3 maximal and if not, which octant is it in?
 What is the mass hierarchy/orderinge

vV I v I
3 2 A2

v, I sol
rAME
C Amgtm
Vo I )
vy _:]I Ao V.
Bve BV V- Bve BV V-

e |s CP violated in neutrino oscillations?e
We need more than 1-2c-effects!
Power comes from combining exp.
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Using Atmospherics

P(v,—v,) with Travel Through the Earth - 10 GeV, 179
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Using Atmospherics

P(v,—>v,) with Travel Through the Earth - 10 GeV, 179

= 14 °
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V Detecting Icy Neutrinos
& I CECUBE

e Neutrinos interact

with ice -4 c.H c. wRERVATTIRY
- E> 100 GeV Sl S T U
e Cerenkov light Te Tt e Plla T
e Reconstruction
— Particle type Cherenkov  AMANDA
_ Energy Lightcone
— direction o

B A TR R A e LR IR A £ 1R 21 2% ORI
W

2450 m !
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PINGU=>» IceCube Gen II

® . IceCube Lab

_— ' IceTo

. 4 - ~ o - 81 Stat%ns, each with

onte 50m[— 2 IceTop Cherenkov detector tanks
2 optical sensors per tank

324 optical sensors

Y (m)
Y (m)

L a4

‘ ‘ I IceCube Array

‘ 86 strings including 8 DeepCore strings
60 optical sensors on each string
5160 optical sensors

ThTe

December, 2010: Project completed, 86 strings

TohTe

-100¢ ry 1450mf

[
L

DeepCore
8 strings-spacing optimized for lower energies
480 optical sensors

-1

Eiffel Tower
324 m

A AL 1 LA L 1 LA AL LA L L AL A L LA L L —

=100 -50 0

2450 m
2820 m

| | |
10 MeV 100 MeV 10 TeV
\ Super-K Deepcore lceCube
\
Borexino
KamLAND Non-accelerator based
Double CHOOZ N
Daya Bay Gamma Ray Neutrino
SNO Bursts Oscillations

Dark
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PINGU Sensitivity

- (NIH_ NNH) / (NNH)1/2 .
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KM3NeT & ORCA

Digital Optical Module

(~50 kt ~ 2 x SK) Optical background (mainly 49K):
(~3 kt ~ MINOS) 10kHz/PMT & 500Hz coincidences

— 17—

<0
\ %

- Uniform angular coverage
- Directional information

- Digital photon counting

- Wide angle of view

- Background rejection
All data to
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\; JUNO

e Jiangmen Underground Neutrino Observatory
. Proposed |n 2008 opproved iNn 2013

e Physics Program

— Mass Hierarchy

— Oscillation
parameters

— SN neutrinos
— geo-neutrinos
— solar neutrinos

— atmospheric
neutrinos

— Sterile neutrinos
— exofics
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Future Reactors: JUNO

14F
Ne: n Site
1.2 Far Site Central detector VETO detector
Lol # #M _______ :
o : ; .
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S N
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R ; / 2N
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; sy
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Liguidisclotliaton SRR ! -35 kt high-purity water
> Mo : : : : j ket = -2000 20” PMTs
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r A —No osc. 43.5m
o 0.12 - —
g - -1 ' .
Sowf Funosc. 3 KamLAND Borexino Daya Bay JUNO
- . =P for NO ]
008 - sin“26,, . Target Mass 1 kt 300t 20 kt
P forl0 ]
0.06 - 4 Light yield
004 | ' (p.e.MeV) 250 500 1200
\j
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0.02 0 0 0
Py 4 : Coverage 34% 34% 80%
T2 . . Energy
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Future Reactors: JUNO

1.0—

Nobs/Nexp
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00E
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=P, for NO
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Central detector VETO detector

Calibration
-ACU, ROV, etc.

Acrylic sphere

; Top Tracker
Stainless-steel truss

-62 Plastic scintillator
walls

PMT
-18,000 20” PMTs
-25,000 3” PMTs

Water Cherenkov
-35 kt high-purity water
-2000 20” PMTs

Liquid scintillator
-20 kton LS

MAIN PHYSICS:
* determination of the neutrino mass hierarchy with good
sensitivity: 3o after 6y
* precisely measure the neutrino mixing parameters
* sin%0,, current precision 4.1 % with JUNO below 1%
*  Am,,%current precision 2.3 % with JUNO below 1%
e Am..? current precision 1.6 % with JUNO below 1%
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\; Future Accelerator Experiments

YPER

DEEP UNDERGROUND
NEUTRINO EXPERIMENT
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V Summary

A coherent picture emerges from
— Reactors
— Atmospheric neutrinos
— Intense beams

e There are no sterile neutrinos! (Probably)
— Large suite of experiments looking at different aspects
e SBL, rector
 Next generation of experiments is needed
— What is the mass orderinge
— Is there CP violation in the lepton sectore
— Precision parameter measurements



Thank youl!




Accelerator Neutrinos
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Solar Neutrinos

p
p+p = 2H+e*d

PPI

~99% pp_cycle

pep

pte+p— 2H@

Sipep$9

p+2H — 3Heﬂ/

]

|

I

‘He+’He — 4He+p+p

SHe+*He — 7Be-Py

[ —1
"Be+e” — 'Li "Be+p — "Bty

| -

7Li+p — ‘He+*He

8B — xBe+e+@" B

PPI1I
PPI111

8Be — ‘He+*He

1-Oct-2018

<1%? CNO-cycle

* Sun: should contribute <1%
* Heavy stars: should be dominant!
« Never observed until now
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\/‘ Solar Neutrinos

| e Have been measured for

oi )_ ‘__““jifﬁsq'gﬂ 999 C EN mOny decgdes
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Solar Neutrino Summary

104
E.Dﬂ 1 1 1 1 1 1 1
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Reactor Neutrinos

e Most intense g e “Nd
ascade of p decays 144p,
mgnmgde O—» Neutron
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. i 14483
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<

The Players

« 1
-
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0.2 | 1 1
1 10 100
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Detection Concept

Auto calibration units
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Events/MeV

Far/Near(Weigthed)

The data

Daya Bay,
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Far / Near
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\) Oscillation Parameters

——— RENO
—— PDG 2018
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