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Neutrino oscillations
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Measurements

e Mass ordering
e Dirac/Majorana

Neutrinp mass textures

-

UeS —

e )

normal mass
ordering

_inverted mass 2
% ordering

in 0
V| ~ 2.4 x 1071 |sin g (Sm 13) (

Extrapolate to GUT scale

M
1011 GeV

0.15

11
for example Pascoli, Petcov & Riotto PRD2007



Neutrino Oscillations at Reactors
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2 | — [12 2
[Amsy| = [m3 —mj) Am3, Am3, ~8x 107° eV?
~ 2 x 1073 eV?

Vy — Vy Ve — Vg Ve — Ve
atmospheric and reactor and solar and

long baseline long baseline reactor



013: Daya Bay, RENO, and Double CHOOZ

A _ 1:27-0.0025 eV*-1600 m _
B 4 MeV 2

Ve — Vg at atmospheric mass scale
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arbitrary units

sin? 26013 = 0.0869 + 0.0026

|
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sin’ 20,
Daya Bay will run through 2020, will reach precision of 3%.

L \WE (Cecilia Jarlskog

Leptonic CP violation can be

CP violation in |eptons 1000x larger than in the quark

sector!
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http://dx.doi.org/10.1007/JHEP01(2017)087
http://arxiv.org/abs/1611.01514

JUNO Experiment

- 20 kton liquid scintillator placed 53 km from two

high powered reactors.

- Goal is to measure neutrino mass hierarchy
through precise measurement of oscillation

phase at 3-40

- Also has very strong program in 21 and 31

sectors.

- Data taking ~2021
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Dominant experiment

KamLAND

T2K & NOVA
/Daya Bay

Individual 16

2.4%

6.7%

3.2%/3.5%

4.0%

Global 16 *

2.2%

3.9%

3.4%

JUNO expected 1o

0.6%

0.7%

~15%
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Neutrino Oscillations at Accelerators
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atmospheric and reactor and solar and

long baseline long baseline reactor
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Next Questions In Neutrino Physics

- Mass ordering Vi

- Nature of vs -
Oo3 octant

- s CP
violated?

- |s there more
to this
picture”

S
9 %c




Neutrino oscillations at long baseline

Following presentation by Nunokawa, Parke, Valle, in “CP Violation and Neutrino Oscillations”, Prog.Part.Nucl.Phys. 60
(2008) 338-402. arXiv:0710.0554 [hep-ph]

P(v, — v,) ~ 1 — 4cos? 613 sin” O3 [1 — cos® f13 sin” 6’23} sin® As;
~ 1 — Sin2 2(923 SiIl2 Agi

Py, = ve) = |y Puime "(83210) V Psol|”

= Patm + FPsol + 2\/Pathsol (cos Ago cos d F sin Agy sind)

V Patm = sin 923 sin 2913 SinA(A31 :FzL) A31 1 CLL — 008 fOI' L = 295 km

31 ﬂFIfL a=GpN./V2~ 00T aL = 0.23 for L = 810 km

\/ Pso] = cos 923 sin 2912 S (Z )A21 m al, = 0.37 for L = 1300 km

a

Parameter Channels Question
sin? 2693 : v, — v, and U, — Dy : Is 053 maximal?
sin? 053 sin® 20153 : v, — Ve and v, — Ve : Octant of 6093
sign [Agz1] : V,, — Ve VS. U, = Ve :  Neutrino mass hierarchy

dcp : V,, — Ve VS. V), — Ve : Is CP Violateg?


http://inspirebeta.net/author/Nunokawa%2C%20Hiroshi?recid=762771&ln=en
http://inspirebeta.net/author/Parke%2C%20Stephen%20J.?recid=762771&ln=en
http://inspirebeta.net/author/Valle%2C%20Jose%20W.F.?recid=762771&ln=en
http://inspirebeta.net/record/762771
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Summary of sensitivity of v,—ve rates to
physics parameters

Factor Type
Matter effect .
(mass ordering) Binary Yes +19% +10%
CP violation = 2ounded, g [-22...422]% [-29...+29]%
continuous e 0 o 0
Unbounded,
B2s octant " L No [-22...+22]% [-22...+22]%
Nota bene:

- Calculations are for rate only; there is some additional information in the energy spectrum
- These estimates neglect non-linearities in combining different effects

- |n the calculation of the matter effect and CP violation effects the calculated values account for the fact

that T2K runs at an energy on the first oscillation maximum while NOvVA runs at an energy slightly above
the oscillation maximum

- B23 was varied inside the 20 range found by a recent global fit (PRD 90, 093006) 03



OBSERVATION OF HIGH-ENERGY NEUTRINO REACTIONS AND THE EXISTENCE
OF TWO KINDS OF NEUTRINOS*

G. Danby, J-M. Gaillard, K. Goulianos, L. M. Lederman, N. Mistry,
M. Schwartz,’ and J. Steinbergert

Columbia University, New York, New York and Brookhaven National Laboratory, Upton, New York
(Received June 15, 1962)

Leon Lederman (1922-2018)
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Decay Pipe

10

I
20 25 30 35 40
E_ (GeV)

5 10 15

Making a neutrino beam

4 6
E, (GeV)

Angle is energy

Target Focusing Horns F
\ — S v,/ V,
— ol R R = 2
: —>———————— -
v
& _ﬂ
2 2
o mz —m, E
v 2 202
ma 1+ Y HLab Medium Energy Tune
L L L 0 L L B B T T T T ]
gy | * on-axis |
N OVA I 7 mrad off-axis oo e
’ > — 14 mrad off-axis I
6=0 i S 21 mrad off-axis K ‘e
(\]. °
260 - . -
= o
@, .
] (o .o .
N -
g : :
6 =7 mra =
[ B i ﬁ
2
S O
5
@)
>i
c b Cl b



Decay Pipe
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Super-Kamiokande IV

T2K Beam Run 430013 Spill 4033842
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" Neutrino Data in NOVA
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Machine learning at the energy and
intensity frontiers of particle physics

Alexander Radovic!*, Mike Williams?*, David Rousseau?, Michael Kagan#, Daniele Bonacorsi>®, Alexander Himmel’,
Adam Aurisano®, Kazuhiro Terao* & Taritree Wongjirad®

@ . neutral current

O v, charged current

() v, charged current

. v, charged current

2 AUGUST 2018 | VOL 560 | NATURE | 41
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Events / 0.1 GeV
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NOVA Preliminary

| | | | | | | | | | | | | | | | | | | | | |

1o —— FD Data N
B : — Prediction 7

- All Quartiles 7
10— 1-c syst. range 7
N Wrong Sign:v,CG;

i i Total bkg. -
S ‘ — Cosmic bkg.
o | -
i [ ]
i { ]
ol it 1 L -
- ﬂﬂ == =
O_=ﬂ==' l—mt—-—u—v——‘ | | l ] | ] ] ] ] | | | | | N
0 1 2 3 4 5

Reconstructed Neutrino Energy (GeV)

Total Observed 113
Unoscillated 730
Best fit prediction 121
Cosmic Bkgd. 2.1
Beam Bkgd. 1.2

Events / 0.1 GeV

Antineutrino beam

NOVA Preliminary

- —— FD Data -
81— . —— Prediction —
- All Quartiles .
i 1-c syst. range |
n Wrong Sign:v,CC]
6— Total bkg. —
] Cosmic bkg. |
4 - ]
| — _—I_'_. —
21— ]_|J } -
B T ) “—__I_I - =
| g - —— =
OA I | S | | | | | | | | | | | |
0 1 2 3 4 5

Reconstructed Neutrino Energy (GeV)

Total Observed 65
Unoscillated 266
Best fit prediction 50
Cosmic Bkgd. 0.5
Beam Bkgd. 0.6




3.0

(10° eV?)

2
32

Am

2.0

NOVA Preliminary

- - 1 - - ' T 1 T - T 1 -
- Normal Hierarchy 90% CL s
- —— NOVA — — MINOS+ 2018 ]
— ----T2K 2018 e lceCube 2017 —
L == SK 201 A '\.\ —
e Bestft TToTTTTTT —

| | | | | | | | | | | | | | |

0.4 0.5 0.6
Sin°0,,

Prefer non-maximal mixing in upper octant at 1.80 (93% CL)



s 18
Q
I
= 16
-
S
O 14
O
~
5 12
g™
-
& 10
o
=
= 8
=
&
0 6
-
<

4

antineutrino event counts
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T2K measurement
of CP phase 6

- Expected sensitivity (top)
using current exposure to
exclude CP conserving
values is CP violation is
maximal is currently just
less than 20. Expect 20%
of experiments to exclude
at 2o or more.

- Current measurement
(bottom) favors nearly
maximal CP violation and
excludes CP conserving
values at >20.
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[otal events - antineutrino beam
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Cosine Zenith Angle

P(v, — v,)

R. Wendell, Neutrino2014
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. —— Inverted Hierarchy
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Inverted hierarchy 644.70 2.40x 103

Super-Kamiokande
Atmospheric Neutrinos

0.550 4.54

Includes constraints from 2015 T2K data release



Measurements

ass ordering
Dirac/Majorana

Neutrino mass textures

-
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normal mass
ordering
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0 3 -3 \V Am3; | 1
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Am?
Ues = —5 >-[0 1 1
| Am%:,) AT;LSI 1 0 O
t inverted mass 1 0 0

% ordering

Y| ~ 2.4 x 1071 sin § (

Extrapolate to GUT scale

sin 813
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M
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for example Pascoli, Petcov & Riotto PRD2007



Neutrino-less Double Beta Decay
(Th2)"" = GIM|*m3,

effective neutrino mass
phase space nuclear physics

Ve = Vg

" lifetime for OvB3B

. S 2 2 2 2 ’Lagl
mgg = |m1cioCls + MasiaClse an m3313e

t(az1—9) ‘
mass-flavor mixing parameters from
oscillation experiments

Normal mass ordering Inverted mass ordering
In the normal ordering V3
most of the electron
flavor is associated with
the lighter states giving generally higher values of

In the inverted ordering
V2
Vi
/.
generally smaller mgg Mgg,

L most of the electron flavor
values. @6
/‘ . : :
Neutrino oscillation
Accidental cancelations measurements set a lower
may result in mgg = 0. V1 c limit at =15-50 meV,
T1/0=1027-28 years

IS associated with the
heavier states giving




Agostini et al. PRD 96, 053001 (2017
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Using current oscillation, direct mass,
and cosmological data as prior inputs,
how likely is the next generation of
experiments to discover Ovp(?

Turning that around, if Ovpp is discovered
we will want to know the neutrino mass
ordering and other oscillation parameters
to interpret the observation.

Watch the assumptions! Caldwell et al.
(right), for example, finds normal ordering
harder to reach than does Agostini et al.

Posterior density

Caldwell et al. PRD 96, 073001 (2017)
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T2K and NOvA
Extended Running

- T2K has KEK/JPARC Stage 1 approval to
extend its run to 2026. See arXiv:1609.0411

- Incremental investments in JPARC beam
intensity raise the intensity from 500 kW to
1.3 MW by 2024

* These would deliver 20E21 protons-on-
target by 2026 and enable 30 sensitivity to
CP violation if CP violation is maximal.

- NOVA will run through 2024 with incremental
upgrades to beam intensity to 1 MW

- With those NOVA will have up to 50
sensitivity to the mass hierarchy and up to
20 sensitivity to CP violation
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Hyper-Kamiokande

Super-K
22.5 kton
11,000 PMTs

.




Sanford Underground
Research Facility

Lead, South Dakota

Sanford Underground

Fermi_lab L Research Facility
Batavia, lllinois P
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Fermilab

Upgrade beam to 1.2 then 2 MW
4x17 kt detector modules with millimeter
resolution located 4850 feet underground

>50 resolution of mass hierarchy
>50 resolution of CP violation

2018 - Large scale prototype at CERN
2019 - Excavation begins

2022 - Installation

2026 - First neutrino beam ch

BNB DATA : RUN 5370 EVENT :227. MARCH 10, 2016.
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Next Questions In Neutrino Physics
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- Mass ordering Vi

- Nature of vs -
Oo3 octant

- s CP
violated?

- |s there more
to this
picture”




Motivation for sterile

neutrino searches
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Interpretations of
LSND and
MiniBooNE in 3+1
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Search for sterile neutrinos in disappearance

channel

Electron neutrino
appearance through
through vy—ve with eV-
scale sterile neutrinos
implies additional

. . &
disappearance in vp—2?vy >
()

- This is not seen by a ol
number of experiments, S]

esp. MINOS and lceCUBE

- This creates a tension:
there is no model involving
sterile neutrinos which can
simultaneously fit the
appearance claims and the
disappearance
measurements.
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Fermilab Short Baseline Program
3-50 resolution of SBN anomalies in 5 years

- T600, 6.6e+20 POT (600m)

—  Signal: ( Am® = 0.43 eV 2, sin’ 26, = 0.013)
- Statistical Uncertainty Only

1 15 2
Reconstructed Energ

Far detector
L=600m
M 476 ton

A three Iqu|d argon deteotor experlment

MicroBooNE, 1.32e+21 POT (470m) Hp - v,
Signal: ( am® = 0.43 eV %, sin® 26, = 0.013) =,I: -V,

Statistical Uncertainty Only - ;In;le
Y

=v,cC
&= Dirt

B Cosmics
— Signal

1 15 2 238
Reconstructed Energy (GeV)

First detector

L=470m
M = 85 ton

SBND 6.6e+20 POT (100m)
Signal: ( Am? = 0.43 eV ? sin’ 26, = 0.013)
Statistical Uncertainty Only

1 15 2
Reconstructed Energy

SciBooNE
/ o DETECTOR

2

Near detector

L=110m
M=112t0n

[ TR
Bk —)V
=K > Vo
&= NC Single
=v,CC

&= Dirt

B Cosmics
— Signal

25

(GeV)




Summary

- 20 years on we know a lot about the parameters of neutrino
oscillations and the door is open to measure CP violation.

- Current program will answer many outstanding questions and
make progress on others

Nature of vz - B23 octant
- Mass ordering
- Are neutrinos Majoranna or Dirac?
Is CP violated”
- |s there more to neutrino oscillations than 3 flavors?

- Measurement of CP violation and its interpretation will require more
iIntense beams, bigger and better detectors, better understanding of
neutrino interactions, and better analysis technigues. All of these are
topics for this workshop.



