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First hints of the Neutrino

e Spectrum from **3-decay’’ expected to be mono energetic
e Found fo be a confinuous spectrum

e Not consistent with two body decay

®— 0 -0

T > £
e Pauli postulated an undetected, neutral, 3rd decay product
e Spectrum shape indicated 3rd product had very low mass

e | ater, it was identified as a neutrino
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Quarks

Leptons

e |nteract via the weak force: W and Z

e Three neutrino flavours

a e G a Q e Doublets with their charged

counterparts
®
0006 . W —etu,
o +
eoe® 1y
3 -1,
o
L

@ m @ e e Distinct handedness:

S «— — S

—p HH—p

o Massless
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Heutrinos behaving badly

e But all was not well

e Neutrinos were disappearing

Atmospheric neutrino anomail
Solar neutrino problem P Y

e Deficit in v,:v, ratio of v produced
in atmosphere

® - o

e Observed Deficit in ve from the sun

*
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Introduction

Neutrinos behaving badly

e But all was not well

e Neutrinos were disappearing

Atmospheric neutrino anomail
Solar neutrino problem P Y

e Deficit in v,:v, ratio of v produced
in atmosphere

@

e Hypothesis: neutrino flavour can change while propagating

e Observed Deficit in ve from the sun

o Confirmed by experiment: SNO, Kamland, SK, K2K etc.
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Introduction

Mixing with Three Neutrino Flavours

PMNS Matrix
Flavour Mass
Ve 1 0] 0 Ci13 0 3139_iﬁcp Ci2 S12 0] (%
vyl =0 o s 0 1 0 —S12 C12 Of|lw
Uy 0 —83 Co3 —S]3ei6cp 0 Ci13 0 0 1 1%}
Atmo & Accel Reactor & Accel Reactor & Solar

where s; = sin 9;, ¢; = cos I
e Solves:

e Solar neutrino problem: Observed deficit of v, from the sun
e Atmospheric anomaly: Observed deficit of v, from atmosphere

e 3 mixing angles, 2 mass differences
e 1 CP violating complex phase: difference in v and v oscillations

e |s there CP violation in the neutrino sector?
Why does matter dominate over anti-matter in the Universe?
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!scillations with a v, beam

Leading order:
P ~ 1 —sin? in? &
v, = sin“ 29,3 sin” ®3,

Py, v, = sin? 29,3 sin? 9o3 sin? ®3n

Have measured

Where:

o |AM2,| = (2.44 +0.06) x 1073 eV ere
—+0.000 Amil_

L4 sin2 2923 = .|~OOO_0'.017 d)” =

AE
e sin? 293 = 0.093 + 0.008
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Oscillations with a v, beam

Looking at higher order terms:

Py, =1 - (cos? 93 sin? 293 + sin? 2913507 92 ) sin Dgp + . . .

Py, v, = sin? 29,35in° 055 sin® s,

sin 29,5 sin 29

- # sin ¢2] sin2 20,3 sin2 ¢3]Sin O6cp+ ...
sin 29]3
New possibilities:

2 rant inf fon? Where:

e sin“ Yp3 = octant information?

_AmiL

e sin 6cp = CP violation? ;=

4E
e Sign of Amgz? Is mg > mp?
“*Normal Hierarchy’* vs *‘Inverted Hierarchy’’
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The T2K Experiment
Overview
Oscillation Analyses
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2K Experiment

=

Kamioka: Suber—K fer

By g oMl | Tokal: J-PARC
Produce v, beam at J-PARC and detect at Super-K
e Discovery of v, — v, oscillation v

Phys. Rev. Lett. 112, 061802 (2014)
e Precision measurement of v, disappearance v

Phys. Rev. Lett. 112, 181801 (2014)
e Time tfo start looking at the more subtle questions
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http://dx.doi.org/10.1103/PhysRevLett.112.181801

How to make an neutrino beam

Protons strike a target producing many pions
e Pions pass through **Horn’’ electromagnets

e Focusing w1, deflecting ™

Charged pions decay to muons and muon type neutrinos:

J’_

I —>u+—|-vu

Reverse Horn Current (RHC) to focus ™ to switch from v to © beam

T u + Uy
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Experiment Overview

T2K Configuration: Off-axis Beam Fer DoTSeTor
-

. Decay Volume Near Detectors
U 0 N Tt
~\ S o
T N 225 -
1

Target & Horns uMon. 7T =
[ T T
Om 120 m 280 m 295 km
1

3 4
3 in6,=10

sin’26,, = 1. E
Ii 0 5: sinZZBE =0.1 ]
g H Ami,=24% 107V A

e Employ feature

7 of T decay
2 2 3 . .
. _ m, —m’, ; kinematics
v — B
2(Ex — prcos Yoa) e Narrow E band
3 —OA0.0° e Tuned to osc.
i —OA2.0° maximum

—0OA 2.5°

0.8]

e Eliminates high
E bkgs

0.6]
0.4}
0.2

1
LN R BN B B S R e ) E, (GeV)
P, (GeVic)
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The T2K Experiment Overview

Tokai Site

3 GeV S?nchro‘rron (RCS)
Circumference=350 m

30 GeV Synhro‘rron MR)
Circumference=1600 m
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Tokai Site

Decay Volume

adron Absorpe
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The T2K Experiment Overview

Near Detectors

Pit 280 m from the target.
Off Axis
e "ND280""

e Flux in SK direction

® Y cross sections

On Axis

e “INGRID”"
* v, beam

e profile
e direction
e intensity

Beam Centre
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2K Experiment

e 14 modules in cross arrangement
e 10m X 10m

e [ron scintillator sandwich
Provides

e Beam parameters

e Rate, direction and profile
measurements

Note:
A9 =~ 1 mrad = AFyeq = 20 MeV
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The T2K Experiment Overview

Off Axis Detector - ND280

UA1 Magnet Yoke
Fine-Grain

Design N

L ‘\”\”\m ”
® UAT magnet. B=02T ! il
e Tracker -

e Time projection chambers (TPCs)

e Fine Grained Detectors (FGDs):
Tracking and target material
(scintillator and water)

o 119 detector (POD)
e Electromagnetic calorimeter (ECAL) FGD1 FGD2/
e Side muon range detector (SMRD)

Barrel ECAL

T
For analyses vd

e Measure CC neutrino interactions H

TPCI1 TPC2  TPC3
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The T2K Experiment Overview

Far Detector: Super-Kamiokande

e Cerenkov light from charged leptons from v
interactions

e Use PMT pulse height & timing information

e Fit PMT hits to cone
= e/ momentum & direction

Outer Detector (OD)

Inner Detector (ID)

e OD 1885 PMTs: Veto
e ID 11129 PMTs

o FV 225kt
2 m from ID walll
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Electron “‘Fuzzy’’ ring

—7
[P PE PP IINE
£, 00 e

1y,

Excellent /e separation
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The T2K Experiment Overview

Far Detector: E, Reconstruction

Oscillation probability is a function of the

. v, CC cross sections
neutrino energy

T2K flux

—— CC Total

— CCQE

-=-- MEC

—— CCRES
CC Multi-pi

— CC oIS

Charged Current Quasi-Elastic (CCQE),
w+n—-04+p

o /E, (10% cn? GeV')

(Ee. pr)

e Charged lepton, #(u or e)

L m%—mﬁ,—n'tf-l—Qm,,/Eg
e Use energy and fiming info. = Calculate: ELeC =

from PMTs 2(mn, — Ep + ppcos 94»)
e Fit cone to PMT hits to where: my = m, — E,
reconstruct (Ep, py): E, = 27 MeV (binding energy of nucleon in '®O nuclei)
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The T2K Experiment Oscillation Analyses

T2K Data set

Total Accumulated POT for Physics
L] v-Mode Beam Power 1) clcoyfa!

2 X 107 ° V-Mode Beam Power g
g 12?11111 Run2 Run3 Run4 Run5 uné 400%
S C =3
& 10- Runs-1-4:v-data 4 350§
5 - 213005
R P — o
E O ® it/ P &
g 4 5 Y VA b4 1508
g i | ‘ 1008
o 27 g LI ) H . | g
§m 50§

0 2010 5013 5012 5013 50140 P

Dec/31 Jan/01 Dec/31 Dec/31 Dec/31

e T2K Run 1-4 data
e Forward Horn Current (FHC): neutrino mode running
e 6.57 X 10% protons on target (POT), 8% of approved data set
e T2K Runs 5&6 data
e Primarily Reverse Horn Current (RHC): anti-neutrino mode running
o 4.47 x 10% protons on target (90% RHC)
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The T2K Experiment Oscillation Analyses

Combined v,, disappearance & v, appearance analysis
“'*Combined oscillation analysis’* with T2K Run 1-4 data set

Neutrino Interactions Prediction at the Far Detector
e |nferaction models —-  Combine flux, x-sec & ND280 to predict
e External cross-section data the expected events at SK

‘ /Fif to obtain oscillation parameters

ND280 measurments
e PDF constructed with PMNS model

e Constrain flux and cross-sections with

e Simultaneous fit fo v, & ve
Uy, sample

distrubtions
e Measure ve beam component
° P e Extract: Am§2, 923. N3, bcp. . . .

t }

Flux Prediction
Super-K Measurements
e Proton beam stability
e Select v, And v candidates
e Sim. Hadronic interactions in target,

properties of secondary particles

e Hadron production experiment data
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The T2K Experiment Oscillation Analyses

Beam measurements with INGRID and Muon Monitors

5 1.8Eenmornetoshetr L R IR I
e 16 - Iy i i . TS
3 1-4} : B : b ;
° 1.2F ' ' ' ' =
g F ! ' —+— Horn250kA ; 3
§ 08 -Event rate ! ' ——Horn205kA | ;
) 0:4 3 : : : —— Horn-250kA ™ ki E
B Horlzonlal beam dl'rectlon E —+—INGRID
EoO ! ! -~ MUMON : E
ci.l.i; e + [ otaie o & o o1 hdd
530 [ e A a = " bé
o5 | o . :
1f : . ; ; : ;
§ __f Vertical béam dlrectl'o E —+—INGRID |
E 0.5F ' re‘ ' —o— MUMqN i ]
0 _Lé : : g.-,- ot :
-0.5F E I2KRun5, T2K Runé E
T2K Run1 {1} ' T2K Rund lay. 20‘4 , Oct.2014-
Jan.2010-Jun.2010 l Nov 2010 -Mar.2011 lMav 20]2 -Jun.2012 Oct.2012-May.2013 vJI-II’!
1 L L Dy

o Normalized daily event rate is stable
e Direction controlled to much better than 1 mrad
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T2K Far Detector v event selection

2000
10*F I RUN1-3 (3.010x10™POT) 7
© P n . LE | o 60F B RUNG  (3.560¢10°POT) e
o D3 o . K
é’i 10°F ST Poid I _looo,
S el I E
[=eY = 401 N2
o 10 o o [
3 z i i N
s E 8
g 10 FC _u;,' <
E £ 0r -1000
=3 =
Z 1f z
1 I I 0 L | Il b L L 2000 1 1
-400 200 0 200 400 -1000 0 1000 2000 3000 4000 5000 0 1000 2000 3000
AT, (usec) AT, (nsec) Vertex R? (cm?) x10°
—4+— RUNI1-4 data
(6.570x10™POT) N N
220 . Ciriteria Evts
g [ v+, CC " N " "
z N, flavor osc) Fully Contained with correct fiming 549
P
o . ] .
3 Vertex in the Fiducial volume & E > 30 MeV 377
£ 100 . . :
2 Single e/ like ring 193
0 Jargon: FCFV, 1 Ring
1 2 3 4 25
Number of rings
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Number of events

T2K Far Detector v, event selection

133 Events

133 Events

120 Events

—4— RUNI-4 data
(6570x107POT)

30 v, +v, CCQE
[0 V47, CC non-QE
= cc
[ ]

(MC w/ 3-flavor osc.)

20

10

PID parameter

Nick Hastings (University of Regina)

30
—+— RUN 14 data
(6570x107POT)
. v, +Y, CC QE
[0 v+, CC non-QE
[ v+, CC
20

B NC
(MC w/ 3-flavor osc.)

Number of events

1000
Momentum (MeV/c)

2000
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Number of events

1 3 4

Number of decay-e

Ciriteria

—+— RUNI-4 data
(6.570x10°POT)
B v, +9, CC QE
[0 V,+9, CC non-QE
[ v+, O

B NC
(MC w/ 3-flavor osc.)

C

25

Evts

FCFV. 1 Ring
PID (muon like)
py > 200 MeV/c

Ndecay—e <1
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Number of events

Number of events

T2K Far Detector v, event selection

60 Events 4+ RUNId
[L —— RUNI1-4d: (6.570x10™°POT)
30 (6.570x |n’“’;l;1‘) 20 B Osc.v, CC
[ Osc.v, CC i) I v#7, CC
v+, CC = [ v+V,. CC
[ V49, CC L B NC
B NC o (MC W/ 5in226,,=0.1)
20 (MC W sin*26, =0.1) b
2
10
5]
10 E
57 Events
0 = 0
10 0 10 0 1000 2000 3000
PID parameter Visible energy (MeV)
20 L
—— RUNI-4 data MC w/
(6.570x10°POT) £ 5
B Osc.v, CC . sin"20,,=0.1
[ ,#9, CC -
15 3 vy, cC P .
I NC i .
(MC W/ 5in26, =0.1) Eh .
E
10 = 200 .
S
= > ° .
= . .
39 Events 28 Events
1 Il
1000 2000 3000 0 100 200 300

Reconstructed v energy (MeV)
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—+— RUNI-4 data
80 (6.570x10°POT)
B Osc. v, CC
2 1 v+, CC
S [ vet¥, CC
2 60 B NC
o (MC W/ sin26, =0.1)
—
S
2 40
S
E
z
2 44 Events
0 1 3 4 =5
Number of decay-e
Criteria Evts

FCFV. 1 Ring

PID (electron like)
E s > 100 MeV
Ndecay—e <1

E[?° < 1250 MeV
n° cut

193
60
57
44
39
28
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Combined oscillation analysis results

0025

e Simultaneous fit to v, and ve
energy spectra

g
=3
]

e Constrain with reactor results 0,015

e Extract: Am§2, D3, 3. Ocp

e
=)
=

Results

e Best fit for 6cp ~ —1/2 0,008

2
«©
—

(=1

w

£
=

=
=2

]
[=]
=1

&
-
=]
—
=)

g
2
=]

=

=]

e Weak preference for mz > mo

90% Credible Interval
[ 68% Credible Interval
Marginal Posterior
v 1D Posterior Mode

PRELIMINARY

Wl

°p

and second octant 8
Probability of Different Models
mzg>my, mg<my Sum
sin 9,3 < 0.5 17.9% 7.8% 25.7%
sin? 9p3 > 0.5 50.5% 23.8% 74.3%
Sum 68.4% 31.6% 100.0%

e Constraints with only 8% of approved data set

e Phys. Rev. D 91, 072010 (2015) http://arxiv.org/abs/1502.01550v2
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The T2K Experiment Oscillation Analyses

v, disappearance analysis

Total Accumulated POT for Physics

L v-Mode Beam Power

2 % 10%° e V-Mode Beam Power §

8 Runl Run2 Run3 Run4 Run3s uné
E 125 FD data ;1(5)()2’
£ o DOE s
o 4 I ND Dat e ”328;:
3 i —
g 6F . A s 2002

s F 1Y §=/. i @
g 4 ?' .’: s 1 ' 150%
C 3 1. P g H H O
BW BNl = R
S e — : =50 &
£ =
0 2010 2012 5012 3013 014 0 2

Dec/31 Jan/01 Dec/31 Dec/31 Dec/31

o Near Detector v&v: Use Runs 2-5
e Far Detector U data from runs 5&6 till March 12th: 2.32 x 102 POT
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The T2K Experiment Oscillation Analyses

U, disappearance analysis

e Select single ring muon events at SK

from RHC data Predicted spectra at SK

MC ored — Total
C prediction assumes —
neutinomode oscllaion L Y CCQE

parameters: sin26. [Jv, MEC
* [V, CCnQE

e Expect 19.9 events with oscillation, 59.8
without
e Higher backgrounds than v,, analysis
e Cross section models and & ND
constraints important
e Use both FHC and RHC data from ND
e Simultaneous fit ND280 and SK
distributions

Events per 0.050 GeV

4 6
Eeo (GeV)
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Events/GeV

Ratio to unosc

., disappearance results

—— V fit posterior

E_ I —— No oscillations

E —s— T2K data
E_ P‘e\-“.“‘\\’\ON _E
E \'L ...... [P . Zwwwn S==m Seme E
E { prefir=
0s §_+_|_rr|—+—|_‘ + + ]
I X S R S X B S ¥ B R B
Reconstructed Energy (GeV)

0.0036
0.0034

0.06
0.0028
0.0026
0.0024
0.0022

0.002
0.0018

AT, (eV?)

—Viit:9%0% v fit 68%

* Vit Bestfit vt v fit: 68%

0007 o e\'\m‘\\'\ON |— Vit 0% + Vit Best fit

il PP NI APSTATIT S AT AT APSATATE ANSNAT S I ST WATArar
03 035 04 045 05 055 06 065 07
-2 . o;m
sin“0,, / sin6,,

-0.23

Amgy = (2.33192]) x 107° ev?

sin? 953 = 0.51570:98

® Results consistent with v, disappearance

e FErrors are statistics dominated
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The NOvA Experiment
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o

AN O~v

Muon neutrino beam

OA =08°, Epea = 2 GEV,
L =810km

E/L tuned 1o be close to osc max

Uses the NuMI beamline at
Fermilab

Far detector at Ash River

Complimentary to T2K w/ slightly
better sensitivity fo mass hierarchy
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The NOvVA Experiment

Detectors Design

A cell
FD, 14 kt oronkll
896 layers
etectors
Scintillation Light
e Alternating X/Y layers g
e Low Z calorimeter rrice sl
ND, 0.3 kt ma
2083 layers FiberiLoop
3.9cm 6.6cm
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The NOvA Experiment

Detector Halls
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Simulated Events

. Proton

N+uv, > X+pu

EM Shower N+ve—>X+e

N+uv, = X+ 1+ v,
EM Shower

Excellent event identification
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The NOVA Experiment

Data logging and plans

Far Detector Exposure
e Logging data since 2013

e Developing Analyses
Delivered

¢ To release v, disappearance Recorded

and v appearance results this
Summer

e Expect about 2.5 x 10 POT
(full dectector equivalent)

FD construction

Full FD

k3
o}
[
w
0
o
139

Exposure x10%° POT

O —= N W hMN OO0 N

2013 Aug 1st
2013 Oct Tst

e Corresponds to about 40% of a
standard running year

e Current data set expect vg:
§~43,B~1.3

2013 Dec 1st
2014 Feb 1st
2014 Apr 1st
2014 Jun 1st
2014 Aug 1st
2014 Oct Tst
2014 Dec 1st
2015 Apr 1st
2015 Jun Tst
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Summary
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Summary

Summary

e Long baseline neutrino oscillation experiments are an effective tool for
investigating the neutrino sector.
e The T2K experiment:
e Has achieved its initial goals:
Discovered v, — v, and precision v, disappearance measurements.
e First results for the remaining questions:
Is there CP violation? What is the mass hierarchy?
e First preliminary v, disappearance results.
e Wil continue to refine these measurements.
e The NOVA experiment:

e Has been logging data for over a year.
e Developing analyses.
e Expecting first results this Summer.

Looking forward to many new results over the coming years.
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Supplementary Material
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Supplementary Material Neutrino Mixing

Neutrino Mixing

e Neutrino flavour states exist as superposition of mass states

e Consider a two neutrino system (instead of three) for simplicity
Flavour states:
|ve)y = cos 9|vy) + sin 9|p) v Ilj2>
A
IU,) = — sin Olvy) + cos ) d
A
As matrix equation: Y
A - A 4 |Ue>
A -
Vo) ([cos9 sin9) (v M _.—"‘59
vy \=sn9 cos9/\wv "k > [v)

o Flavour states rotated w.r.t. mass states by the mixing angle 9

e Allows mixing between v, and vy,
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Material  Time Evolution of vy,

Time Evolution of v,

lvu(t = 0)) =lvu) = —sin 9v1) + cos Ivy)
|U],L(T)> = —sin 9|v1 >e—iE]f + cos 19|1)2>e_iE2f

f m? m?
Ei:\[pz"i‘m,-z:p ]—I—?':p—k%?’

. . . Co m?
Leading terms from binomial expansion since = < 1.

P>

Where:

Next, let:

s| 3,

2 iz

_ —i{p+3
Am? =mi-m5 and e :e(

|
!

So now we have:

° |3R>

) (1
v (1)) = e (— sin 9lvy) + cos 19|v2)e+'(2
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Supplementary Material  Oscillation vy, — ve

Oscillation v, — v,

e (— sin 9 cos 9 + sin 9 cos 9e£ 2 )

P(Uu - ve) :|<ve|vu>|2 =

Am
pf

. . 2 Al
—eT2677sin? 9 cos® 9(—1 + ot )(—1 + e_%Tf)

Highly relativistic can substitute p = E and t = L, and remembering our trig,
identities crunch it through:

1
P(vy — ve) =5 sin’ 29(1 - cos(

AmPL
:sin2295in2( m )
4F

el

220512 ( 1.27(Am? /eV2)(L/km))

E/GeV
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Supplementary Material Oscillation vy, — ve

Oscillation v, — v,

Highly relativistic can substitute p = E and t = L, and remembering our trig,
identities crunch it through:

1 AmPL . . .
P(vu - ve) :5 sin2 29 (] _ cos( )) First maximum at:
A2 L 21
L - - =
= Sin2 29 sin2 ( m ) E Am?
a L/km  1.24
1.27(An? /eV2)(L/km = 5
:sin2293in2( ( /evo)(L/ )) E/GeV  Am?/eV
E/GeV
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Neutrino

2.5x 1072 eV2

7.6 X 107° eV? g @
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South side open

Vertical modules
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_y =

e New water Cerenkov detector at Kamioka

e 25 times fiducial volume of SK

e Extend proton decay search

e Existing J-PARC neutrino beamline with 750 kW beam

o New water Cerenkov *“‘Spectrometer’” near detector *“*“NuPrism’’
e Determine 6¢p 1o better than 19 °

e Expected to start taking data ~ 2025
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Supplementary Material DUNE

DUNE

e New beamline at Fermilab (use main injector like NuMI beamline)
e Accelerator upgrades to achieve 1.2 MW beam (c.f. 700 kW for NOvA)
e 1300 km baseline
e Optimized for studying CP violation and determining the mass hierarchy
e Multi component magnetized near detector

e Tracker in magnet field

e Calorimeters
e Embedded water, argon, and other targets

e New 10 kt (minimum) LArTPC far detector at Homestake (Stanford Lab)
e Expected fo start taking data ~ 2023

Sanford Lab;
fie=ia

us

‘~oFenmilab
(Batavie)
linois:

Earths surface
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olementary Material DUNE

P(v, — vs) with matter effect

P(vu_’Ue):PO+Psin5+Pcosﬁ+P3

where
in? 29
Py = sin? 923;'2_—];‘; sin?[(A—1)A],
n?29
Py =a? cos® 9, A—m in’(AA),
P. BJce sin Asin(AA) sin[(1 — A)A],
sind — A(] )
8J t 6
Peos 5 =aﬁ cos Asin(AA) sin[(1 — A)A]
and where

A =Am2 L/AE, A= V3GeN2E/Am?Z,, a=|AmZ|/|Am],
1
Jep Eg sin 2915 sin 29,3 sin 29,3 cos Y43 sin 6cp.
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Supplementary Material Determining Mass Hierarchy

Determining Mass Hierarchy

o Matter effect enhances/decrease osc. amplitude for normal/inverted
Hierarchy.
e Can employ different L’s to alter size of matter effect

?’ 0.12 — Normal
Example: = 0.1 — Inverted
2 0.08

e Consider first oscillation max for:
Uy — Vet E/L = 0.002 GeV /km

e Amplitude of first max changes
with, L, and sign of Amf3

0.06

/\

0.04
0.02

1 | | | | | | | |
100 200 300 400 500 600 700 800 9001000
L (km)

OQ
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Supplementary Material Determining Mass Hierarchy

P(v, — ve) and P(v, — 1,) w/ different baselines (NH)

5 6
E (GeV)

0 é ry 0
E (GeV)
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