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Neutrino oscillation

w e
W W .
Pontecorvo Maki,
Nakagawa,
SOt JEIE Source Detector Sakata
Prog.Theor.Phys. 28,

26:984-988,1968

Simple 2 neutrino example-
If weak eigenstates (ve, v,) differ from mass eigenstates (vi, v2):

Vel  [cos®  sin®\ [V
v,/  \—sin® cosB/ \ vy

1.27 Am?(eV?) L(km)
Ey(GeV) )

) )
Poscillation(vu _>Ve) = sin“20sin (

({,) Neutrino Frontiers, 2016 11 29 Morgan O. Wasck:


http://ptp.ipap.jp/link?PTP/28/870/
http://www-spires.dur.ac.uk/cgi-bin/spiface/hep/www?j=SPHJA,6,429
http://www-spires.dur.ac.uk/cgi-bin/spiface/hep/www?j=SPHJA,26,984

Current neutrino picture

flavour atmospheric accelerator solar Majorana mass
Ve 1 0 0 C13 0 8136_i(S C12 s12 0 1 0 0 1
Yy = 0 C23 5923 0 1 0 —S12 (12 0 0 62% 0 V9
Vr 0 —s23 €23 —s13¢”° 0 3 0 0 1 0 0 e V3

flavour key: Vu Vr

L I
V3 2.35+0.12 E-03 (eV?)
0.05 atmospheric 7.58+0.24 E-05 (eV?)
0.31+0.018
I Vo
0.009 solar y 0.42+0.08
1
0.02+0.007
37/27
<2

Accelerator experiments measure: Amz2s (including sign), sin2023, sin2023 & dcp

Neutrino Frontiers, 2016 11 29 Morgan O. Wasclz_)o
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T2K founding spokesperson Ko Nishikawa and all T2K collaboration
members won the 2016 Breakthrough Prize for fundamental physics!
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Measuring CPV in T2K

- 7 2.5° Off-axis v flux
u

L/
L/ /

Osc. Prob

1—{\ —— AM5,=2.5x10" eV?, sin0,,=0.5 —

e Tests CPT symmetry

3

E, (GeV)

¢ | eading order dependence on SiN“283
e Can’t separate 0,3>45° from 6,3<45°
e | eading order dependence on |Am?sl
e Doesn’t depend on the sign of the

mass splitting (hierarchy)

B T2K\

€

u " Yer Vu
0.1 I I | | | | | | | | | | | | | | | | | | | | | | T T T
- ~ 1 2.5° Off-axis v flux
u
86,=0% NH, v
—— 5,=270°, NH, v

Osc. Prob

~o
-~ —
-
-

-~
.-.
.....
---------

e Tests CP symmetry

e | eading order dependence on sSin“20,3
e _eading order dependence on SiN“Bos
e Can separate 8,3>45° from 0,3<45°
e Sub-leading dependence on sin(dp)
e Can detect CP violation

e Sub-leading dependence on Am232
through matter effect

e Relatively small in T2K due to baseline

Neutrino Frontiers, 2016 11 29 Morgan O. Wascko
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22 T2K 2016: Ocp VS. 013
N mmgasdremen

----- 68.27%CL
— 90%CL
*x  Best-fit

PDG 2015

3

o Left: 6¢cpvs. O;3 (fixed Ax?, fixed hierarchy)
e T2K-only

Ocp (radians)
[\)
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0| el T B
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: . : Morgan O. Wascko
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- 0 IDU * *+ Integrated )

- 0F . 0000+ - KoK 1kt data
Xsecs: what do _& &
& OOUODD -
? S -O0 000 -
we needa : Zol 000 Tos -

305_ - 00(] 0o o
eNeed to predict event rates and of 0 oo JOoo - -
kinematics of final state particles of P00 D?EIE : Eul Do - -

0. « 0 n o0 o«

e Need to accurately calculate inferred 0200 400 600 800 1000 1200 1400 1600
(physics) variables from our observed P. (MeV/c)
variables /\‘

e For oscillations, need to reconstruct | _ K2K'SK predlctlon

ot
@

neutrino energy
edifferent ways to do this
e All methods need good models

Arbitrary unit
© o
(o)) ~

.o -
(2]

eall beams are relatively wideband ol [l
. o !
eNeed to accurately predict background 03 | 4
contamination 02 || L}
=) Need to understand neutrino-nucleus 01 'y, |
cross-sections precisely 00 T T T Ty s
' Evrec [GeV]
= Need good models, tuned with good data! Phys.Rev.D 74 072003 (2006)

' ({,) Neutrino Frontiers, 2016 11 29 Morgan O. Wasclgo
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12K strategy

Search for dcp by comparing v,—ve and Vy—Ve.

Gigantic detector

Intense beam . w IK oscillation

@ (E) ,.,—-jhlz Neutrino Frontiers, 2016 11 29 4 T Morgan O. Wasc|1(c2>



Off-Axis Beam

J-PARC ND On-axis

e Use kinematics of pion decay
to tune the neutrino energy

eFlux peak at target energy for
desired value of L/E

e Ev well matched to Super-K

B .I_ij\

oK

S

Neutrino Frontiers, 2016 11 29

T b o]
Sos || .. Oscillation Prob.
06 ||| . @Am?=3.0x103

0.4 .‘ |
| |
0.2 | |
0 U \ Ty
3500 - v energy spectrum
' (Flux x x-section)
3000
2500
2000
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1000
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J-PARC Facility
(KEK/JAEA)

== View to.North

.

- e

Photo: January 2008

De5|gn Intensﬂy
750kW

Constructlon
2001 2009




J-PARC neutrino beamline overview

’
-

\. ' l‘ : ] :
4§ - _ Near Detector

.....

Decay Volume

=

"‘ ‘ g
f5cam dump | ; g oom

.....

-
- FTL L L L e
~maun EREIRRNER=S

Muon monitor

Pions are focused by
3 electromagnetic Horns.

Neutrino Frontiers, 2016 11 29 Morgan O. Wascl;g



Neutrino flux predictions

= F 1 I I I 3 O I 1
o (o) - -
210 4 JaWE =
R 1 S : ]
; _'V“ _Ve . ; _Vl‘ - Ve
L —— — N L)) 5 _— PR— )
> 5 Vi V, > 10 v, V. :
“g neutrino beam 1 g antineutrino beam ]
-1 (P
" 1 X 10%E -
| = :
= 10 4 R i
: 0% E
1S f
]03 — Il Lhﬁi__ \—\_~
. 102 & - .
jw |
. —‘ N I
1 1 1 l L | i ﬁ | | | | | | | | ] 1 1 1 1 1 1 l 1 | [r—— | | | |
0 2 4 6 N 10 0 2 4 6 8 10
E, (GeV) E, (GeV)

o <1% impurity from ve(Ve) at energy peak; important
background for ve(Ve)appearance

e “wrong sign” component: neutrinos contaminating
antineutrino beam, vice versa.

(t,) V__R\ Iz Neutrino Frontiers, 2016 11 29 Morgan O. Wasc:(g




The Near Detector pit
houses both the
off-axis (ND280) and
on-axis (INGRID)
detectors

941 m

<
19 m x
<
@ @ T 2 Neutrino Frontiers, 2016 11 29 Morgan O. Wasc:«?)




Beam delivery & stability

Total Accumulated POT for Physics

eBeam delivery until Jun’16 L }Iﬁéﬁﬁiﬁiﬂﬁ&;ﬁ s i
- _llIll RUnz ~Runos \UnN4+ Runo Runo U 00 <
O 16 2
e 1.51e21 POT TOTAL - Jaoo 5
g .. T B
S q2¢ 4 A o
e7.57e20 POT nu § 10F ﬁjﬁfgsoo E
o C — 4]
g 8 4 & 4 " oo &
. = el & a0 - ~100
eExpect ~7.5e20 POT in 2 - — :
2016-17 data run 72011 2012 2013 2014 2015 2016
eBeam operated stably at U BT SRR AT ER Y SO0 W
420 kW! ik - L :
214 | .+ Horn250kA @
2ogEventrate @ . Horn205kA @
§8;2§Z ; .+ Horn-250KkA |-~
. e = | Horizontal beam direction . —+ INGRID
eMain Ring power supply Fos ' Onizantal bj;a'“ direction  ~ MUMON :
upgrade approved by O T
MEXT B T U S AN U N B
s | Vertical beam direction | —+ INGRID '
eWill allow operation up to ~ £os 1 oo MUMON
and beyond 750 kW in 2018 ¢ T ? d

' ’ '
[ JAn2010Iun 2010 | Now. 20910-Mar 2011 M 201 20en 2012, Oct.2012-May 2013 (VA28 O 20146 0ume 2018 ' Fed 2015
. A A i A " " A P

T - Day 4
({,) 2 Neutrino Frontiers, 2016 11 29 Morgan O. Wascl;g




Off-Axis Detector (ND280) Element?

SMRD in Magnet -
Yoke air gaps ~

UA1 Magnet Yoke

Downstream |
ECAL ‘

Barrel ECAL

Neutrino Frontiers, 2016 11 29 Morgan O. Wascl;g



ND280 neutrino events

Ewrnumner 1310 | Battian L E3 Bunadmbar AZR60 SRk o SubEunaumber 3T Time s Moo Z0q0eRE-28 4 BN 44 08T Fhqaac Bcan Soll

POD TPC1  TPC2 TPC3.

-

S

~ o

———

FGD1 FGD2 ECAL
sand muon + DIS candidate

:E‘.\fl‘(l'lllfl'lnl‘v( SANARH | BARNA0 VGG Bun aumbic SAE00] 8 0 SRtEun aumbicr 3| e SN E0e A2 25A0EEIET Faar BusiiSiil

candidate DIS candidate

Neutrino Frontiers, 2016 11 29 Morgan O. Wasclgg



Water and air
purification system

Atotsu
entrance

lkeno-yama
Kamioka-cho, Gif
Japan ©m

Neutrino Frontiers, 2016 11 29

Super-K (far) detector

¢50 kton (22.5 kton
fiducial volume) water
Cherenkov detector

1,000 20" PMT for
inner detector (ID)
(40% photo coverage)

'\

o~

¢~2,000 outward facing
8" PMT for outer
detector (OD): veto
cosmics, radioactivity,
exiting events

¢ Good reconstruction
for T2K energy range

e Threshold 4 MeV

K!mo:n Morgan O. Wascko
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MR Beam Power [kW]

12K ph

Expression of Interest for
an Extended Run at T2K to 20 x 10*! POT

T2K collaboration

January 8, 2016

Abstract

Recent measurements at T2K indicate that CP violation in neutrino mixing may
be observed in the future by long-baseline neutrino oscillation experiments. We ex-
plore the physics program of an extension to the currently approved T2K running
of 7.8 x 10%! protons-on-target to 20 x 10?! protons-on-target, aiming at initial ob-
servation of CP violation with 3¢ or higher significance for the case of maximum
CP violation. With accelerator and beam line upgrades, as well as analysis improve-
ments, this program would occur before the next generation of long-baseline neutrino
oscillation experiments that are expected to start operation in 2026.

40

Lo

b
-
-

1Fl[lllllllllll[lllllllllll]l

Working assumptio

s

.
-
-

-

MR Power Supply upgrade

_.
o
o

Integrated Delivered Protons [10°POT]
Delivered Protons / Period [10°POT]

lllllllllllllllllllllllllllllll
. - N ’ W

O

20
600
15
400 10
D~
200

R it € el ITHPLAI] (TP § Sy Pl IR § SR P § L Pacim
2015 2017 2019 2021 2023 2025 2027 2029 20301

ase 2

e T2K data favours maximal CPV

eCPV may be observable in the
near future!

o [ 2K will reach full stats in ~2021

eNext gen experiments start in
2025, or later

o| et’'s extend T2K until ~2026

o\With MR power upgrade, can
achieve ~20E21 POT

>3 ¢ CPV sensitivity

e Smoothly transition to next gen
experiments with useful data

eCan expand collaboration as
well

eT2K phase 2 given Stage 1 Status
by KEK/J-PARC directorate

zg ; ! ZItt Neutrino Frontiers, 2016 11 29 o

Morgan O. Wascko



12K phase 2

Work in Progress

L} l L} 1 L 1 ' L]

=0
o

-
o

0N

|

-
o

A %2 to exclude sind_,=0 A x° to exclude sind
o o

(-

A A A A A ' A A l A A A
0 5 10

PUR ST SR T S 1
15 20

Protons-on-Target (x10%")

B T2K\.

S

eExpect up to 500 v, events, depending on
value of ﬁcp

e Sensitivity to excluding sindcp=0 for:

v known true NH

v'true sindcp=—m/2

V¥ effective statistical improvement from
increased horn current, SK FV, SK data
samples

® Two panels show:
e cffect of the true octant (value of 023)
¢ cffects of systematics

= Significant sensitivity
enhancements possible if
systematics can be improved!

Neutrino Frontiers, 2016 11 29 Morgan O. Wascko
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Modeling v-nucleus
Interactions



Ingredients for Interaction Model

e A “Base” physics model

o| lewellyn Smith RFG w/ dipole vector
FFs, Nieves 2p2h, R-S resonance region,
duality (B-Y) DIS

eCan use different base models for tests
eEmpirical fit parameters

oE.g., Ma®" K, normalisation(Ev)
o[SI| Model tune

e Constrained by low energy hadron
measurements

eExternal and (future) Internal Measurements

eMust understand uncertainties e’

eMeasurements relevant to our physics

Embir .
odol mpirical fit

Parameters,
X [M,,f]
@ Neutrino Frontiers, 2016 11 29 Morgan O. Wasc|2(c5>



T2K v-nucleus interaction model

e T2K’s primary neutrino generator MC is NEUT
e Simulates neutrino-nucleus interactions
e Used by SK, SciBooNE, K2K
e Tuned with fits to external data sets
e 2012: mainly MiniBooNE CCQE, CC1mt*, CC1m, NC1r'

e Fits used to tune model parameters for prior inputs to
oscillation analysis

e (Constrained and cross-checked with SciBooNE and K2K
data

e 2014: MiniBooNE and MINERVA v and V data sets

e Fits used to down select default interaction model and tune
parameters for prior inputs to oscillation analysis

e Published CCQE fits in early 2016
e 2016: Expanding fits to include bubble chamber and other data

e Also use GENIE and NuWro for cross-check analyses, systematic
errors studies, and deeper inquiries into neutrino interactions

@ (t) J_Zjlz\ Neutrino Frontiers, 2016 11 29 Morgan O. Wasc;g



NEUT interaction model

2014 model & parameters (NEUT v5.3.3)

1 1 1
%

—
__cctn

«CCQE: Llewellyn Smith, M,“"=1.0 GeV/c’

«CC resonant z: Rein-Sehgal, My =°=1.2
GeV/c®

SR I LAY BN BN
[ CC-inclusive CCQE-like
|| CC other D CC coherent

[E—
(\®)

[E—

S
=

A

, (x 107 cm?/nucleon/GeV)

e2p2h: Nieves model 08¢ .
*Nuclear model: Smith-Moniz RFG S e
eAlso have 2D spectral function 0.4f
_ i S e
Implemented 02F // —

«RPA effects included B LA e
eCoherent pion: Rein-Sehgal %0.455 CC-inclusive [ ] CCQE-ike [ CC tr
¢DIS with Bodek-Yang corrections 5003"5@_0 o oo coneren
eNeutrino and antineutrino interactions g 03_ H -
simulated ”\80-255—
ev, and v, simulated %“’ 0.2
eOnly differ at low energy iooli: 3 Ll ////////////%
eRadiative corrections o005 7 /// i
eSecond class currents T B IR B I

' E, (GeV)
@ I—Zﬁ Neutrino Frontiers, 2016 11 29 Morgan O. Wasc|2(c7>
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Many possible measurements

e Four neutrino fluxes

runSc at SK

o.t)
1)

' v mode (“FHC”)
1V
1* Ve

| V.mode (“RHC”)
* Vi
o Ve

Flux (/cm?/50MeV/10*'p.
Flux (/cm?*/50MeV/10°'p.0

8 10
E, (GeV)

e Multiple detectors and target nuclei

| Fe
o CH
H20!

10m

e Multiple interaction processes
CCQE

2p2h CCn

Neutrino Frontiers, 2016 11 29 Morgan O. Wascgg



Previous T2K v-nucleus results

w 107 x 10" an 4[’ o~ S R S R R MARREaaaass asaransssananc_ B} —
E. L e e e e e S e S 3.5 ; E E Ankowski NCQE cross section g - Full phasc-spac > 4 -
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o I n = L ™ ’
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£9 e - 55 g T2K v flux - i Ll ] =
= 2.5t NEUT peediction for T2K 25% ) = . . -
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p = 201~ ¢ GENIE prediction 4 o
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Phys.Rev. D87 (2013) no.9, 092003 Phys.Rev. D90 (2014) no.7, 072012 Phys.Rev.Lett. 113 (2014) no.24, 241803
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Recent v-nucleus interaction results

=) Results published within the past year

Y v. CCQEonC

Y v. CC coherent x+ on C
Y v. CC nt on H20

Y v.CC OnonC

4 v.CC-inclusive vs E, 3> INGRID

g (E) ;r-_za/l.\(\ Neutrino Frontiers, 2016 11 29 Morgan O. Wascg;)

ND280 tracker



vo CCQEonC """

Phys Rev. D 92 (2015)112003

w2 || | | | L I 1 1 | i
= 1600F -
| | g i NEUT tuned to ND280 ]
% 'U/_/ %s 1200: Background .
- cC 3
m% //_ d (/)G 1000;*- == Data
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Definition of

Energy spectra
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Energy dependence is determined in a model-independent way!
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®p, VS. COSOy

ePredominantly CCQE events

e Good data set for testing 2p2h

models
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Future v-nucleus measurements
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also working on CC-inclusive on Pb, CC-inclusive on Ar,
and many more...
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Conclusions

e T2K has made many competitive neutrino-nucleus
interaction measurements

e Dozens of possible measurements, so lots of
interesting work ahead!

e T2K’s sensitivity to CPV can be enhanced with better
understanding of neutrino-nucleus interactions

= |_et’s communicate more and find the best way to
study neutrino-nucleus interactions!
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