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" |ntroduction

= T2K experimental setup

= QOscillation analysis methodology

" Updated anti-v, disappearance

= First look at anti-v, appearance

* Alook toward future oscillation analyses

* Highlights from additional T2K physics: new cross section results
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What is neutrino oscillation?

Evidence of massive neutrinos comes from the observation of neutrino
oscillation, the interference between the flavor and mass eigenstates.

If we start with two neutrino flavor (v,, v,) and two mass states (v, v,)
then:

Ve cos(f) sin(f)\ (11

vy, -sin(#) cos(8) ) \ v
The flavor state evolution in time is like an elliptically polarized wave:

v,(t)) = —sin 0 e 7" ) + cos 0 e 2 |uy)

From Starting polarized along the x-axis
wikipedia (like starting in v, state) then:
/ % Q = Some time later polarization is
g fl'\ along y-axis (v,)
= Or back to the x-axis (v,
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MICHIGAN STATE

Open questions about neutrino mixing #~ves

(Vo) (Un U, Ug)(w)

Flavor eigenstates Mass eigenstates
(coupling to the W) VM = UMI UM2 UM3 Vv, (definite mass)
\Vr/ \Url U’L’Z U1:3/ \V3/

Unitary PMNS mixing matrix

Three observed flavors of neutrinos (v, v, , v;) means U is represented by
three independent mixing angles (6,,, 6,3, 6,3) and a CP-violating phase 0

Parameter best-fit (+10) 30
Am2, [107° eV 2] 7.5410:2 6.99 — 8.18
|Am?2| [1073 eV 2] 2.43+0.06 (2.38 +0.06) 2.23 —2.61 (2.19 — 2.56)
sin2 615 0.308 & 0.017 0.259 — 0.359 Is 0,5 mixing maximal
sin? 63, Am? > 0 0.43770-053 0.374 — 0.628 (0,,=46°+3°)
sin? A3, Am? < 0 0.45570-039, 0.380 — 0.641
sin? 613, Am? > 0 0.023410-064 0.0176 — 0.0295 : :
sin® 013, Am? < 0 0.02407 50055 0.0178 — 0.0298 Is there CP violation
5/7 (20 range quoted) 1.39%033 (1.317029)  (0.00—0.16) @ (0.86—2.00)  (1ON-Z€ro 6?)
PDG2014 ((0.00 —0.02) & (0.70 — 2.00))

ﬁ
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Open questions about neutrino mixing v

Neutrino mass squared (m;?)

Neutrino oscillation measurements are sensitive to the interference of the
mass eigenstates (Am?)

Two observed mass “splittings”, determined from atmospheric/accelerator
and solar/reactor neutrino experiments, respectively

= Am?(atmospheric) = |[Am?,,|~ 2.4 x 103 eV?

= Am?(solar) = Am?,, ~7.6 x 10 eV?

<= i
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Open questions about neutrino mixing v

3 I 2 I
‘ Am?,,
Am?s;> 0 | ——
2 AM?5 < 0
Am?,,
T 3 I

Neutrino mass squared (m;?)

The sign of Am?,,, or the “mass hierarchy” is still unknown
= Normal “hierarchy” is like quarks (m, is lightest, Am2;, >0 )
= Inverted hierarchy has m, lightest (Am?,, <0)

What is the mass hierarchy?

<= i
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Oscillation probabilities

[Am?24,| >> Am?,,, producing high frequency and low frequency oscillation
terms

]

P, =0,- 42 Re[U ﬁiU;U;jUaj]stZ( 1.27 2’71514) . 22 Im[UﬁiUZiU;jUaj s1nL E )
~

] (2.54Am L\

o

If choose L, E, such that sin?(Am?,,L/E) is of order 1, then Am?,, terms
will be small. Then...

v, "disappear” into v, v, | 27 A2 L
P(v,—v,)=1-sin"20,, sinz( kel )

A small amount of v, will “appear”
2  ~ 2
AM7aq = AM°gp 2 ( 1.27Am§1L)

) ) .
P(v,—v,)=sin"20,,s1n" 0,,sin

Only leading order terms shown

—
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Oscillation probabilities

v, to v, appearance |

probability expansion: P, .. = ( sin®20;3 sin®fa3 sin®[(A — 1)A]

A1)

a = ‘A\—:,:% << 1, —(—1—)A(1a_ A) cosf3 sin2043 sin2053 sin269 X
A = Aral si @ sinA sinAA sin[(1 — A)A]
A = 2v3G RN, T — 7 costha sin20ra sin20, sin20ro %
W cosdcp cosA sinAA sin[(1 — A)A]
a’ 2 .2 .2
Key players: +—5 cos 623 sin“2015 sin“AA

" |Am?;,|~ 2.4 x 10-3 eV? (atmospheric mass splitting)

= Mixing angles: 0,,, 053, 045

- \/i - Approximation from
CP-violating phase d¢p M. Freund, PRD 64, 053003

Neutrinos vs. antineutrinos probability depends on 6., mass

hierarchy (sign of AmZ?;,)

* Mass hierarchy is determined through energy dependence of v, v,

lgteractions in matter (matter effects, A terms) —
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Oscillation probabilities

v, to v, appearance |

sin22913 Sin2923 sin2[(A — I)A]

probability expansion: £, —.. =

a = 3\—::% << 1, _(+)A(1cv_ A) cosb13 sin261g sin2653 sin2615 X
A = Aral si @ sinA sinAA sin[(1 — A)A]
A = 2v/3C N T — 3y Costis sin2f1g sin2fs sin20ro %
cosécp cosA sinAA sin[(1 — A)A]
a’ 2 . 2 .2
Key players: +—5 cos 623 sin“2015 sin“AA

= |AmZ2,,|~ 2.4 x 103 eV?2 (atmospheric mass splitting)

Subleading terms of v, to v, appearance depend on 6.p, mass hierarchy, but
interpretation requires precision measurements of:
Am?2,,, 0,, (disappearance) and Am?,,, 6,, and 6,

Measurements of v, to v, (and v, tov, ) appearance are sensitive to
currently unknown physics
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30 GeV Carbon 3 Magnetic  Pions and kaons Beam

Proton Target focusing decay to neutrinos dump
beam ““horns”

Neutrinos are produced as a tertiary beam:

1. Protons hit a target, producing pions and kaons which decay to
neutrinos

2. Resulting beam is >99% muon neutrino flavor, small v, component
from muon, kaon decay; ~7% antineutrino component

3. Can switch magnetic horn polarization to focus 1 and produce an
predominantly antineutrino beam (with a ~10% neutrino component)

ﬁ
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>1
Accelerator based sources are tunable as ; 0.5
the neutrino energy spectrum depends on: =

-
Proton i
beam

direction =

ﬁ

Proton beam energy

Position of the detector relative to the

proton beam direction

“Off axis” beams maximize the event
rate at the point of expected oscillation

7/24/2015

sin*20,, = 1.0
Am3, =24 x 107 eV?

(AU

295km
Vu

D

0.5~

i OA 0.0°
% 0A2.0°
SN0A25°

= |
I

1!
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Long-baseline experiments

The oscillation probability, P, for v, to oscillate is sinusoidal and depends on
the distance L (km) the neutrinos travel and their energy E (GeV):

2( 1.27 AmgzL)

P(v,—=v, )=1- sin’ 20, sin

Tokai To Kamioka (T2K) experiment: MINOS experiment: On-axis
Off-axis, Ev(peak) ~0.6GeV, L=295km Ev(peak) ~3 GeV, L=735km

Google Maps
<

Duluth d t"

Madison

.. “long baseline experiments” require
Y Am2;,~3x103 eV?, want sin?(Am?L/E) to be of order 1
Intense neutrino sources driven by accelerators

_—
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Long-baseline experiments

The oscillation probability, P, for v, to oscillate is sinusoidal and depends on
the distance L (km) the neutrinos travel and their energy E (GeV):

| L (127AmA L L

: Recent long baseline measurements:
Tokai Tc :
. T2K: v, appearance, v, disappearance
Off-axis . H : .
MINOS: v, anti-v, appearance, v, anti-v, disappearance

Today:
T2K: First look at anti-v, appearance, updated anti-v,

disappearance

Coming soon:
MINOS+: v, anti-v, appearance, v, anti-v,
disappearance
NOvA: v, anti-v, appearance, v, anti-v, disappearance

)
— -
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MICHIGAN STATE

T2K experimental overview UNIVERSITY

Super-Kamiokande

Mt.Noguchi-Goro Dake
2,924m

Mt.lIkenoyama
1,360m

Neutrino Beam

{ J-PARC Facility
| (KEKIJAEA)
South'tb North *

5, n Intensity
2ol 750kW

J-PARC accelerator

SRS R Near detectors
TR A R Off-axis: ND280 On-axis: INGRID

o Far detector
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T2K data periods

Total Accumulated POT for Physics
o v-Mode Beam Power
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Protons on Target (POT) for the antineutrino analyses today:
* Run 5c+6 datasets for far detector, Super-Kamiokande: 4.0 x 1020 POT

» Run 5c datasets for off-axis near detector, ND280: 4.3 x 10" POT

ﬁ
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Number of events

T2K beam stability

I Event raté
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Profile of neutrino beam measured with scintillator/iron detectors placed from

0-0.9 degrees off-axis (INGRID)

= POT normalized event rate stable to better than 1%
= Beam direction is stable to within 1mrad; 1mrad corresponds to a 2% shift

to peak of the off-axis neutrino energy distribution

=
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T2K oscillation analyses overview

NFD ~ (I)(EV)O'(EV)EFDP(VM — Ve)

Fit the observed rate of v, or v, to determine the oscillation probability, P. Depends

. -- -

We reduce the error on the rate of vy, with the near detector:

Nynp ~ ®(E V)END
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T2K oscillation analyses overview

NFD ~ (I)(EJ,/)O'(EJV)EFDP(V,u — Ve)

Fit the observed rate of v, or v, to determine the oscillation probability, P. Depends

on: Lo Neuminacecs  cacdaeasas

Even with state of the art antineutrino beams, analyses presented
today are statistics limited

N However, significant background to antineutrino analyses from
*neutrino™ interactions motivates consistent treatment and
inclusion of neutrino data in analysis

ﬁ
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Neutrino mode operation
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FLUKA/Geant3-based neutrino beam simulation (PRD 87, 012001)

= Significant neutrino component to antineutrino mode beam

Increases in event rate due to lower antineutrino cross section

» Also called “wrong sign” component:

= “Intrinsic” ~0.5% electron (anti)neutrino component
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T2K neutrino, antineutrino flux

Prediction based on external or in-situ measurements of:
= proton beam (30 GeV)

» alignment and off-axis angle

= 17t~ , K*- production from NA61

Dedicated hadron-production
experiment at CERN
» Thin target data analysed so far,
40 replica target data taken
= |mproved results for - expand
(anti)neutrino production phase
space
20 = New K- (and K°%) measurements
= K" v, production
= KO%: Intrinsic v, production

Arb. Units

04+ 2009 Coverage

Oy [rad]

0.2

A

]
! | _J
% 20 0
P [GeV/c]
Uncertainties are comparable for neutrino or antineutrino mode operation
(10-15%)
P —
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Neutrino interaction model

P(v,—=v, )=1- sin” 20, sin

2( 1.27 AmgzL)

Oscillation probability depends on neutrino energy
For T2K’s neutrino spectrum, dominant process is Charged Current Quasi-Elastic:

CCQE Infer neutrino properties from the lepton momentum and
angle: 5 /2 9 /
RQF _ my, —m', —mg, +2m'y L),
14

2(m'y, — E,, + p, cosl,)

2 body kinematics and assumes the target nucleon is at rest

NCTr Additional significant processes:

= CCQE-like multinucleon
interaction

» Charged current single pion
production (CCrr)

= Neutral current single pion
production (NCrr)

7/24/2015 K. Mahn, FNAL W&C seminar 21



[T 1 T T I 1 T 1 I 1 1 1T I T 1 1 T I LI L I | I LI I I |

VamnN 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 VammN -
1.2 sy mn . . - . = C N . : . .
% "\ CC-inclusive CCQE-like CC1n ] % 0.4F L\ | CC-inclusive CCQE-like CC1rn =
% 1k CC other |_]cC coherent --- Prefit 2015 % 0 35§ CC other |_]cc coherent --- Prefit 2015 _E
S o — 1 8 F g
Q \\ Nl y Q - \\\ N\ \
T o5k SN e § 0ot
& | 5 0256 - E
£ 0.60 5 02F =
P; Toasp -
o 041 SV > poELARREET LRI
— B — - £- o sy \/‘/
\>-</ - \Z(/ 01:_ f,;/f “ '
— o s 7 . O \ \\\ N
g> O~2_ / E>O'05'_ P g \\\\\\\\\\\\\\\\\\\\\\\
-/ - i SO SSS\S
b O: '/l b O C I 71-,—{3 T mNW | \I ' R B T T
0 0 0.5 1 1.5 2 2.5 3
E, (GeV)

NEUT model (5.3.2+) for 2015 (antineutrino, neutrino+antineutrino) analyses:

« Two new CCQE models implemented for consideration in the analysis:
« CCQE: Spectral function model ( Benhar et al. ) M,9E= 1.2 GeV
 CCQE: Relativistic Fermi Gas (RFG)+Random Phase Approximation (RPA)
* New: “Meson exchange current” (MEC) CCQE like scattering from Nieves et. al

111 (NC and CC) production model: Rein-Sehgal with modified form factor for Delta.
No pion-less delta decay.

=
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Select CC v, v, candidates prior to oscillations
in an off-axis tracking detector (ND280)
Neutrino interacts on scintillator or water target in

50D NP tracking detectors (FGDs), muon tracked through
ECAL Deloctors scintillator and TPCs

)
N ‘ Additional scintillator (POD, SMRD) and
calorimeters (ECAL)
Muon momentum, sign from curvature in magnetic
field

Run rumber - 10335 | SubRun number 4 | Event numbes - 44776 | Sl - 11501 | Timna < Thu2014.060505:14:12 JST | Par$san - 63 [Trigges: Besan Sl

TPC TPC - ECAL

UA1 Magnet Yoke

Downstream

FGD

Ve
Muon-like track

Example: neutrino candidate in antineutrino mode
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ND280 data samples: neutrino mode v

A e | e | I g EI T 1T I TTr 1T I TTTT I TTrr1rTr I LU I LU I LU l LU ] TTT g 250 il T I TT1rrr I LI I LU | TTr 1T | LI I TTrrrT I UL I TT1T _+_ Data
§ 2500 — C 400E PRELIMINARY C n + PRELIMINARY
5 | e CCOm g *F ccim g w4 CCOther []vcc2p2n
p= . = 300F = F ++
82000_— g »s0E- Z 1501 []vccRes
— - 2 ok = v cccon 1
Y B m < o
g 1500 — 150 - [V cc other
g - 100 50 . v NC modes
" 1000 %0 Bl modes

_ 500 1000 1500 2000 2500 3000 3500 4000 4 00 500 1000 1500 2000 2500 3000 3500 4000 4500 5000

B Muon momentum (M Muon momentum (MCV/C)

500 =

neutrino selection, neutrino

V modes ‘
mode samples

00 500 1000 1500 2000 2500 3000 3500 4000 4500 5000

Muon momentum (MeV/c)

Select CC v, candidates based on interactions with p-:

= Select highest momentum track with negative charge, and PID consistent with
a muon

Event samples provide information on flux, cross section model

» Separated based on presence of charged pion in final state (CCOtr, CC1r,
CC Other)

* Pions identified using track multiplicity, dE/dX in TPCs photons in ECALs

ﬁ
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ND280 data samples: antineutrino mod& =

Select CC v, candidates based on interactions with p+:

=  Select highest momentum track with positive charge, and PID consistent
with a muon

= Two sub-samples based on track multiplicity: CC1-Track, CC>1 Track
Complementary selection of neutrino candidates in antineutrino mode

Include in fit:
neutrino mode neutrino selections
antineutrino mode neutrino and antineutrino selections

10T T T T — .E"l.rieﬁ , .202,14 5 | Entries 437 Entries 13854 | Entries 291
f(‘)\ - Mean 792.2 | Mean 8 lQ T 40— Mean 1630 | Mean 1631
= - NS 488.5 | RMS 9131 5 ¢ RMS 1189 | RMS 1211
L 60— Integral 346.3 | Integral 3891 2 g5 Integral  276.2 | Integral 260
z C —%— Dala — &c‘:‘, E . A (l::)éth
S of CC1Track: cooe 2 aob CC inclusive: |z
S - . ) 2p2 § " F . RES
= n antineutrino RES & F neutrino bis
{v/ - . DIS o5 . ﬁgH
2 40 selection, i coi selection, ani,
G) — - " T B - - @
5 - antineutrino | . 20 antineutrino
30— out FGD FV no truth
- mode T other 15 mode
- no truth
20 -
C ] 10
10 — +
0 S G RS e .
0 1500 2000 250

Muon momentum (MeV/c)

Muon momentum (MeV/c)
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Expected number of events at the far
A B vc. Prior to ND250 Constrant detector is tuned using a likelihood fit to
52000:— B v, Atter ND280 Constraint the near detector samples
S 15005 | I PRELIMINARY - " N_eutrino, antineutrino fluxes are
g : CCoTr: ] highly correlated between near and
1000:—i : neutrino selection, E far detectors
ol ! neutrino mode 3 = Cross sections are also correlated
» 1 = Significant reduction to overall
O s S 5ot S e S, Uncertainties
0 T +—Data g E""""""' +Data
% S00F - MC, Prior to ND280 Constraint E 705_ B wc, rior to ND280 Constraint
é 4()0%— - MC, After ND280 Constrai_nt % :2%: - MC, After ND280 Constraint
E : PRELIMINARY - B 405_ PRELIMINARY
= 300 — 0 -
[L; : CC1m: - D L E ' CC1Track:
200 - neutrino selection, ] - antineutrino selection,
- - N 20— . .
:J neutrino mode . a ‘ ®  antineutrino mode
100 = 10F-
E ] . A S w -
oL 0 500 1000 1500 2000 2500 3000 3500
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000 Muon momentum (MeV/c)

Muon momentum (MeV/c)
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T2K far detector: Super-Kamiokande esis

Select CC v, and v, candidates, in a 50kton water
" Cherenkov detector (Super-Kamiokande)

» Efficient for (CCQE-like) interactions

» Select single ring (only lepton above
threshold)

= Decay electron (from below threshold p or 1r
final state) tagging capability
= Determine lepton flavor based on ring topology

» Excellent muon-electron separation; 1% rate
of mu identified as e

= Lacks sign selection separation of v, v

T
“
8
5

-y
""""

S22
: Shey
Fie

wf e-like < u-like

@ atmospheric V data + .
D MC E CCQE electron

150_—

100:—

Example atmospheric neutrino interaction sol

% 8 6 -4 2 0 2 4 6 8 10
PID likelihood sub-GeV 1ring (FC)
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Muon antineutrino disappearance: Electron antineutrino appearance:

Fit for 623 and Am?3, = Search for presence of appearance
Use separate parameters for neutrino with antineutrinos

interactions = Necessary step toward future CPV
Other oscillation parameters fixed to searches

T2K neutrino data and PDG2014
Test of NSI| or CPT theorem

—
29
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Disappearance prediction, event rate VS

T T T L L L
> = — Total -|  Predominantly antineutrino
O vy CCQE 1 interactions, but significant
% 0.8 vy, MEC —| components from other channels
= v,CCnQE ] = Expect34.6 (103.6) events
0.6 ] vy Ec . with (without) oscillation
i" i B Ve,V cC _
% 0.4 Bl NC B
> i i
0.2 —

% 1 2 3 4

5 6
E ..o (GeV)

Vy—=Vy Vy—V, Ve—Ve VeV, Vy—Ve V=V
CCQE 6.870 13.258  0.004 0.005 0.007 0.017
MEC 1.578 2.347 0.001 0.001 0.001 0.003
CClr 2.414 3.046  0.003 0.002 0.003  0.003
CC coherent  0.167 0.696 0.000 0.000 0.000 0.002
CC other 1.222 0.880 0.001 0.000 0.000 0.000
NCl7 0.391 0.428 0.016 0.012 - -
NC other 0.707 0.420  0.035  0.017 - -
subtotal 13.349  21.076  0.059 0.038 0.011 0.025
total 34.559

g —
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Antineutrino disappearance results!

-3

> rrrrprrrrprrrrprrrrprrrrprerrprrrrprr e prr e e e | = 4i<11(l)|||||1||||||||||||||||||1||_
R — No oscillation 1 2 sensitivity 90% CL .
S b  Bestfitspeetra 3 2458 data fit 90% CL E
g ¢ ] E"’ - . best fit ]
a 10F 4 3 3F =
8 a - ]
o 1 F ‘ E
3 RS :
oF - - -
T 1 15t =
_E - I A T N T TN TR [N T T T T NN N N N [N TN TN TN T AN NN N N .

1 02 03 04 05 06 07 08
"""" — [ sin*(0,,)

3 Likelihood based estimation of oscillation

15 2 25 3 35 4 45 _ _ .
Reconstructed v, Energy (Gev) ~  Binned in reconstructed neutrino energy

= QOther oscillation parameters fixed to
34 events observed T2K neutrino data and PDG2014

= Best fit near maximal disappearance

o
_QZ
il

ﬁ
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Comparison to MINOS

S~ 4><|1 IO-I3 | | rr o7 T T Tl | T T T Tl L
> [ —— MINOS V disappearance 90% CL ]
R T2K V disappearance 90% CL ]
— 3.5« MINOS best fit =
& [« T2K best fit -
< 3 E
2.5F -
21 .
1.55 -

A N T N A NN TN U T AN NN TN NN TN NN TN UON N T NN TN NN NN S NN S NN AN
02 03 04 05 06 07 08

sin*(0,,)

(W

Results compatible with MINOS combined beam+atm
= P.Adamson et al., Phys. Rev. Lett. 110 (2013) 25, 251801

ﬁ
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Comparison to T2K neutrino mode results ¥ s

N 4><'1 '0-'3 T rrrrprrrrr ot T UL

> F — vmode 90% CL -
o N V mode 90% CL §
—. 3.5 = VvV mode best fit —
€ F « Vmode best fit ]
S 3 -
S r .
- - D E
< - _
2 -
1.5 —~
- coroo by oy by by ey by oy by .

02 03 04 05 06 07 08

sin*(0,,) or sin*(6,,)

Consistency also between T2K neutrino and antineutrino data
estimation of 0,,

ﬁ
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Antineutrino appearance analysis

A 110 from a NC interaction will decay
Signal: CC v, from'v, to'v, oscillation to two photons (two electron-like
_ rings)

: K ; :
Background CCE’ v, Bac groqu . Search for 2™ ring
Irreducible beam™v,v, NC° Vi Yy . .
v, from oscillation Mimics CC v, = Calculate invariant .mass |

= Reject events consistent with 1

invariant mass

MC event:
-|-|-0

MC event:
electron

=
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Antineutrino appearance analysis

Events per 0050 GeV

dcp=-—m/2 | b¢p =0 | bcp = +7/2 dcp=-—7/2 | bcp =0 | bcp = +m/2
Sig v, — Ve 1.961 2.636 3.288 2.481 3.254 3.939
Bkg v, — ve 0.592 0.505 0.389 0.531 0.423 0.341
Bkg NC 0.349 0.349 0.349 0.349 0.349 0.349
Bkg other 0.826 0.826 0.826 0.821 0.821 0.821
Total 3.729 4.315 4.851 4.181 4.848 5.450
Normal hierarchy Inverted hierarchy

Expect 3.73 (4.18) events based on

0.4 normal (inverted) hierarchy

B scales green [ z/“ — Up

N\

_> Ve Test of no v, appearance hypothesis:
[] NC « Significant expected contribution from

[] Bkg other veappearance

« B=0: no v, appearance
« B=1:v, appearance

lllllllllllll

02 04 0.6 08 1

v Reconstructed Energy (GeV) P(0y = ) = f X Pouins (P = Te)
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Rate only p-value and sensitivity

Generate an ensemble of test experiments with =0 (no v, appearance)

= p-value: fraction of test experiments that have as many or more candidate
events as T2K data

» Sensitivity: mean p-value for an ensemble of fake data experiments with 3=1

b L I I I I I I I I I I I I I I I I I I I I I I I I I ]
g 0-3:_ JElN Rate only p-value
a 0.25 o — Data 4 Meanp-value 0.20
02 B -
N le ]
0.15 —:
0.1 _:
0.05 H —:
0 I_I_‘_I_‘—l_l— —_—
0 2 4 6 8 10 12 14

# of observed events
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Rate only p-value and sensitivity

Generate an ensemble of test experiments with =0 (no v, appearance)

= p-value: fraction of test experiments that have as many or more candidate
events as T2K data

» Sensitivity: mean p-value for an ensemble of fake data experiments with 3=1

I I I I LI I I I I I I I I I I I I I I I I I I I I

*E 0.3 | Rate p-value Likelihood
5 C il only ratio
8 025 - Data |
as ] Data: 026 0.9
C - B:O 1 3 events
0.2 , =
- p= ] Likelihood ratio:
' 1 L(B=0)/L(B=1) is close to 1
0.1 -
] Data does not favor or
005 - disfavorv, appearance
0 H =
0 2 4 6 8 10 12 14

# of observed events
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Shape information MICHIGAN STaTE

Signal:¥, . __ Wwrong Sign:v, v, Include distribution of events in
kinematic variables in calculation of
p-value

» Momentum, angular distribution (p-9)
are different for signal, background
events

400 600 800 1000 1200 1400 200 400 600 800 1000 1200 1400

P, e P e =  Similar for EVQE (Erec) distribution
Background: Beamv, Background: Beamv,
& 180
§’160:—
;7“140:
1203 0.012 0 4
- 0.01 AT T T T T T T T T T T T
1005 % - —— ¥V mode, e-like Total
8of 0.008 (D 0 35 -
ok 0.006 o Tk
F v -
a0f 0.004 () 03
205 0.002 2 -
" Q C
(b 200 400 600 800 1000 1200 1400 200 400 600 800 1000 1200 1400 o 025 -
P, (MeV) P, (MeV) §2) E
5 02 —
Background: Beam¥v, Background: Beamv,, [5 -
5 180 015
g 1 0.003 0 15
=10F 0.0025 E
120F C
100F 0.002 0.05 :_
0.0015 -
0
oo 0 0.2 04 0.6 0.8 1 1.2
v Reconstructed Energy (GeV)
0.0005

0

200 400 600 800 1000 1200 1400 200 400 600 800 1000 1200 1400

P, (MeV) P, (MeV)

—
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Form a likelihood with shape, normalization information:
» Shape information from p-6 or EVQE distribution
= Marginalize likelihood over all systematic, oscillation parameters except 3 and

define a test statistic:

2ol . ‘ : : | ' [Mean -1.780 _ »Cma,rg (6 — O)
£ | — AMS  2.285 —2AInL = —2In _
. | Lonarg(B = 1)
Sl T DATA
s F _2A1n£’m07‘9 = —1.16 Use an ensemble of fake data
gr N ! experiments to estimate the mean
£ I 5 p-value

b {

‘[:— | 1 ) | 1 1 “ I”: ”l

6 4 2 0 2 & 7§ Tw® T T+

Mean Likelihood ratio -2AInL(marg) Data Data p-value
p-value

p-0 0.13 1.8 -1.16 0.34

EvQE 0.14 0.9 0.16 0.16
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Rate+shape distribution of candidate events "V

1R e-like events 1R e-like events

< 180F < 180[
o C . o -
S 1600 Signal only > 1601 Background
> - 012 =2 - 0.035
<® 140 < 140
= - 0.03
120 01 120
- - 0.025
100 0.08 100~
- - 0.02
80— 0.06 80 I
sol soF- 0.015
- 0.04 -
40 :_ 40— 0.01
o0l 0.02 20 0.005
% 200 400 600 800 1000 1200 1400 0 % 200 400 600 800 1000 1200 1400 0
P, (MeV) Pe (MeV)
g 2.5_ T T T l T T T I T T T T T T I T T T I T T T I ]
= . i
9 - MCx 10 * Data ]
(D] ~ —_ — _
g5 2C TV Ve - Data does not favor or
L V. —V | . —
5 T koo Te ] disfavorv, appearance
B s —NC .
2 T — Bkg other -
B ---- All Bkg 5
1= ]
o :
O_ = | 1 1 1 | 1 1 _:_I_:_:_:_'_T_I 1 [ 1 1 I —
0 0.2 04 0.6 0.8 1 1.2

Ereco (GeV)
—
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A look toward the future for T2K

. 10,\ T T T T
So far, 14% of T2K design POT taken oF  With Sys. Ens.
= v mode: 6.9 x 102° POT: ab el ous
* ¥ mode: 4.0 x 1020 POT 7e . awi0ss
6L e sin’0,,=0.60 ]
W E
Short term (1 year) goal: ~9.5 x 1020 POT < :’ -
= ~20 level rejection of no v, appearance N A ™ E
= ~60% chance of 99%CL observation 1 /// ‘%%\ E
Long term (full run) goal: 8 x 102" POT 1/;" AN %
.. e A S A AN N ()
= ~10x statistics in v mode *“is0 100 50 0 50 100 150
= 50% v, 50% v run plan True d¢p (°) S
AN
= May exclude 6-p=0 at 290%CL 0.65 g
= Combined app. and disap. channels 060 . E
to infer octant (and reactor R
measurements) D L 0% L, wisys. Em E
E " —3o0 C.L.,, no Sys. Err.
g 0'50:_ - 30 C.L., w/ Sys. Err. B
=)
= 0.45 -
0.40 - -
0.35 x10%
=
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Future systematics: cross section modelr & s

Nuclear effects such as “multinucleon” processes may explain the enhanced
CCQE cross section observed by MiniBooNE, SciBooNE experiments
» CCQE interaction simulated as interaction on a single nucleon (1p1h)

» Two models simulate interaction on correlated pair of nucleons (2p2h)
= J. Nieves, I. Ruiz Simo, and M. J. Vicente Vacas, PRC 83 045501 (2011)
: M Martini, M. Ericson, G. Chanfray, and J. Marteau, PRC 80 065501 (2009)

Genuine CCQE \

| @

/Two particles-two holes (2p-2h)\

U N’ N' _ %'
> I,"‘.II “." |,".‘ ‘ Q L L -...Awmvx{ot&fi;f:?(:;iggg g{{{ A%MVI"...__ -
W+ [ @ 0 QE .
‘ E

V N ‘N Q reco ~ true (GeV)
\W— absorbed by a pair of nucleon8/ T2K collab PRL 112, 181801 (2014)

Picture by M. Martini

— CCQE
Nieves multinucleon (X5)

pionless A-decay (X5)

Arbitrary Units

Pdllllllllllllllll
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Future systematics: cross section modelr & s

Cross section model couples through the different fluxes measured by ND and FD

Multinucleon Feed-down. ND280 Flux 10° Multinucleon Feed-down on Oscillated Flux

Y [ . 140F ] S
1000} m- g . .
Dl ND280 oscillated flux| 5 1200 SK osclated flux
T 800 E,-EQEsmearing 1 ~ 0k fovr-E ‘0 SsGrre]%arlng -
3 for E,=0.8 GeV | : v ]
600 - 80 E
§ ] 60 E
400:— —: 400 E
200 - 20 E
i . ok - 1
O—r— 1 . . . T — 0 0.5 1 15 2
0 0.5 1 15 6 V)z E. (GeV)
v (]
FD(v.) =@ xoxex Py, — ve) ar m2 —m — m2 4 2/,
ND(VM): O X o|X eND g 2(m'y, — E,, + p, cosb,)

Overall increase to cross section cancels in extrapolation, but any shifts between true
to reconstructed E feed down into oscillation dip and are ~degenerate with 0,4
measurement

= Similar issue for CC11m+ backgrounds where pion is not tagged (absorbed in

nucleus or detector)

<= _—
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Future systematics: cross section modelr & s

Cross section model couples through the different fluxes measured by ND and FD

Multinucleon Feed-down. ND280 Flux 1 03 Multinucleon Feed-down on Oscillated Flux

x10° o 140 — —— =
e 070 S L - SKoscnIatedeux ;
% B ND280 oscillated flux] £ 120} SR aE -
= gook E,-EQEsmearing 1 ~ 0k v smearing |
: for E,=0.8 GeV | 5 for £,=0.8 GeV ;
600~ ] 80:_ E
i . 60 .
400~ - 402_ E
200 . 202— _
0:""-""' T % 05 1 1.5 2
0 0.5 1 1.5 2 E, (GeV)
E (GeV)
FD( n
This effect still occurs even if the near and far &
ND( B0.u)
detectors are the same technology
Overall ing 2en true
:;)er::ﬁpesr:' Critical to understand differences between neutrino }
= Similar and antineutrino due to 2p2h/MEC "

nucleus for future measurements
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MICHIGAN STATE

T2K CCOTr differential measurement on CH Ve

muon cos6 0.70 - 0.80

muon cos6 0.60 - 0.70

Q 0.24F
—_— = =, C
§0.22:— %’ 0.22:_
% 0.2 S 02
E 0.18F T S o.18F
o - - -
~— 0.16— ~ 0.16—
~ — _ —
B 014 § 0.14—
o — —
8 0.12— O 012
B o1 © o1
0.08— 0.08—
0.06— 0.06 —
0.04 = + 0.04—
0.02= 0.02 +
!\:| 11 | | I | I 111 | | I I | I - I | I | L1l k = . 1 |
muon cos6 0.85 - 0.90 . Lt muon cos6 0.80 - 0.85
Solid: Martini et al
Q o0.12— B NF
=" Dashed: Nieves et al
> B -
S of 2 T
01— L
o - /S 0.1—
o ~ S L
=0 = 0.081-
E 0 B 00
o
O [~ O I~
90.06— o L
o C 5 0.06_—
004 0.04-
002 0.02|-
—t —
pa o oS P Lo by by by Loy Loy g buga T
00 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 0|11||||1|||||1||||1||||11||||l||||11||||1||||1|||
muon momentum [GeV] 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

muon momentum [GeV]

New measurement muon kinematics for muon, muon+proton, both with no
pion in final state from ND280 off-axis beam
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MICHIGAN STATE

T2K CCOTr differential measurement on CH Ve

muon cos6 0.70 - 0.80

muon cos6 0.60 - 0.70

S o g3
% o.zf— l g 0.25—
= 0.183— 8 0.182—
oE S S =2
50.125—
| New T2K measurements will be used to test whether or |
«c|  Nnotthe modern models can successfully reproduce [
T current generation experimental data
%0.12:— I - I
st /ST ot
%0'06; 80_,0.065—
0:||||||#||||||||||||||ll[l|||||lIl]IIIIIIIIIIIIII 0.02; ..................... + .....
R ?ﬁuon("},om%?,turﬁ'feevf B B T VR Y- Y-S SN S T

muon momentum [GeV]

New measurement muon kinematics for muon, muon+proton, both with no
pion in final state from ND280 off-axis beam
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Bonus physics! from T2K detectors

Cross section Reported in Detector
measurements

v, CCinclusive CH PRD 87, 092003 (2013) ND280, Tracker
v, CCQE CH Accepted by PRD ND280, Tracker
v, CCinclusive CH PRL 113, 241803 (2014) ND280, Tracker
v, NC1° CH/Water Publication in progress ND280, POD

v, NC elastic Water PRD 90, 072012 (2014) SK

v, CCinclusive CH/Fe PRD 90, 052010 (2014) INGRID

Vi CCQE CH PRD 91, 112002 (2015) INGRID

v, CC coherent CH Publication in progress INGRID

v, CC coherent CH Publication in progress ND280, Tracker
v, CCrt* Water Publication in progress ND280, Tracker
v,, CCOn CH Publication in progress ND280, Tracker

Cross section measurements with both off-axis and on-axis fluxes

Additional measurements of Lorenz violation, sterile oscillation, and neutrino mass

ﬁ
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Conclusion

T2K presents first results with antineutrino data: 4.0 x 102° POT
. anti-'v disappearance results

. Updated with full antineutrino run

» 34 events used for world leading determination of 923
= Search for anti-v_, appearance:

» 3 candidate events observed

» Data does not favor or disfavor the appearance hypothesis
= Both analyses are statistics limited
= Next step: joint neutrino+antineutrino beam mode analysis

Additional physics from T2K:

= 13 papers from 2014-2015 so far on oscillation, cross section, and
sterile oscillation

Thank you for your attention!

<= i
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Backup slides
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Future of T2K and mass hierarchy

T2K collab, arXiv:1409.7469, accepted by PTEP

7 - l
T2K 0-65 | I I
6 | NOvVA |
T2K+2NOVA 06
5 - Sin (2913):0.1 —
S|n2(623)=0-5 8 0_55 L
s £
> = 0.5
< 7]
| :
)| 2 045
1t 04
0 0.35 . .

-150 -100 -50 0 50 100 150
True o¢p

-150-100 -50 0 50 100 150
True ocp

NOvVA's higher energy (peak E ~2 GeV) and longer baseline (L~810km) has a
different dependence on mass hierarchy (MH) through the matter effect

= Gray regions are where the mass hierarchy can be determined to
90% CL for T2K(red), NOVA (blue), and T2K+NOVA (black)

Determination of MH depends on 6,

<= i
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MICHIGAN STATE

Beam timing of events at SK
E - RUN1-5 (7.318:10®POT) |04 =_; o _;_ i _!r-\_l o o _l | —
70:_ I RUNG (s.s07x107POT) E E
oent i LE ]
360:_ . 10°E -
s I 2 F E
@°°F & I | 1
§40:_ *Q-‘E IO?_E__ []‘[,l _E
QO - L) ~ -
s I s L ]
230:— _i; 10 E
g N > F i
=20r L FC+E , >30 MeV
N = =
E : 1 1 1 L | 1 | 1 | 1 I | 1 I | :

%000 ©0 1000 2000 3000 4000 5000 40 =200 0 s 400
AT, (nsec) AT, (usec)

dTO distribution of all the FC events (zoomed into the spill on-timing window) observed
during Run1-5 (orange) and Run6 (green). The eight dotted vertical lines represent the
581 nsec-interval bunch center positions fitted to the observed FC event times albeit with
their spacing preserved. The two histograms are stacked.

ﬁ
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MICHIGAN STATE

Antielectron neutrino candidates distributionS:xs

2000 2000
1000_— 1000 |~ i
= | CH s
5 | S s
B N i !
e B 0 '
> 0_ Q>§ B ) a
Q = B * .
t B ') i () :
g B > B X
-1000 1000 .
I el [ I 3
I -2000 —————1— L
o0l 0 1000 2000 3000
-2000 -1000 0 1000 2000 x 10°

Vertex R* (cm?)
Vertex X (cm)

Two-dimensional R*2-Z distribution of the reconstructed vertex position of the anti-nue
candidate events. Dashed blue line indicates the fiducial volume boundary. Black markers
are events observed during RUNS, and pink markers are events from RUNG. Hollow
crosses represent events passing the anti-numu selection cuts other than the fiducial
volume cut.

<= _—
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Number of events

MICHIGAN STATE

Antielectron neutrino candidates distributionS:«s

4 —— RUN5-6 data
B (4.011x10°°POT)
- I Osc.v, CC
. B Osc.v, CC
! v, CC
3 [ Beam v/v, CC
B B NC
: (MC w/ sin"26,,=0.1)
2 .
1 .
0
0 500 1000

Reconstructed v energy (MeV)

Number of events

2 @y, e

—4+— RUNS5-6 data
(4.011x10°°POT)
- B Osc. v, CC

B Osc. V. CC

- [ 1 Beam y /v, CC
B NC
(MC w/ sin28,,=0.1)

-1 -0.5 0 0.5 |

CcoS Gbeam
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Antimuon neutrino candidates distributiong™iversir

2000 2000
g O T mmg g Gmmmmmnne I v i
1000 - § 1000 |
5§ [ . 1 B
N I & * [ e @ ¢ G et B
> Un * e @ > 0
= i < i
t | o * It 4] [}
5 | . 5
> L .. : =
-1000 __ + E -1000
| * i i g e : G]‘G’ i
_2000 ] l : l I : : I I I : : : : i 1 L 1 1 I 1 1 1 1 I L 1 L 1 I | | | |
-2000
0 1000 2000 30?0 5000 -1000 0 1000 2000
2 2 X 10
Vertex R” (cm?) Vertex X (cm)

Two-dimensional R*2-Z distribution of the reconstructed vertex position of the anti-numu
candidate events. Dashed blue line indicates the fiducial volume boundary. Black markers
are events observed during RUNS, and pink markers are events from RUNG. Hollow
crosses represent events passing the anti-numu selection cuts other than the fiducial
volume cut.
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Antimuon neutrino candidates distributiong~versits

I —+— RUN5-6 data "~ —— RUN5-6 data
(4.0C1 lcx g)gpor) i (4.011x10*°POT)
i .V, 30 mmv,CCQE
6 B V, CC QE . @V, CCQE
[Z i L] v“+§fLl CC non-QE = @ i 1 v,*+9, CC non-QE
8 i E vV, CC = i vV, CC
NC L B NC
> , -
(D] B MC lJv/ sin“26,,=0.1) q>) B (MC w/ sin*28, =0.1)
qa 4 | + S 20 13
: S
o O
= e
= g |
Z Zz 10
===
0Le——T
0 1000 2000 3000 o 0.5 0 0.5 1
Reconstructed v energy (MeV)
cos O,
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1. Utlll?e # of event at different m?dules Definition of Enfil:gy Zplfctra
- Different energy spectra at dlfferen’g grouping modules Pze icted by MC
modules because of different off-axis z Group 7
angles (Boa=0-0.9°) ;;'* 0]  Sroup
2. Group two modules to minimize effects 2 —rovp ]
from the variation of the neutrino beam 8 |
direction 5 02
- 14 modules — 7 groups T —

E, (GeV)
x10™ x10°
g’ 145_ —&— T2K INGRID  —&— T2K INGRID flux avcE é_ Compare nearby CC InC|USIVe
g F 1500%  event rate across the on-axis
. F SR 1 % (INGRID) detector:
”i B F@,? 1000 § = Target material: Fe
S OF > MINOS 1 £ = Flux varies across detector due
5 ‘AN GENIE P00 % to off-axis effect
[y ux average - =
2—: e GENIE flux average | >1 u Infer energy dependence from
% 1 2 3 4 5 6 7 variation
E, (GeV)
= —
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Use of near detectors on T2K

Expected number of events at the far detector is tuned using a likelihood fit to
the near detector samples; substantial reduction to overall uncertainty:

w/o ND w/ ND
measurement | measurement

v flux and flux 7.1% 35%
Cross section  ¢ro¢5 section cmn to ND280 5.8% 1.4 %

(flux) x 9.2% 34%

(cross section cmn to ND280)

cross section (SK only, include /) 10.0 %

multi-nucleon effect on oxygen 9.5%

total 13.0% 10.1%
Final or Secondary Hadronic Interaction 2.1%
Super-K detector 3.8%
total 14.4% 11.6%

Fractional error on number-of-event prediction
P %X glx € X P( v, — Ve) Analyses are statistics limited
Efforts to improve multinucleon oxygen

D x og|X € ND

uncertainty with FGD2 water samples
and C-to-O A scaling studies

7/24/2015

—
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Flux uncertainties

MICHIGAN STATE

UNIVYERSITY

SK: Negative Focussing Mode, v,

5 O .3 | T T T T L | T T T T T T
= I Hadron Interactions —— Material Modeling 7
- Proton Beam Profile & Off-axis Angle |
= Proton Number N
8 I Horn Current & Field |
= L Horn & Target Alignment —
g 02 s Total error |
—=
e - _
A——— sl e ==
SK: Positive Focussing Mode, v,
s 0 .3 I T T T T T T LI | T T T T T T T
= I Hadron Interactions —— Material Modeling .
'L%] Proton Beam Profile & Off-axis Angle Pratan Niumhar i
8 I Horn Current & Field — Total error _
§ 02t Horn & Target Alignment ---1 Dashed: -
2 i 2013-era |

107! 1 10
E, (GeV)
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Flux tuning from near detector fit SR

SK V,,, V beam mode SK V,, V beam mode
q) 1 _4 : T T T T T LI | T T T T T LI T : q) 1 .4 T T T T T LI I T T T T T LI | T :
2 F PRELIMINARY 3 3 PRELIMINARY S :
< 1.3 -4 g 5
> : i = RRXAAIAAINKASN &
B o12 4 5 12 ; e
Q B Q
g 1.1 g 11
s =
g g
5 09 § 5 09
“E Prior to ND280 Constraint 3 - Prior to ND280 Constraint =
0.6 After ND280 Constraint = 0.6 After ND280 Constraint 3
E L ) L N ) L l N ) L N ) L 1 l N E : 1 1 1 1 1 11 1 I 1 1 1 1 1 11 1 | 1 :
10" I 10 10° 1 10
E (s E. (GeV)
SK v, V beam mode SK v, V beam mode
«P] 1 -4 = T T L L L | = 1 _4 — T T LI B B N B T T T T T T T T ]
= |- PRELIMINARY E =~ PRELIMINARY -
DE 3 1.3 —
> - - = -
g 12F = 12k =
g L1 5 - . E
o] .
St
S
oW 1
>< —
09 —
'[T:: = 3 0.9 —
0.8 — = =
= - Prior to ND280 Constraint = 0.8 . . —
0.7F E = - Prior to ND280 Constraint =
0.6 After ND280 Constraint = 0.7 = E
= | | = 0.6 After ND280 Constraint =
10.] 1 10 - 1 1 1 Ll 1 1 1 Lol 1 -
E, (GeV) 10" I 10
E, (GeV)
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PRELIMINARY

__________________

- Prior to ND280 Constraint

After ND280 Constraint

e
@
)

e
)

©
o
qV]
)
@
&
®)
<

o
(@)

=
@
)

e
(s

O

-
O
)
/)
(7))
(7))
@)
—

O

N N

=
= =

QEmN I9jowieIed

60

P00 DN
JUAIYOD) DN
Oy, WUBIY0D DD
Dy YURIYOD DD
sdeys 10430 D0 8
TASA

p3Yq ¢/1 = urdso

K. Mahn, ERAL W&C

O, Uz-dz DD

Oy d

O, A

D Uz-dz DD
H

US Q

Vv

maz



Cross section tuning from near detectofefiters

MSF (GeV/c?)
pr 12C (MeV /c)
MEC 2C

Ep 2C (MeV)
pr °0 (MeV/c)
MEC 0O

Ep %0 (MeV)
C A5RES

MEES (GeV /c?)
Isospin:% Background
Ve/Vy,

CC Other Shape
CC Coh 2C

CC Coh *O

NC Coh

NC Other

1.15 £ 0.069607
223.0 £ 12.301
27.0 £ 29.053
25.0 £ 9.0
225.0 £ 12.301
27.0 £ 104.13
27.0 £ 9.0
1.01 = 0.12
0.95 £ 0.15
1.3 £ 0.2
1.0 £ 0.02
0.0+ 0.4
1.0 £ 1.0
1.0 £ 1.0
1.0 £ 0.3
1.0 £ 0.3

1.1371 £ 0.033559
222.67 £ 8.8333
103.11 4 17.245
23.903 £ 7.3458
224.43 £+ 12.152
103.1 + 101.49
27.045 £ 8.8047

0.86234 £ 0.074094

0.72437 £+ 0.052156
1.4853 + 0.19014

1.0008 £ 0.019997

0.023024 + 0.1928

0.021658 £ 0.16037
1.0764 £+ 0.97171
0.98 £ 0.29922
1.4128 £ 0.1858

-
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Our antineutrino measurements are statistics limited
« Analysis with and without systematics included barely changes the contours

ﬁ
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