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The Standard Model

Fermions Bosons
Protons, neutrons

Photons

1
3

Electrons Protons, neutrons

AAAS graphic

SJauled 83104
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The Standard Model

Fermions Bosons

o . - .

Neutrinos!

Photons

siouiEd 82104

Electrons Protons, neutrons

AAAS graphic
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VWhat we now know about neutrinos

* Three flavors: v, v, v,

suojdan
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VWhat we now know about neutrinos

* Three flavors: v, Vs ¥

suojdan

This is an electron neutrino
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VWhat we now know about neutrinos

" Three flavors: v, v, v,
=  Neutral
" |nteract via the weak force

suojdan

Neutral Current (NC)

\') Vv

Charged Current (CC)

v | V€_>€
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What we now know about neutrinos

" Three flavors: v, v, v,
=  Neutral
" |nteract via the weak force

Neutral Current (NC)

vV Vv

At neutrino energy (E,) ~1 GeV, o, ~ 107 cm?

Mean free path through lead is 1 light year

2/6/13 K Mahn, IPMU seminari



What we now know about neutrinos

= Three flavors: v, ¥ M
=  Neutral

" |nteract via the weak force
Abundant




What we now know about neutrinos

= Three flavors:v,, v, V
e 1 R 7 . .
. Neutral The Particle Universe
" |nteract via the weak force 10 - photons neutrinos
Abundant 102 -
10'
o0 . The majority of
o these are Big
£ 17" Bang neutrinos
QO
%‘ 1% ~300v/cm3
'g 103
E 1074
1072 |-

106+ protons electrons

107" - neutrons
10-3 - Idark mattEI'

_I-I. Murayama graphic
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What we now know about neutrinos

" Three flavors: v, v, Vv,

= Neutral The mass of the neutrino is small but it
i Interact via the weak force has a bi"g fmpﬂct in the Eﬂ'ﬂy universe
=  Abundant

= |Vassive

At early times, neutrinos behave like radiation

_ _ Center for Cosmological Physics graphic
Impacts Big Bang nucleosynthesis

no ”0\ Dr’\
‘\fH H ‘He
=3 v,
e

CSIRO graphic . . _
At late times, neutrinos behave like matter

Affects large scale structure formation

2/6/13 K Mahn. IPMU seminai 1



Neutrino mass

In the SM Lagrangian, charged leptons have Dirac mass terms
which couple left and right chiral components:

—MmMp (fLI/R -+ DRVL)
However, neutrinos are massless in the SM

Neutrinos only interact with the “left handed” weak force

H. Murayama graphic

fermion masses
de se be

U -e Ce te
Vi —ei0VyeV3 ce e Te
LT, TR T e T e T e e
ueV meV eV keV MeV GeV TeV

Why is neutrino mass non-zero?

Why is it so much smaller than the other particles?

= | ) A5 N \ ) :
2/6/13 K Mahn, IPMU seminari



Neutrino mass

The “see saw mechanism” explains the lightness of the neutrino mass by adding a
(very heavy) right-handed neutrino

If there is one left-handed neutrino, and a right-handed partner, and assuming
neutrinos are Majorana particles (with a Majorana mass term) then we get:

mp )% m
my = Q < mp . .
"R Mo

ma

12

meg .

If mp ~“m,,, ~100 GeV, and m,;~m,<0.01eV,
then m,~m;~ 10% GeV

Neutrino mass may be related to a higher energy scale than we can otherwise study
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Neutrinos and the matter-antimatter asymmetry

Neutrinos have mass, which is suggestive of a heavy, right handed neutrino, Ny

"Leptogenesis’’: CP violation in the decay of N, can create a lepton number

asymmetry which can be converted to a baryon number asymmetry
M. Fukugita and T. Yanagida, Phys. Lett. B 174, 45 (1986)

For the matter-antimatter asymmetry to be generated, we require: non-thermal

equilibrium, CP violation and baryon number violation
A.D. Sakharov, Pis’'ma Zh. Eksp. Teor. Fiz. 5, 32 (1967) [JETP Lett. 5, 24 (1967)]

Studying CP violation with light neutrinos may lead to insights about
CP violation of N,

2/6/13 K Mahn, IPMU seminar
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VWhat Is neutrino oscillation?

We know neutrinos have mass because of we observe neutrino “oscillation™:
the interference between the flavor and mass eigenstates of the neutrino

If we start with two neutrino flavor (v, v ) and two mass states (v4, V;)
then:

Ve cos ¢ sin 6 21
v, sin @ cos @/ \1r

The flavor state evolution in time is like an elliptically polarized wave:

Ve (t)) = cos @ e 1% |1} — sin 0 e "2t |1y

From
wikipedia

Starting polarized along the x-axis
~ ' (like starting in v, state) then:

’ = Some time later polarization is

along y-axis (v,)

% ZA N Y ~ ‘ . " Or back to the x-axis (v, )
\ N i L R it -. ; .
WA \-x.,f‘j A\ \-1 No mass, no oscillation




Neutrino mixing matrix

Flavor eigenstates
(coupling to the W)

Three observed flavors of neutrinos (v,, V

( UE] UEZ U€3 \
Uul U;LE Uiu?:
\Url U’I‘Z Ur3 )

Unitary PMNS mixing matrix

1

Mass eigenstates
(definite mass)

v.) means U is represented by

three independent mixing angles (645, 655, 643) and a CP violating phase o

10
Uy =10 ¢y
\0 —523

0 )

33

C;= COSO;;, S;= sinb;
i Ci3 0 5136"—;(3 )
0 | 0
N :
\ 813€ €13 b,

Cr3 )

/
Cis

32

. 0

(e R]

S5 0
s U
0 1

(Ao %)

X diag(e™® ,e2 ,1)

Potential Majorana phases do not contribute
to neutrino oscillation probabilities
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Neutrino oscillation

As the neutrinos propagate, the mass states interfere:

P :5&5—4ZR€:[U'&U&EU@U@ sin”

1> ]

+23 Im|U,U,UU., |sin

>

Probability to observe vy after starting in flavor state v, depends on:
= Mixing matrix U_ (and mixing angles)

= | (km): Distance the neutrino has travelled

" E (GeV): Energy of the neutrino

= Am? (eV?): mass splitting
Difference of the square of the mass eigenvalues

If neutrinos have no mass, or degenerate masses, no interference is possible

2/6/13 K Mahn, IPMU seminar 17



Current state of neutrino mixing

3 I
Am?,,>0
2 I

Am?,,
1 I

Neutrino mass squared (m.2)

Two observed mass splittings, determined from atmospheric and solar
neutrino experiments, respectively

= Am?(atmospheric) = |Am?,, |~ 2.4 x 1073 eV?

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

The sign of Am?2,,, or the “mass hierarchy” is still unknown
= Normal “hierarchy” is like quarks (m, is lightest, Am?,, >0 )
* Inverted hierarchy has m, lightest (Am2;, <0)
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Current state of neutrino mixing

l 7 2 Vp M. Diwan
Oéj TRIUMF seminar

5" =
: . 2 Cos 0 = ) . cos d =
g 51]_1"9_-._3 ] 51]1‘91: Blnglj ]
=3 | I - I T
& sin’ 63 AmZ, :
Z Am;, /I . ¥
= . o sinéh 3
e sin” 8, SHLE! 1 i
E , || ———— Al
> Amgy ) sin® s

I . 1 K

sindyj ~ n’ g
NORMAL o an INVERTED

U has three mixing angles and one phase:

: ,,22:;?5 Fglf:g 49 Ll Why are quark and lepton mixing so different?

. 0,,~9° gCkM__~13,0°, @KM__~) 3° GCKM_ _~( 2°

Is there CP violation in the neutrino sector?
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Neutrino oscillation, revisited

Am?;, >> Am?,,, producing high frequency and low frequency oscillation terms

Py =0,-4) Re[U

> ]

* ok . 2
sUsUyU, Jsin

+23 I U, U U, U

iU aj]sm

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,

2

Py, v, )e]l— sin” 26,, sin”

A small fraction of v, will “appear”
2 e~ 2

Am<;, ~ Am?4,,

Only leading order term shown

4E

P(v,—V,)=sin"26,,sin’ 6,, sinz(

M;L]
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Appearance and disappearance

v, “disappear” into v, v,

Am>, L
P(vﬂ%V}u)zl—sinZZBHsinz[ Tﬁ ]

A small fraction of v, will “appear” e . B . [ Am3 L
Am2,, ~ Am2,, P(v,—Vv,)=sin"20,;sin” 6,;sin AR

Only leading order term shown

f = 7 = L Oscillatory behavior, hence,
-\ | sin2(26,,) : neutrino oscillations
0.5 —
il PV, —=v,) il
Il PV, V) i
1  — | | | 1
% 2 4 6
oscillation maximum L/E (km/GeV)
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Electron neutrino appearance

Py, — ve) = 4(:'%33%35'33 - sin® Ag; Leading term
—|—SC]2_3312 313523(012023 cosd — 512513323) * COS 532 . sin Aﬂl - 8in Azj_
CP violating term —8012:3012023512513523 sin d - sin Ags - sin Agq - sin Agq
+4S§20fﬂ(032033 —|— SEES%ES?E — 2012023812523813 COS 5) . sinz AZl
aL : solar
—BCfESf2S§3 : E(l — 2Sf3) » cos Ago » sin Agy
v matter effects

+8C2, 57,52 (1 — 25%,) sin® Agy

2
LULZTE!

Measurements of Vv, 10 V. appearance are se nsitive to:

= CP violation

= '0,, octant”: if 6,4 is non maximal, is it more or less than 45 deg?

= Sign of Am?,, through “"matter effects”; difference in v, v. and v, interactions as
they travel through matter

= New or exotic physics

Requires precision measurements of Am2,,, 65, (v,, disappearance
320 M2 VL
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How to do an oscillation experiment

Search for deficit of v, (disappearance)

Search for excess of v, (appearance)

A, ~ Am%,,
Only leading order term shown

_ . o Ami,L
P(v,—Vv,)=1-sin"26,, sz[ 4; ]

‘. D o o . MEL
P(v, —v,)=sin" 20,;sin" 0, sm"[ 42 ]

i Sin2(2923 )

0.5

PV, —=v,)

P(‘n.fjl = V,)

0 S

Typical experimental setup:

= Source of neutrino energy E
| ® Measure v, rate™ at L=0

" Measure v, , v, rate at

L~oscillation maximum

| ® Infer oscillation parameters
-+ from rate change and distortion
4 of spectrum

A

0 2

oscillation maximum
2/6/13

4

6 *In practice also measure
L/E (km/GeV)  any v, background rates at L=0

-y
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The Tokail-to-Kamioka (T2K) experiment

“Long baseline” (L~ 295km) neutrino experiment designed to measure:
V. appearance (0;) and v  disappearance (AMZ5, 6,4)

Three necessary pieces:

1) Intense neutrino source

2) Measurement of unoscillated v, rate at L~0

3) Immense detector of ¥V, Veat L™ oscillation maximum

Far dEtE_Ctﬂri : Beam source and near detectors:
Super-Kamiokande | J-PARC accelerator complex

located near Kamioka




The T2K Collaboration
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Conventional neutrino beam

Decay region  Beam dump

| Neutrino beam
T[+ -iw__
ﬁ ----..____‘
-

[

30 GeV Carbon Magnetic Pions and kaons Shielding stops
Proton beam Target focusing decay to neutrinos any remaining
“horn” particles

Advantages of an accelerator based neutrino source:

1. >99% muon neutrino flavor, small v, component from muon, kaon decay
2, Intensity of proton beam increases neutrino rate
3 Switch magnetic horn polarization to focus 1T and produce an

antineutrino beam
4.  Tunable neutrino energy spectrum optimized for oscillation

| '] . i



The off-axis advantage

o | R . — 1° Off-Axis
¥ - " £ r
> O |
. = :
o - e e e S [
P, (GeVie) <
>
T2K uses a novel ‘off-axis” technique E
Developed at TRIUMF for a long >
baseline neutrino experiment .
(BNL889) 7 | | =

= Narrower neutrino energy spectrum -
from pion decay kinematics i

_— 0.5— -

o Peak can be set to MGSCI”EUQ“ | Oscillation prgbab”ﬁy i

maximum B for L=295km, 7

= Reduces backgrounds from higher = AM2,,~2.5 x10°3 e V2 -

energy neutrino interactions i ~
ﬂu L 3 | L 2| | | |4 :la | L |

2/6/13 K Mahn, IPMU seminar Neutrino Energyr (GBH)



Neutrino detectors of T2K

Off-axis ND280 detectors

proton beam

direction
On-axis INGRID detector:

Measure beam direction, stability
with high statistics v event sample

Off-axis Super-Kamiokande detector
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Neutrino Iinteractions at T2K

CCQE CCn

NCnt

At Ev™0.6 GeV most interactions are

Charged Current Quasi Elastic

* Neutrino flavor determined from flavor of
outgoing lepton i.e. e for v, pufor v,

" |nfer neutrino properties from the lepton
momentum and angle:

2

EQE _ p
Y 20mly — By +p, 0088, )

Single pion production is also important:
CCrt and NCrt

2/6/13 K Mahn, IPMU seminar

=5
M

CC total

—
I

o
o

CCQE

©
N

o/E (103cm?/GeV)
o
(8]

o
N

NPt CCsingle nt J
C s

Total (NC+CC)

DI

—]

o

0.5 1 1;5 2 25 3 35 4 45 5

E, (GeV)

=T,
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Near detectors (ND)

Measure unoscillated v,(CC) rate: CCQE CCn
Select nothing coming in (neutrino)
and muons coming out (v,

UA1 Magnet Yoke Analysis this year relies on “Tracker”,
' | constructed at TRIUMF

Downstream

POD ECAL = 2 scintillator based tracking detectors
' (FGDs)

® 3 time projection chambers (TPCs)
il * Placed inside the UA1 magnet
(n?- Additional detectors include:
mm// * POD (rt° detector)
| * Electromagnetic calorimeters
E:ﬁ';i:?;nf (2010) * Muon range detectors

2/6/13 K Mahn, IPMU seminar 30
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Fine Grained Detectors (FGDs)

Scintillation light (from charged particles) is sent down a wavelength
shifting fibre connected to a multi-pixel-photon-counter (MPPC)

= MPPCs function in a magnetic field
= First large scale use

X and Y scintillator layers can be used for 3D tracking
1cm? bar size provides detailed vertex information

P.-A. Amaudruz et al,

||||||

“The T2K fine-grained detectors”,
NIM A (2012) 10.1016/j.nima.2012.08.020 ]
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Time projection chambers (TPCs)

Charged particle ionizes gas; electrons drift to readout plane (E~25kV)
“Wireless” TPC: Use of bulk micromegas detectors in readout

3D tracks are reconstructed provided drift velocity in the gas and timing of entry
from other subdetectors

Momentum of the particle can be determined from curvature
= 0.2T Bfield; p, ™~ 1 GeV/c has <10% momentum resolution

Built DQ system,
ﬂﬁgnment convener
Inner wall and AT
field cage é Hﬂ"““‘uh

SR
o) h
v beam | \
direction \.
e
. Front en
cards
N~
|
Central cathode | ey =
| - %
NIM A Eﬁjﬂlr Central , / %
25(2011) cathode HV v
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Selecting CC v, interactions

Measure unoscillated v, (CC) rate

1. Neutrino interaction in FGD1
= Veto events with TPC1 tracks
= Events within FGD1 fiducial volume

2. Select highest momentum, negative
curvature track as 4" candidate

3. Check muon candidate is consistent
with muon energy loss in TPC

CCQE

CCn

energy loss (keV/icm)

FGD1
¥
A=
'.-"'
||"I'.l-l‘I g
F.-‘
.-"f
Vv
(1]
_______ > -
TPC1 TPC2
4m
— MC muons
| ===+ MC electrons
aspe v e MC protons
': ---------- MC pit}ns
3._._
2 5H
RENRRAL R, “Th e o e AR e e e
150
L i e T e e e RS, CR
1
0.5 600 800 1000 1200 1400 1600 1800 2000

200 40
p (MeV/c)

I’ |



Selecting CC v, interactions

Measure unoscillated v, (CC) rate FGD1

1. Neutrino interaction in FGD1
= Veto events with TPC1 tracks
= Events within FGD1 fiducial volume -

2. Select highest momentum, negative
curvature track as 4" candidate

3. Check muon candidate is consistent
with muon energy loss in TPC

CCQE CCn

Further separate sample into two categories:

CCQE enhanced:
= 1 TPC-FGD matched track
"= no decay electron in FGD1

CCnonQE enhanced:
= 3ll other CC inclusive

lahnn, ¥



Far detector

Measure v_(CC) rate from Vv, oscillation CCQE CCn

Select nothing coming in (neutrino)

and an electron coming out (v,)
L l ]

r.-l"

Super-Kamiokande: 22.5kton fiducial volume
water Cherenkov detector

Charged leptons emit Cherenkov light

" Ringisimaged by 11,129 PMTs; ring is used
used to determine the lepton direction and
momentum (relative to the neutrino)

" Entering (non-neutrino) events are rejected
by outer veto region

= Select v, events from ring shape and
topology
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Selecting CC v, interactions

A it from a NC interaction will decay to
two photons (two electron-like rings)

= Search for 2" ring

H | = Calculate invariant mass

" Reject events consistent with mt°
Invariant mass

Signal: CC v, from v, to v, oscillation

Background: CCv,  Background: NCr®V
Irreducible beam v, Mimics CC v,

MC event: MC event:

electron
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V., appearance analysis

N(ve) =P(E,) o(E,) € P(v, — V)

Fit the observed rate to determine sin?20,; Also depends on:

, 3
2/6f13 K Mahn, IPMU seminar 3/



V., appearance analysis

N(ve) =P(E,) o(E,) € P(v, — V)

Fit the observed rate to determine sin?20,; Also depends on:

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

N(v,) = ®(E,) o(E,) €
== e e

38
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V., appearance analysis

N(ve) =P(E,) o(E,) € P(v, — V)

Fit the observed rate to determine sin?20,; Also depends on:

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

N(v,) = ®(E,) o(E,) €
e i

Challenge as osc analysis co-convener:
correlate the physics, coordinate the students, convince the physicists

2/6f13 K Mahn, IPMU seminar 9



Neutrino interactions at ND and SK

Interaction Mode Trkr. vy, CCQE Trkr. v, CCnQE SK v, Sig. SK v, Bgnd.

CCQE 76.6% 85.8% 45.0%

CCln 15.6% 29.3% 13.7% 13.9%
CC coh. 1.9% 4.2% 0.3% 0.7%
CC other 4.1% 37.0% 0.2% 0.7%
NC 1.5% 5.3% - 39.7%

CCQE and CC1m are the largest interaction mode in ND, SK samples

» Separation of CCQE and CCnQE ND samples gives additional power for fit to
constrain cross section models

* Need to account for acceptance difference between ND (forward going

selection) and SK (4mt selection) for identical changes to cross section to
correlate the two samples

From experience with SciBooNE/MiniBooNE joint analysis, developed
“reweighting” code to alter the cross section for each simulated event
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Neutrino interaction uncertainties

=

5

Y
& &ov b ov a0 L og o poa 4 o4 4. 0 koo a4 fou.p8 ) g

-—= NEUT nomunal -
—— Best fit
—— MB CCln* data _

DataMC ado/aQ’ (107" cm? ¢*/GeV?)
H

1_5_:‘__.-_"'=$"=-'ﬂ'“‘=——"-..._‘___"_“-
1.0 ettt
05 —
00 05 10 15
Q° (GeVcY)
o SRRt aatc st nieas s
{3 2! -—— NEUT nominal
f —— Best fit
£ 15 -
; —— MB NCIn® data
=
o
% 05 .41_
o e b b b ) i *M
O
R o
Enﬁ e i s
00 05 10 15
P (GeVic)

2/B6/13

CCn

NCn

K Mahn, IPMU seminar

Started a program to compare
cross section model (NEUT)

to external neutrino-nucleon data
to set uncertainties

= Possible with reweighting code

= Single pion (CC and NC)
interaction MiniBooNE datasets
fit simultaneously

= SciBooNE, K2K datasets used as
cross check

41



Fit of ND280 data to constrain rate

—— Data

80 =3
. 605 CCQE: 0.94<c0s6,<1.00 F CCnQE: 0.94<cosB,<1.00
= Pre-fit Prediction - I
" 40 B T _I
. Post-fit Prediction [ 20F  [F s - e
g 40 :— CCQE: 0.90<cosb,,<0.94 _::_ CCnQE: 0.90<co0s8,<0.94
¥ : T
> 20f E
o i
E 60 3— CCQE: ﬂ.ﬂdﬂcnsﬁuﬂﬂ.‘?ﬂ
P " = -
Event rate in angular bins, 2 4F
S & =
VS momentum 20
for ND280 data
300 CCQE: -1.00<cos8,<0.84 — CCnQE: -1.00<cos8,<0.84
CCQE sample (left) 200 y 3
CCnQE sample (right) 100fs= -
b ———"1000 2000 1000 2000
_ _ . .. P, (MeV/c) p, (MeV/c)
Tune flux, cross section models with a likelihood fit
= p-O distribution is sensitive to rate (O x o 2

m

p
2(m/, — B, + p,cosf),)

= CC cross sections, vy flux uncertainties
reduced substantially; Ax? = 29.1, p=0.925
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Expected number of v, candidates

After ND tuning, expect ~11 events with v, tov, oscillation, 3 without
* Rate, p-0 kinematics of events distinguishes signal from background

Signal (v, to v, osc)

CC v, signal

—~ 150¢
@sin%20,,=0.1,6cp=0 7.81 8 ; |
E} 100 i B s .............................. : u.n3
% i 0.02
gﬁ 50 2 0.01
Background # events % 500 1000 1500
—_— momentum (MeV/c
beam Vv, + V. 1.73 { )

— , CC v, background
vu+v“(mamly NC) 1.31 —~ 150¢ 0.04
background o : -

D 100F ‘
osc through 6., 0.18 E : 0.00
T S0f
total: 3.22 g l- 0.01
! :
£0.43(sys) % 500 1000 1500
v, signal @Am?2,,=2.4 x 103 eV?, sin?20,,=1.0 momentum (MeV/c)
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Overall systematic uncertainty

After ND tuning, systematic uncertainties reduced to ~10% on signal+ background
* Qverall uncertainty halved with use of the near detector data

Signal (v, to v, 0sc) m

@sin%20,,=0.1,6cp=0 7.81

Background m

beam v, +V, 1.73

V, +?u (mainly NC) .31

background

osc through 9., 0.18

total: 3.22
+0.43(sys)

v, signal@Am?,,=2.4 x 103 eV?, sin?20,,=1.0

Uncertainties |V, bkrd | v, sig+bkrd

+8.7% +5.7%

v flux+xsec
(constrained by

ND280)

V XSec
(unconstrained by
ND280)

Far detector

+5.9% +7.5%

+7.7% +3.9%

No ND
measurement
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Overall systematic uncertainty

After ND tuning, systematic uncertainties reduced to ~10% on signal+ background
* Qverall uncertainty halved with use of the near detector data

Signal (v, to v, 0sc) m

@sin%20,,=0.1,6cp=0 7.81

Background m

beam v, +V, 1.73

V, +?u (mainly NC) .31

background

osc through 9., 0.18

total: 3.22
+0.43(sys)

v, signal@Am?,,=2.4 x 103 eV?, sin?20,,=1.0

Uncertainties |V, bkrd | v, sig+bkrd

+8.7% +5.7%

v flux+xsec
(constrained by

ND280)

V XSec
(unconstrained by
ND280)

Far detector

+5.9% +7.5%

+7.7% +3.9%

No ND
measurement

What do we see in data?

2/6/13 K Mahn, IPMU seminar



# of events

Distributions

of v, candiqates

0.35
140 (3.010620 POT) 03 " 11candidate events observed
1205_ m.ﬁfmhﬂ]]-ﬂﬂa4 0:25 for backgrou nd of 3.22+0.43
100E E"fi:f::; " Probability to see 11 events or
02 "
805 R inrer more for sin?20.,,=0 is 0.08%
0.15
60; 0'1 (3.20 equivalent)
40; 0'05 " Reasonable agreement in fit
20; 0' variables
0O 200 400 600 800 100012001400
momentum (MeV/c)
7 Runl+2+3 data TE Runl+2+3 data
(3.010¢20 POT) 6'5" (3.010e20 POT)
6 + dat + data
S _ I signal prediction S E W signal prediction
4 * Bbackground prediction | 4 s [l background prediction
3F 3k
2§_ 2:~ + o
1F ‘ IE ‘ - I !
ol

2/6/13

200 400 600 800 100012001400 00
momentum (MeV/c)

K Mz hn,

20 40 60 80 100 120 140
angle (degrees)
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—— Best fit

Runl+2+3 data
(3.010e20 POT)

normil hierarchy
Iﬂmgzlzlﬂxlﬂ's eV*
i I i [ i i

D 6R%CL.
B 9%0% C.L.

— Best fit

Runl+2+3 data
(3.010e20 POT)

inverted hierarchy
lAm3,|=2.4x10" eV?

W 68% CL.
B 50% C.L.

p L x iy T W N ST .
0 0.1 0.2 03 04

Vv, appearance results

Assuming:
|AmZ,,|=2.4 x 103 eV?
sin‘28,, =1

Normal hierarchy (Am? >0), § .,=0 (top)
best fit sin%28,; = 0.094 +0.053 -0.040

Inverted hierarchy (Am? <0), §.,=0 (bottom)
best fit sin‘20,; = 0.116 +0.063 -0.049

= Rate+shape fit (p-9) consistent with rate-
only fit, and to reconstructed energy fit
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Implications of a large 0,,

- LBL + Solar + KamLAND
1.5} G. Fogli,
: Neutrino 2012
%4 of
w vk  68% C.L.
S B 90% C.L.
-; — Best fit
- :; Runl+2+3 data
= (3.010e20 POT)
: : normal hierarchy
0.00 _ ; : . | ' Am3,l=24x10" eV*
sin” 0, e
- Long baseline (LBL)
E appearance depends = esCL
i on all the mixing — Best i
. parameters, including Runl+2:3 data
::: inverted hierarchy
A SCF" 913 Am3,1=2.4x10” eV
0.00 0.02 0.04 0.08 - e NG @) TR TY
sin” 6, 0 0.1 0.2 0.3 0.4

sin“20
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Implications of a large 0,,

- LBL + Solar + KamLAND e + SBL Reactors
r | v | : NH .
1.5} G. Fogli, -
é_ Neutrino 2012 ' 3
ke Vo =1 5
v ‘I.G‘_‘; : I: 4 ¢
K - i
0.5 0.5 : ' =
- y & i
5 ', =
0.00 0.02 0.04 0.06  0.00 0.02 0.04 0.0
sin 0, sin 0,
20
. H
) .8 E ;
- ' - .
F; ' . Reactor experiments
: o '. EE are a pure
" 1 | measurement of 0,,
5 0.5 : -
0.00 0.02 0.04 0.06  0.00 0.02 0.04 0.08
sin” 8, , sin” 0.,
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Implications of a large 0,,

LBL + Solar + KamLAND + SBL Reactors

2.0 2.0
: v | NH [ y
1.5 G. Fogli, 4 1sf -
é_ Neutrino 2012 ' : ) -
bt ' " 4 =® B _-:
K s i i ]
0.5[ - 1 05 “.
- 1 : - L 2
-1‘ | ' - - —
’ '] I.Illll!lil lllllillllllljlilll-
0.00 0.02 0.04 006 0.00 0.02 0.04 008 000 0.02 0.04 0.08
sin 0, sin° 0, sin’ @,
ZLG‘ 2-0 P T RN Y AR ETE IR EEERERN! E-Dlllilllll llllll.lll IR EEEERN
S ) Y : = LY
y o] . i .
SK atmospheric “3 flavor” fit  |: 1 " E
. L | - - E ""\ -t
lAm232 | ’ 923 and 913 WIth : "‘ _' ;5 1 0:'_ 2 ‘i :
i " s - Tk fa -
different E, L than accelerator  |: . : [ 4 8 -
: X : L Wl HELLER L
experiments : o 4  osl e —
: '. : : iiiiiiii Eﬂ :
. 5 I--IIIIIII;I tlllll:lllllllltllflll-I
0.00 0.02 0.04 0.08 0.00 0.02 0.0s 0.08 0.00 0.02 0.04 0.08
sin” 6, , sin’ 0., sin’ 0.,
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Electron neutrino appearance

Py, — ve) = 4(:'%33%35'33 - sin® Ag; Leading term
—|—SC]2_3312 313523(012023 cosd — 512513323) * COS 532 . sin Aﬂl - 8in Azj_
CP violating term —8012:3012023512513523 sin d - sin Ags - sin Agq - sin Agq
+4S§20fﬂ(032033 —|— SEES%ES?E — 2012023812523813 COS 5) . sinz AZl
aL : solar
—BCfESf2S§3 : E(l — 2Sf3) » cos Ago » sin Agy
v matter effects

+8C2, 57,52 (1 — 25%,) sin® Agy

2
LULZTE!

Appearance measurements are sensitive to all parameters in neutrino mixing

6, =33.6°+1.0°

_ AKO L £O Need precision measurements of
0,, =45°+6° (90%CL) e
6,, =9.1°+0.6°!
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Number of events

T2K first v, disappearance results

2U||||||||]|||-;r||||||||]lF|1 ,4 ..............

I _ |
- 4 —p— TIK R s
18':'_ ---------- No-disappearance hypothesis = qu'hr' Run 1-+2 |
16 e ----@---- 2K Run 142 Alternate Analysis
14E|_ Best-fit oscillation hypothesis _E 3.9 —— MINOS 2011 —
IZE - —e— T2K Run 142 data 3 & —+ — Super-K Zenith
B w3 4 < w Super-KLIE e
EES- == ~] — CEESLAREENER e
10 : 1 > 3 =
8 4 £
6 1 3,d 0 Qe
= 3 £ 77 phys.Rev. D 85 -
4 = ys. Rev. |
ggj | LJ_ J 3 - 031103(R) (2012) i —
| ] 2t N
0o 1 2 3 4 5 s MINOS: Phys. Rev. Lett. 101, 131802 (2008) —
Reconstructed energy E, (GeV) i Super PrysResDPildg0azo0s) = 0
] ' 0.8 0.85 0.9 0.95 ]
Summary of v, signal 1290
uncertainties Am?;,=2.4 x 1073 eV? _ _ ' 23
$in228,.=1.0 " Disappearance distorts energy spectrum

and rate of v, candidates

v flux +4.8%
i : ,
i e o e 4838 19 31 events pass v, selection with -
103.6*138 ., expected for no oscillation
Near detector +6.2 -5.9% '
Far detector +10.3% i S . AmiEL
- P(v,—> v, )=sn"20,sn
Total +15.4-15.1%
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v, disappearance status

o
o

== MINOS 10. ?1:-: 10%° POT (v,)
+3.36 x 10°° POT(‘)+3?9kmn -years

= Super-K zenith angle
- Super-K L/E*
— 2K

o0

AMA / (10° eV?)
N
O
tI']TTITl1llT'IiTTT

R. Nichol, Neutrino 2012

‘
2 *Neutrino
NPFltD 85 2{?;'?1 03(R) (2012) \
[: MINOS PHELIMINAHY 90% C L
1 5 | L - |
0.8 085 09 095 1
Sin?(26)

New MINOS atmospheric + accelerator best fit moved away from maximal mixing
T2K new results for Lake Louise

= Sensitivity to maximal mixing of sin“20,4 >0.91 (90%CL)

= With this coming year’s data set, sin“20,4 >0.95 (90%CL)
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LW mﬁ%‘ém? w5

" Evidence for v_ appearance is the first

« step towards searches of CP violation
7" in the lepton sector

,f, & f.-‘;m ;h\‘& §

o _f. /4
- "l:-a' (= %-"’m_ .-'l-.—.--"ﬂ‘.t’..ﬂ. i L il o a
P —— '- "*-_..,._. .

AR, A Soon, world s best limits on v,
. disappearance (Am?,,, 6,, )
A " |s 8,, maximal?
| == If not, what is the 8,; octant? |
SetisC Mg 500




What is needed to measure 6,p7

Compare v, appearance to v, appearance to determine an asymmetry:

2 .
Ami,L sin26;,

. s1nd

4E,; | Si11913

With 8, “large”, then A, is small (~20-30%), so the measurement of
O.p Need systematic uncertainties of <5% or better
= T2K’s current statistics: 11 events

= Need more raw event rate, with a larger detector
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Hyper-Kamiokande

~1Mton detector, approximately 25x Super-Kamiokande
*= 99,000 inner PMTs, 25,000 veto region PMTs (10 compartments)
= Same neutrino beamline, off-axis angle as T2K, different cavern

®= (QOther physics reach: solar neutrinos, atmospheric neutrinos, astrophysical
neutrinos (supernova), geo-neutrinos and proton decay
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Hyper-Kamiokande

~1Mton detector, approximately 25x Super-Kamiokande
= 99,000 inner PMTs, 25,000 veto region PMTs (10 compartments)
= Same neutrino beamline, off-axis angle as T2K, different cavern

= QOther physics reach: solar neutrinos, atmospheric neutrinos, astrophysical
neutrinos (supernova), geo-neutrinos and proton decay

That’s a lot of PMTs!

Dedicated effort at ICRR, TRIUMF to characterize
the PMTs and explore modifications to collect
more light or reduce cost

Access Tunnel

2/6/13 ahn, IPMU seminar



5-p discovery sensitivity

e N o 7. 5MWyea
HK LOI: hep-ex 1109.3262 bw_s% all syst /2 /o all syst 5in129|§32
Signal 3560 1959 3_—
Ve, Ve i of & covered at 30 w/ 5% sys. error
B_
NC 649 678 L.
al—
CCv, 880 878 =
V, e
Other 81 403 o P ——
v/4 Nulnt12
D / | | | | [ | | | | I | | | |
] 05

05 true & (1) !

With <5% overall systematic uncertainty, HK could observe evidence of nonzero O
= Statistical uncertainty ~2%

"= |mproved control of systematic uncertainties corresponds to increased physics
Impact
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How do we achieve <5% systematics?

v, sigbkrd <107

£ 1Y Nakajima | -

v flux+xsec +5.7% o ' TG A Preliminary
. ~ 4 Nuintll

(constrained by o

ND280) 12
DT,
(unconstrained by 8 I 1
ND280) 6 —e— SciBooNE
Far detector +3.9% Ak —*— MiniBooNE
B —— NOMAD

Total +10.3% 2 —— NEUT (M, =1.2 GeV)

0“ 1| . s o 3 s gl

0’ 1
1 1 0 E (GeV)

The largest systematic uncertainties currently on the T2K v, appearance analysis are
neutrino interaction model uncertainties

" Disagreements between data and neutrino interaction model with other neutrino
experiments (e.g. MiniBooNE, SciBooNE)

= Differences between alternate interaction models than those currently used by T2K

o f i Tk " . A . 9
2/6/13 K viahn, IPMU seminar



T2K'’s efforts to reduce cross section uncertainties

v, sigblrc FGD1

v flux+xsec +5.7%

(constrained by H-
ND280) )%
V Xsec L
(unconstrained by - ISR A | 10| | | —
ND280)

Far detector +3.9% TPC1 TPC2
Total +10.3%

Incorporate alternate or updated neutrino interaction models into our simulations
»= Combination of experimental data (v, e, i) and theory

Test the agreement of new models with ND280, as ND280-XSEC co-convener:

= Detailed information (particle type, kinematics) out of the interaction

= Provide cross section measurements for community to further develop models
Produced T2K’s first cross section measurement (CC inclusive) this summer
= ND280 performance, limitations important to determine what is needed for a HK

near detector program
" |Investigate what is achievable on T2K for antineutrino, v, cross sections



N BT KA I, FRED W2 ﬂ/fﬂm %

».% What will neutrmos teII us in the next 10 years?

o st “?’"

- L]
- :'.-.,

Is there CP wolatlon?
Other new physics?
T2K has shown us the
door and will help us

Walk through Ii'

What is the nature of neutrino
. mass and mixing?

~ New results on Am?;,, §,, soon
) - Is ¥,; maximal?

= e —— — ———

gt 0T




Backup slides
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Disentangling v, appearance

Py, —ve) = 4Cf35f3333 . sin® Agy Leading term
—I-Bclz_ﬂSlgSlgSgg(Clzng cosd — S12513523) - cos Agy - sin Ag; - sin Agg
CP violating term —8C23C12C238512513S23 sin § - sin A - sin Ag; - sin Ay
+482,C%,(C2,C2, + 8%7,55257 — 2C12C23S512523513 cos §) - sin® Ay

L
—8C?2,8%,82, - :'?(1 — 25%,) - cos Agz - sin Agy o
e matter effects T. Nakaya
2 o2 o2 2 2 ' J
+SC]_3513823 Amga (1 — 2‘!""‘1.3) sin® Agy Neutrino2012
0.04 ' |
: : _ — T2K/JParc E=.65 GeV, L=295 km
Plot of this oscillation probability for T2K and ";E b
for Nova vs. 6cp: u::i

For fixed &cp: oz
1) The probability is different for neutrinos  aos

and antineutrinos (blue vs. black)

2) The probability is different depending on 'es4

the hierarchy (solid vs. dashed) pe= qM:F;“?:H; I
3) Matter effects (and mass hierarchy) 3 . oe”

dependence is important for higher ook 4

beam energy and longer baseline a008
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Disentangling v, appearance

2/6/13

The following is a common way to understand the physics sensitivity
of a given experiment (or combinations of experiments)

Examples taken from R. Patterson at Neutrino 2012 for Nova

Please stop me if it stops making sense!

K Mahn, IPMU seminai



Determining the mass hierarchy

= .« D
P(v.) vs. P(v,) P(v,) vs. P(v,) for sin“(26,,) = 1
i i —~ 0.09
Sine wave becomes an ellipse ~ N OA 2
Ellipse shifts based on hierarchy o - 1Am,? = 232107 eV
0.08 [ sin (2913} 0.095
0.04 ~ sin (2923) =1.00
0.035 Nova E=2.1 GeV, L= 810 km 0.07 |
0.03 ..-lﬁﬂ'..‘ B
0025 F  _o°° * = -
0.02 o vy G P ¢! e B e
0.015 ” 000000t : 3 &
0.01 P - ;:d-..n-;' - 0.05 | ‘
- , Iny , O .
... O Tmred | @ Vmormal : Am®< 0 Q
%9 50 100 150 200 250 300 350 0.04 | i
0.03 | Am* >0
002 0 §=0
- ® d=T/2
- O0o=m
01 I m §=3n2
u‘...|...|...|...|.
0 0.02 0.04 0.06 0.08

P(v,)
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Determining the mass hierarchy

P(V.) vs. P(v,) 1 and 2 ¢ Contours for Starred Point
Sine wave becomes an ellipse = 0.09' 1 T
Ellipse shifts based on hierarchy & os | Contours 3 yr v and 3 yry

1 |Am,,2| = 2.32 10" eV?
: sin®(26.,) = 0.095
007 [ sin®(26,,) = 1.00

0.06 | ® -
0.05 |
004 |

Nova runs for 3 years with a neutrino 5403 [
beam, 3 years with antineutrinos :

s 0.02 — O =0
Given a measured P(v,) and . §= /2
— . : - O ﬁ:]‘[
P(V.), will select one point on the 001 | o SZ 30
ellipse (black) 3 EETE BT B BT N B
0 0.02 0.04 0.06 0.08

P(v,)

e

This particular point excludes all inverted
hierarchy scenarios at >20
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significance of hierarchy resolution (@)

Determining the mass hierarchy

NOV A hierarchy resolution, 343 yr (Vv+V)

sin’(20,,)=0.095, sin*(20,,)=1.00

and 2 c Contours for Starred Point

3[] :_-.. S e T e e
25
ED .......... ................................................................................................................................
1.0
Q[
GU:’JlEi”l ""i*'*lllllIiilij";r*n'f:|iu‘:‘i"uj."1-:t|ijLL|
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 k-
o/ (2m) |
Now plot significance with which ~ 9-02
we determine the mass hierarchy g1
(vs. dcp)
0

2/6/13

NOvVA

Contours 3yrvand 3yrv
|Am,,2| = 2.32 10”° eV?
sin’(26,,) = 0.095
sin’(26,,) = 1.00

K Mahn, IPMU seminar

- 0 0=0
® O=1T/2
- O0J=T7
® O=31/2
i T VO T gy
0 0.02 0.04 0.06 0.08
P(v,)
67



significance of hierarchy resolution (G)

lJII]llI

! ! £ ' & - ]
lI!Jlllljr‘tillllljr‘l."rljllljl

U.{h

&/ (2n)
For how many &cp points (what
fraction of all 6cp space) do we
resolve the mass hierarchy at >10?
>207? ~40%

0.6

fraction of &

K Mahn, IPD

0.9
0.8
0.7
0.6
0.5

0.4

0.1

{J.D(

Determining the mass hierarchy

NOVA hierarchy resolution, 3+3 yr (V+V)
sin”(20,,)=0.095, sin’(20,,)=1.00

NOVA hierarchy resolution, 343 yr (V+V)
sin”(20,,)=0.095, sin*(20,,)=1, Am™>0
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Determining the mass hierarchy

NOVA hierarchy resolution, 343 yr (V4V)
sin"(20,,)=0.095, sin"(20,,)=1.00

Includes T2K v —v_ a1 5.5x 107 p.o.t.

AM <0 ees, |

FI[[I]ilIII[FI[]]

e

significance of hierarchy resolution (@)

S F AR F AR R B AR B A R Rt R TR B RS R AN P A A NN P R P - F A F - B PR AP R B F AR BB ek s i a a b R e B F B E S D R B BB E

1.0
l".l,_‘i:— fnnwe® et P
Uu'_l 1 1 ] 11 1 1 i L L L | i 1 1 1 1 I L1 1. 1 I L1 1 | | I . | | 11 1 1 i LI 1 1 | 1 1
0 01 02 03 04 05 06 07 08 09
5/ (2m)

Recall: T2ZK measures P(v,) with a
different (minimal) dependence on the
mass hierarchy

Combining both results improves the
global extraction of the mass hierarchy
(and other parameters)

2/6/13 K Mahn, ||

fraction of &

1.0

0.9

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1
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NOV A hierarchy resolution, 343 yr (V+V)
sin”(26,,)=0.095, sin’(20,,)=1, Am*>0 Includes T2K v, —V_at 5.5x10" p.o.L.
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Vertex distribution of v, candidates

2000 : .
- beam direction

Vertex Y (cm)
-

2011 analysis (Run 1+2, black points)
had a discrepancy in radial distribution

of event candidates

Radial distribution of new data (Run 3, pink)
appears normal

-1000}-
_Zmﬂ | i 1 ! | | i | L I | i i i i | i i 1 i
-2000 -1000 0 1000 2000
Vertex X (cm)

KS test of radial distribution
Run 1+2: 10%

Run 3: 74.6%

2/6/13
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Results from reactor experiments

-

P ]

E 800 - —$— Far hall

; —}— Near halls (weighted)
% 600

E =

=

aa

400

--==- No oscillation
— Best kit

Far / Near (weighted)

10
Prompt energy (MeV)

arXiv:1203.1669v1, submitted to PRL

Ve + P —)@—I— n

vV, disappearance:

. > . 2
P(v,—vVv_, )=sIn" 20,;sIn

®* Double Chooz:
Dec 2011, arXiv:1112.6353
0.017 < sin“20,5 <0.16 at 90% C.L.

" Daya Bay (right)
Mar 2012, arXiv:1203.1669v1
sin%20,, = 0.092
+0.016(stat)+0.005(syst)
= RENO:
April 2012
sin“20,, = 0.103
+0.013(stat)£0.011 (syst)
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Separating signal and background

150

100

angle (degrees)
angle (degrees)

0 500 1000 1500 1000 1500
momentum (MeV/c) momentum (MeV/c)

v, background Additional separation of signal, background

events with CC v, candidate kinematics

CC v, backgrounds come from higher
energy neutrinos and populate
signal and higher momentum region

angle (degrees)

500 1000 1500 . .
motiientum (MeV/e NC backgrounds are due to misiD’d

photons that reconstruct as electrons

at low momentum and low angle
(as well as the signal region)
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Basic neutrino event selection (Run 1+2)

30 —4— RUNI-3 data (2 556x10™'POT)

Basic neutrino selection (precuts) L e
ST . - <

Event time within beam window -

No activity in the veto _

Visible E > 30 MeV [ 4

Reconstructed vertex >2m from wall nmh ' +‘L ‘L r_i T -'L\

L -L-
X

LT T
Single reconstructed ring + +_ + +
- - ,
-Beam Time I RUNI1+2 (1.431x10™POT) S |T. -
-via GPS B RUN3  (1.125x10°°POT) 0 1000 2000 % 10°

R Vertex R* (em”)

m
=
!

J

Number of events

. —4— RUNI-3 data (2 556x10"'POT)

: —— MC (w/ 2-flavor osc.)

- BEEEREE > <
10 - - 19 4+ -+
I = -+ 4
- , | | + |

L1 L1 L I L1 | t 11 Z +
L—O X

I
-
I

=
1

Number of events/40nsec

Number of events

{]Ilillll.l:l I:I |.I

-1000 0 1000 2000 3000 4000 5000

{] 1 1 | 1 | l 1 | | | | 1 I | |
-1000 0 1000
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Beam backgrounds at high radius (Run 1+2)

MC simulates neutrino interactions upstream of the detector (e.g. n° production)
= Only 1v, event cut by FV selection (no excess of v, events outside FV)

counts

= Dedicated sample of events entering tank (with activity in veto) agree
= No bias to radial distribution of atmospheric sample under T2K v, selection

105 l - : | MC expectation

| e BV 5 '
10"~ | v_selection o et = L - .
" :'_ E - from oulside ID.“.-; FV cut: 3.2e-03 | - 104 === DATA VE rtex ln FV’
10 i *-— 103 MC w! oscillations acnuity ln veto _.;
: MC w/o oscillalions o
1 :i=__ 4 4.6 ? . ? 102 M Empiy Spill data (CR) - ® : é
1072 = —— I B 10 -+
RS 2% -i-',-i-‘.a*:-.-ﬁ?‘{-i-.‘-i-:f | —p— —4 e =
B b ITarece 60k Bee: b0l eteted atetetetetatetete! B 3 1 f t
10_4 _j__ o B S L AR }{10 3 3
0 1Uﬂﬂ 2000 3000 10" ——— .-« B x10
vertex position: radius? (cm? 0 1000 2000 3‘::3“ 5 4000
radius® (cm’)
— —— ey e T m— rvolume =
25..L —&— DATA o boundary .
20_ MC w/ oscillations FUIIY Cﬂﬂtﬁlﬂ&d _ : —
| “525 MC: true vertex outside ID eve nts z ]

T !E’E 40 1| SK-IV atmo data, MC :
1000 2000 3000 & W|th V, 5E|EC1.'IDn £

f'—"'l

vertex position: radius® (cm?)
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On-axis Interactive Neutrino GRID (INGRID)

1st event (Nov. 22, 2009) ™™

I “ |

1300 b=
L]

Fe_+ gmntlll.atq_p il
<
1m

2/6/13

Stde view

16 modules arranged in a cross

e X-Y iron-scintillator layers, 7.1 tons each

Count neutrino interactions in each module to
determine neutrino rate vs. position

Extract beam direction better than 0.5 mrad

Monitor of neutrino beam vs. time
e ~1.5v /10 protons on target
e ~10,000 events / day

ii_ 10474
- Constant 1.03a+04 - §1.1
L-- erassasipearassasd A 2817 - 3918
é : Higrms £30.2 - 4515
.“E"”."““i"__::f!:fj_.-“. r
10000 . _-" - .{t
mm'_... %-”, t ‘... .. ..‘...l.‘...
s000f-* - .
4000
2000} -+ )
) S S T
400 -200 0 200 400
distance, from INGRID center(cm]

Run32 | e 854874
| Conuted 1 0bdesdd - §1.76
tm.—....i ........... T T LYY 1 - LI17
: ; Kiga 461.4 - 5.393

lnuﬂn,_ .- ..”‘:; E”

’:

PR :
6000F - o
4000}~
20001

0 [ i i i i

-400 200 0 200 400

distance from INGRID centerfcm]




Neutrino beam stability

w 2
S 4 gE-Neutrino rate at INGRID (1 point / day) t Data with horn230kA
- ¢t Data with hornZ200kA
g‘I.B === Mean with horn250kA
e 1.7 <+« Mean with horn200kA
= oL 4 .ﬂ:‘ ' .
2 1 5 i A LA ol o s potie . penmarainseg
514
.E 1.3

11 T2K Run 1 T2K Run 2 T2K Run 3

1 Jan.2010-Jun.Z2010 Nov.2010-Mar.2011 Mar Z2012-May.2012

!_H_l.;lul_ (2000 Jan. - 2010 Jun.) | | Rum 2 (2010 Nov. - 2011 Mar ) ! Run 3 (2012 Max. -} I - X center

lFE. - S o X .l - Y center

Int -

==y

MUMON cemter (cm)

B
ﬂ
) :
i

L — — Beam dir. stability < Imrad
E. . . _ : ]
33 02 Mar 012 May 02Ju 27TNov 27TDec 26Jam 25Fch 21 Mar 20 Ape 20 May

Date

Beam direction (x and y)
with the muon monitor
| Stable to <1 mrad



Entries / (100 MeV/c)

ND280 beam v, rate cross-check (I)

LI F 11 r§F i I I L] [ ] I
| | | |

Select v, candidates at ND280 with TPC

9 V. FGD = T

3 W misid p = PID to check rate of intrinsic beam v,

7 v, FGD —i

¢ Out of FGD — * :

' = Additional backgrounds to v, selection,
4 Ve selection candidatesy megsured via control samples

vS. momentum S .. i

3 <4 = umisidentified as e

i 4 ® e from photon conversion (photons
| — . . . . .

l_ | emitted in v interactions in FGD and
% 200 400 600 800 1000 1200 1400 1600 1800 2000 other subdetectors)

p (MeV/c)

Ratio of observed v,/ Vv events is consistent with untuned prediction

N(v,)/ N(v“) = R(e:l) = 1.0% £ 0.7% (statistics) = 0.3% (systematics)
R(e:u, data) / R(e:l, MC) = 0.6 + 0.4 (statistics) £ 0.2 (systematics)

Improvements to the analysis:
" Improved rejection of backgrounds with ECals
= More data: 2.88 x 10*° POT shown here
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ND280 beam v, rate cross-check (ll)

I S — =
E 455 =Sign:ﬂﬂ
= 40F sl hon 3
E : o j1'no w0 :
- n n -
S 35¢ Out of POD -
+= 2 * Data ]
30F 1 . . ]
: V. selection candidates
25t

vs. energy, assuming QE -

Reconstructed E, (GeV)

Select high energy CC v. candidates within the POD:

* Reconstructed track matched in x,y with vertex in FV consistent with an
single EM shower (reject m° mutiple photon showers and muons)

" Primary backgrounds are HE nt° events
Consistent with current untuned MC:

data-bkrd(MC)/sig(MC)= R = 1.19 £ 0.15(statistics) = 0.26 (systematics)
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T2K experiment status:

Earthquake and 12K

Magnitude 9 earthquake on Richter
scale, magnitude 6+ at J-PARC

The tsunami did not reach J-PARC [' [

Accelerator was not operating
(maintenance day) [

No reported injuries to T2K
collaborators or J-PARC employees

¥ J oy o
# i & J f
r 4 i J
J/ ;II / "- #
' r & LT K
'I.'/ ;l_-" i _.' F ]
A A ¥
" F r ¥
o ral :

&

e
Lab Location Legend

: @J-ﬂmc @l{ex @muﬁm
~ | Estimated shaking intensity
| Il Severe [_] Strong [l Moderate

“| O 200km

Repairs made to infrastructure and
accelerator

Minor repairs and recommissicning
of J-PARC near detectors successful

First beam in late Dec 2011

T2K run scheduled for ¥4 months
prior to summer 2012 shutdown




Neutrino flux prediction

B e e X e som_sSuper-K
-------- LY
| U monitor ND280
. 0 118 m
FLUKA/Geant3 beam simulation G0 =V aisK .
2 f —V, at SK :
;; 10° —vt_lat SK =
Unoscillated flux at SK: = 10k — V. at SK 4
o =
= V“from ', K decay 2 10° = .
) 1:-"' | m— 5
= ~1%V,_ from U, K decay 10 e —
S me -
» - " 5 " hﬁl |ty | Log g o gilog gl .'Z....I.||-I|..|:
Prediction and uncertainties determined 2 0 123 456 78 9 10
by external or in-situ measurements of: —— }T‘ ((I}EY)
mal DI~ o s Sl et S [ S R =
: - - — pion parents
= 11, K production from NA61 experiment @yl = | .._uiuﬂfpmms H
Phys.Rev.C 84, 034604 (2011) g 10k o oz OO OO, N
Phys.Rev.C 85, 035210 (2012) %‘ 102k = . 1
= alignment and off-axis angle A 10¢ R
EU-I ; I. s .I ey
= 7 8 9 16
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Neutrino flux at ND and SK

Neutrino Mode Trkr. v, Trkr. v, SK ve SK v SK v,
CCQE CCnQE Sig. CC intrinsic Bgnd. NC Bgnd.

nt =y, +pt 82.2% 45.8% | 99.3% 1.1% 70.3%

ut = v, + et + 1, <1% <1% <0.1% 66.0% <0.1%

Kt0 3y, 4+ X <1% <1% <0.1% 33.0% <0.1%

KWy +X 17.4% 53.4% 0.7% - 29.7%
ND samples represent V“ fiis Elﬂﬁ ..“ 5 ‘ il i I ' i :lii:nnlpmenlm%
" v, from nt decay: CCQE, CCnQE samples = IOSE ' T :EE:E:H&:

" v, from K decay: CCnQE sample B b e
o 5 |

o
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Neutrino flux at ND and SK

Neutrino Mode Trkr. vy Trkr. v SK ve SK ve SK v,
CCQE CCnQE Sig. CC intrinsic Bgnd. NC Bgnd.

at >y, +pt 82.2% 45.8%  99.3% 1.1%

ut v +et+y, <1% <1%  <0.1% 66.0% <0.1%

Kt% 5y, +X <1% <1% <0.1% 33.0% <0.1%

Kt 5y, +X 17.4% 53.4% | 0.7% - 29.7%

p-0 of pions which
produce v, from _
v, oscillations in SK |

l

SK signal and NC background events

come from vy flux directly measured at ND

0, (rad.)

0.3
+
mt H
—.—-r""”/ 0.2

e,
p, B out of @
target 0.1

0

2/6/13 K Mahn, IPMU seminar P, (GeV/c) 8

il ol _' ‘I-
p-0 of pions which
produce v, in ND




Neutrino flux at ND and SK

Neutrino Mode Trkr. v, Trkr. v, SK ve SK 1, SK v,
CCQE CCnQE Sig.  CC intrinsic Bgnd. NC Bgnd.

xt =y + it 15.8%  99.3% 1.1% 70.3%
ut v +et+y, <1% <1% <0.1% <0.1%

Kt =y +X <1% <1% <0.1% 33.0% <0.1%
Kt 5y, +X 17.4% 53.4% 0.7% - 29.7%

CC background from beam Vv is
strongly correlated with M flux at ND:

-
g
= 0.3
D
0.2
15
p, (GeVic)
ﬂ 1 i1 ol ._ _|-
| p-8 of pions which
produce v, in ND
0

% 5 10 15 20

2/6/13 K Mahn, IPMU seminar P, (GeVl/c)



Events / (20 MeV)

Neutrino interactions at ND and SK

Interaction Mode Trkr. v, CCQE Trkr. v, CCnQE SK v, Sig. SK v, Bgnd.

CCQE 76.6% 14.6% 85.8% 15.0%
CClr 15.6% 13.7% 13.9%
CC coh. 1.9% 4.2% 0.3% 0.7%
CC other 41% 37.0% 0.2% 0.7%

NC 1.5% 5.3% i

Data I 1= Indirect constraint on NC (1n°) through
NCn° signal + background CC1min ND measurement
| Background only = Additional ND selection of NCrt® with
! . POD detector to cross check rate
T AN prediction

e  "1+- hy ek

5000150200 350 " 300 350 200" 4%
Invariant Mass (MeV)




Core of analysis: Flux parameterization

Flux parameterization: f,
Normalization on E, bin i for SK and ND samples

F"l_l 6 =' l'E"i'E"I"'_‘.T‘ I"‘il' | | _— TR
sl0ERy £ 1 1 i [—V "2 10°g4E
i R —Vi > 10°F =
& .o i_i i — L =
RS e iy e S R = 0%k fi
A ir : o - RTI
~ H i —} : D oL
A0ERE | f A 10°F i
= 0 1 2 3 4 5 6 v 8 9 10 838 ¢ 6 7 & 9 10
&

E, (GeV) E, (GeV)

Current binning for T2K flux:

"v,: 0.0-0.4,0.4-0.5, 0.5-0.6, 0.6-0.7, 0.7-1.0, 1.0-1.5,1.5-2.5, 2.5-3.5, 3.5-5.0, 5.0-7.0, 7.0-30.0
GeV (11 bins each ND and SK samples, index 0-10 and 11-21)

'Tf'u: 0.0-1.5, 1.5-30.0 GeV (2 bins, SK sample, index 22-23)

=y, :0.0-0.5, 0.5-0.7, 0.7-0.8, 0.8-1.5, 1.5-2.5, 2.5-4.0, 4.0-30.0 GeV (7 bins, index 24-30)

-’JE . 0.0-2.5, 2.5-30.0 GeV (2 bins, SK sample, index 31-32)
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Flux parameterization

Flux parameterization: f,
Normalization on E, bin i for SK

and ND samples
L LG WALE R M i i

= S
' |;r||
%
T L

e
-
1
L
!
l

!

—

(—
-
Illql

Flux[/10*' POT/50 MeV/cm?]
=
qu

2/6/13

K Mahn, IPMU seminar

Correlations between flux bins

Correlations in flux covariance are shared
hadron production uncertainties

Flux covariance built from measurements
of beam or external data (e.g. NA61)

8/



Fractional Error

0.3

0.2

T2K neutrino flux uncertainties

‘v'”ﬂux fractional uncertainties

I | TIlIIII | | | L

Total

—— P1on Production

— Kaon Production .
~—— Secondary Nucleon Production

——— Hadronic Interaction Length

Proton Beam, Alignment and Off-axis Angle
Horn Current & Field

K Mahn IFMU =seminar
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Cross section parameterization: x,

Model parameters:

* MAQE and MARES (modify Q?
distribution of QE and resonant
1pi cross sections)

* Fermi momentum (pF) provides
low Q2 handle, and is target
dependant (C vs. O)

* Spectral function — RFG model-
model difference is also target
dependant

Normalizations provide overall
scaling independent of Q2 on a
particular interaction

Apply cross section to observables

at ND, SK using reweighting
technigues

2/6/13

M % (GeV)

M "ES (GeV)

CCQE Norm. 0-1.5 GeV
CCQE Norm. 1.5-3.5 GeV
CCQE Norm. >3.5 GeV
CC1m Norm. 0-2.5 GeV
CC1m Norm. >2.5 GeV
NC1m® Norm.
Fermi Momentum (MeVi/c)

Spectral Function

CC Other Shape (GeV)

Cross section parameterization

1.21 £0.45
1.162 + 0.110
1.000 £ 0.110

1.00 £0.30

1.00 £0.30

1.63 £ 0.43
1.00 £ 0.40
1.19+0.43

217 + 30
O(off) = 1(on)
0.00 £0.40

1:19 £0.198
1.137 £ 0.095
0.941 £ 0.087

0.92 +0.23

1.18 £0.25

1.67 £ 0.28

1.10 £ 0.30

1.22 £ 0.40

224 + 24

0.04 £0.21

-0.06 £ 0.35

Parameter value, uncertainty is extrapolated to SK sample

K Mahn, IPMU seminar




ND280 likelihood

p,6 bins

—2inl, = 2 Z Np'r‘ad(f ) Ndﬂtﬂ- + Ndﬂmfn[Ndatﬂ/Nprﬂd

+ Z Z (Znom — Zt)(Vy i,m(Znom — ﬂlm)-l-

! -

E, bins E, bins

+ 3 Y Q-5 f)
9 k

p,0 bins p.,0 btna

+ Z Z (l_d) In

‘Vd(f 1)‘)
‘VHGTTL|

+ In(



ND280 likelihood

—

—9Inl, =9 Z NPTEd(ﬁ .’f’ ) . Nfu.tu + Nfutulﬂ[Nfatﬂ/NfTEd(f f, J‘)]

il

TSEC pars rSec pars

t X X @non @)V Dum(@non — o)

p,0 bins p,ﬂ btns
+ Z Z (1 —di) (Vi Yin(1l —dy)

‘V (f ;f:’) | | Prior constraint terms for flux, cross section parameters
‘Vncnm | = V.and V, are covariance matricies
* Determined using in-situ and external datasets:
beam monitors, NA61, MiniBooNE
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ND280 likelihood

p,0 bins
Bl T Z Nfred(ﬁ .’f, J‘j . Nfu.tu 4 Nfutﬂ'ln[Nfata/NfTEd(ﬁ f, J‘)]
7

F, bins FE, bins

+ Y Y - - fi)
) k

rsSec pars rsec pars

T Z Z (:B“ﬂm . ml)(vm_l)l,m (mnnm = $m)

detector systematic errors

= Also includes uncertainties (e.g. FSI) which
could not be otherwise easily parameterized

= Determined from control samples, calibration
data, and external pion scattering data 93
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0.08
0.06
0.04
0.02

Detector systematic errors

LA LR L A LN LR
. ND CCQE sample
0.94<cos(0 ) <1

+++++++++++++++

- e a a a a a

CCQE: 084 < cos(p) <1

----- Statistical

Total Syst.

———— B-Field Distortions

~———— Qut of Fiducial Volume

~———— Sec. Pion Abs.

~———— Momentum Scale
Michel Efficiency
Momentum Resolution
Broken TPC Tracks
Sand Mult Pile-up
FGD Mass

o TPC Efficiency
Charge Confusion
TPC-FGD Matching
Sec. Pion C.E
Sand Muons

v Sand Veto Pile-up

TPC dE/dx
Michel External Background

——— TPC Track Quality
All Others

a=n g

—— — e e 'F—‘——l—i——i———i—'——l———lﬁ

200 400 600 800 1000 1200 1400 1600 1800 2000

Muon Momentum (MeV)

Fractional systematic uncertainty for vs. momentum
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Flux Parameter Value

Flux Parameter Value

e
2iof13

Flux parameters change after ND measurement

i O

Vv, flux parameters at ND

= Flux parameters

IIE!LlLll

1.3F
| oF without ND measurement and
1 with ND measurement

1
0.8
n= | '

v, flux parameters at SK v, flux parameters at SK

z ' = MR ' T i S T T ) [
1-4:_ - ':_':l:l 1.4:— =

E 1 2 = 3
1.3 1 B 1.3 e

'j:_ = = [ e
12f B 12F
1.1 & LI

=

1 T 1
098 0.9 [—_—
0.8 0.8
{].? ] I : e = U? S S O Y U 1 i | RN TR TR VI

1 10 | 1 10
95
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Effect of ND measurement on v, signal, background

" Rate of v_sighal and backgrounds i T e ——
without ND measurement and % gl ‘ Signal: CCv,
with ND measurement *5

= Uncertainty envelope from s
constrained flux, cross section *E |
parameters %3

* |ncludes correlation between flux 'F;‘]*g
and cross section at ND, SK 3\06 s a iy wm. g W we o on s g S

' 500 1000 1500 2000
7 & & | =% ]
{4 Background: CC v, (3 Background: NCV,,

Ti[]FI

| i | [ ] | [

Prediction Tuning

0.6

| | 1 L | 1 |. | I 1 | | 1 | | 1
500 1000 1500 2000

el %5 3 54 4 b g 4§
500 1000 1500 20(
True E, (MeV) True E, (MeV)

21613 K Mahn, IPMU seminar
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Covariance

Vv, and cross section parameters prior to ND measurement

2 5 I
1 220 B BRSBTS & AU PR ) . o
S 7 3¢ - =
= S ghor,
Q = 7 =
g }m o E g
5 ¢ = 0.5 =
o il
8 s _:
o B 1 10
U L =
7 =
> s B
> 0.5
oL =
S ;
Z :
ND280v, [ SKv, [SKv, [V Cross -1
Flux Flux Flux | Section

Fit Parameters
Vv , v, fluxes are correlated according to external data and how flux

“J
at ND, SK is shared
Correlations between ND, SK shared cross section parameters
determined from external data fits »

K Mann, IPMU seminar



Covariance post-ND measurement

V, and cross section parameters after ND measurement

1

Iil[]lllfllllllllll'ill'l

v Cross
Section

|

&=
n

SK v,
Flux
Correlation

Fit Parameters

u

111||[|1__|_

SK v
Flux

u

vl T

ND280 v
Flux

-1

ND280v, | SKv, |SKv, |V Cross

Flux Flux Flux Section
Fit Parameters

Flux and shared cross section become correlated
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Hyper-K timeline

JFY

Schedule

assuming budget being approved from JPY2016

Construction start

2012

A. Minagmino
Mulnti’Z

20232024

Photo-sensor b
s 4 2 e ;',) P
» ¥ =~ "r ¥ "l"l i 1 F= Bt r:":'..-
e P 59?11{‘—7‘,]&.
s B AT . ! il =
PMT [production

T productjon

er fill]

KW ahn IFMU seminar
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