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Neutrino oscillations

LANCASTERJK\



T2k Neutrino eigenstates A

DETECTOR
Electron
neutrino Electron
WV boson
Neutron Proton

There are 3 neutrino flavour eigenstates:

|. Electron neutrino (Ve): interacts with neutron to produce proton and electron.
2. Muon neutrino (Vy): same interaction produces proton and muon.

3. Tau neutrino (V+): same interaction produces proton and tau.

There are also 3 neutrino mass eigenstates: Vi, V2 and Vs,



T2K The PMNS matrix

A

The flavour eigenstates do not have a one-to-one correspondence with the mass
eigenstates, but are related through the PMNS matrix U:
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where
s>3 = sin 053
c23 = cos 033, etc.



T2/K Neutrino oscillations JK\

Neutrino created in Flavour eigenstate is a Neutrino detected
muon flavour combination of 3 as flavour eigenstate
eigenstate mass eigenstates which
propagate as plane waves:
u Vi(L) = exp(-im?L/2E) vi(0) Electron ?
Pion Muon !
Tau ?
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If vI, V2 and V3 have different masses, they also have different wavelengths. As
they travel, the relative phases of the 3 mass eigenstate waves change.Then the 3
waves can add to produce a neutrino in a different flavour eigenstate.




T2/K Neutrino oscillations A\

Muon neutrinos with energy 6x108 electronvolts
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As a result of these changes in
relative phases, neutrinos oscillate
from one flavour to another as
they travel. Low-energy neutrinos
oscillate in a shorter distance than
high-energy neutrinos.

Another curious aspect of
quantum physics is that only the
probability of the flavour of
neutrino can be known as it
travels.

The neutrino only becomes a
definite flavour when it interacts in
a detector - by finding whether an
electron, muon or tau is created.



Neutrino oscillation
T2K )K
parameters '
This means that neutrino oscillations can
Two possible neutrino mass hierarchies be described in terms of 6 parameters:
N I I d
e (1 <m2)2—nvertez— 3 mixing angles: 612, 013 and 02
(Am)g,,
(m1)24 _
2 mass-squared differences: Am;? and
. |Am32?| (the third mass-squared
(A . difference depends on the other two).
' (A1)
. | charge-parity (CP)-violating phase: Ocp
e om— (10, sin?(202) and Am; 2 have been
JAm L (m,)? (m,)n Y — measured by experiments such as

KamLAND and SNO:

sin2(2012) = 0.857 (error=5%)
Amy %2 = 7.58x10 eV?/c* (error=3%)
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T2K and its neutrino beam
and detectors



T2k The T2K experiment LANCASTER/\_

The T2K experiment produces a beam that is
mostly muon neutrinos in Tokai and sends it to
Kamioka in Japan. lts main objectives are:

|.Search for vy — V. oscillations and determine
the value of 0.

2. Make precise measurements of vy,

disappearance and the parameters 023 and
|Am32?|.

3. Make measurements of cross sections of
neutrino interactions.




T2\

~500 member, 59 institutions, | | countries.
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T2k The T2K neutrino beam A

Muon Monitor Horn : Beam monitors

Si array l_
+IC array |

The |-PARC proton
| ‘ Ji7 ==  accelerator consists of
o SuperK .. 2 - N B /¢ a linear accelerator

' s < (LINAC), a rapid-
cycling synchrotron
and a main ring
synchrotron.

Near detector
(at 280m from target) ¢ 1o

Helium cooling

proton beam

Graphite, 26 x
900 mm long

Beam Dump 110m length

8 bunches of protons are extracted from the main ring into the primary
beamline within a single turn by a set of 5 kicker magnets.

In the secondary beamline, the protons collide with a graphite target to
produce charged pions and kaons.
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T2K The T2K secondary beamline A

T~ o
4 After exiting the target
A \JF . station, TT* are
i ________r | . .
N _ _I?c_c?}_z_ _V_Ql_u__n}e_ 1L _Iﬁ?a_up dump§ enhanced in the aimed
LT EIWL direction using 3
Target station 1 e magnetic horns.The TT*
=l Muon monitor & ‘
—— | — I_IETEH\ : decay in the decay
SIS B g 2= ., | () Beamwindow  yolyme (length 96
- @:[I ._-.: : ||r| g ‘.li’ L T = - (2) Baffle
WO vl | (3) OTR metres):
IS N ) b | (4) Target and
first horn + +
(5) Second horn ™ = Y™ vy

(6) Third horn

All hadrons and low-energy muons are stopped by the beam dump, which is
made of graphite, iron and concrete. V, pass through it to form the neutrino
beam. Muons with energies > 5 GeV also pass through, and these are used to
monitor the direction and intensity of the beam in the muon monitor.
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T2k Off-axis experiment “-?NFASTERA\_

280m
detectors v
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T2K is the first long-baseline neutrino
experiment to use the off-axis technique.

The off-axis angle of 2.5° results in a neutrino
beam energy spectrum that is much narrower
than in an on-axis experiment. This energy
spectrum is centered on 600 MeV, the
oscillation maximum for a baseline of 295 km.A
greater fraction of neutrinos oscillates at the
distance of the far detector (Super
Kamiokande) than in an on-axis experiment.

Flux x CC cross section

(Arbitrary Unit)
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The muon monitor (MUMON) consists of
gas ionisation chambers and arrays of
silicon photodiodes. It monitors the
direction and intensity of the beam on a
spill-by-spill basis by looking at high-energy
muons. It has done this monitoring for the
whole experimental period.

The interactive neutrino grid (INGRID)
consists of 16 modules, each of which
consists of alternating layers of iron and
scintillator. It is on-axis and monitors the
direction and intensity of the neutrino
beam by checking the number of
neutrino interactions in each module on
a week-by-week basis.
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T2K\ On-axis near detectors ICAS] /\

Stability of v interaction rate normalized by # of protons (INGRID)

Fluctuation of v interaction rate (/10"%p.o.t) is less than 0.7% whole run period
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Stability of beam direction is much better than 1mrad during whole run period

The neutrino energy varies as a function of off-axis angle. We require < 2%
uncertainty in energy scale, which in turn requires < | mrad uncertainty in beam
direction.The beam centre is well within the | mrad tolerance at the INGRID.
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Flux x CC cross section

(Arbitrary Unit)

)

o(v,N —> uX)/E(GeV) (107* cm?GeV™

T2/K

N

Off-axis experiment A

'-u d
- @il

Charged-current quasi-elastic event (QE)  Charged-current TT+ production (RES)

The off-axis beam produces in the T2K
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detectors a greater proportion of charged-
current quasi-elastic (CCQE) events. These are
our “signal” events because there are only 2
particles in the final state, and we can measure
the neutrino energy from them.

It also reduces the proportion of “background”
events (i.e. all events other than CCQE) in the
T2K detectors.
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T2\ Off-axis near detectors A

e A 110 detector consists of alternating layers of
water (target), brass (radiator) and scintillator
(detector).

Y * 2 fine-grained detectors provide a target (carbon

x‘\I" and water) for neutrino interactions.
z

* 3 time projection chambers measure momentum
coAL and charge of passing particles. They also aid in
particle ID through energy deposits of charged
particles (dE/dx).

Barrel ECAL

* Electromagnetic calorimeters measure energies of
electrons, photons and pions.

e Gaps in the return yoke of the magnet are
instrumented with layers of scintillator to act as a
muon range detector.

17



T2/K Off-axis near detectors J

Charged-current quasi-elastic event in ND280 Charged-current single TT event in ND280
showing muon track showing muon and pion tracks

The off-axis near detectors are installed within the UA| magnet operating at 0.2 T.
They measure the vV, and Ve reconstructed energy spectra before oscillations have
occurred. Studies are ongoing to measure cross sections of various neutrino
interactions including background processes for the oscillation analyses.

18



T2K\  Super Kamiokande (far detector) ANAS &

AT Super Kamiokande is a water Cerenkov
o - \ detector located 1000 metres underground.
{ e It consists of a large cylindrical tank of
I2hy SRRSRL | ultra-pure water with height 36.2 metres
SEEss: :|5 ___________ and diameter 33.8 metres (inner
14— detector).The walls of the tank are lined
sy s ===} with | 1,129 photodetectors of diameter
St s0cm
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T2K oscillation analyses



T2K\ T2K oscillation analyses A

Using the ND280, a measurement of
the vV content of the neutrino beam
is made before any oscillations have
occurred. This measurement is used to

predict the number of vV, that would
be seen in Super K if there were no
oscillations. The number of vy that is
actually seen in Super K is less than
this prediction, and this is known as

“Vy disappearance”.

T2K carried out 2 vy-disappearance
analyses (2012, Run |-3):

|. Binned likelihood ratio with events
in reconstructed neutrino energy bins
2. Unbinned maximum likelihood using
reconstructed neutrino energy

T2K searches for v, — Ve oscillations by
seeking Ve candidates in Super K.This is

known as “V. appearance”. TWo Ve-
appearance analyses were made (201 3,

Run [-4):

|. Unbinned maximum likelihood using
reconstructed muon momentum and angle
2. Unbinned maximum likelihood using
reconstructed neutrino energy

21



T2K\

Number of events

80

60

40

20

Event selection in far detector e A\

(Super Kamiokande)

single ring

—— RUNI1-4 data
(6393107 POT)

B Osc. v, C(

B v,+v, CC

Bl v +V.CC

B N\(

(MC w/ sin“28,=0.1)

multi-ring

Ring-counting likelihood

The initial selections are common to both
the Vy-disappearance and V.-appearance
analyses:

|. Timing: use PMT hits between -2 and
+10 psec relative to start of beam spill.

2. Reject events with >=16 hits in outer
detector as outer detector events.

3. Reconstructed vertex in fiducial volume,
i.e.> 2 metres from wall of inner detector.

4. Exactly one Cerenkov ring.
5.The particle ID then divides these events

into single p-like ring and single e-like ring
events.
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Number of events

T2 K

H-like ring

a) V . CCQE
Interaction

eeeeeeeeee

........
00000000

e-like «—  p-like
3= T EUNIAda

B Osc. v, CC

g v, +V, CC

B v +V.CC .
| mENC |
20 (MC w/sin"20, =0.1) ‘

PID parameter

Distinguishing H-like from e- /
like rings in Super K \

e-like ring

b) V . CCQE
Interaction

........

An electron produces an electromagnetic
shower which gives a fuzzy ring. A muon
produces a sharper ring. Very good
discrimination between muons and electrons:
probability of a muon being misidentified as an
electron is = |%. However Super K cannot
distinguish between electrons and photons, which
both produce an “electron-like” ring.
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Number of events
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20

12K\

Additional selection criteria for
single M-like ring events are:

6. < 2 Michel electrons
(from U decay)

/. Reconstructed muon
momentum > 200 MeV

<— —— RUNI-3 data —— RUNI-3 data
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[ v, v, CC non-QE ) 1 v, +¥, CCnon-QE
B O v,+V. CC = [ v+, CC
I NC o 150 I NC
(MC w/ 2-flavor osc.) i) (MC w/ 2-flavor osc.)
[
o
5 i
S 100
g [
: -
Z [
50 i
0 _
> . .
0 1 2 3 4 25 FCFV  l-ring p-like P, Decay-¢

Number of decay-e
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Event selection in far detector
(Super Kamiokande)
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Additional selection criteria for
single e-like ring events are:

6.Visible energy > 100 MeV

/.No Michel electrons (from M decay)

8. T1° rejection

9. Reconstructed Ve energy < |.25 GeV

10

-100
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B NC
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T2 K

Backgrounds to v, disappearance /
and V. appearance )&

Vy disappearance Ve appearance

Principal background is CC 11+ |.The 1% V. component of the neutrino
production. beam: mainly from muon decays, and also

some from kaon decays.
This is a problem because sometimes

(10-20% of the time) the TT+ is 2. NC 11° production: T1°
absorbed in a final-state interaction. If decays to 2 photons. This can
this happens, the CC 1T+ initial state mimic a Ve if two photon

appears to be a CCQE interaction. This rings in Super K overlap or if

leads to misreconstruction of the . one is below Cerenkov

neutrino energy. 2 photon rings from TT° threshold.

3. Photonuclear interactions: the
absorption of a photon by a nucleus. Again
a T1V gives one e-like ring, and appears to
be an electron.

The problem here is not that we count
oscillations when they do not occur, but
that we count them at the wrong
energy.

25



Measurement of oscillation
T2kK\

parameters )&

The neutrino oscillation parameters are measured by comparing the predicted
reconstructed energy/momentum-angle spectrum in Super K with the observed
spectrum. The oscillation parameters are varied in the input to the calculation of the

predicted spectrum until the best agreement is obtained with the observed
spectrum.

In the binned likelihood ratio vy-disappearance analysis, this is done by minimising

Ndata ox
oS e () + (45 - M| + (@ —a0)” €71 (a—a0)

SK

The sum is over bins of reconstructed energy. a is a vector of systematic parameters
whose nominal values are ap and C is the covariance matrix.

The unbinned analyses are done in a similar way except that the multinomial
distribution is replaced by a continuous probability density function representing
the energy spectrum/momentum-angle distribution of the predicted events.
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Systematic uncertainties in
predicted single U-like and
single e-like reconstructed
energy spectra in Super K



T2/K Systematic uncertainties A

The predicted number of v, events in Super K is the product of

neutrino flux x interaction cross section x detector efficiency x survival probability,
while the predicted number of Ve events in Super K is

neutrino flux x interaction cross section x detector efficiency x oscillation probability.
We want to measure the oscillation parameters. But if we use incorrect values for the
flux, cross section or efficiency in the calculation of the predicted humber of events,

we will get incorrect values for the oscillation parameters.

Hence the systematic uncertainties in the oscillation parameters are in the flux, cross
sections and detector efficiencies.
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T2/K Constraining neutrino flux A

Make initial simulation of neutrino flux based on information from monitors of
intensity, position and profile of proton beam (FLUKA).

Reweight this initial simulation so that charged pion and kaon production
multiplicities agree with the NA6| measurements of hadron production on a
replica T2K carbon target.

This leads to a prediction of the flux for each neutrino species: vy, vubar, Ve and
Vebar These are turned into event rate normalisation parameters in bins of true
energy. For v, disappearance, there are | | v, bins and 5 vy bar bins, while for ve
appearance there are | | vy bins, 2 vybar bins, 7 Ve bins and 2 vebar bins.

29



Fitted Normalization

Fitted Normalization

T2K\

SK Vu Flux

T T I T T T T
Prior to ND280 Constraint

After ND280 Constraint
After ND280 Constraint (2012)
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Uncertainties in neutrino flux

parameters are reduced as a result
of the ND280 fit.

Fit of flux and cross-section
parameters to ND280 data

A

These flux parameters are combined with 7 cross

section parameters that are expected to have some

cancellation between the near and far detectors.

We constrain these parameters by allowing them
to float in a fit of the ND280 data.We used 2

ND280 data samples in 2012 (v, disappearance

results in this talk) and 3 samples in 2013 (Ve
appearance results in this talk).

This has the effect of tuning the flux and
“cancelling” cross-section parameters to the
ND280 data and reducing the uncertainties in
them. It also gives the correlations between these
parameters and the “cancelling” cross-section
parameters. The Super K Monte Carlo is then
reweighted a second time using the the best-fit
values of the fitted parameters.
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T2 K

Uncorrelated cross-section /
parameters )K\

There are also | | uncorrelated cross-section systematic parameters.

These are not expected to have any cancellation between the near and far
detectors since they have different target materials: carbon in the ND280 and

oxygen in Super K. For example, the binding energy is different between the two
materials.

Their effects on the oscillation analysis are evaluated by reweighting the Super K
Monte Carlo.
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T2/K Super K detector uncertainties )K\

Uncertainty in Super K energy scale is estimated as difference in energy loss
between data and Monte Carlo for stopping muons and their associated decay
electrons from a sample of stopping cosmic-ray muons.

Uncertainties in Super K reconstruction efficiencies are also estimated by
comparing atmospheric neutrino data and Monte Carlo control samples.
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T2/K Final-state interactions A

When a pion is produced in the primary interaction between a neutrino and
nucleon, it can undergo a secondary interaction before exiting the nucleus in which it
was formed. This “final-state interaction” (FSI) can be:

|. Quasi-elastic scattering - modifies its energy and momentum.
2. Charge exchange, e.g. TT*"n—=T11% or TTp—=11n

3.Absorption of the pion.

4.Secondary pion production (if pion has sufficient energy).

Estimate uncertainties due to FSI| by simultaneously varying parameters controlling

probabilities of each type of FSI, rerunning pion scattering simulation, and
comparing with external pion-carbon scattering data.
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T2 K

Systematic uncertainties in
numbers of events in Super K

Source of uncertainty

Uncertainty in predicted events

Flux/correlated xsec (without ND280 fit) 21.8%
Flux/correlated xsec (with ND280 fit) 4.2%
Uncorrelated xsec 6.3%

Super K detector 10.1%

FSI + SI 3.5%

Total (without ND280 fit) 25.1%

Total (with ND280 fit) 13.1%

Source of uncertainty

Uncertainty in
predicted events

(sin2(2013) = 0)

Uncertainty in
predicted events
(sin2(20:3) = 0.1)

Flux/correlated xsec (with ND280 fit) 4.9% 3.0%
Uncorrelated xsec 6.7% 7.5%

Super K detector + FSI| + S| + PN 7.3% 3.5%
Total (with ND280 fit) 1.1% 8.8%

A

Uncertainties in
predicted
numbers of
single U-like
ring events at
Super K

Uncertainties in
predicted
numbers of
single e-like
ring events at
Super K
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T2K Validation of oscillation analyses A

Extensive comparisons are made between the different analyses. The predicted
numbers of events and predicted reconstructed spectra are compared for

|. Nominal

2. 10 and +£30 systematic variations of every systematic parameter
3.With and without oscillations

To test the fitters, fit bias studies are made.Also fake datasets are made for
which the input oscillation parameters are unknown to the analysers. Each

analysis fits these fake datasets, and the results are compared between the
analyses.
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Results of T2K oscillation
analyses



Single p-like ring Super K data
REL and best-fit spectrum )K\

We predict 205% 17 (syst) single p-like ring events in the absence of oscillations, but
observe only 58.

Best-fit parameter values are sin2023 = 0.514, |Am32?| = 2.44x103eV?%/c*.

3.01x10%° protons on target

0 I 2 3 4 5 6
> 35F | | | | | 71 Run I-3 single p-like ring
o 30F ' ;21( data . 7 dataset (3.01x10% protons
—  95E o oscillation hypothesis E
S Lo TOK best fit ]  on target), best-fit
2 st 1  reconstructed energy
L% 10f 1  spectrum and expected
S | | 1  spectrum for no oscillations
o gl(5)_ .......................................
=8 '1; Ratios of Run [-3 data and
5% | best-fit spectrum to expected
03F spectrum for no oscillations

603 04 05 0.6 0.7 0.8 ( 09 1
Reconstructed v energy (GeV)

OO
—
(\®)
W
AN
)
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90% confidence contours in
S|n2923/sm2(2923) and |Am3y?]

1
T2K 68% C.L.

— T2K 90% C.L.
28
2.6
24
22
2
0.
_|III|III|III|III|III II_
4~ T2K 3v 90% C L. -
[ 0+ T2K 2011 2v 90% C L. 1
L [ "5 MINOS 2013 2v 90% C.L. B
" = SK zenith 2012 3v 90% C.L. .
- = SKL/E20122v90%CL. ~ . i
3_ .............................................................
25 e
2 E
—|III|III|III|III|III|III|III|III|III|_
082 084 08 08 09 092 094 096 098 1
sm2(2923)

P(Vvu=vy) =
| - sin?(2023) sin?(1.267 Am3;% L/ E)

2D 90% confidence contours in
sin?023 and |Am322|.

2D 90% confidence contours in sin?(20,3)
and |Am3;?|; these are compared with 2-
flavour 90% contours from MINOS and
the Super K L/E analysis and 3-flavour
contours from the Super K zenith angle
analysis.
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T2k

and best-fit spectrum

6.57x10% protons on target

6_.

=

Number of v, candidate events /(50 MeV)
o
I

T
—4— T2K RUN1-4 data
—— Best fit spectrum
~ Background component

" K

|

—?—Q—_L b o

M|

1000

Reconstructed neutrino energy (MeV)

Single e-like ring Super K data A

Run -4 (6.57x10% protons on
target) single e-like ring
dataset, best-fit reconstructed
energy spectrum and
background component.

We observe 28 candidate
events in Super K when
4.64+0.53 background events
are expected.
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Best-fit values and confidence
intervals for sin?(203)

P(Vu—Ve) = sin?023 sin?(2013) sin?(1.267 Am3,% L / E)

Normal hierarchy

Best-fit value of sin?(203) is
0.152 +0.041 -0.034 assuming 0cp = 0

ID confidence intervals for sin%(203)

for different fixed values of dcp
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Inverted hierarchy

Best-fit value of sin?(203) is

L ANCASTE R/ \

0.184 +0.046 -0.041 assuming 0cp =0

ID confidence intervals for sin%(203)

for different fixed values of dcp
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p-value for null hypothesis
T2R\ sin(2013) = 0 ' )&

Many simulated experiments were generated assuming a null hypothesis of
sin?(203) = 0, i.e. no oscillations from Vv to Ve.

The p-value for this null hypothesis is 10-'3; this is much lower than the value of
3x 1077 which is the standard p-value for claiming a discovery.

T2K has made the first observation of a neutrino of one flavour
appearing in a neutrino beam of another flavour !
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T2k Searching for CP violation A

This also means that it will be possible in the future to search for charge-parity (CP)
violation in neutrinos.

A charge (C) transformation changes a neutrino to an antineutrino or vice versa.A
parity (P) transformation reverses the directions of the 3 space coordinate axes, and
changes a left-handed particle to a right-handed one or vice versa. A CP transformation
changes a left-handed neutrino to a right-handed antineutrino or vice versa.

CP violation means that the laws of physics are different for left-handed neutrinos and
right-handed antineutrinos, e.g. Prob(v bar— vebar) # Prob(Vy— Ve)

If 813 = 0, we cannot search for CP violation since Ocp is always multiplied by sin 03 in
the PMNS matrix:

—48
C12C13 C13512 513€
1) 1)
—C93812 — S13823C12€" C12C23 — S125135923€" C13523
i i
512823 — S13C12C€23€ —S823C12 — §12€23513€ C13C23

But we now know that 03 is non-zero, and will be able to search for CP violation !

42



True sin2(923)

T2k

Outlook

It will also continue to measure interaction cross sections.

There is a possibility of running in antineutrino mode, and also a possibility of

combining results with NOVA to search for a non-zero Ocp.

A

T2K will continue to improve the measurements of 023, Am32? and 03 with V-
disappearance and Ve-appearance analyses of data taken in neutrino mode.

True values of sin2 023 and Ocp for which a non-zero dcp can be found at 90% confidence
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T2/K Monte Carlo simulation A

The interactions of the primary beam protons with the graphite target are
modelled with FLUKA 2008.

Any particles exiting the target are passed into a GEANT3 simulation that
tracks particles through the magnetic horns and decay region, and decays
hadrons and muons to neutrinos.

The interactions of hadrons in the GEANT3 simulation are modelled with
GCALOR.
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T2k Measurements of proton beam “N(’ASTERA

Beam intensity monitor (CT)

The intensity of the proton beam is measured
using 5 current transformers (CTs). Each of
these is a 50-turn toroidal coil around a
cylindrical ferromagnetic core.

There are also electrostatic monitors (ESM) of

the beam position and segmented secondary
position monitors (SSEM) of the beam profile.

46



T2k Measurements of proton beam N4 )&

Segmented secondary
position monitor (SSEM)

Each ESM has 4 segmented cylindrical electrodes
surrounding the beam orbit. It monitors the
position of the centre of the beam by measuring
the top-bottom and left-right asymmetry of the
beam-induced current on the electrodes.

Each SSEM has 2 thin titanium foils in horizontal
and vertical strips with an anode HYV foil between
them. The strips emit secondary electrons in
proportion to the number of protons that pass
through them. These electrons drift in the electric
field and induce a current in the strips. The proton
beam profile is reconstructed from the corrected
charge distribution on a bunch-by-bunch basis.
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T2 K

The T2K neutrino beam /\

(1) Preparation section
(2) Arc section

(3) Final focusing section
(4) Target station

(5) Decay volume

(6) Beam dump

The J-PARC proton accelerator
consists of a linear accelerator
(LINAC), a rapid-cycling synchrotron

(RCS) and a Main Ring (MR)
synchrotron.

8 bunches of protons are extracted
from the MR into the primary
beamline within a single turn by a set
of 5 kicker magnets.

In the secondary beamline, the

protons collide with a graphite target
to produce charged pions and kaons.
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T2K Beam parameters

Design parameters of the ]-PARC main ring for fast extraction

Circumierence
Beam power

Beam kinetic energy
Beam intensity

Spill cycle

Number of bunches
RF frequency

Spill width

1567 m
~7150 kW
30 GeV
~3 x 10 p/spill
~0.5 Hz
8/spill
1.67-1.72 MHz
~5 usec
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Number of events/40nsec

T2 K

30

20

10

0 1 1
-1000

RUN1+2 (1.431x10*POT)
B RUN3  (1.579x10*°POT)

0

1000 2000 3000 4000 5000
AT, (nsec)

Trigger A

The proton beam is delivered in spills of width 5
us. Each spill has 8 bunches of protons of width
|5 ns, and there are 3.2 sec between spills.

At Super K all PMT hits are recorded ina | ms
window around the beam arrival time. This
arrival time is calculated by adding the neutrino
flight time (985 ps) from the target to Super K
to the arrival time of the first proton bunch at
the target. Timings at Super K are coordinated
with those in the beamline using a GPS.
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T2/K Flux binning

vu:0.0,0.4,0.5,0.6,0.7, 1.0, 1.5,2.5,3.5,5.0, 7.0, 30.0 GeV

vubar:0.0,0.7, 1.0, 1.5, 2.5, 30.0 GeV (v, disappearance)
0.0,1.5, 30.0 GeV (Ve appearance)

ve:0.0,0.5,0.7,0.8, 1.5, 2.5,4.0, 30.0 GeV

Vebar: 0.0, 2.5, 30.0 GeV

where the bins are in true neutrino energy.
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TR Sources of systematic error in .
T2 LAN'CA’STER/ \
fluxes K

1. Measurement error on | proton beam measurement
monitoring proton beam \

4. Horn current & field

2. Hadron production

2. Hadron production

5. Beam direction

3. Alignment error on the target
and the horn

3.Alignment error on target/horn

Vi uncertainty at Super-K —

H — —
g 03~ — Total - Proton Beam _|
4. Horn current & field = 7L — pionMult.  —— Off-Axis Angle i
g - e Kaon Mult.  ------ Horn Current & Field 7
.9 i —— Sec. Nucl. Mult. ------ Horn & Target Align. 7
I3} i — — Int. Length  ------ . 7]
ég 02— n ng MC Stat ]
[ - -

5. Neutrino beam direction (Off-
axis angle)




T2k ND280 vy analysis AN ERA\

® The ND280 constrains flux and cross-section.

® Sample of CC events is selected. Muon as highest momentum negative track in the
event in the target fiducial volume compatible with muon Pid in TPC.

® The sample is divided in 3 categories: OTT", | TT* and others (mainly Deep Inelastic
Scattering) based on the detection of pions in the event.

® Pions are detected as tracks in TPC, FGD or Michel electron signature near
vertex.

TPC 1 TPC3
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Number of entries

T2k ND280 v, analysis

Number of entries

—l”III”lll”ll”lll””lll”ll+Data . LN L L I B O O

:_ CO-On .g 500 :— —4— Data

- + CC-tx 5 - | CC-1n

= CCOT[ = g}‘;omef % 400 O Other

- External 8

Other g 300
1500 E Z. l
- 200 ]
1000 = -
500 = 100 =
500 1000 1500 2000 25000 ST B Wt i
b (MeVic) 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
H P, (MeV/c)
Off-axis ND280 analysis

sl T 4 pata

' CCother =

- . | BKG
150 :_ CCOnt 73.5% 6.5% 6.1% 50.1%

- - CCln 8.5% 50.5% 8.3% 29.5%
100 -

Z& _ CCOther 10.9% 29.8% 72.9% 35.2%

50 —
N " ] Background 2.2% 6.8% 8.7%
1 i L P
00 2000 2500 3000 3500 4000 4500 3000 Out of FV 4.9% 6.4% 4.0%

u p (MeV/c)
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CClIm - Data CC Other - Data
g %:L | 18 ’S‘ %:s_ |
s O 16 © &
57009 ST 09
% . 14 % .
S 12 S
S 0.8 1o S 0.8
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8] 6 M
4 .
0.6 2 . CCother
0 0.5 0 0.5
1000 2000 3000 4000 5000 0 1000 2000 3000 4000 5000 0 1000 2000 3000 4000 5000
p, MeVic) p, (MeV/c) p, (MeV/e)

Data from T2K Runs |-4:5.9x10% protons on target

CCOtr 16912
CC1m 3936
CC Other 4062
CC Inclusive 24910

Data are binned in two dimensions: muon momentum (p) and angle (cos0)
preserving information on neutrino energy and interaction g?

ND280 vy analysis ~ /\

Events/(100 MeV/c * 0.01)
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T2/K ND280 Ve analysis /\

Entries/(100 MeV/c)

IIIIIIII lllllIIII]IIIIIIIIIIIIIIIIIIIIIIIE § 50|| [ I I I"'I ‘E ’a :IIIII I I Illllll I I I:
— % 454 — % 500 —e— DATA —
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Bckg - Other . s 3 Bekg - Other — E C ]
4 E 1 'E 300 -
J s 25 = = [ = .
- 8 - 88 - + _
3 20 E 200 + .
= = E 0 —ete- B
- E 15 E e y—ee :
- = 10 E look- ¥ control sample e
= 3 E E TN ’
- - [ . .
T e I — P 3 i i i, s v O_' Lo T, o e P IR IR La | |

500 1000 1500 2000 2500 3000 3500 4000 4500 5000 00 1500 2 500 4000 4500 5000 0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
Momentum (MeV/c) Momentum (MeV/c) Momentum (MeV/c)

Off-axis ND280 analysis

® Select highest momentum negative track starting in FGD to be compatible with
electron according to TPC and ECAL PID.

® Subdivide the sample according to the presence of pions in the event.
® Use the Ve flux prediction after the v flux and cross-section fit.

® Use Y—e'e to constrain main background from TT°—2yy

N’I’)’LBCLS Nmeas
—<_ = 1.06 + 0.06(stat) £ 0.08(syst) ——— = 0.77 £ 0.02(stat)
NPre NEe
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T2K Cerenkov radiation A

Diagram (a):

If the charged particle is moving at the
velocity of light in the medium, the

a 8 > : :
@ ? - particle exactly keeps up with the
wavefronts in its direction of travel.
Diagram (b):
o ——Swrface of Mach cone
W, #
Fwr T, If the velocity of the particle exceeds
(b) sj/ »——e———  that of light in the medium, a cone of
1 8~ VO . . . .
Dy light is produced. From the diagram, it

can be seen that constructive
interference between the wavefronts
occurs only on the surface of the
cone.




T2/K

Opening angle of Cerenkov )
cone )&

The charged particle moves with velocity PBc,
where B = v/c. Here v is the velocity of the
particle and c the velocity of light in vacuum.
Meanwhile the emitted wavefronts move at
velocity c/n, where n is the refractive index of
the medium.

In a time t, the charged particle moves a
distance Pct, while the emitted wavefronts
move a distance (c/n)t. From the diagram, it can
be seen that the opening angle 0O is given by:

cos O =ct/nBct=1/Pn.

(Please note that the angle O is different from
that on the previous slide.)
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T2K Super K event selection

Events are split up into four different classes: FC candidates, outer detector
(OD) events, low energy (LE) events, and rejected events.

During the first stage of classification, all events that have calibration flags are
removed. Though calibration timing is generally scheduled as to not interfere
with T2K beam spills, sometimes accidents happen and they are removed during
this stage. These events are saved in a special rejected event file.

The next stage looks for events that occurred in the OD. Events are tagged as
OD events when more than 15 PMTs in a cluster being hit in the OD. These
events are saved to a file of only OD events.

Then LE events are separated out and saved to a different file. A LE event is
defined by if the total charge inside a 300nsec window is less than 200 p.e or if
the total charge in a single PMT normalized by the charge in the 300nsec
window is less than 0.5.

The final cut is made on events that are identified as Flashers, which are sudden
flashing PMTs that emit light from internal corona discharges. If a flasher is
identified, it is saved in the rejected event file.

Events that pass all the cuts above are saved to a file of only FC candidates.

A
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T2 K

U-like ring

a) V . CCQE
Interaction

e-like ring

b) Vv . CCQE
Interaction

Distinguishing H-like from e- /
like rings in Super K )k\

To distinguish Y-like from e-like rings in Super
K, a product of two probabilities is used:

|. Probability of observed distribution of PMT
hits. An electron produces an electromagnetic
shower which gives a fuzzy ring. A muon
produces a sharper ring.

2. Probability of the Cerenkov opening angle

(cosO = 1/Bn).This is particularly important at
low momentum when there are fewer PMT
hits. At low momentum, B < | for muons,
whereas it remains near | for electrons. This
means that the opening angle is less for muons
than for electrons at low momentum.
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T2 K

(Super Kamiokande)

Additional selection criteria for
single P-like ring events are:

Event selection in far detector )K\

Additional selection criteria for
single e-like ring events are:

Selection

Purpose

Selection

Purpose

6. Muon momentum >
200 MeV/c

Reject charged pions
and misidentified
electrons from decays
of unseen muons or
pions.

6. Visible energy > 100

MeV

Remove decay electrons
from stopping CC muons
and NC pions

/. No more than one
delayed electron

Reject events with a
muon accompanied by
an unseen muon or
pion.

/. No delayed electron

Remove unseen muons
and pions, e.g. cosmic
muons or muons below
Cerenkov threshold.

8. New T rejection

algorithm

Reduce TT° background

9. Reconstructed Ve
energy < 1250 MeV

Reduce events from beam

Ve - these have a high-
energy tail from K decays.
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T2 K

2 e-like rings from TT°

c) VpNClTEO

Interaction

00000000

Backgrounds to Ve appearance /
after event selection )&

The principal backgrounds to Ve
appearance are:

|.The 1% V. component of the
neutrino beam: this mainly comes
from muon decays, while some also
come from kaon decays.

2. NC 11° production: this can mimic
a Ve if the two photon rings in Super
K overlap or if one is below
Cerenkov threshold.
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T2 K

Photonuclear interactions JK\

)V, NC1 m°

Interaction

A photonuclear interaction is the
absorption of a photon by a nucleus. This
can happen in Super K before the emission
of Cerenkov light.

A T1% decays into two photons. If one of

these photons is absorbed, the TT° gives one
e-like ring, and appears to be an electron.

This has been modelled in the Super K
detector simulation by removing photons
according to the photonuclear cross
section. Estimate a 8.7% increase in TT°
background due to photonuclear
Interactions
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T2K Super K detector uncertainties A

Ring-counting and particle ID efficiencies: fit Monte Carlo simulation of control
samples to atmospheric neutrino data using efficiencies as fit parameters, and
estimate errors in efficiencies as difference between nominal and fitted
efficiencies. Define a “shift” error as the difference between the nominal and
fitted efficiencies, and treat this as correlated between bins. Also define a “fit”
error as the statistical uncertainty in the fitted efficiency, and this is uncorrelated
between bins.

Examples of control samples

Vu/vubar CCQE: | Michel electron (from M decay), distance from muon stopping
point to decay electron < 80cm.

Vu/Vybar CCnonQE: > | Michel electron (from M decay), distance from muon
stopping point to decay electron < |60cm.

Ve CC: brightest ring is e-like, visible energy > 100 MeV, force reconstruction of
second ring and require invariant mass of 2 rings < 105 MeV.
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TR\ New TT° rejection algorithm

LANCASTE P/ \
for single e-like ring sample ‘ '

Likelihood Ratio vs TT° Mass )

In(L /L)

0.16
0.14
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0.1

0.08
0.06
0.04
0.02

0 50 100 150 200 250 0

7 Mass (MeV/c?)

Old algorithm: force reconstruction of second ring in
Super K, calculate the invariant mass of the two

particles, and accept events in which that invariant
mass is < 105 MeV/c2

New algorithm: construct charge and time probability
density functions for every PMT hit for each particle
hypothesis. This is done using vertex position and
timing, and track direction and momentum. Multiple-
particle states are constructed by summing the charge
contributions from each constituent particle.

Distinguish different final-state hypotheses by
comparing best-fit likelihoods from fit of each particle
hypothesis. To separate TT° from V. events, the
likelihood ratio In(Lmo / Le) is used, and this is
combined with invariant mass cut from old algorithm.
New algorithm rejects 70% more TT° background for
same signal efficiency.
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T2K\ Oscillation parameter values /&

Oscillation probabilities are calculated in a 3-flavour framework. Matter effects are

included assuming that the Earth’s crust between Tokai and Kamioka has a constant
density of 2.6 g/cm? (arXiv | 107.5857).

In the Vy-disappearance analysis, the non-23 oscillation parameters are fixed to their
2012 PDG values and the normal mass hierarchy is assumed:

sin?(202) = 0.857
Am»12=7.5 x 107 eV?/c*
sin?(20,3) = 0.098

Ocp = 0.

In the Ve-appearance analysis, the other oscillation parameters are fixed to:

sin202 = 0.3067
Amzi2=7.6 x 10~ eV?/c*
sin20,3 = 0.5

|Am32?|= 2.4 x 103 eV?/c*

Note: P(Vy—V.) depends on sin?(023) as well as sin?(203) since the leading-order term
is 2 sin2(023) sin?(20)3).
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Am3;?

T2 K

Make many simulated experiments with true input
parameters of this point and all other points

Confidence regions A

/_—_\\
EEsamEnas
/ N

Y
N \V
\
sinZ205,3

Draw 90% confidence contour through this point

if AX2data = AX290% for this point

Divide sin2023 - Am32? plane into
rectangular grid with a grid point at centre
of each rectangle.

Make a few thousand simulated experiments
using true input parameters of each point,
and find Ax? = X? (true) - X? (best fit) for
each experiment. At each point, order values
of AX? and find their 90th percentile AX290x.

Using real data, find value of AX%4aw at each
grid point. Draw 90% confidence contour

through points for which AX%data = AX%90%.

If experiment repeated many times and a
90% contour is drawn for each experiment,
true unknown values will be in 90% of those
contours.

67



oscillation probablities
Oscillation probabilities are calculated using UMU*

0 0 0
where M=| 0 Am?%, 0

0 0 Am?,

Calculati '
T2R\ alculating neutrino A

The neutrinos pass through the Earth’s crust, and there is coherent forward
scattering of Ve in CC interactions with electrons in the crust. For neutrinos, these
“matter effects” are taken into account by adding the potential 2E+/2G¢Ne to the
real part of the first diagonal element of UMUT (for antineutrinos it is subtracted
from the real part of the first diagonal element of the complex conjugate of UMU*).

The resulting matrix is diagonalised. The differences between the eigenvalues are

the effective Am? in matter. The normalised eigenvectors are the columns of the
effective mixing matrix in matter (UMatter).
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T2/K Diagonalising UMU A

Calculate the eigenvalues by solving the (cubic) characteristic equation using
Cardano’s method (arXiv:physics 0610206). The differences between them are
the effective Am? in matter. Calculate the (complex) eigenvectors algebraically:
set one component equal to |.0 (real) and calculate the other 2 components
using 2 of the 3 simultaneous equations UMUT - Al = 0.Then normalise the
eigenvectors, and they become the columns of the effective mixing matrix in
matter (UMatter).
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T2 K

Calculating neutrino )
oscillation probablities )K&

Then carry out the following steps:
|. Define a complex Ix3 column vector to represent a v, flavour eigenstate.

2. Multiply by UMattert to convert to mass eigenstates.
3. Propagate to Super K by multiplying the jth component by exp(-i Ami? L / 2E).
4. Convert back to flavour eigenstates by multiplying by UMatter.

5.The probabilities of each flavour are given by the moduli squared of the
components of the resulting 1x3 complex vector.
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T2K Reconstructing neutrino energy A

The energy of a neutrino in the T2K beam is unknown and must be
reconstructed. This is done using CCQE events.

Neglecting the Fermi motion of the nucleon with which the neutrino interacts,
the neutrino energy is reconstructed as

ms — (m, — E,)* — m2, + 2(m, — E,)E,

E —
2(m, — E,—E, + p,cosb,)

vV

where m; is the proton mass
my is the neutron mass

E, = 27 MeV is the binding energy of a nucleon in a 'O nucleus
Ey is the reconstructed energy of the muon
pu is the reconstructed momentum of the muon

cosOy is the reconstructed angle between the incoming neutrino and the muon
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T2K |
(with matter effects)

0.08———r—— 77— 77—

- —T2KNH -

0.07 —T2K I|H —

n ~NOVANH -

B — NOVA |H _
~ 0.06 08,=0
|> - A Ocp = T/2 N

n S o = |
T:s. 0.051 ?;82p=7?:7t/2 ]
Iz - :
o 0.04F -

N & .

0.03:— 9 -
I IS S S S S S ST N S S S SR S S S ST ST A S S S S
0.02 003 004 005 006 0.07 0.08
P(vu—>ve)
sin2(2012) = 0.87 Earth crust density = 2.6 g/cm3
sin2(203) = 0.1 NH = normal mass hierarchy
sin2(2023) = 1.0 IH = inverted mass hierarchy

Amiz2 = 7.6x105 eV? T2K energy = 0.6 GeV
|Am322| = 2.32x1073 eV? NOVA energy = 2.0 GeV

P(Vu—Ve) and P(vubar—vebar) )K\

T2K might be able to measure
Ocpif it is close to 3TT/2 (normal
hierarchy) or T1/2 (inverted
hierarchy). However for most
values of Ocp, its effects are
entangled with those of the
mass hierarchy.

NOVA might be able to measure
Ocpif it is between TT-2TT
(normal hierarchy) or O0-11
(inverted hierarchy).

Note that, for 0cp = 0, P(Vu— Ve)
# P(vpbar—Vebar).This is due
to matter effects.
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;I'_Z/IE\ Correlations between flux and LANCASTE%)K\

cancelling xsec parameters

Parameter Correlation Matrix Prior to ND280 Constraint

S~0 Bin.B ~Ba.0 @ L l
.

Correlation

Fit Parameters
=
N
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e e Fit Parameters

Fit Parameters

Parameter Correlation Matrix After ND28(0 Constraint
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Correlation
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Cross-section fractional

T2 K .
uncertainties

Correlated with flux parameters

MaQE
MaRES

Fermi momentum
Binding energy

Spectral function

WV shape

Pionless delta decay
CC other shape

CC coherent cross section
NCI 1Tt cross section
NC other cross section
Ve / Vy cross section
Vubar / vy cross section

7.2% (external and ND280 data)
6.8% (external and ND280 data)

Uncorrelated

13.3% (external data)
33.3% (external data)
On/off (external data)
52% (external data)
20% (external data)
40% (external data)
100%
30% (external data)
30% (external data)

3% (external data)
40% (external data)
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T2/K T2K GPS system A

At both J-PARC and Super Kamiokande there are:

|. Two independent single-frequency common-view GPS receivers and antennae.
Each receiver gives one signal per second whose leading edge is synchronous
with the start of a new second in Coordinated Universal Time (UTC).

2.A rubidium atomic clock (Research Systems FS-725) that is synchronised with
the GPS pulses.

3.A custom electronics board called the local time clock.This uses the time base
from the rubidium clock, and produces timestamps every 10 ns.
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R

T2/K\ J-PARC accident AR

11:55 on May 23
An abnormal proton beam was injected to the gold target.
The target heated up to a extraordinarily high temperature.
Radioactive material was released from the target.
The radioactive material was leaked into the HD hall: xXWorkers were exposed to radiation.

The radioactive material was released to the outside of the radiation controlled area and to the environment
outside of the HD hall.

proton beam

)
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Intensity

T2K\

Energy spectrum of beta
decay electrons from 27 Bi

0

0.2

0.4 0.6 0.8
Kinetic energy, MeV

Wolfgang Pauli

1.0

1.2

Pauli proposes the neutrino A A\

In 1930, it was thought that B~ decay was
n—pt+e

In this decay all the electrons should have the
same kinetic energy. But experimentally it was
found that they have a range of energies.

To save conservation of energy,Wolfgang Pauli
proposed a “desperate” solution that a light,
electrically neutral particle carried away the
missing energy.

Pauli said “l have done a terrible thing. | have
postulated a particle that cannot be detected.”

77



Discovery of electron
T2k . . A
antineutrino |

Frederick Reines and Clyde Cowan
at Hanford Site (1953) .
- — In 1956, Reines and Cowan detected electron
antineutrinos from a reactor at Savannah
River (Nobel Prize for Reines in 1995). This

was done using inverse B decay:

Vebar + p = n + e”

where the proton is in the water target. The
positron annihilates with an electron to give

Incident

two photons of 0.5 MeV. The neutron is
AN / Gamma rays . . o
| captured by cadmium which is added to the
Gamma rays Wate r:

Neutron capture

Inverse
beta
decay

n + 108Cd — 109mCd — 109Cd +y

Positron
annihilation

Liquid scintillator

ar cadriur This photon appears 5 msec later than those

Interactions in water which is surrounded by from the POSitI’OI’]/GlECtI’OI’] annihilation.

photomultipliers to detect photons
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