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If	
  mass	
  and	
  weak	
  eigenstates	
  are	
  different:	
  
	
  
*  Neutrino	
  is	
  produced	
  in	
  a	
  weak	
  eigenstate	
  
*  It	
  travels	
  a	
  distance	
  L	
  as	
  a	
  mass	
  eigenstate	
  
*  It	
  will	
  be	
  detected	
  in	
  a	
  (possibly	
  different)	
  

weak	
  eigenstate	
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Evidence/for/neutrino/oscilla-ons/(SuperSKamiokande/@Neutrino/’98)


SuperZKamiokande%concluded%that%the%
observed%zenith%angle%dependent%
deficit%(and%the%other%suppor,ng%data)%
gave%evidence%for%neutrino%oscilla,ons.%

�	�

Y.%Fukuda%et%al.,%PRL%81%(1998)%1562�

T.Kajita	
  (Nobel	
  Prize	
  2015)	
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Most of the parameters measured with <10% precision!

θ23  is known with 15% precision !

~15%!

~7%!

~31%!

~4%!

~3%!

~11%!

	
  	
  PDG2018	
  

• What is the value of δCP?? 

• What is the mass hierarchy? 



CKM PNMS

Mostly diagonal Unitarity enforced by construction

The	Third	Family	of	Neutrinos	

5/09/18	 1	

•  What is the absolute mass scale? 

•  Why so small?? 

Is the PMNS parameterization correct? 



*  The	
  T2K	
  experiment	
  searches	
  for	
  neutrino	
  oscillations	
  in	
  a	
  high	
  
purity	
  νμ	
  beam	
  

*  A	
  near	
  detector	
  located	
  280	
  m	
  downstream	
  of	
  the	
  target	
  measures	
  
the	
  un-­‐oscillated	
  neutrino	
  spectrum	
  

*  The	
  neutrinos	
  travel	
  295	
  km	
  to	
  the	
  Super-­‐Kamiokande	
  water	
  
Cherenkov	
  detector	
  

295	
  km	
  

Super-K Detector
 J-PARC Accelerator


Near Detector


ν


30


•  νe	
  	
  (νe	
  )appearance	
  	
  	
  	
  
•  νμ	
  	
  	
  (νμ)	
  	
  disappearance	
  	
  

	
  

•  	
  δcp	
  	
  	
  
•  X-­‐sections	
  
+exotics	
  	
  

	
  

_	
  

_	
  





* 
J-PARC and Neutrino Beamline

5

- 30 GeV proton beam generated by J-PARC Main Ring (MR) directed to the graphite target
- Secondary pions collected and focused by the magnetic horns

- " beam: ij → k	j + "# (Forward horn current)
- " beam: il → k	l + "#	(Reverse horn current)

- Uses off-axis method to make the spectrum peak at 600 MeV
- Expected oscillation maximum at L=295 km

The T2K experiment (Overview)

Oscillation 
Maximum pSQ offoff--axisaxis

PP--monitormonitor
Near 
detectors

Decay

Conventional “horn-magnet-focused” Q beam

120m120m 0m0m280m280m295 km295 km

Decay 
volume

Conventional horn magnet focused  Q beam
30GeV Protons on a graphite target:  daughter S+Æ P++QP

First application of Off-Axis(OA) beam:
Beam is 2.50o off-axis with respect to the far detector directionBeam is 2.50 off axis with respect to the  far detector direction
Low-energy narrow-band beam, peak at oscillation maximum 
Small high-energy tail: reduce background events in T2K

Near neutrino detectors  @ 280m from target

T.IshidaT.Ishida(J(J--PARC center/KEK)PARC center/KEK)

@ g
On-Axis (INGRID) detector /  Off-Axis (ND280) detector 

Far detector: Super-Kamiokande @ 295km from J-PARC
77KEK Seminar,  Kobayashi Hall (KEK) KEK Seminar,  Kobayashi Hall (KEK) –– Lecture Hall (JAEA), 19th July  2013Lecture Hall (JAEA), 19th July  2013

P R O D U C I N G  T H E  B E A M

NUFACT Workshop Mark Hartz, U. of Toronto/York U.

Beamline Magnets

Superconducting Magnets

Normal Conducting Magnets

 Located in the arc section of the beamline

 28 magnets each producing both dipole 
(2.59 T) and quadrapole (18.6 T/m) fields

 Operational current of 4.36 kA, T
max

<5 K

 2 hour recovery from normal quench

 Located in the preparation and final focusing sections of the beamline

 Operate in the 1-10 kG range

Decay Area
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Commissioning(of(the(neutrino(beam(facility(for(the(first(
superbeam experiment,(T2K

M.Shibata (KEK)(for(the(T2K(collaboration
1.(Neutrino(beam facility

Target

Primary(proton(beam(line

Horn(Neutrino(monitor(building

Near(detector(
(ND280)

Decay(volume

Beam(dump
Target(station

1

p

��to(Kamioka

•750kW(proton(beam
acceptable(loss
PS:750W,(ARC:1W/m
FF:250W
order(of((10S3

•Conventional(beam(
p+C5�!�5� 4�
��	����
��	��
��'#-0�3++(
3(horns
•Off(axis(beam(method
OA(angle(2.5(degrees
reduce(high(energy(comp.

Beam(monitors

2.(History(of(commissioning

10.(Delivered(proton(number

Physics(run:(2.34�10,3

���	�%�������������-&.3�10,3Horizontal:(�1mm

Vertical:(�2mm
MR(VSbump(off

MR(VSbump(on

Before(tuning

After(tuning

OTR(X=S0.5mm

OTR(y=S0.1mm

target

target

4.(Beam(orbit

0&��
	�����
��������

5.(Position(@(target

Linac
1815400MeV

• ���������

�%�0�5�8((this(summer)
• Proton(number(per(bunch:(8�1012 5�4�1013

•MR(cycle:(3.52(5�2.23(sec.

12.(Power(improvement(plan

3.(Horn(operation

11.(Position(drift(problem

13.(Conclusion(
• Neutrino(beam(facility(started(operation(in(Apr.(-++3
• Confirmed(beam(monitor(performance(
• Search(for( �5 e started(in(Jan.(2010
• �
���
�
������������

�����-&.3�10,3

• Achieved(43kW(stable(operation
• Planning(to(increase(beam(power(to(750kW

• Due(to(temperature(rise(of(extraction(kickers
• Investigation(with(test(bench(5�feedback(to(new(kicker

(installation:(this(summer)(

7.(Width(@(target

-++3
• Operation(started(in(Apr.
• 20(days(operation
• Confirmed(functionality

S Beam(monitor(performance
S Beam(tuning((orbit,(size,(loss)
S Beam(stability((20kW,(30(min.)
S Horn(focusing(effect

• Observed(neutrino(event(@(ND

2010
•  �5 e search(started(in(Jan.

S 32(days(data(taking
S 5(days(continuous(operation(achieved

• Beam(power:(20kW(5�43kW((stable(run)
S 100kW(operation(was(tested

• Observed(neutrino(event(@(SK

8.(Beam(stability

Transport
RMS:(0.7%

Timing
RMS:7.8ns

Bunch(length
�
	�%�3&+��
RMS:(((1.3ns

<(1mm(@(target

� 4mm(@(target

Horn(current:(250kA
Stability:(<1%

I(– Current(Transformer((CT)(x(5(((Intensity
C(– ElectroStatic Monitor((ESM)(x(21(((Position
P(– Segmented(Secondary(Emission(Monitor(

'����(���,3���������

Beam(Loss(Monitor((BLM)(x(50((not(shown)
Optical(Transition(Radiation(monitor((OTR)(((

profile(@(target

3.(Monitor(performance
CT

Proton#(in(Acc.
1.5x1012• Linearity:(<2%

• Shot(by(shot(stability:(<1%
• Absolute(calibration:(<2%

SSEM

Horizontal(profile(
@(injection

Uncertainty
• Center:(0.2mm
• Size:(0.2mm
Stability:(0.02mm

Emittance measurement(

ESM

SSEM

ES
M

• Calibrated(with(SSEM
better(than(0.1mm

• Stability:(0.04mm
(with(diff.(amp.)

OTR

Uncertainty
�%+&/.��$��%+&/.��$�"�%+&/2��$�"�%+&/-��
Stability
x:0.40mm,(�%+&-0��,("�%+&.0��,("�%+&,1��

BLM

SSEM(in
SSEM(out

Beam

SSEM(foil:(10S5 loss
5�real(loss(<(0.5W

@50kW

Due(to(back(scatter
from(beam(window

• Calibrated(with(beam(loss(of
SSEM(foils
• Consistent(with(film(badge
measurement

No(significant(beam(loss(w/o(SSEM

Mean:0.3mm,(RMS:0.4mm

Mean:0.8mm,(RMS:0.4mm

Mean:4.1mm,(RMS:0.3mm

Mean:4.2mm,(RMS:0.1mm

NU(beam(tuning,(study

Beam(monitors(satisfy(our(requirements

Beam(orbit(is(tuned(within(2mm(from(design(orbit. Beam(position(is(stably(tuned(at(target(center.

Beam(size(can(be(controlled(not(to(break(the(target.

Beam(is(stable(enough.

Horn(current(is(stable(enough.

primary beamline

3.3. Muon Monitor

The neutrino beam intensity and direction can be monitored
on a bunch-by-bunch basis by measuring the distribution pro-
file of muons, because muons are mainly produced along with
neutrinos from the pion two-body decay. The neutrino beam
direction is determined to be the direction from the target to
the center of the muon profile. The muon monitor [18, 19] is
located just behind the beam dump. The muon monitor is de-
signed to measure the neutrino beam direction with a precision
better than 0.25 mrad, which corresponds to a 3 cm precision
of the muon profile center. It is also required to monitor the
stability of the neutrino beam intensity with a precision better
than 3%.

A detector made of nuclear emulsion was installed just down-
stream of the muon monitor to measure the absolute flux and
momentum distribution of muons.

3.3.1. Characteristics of the Muon Flux
Based on the beamline simulation package, described in Sec-

tion 3.5, the intensity of the muon flux at the muon monitor, for
3.3 × 1014 protons/spill and 320 kA horn current, is estimated
to be 1 × 107 charged particles/cm2/bunch with a Gaussian-like
profile around the beam center and approximately 1 m in width.
The flux is composed of around 87% muons, with delta-rays
making up the remainder.

3.3.2. Muon Monitor Detectors
The muon monitor consists of two types of detector arrays:

ionization chambers at 117.5 m from the target and silicon PIN
photodiodes at 118.7 m (Fig. 8). Each array holds 49 sensors
at 25 cm × 25 cm intervals and covers a 150 × 150 cm2 area.
The collected charge on each sensor is read out by a 65 MHz
FADC. The 2D muon profile is reconstructed in each array from
the distribution of the observed charge.

The arrays are fixed on a support enclosure for thermal insu-
lation. The temperature inside the enclosure is kept at around
34◦C (within ±0.7◦C variation) with a sheathed heater, as the
signal gain in the ionization chamber is dependent on the gas
temperature.

An absorbed dose at the muon monitor is estimated to be
about 100 kGy for a 100-day operation at 750 kW. Therefore,
every component in the muon pit is made of radiation-tolerant
and low-activation material such as polyimide, ceramic, or alu-
minum.

3.3.3. Ionization Chamber
There are seven ionization chambers, each of which contains

seven sensors in a 150×50×1956 mm3 aluminum gas tube. The
75 × 75 × 3 mm3 active volume of each sensor is made by two
parallel plate electrodes on alumina-ceramic plates. Between
the electrodes, 200 V is applied.

Two kinds of gas are used for the ionization chambers ac-
cording to the beam intensity: Ar with 2% N2 for low intensity,
and He with 1% N2 for high intensity. The gas is fed in at ap-
proximately 100 cm3/min. The gas temperature, pressure and
oxygen contamination are kept at around 34◦C with a 1.5◦C

Figure 8: Photograph of the muon monitor inside the support
enclosure. The silicon PIN photodiode array is on the right side
and the ionization chamber array is on the left side. The muon
beam enters from the left side.

gradient and ±0.2◦C variation, at 130 ± 0.2 kPa (absolute), and
below 2 ppm, respectively.

3.3.4. Silicon PIN Photodiode
Each silicon PIN photodiode (Hamamatsu® S3590-08) has

an active area of 10 × 10 mm2 and a depletion layer thickness
of 300 µm. To fully deplete the silicon layer, 80 V is applied.

The intrinsic resolution of the muon monitor is less than
0.1% for the intensity and less than 0.3 cm for the profile center.

3.3.5. Emulsion Tracker
The emulsion trackers are composed of two types of mod-

ules. The module for the flux measurement consists of eight
consecutive emulsion films [20]. It measures the muon flux
with a systematic uncertainty of 2%. The other module for the
momentum measurement is made of 25 emulsion films inter-
leaved by 1 mm lead plates, which can measure the momentum
of each particle by multiple Coulomb scattering with a preci-
sion of 28% at a muon energy of 2 GeV/c [21, 22]. These films
are analyzed by scanning microscopes [23, 24].

3.4. Beamline Online System
For the stable and safe operation of the beamline, the online

system collects information on the beamline equipment and the
beam measured by the beam monitors, and feeds it back to the
operators. It also provides Super-Kamiokande with the spill
information for event synchronization by means of GPS, which
is described in detail in Section 3.6.2.

3.4.1. DAQ System
The signals from each beam monitor are brought to one of

five front-end stations in different buildings beside the beam-
line. The SSEM, BLM, and horn current signals are digitized
by a 65 MHz FADC in the COPPER system [25]. The CT and
ESM signals are digitized by a 160 MHz VME FADC [26].
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horn/target assembly

horn

He decay volumeMuon monitors

Beam dump

• 30 GeV protons extracted from J-PARC MR to carbon target 

• secondary π+ focussed by three magnetic “horns” 

• primarily νµ beam from π+→ µ++ νµ 

• reverse polarity for antineutrino beam: π-→ µ-+ νµ 

• spectrum peaked at 600 MeV 2.5º “off axis” towards SK 

• expected oscillation “maximum” for L=295 km

3

production, from the interaction of primary beam protons in the T2K target, to the decay of hadrons
and muons that produce neutrinos. The simulation uses proton beam monitor measurements as
inputs. The modeling of hadronic interactions is re-weighted using thin target hadron production
data, including recent charged pion and kaon measurements from the NA61/SHINE experiment.
For the first T2K analyses the uncertainties on the flux prediction are evaluated to be below 15%
near the flux peak. The uncertainty on the ratio of the flux predictions at the far and near detectors
is less than 2% near the flux peak.

PACS numbers: 24.10.Lx,14.60.Lm

I. INTRODUCTION

Predicting the neutrino flux and energy spectrum is an
important component of analyses in accelerator neutrino
experiments [1–4]. However, it is di�cult to simulate
the flux precisely due to uncertainties in the underly-
ing physical processes, particularly hadron production
in proton-nucleus interactions. To reduce flux-related
uncertainties, neutrino oscillation experiments are some-
times conducted by comparing measurements between a
near detector site and a far detector site, allowing for
cancellation of correlated uncertainties. Therefore, it is
important to correctly predict the relationship between
the fluxes at the two detector sites, described below as
the far-to-near ratio.

T2K (Tokai-to-Kamioka) [5][6] is a long-baseline neu-
trino oscillation experiment that uses an intense muon
neutrino beam to measure the mixing angle ✓13 via the
⌫

e

appearance [7] and the mixing angle ✓23 and mass dif-
ference �m

2
32 via the ⌫

µ

disappearance [8]. The muon
neutrino beam is produced as the decay products of pi-
ons and kaons generated by the interaction of the 30 GeV
proton beam from Japan Proton Accelerator Research
Complex (J-PARC) with a graphite target. The prop-
erties of the generated neutrinos are measured at near
detectors placed 280 m from the target and at the far
detector, Super-Kamiokande (SK) [9], which is located
295 km away. The e↵ect of oscillation is expected to be
negligible at the near detectors and significant at SK.

The T2K experiment employs the o↵-axis method [10]
to generate a narrow-band neutrino beam and this is the
first time this technique has been used in a search for neu-
trino oscillations. The method utilizes the fact that the
energy of a neutrino emitted in the two-body pion (kaon)
decay, the dominant mode for the neutrino production,
at an angle relative to the parent meson direction is only
weakly dependent on the momentum of the parent. The
parent ⇡

+(�)’s are focused parallel to the proton beam
axis to produce the (anti-)neutrino beam. By position-
ing a detector at an angle relative to the focusing axis,
one will, therefore, see neutrinos with a narrow spread

⇤

also at J-PARC Center

†

also at Institute of Particle Physics, Canada

‡

also at JINR, Dubna, Russia

§

deceased

¶

also at BMCC/CUNY, New York, New York, U.S.A.

in energy. The peak energy of the neutrino beam can be
varied by changing the o↵-axis angle as illustrated in the
lower panel of Fig. 1. In the case of T2K, the o↵-axis
angle is set at 2.5� so that the neutrino beam at SK has
a peak energy at about 0.6 GeV, near the expected first
oscillation maximum (Fig. 1). This maximizes the e↵ect
of the neutrino oscillations at 295 km as well as reduces
background events. Since the energy spectrum changes
depending on the o↵-axis angle, the neutrino beam di-
rection has to be precisely monitored.

 (GeV)νE
0 1 2 3

 (A
.U

.)
29

5k
m

µ
ν

Φ
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0.5
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µν

P(

0.5

1

 = 1.023θ22sin
2 eV-3 10× = 2.4 32

2mΔ

FIG. 1: Muon neutrino survival probability at 295 km
and neutrino fluxes for di↵erent o↵-axis angles.

To determine the oscillation parameters, the expected
observables at the far detector are predicted based on
the flux prediction and the neutrino-nucleus interaction
model. To reduce the uncertainty of the prediction, they
are modified based on the near detector measurements.
For example, the absolute normalization uncertainty is
e�ciently canceled by normalizing with the event rate at
the near detector. Then, it is important to reduce the
uncertainty on the relation between the flux at the near
detector and that at the far detector.
The physics goals of T2K are to be sensitive to the val-

ues of sin2 2✓13 down to 0.006 and to measure the neu-
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J-PARC neutrino beamline overview 

× 
Target 

× 

π+ 

π+ 

π+ 

µ+ 

µ+ 

νµ 

Near 
Detector 

Muon monitor 

109m 

Decay volume (He gas filled) 

Target installed in  1st  horn. 

p 

Pions are focused by 
3 electromagnetic Horns. 

Beam dump 



T2K Near Detector pit 
houses both the 

off-axis (ND280) and 
on-axis (INGRID) 

detectors 

19 m 

37 m 

0	
  deg	
  

2.5	
  deg	
  



On-­‐Axis	
  near	
  Detector	
  



Off-­‐axis	
  near	
  detector:ND280	
  
ND280	
  

• ND280	
  @	
  2.5	
  degree	
  off-­‐axis	
  
✦ 	
  Normalization	
  of	
  Neutrino	
  Flux	
  
✦ 	
  Measurement	
  of	
  neutrino	
  cross	
  sections.	
  
	
  

•  	
  UA1	
  magnet	
  (0.2	
  T)	
  
•  	
  Fine	
  Grained	
  Detector	
  (FGD)	
  
(target)	
  

•  Time	
  Projection	
  Chambers	
  (TPC)	
  
	
  Momentum	
  	
  Res.	
  <	
  10%	
  	
  
	
  	
  PID	
  (<	
  10%	
  dE/dx	
  	
  Res.)	
  

	
  

Imperial College  
London

Morgan O. 
WasckoNeutrino 20182018 / 06 / 04

ND280 data fitting
•Parametrise cross section & flux models

•Constrain by fitting ND280 data

•Result of data fit reduces flux & 
interaction model uncertainties at SK 

•Also measure ν-nucleus cross sections
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see posters by:
M. Batkiewicz,  #281, Wed
M. Buizza Avanzini,  #117, Wed
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T. Wąchała,  #148, Wed
G. Żarnecki, #245, Wed

see talk by F. 
Sanchez later 
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T2K-­‐ND280:	
  INFN	
  ContribuQons	
  (Ba,LNL,Na,Pd,Rm1)	
  	
  

νμ	
  event	
  
@	
  ND280	
  
νμ	
  event	
  
@	
  ND280	
  

νμ	
  event	
  
@	
  ND280	
  
νμ	
  event	
  
@	
  ND280	
  
νμ	
  event	
  
@	
  ND280	
  

νμ	
  event	
  
@	
  ND280	
  
νμ	
  event	
  
@	
  ND280	
  

TPC	
  assembling	
  	
  
TPC	
  design	
  with	
  advanced	
  
detectors	
  (MPGD)	
  

First	
  large	
  TPC	
  	
  with	
  MPGD	
  	
  

“Inclusive	
  CC	
  anti-­‐ν Differential	
  Cross-­‐Section	
  on	
  Carbon	
  “	
  	
  

INFN	
  in	
  T2K	
  	
  
ü  TPC	
  design,	
  assembling,	
  
calibration,	
  maintenance	
  and	
  
operation	
  	
  

ü  Initial	
  idea	
  and	
  calculations	
  for	
  a	
  
magnetized	
  detector	
  

ü  Leading	
  role	
  in	
  anti-­‐ν Analysis	
  @	
  
ND280	
  	
  

ü  Several	
  Management	
  &	
  
Coordination	
  Roles	
  





Large	
  discrepancy	
  in	
  the	
  models	
  predictios	
   	
  

Cross	
  sections	
  poorly	
  known	
  at	
  low	
  energy	
  

νA	
  cross-­‐sections	
  

A	
  couple	
  	
  of	
  examples	
  :	
  	
  	
  many	
  papers	
  published	
  in	
  the	
  last	
  years	
  



* The	
  Far	
  detector:	
  Super-­‐Kamiokande	
  

* 50	
  kton	
  Water	
  Cherenkov	
  detector	
  1	
  km	
  
underground	
  
* Typically	
  61%	
  νe	
  signal	
  eff.	
  
*  	
  95%	
  π0	
  rejection	
  
* 32	
  kton	
  	
  inner	
  volume	
  (22.5	
  kton	
  qiducial	
  
volume	
  )	
  
* 2	
  m	
  outer	
  volume	
  to	
  identify	
  entering	
  particles	
  

Probability	
  to	
  mis-­‐id	
  µ	
  as	
  electron	
  is	
  ~1%	
  

All	
  triggers	
  in	
  +/-­‐	
  0.5	
  ms	
  of	
  neutrino	
  arrival	
  time	
  are	
  recorded	
  





Beam model!
Beam model is obtained from a full GEANT simulation of the particle 

transport reweighed by the NA61 (Shiνe)  results!

Beam monitors!

GEANT In
pu

t!
O

ut
pu

t!

Including error covariance matrix!



* 

• 14 total ND280 data 
samples used by 
oscillation analysis fit 

• 𝜈-mode (FHC) 

• sort by π± multiplicity 

• 2 FGDs (C,O) 

➡6 samples 

• 𝜈̅-mode (RHC) 

• sort by muon charge 

• sort by number of tracks 

• 2 FGDs (C,O) 

➡8 samples 
Imperial College  
London

Morgan O. 
WasckoNeutrino 20182018 / 06 / 04

ND280 data for OA
•14 total ND280 data 

samples used by 
oscillation analysis fit 

•!-mode (FHC) 
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•sort by muon charge 

•sort by number of tracks 

•2 FGDs (C,O) 
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 Analysis	
  Model	
  	
  
CC0π+

CC1π+
CCothe
r

Near detector 
data

Hadron production 
flux prediction 
Shiνe + beam 

monitors

Cross-section 
model

⊕︎

=
Corrected flux 

and cross-section 
model

&
error covariance 

matrix

feed back

⊕︎

Sys.	
  Error	
  from	
  15%	
  to	
  5%	
  



* 
5 	
  SK	
  samples	
  

 
1.  muon neutrinos!
2.  muon antineutrinos.!
3.  electron neutrinos.!
4.  electron neutrino + pion 

(Michel electron)!
5.  electron antineutrino.!



* Oscillation	
  Tits	
  

Bayesian Markov Chain MonteCarlo and 2 
frequentist approach.!

νμ→νe and νμ→νe combined analysis within the 3v oscillation paradigm (PMNS).!

Binned likelihood comparing data to MC predictions.!

Bins of reconstructed energy from lepton 
kinematics assuming CCQE two body 

interactions.!

νe sample also bins in θe!

Frequentists confidence intervals (grid 
search) agree with the Bayesian factors and 

credible intervals.!

Other oscillation parameters from 2018 PDG values.!

_! _!



	
  T2K  highlights  

Θ13	
  	
  measurements (appearance mode ) by T2K 

Word best measurements in disappearance mode   

2012	
  
2019	
  



_	
   _	
  

 νμ	
  disappearance  
(best word result)   

No -νe appearance disfavoured to 2.4σ!



* 

%!

%!

νe/νe   Systematic Uncertainty!
_!



δCP!

measurement!

Data also prefers 
Normal Hierarchy 
with a posterior 

probability of 89%!

Fit uses the value of θ13 !
from reactor experiments!



* 



CP	
  violation	
  phase	
  
T2K result excludes most of the δCP>0 values @ 99.7% CL!

Technically	
  not	
  a	
  discovery	
  (it	
  is	
  not	
  5	
  sigma),	
  but	
  the	
  qirst	
  step	
  in	
  the	
  long	
  
path	
  towards	
  the	
  measurement	
  of	
  leptonic	
  CP	
  violation	
  



* 



* Evolution from T2K-I to T2K-II- CPV sensitivity

42

T2K-I T2K-II

sensitivity

stat.only

improved sys.

2016 sys.

𝜹𝑪𝑷 ൌ െ𝝅
𝟐 , 𝐬𝐢𝐧 𝜽𝟐𝟑 ൌ 𝟎.𝟓, NO𝟐

now

Before	
  HYPER-­‐K/DUNE	
  Era	
  :	
  2022-­‐2026	
  

2017	
  
proposal	
  	
  



* 

• Continuous	
  upgrade	
  of	
  
neutrino	
  beam	
  up	
  to	
  2030	
  	
  

• Present	
  beam	
  power	
  ~470	
  kW	
  	
  
• New	
  MR	
  power	
  supply	
  for	
  
750kW	
  	
  by	
  2021	
  	
  

• Repetition	
  rate	
  increase	
  to	
  0.86	
  
Hz	
  	
  for	
  1.3MW	
  by	
  2026	
  	
  

	
  
	
   Ø  J-­‐PARC	
  upgrade	
  for	
  Hyper-­‐K	
  is	
  top	
  priority	
  in	
  

KEK	
  Project	
  Implementation	
  Plan	
  (KEK-­‐PIP)	
  	
  

Ø  Strong	
  commitment	
  for	
  future	
  
neutrino	
  program	
  	
  

    Latest results  
 T2K data prefers maximal T23 mixing, CPV of -π/2  and normal hirearchy      

H.A. Tanaka et al. , Neutrino2016 

Continuous beam upgrade @ J-PARC   

KEK - PIP   

 
“J-PARC upgrade for HK 
is the highest priority”  

Precise measurement  
of electron-neutrino appearance  

will be performed in T2HK        



* 
* Different	
  Acceptance	
  Near/Far	
  detector	
  
* Cross	
  sections	
  poorly	
  known	
  at	
  low	
  energy	
  (in	
  
particular	
  νe,anti-­‐ νµand	
  νe/νµ ratio)	
  
* Different	
  target	
  material	
  Near/Far	
  (CH/H20)	
  
* Models	
  	
  

Stephen Dolan Cross section strategy workshop, Fermilab

Neutrino Interactions at T2K
CCQE (1p1h)

CCRES

2p2h

Nuclear 
Effects

4

(Charged-Current Quasi-Elastic)

(Charged-Current Resonant)

(2 particle – 2 hole)

Plot by Luke Pickering WE APOLOGISE FOR THE INCONVENIENCE

Diagrams by Patrick Stowell



* ND280	
  Upgrade	
  Project	
  	
  

• Replace (most of) P0D with Scintillator Detector  
+ 2 High-Angle TPCs + TOF

• Keep current “tracker” [2 FGDs + 3 TPCs]  
(& upstream part of P0D) as well as ECal, magnet & SMRD 

• For keeping continuity and forward acceptance
 2

ND280 upgrade configuration

New detectors

Keep current detectors

ν beam

Detectors inside a magnet

Ø  Designed	
  to	
  improve	
  systematics	
  (from	
  	
  6%	
  =>	
  3-­‐4%)	
  
Ø  2019-­‐2021	
  Production,	
  integration	
  at	
  CERN.	
  System	
  test	
  (cosmics).	
  	
  
Ø  2021-­‐22	
  Shipment	
  to	
  Japan,	
  installation,	
  commissioning.	
  	
  
	
  

SuperFGD
• WP conveners: Yury Kudenko 

(INR) and Yokoyama (Tokyo)

• Strengthened group

• LLR and US groups joined

• US-Japan proposal approved!

• WP structure and WBS being 
formulated

• Rapid progress in various R&D

 9

New technologies under development

12

Scintillator detector 
・Target volume of 1.8 m x 0.6 m x 2.0 m 
・Leading candidate is SuperFGD (arXiv:1707.01785) 
　・~2M scintillator cubes of 1 cm3 w/ 3 holes 
　・~60 km of WLS fibers along X, Y, Z 
　・~60k channels for 3D views 
→ 4π acceptance & Fine granularity

High-Angle TPCs & TOF counters 
・Basically known technologies  
・TPC: Large MicroMegas w/ resistive anode 
・TPC: Thin filed cage w/o deformation  
・TOF: Two candidates of extrusion & cast  
→ Better acceptance & PID

0.6 m

2.0 m 1.8 m

FGD-XZ

SuperFGD

z
x

y 0.6 m
1.8 m2.0 m

arXiv:1707.01785

Distance from Target Center in Y axis (mm)
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The Field Cage

8 RMMs

• Boxes joined in middle of the detector (cathode location) and closed at 
opposite ends by the end-plates that include the module frames

• Cathode (RMM ) flatness <0.1mm (<0.2mm), cathode-RMM // < 0.2mm

• E-field distorsion below 10-4 even close to the walls

275 V/cm

Cathode 
(27kV)

Anode

275 V/cm

Walls joining cathode/anodes covered by 
field-shaping electrodes

✦ Kapton foil as insulator (40μm) 
✦ Copper coated strips (5μm)
✦ Pads to connect electrically strips 

with precision resistors 
Mirror strips on the external side

• Composite sandwich structure:
✦ Thickness: ~3 cm
✦ Low material budget: ~2% Xrad

• Cathode: copper-clad G10/rohacell

 30TPC	
  



ND280 upgrade goals!

* ND280 upgrade	
  

•! quasi-3D imaging.!
•!
•!
•!

Improved target tracking.!
Improved proton detection threshold. 
neutron detection capabilities!

•! Improved high angle acceptance:!
•! High Angle TPC’s.!

•!
•!

x 2 in statistics for equal p.o.t.!
Time of Flight for background reduction.!



* INFN	
  ContribuQon	
  to	
  T2K-­‐II	
  &	
  beyond	
  	
  
INFN	
  Role	
  in	
  	
  T2K-­‐II	
  	
  
ü  Coordination	
  of	
  the	
  	
  TPC	
  	
  Project	
  
ü  Field	
  Cages	
  construction	
  (2018-­‐2021)	
  	
  

(0.5	
  MEur	
  investment)	
  
ü ND280	
  Installation,	
  maintenance	
  &	
  
operation	
  (2022	
  &	
  beyond)	
  	
  	
  

ü We	
  are	
  	
  interested	
  in	
  future	
  ND280	
  
upgrades	
  for	
  HK	
  	
  

The Field Cage

8 RMMs

• Boxes joined in middle of the detector (cathode location) and closed at 
opposite ends by the end-plates that include the module frames

• Cathode (RMM ) flatness <0.1mm (<0.2mm), cathode-RMM // < 0.2mm

• E-field distorsion below 10-4 even close to the walls

275 V/cm

Cathode 
(27kV)

Anode

275 V/cm

Walls joining cathode/anodes covered by 
field-shaping electrodes

✦ Kapton foil as insulator (40μm) 
✦ Copper coated strips (5μm)
✦ Pads to connect electrically strips 

with precision resistors 
Mirror strips on the external side

• Composite sandwich structure:
✦ Thickness: ~3 cm
✦ Low material budget: ~2% Xrad

• Cathode: copper-clad G10/rohacell

 30

TPC	
  prototype	
   MM	
   Test-­‐Beam	
  event	
  



•  Loading Gd to Super-K (SK-Gd) to significantly 
enhance neutron detection capabilities.


•  Aiming for the first detection of Supernova Relic 
Neutrinos (SRNs)


•  Also aiming for many new measurements with T2K 
beam:


•  Neutron multiplicity and kinematics 
measurements from neutrino interactions


•  Improved oscillation measurements with neutrino- 
antineutrino separation and further background 
rejection


•  Non-standard oscillation searches with additional 
Neutral-Current samples with neutrons


Now 

5 billion 

10 billion 

13.8 billion 
years ago 

Big Bang 

Neutrinos from 
past SNe 

years ago 

years ago 

ΔT~30µs, Vertices within 
50cm 

* SK-V with Gd
Identify νep events by neutron tagging with Gadolinium
Gadolinium has large neutron capture cross section and emit 
8MeV gamma cascade.

γ

p

n

Gd
e
+

8 MeV
ΔT~30μs
Vertices within 50cm

νe

Gadolinium project at Super-K: SK-Gd

C
ap

tu
re

s 
on

 G
d

Gd in Water

100%

80%

60%

40%

20%

0%
0.0001% 0.001% 0.01% 0.1% 1%

0.1% Gd gives
~90% efficiency
for n capture
In Super-K this means
~100 tons of water soluble
Gd2(SO4)3

29

0.01% Gd gives
~50% efficiency.



2018 2019 2020 202X 202X+n

Refurbishment: Water filling was completed in January 2019.

Pure water Run 

work
Fill pure water 
(2.5 months)

T1 : 10ton Gd2(SO4)3

T2 : 100 tonGd2(SO4)3

Plan to start 0.01% Gd run in 
early 2020.
(Adjusting schedule with T2K)

0.01%Gd run
~50% n cap. eff.

0.1%Gd run
~90% n cap. eff.

Schedule of SK-Gd

41

SK-V

	
  SK-­‐V	
  with	
  GD	
  	
  

INFN	
  is	
  involved	
  in	
  SK-­‐V	
  



* 



Design Report arXiv:
1805.04163


 
1.  Hyper-K detector with 8.4 times larger fiducial mass (190 kiloton) 

than Super-K and using double-sensitivity PMTs

2.  J-PARC neutrino beam to be upgraded from 0.5 to 1.3 Mega Watt

3.  New and upgraded Near Detectors to control systematic errors


68
m

 

72m


* Hyper-Kamiokande
project
Covering both accelerator and non-accelerator physics 



* Hyper-­‐K:	
  a	
  mulQ	
  pourpose	
  Experiment	
  
* Neutrino	
  oscillation	
  physics	
  
* CP	
  violation	
  
* Θ23	
  octant	
  determination
* Mass	
  hierarchy	
  with	
  beam	
  and	
  
atmospheric	
  ν’s	
  

* 	
  Nucleon	
  decay	
  discovery	
  potential	
  
* Possible	
  discovery	
  with	
  ~×10	
  better	
  
sensitivity	
  than	
  Super-­‐K	
  

* Neutrino	
  astrophysics	
  
* Precision	
  measurements	
  of	
  solar	
  ν	
  
* High	
  statistics	
  measurements	
  of	
  	
  
SN	
  burst	
  ν	
  
* Detection	
  and	
  study	
  of	
  	
  
relic	
  SN	
  neutrinos	
  

* Unexpected….	
   Extend	
  highly	
  successful	
  	
  
program	
  of	
  Super-­‐K	
  

Hyper-K: A multi-purpose experiment 

Feb 23, 2017 Lake Louise Winter Institute - Status of Hyper-Kamiokande 

3 

¨  Comprehensive study of ν	oscillation 
¤  CP violation 
¤  Mass hierarchy with beam and 

atmospheric ν’s 
¤  Θ23 octant 

¨  Nucleon decay discovery potential 
¤  p  è e+	+	π0 
¤  p  è ν	+	K+	
¤  Reaching	1035	years	sensi8vity	

¨  Astrophysics	observa8ons	
¤  Precision	measurement	of	solar	ν’s	
¤  High statistics supernova ν’s	with pointing 

capability and energy information 
¤  Supernova relic ν’s is also possible 

¨  Etc. 



* Physics	
  with	
  J-­‐PARC	
  neutrino	
  	
  beam
Ø  Reliable sensitivity estimate based on T2K 

Experience directly applicable

Ø  1,000-2,000 events for both of νe  and νe̅

Ø  appearance

Ø  cf. current T2K: 90 and 15 events Firm 

discovery and measurement of CP 
violation in neutrino oscillation


Ø  Precision disappearance measurements


1.3MW×10years(108s)

Appearance ϖ mode 



* Non-beam physics
* Very	
  broad	
  science	
  
targets!	
  	
  
* Nucleon	
  decay	
  searches	
  	
  
*  Atmospheric	
  neutrinos	
  	
  
*  Solar	
  neutrinos	
  	
  
*  Supernova	
  neutrinos	
  
* Indirect	
  dark	
  matter	
  search	
  
* …	
  



* 

* ×2	
  better	
  photon	
  efqiciency	
  and	
  timing	
  resolution	
  
* Enhance	
  physics	
  potential	
  (neutron	
  tagging,	
  
low	
  energy	
  events)	
  

* Higher	
  pressure	
  tolerance	
  (>	
  80m)	
  

Hyper-­‐K	
  PMT	
  

Super-­‐K	
  PMT	
  

~2	
  

Super-­‐K	
  PMT	
   New	
  PMT	
  

Improved	
  dynode	
   The HK Detector     

New technologies and on going studies for PMT 

50cm Ø PMT 

   Significant improvement of  single photon efficiency 
   Better time and  charge resolution (x2) 
           
  
• Worldwide studies for new photo sensors detectors (JUNO,    
    IceCube, KM3NET, …)   
• Foreseen collaborative efforts of HK with other experiments  

Possible mixed technologies in HK for PMT 



▸ Possible hybrid configuration with 20k 20”PMTs and 5k mPMTs 

* 

▸ Complement 20” PMTs: 
▸ Max number of mPMTs limited by the production sites. 
▸ Better directionality, granularity and timing resolution , 
    less magnetic field sensitivity, pressure tolerance  
 

▸ Complement 20” PMTs. Still under way, but it seems: 
Better directionality, granularity and timing 
resolution, 

less magnetic field sensitivity, pressure 
tolerance However, lower effective coverage 



Vessel - Pressure test 
Acquisition measurement system for the pressure test 

Strain gauge 

Placement of  strain gages + rain sensors 

Ø  Derived	
  from	
  KM3NET	
  mPMTs.	
  ~5,000	
  mPMTs	
  
are	
  	
  now	
  included	
  in	
  the	
  HK	
  baseline	
  design.	
  

Ø  Proposed	
  and	
  designed	
  by	
  the	
  Italian	
  groups	
  	
  

INFN mPMT prototype: main board 

Total Power consumption:  
- ID: 19 ch o a 4.1 W 11 

19	
  x	
  3”	
  PMTs	
  +	
  reTlectors	
  

ü  3”	
  PMTs	
  are	
  Hamamatsu	
  R14374	
  
(or	
  ETEL	
  D794KFL	
  or	
  HZC	
  
XP82B20)	
  

ü  Improved	
  timing,	
  spatial	
  accuracy,	
  
dynamic	
  range,	
  lower	
  dark	
  rate	
  
with	
  +HV	
  	
  

* MulQ	
  PMT	
  Modules	
  	
  



Upgrade of existing (T2K) detectors + new IWCD

Started discussion of possible INGRID/ND280 upgrade for HK 
Keeping ND280 infrastructure for HK era is already a big 
challenge…


On-axis Detector (INGRID) Off-axis Magnetized Tracker 
(ND280→ND280 Upgrade→??) 

Off-axis spanning intermediate 
water Cherenkov detector (IWCD) 

PV 
ves 
 
 

Sci 
pan 

50 m 
 
 
1º 

4º 

750 m 

* Near Detectors
 for 
Hyper-K



* 

• To achieve 5σ for ~60% of δcp  need 4% error on relative cross section


• Other sources may introduce error on the asymmetry


• Expect signal cross section error to dominate budget


• Keep other sources to the 1% level is possible




Construction from 2020 → Operation from 2027


2020	
 2021	
 2022	
 2023	
 2024	
 2025	
 2026	
 2027	
 2028	


Tunnel 
const.	


Cavern 
excavation	


Tank 
Const.	


PMT production	


 
PMT cases, Mirrors, Electromics etc.	


Operation	


PMT	

installa 

tion	


Water system	
 Filing 
water	


Power-upgrade of J-PARC and Neutrino Beam-line	


Near Detector Facility, R&D, production	
 ND construction	


Prepar 
ation	


	
  Hyper-­‐K	
  was	
  approved	
  in	
  2019	
  

* Project 
timeline



* 
Experiment	
   Status Eν 

(GeV) 
L	
  	
  

(Km)	
  
E/L	
  	
  
(eV2)	
   ν 	
  beam	
   ν	
  type	
  

DUNE	
   Future	
  
(2026)	
   5	
   1300	
   3.8x10-­‐3	
   Fermilab	
  

newbeam	
   νµ	
  /anti-­‐νµ	
  

HYPERK	
  
Future	
  
(2026-­‐27)	
  

	
  
0.6	
   295	
   2x10-­‐3	
  

KEK	
  
J-­‐PARC	
  

(improved)	
  

νµ	
  /anti-­‐νµ	
  
	
  

40KT	
  Liquid	
  Argon	
  
	
  

190KT	
  WC	
  

Matter	
  effects	
  are	
  large	
  (big	
  sensitivity	
  on	
  MO),	
  all	
  the	
  neutrino	
  interaction	
  modes	
  
contribute	
  (quasi-­‐elastic,	
  resonances,	
  deep-­‐inelastic).	
  
The	
  Liquid	
  Argon	
  far	
  detectors	
  can	
  precisely	
  reconstruct	
  the	
  event	
  energy	
  for	
  all	
  
the	
  topologies	
  
	
  
Matter	
  effects	
  are	
  small	
  (optimized	
  for	
  CP),	
  neutrino	
  interaction	
  are	
  mostly	
  
quasi-­‐elastic.	
  	
  
The	
  water	
  Cherenkov	
  far	
  	
  detector	
  can	
  precisely	
  reconstruct	
  quasi-­‐elastics	
  and	
  is	
  
very	
  massive.	
  

Great	
  complementarity	
  also	
  in	
  many	
  astrophysics	
  measurements	
  	
  



* 
Next on CP 

HK 

T2K-II 

• HK: 10 years, staged 
• Dune: 7 years full conf. 
• T2K-II: 3 times T2K stats and 

several improvements in 
beam configuration and data 
analysis 

• T2K+Nova: full stats, basically 
already achieved 

• What about Nova-II? 

NH 

**HyperK	
  10	
  y,	
  Dune	
  7y	
  full	
  conf.	
  

203X	
  

2026-­‐7	
  

2022	
  



	
  Thanks	
  !	
  

Mito	
  Gardens	
  Japan	
  	
  



* 



* SK	
  	
  Data	
  Observed and predicted event rates

16

Predicted rates Observed
Sample δCP = -π/2 δCP = 0 δCP = π/2 δCP = π Events
CCQE 1-Ring e-like ν 74.46 62.26 50.59 62.78 75
CCQE 1-Ring mu-like ν 272.34 271.97 272.30 272.74 243
CC1pi 1-Ring e-like ν 7.02 6.10 4.94 5.87 15
CCQE 1-Ring e-like anti-ν 17.15 19.57 21.75 19.33 15
CCQE 1-Ring mu-like anti-ν 139.47 139.12 139.47 139.82 140



* 



* 



T2K formed working groups with Nova and SK to 
provide combined oscillation analyses!

Sensitivity 
T2K+Nova!

Sensitivity T2K+SK!

* 
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* 
•
 Improvements for 

neutrino oscillation study:


•
CP violation search with 
neutrino-antineutrino 
separation with 
neutrons.


•
 νμ  disappearance 
measurement with 
reduced NC or CC-nonQE 
events


•
Would provide important 
cross- check for neutrino 
interaction systematics and 
background assumptions.


w/ tagged neutron
w/o tagged neutron


νμ  CC-0π 
candidates


FHC, 9.2x1020  POT

0.02% Gd2(SO4)3


Reconstructed neutrino energy 
(MeV)


Less backgrounds at 
the oscillation maximum
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CPV, where are we now?

32

T2K-I T2K-II

run with 𝜈-mode
𝛿େ୔ ≠ 0

sin 𝛿஼௉ ≠ 0 (CPV)

sensitivity

stat.only

improved sys.

2016 sys.

𝜹𝑪𝑷 = −𝝅
𝟐 , 𝐬𝐢𝐧 𝜽𝟐𝟑 = 𝟎. 𝟓, NO𝟐

☆result☆result

extension of observation
(PNS violated case)

now

* based on one of three oscillation analysis group, so slightly different from plot in  p.12

* 







Fraction of  phase space at which  
observation of CP violation can be made 
as function of time.

* hyper-­‐kamiokande	
  sensiQvity	
  

Using	
  neutrino	
  beam	
  

Fraction of  for which sin= 0 can be 
excluded with more than 3(red) 
and 5(blue) assuming NH

The 90% CL allowed regions in 
the  plane. 

Constraints on  after a 10 year 
exposure of Hyper-K with known 
and unknown MH.

Expected sensitivity to the MH from 
a combined analysis of accelerator 
and atmospheric neutrinos

Using	
  neutrino	
  beam	
  +	
  atmosferic	
  

Expected 68% CL uncertainty of  as a 
function of running time assuming NH



* 

Stephen Dolan Cross section strategy workshop, Fermilab

Neutrino Interactions at T2K
CCQE (1p1h)

CCRES

2p2h

Nuclear 
Effects

4

(Charged-Current Quasi-Elastic)

(Charged-Current Resonant)

(2 particle – 2 hole)

Plot by Luke Pickering WE APOLOGISE FOR THE INCONVENIENCE

Diagrams by Patrick Stowell

Stephen Dolan Cross section strategy workshop, Fermilab

What can we measure

CCQE

CCRES

2p2h

Interaction
Modes

Interaction
Topologies

?
?

?
?

?
?

p

CC0π
(CCQE-like)

CC1π
(CCRES-like)

CC0π+Np 
(N>0)

Interaction modes in 
CC0𝜋 topology:
(NEUT 5.3.2 w/ ND280 flux)

• Nuclear effects 
obfuscate interaction 
mode

• To minimise model 
dependence we 
measure interaction 
topologies

5

5

Broad neutrino fluxes, have 
to integrate over the entire 

response

No consistent theoretical 
description

Need many measurements 
to constrain and develop 

new models

Integrate!

Why neutrino cross sections?

Nuclei Nucleons Quarks



Neutrino	
  beams	
  for	
  precision	
  physics:	
  	
  
the	
  	
  ENUBET	
  Project 

Ø  The	
   next	
   genera+on	
   of	
   short	
   baseline	
   experiments	
   for	
  
cross-­‐sec+on	
  measurement	
  and	
  for	
  precision	
  ν	
  physics	
  at	
  
short	
  baseline	
  (e.g.	
  sterile	
  neutrinos	
  and	
  NSI)	
  should	
  rely	
  
on: 

Ø  	
  a	
  high	
  precision,	
  direct	
  measurement	
  of	
  the	
  fluxes	
   
Ø  a	
  beam	
  covering	
  the	
  region	
  of	
  interest	
  from	
  	
  
Ø  sub-­‐	
  to	
  mulQ-­‐GeV a	
  narrow	
  band	
  beam	
  where	
  the	
  energy	
  is	
  

known	
  a	
  priori	
  from	
  the	
  beam	
  width 

ν	
  
detector 

Length	
  of	
  the	
  instrumented	
  
tunnel:	
  50	
  m 

Reference	
  parameters:	
  100	
  m	
  baseline,	
  500	
  t	
  detector	
  
(e.g.	
  ICARUS@FNAL	
  or	
  Protodune-­‐SP/DP@CERN) 

the	
  ENUBET	
  facility	
  fulfills	
  simultaneously	
   
all	
  these	
  requirements 

Enhanced	
  NeUtrino	
  	
  
BEams	
  from	
  kaon	
  Tagging	
  
	
  
ERC-­‐CoG-­‐2015,	
  	
  
G.A.	
  681647	
  (2016-­‐21)	
  
A.	
  Longhin,	
  INFN	
  
	
  
CERN-­‐EoI:	
  41	
  physicists,	
  10	
  
insQtuQons:	
  	
  	
  
CERN,	
  IN2P3	
  (Bordeaux),	
  INR,	
  INFN	
  
(Bari,	
  Bologna,	
  Insubria,	
  Milano-­‐
Bicocca,	
  Napoli,	
  Padova,	
  Roma-­‐I	
  
+	
  NUTECH	
  funding	
  from	
  the	
  Italian	
  
Min.	
  of	
  Research	
  (MIUR)	
  



November 22, 2019 @ T2K 
Collabor

Intermediate
Water
Cherenkov Detector

(IWCD)


1
Movable water Cherenkov detector to 
sample different off-axis angle beams


Measure Eν-(p,θ) relation independent 
of neutrino interaction models

Measure νe  and neutrons


Smaller detector → utilize finer granularity 
with mPMT modules


1.0o	
  

2.5o	
  

4.0o	
  



2) Add new detectors in the 280m pit: High pressure TPC to study low momentum 
final state particles and in particular resolve vertex 
HPTPC detector design to reduce cross-sections systematics 

Ø Significant discrepancies on proton multiplicity and momentum distributions 
Ø Need low momentum thresholds to reduce cross-sections systematics  
Ø  Important difference lie below threshold for liquid detectors 

arXiv:1002.2680 [hep-ex] 

• T2K has pioneered (atm. pressure) gas TPCs for 
accelerator neutrinos 
• Need a path to high pressures for sufficient statistics 
• Generally applicable to next generation LBL 
experiments 



 Marco Zito 7

Gas versus liquid argon

A high pressure TPC is uniquely sensitive to very low momentum 
protons: more complete picture of the dynamics of the neutrino 
interaction with a nucleus

A
. 

C
u
ri
o
n
i



F.Sanchez, Jennifer meeting  22th September 2016, London

Number of Events

2x2x2 m3

20ºC 5 bars 10 bars

He
6.65 kg 13.3 kg

520 evt/1021pot 1040 evt/1021pot

Ne
32.5 kg 67.1 kg

2543 evt/1021pot 5086 evt/1021pot

Ar
66.5 kg 133 kg

5203 evt/1021pot 10406 evt/1021pot

CF4
146.3 kg 293 kg

11450 evt/1021pot 22893 evt/1021pot

CC events assuming a 8m3 detector & full FV.

As a cross-section experiment, HPTPC allows 
to change the nuclear target addressing 

nuclear uncertainties systematics. 


