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3-flavor	neutrino	oscillation	

• 6	independent	parameters	in	3	mixing	angles,	1	complex	
phases,		3	mass-squared	differences.
– Mass	hierarchy	(sign	of	Δm2

32)	and	δCP are	not	determined	yet.
← Accelerator-based	Long	baseline	ν oscillation	experiment	can	
address.
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Goal	of	T2K	experiment
• Direct	search	for	νµ → νe	oscillation:	Discovered	in	2013!
• Precise	measurement	θ23	of	νµ → νµ disappearance
• Search	for	CP	violation	phenomena	in	the	lepton	sector
– Difference	between	νµ → νe	and	ν ̅µ → ν ̅e
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Approx.		At	around	osci.	max.	L/Eν
Matter	effect	is	small	for	L=300km.



400	MeV	LINAC

T2K	experiment	

• 50	kt Water	Cherenkov	detector	
(Fiducial	22.5	kt)	@	underground	
(2700	m	water	equivalent)

• Events	on	the	beam	timing	are	selected	using	GPS. 5

• On-axis	detector
:	INGRID

• Off-axis	detector
:	ND280

-



J-PARC	neutrino	beam-line
=	conventional	horn	focused	ν-beam

• ν	beam	and	ν ̅	beam	can	be	produced	by	changing	horn	polarity.

Ex.	Horn(250kA)	On-axis	@	295km

Proton	beam	by
Fast-extraction
From	J-PARC	MR

νμ
ν̄μ

νe

νe

νμ
ν̄μ

νe

νe

π+/K+ focusing π−/K− focusing
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J-PARC	neutrino	beam
• Narrow	band	beam	by	off-axis	method.
• ν-beam	and	ν̅-beam	can	be	switched	by	changing	the	field	polarity	of	horns.
• Neutrino	flux	is	estimated	from	beam	MC	using	the	hadron	production	of	30	

GeV	p-C	measured	by	CERN	NA61/SHINE	experiment,	etc.
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J-PARC	neutrino	beam
• Off-axis	beam	for	SK-site	&	HK-site	candidate
– Provide	narrow	band	beam.
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J-PARC	n beam	line	:Primary-line
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J-PARC	n beam	line:	secondary	line
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T2K	data-taking	status
• T2K	has	been	taking	physics	data	from	Jan.	2010.
• From	2014,	ν ̅-beam	data	are	also	produced.
• Beam	quality	is	stable	for	entire	run	period.
• Latest	oscillation	analysis	result	is	based	on	data	up	to	May,	2016.

– ν-beam	data:		7.482×1020	POT	(Protons-On-Target)
ν̅-beam	data:		7.471×1020	POT

• As	of	Mar	8th,	beam	power	for	physics	run	is	~470kW.	
Accumulated	POT	for	T2K	exceeds	2×1021	POT.
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Latest	oscillation	analysis



T2K	oscillation	analysis	strategy
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ND280	data

Proton	beam	data
INGRID	data

Hadron	production	data
CERN	NA61/SHINE,	etc

Neutrino	flux	
prediction

ν–nucleus	interaction	
model

Predict
(flux	&	cross-section)@SK

by	ND280	data	fit	

ND280	detector	
response

Neutrino	beam-line	
simulation

neutrino	oscillation	
analysis	by	SK	data	fit

SK	data

SK	detector	
response Results	of	

oscillation	
parameters

θ13 results	by	Reactor	experiments



Near	detector	data	fit
• Charged-current	νµ /	ν̅µ	interaction	event	sub-samples	in		

FGD1(CH	target)	and	FGD2(CH+H20	target)	that	are	categorized	by	
final-state	and	beam-mode	(ν/	ν ̅)		are	fitted	simultaneously.
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Estimated	SK	event	normalization	parameter	
/	nominal	flux	parameters

Total	systematic	uncertainty
of	SK	event	rate	prediction.

Example:
FGD1	νµ CC-0π
in	ν-beam

+	Other
event		
samples

SK	event sample w/o	ND280 ND280	constrained

ν-beam
1-ring	µ-like 12.0	% 5.1	%
1-ring	e-like 12.7	% 6.8	%
CC-1π+ like 21.9	% 15.3	%

ν̅-beam 1-ring	µ-like 17.9	% 11.7	%
1-ring	e-like 14.5	% 7.4%



Far	detector	(SK)	event	selection
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Fully	contained	at	beam-timing	
+	vertex	inside	fiducial	volume

Only	one-ring	reconstructed

PID:	μ-like

Visible	energy
Evis >	100MeV

Only	1	decay-eNo	decay-e

PID:	e-like

#	of	decay-e
≦ 1

μ momentum
pµ >	200MeV

NC-π0 rejection NC-π0 rejection

νμ/ν ̅μ		CC-QE
	candidate

νe/ν ̅e		CC-QE
	candidate

νe/ν ̅e		CC-1π
	candidate

A	new	event	sample	become	
available	for	oscillation	analysis!

Neutrino	energy	is	
reconstructed	
assuming	π-production	
via	Δ-resonance

Reconstructed	
Eν <	1250MeV

Reconstructed	
Eν <	1250MeV



Observed	SK	neutrino	event	candidates
• Oscillation	parameter	is	determined	by	fitting	5	event	categories	

simultaneously.	
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νµ/ν ̅µ CC-QE	in	ν-beam

νµ/ν ̅µ CC-QE	in	ν ̅-beam

νe/ν ̅e CC-QE	in	ν-beam

νe/ν ̅e CC-QE	in	ν ̅-beam

νe/ν ̅e CC-1π	in	ν-beam

Expected
#	of	events

δCP
-1.6 0

ν-beam
νµ/ν ̅µ CC-QE 135.8 135.5
νe/ν ̅e CC-QE 28.7 24.2
νe/ν ̅e CC-1π 3.1 2.7

ν ̅-beam νµ/ν ̅µ CC-QE 64.2 64.1
νe/ν ̅e CC-QE 6.0 6.9

135	events
observed

66	events
observed

4	events
observed

32	events
observed

5	events
observed

New	event	sample



Latest	results	on	oscillation	
parameters

• T2K	results	consistent	with	the	max.	
oscillation	(sin2θ23=0.5).
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Super-K:	PoS ICRC2015	(2015)	1062
Minos+:		Neutrino	2014
NOvA :	ICHEP2016
IceCube DeepCore:	Phys.Rev.	D91	(2015)	072004



Obtained	results	on	CP	
• Constrain	θ13 with	the	results	by	reactor	exp.	
• CP-conservation	hypothesis	(sinδCP=0)	is	excluded	
with	90%	CL.

• Confidence	interval	(90	%CL):	NH	-2.978	~	-0.467	[rad]
IH		-1.466	~	-1.272	[rad]
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Future	prospects
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T2K-II	(Running	time	extension)
• T2K	proposes	to	collect	20×1021 POT	data	to	
search	for	evidence	of	CP	violation	in	the	lepton	
sector	with	3σ sensitivity.			(arXiv:1609.04111	[hep-ex])
– J-PARC	PAC	recognizes	the	scientific	merit	and	gave	
stage-1	status	in	2016.	

19
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Near	Term	prospects	on	θ23
• Current	results	
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Super-K:	PoS ICRC2015	(2015)	1062
Minos+:		Neutrino	2014
NOvA :	ICHEP2016
IceCube DeepCore:	Phys.Rev.	D91	(2015)	072004

• T2K-II	expected	90%CL



Need	more	neutrino	for	T2K-II
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Mid	Term	Plan	of	J-PARC	MR
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Beam	power	upgrade	beyond	750kW
• By	increasing,	the	
instantaneous	beam	
intensity	up	to		original	
design	level.
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Method
– RF	upgrade	
– Beam	monitor	upgrade

• Precise	beam	control	for	
Higher	proton	/	bunch.

– Fast	Extraction	Kicker	
upgrade		

Beam Power Achieved
470kW

Trial	in Apr. 2017
510kW

Design
750	kW

Long	time	goal
1326	kW

#p/p(1012) 240 270 200 320

Rep cycle	(s) 2.48 (single shot	trial) 1.3 1.16

0	

200	

400	

600	

800	

1000	

1200	

1400	

2015 2020 2025

Power(kW)

Power(k
W)

1.3MW	beam	power	
within	our	reach!



Prospects	for	>=750kW	operation	of
J-PARC	neutrino	beam-line

• Factors	to	limit	the	acceptable	beam	power.
– Thermal	shock	resistance	of	the	equipment	which	is	exposed	with	beam	

directly.	(Target,	etc)
→	It	depends	on	instantaneous	beam	intensity (protons/pulse).
In	current	MR	improve	strategy	to	aim	~1.3MW,	it	is	not	larger	than	the	
original	design	value	=	3.3×1014 protons/pules.

– Cooling	capability to	deal	with	head	generated	by	beam.	
– Radiation	protection	:

• Beam-loss	control
• Radiation	shields
• Treatment	of	radioactive	waste
• Radiation	damage	of	the	beam-line	equipment.		
• Reliability	of	the	beam	handling

• The	equipment	that	can	not	be	replaced/upgraded	after	the	beam	
operation	started	once,	such	as	beam-dump,	Decay	volume,		has	been	
designed	for	3~4MW	beam	power.			
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J-PARC	n beam	line	:Primary-line
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ν Beam-line	upgrade	(1)
• Primary	beam-line:	
– The	beam	monitor	for	lower	beam	loss

• Profile	monitor	by	graphite/Ti	wires	
• Beam	induced	fluorescence	monitor

– Beam-data	DAQ	for	high-repetition
• Fast	FADC	should	be	developed.

– Hardware	beam-interlock	based	on	the	beam	monitor	
measurement.
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FADC development
J Low Temp Phys

Fig. 3 A picture and block diagram of the analog electronics board “RHEA.” RHEA consists of an ADC,
DAC, and crystal oscillator. A SMA connector is employed for the interfaces of the four analog signals
(i.e., two inputs and two outputs) and a FMC LPC connector is employed for digital interfaces (Color figure
online)

Table 1 Specifications of the analog electronics board RHEA.

Parts information Specification

Oscillator Epson, EG-2102CA 200 MHz, LVPECL

ADC Texas Instruments, ADC4249 Dual-channel, 14-bits, 250 MSPS

DAC Texas Instruments, DAC3283 Dual-channel, 16-bits, 800 MSPS

Analog I/F Cinch, 142-0701-801 SMA 50 Ohm

Digital I/F Samtec, ASP-127797-01 FMC LPC

Clock fanout buffer Analog Devices, ADCLK944 Four LVPECL outputs

separated from the digital part. All functions can be controlled via the FPGA mezza-
nine card (FMC) low pin count (LPC) connector. The user can choose their preferred
FPGA. Specification of these chips are summarized in Table 1.

3 Performances of RHEA

3.1 Low Power Consumption and No Overheating

We measured the surface temperature of the electronics system employing infrared
thermography (Keysight U5855A) as shown in Fig. 4. Here we employed digital logic
with a MUX value of 32 using the Kintex-7 evaluation kit from Xilinx. Even without
a cooling fan, the operation temperatures in a room are at most 38 and 56◦C for the
analog board and digital board, respectively. The power consumption is only 23 W,
which is roughly half of that of our previous development [5].

3.2 Noise Level

We fed test signal from a function generator to the ADC. The noise level of the
ADC was determined as a noise floor of power spectrum density. For the DAC, we

123

J Low Temp Phys

Fig. 4 Surface temperature of the front–end electronics (Color figure online)

measured its noise floor by using spectrum analyzer. We achieved 12 bits and 14 bits
resolution for the ADC and DAC, respectively. As shown in Table 1, we lost roughly 2
bits compared with intrinsic resolution for each chip in catalogs. These achievements
correspond to have noise level of 10−8 rad/

√
Hz in phase response of the MKID.

Here, we assume 100 MUX readout configuration. This is low enough compared with
expected noise level of the MKID, 10−5 rad/

√
Hz, for expected observing condition

(i.e., noise equivalent temperature of 10−17 W/
√
Hz).

3.3 Bandwidth of Demodulated Signals

We measured the response for demodulated signals. Figure 5 shows the amplitude
and phase responses as functions of the comb frequency. We measured the responses
using a simplified configuration; i.e., RF waves from the DAC go directly to the ADC.
The sign of the frequency corresponds to the sign of the phase difference between
generated RF waves; i.e., +90◦ or −90◦. These results satisfy our requirement for a
bandwidth of 200 MHz.

3.4 Demonstration of MKID Readout

Functions for theMKID readout were confirmed using a Nb-MKID cooled to 300mK.
Figure 6 shows the amplitude and phase responses as functions of the frequency of the
RF signal fed into the MKID. We confirm a clear response of the MKID for both the
amplitude and phase.We also confirm a proper (i.e., circular) response in the IQ plane.
We thus demonstrated functions of simultaneous readout for the amplitude and phase.

4 Summary

Wedeveloped front–end electronics that are able to readout 100 elements of theMKID
for the GroundBIRD experiment. As the initial step, we developed our own ana-
log electronics, RHEA. We confirmed the proper function of these electronics; i.e.,
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• CT,ESM等に使うFADCの開発(1Hz化にむけて)を進め
ている 

• モニターMでこれまでの開発状況、今後の開発方針につ
いて議論 

• 新しいFADCモジュールの開発を始める 

• E-sys groupと議論。今年末から開発スタート 

• There is a board in which 250MSPS 

• FADC is used (RHEA board for CMB 
experiment). 

• Plan to evaluate the ADC chip using a RHEA 
board　(borrowed from CMB group) 

• 我々のモニター読み出しに必要なスペック（sampling, 
ADC精度、信号入力部分処理)

Test	of	
250MHz
ADC	



J-PARC	n beam	line:	secondary	line
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ν Beam-line	upgrade	(2)
• Secondary	beam-line

– Target	with	reinforced	He-gas	
cooling	system	should	be	prepared.	

– Horn	for	>750kW	beam:	
• The	power	supply	for	~1Hz	operation.
• Reinforced	strip-line	cooling.

(Increasing	He	flow,	Introduce	the	water-
cooled	strip-line.)

– Reinforcement	of	the	cooling	water	facility	
for	He-vessel/DV/Beam-dump	cooling.

– Increase	the	capability	of	the	radio-activated	
water	disposal.
• Enlarge	the	disposal	tanks,	etc.

– Adding	the	concrete	radiation	shields	at	
Target	Station	ground	floor.	

• In	the	technical	aspects,	the	upgrade	
strategy	of	the	neutrino	beam-line	for	
>1MW	beam	by	current	MR	improvement	
scenario	is	straightforward. 29

He	gas	flow



Technical	challenges:	One	example
• Equipment	is	highly	activated,	thus Remote	maintenance	is	necessary!

(It	may	requires	several	month.)
– Design,	mechanical	engineering,	production,	test	for	various	equipment		are	to	be	

done.
• Clever	idea	to	minimize	the	maintenance	period,	Improvement	of	the	robustness	

of	essential	components		will	directly	increase	the	number	of	neutrino	that	will	
mainly	determine	the	physics	sensitivity	of	the	T2K-II	experiment.

30

Replaced by manipulators 
at the maintenance area

(KEK, RAL, TRIUMF) 
Horn system transportation by
remote controlled crane) 



Summary
• Latest	T2K	results	on	neutrino	oscillation by	adding	
new	event	sample	(νe CC1π)	shows,
– CP	conservation	hypothesis	(sinδCP =	0)	is	disfavored	with	
90%	CL.

– Neutrino		oscillation	via	mixing	angle	θ23 is	consistent	
with	Max.	oscillation	(sin2θ23=0.5).

• T2K	propose	to	collect	2×1022 POT	with	aim	to	
search	for	CPV	with	3σ sensitivity.
– Scientific	merit	is	recognized	by	J-PARC	PAC	(stage-1	
status)

– Near	detector	upgrade	has	been	started.
– Effort	to	beam-power	improvement	is	also	on-going.

• There	are	many	room	to	new	collaborator	join.
31



Backup
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Upgrade:	T2K	→ T2K-II
• Beam	Improvement:

– 750	kW	→	1.3	MW	by	HW	
upgrade	of	J-PARC	MR	
accelerator	and	ν-beamline	

– Improve	ν-flux/POT	by	horn	
current	250	kA→320	kA

• Far	detector	(SK)	analysis	
improvement:
– Enlarge	fiducial		volume,	etc

→Aiming	×1.5	signal/POT
• 356.3	νµ→νe	sig.	expected	in	ν-beam
• 73.6	ν̅µ→ν̅e	signal	expected	in	ν̅-beam

(ν-beam:ν̅-beam=50:50,	NH,	δCP=0	is	
assumed)	

• Near	detector	upgrade
– Covering	more	phase	space,	etc
– LOI	was	submitted	to	CERN	SPSC.

→	Aiming	to	improve	syst.	error:	
~6%	→	~4%

33New	collaborators	are	very	welcome!



Systematic	uncertainty	
of	expected	#	events	at	SK

Source of	Uncertainties

SK	event	sample:	ΔNSK/NSK (1σ	error)
ν-beam ν̅-beam

1-ring	
µ-like

1-ring	
e-like

CC-1π+

e-like
1-ring	
µ-like

1-ring	
e-like

SK:	Detector	+	Final	State	Int.	+	2ndary	int. 4.2% 3.5% 14.0% 11.1% 4.0%

Be
am

	+
	N
ea
r	d

et
ec
to
rs Neutrino	Beam	flux	 3.6% 3.7% 3.6% 3.8% 3.8%

ν-
in
te
ra
ct
io
n

cr
os
s-
se
ct
io
n MEC	(corr) 3.5% 3.9% 0.5% 3.0% 3.0%

MEC	bar	(corr) 0.2% 0.1% 0.0% 1.8% 2.3%

NC	1γ (uncorr) 0.0% 1.5% 0.4% 0.0% 3.0%

σ(νe) / σ(νµ) 0.0% 2.6% 2.4% 0.0% 1.5%

(Cross-section:	sub	total) 4.0% 5.1% 4.8% 4.2% 5.5%
(Flux	+	Cross-section Sub	total) 2.9% 4.2% 5.0% 3.5% 4.7%

Oscillation	parameters: sin2θ13,	sin2θ12,	Δm2
21 0.0% 4.2% 3.8% 0.0% 4.0%

Total 5.1% 6.8% 15.3% 11.7% 7.4%
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Improvement	by	SK	νe CC-1π sample
Previous	results,	 arXiv:1701.00432
(Accepted	by	PRL) With	SK	νe CC-1π e sample
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90%CL	Confidence	intervals	
NH:	-3.13	~	-0.39
IH:			-2.09	~	-0.74

90%CL	Confidence	intervals	
NH:	-2.98	~	-0.47
IH:			-1.47	~	-1.27

Bayesian	analysis	:Posterior	probability	for	different	mass	hierarchies	and	octants.	



Improvement	by	SK	νe CC-1π sample
Previous	results,	 arXiv:1701.00432
(Accepted	by	PRL) With	SK	νe CC-1π e sample
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Improvement	by	SK	νe CC-1π sample
Previous	results,	 arXiv:1701.00432
(Accepted	by	PRL) With	SK	νe CC-1π e sample
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Improvement	by	SK	νe CC-1π sample
Previous	results,	 arXiv:1701.00432
(Accepted	by	PRL) With	SK	νe CC-1π e sample
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Near	detector	upgrade	project
• CERN-SPSC-2017-002	;	SPSC-EOI-015
“Near	Detectors	based	on	gas	TPCs	for	neutrino	
long	baseline	experiments”
– T2K	plans	to	establish	the	detector	design	and	prepare	
the	Technical	Design	Report	(TDR)	by	the	end	of	2017.
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