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Analysis	and	R&D	preparation	for	Hyper-Kamiokande	experiment	towards	precise	
measurement	of	neutrino	oscillation	parameters

Overview:	

‣ Remaining	open	quesAons	on	neutrinos	
‣ The	T2K	experiment	
‣ T2K	analysis	
‣ Hyper-Kamiokande	
‣ Clock	synchronizaAon		
‣ PerspecAves		
‣ Conclusion	
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Neutrino	Physics	overview	&	open	questions	
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	𝝊𝛼⟩ = ∑
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Oscillation	/non-oscillation	probability	
—>	Observable	=	number	of	neutrinos	
of	a	certain	flavour	at	a	specific	energy

Open	questions	:	
-	Dirac/Majorana	
-	Absolute	masses	
~	Mass	ordering	
-	 	
✓ 	
✓

sin(θ13) et Δm2
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sin(θ23) et Δm2
23

δCP+	Asymmetry	 	(matter	effects)	ν/ν̄
P(νμ → νe) − P(ν̄μ → ν̄e) ∝ sin(δCP)

𝑈 =

𝑐12𝑐13 𝑠12𝑠13 𝑠13𝑒−𝑖𝛿𝐶𝑃

−𝑠12𝑐23 − 𝑐12𝑠13𝑠23𝑒
𝑖𝛿𝐶𝑃 𝑐12𝑐23−𝑠12𝑠13𝑠23𝑒𝑖𝛿𝐶𝑃 𝑐13𝑠23

𝑠12𝑠23 − 𝑐12𝑠13𝑐23𝑒
𝑖𝛿𝐶𝑃 −𝑐12𝑠23−𝑠12𝑠13𝑐23𝑒𝑖𝛿𝐶𝑃 𝑐13𝑐23

𝑃 

• Flavour	states	 	
•Mass	states		

νe νμ ντ
ν1 ν2 ν3
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Tokaï	to	Kamioka	(T2K)

Plan
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Super-Kamiokande	(1996),	Mozumi	mine	(1000m),	Kamioka,	Japan	
Tokai	to	Kamioka	(2010)

600MeV

t2k-experiment.org

• Beam,	two	modes	 or	 	
• Cherenkov	light	detection	
•50	kTons	of	ultra-pure	water	
•11000		photo-multiplier	tubes	(PMT)	

•What	we	measure:	flavor,	lepton	energy,	
lepton/	 	angle	

νμ ν̄μ

ν

41	m

39	m

νe,μ,τ e, μ, τ

N 	N′ 

Main	interacAon	:	Charged	
current	quasi	elasAc	(ccqe)

		flux	at	295km	in	
arbitrary	units	(from	K.	Abe	
et	al.,	“T2K	neutrino	flux	prediction,”	Phys.	
Rev.	D,	2013
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Analysis	method	in	T2K
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External	constraints	(other	
experiments)	on	flux	and	
cross-secAons

Near	detector	constraints	
on	flux	and	cross-secAons

DetecAon/reconstrucAon	
systemaAc	uncertainAes	
(atmospheric	data)

Predicted	 	spectrum	ν

Observed		 	spectrum	
(reconstructed)	

ν

Fit

Constraints	on	
oscillaAon	
parameters	

Global	strategy
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Tokaï	to	Kamioka	(T2K)
2020	analysis	sensiAvity	
—>	goal	:	becer	constraints	on	those	parameters	
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T2K	analysis	:	example	of	contribution	to	systematic	effects	studies	

Improve	the	experiment	sensiAvity	->	taking	systemaAcs	into	account	more	
precisely	

Focus	on	Eb	(nucleon	binding	energy	for	CCQE	interacAons	)	:	uncertainty	results	
in	a	shif	of	outgoing	lepton	momentum

7

Predicted	number	of	
neutrinos	(per	bin)

Eb	(+	nuclear	
model	)

InteracAon	cross	
secAon

• No	hadronic	state	detecAon	afer	interacAon	(at	SK)	
• Used	nuclear	model	(spectral	funcAons	):	no	outgoing	lepton	kinemaAcs	
dependance		

• Other	models	(RMF:	RelaAvisAc	Mean-Field	Model):		Q3	(	3-momentum	
transfer)	dependance	predicted		
—>	must	be	added

Q3 = p2
ν + p2

l + pνplcosθ

Shift (Q3) = m * Q3 + c
m	and	c	constant,	esAmated	by	a	fit	

Q3 in GeV

Sh
ift

 in
 M

eV

Shift (Q3)

Short	term	
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T2K	analysis	:	example	of	contribution	to	systematic	effects	studies	

Work	in	progress:	ImplementaAon	of	a	
directly	Q3	dependent	Eb	uncertainty	
instead	of	a	addiAonal	momentum	shif
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T2K	analysis	:	another	example	of	contribution	to	systematic	effects	studies	

‣ Acempt	to	build	a	unified	method	for	detecAon	systemaAc	
uncertainty	esAmaAon,	common	to	all	parameters	and	both	
experiments	:		SK	(atmospheric	ν)	and	T2K	(beam	ν)	—>	
framework	of	a	joint	analysis	

‣ Metropolis	HasAngs	Markov	Chain	Monte	Carlo		

‣ Vary	the	underlying	variables	involved	in	cuts	(=	in	assigning	
an	event	to	an	analysis	sample)		

‣ 2	parameters	per	variable	:	addiAve	and	mulAplicaAve	—>	
smearing	and	shifing	of	distribuAons		

‣ Likelihood	(cuts/bins/samples)	
		—>	Metropolis-HasAngs	

if	(p	<=	acc)	—>	Accept.			—>	Random	

‣ Random	picking	in	prior	distribuAons	(	Cholesky	
decomposiAon	—>	Oyster	correlaAons	)

proba = min(1,e(LLtot−LL[ j−1]))
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Pre
lim
ina
ry

Not	validated	and	less	«	detailed	»	
method	than	the	current	one,	
acempt	of	a	proof	of	feasibility

Long	term	
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ry
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T2K	analysis	:	another	example	of	contribution	to	systematic	effects	studies	

LimitaAons	:		
-	Run	Ame	
-	convergence	
-	acceptance	rate	
-	independence	:		Markov	chain	specificity

10

200	*	200	000	steps	
Average	acceptance	rate	=	0.106%	
RunAme	on	CCin2p3	for	1	chain:		
26h24mn
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Hyper-Kamiokande	experiment
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	Beam	ν
JPARC	

HyperK

SuperK	

295	km

2.5°

‣ Data	taking	planned	for	2027	
‣ Tank	5x	larger	,	fiducial	volume	x10	
‣ New	PMTs,	Ame	synchronisaAon	
system	

‣ Increased	staAsAcs
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Time	synchronization	system
R&D		

Needs	for	Ame	precision:	
• ReconstrucAon:	stability		
• ‘Time	stamp’	with	beam	:	
about	100ns	

• bunchs	window	:	12μs	
• Supernovae	:	30s	signal,	Ame	
stamp	for	triangulaAon	

Tools:		GNSS	(long	term	stability)	
and	atomic	clocks	(	short	term	
stability),	opAcal	fibers	

Required	precision	wrt	UTC:	100	ns		
Required	stability	:	100ps	(over	the	
whole	distribuAon)

12

Hyper-Kamiokande	
Dune	
SNO+	

Borexino	
Daya	Bay	
IceCube	
LVD	
HALO	
KamLAND	
Super-Kamiokande
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Time	synchronization	system

13

NIST.gov

Rubidium	clock	principle	:	hyperfine	structure	(I	and	B	coupling)		

- Filter	D2	only	
- ΔF	=	-1,0,+1	—>	6	allowed	transiAons	
- 	fundamental	state	with	F=2	or	F=3	—>	degeneracy	in	energy	with	transiAons		 	
—>	only	γ	to	S	(F=1)	go	through	

- Resonant	cavity	with	 	fundamental	(F=1	or	2),	excitaAon	of	F=1	then	equiprobable	
desexcitaAon		—>	+	and	+	F=2	unAl	no	more	F=1	—>	cavity	transparent	to	selected	γ	—>	
opAcal	pumping	

- We	«	inject	»	a	frequency	 	close	to	 	(2	steps)	—>	variaAons	in	luminosity/
transparence	—>	servo	control	of	

85Rb 87Rb

87Rb

f0 f12
f0

Rb 87

Analysis	tools	for	frequency	stability	:	Allan	
variance	=	averages	over	different	Ames	τ	—>	
discriminaAon	of	different	noise	types	
Short	term	/	long	term	drifs	

SRS datasheet

White	noise

Ran
dom

	wa
lk	n

oise

http://NIST.gov
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Time	synchronization	system

Rubidium	atomic	clock	
->	to	be	characterized	and	calibrated	
GNSS	receiver	(	reflecAons	depending	on	
the	surroundings	and	the	sky	view)
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Keysight	53220	counter

Rubidium	clock

White	Rabbit	PPS	
output

0.3

0.7

In	collaboraAon	with	SYRTE	
compared	to	a	more	precise	1pps	provided	by	SYRTE	
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Time	synchronization	system
First	tests	and	calibraAon:	

Need	for	precise	calibraAon	—>	adjust	SF	parameter	(tension->mag.	field)	
=	output	frequency	offset	
Phase	‘locking’	system	on	an	external	source	
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WR	unplugged
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Time	synchronization	system

Next	steps	of	the	project	:	

-	ConstrucAon	of	a	test	laboratory	in	preparaAon	for	HK	(GNSS	antenna,	several	
atomic	clocks	models…	)	
-	Characterize	our	equipment	et	assess	the	precision	and	stability	that	we	can	achieve	
-	Study	the	impact	of	the	whole	electronic	chain	Ame	precision	on	HK	sensiAvity	to	
oscillaAon	parameters	

16
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Conclusion	

• T2K	and		Super-Kamiokande	detector	already	
allowed	a	lot	of	progress	on	neutrino	
oscillaAons	understanding	

• T2K	II		

➡	PreparaAon	to	Hyper-Kamiokande	

17

HK	tunnels	excavaNon	started	in	May	2021

Merci !  

Rich	Physics	program	
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Back-up_Systematics	effects	:	motivations

✦ T2K	II	:	
-	near	detector	upgrade	(start	2023)	
-	beam	power	increase	(500kW	to	750kW)	

✦ T2K-SK	(	beam/atmospheric	ν)	joint	
analysis	

✦ Hyper-Kamiokande	

18

T2K	II				 		sensiFvity	
Known	mass	hierarchy

δCP

2016	systemaFcs	 Improved	systemaFcs
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Back-up_T2K	analysis	method	in	the	P-theta	group
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Data_reconstructed	
energy	binning	à 

	per	bin𝑵𝑶𝒃𝒔

Unoscillated	spectrum_	
true	energy	binning Oscillated	model

Predicted	spectrum_	
reconstructed	energy	binning	
à 	per	bin	𝑵𝑷𝒓𝒆𝒅

Unknown	true	values	of	
oscillation	parameters

Likelihood	calculation	(minimum	at	0)	bin	per	bin	

-       

	  

ln(𝐿) = − ∑
𝑏𝑖𝑛𝑠

ln(𝑃𝑜𝑖𝑠𝑠𝑜𝑛(𝑁𝑃𝑟𝑒𝑑,𝑖, 𝑁𝑂𝑏𝑠,𝑖))

≈ ∑
𝑏𝑖𝑛𝑠

[ + (𝑁𝑃𝑟𝑒𝑑− 𝑁𝑂𝑏𝑠) + 𝑁𝑂𝑏𝑠 × ln(
𝑁𝑂𝑏𝑠

𝑁𝑃𝑟𝑒𝑑
)]

Marginalization	over	
nuisance	parameters

Likelihood	as	a	
function	of	studied	
parameters	

Oscillation

Loop	over	a	grid	of	values	for	the	parameters	under	study

detection	and	
reconstruction	effects	

Flux	and	cross-
sections

SoQware/group	P-theta	:	1	of	3	T2K	analysis	groups
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Back-up_T2K
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Back-up_T2K-SK
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JointSK	(atmospheric)/T2K	(beam)	analysis		
P-theta	framework	
PerspecAve	:	Hyper-Kamiokande	

Complementarity		
of	the	2	neutrino	sources	

➡	Consistent	esAmaAon	of	detecAon	systemaAc	
uncertainAes	between	both	experiments

SK

𝝆𝟏

𝝆𝟑

𝝆𝟐

𝝆𝟒

K.	Abe	et	al.,	Phys.	Rev.	D,	vol.	97,2018

R.	B.	Patterson	,	Annu.	Rev.	Nucl.	Part.	Sci.,	vol.	65	,	.	2015	

	Atmospheric	ν Τ2K	beam	ν

Baseline/path	length 10-13000km 295km

Densities	

—>	matter	effects	
to

Energies	 100MeV	à	100GeV	 600MeV

ρ1 = 13 g . cm−3

ρ4 = 3 g . cm−3
ρ = 2,6 g . cm−3
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Back-up_HK
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Back-up_MCMC
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T2K Cut Flow (9 cuts) :  

• Wall 
• To wall 
• Electron momentum 
• Nb rings —> discrete variable 
• E/mu separation 
• Momentum  
• Nb of decay electrons —> discrete variable 
• Separation with pion  
• Reconstructed energy

Continous variables involved (6) :  

• fq1rpos *3components *2PID 
• fq1rdir    *2 angles *2PID 
• fq1rmom  *2PID 
• fq1rnll       *3PID 
• fqpi0nll 
• fqpi0mass  	is	the	shiWing	parameter	

	 	is	the	smearing	parameter
β

α

Samples	and	variables	

Atmospheric	MC		
3	T2K	samples	:	1Re,	1Rmu,	1Re1de

17	 / 	pairsα β


