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Introduction 



Main Focus: Accelerator-Based Neutrino Experiment

4
J-PARC beamline (30 GeV proton beam)

experiments: T2K (running), T2HK (2027~)

Hyper-Kamiokande

A	long-baseline	neutrino	experiment

to	primarily	study	neutrino	oscillation.



Beamline

Create	intense			


										and							beams	

				by	shooting	proton		

				beams	on	target,	

				focusing	hadrons,

				and	letting	them	

				decay	to	neutrinos


Long-baseline Neutrino Experiments

5

Near	detector

Flux	and	cross	section	constraint	for	
far	detector	prediction

Near	detector	physics	measurements	


			—>	neutrino-nucleus	cross	sections,

										search	for	new	physics,	etc


NND /
Z

�ND · � dE⌫

Far	detector

Count								and							appearance	signals	


				(measure	the	size	of	CP	violation)

Measure								and							disappearance	


			
			—>	neutrino	oscillations
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example:

T2K	experiment



Beamline

Create	intense			


										and							beams	

				by	shooting	proton		

				beams	on	target,	

				focusing	hadrons,

				and	letting	them	

				decay	to	neutrinos
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Main	question	of	this	talk:	

How	many	neutrinos	does	the	accelerator	
produce	and	shoot	towards	the	detector?
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Long-baseline Neutrino Experiments
example:

T2K	experiment



Neutrino Beamline at J-PARC
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To understand neutrino beams…


How many primary protons?


Proton beam profile on the target?


Secondary hadron production?


Magnetic field of horns?


Muon profile after decay of 

secondary hadrons


etc …


We need to know these parameters 

very precisely. 


This talk focuses on production of 

hadrons which are ancestor of 

neutrinos 


(neutrino)
⇡� ! µ�⌫̄µ
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How to Make a Neutrino Beam
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Hadron productions of       and        through primary interactions in the target

T2K	target	(90	cm,	1.9	λ)

π+
µ+

B

B

magnetic 

horn (Al)

target (graphite)

νµ
Primary	

protons

νee+

π0
K+

Beam	

dump

Muon 

monitor

(Dimension	not	to	scale)
Decay	volume	(Helium	filled)

—> Primary contribution to the neutrino flux

T2K	decay	

volume	(110	m)



Uncertainty on Flux Prediction
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How well do we understand neutrino flux?

J-PARC beamline (T2K flux) 

Beam	peak	@	600	MeV

T2K:	Phys.	Rev.	D87,	012001	(2013)Beam	peak	@	600	MeV

A leading source of the systematic uncertainty !!


Goal: below 5% (next few year), below 3% (for next generation experiments)

⇡+ ! µ+⌫µ
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Neutrino flux predictions rely on model predictions


FLUKA (J-PARC/T2K) to simulate p+C —> hadrons


Geant3 to simulate the rest of interactions

Why Hadron Production Measurements?
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Leonidas Aliaga (Ph.D Thesis, 2016)

However, hadron production prediction is difficult…


External data is necessary to constrain 

uncertainty on model predictions

Constraining Hadron Production Uncertainty

NuMI beamline at FNAL


(MINERvA flux)

External	hadron	production	measurements	are	essential!

Allaby et al    Tech. Rep. 70-12, CERN (1970)


Eichten et al    Nucl. Phys. B44, 333 (1972)


BNL E910   Phys. Rev. C77, 015209 (2008) 


HARP   Nucl. Phys. B732, 1 (2006), EPJ C52, 29 (2007), Astr. Phys. 29, 257 (2008)


NA61/SHINE (running, see following slides)


EMPHATIC (running, arXiv:2106.15723)
Only	some	key	data	sets	relevant	to	the	
T2K	beam	energy	(30	GeV)
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NA61/SHINE Measurements for T2K
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The NA61/SHINE Experiment

NA61/SHINE

(SPS	north	area)

LHC

SPS

Over	150	physicists	from	30	institutions	and	15	countries

“The SPS Heavy Ion and Neutrino Experiment”

<—	CERN	(main	site)



NA61/SHINE Experimental Facility
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top-viewA fixed target experiment at SPS with


Good beam particle selection      

(p, π, K) using beamline Cherenkov 

detectors  

Large acceptance spectrometer 

for charged particles


• Time Projection Chambers (TPCs) 

for tracking and dE/dx


• 2 dipole magnets with 1.5 T field


• Time-of-flight detectors placed 

downstream 

Precise	tracking	with:

•Particle	identification

•Momentum	measurement



NA61/SHINE Measurements for T2K
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Thin target: p@30 GeVon 2cm graphite target 


• total cross-section and π+/- spectra measurements (Phys. Rev. C84 034604 (2011) )


• K+ spectra measurement (Phys. Rev. C85 035210 (2012) )


• K0S and Λ spectra measurements (Phys. Rev. C89 (2014) 025205 )


• total cross-section and π+/-,K+/- p, K0S, and Λ spectra measurements (Eur. Phys. J. C76 84 (2016) )


Thin graphite target 

• Total cross section (hadron production cross-section)


• Differential cross section or multiplicity of each particle species 


       (                              ) 

p
p@30	GeV

C

d2�

dpd✓
= �prod

d2n

dpd✓
<latexit sha1_base64="gVnXWzNX7Y/wkiBPwr7DzXpiJFQ=">AAACMXicbVDLSgMxFM3Ud31VXboJFsFVmamCboSimy4VrAqdcchkMm1okhmSO0IZ5pfc+CfipgtF3PoTpg/E14HA4Zxzyb0nygQ34LojpzI3v7C4tLxSXV1b39isbW1fmzTXlHVoKlJ9GxHDBFesAxwEu800IzIS7CYanI/9m3umDU/VFQwzFkjSUzzhlICVwlrbTzShRXzX9A3vSVIWcRb70GdASnyKp2LoSwJ9LYtMp3H5NaG+h8Na3W24E+C/xJuROprhIqw9+XFKc8kUUEGM6XpuBkFBNHAqWFn1c8MyQgekx7qWKiKZCYrJxSXet0qMk1TbpwBP1O8TBZHGDGVkk+PVzW9vLP7ndXNIToKCqywHpuj0oyQXGFI8rg/HXDMKYmgJoZrbXTHtE1sI2JKrtgTv98l/yXWz4R02mpdH9dbZrI5ltIv20AHy0DFqoTa6QB1E0QN6Ri/o1Xl0Rs6b8z6NVpzZzA76AefjE4bprEE=</latexit>



NA61/SHINE Measurements for T2K
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Replica target: p@30 GeV on 90cm replica graphite target  


• methodology, π+/- yield measurement (Nucl. Instrum. Meth. A701 99-114 (2013) )  


• π+/- yield measurement (Eur. Phys. J. C76 617 (2016) )  


• π+/-, p, and K+/- yield measurements (Eur. Phys. J. C79, no.2 100 (2019) )  


• proton beam survival probability measurement (Phys. Rev. D 103, 012006 (2021))  

Show	results	briefly
T2K replica graphite target 


(90 cm, 1.9 λ)

d3n

dpd✓dz
= N(p, ✓, z)

<latexit sha1_base64="z6GN1y9yWJEPseN8lEwazUnGaac=">AAACE3icbVA9SwNBEN2LXzF+RS1tFoMQJYS7RNBGCNpYSQQTA0kMe3t7yZK9vWN3TkiO/Acb/4qNhSK2Nnb+GzcfhRofDDzem2FmnhsJrsG2v6zUwuLS8kp6NbO2vrG5ld3eqeswVpTVaChC1XCJZoJLVgMOgjUixUjgCnbr9i/G/u09U5qH8gYGEWsHpCu5zykBI3WyRy1fEZp4d2U5SrzIa0GPAcHecITP8FU+KkyFAh4edrI5u2hPgOeJMyM5NEO1k/1seSGNAyaBCqJ107EjaCdEAaeCjTKtWLOI0D7psqahkgRMt5PJTyN8YBQP+6EyJQFP1J8TCQm0HgSu6QwI9PRfbyz+5zVj8E/bCZdRDEzS6SI/FhhCPA4Ie1wxCmJgCKGKm1sx7RETEpgYMyYE5+/L86ReKjrlYun6OFc5n8WRRntoH+WRg05QBV2iKqohih7QE3pBr9aj9Wy9We/T1pQ1m9lFv2B9fANykJ02</latexit>

• Differential hadron yields or multiplicity (               )


• Hadron production cross-section via beam attenuation

position	Z

✓
<latexit sha1_base64="g8INV++WPLOuWdmrCaAELbVf3JM=">AAAB7nicdVBNS8NAEN34WetX1aOXxSJ4Ckmstr0VvXisYD+gDWWz3bRLN5uwOxFK6I/w4kERr/4eb/4bN20FFX0w8Hhvhpl5QSK4Bsf5sFZW19Y3Ngtbxe2d3b390sFhW8epoqxFYxGrbkA0E1yyFnAQrJsoRqJAsE4wuc79zj1TmsfyDqYJ8yMykjzklICROn0YMyDFQans2F694ro17NgXOfMMqdYvnWoNu7YzRxkt0RyU3vvDmKYRk0AF0brnOgn4GVHAqWCzYj/VLCF0QkasZ6gkEdN+Nj93hk+NMsRhrExJwHP1+0RGIq2nUWA6IwJj/dvLxb+8Xgphzc+4TFJgki4WhanAEOP8dzzkilEQU0MIVdzciumYKELBJJSH8PUp/p+0Pds9t73bSrlxtYyjgI7RCTpDLqqiBrpBTdRCFE3QA3pCz1ZiPVov1uuidcVazhyhH7DePgFWgo+V</latexit>

p

p

Psurvival = e�Ln�prod
<latexit sha1_base64="32mAnPlj/+dCNTn5CBur31eB+38=">AAACGnicbVDLSgMxFM34rPU16tJNsAhuLDNV0I1QdOPCRQX7gM5YMmnahiaZIckUyjDf4cZfceNCEXfixr8x0w6irQcCh3POJfeeIGJUacf5shYWl5ZXVgtrxfWNza1te2e3ocJYYlLHIQtlK0CKMCpIXVPNSCuSBPGAkWYwvMr85ohIRUNxp8cR8TnqC9qjGGkjdWy31vE40gPJExXLER0hlsILSO6T4xvhKdrn6CcQybCbph275JSdCeA8cXNSAjlqHfvD64Y45kRozJBSbdeJtJ8gqSlmJC16sSIRwkPUJ21DBeJE+cnktBQeGqULe6E0T2g4UX9PJIgrNeaBSWZbqlkvE//z2rHunfsJFVGsicDTj3oxgzqEWU+wSyXBmo0NQVhSsyvEAyQR1qbNoinBnT15njQqZfekXLk9LVUv8zoKYB8cgCPggjNQBdegBuoAgwfwBF7Aq/VoPVtv1vs0umDlM3vgD6zPbwVpoh4=</latexit>

(                                              )

p@30	GeV



T2K Replica Target Results

16Negative pions and kaons have been measured as well. 

Z2 Z2 Z2

p
p

15	θ-bins	for	0	<	θ	<	380	mrad	(Z1-Z5)

10	θ-bins	for	0	<	θ	<	300	mrad	(Z6)( ) 4	θ-bins	for	0	<	θ	<	280	mrad	(Z1-Z5)


2	θ-bins	for	0	<	θ	<	120	mrad	(Z6)( ) 10	θ-bins	for	0	<	θ	<	380	mrad	(Z1-Z5)

8	θ-bins	for	0	<	θ	<	260	mrad	(Z6)( )

Eur. Phys. J. C79, no.2 100 (2019)

p+T2K replica@ 30 GeV
<latexit sha1_base64="RfIXsJ510iQk6raN1G3QO3ZeLeU=">AAACE3icbVBNS8NAEN3Ur1q/qh69BIsgWkrSCnoselDwUqFf0JSy2U7bpbtJ2N0IJaS/wYt/xYsHRbx68ea/cdNW0NYHA4/3ZpiZ5waMSmVZX0ZqaXlldS29ntnY3Nreye7u1aUfCgI14jNfNF0sgVEPaooqBs1AAOYug4Y7vEr8xj0ISX2vqkYBtDnue7RHCVZa6mRPglOHYzUQPKoWb8cC9FKCYydfdvIla/zjXUM97mRzVsGawFwk9ozk0AyVTvbT6fok5OApwrCULdsKVDvCQlHCIM44oYQAkyHuQ0tTD3OQ7WjyU2weaaVr9nyhy1PmRP09EWEu5Yi7ujO5Uc57ifif1wpV76IdUS8IFXhkuqgXMlP5ZhKQ2aUCiGIjTTARVN9qkgEWmCgdY0aHYM+/vEjqxYJdKlh3Z7ny5SyONDpAh+gY2egcldENqqAaIugBPaEX9Go8Gs/Gm/E+bU0Zs5l99AfGxzevxp4I</latexit>



T2K Replica Target Results

17
A production cross section measurement using the attenuation of beam particles


—> Achieved 2% total uncertainty in good agreement with past measurements 

p

Phys. Rev. D 103, 012006 (2021)

p+T2K replica@ 30 GeV
<latexit sha1_base64="RfIXsJ510iQk6raN1G3QO3ZeLeU=">AAACE3icbVBNS8NAEN3Ur1q/qh69BIsgWkrSCnoselDwUqFf0JSy2U7bpbtJ2N0IJaS/wYt/xYsHRbx68ea/cdNW0NYHA4/3ZpiZ5waMSmVZX0ZqaXlldS29ntnY3Nreye7u1aUfCgI14jNfNF0sgVEPaooqBs1AAOYug4Y7vEr8xj0ISX2vqkYBtDnue7RHCVZa6mRPglOHYzUQPKoWb8cC9FKCYydfdvIla/zjXUM97mRzVsGawFwk9ozk0AyVTvbT6fok5OApwrCULdsKVDvCQlHCIM44oYQAkyHuQ0tTD3OQ7WjyU2weaaVr9nyhy1PmRP09EWEu5Yi7ujO5Uc57ifif1wpV76IdUS8IFXhkuqgXMlP5ZhKQ2aUCiGIjTTARVN9qkgEWmCgdY0aHYM+/vEjqxYJdKlh3Z7ny5SyONDpAh+gY2egcldENqqAaIugBPaEX9Go8Gs/Gm/E+bU0Zs5l99AfGxzevxp4I</latexit>

p

Psurvival = e�Ln�prod
<latexit sha1_base64="32mAnPlj/+dCNTn5CBur31eB+38=">AAACGnicbVDLSgMxFM34rPU16tJNsAhuLDNV0I1QdOPCRQX7gM5YMmnahiaZIckUyjDf4cZfceNCEXfixr8x0w6irQcCh3POJfeeIGJUacf5shYWl5ZXVgtrxfWNza1te2e3ocJYYlLHIQtlK0CKMCpIXVPNSCuSBPGAkWYwvMr85ohIRUNxp8cR8TnqC9qjGGkjdWy31vE40gPJExXLER0hlsILSO6T4xvhKdrn6CcQybCbph275JSdCeA8cXNSAjlqHfvD64Y45kRozJBSbdeJtJ8gqSlmJC16sSIRwkPUJ21DBeJE+cnktBQeGqULe6E0T2g4UX9PJIgrNeaBSWZbqlkvE//z2rHunfsJFVGsicDTj3oxgzqEWU+wSyXBmo0NQVhSsyvEAyQR1qbNoinBnT15njQqZfekXLk9LVUv8zoKYB8cgCPggjNQBdegBuoAgwfwBF7Aq/VoPVtv1vs0umDlM3vgD6zPbwVpoh4=</latexit>



How to Improve Flux Model with External Data 
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Two corrections to constrain model ambiguity 


Interaction length: Tune production cross-section to external measurement


Multiplicity: Tune differential hadron multiplicity (differential cross-section) to 

external measurement

Primary	

protons p

π+

π+
π+

⇤
<latexit sha1_base64="565qImDdzPPQEkEfyWPwn+3b1KE=">AAAB73icdVDLSgMxFL1TX7W+qi7dBIvgqsxUQZdFNy5cVLAPaIeSyWTa0ExmTO4IpfQn3LhQxK2/486/MX0I1seBwOGcc7k3J0ilMOi6H05uaXlldS2/XtjY3NreKe7uNUySacbrLJGJbgXUcCkUr6NAyVup5jQOJG8Gg8uJ37zn2ohE3eIw5X5Me0pEglG0UqtzbaMhLXSLJa/sTkHcX+TLKsEctW7xvRMmLIu5QiapMW3PTdEfUY2CST4udDLDU8oGtMfblioac+OPpveOyZFVQhIl2j6FZKp+nxjR2JhhHNhkTLFvfnoT8S+vnWF07o+ESjPkis0WRZkkmJDJ50koNGcoh5ZQpoW9lbA+1ZShrWihhP9Jo1L2TsqVm9NS9WJeRx4O4BCOwYMzqMIV1KAODCQ8wBM8O3fOo/PivM6iOWc+sw8LcN4+AUUoj3Y=</latexit>



Flux Uncertainty with NA61/SHINE Data
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Replica target measurements will improve uncertainty down to 5%


    —> Huge improvement has been achieved


    —> Nevertheless, precision is not enough. T2K/Hyper-K goal is 2-3% !!

Lukas Berns (NBI 2019)



T2K: Constraint on δCP Phase
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T2K	set	the	most	stringent	constraint	on	the	CP-phase	in	neutrino	oscillations.

—>	NA61/SHINE	data	have	largely	contributed	to	achieve	this	milestone!

2σ

3σ

Nature	580,	no.7803,	339-344	(2020)

(note:	T2K	Nature	result	used	only	NA61	thin	target	data	—>	result	will	further	improve)
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An Idea for Future Improvement



Understanding Various Neutrino Sources

22

Accelerator	neutrinos

(T2K,	HK,	DUNE,	SBN,	

etc…)

(I	have	spoken	about	T2K)

As we discussed, precise flux knowledge is a key input for neutrino experiments


Neutrinos	from	spallation	neutron	source

SNS	(COHERENT) MLF

(JSNS2)

T2K	(Hyper-K) LBNF/DUNE

Super-K

HK

Atmospheric	neutrinos

A common bottleneck on flux prediction: Hadron production 


(not much data available for low-energy region 1-10 GeV)



Hadron Production & Flux Prediction

23

Atmospheric	neutrinosNeutrinos	from	spallation	neutron	source

neutrinos	from	pion	decay-at-rest	source

(3	GeV	proton	beam	at	MLF)

neutrinos	from	secondary	hadrons

(1-10	GeV	proton	data	are	crucial)

A common bottleneck on flux prediction: Hadron production (1-10 GeV)



~45m

Low-Energy Beamline at the CERN H2 beamline

24

We are finalizing the design of new tertiary low-E beamline at CERN SPS H2-bemeline 


• Low-Energy = 2-13 GeV —> the lowest energy NA61 achieved was 13 GeV


• proton, pion and kaon beams with good beam particle ID


We have submitted a document to express our intention to build a new beamline at CERN 

SPS —> we seek official project approval in next year


• Construction: 2022 - early 2024


• First beam, second half of 2024

CAD	rendering	of	beam	area beam	particle	tracking	in	low-E	beamline



Low-E beamline: Project Detail
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https://indico.cern.ch/event/973899	

Dedicated workshop last year Submitted project document in October

http://cds.cern.ch/record/2783037

Open to everyone!  If you are interested in, please subscribe to the dedicated e-group 

“na61-lowe-beamline”from here: https://e-groups.cern.ch (or contact me if you cannot)

https://indico.cern.ch/event/973899
http://cds.cern.ch/record/2783037
https://e-groups.cern.ch


Summary

26

Precise flux knowledge is crucial for accelerator-based neutrino experiments


•Hadron production is the leading source of flux uncertainty 


External hadron production measurements are essential to reduce the leading 

systematic uncertainty on neutrino flux prediction


•NA61/SHINE measurements largely improved T2K flux prediction


A new idea to further improve flux knowledge: building a new low-E bamline


•It is not only for conventional neutrino beams but also for other neutrino sources


•The low-E beamline can start operation after 2024 at the earliest (if approved!)




		Backup

27



�m2
32

or
�m2

21 �m2
31

Neutrino Oscillation in a Nutshell 

28

Neutrino flavor eigenstates are not the same as neutrino mass eigenstates


—> the mixing of flavor and mass eigenstates leads to oscillations

Flavor	eigenstates

(⌫e, ⌫µ, ⌫⌧ )

<latexit sha1_base64="DeQItB1JQH+9FMpB2/TSVW28/fA=">AAACA3icbZDLSsNAFIYn9VbrLepON4NFqCAlkYK6K7pxWcFeoAlhMp20QyeTMBehhIIbX8WNC0Xc+hLufBsnbRZaPTDMx/+fw8z5w5RRqRznyyotLa+srpXXKxubW9s79u5eRyZaYNLGCUtEL0SSMMpJW1HFSC8VBMUhI91wfJ373XsiJE34nZqkxI/RkNOIYqSMFNgHNY/rgJzC/PJiXYBC+iSwq07dmRX8C24BVVBUK7A/vUGCdUy4wgxJ2XedVPkZEopiRqYVT0uSIjxGQ9I3yFFMpJ/NdpjCY6MMYJQIc7iCM/XnRIZiKSdxaDpjpEZy0cvF/7y+VtGFn1GeakU4nj8UaQZVAvNA4IAKghWbGEBYUPNXiEdIIKxMbBUTgru48l/onNXdRv3ytlFtXhVxlMEhOAI14IJz0AQ3oAXaAIMH8ARewKv1aD1bb9b7vLVkFTP74FdZH99v9pbH</latexit>

neutrino	states	on	their	interactions

(⌫1, ⌫2, ⌫3)

<latexit sha1_base64="QRJt1k6RwfiU4veYyVzhDIdPpG0=">AAAB/nicbVDLSgMxFL1TX7W+quLKTbAIFaTM1IK6K7pxWcE+oB2GTJppQzOZIckIZSj4K25cKOLW73Dn35hpu9DWA+EezrmXe3P8mDOlbfvbyq2srq1v5DcLW9s7u3vF/YOWihJJaJNEPJIdHyvKmaBNzTSnnVhSHPqctv3Rbea3H6lULBIPehxTN8QDwQJGsDaSVzwq90TiOecoK9VZuTjziiW7Yk+BlokzJyWYo+EVv3r9iCQhFZpwrFTXsWPtplhqRjidFHqJojEmIzygXUMFDqly0+n5E3RqlD4KImme0Giq/p5IcajUOPRNZ4j1UC16mfif1010cOWmTMSJpoLMFgUJRzpCWRaozyQlmo8NwUQycysiQywx0SaxggnBWfzyMmlVK06tcn1fK9Vv5nHk4RhOoAwOXEId7qABTSCQwjO8wpv1ZL1Y79bHrDVnzWcO4Q+szx9wMpPi</latexit>

Mass	eigenstates

neutrino	states	on	their	propagation

Describe neutrino oscillation phenomena with 

3 mixing angles, 2 independent mass splittings, 

and 1 CP phase

Pontecorvo–Maki–Nakagawa–Sakata	(PMNS)	matrix	

cij ⌘ cos✓ij
<latexit sha1_base64="FXC6EoC6k6gRkDHHM0i/uGTdu84=">AAACDnicbVA9SwNBEN2LXzF+RS1tFkPAKtypoGXQxjKC+YBcCHubSbJm78PduUA48gts/Cs2ForYWtv5b9xcrtDEBwOP92aYmedFUmi07W8rt7K6tr6R3yxsbe/s7hX3Dxo6jBWHOg9lqFoe0yBFAHUUKKEVKWC+J6Hpja5nfnMMSoswuMNJBB2fDQLRF5yhkbrFMu8m4n5KXXiIxZi6PsOh8hMe6qmLQ0CW2t1iya7YKegycTJSIhlq3eKX2wt57EOAXDKt244dYSdhCgWXMC24sYaI8REbQNvQgPmgO0n6zpSWjdKj/VCZCpCm6u+JhPlaT3zPdM7O1YveTPzPa8fYv+wkIohihIDPF/VjSTGks2xoTyjgKCeGMK6EuZXyIVOMo0mwYEJwFl9eJo3TinNWsW/PS9WrLI48OSLH5IQ45IJUyQ2pkTrh5JE8k1fyZj1ZL9a79TFvzVnZzCH5A+vzB8BrnTA=</latexit>

sij ⌘ sin✓ij
<latexit sha1_base64="yvrgwfTSXo/mewvwgTpaaXl64NQ=">AAACDnicbVA9SwNBEN2LXzF+RS1tFkPAKtypoGXQxjKC+YBcCHubSbJmb+/cnQuEI7/Axr9iY6GIrbWd/8bNR6GJDwYe780wMy+IpTDout9OZmV1bX0ju5nb2t7Z3cvvH9RMlGgOVR7JSDcCZkAKBVUUKKERa2BhIKEeDK4nfn0I2ohI3eEohlbIekp0BWdopXa+aNqpuB9THx4SMaR+yLCvw9QINfaxD8imdjtfcEvuFHSZeHNSIHNU2vkvvxPxJASFXDJjmp4bYytlGgWXMM75iYGY8QHrQdNSxUIwrXT6zpgWrdKh3UjbUkin6u+JlIXGjMLAdk7ONYveRPzPaybYvWylQsUJguKzRd1EUozoJBvaERo4ypEljGthb6W8zzTjaBPM2RC8xZeXSe205J2V3NvzQvlqHkeWHJFjckI8ckHK5IZUSJVw8kieySt5c56cF+fd+Zi1Zpz5zCH5A+fzB+LVnUU=</latexit>



Neutrino Oscillation in a Nutshell
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Two-neutrino mixing approximation (for simplicity) 

Oscillations are seen 

as a function of L/E


—> Design experiments 

to maximize oscillation 

probability based on this 

parameter

P (⌫i ! ⌫j) = | < ⌫i|⌫j ; t > |2 = sin22✓ sin2(�m2(eV2)
L(km)

E(GeV)
)

<latexit sha1_base64="y7fauokUphDOQHnBkTN+ZPtWwsE="></latexit>



Neutrino Oscillation in a Nutshell

30

Three-neutrino oscillation probabilities
⌫µ

⌫e

P (⌫µ ! ⌫e) ⇡ sin2(2✓13) sin
2✓23 sin

2(
1.27�m2

32L

E
)

<latexit sha1_base64="/wzSjWJOu9hRCZKf+tI7eu44hMY="></latexit>

⌥1.27�m2
21L

E
8JCP sin2

✓
1.27�m2

32L

E

◆

<latexit sha1_base64="BmBMBrjs5EJFtjLvse8+MvaSbxI="></latexit>

JCP =
1

8
cos✓13 sin(2✓12) sin(2✓23) sin(2✓13) sin�CP

<latexit sha1_base64="6iZ7ViJyKlbANeQtRXZfCSJLI3Y="></latexit>

P (⌫µ ! ⌫µ) ⇡ 1� 4 cos2✓13 sin
2✓23

<latexit sha1_base64="eI9TYWr6CNT1+BvkQCp9X4xFFSk="></latexit>

⇥(1� cos2✓13 sin
2✓23) sin

2

✓
1.27�m2

32L

E

◆

<latexit sha1_base64="tKdLmt+ov4BCSdawaLuCfRMHsPs="></latexit>

The size of CP symmetry-violating effect depends on the Jarlskog invariant:

νµ disappearance —> sensitive to θ23 and Δm232


νe appearance —> sensitive to θ13 , θ23 , and δCP

(if	δCP	=	0	or	π,	CP	symmetry	is	conserved)

(νµ	disappearance)

(νe	appearance)

sign	changes

b/w	ν	and	ν
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Broad physics program


• Neutrino


• Hadron production measurements to improve neutrino beam flux predictions


• Strong interaction / Heavy ion         


• Search for the critical point


• Study the onset of QCD deconfinement


• Study open-charm production mechanism


• Cosmic ray


• Hadron production measurements to improve air-shower model predictions


• Study (anti-)deuteron production mechanism for the AMS and GAPS experiments


• Nuclear fragmentation cross sections to understand cosmic-ray flux


Hadron beams


• primary protons at 400 GeV/c


• secondary hadrons (p, π, K) at 13 - 350 GeV/c

Ion beams


• primary (Ar, Xe, Pb) at 13-150 AGeV/c


• secondary Be at 13 - 150 AGeV/c                     

(from Pb fragmentation)

NA61/SHINE Physics Program



How to Make a Neutrino Beam
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B

B

magnetic horn (Al)

target (graphite)

Primary	

protons

Hadron production process can be more complex:
Secondary interactions in the target  (hadrons + C/Be)


Secondary interactions with horn or beamline materials (hadrons + X)


Neutral hadron decay (p + C / Be —> V0 + X)

p

π+
µ+

π -
p

π+ π+

µ+
νµ

T2K	magnetic	horn

νµ

—>Non-negligible contribution to the neutrino flux

⇤
<latexit sha1_base64="V5OdF43uFMupWoBdNd3/dbfk9f4=">AAAB7nicdVDLSgMxFL3js9ZX1aWbYBFclZkq6LLoxoWLCvYB7VDuZDJtaCYzJBmhDP0INy4Ucev3uPNvTB9CfR0IHM45l3tzglRwbVz3w1laXlldWy9sFDe3tnd2S3v7TZ1kirIGTUSi2gFqJrhkDcONYO1UMYwDwVrB8Grit+6Z0jyRd2aUMj/GvuQRp2is1Ore2GiIvVLZq7hTEPcX+bLKMEe9V3rvhgnNYiYNFah1x3NT4+eoDKeCjYvdTLMU6RD7rGOpxJhpP5+eOybHVglJlCj7pCFTdXEix1jrURzYZIxmoH96E/Evr5OZ6MLPuUwzwySdLYoyQUxCJn8nIVeMGjGyBKni9lZCB6iQGttQcbGE/0mzWvFOK9Xbs3Ltcl5HAQ7hCE7Ag3OowTXUoQEUhvAAT/DspM6j8+K8zqJLznzmAL7BefsEDnOPYg==</latexit>

(Dimension	not	to	scale)



Thin target: a few % of nuclear interaction length (λ) to study single interactions


• Total cross sections (inelastic and production cross sections)


                                                               ,  


Thin Target Measurement
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 —> Results are used to 


correct hadron interaction length 


(probability of interaction)

W(p1, p2, x1, x2) =
[Pinteraction · Pescape]data
[Pinteraction · Pescape]MC

<latexit sha1_base64="RNI//Z+RvfqGWLUrDNefqSoj0sY="></latexit>

=
�data(p1)

�MC(p1)
· e�x1[�data(p1)��MC(p1)]⇢ · e�x2[�data(p2)��MC(p2)]⇢

<latexit sha1_base64="J/+Nm+BYrNiflfa64AnlJfmPtvw="></latexit>

      —> Results are also important to obtain proper normalization


             for the differential cross section yields




Thin target: a few % of nuclear interaction length (λ) to study single interactions


• Measurement of differential cross sections (            )


Thin Target Measurement
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—> Results are used to calculate weights for each 


interactions (    ) to correct neutrino flux predictions

p
We measure differential production yields (                               )


                         (yield of particles per interaction, momentum, radian)


then, relate to differential cross section via               : �prod
<latexit sha1_base64="BtTQUppo6HmXHgdLTYFrqyNumho=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5CRbBVUmqoMuiG5cV7AOaECaTSTt0HmFmItRQ/BU3LhRx63+482+ctFlo64GBwzn3cs+cKKVEadf9tiorq2vrG9XN2tb2zu6evX/QVSKTCHeQoEL2I6gwJRx3NNEU91OJIYso7kXjm8LvPWCpiOD3epLigMEhJwlBUBsptI98RYYMhj6DeiRZnkoRT0O77jbcGZxl4pWkDkq0Q/vLjwXKGOYaUajUwHNTHeRQaoIontb8TOEUojEc4oGhHDKsgnyWfuqcGiV2EiHN49qZqb83csiUmrDITBYh1aJXiP95g0wnV0FOeJppzNH8UJJRRwunqMKJicRI04khEElisjpoBCVE2hRWMyV4i19eJt1mwztvNO8u6q3rso4qOAYn4Ax44BK0wC1ogw5A4BE8g1fwZj1ZL9a79TEfrVjlziH4A+vzB2UAldU=</latexit>

d2n

dpd✓
= N(p, ✓)

<latexit sha1_base64="PEDt1h4wU1xdrdZpmzFFNRWRhS8=">AAACDnicbVDLSgMxFM3UV62vqks3wVKoIGWmCroRim5cSQX7gLaWTCbThmYyQ3JHKEO/wI2/4saFIm5du/NvTNtZaOuBCyfn3EvuPW4kuAbb/rYyS8srq2vZ9dzG5tb2Tn53r6HDWFFWp6EIVcslmgkuWR04CNaKFCOBK1jTHV5N/OYDU5qH8g5GEesGpC+5zykBI/XyxY6vCE28+4ocJ17kdWDAgIzxBb7Bpeh49jzq5Qt22Z4CLxInJQWUotbLf3W8kMYBk0AF0brt2BF0E6KAU8HGuU6sWUTokPRZ21BJAqa7yfScMS4axcN+qExJwFP190RCAq1HgWs6AwIDPe9NxP+8dgz+eTfhMoqBSTr7yI8FhhBPssEeV4yCGBlCqOJmV0wHxOQDJsGcCcGZP3mRNCpl56RcuT0tVC/TOLLoAB2iEnLQGaqia1RDdUTRI3pGr+jNerJerHfrY9aasdKZffQH1ucP8JGbXw==</latexit>

d2�

dpd✓
<latexit sha1_base64="Q+MJBa1fk2Lsb/a0KLmBsKkBxrk=">AAACBXicbVBNS8NAEN34WetX1KMeFovgqSRV0GPRi8cK9gOaWDabTbt0Nwm7E6GEXrz4V7x4UMSr/8Gb/8Ztm4O2Phh4vDfDzLwgFVyD43xbS8srq2vrpY3y5tb2zq69t9/SSaYoa9JEJKoTEM0Ej1kTOAjWSRUjMhCsHQyvJ377gSnNk/gORinzJenHPOKUgJF69pEXKULz8L7mad6XZJyHaejBgAEZ455dcarOFHiRuAWpoAKNnv3lhQnNJIuBCqJ113VS8HOigFPBxmUv0ywldEj6rGtoTCTTfj79YoxPjBLiKFGmYsBT9fdETqTWIxmYTklgoOe9ifif180guvRzHqcZsJjOFkWZwJDgSSQ45IpRECNDCFXc3IrpgJhYwARXNiG48y8vklat6p5Va7fnlfpVEUcJHaJjdIpcdIHq6AY1UBNR9Iie0St6s56sF+vd+pi1LlnFzAH6A+vzB/HqmNo=</latexit>

d2�

dpd✓
= �prod

d2n

dpd✓
<latexit sha1_base64="gVnXWzNX7Y/wkiBPwr7DzXpiJFQ=">AAACMXicbVDLSgMxFM3Ud31VXboJFsFVmamCboSimy4VrAqdcchkMm1okhmSO0IZ5pfc+CfipgtF3PoTpg/E14HA4Zxzyb0nygQ34LojpzI3v7C4tLxSXV1b39isbW1fmzTXlHVoKlJ9GxHDBFesAxwEu800IzIS7CYanI/9m3umDU/VFQwzFkjSUzzhlICVwlrbTzShRXzX9A3vSVIWcRb70GdASnyKp2LoSwJ9LYtMp3H5NaG+h8Na3W24E+C/xJuROprhIqw9+XFKc8kUUEGM6XpuBkFBNHAqWFn1c8MyQgekx7qWKiKZCYrJxSXet0qMk1TbpwBP1O8TBZHGDGVkk+PVzW9vLP7ndXNIToKCqywHpuj0oyQXGFI8rg/HXDMKYmgJoZrbXTHtE1sI2JKrtgTv98l/yXWz4R02mpdH9dbZrI5ltIv20AHy0DFqoTa6QB1E0QN6Ri/o1Xl0Rs6b8z6NVpzZzA76AefjE4bprEE=</latexit>

Primary	

protons p

π+

π+
π+

⇤
<latexit sha1_base64="565qImDdzPPQEkEfyWPwn+3b1KE=">AAAB73icdVDLSgMxFL1TX7W+qi7dBIvgqsxUQZdFNy5cVLAPaIeSyWTa0ExmTO4IpfQn3LhQxK2/486/MX0I1seBwOGcc7k3J0ilMOi6H05uaXlldS2/XtjY3NreKe7uNUySacbrLJGJbgXUcCkUr6NAyVup5jQOJG8Gg8uJ37zn2ohE3eIw5X5Me0pEglG0UqtzbaMhLXSLJa/sTkHcX+TLKsEctW7xvRMmLIu5QiapMW3PTdEfUY2CST4udDLDU8oGtMfblioac+OPpveOyZFVQhIl2j6FZKp+nxjR2JhhHNhkTLFvfnoT8S+vnWF07o+ESjPkis0WRZkkmJDJ50koNGcoh5ZQpoW9lbA+1ZShrWihhP9Jo1L2TsqVm9NS9WJeRx4O4BCOwYMzqMIV1KAODCQ8wBM8O3fOo/PivM6iOWc+sw8LcN4+AUUoj3Y=</latexit>



Replica Target Measurements
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Weights for each exiting point  (     ) to apply


correction to neutrino flux prediction  

Replica target: T2K (90 cm graphite), NuMI (120 cm graphite)


• Measurement of differential production yields (                                         )


          (yield of particles per interaction, momentum, radian, z)


          —> maybe also φ	if target cross-section is not circular, like NuMI target

Primary	

protons

π+

K+

position	Z

✓
<latexit sha1_base64="g8INV++WPLOuWdmrCaAELbVf3JM=">AAAB7nicdVBNS8NAEN34WetX1aOXxSJ4Ckmstr0VvXisYD+gDWWz3bRLN5uwOxFK6I/w4kERr/4eb/4bN20FFX0w8Hhvhpl5QSK4Bsf5sFZW19Y3Ngtbxe2d3b390sFhW8epoqxFYxGrbkA0E1yyFnAQrJsoRqJAsE4wuc79zj1TmsfyDqYJ8yMykjzklICROn0YMyDFQans2F694ro17NgXOfMMqdYvnWoNu7YzRxkt0RyU3vvDmKYRk0AF0brnOgn4GVHAqWCzYj/VLCF0QkasZ6gkEdN+Nj93hk+NMsRhrExJwHP1+0RGIq2nUWA6IwJj/dvLxb+8Xgphzc+4TFJgki4WhanAEOP8dzzkilEQU0MIVdzciumYKELBJJSH8PUp/p+0Pds9t73bSrlxtYyjgI7RCTpDLqqiBrpBTdRCFE3QA3pCz1ZiPVov1uuidcVazhyhH7DePgFWgo+V</latexit>

p
p

• Measurement of beam survival probability (                                               )


                                             (L: length of target, n: number of atoms per unit volume)


      —> Results are useful to understand beam attenuation inside the target via


                          measurement


p

d3n

dpd✓dz
= N(p, ✓, z)

<latexit sha1_base64="z6GN1y9yWJEPseN8lEwazUnGaac=">AAACE3icbVA9SwNBEN2LXzF+RS1tFoMQJYS7RNBGCNpYSQQTA0kMe3t7yZK9vWN3TkiO/Acb/4qNhSK2Nnb+GzcfhRofDDzem2FmnhsJrsG2v6zUwuLS8kp6NbO2vrG5ld3eqeswVpTVaChC1XCJZoJLVgMOgjUixUjgCnbr9i/G/u09U5qH8gYGEWsHpCu5zykBI3WyRy1fEZp4d2U5SrzIa0GPAcHecITP8FU+KkyFAh4edrI5u2hPgOeJMyM5NEO1k/1seSGNAyaBCqJ107EjaCdEAaeCjTKtWLOI0D7psqahkgRMt5PJTyN8YBQP+6EyJQFP1J8TCQm0HgSu6QwI9PRfbyz+5zVj8E/bCZdRDEzS6SI/FhhCPA4Ie1wxCmJgCKGKm1sx7RETEpgYMyYE5+/L86ReKjrlYun6OFc5n8WRRntoH+WRg05QBV2iKqohih7QE3pBr9aj9Wy9We/T1pQ1m9lFv2B9fANykJ02</latexit>

�prod
<latexit sha1_base64="yEPsx4ElSdARjrEfNEh0CAl91RQ=">AAAB/XicdVDLSsNAFJ34rPUVHzs3g0VwVZIq6LLoxmUF+4A2hMlk0g6dR5iZCDUUf8WNC0Xc+h/u/BsnbYX6OnDhcM693MOJUka18bwPZ2FxaXlltbRWXt/Y3Np2d3ZbWmYKkyaWTKpOhDRhVJCmoYaRTqoI4hEj7Wh4WfjtW6I0leLGjFIScNQXNKEYGSuF7n5P0z5HYY8jM1A8T5WMx6Fb8aveBND7Rb6sCpihEbrvvVjijBNhMENad30vNUGOlKGYkXG5l2mSIjxEfdK1VCBOdJBP0o/hkVVimEhlRxg4UecvcsS1HvHIbhYh9U+vEP/yuplJzoOcijQzRODpoyRj0EhYVAFjqgg2bGQJworarBAPkELY2MLK8yX8T1q1qn9SrV2fVuoXszpK4AAcgmPggzNQB1egAZoAgzvwAJ7As3PvPDovzut0dcGZ3eyBb3DePgFmgJXW</latexit>

Psurvival = e�Ln�prod
<latexit sha1_base64="32mAnPlj/+dCNTn5CBur31eB+38=">AAACGnicbVDLSgMxFM34rPU16tJNsAhuLDNV0I1QdOPCRQX7gM5YMmnahiaZIckUyjDf4cZfceNCEXfixr8x0w6irQcCh3POJfeeIGJUacf5shYWl5ZXVgtrxfWNza1te2e3ocJYYlLHIQtlK0CKMCpIXVPNSCuSBPGAkWYwvMr85ohIRUNxp8cR8TnqC9qjGGkjdWy31vE40gPJExXLER0hlsILSO6T4xvhKdrn6CcQybCbph275JSdCeA8cXNSAjlqHfvD64Y45kRozJBSbdeJtJ8gqSlmJC16sSIRwkPUJ21DBeJE+cnktBQeGqULe6E0T2g4UX9PJIgrNeaBSWZbqlkvE//z2rHunfsJFVGsicDTj3oxgzqEWU+wSyXBmo0NQVhSsyvEAyQR1qbNoinBnT15njQqZfekXLk9LVUv8zoKYB8cgCPggjNQBdegBuoAgwfwBF7Aq/VoPVtv1vs0umDlM3vgD6zPbwVpoh4=</latexit>



Production	process:	

interaction	with	new	hadron	production	

—>	

Quasi-elastic	process:	

interaction	on	bound	nucleons	—>

Coherent	elastic	process:	

interaction	on	the	nucleus	

Note: Notation of Production Cross Section

36

Not all experiments use the same definition for the production cross section

Use	this	definition	through	the	talk

(T2K	uses	this	definition)

�el
<latexit sha1_base64="kAOScTKuIsaLws5G+d6CKUXWCYo=">AAAB+3icbVDLSsNAFJ34rPUV69JNsAiuSlIFXRbduKxgH9CEMJnetENnJmFmIpbQX3HjQhG3/og7/8ZJm4W2Hhg4nHMv98yJUkaVdt1va219Y3Nru7JT3d3bPzi0j2pdlWSSQIckLJH9CCtgVEBHU82gn0rAPGLQiya3hd97BKloIh70NIWA45GgMSVYGym0a76iI45Dn2M9ljwHNgvtuttw53BWiVeSOirRDu0vf5iQjIPQhGGlBp6b6iDHUlPCYFb1MwUpJhM8goGhAnNQQT7PPnPOjDJ04kSaJ7QzV39v5JgrNeWRmSwiqmWvEP/zBpmOr4OcijTTIMjiUJwxRydOUYQzpBKIZlNDMJHUZHXIGEtMtKmrakrwlr+8SrrNhnfRaN5f1ls3ZR0VdIJO0Tny0BVqoTvURh1E0BN6Rq/ozZpZL9a79bEYXbPKnWP0B9bnD7GMlN0=</latexit>

�qe
<latexit sha1_base64="05LcezmEG2zMgt1noHi46c6yiK8=">AAAB+3icbVC7TsMwFHXKq5RXKCOLRYXEVCUFCcYKFsYi0YfURJHjOq1V2wm2g6ii/AoLAwix8iNs/A1OmwFajmTp6Jx7dY9PmDCqtON8W5W19Y3Nrep2bWd3b//APqz3VJxKTLo4ZrEchEgRRgXpaqoZGSSSIB4y0g+nN4XffyRS0Vjc61lCfI7GgkYUI22kwK57io45CjyO9ETy7IHkgd1wms4ccJW4JWmAEp3A/vJGMU45ERozpNTQdRLtZ0hqihnJa16qSILwFI3J0FCBOFF+Ns+ew1OjjGAUS/OEhnP190aGuFIzHprJIqJa9grxP2+Y6ujKz6hIUk0EXhyKUgZ1DIsi4IhKgjWbGYKwpCYrxBMkEdamrpopwV3+8irptZruebN1d9FoX5d1VMExOAFnwAWXoA1uQQd0AQZP4Bm8gjcrt16sd+tjMVqxyp0j8AfW5w+5MZTi</latexit>

�prod
<latexit sha1_base64="BtTQUppo6HmXHgdLTYFrqyNumho=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5CRbBVUmqoMuiG5cV7AOaECaTSTt0HmFmItRQ/BU3LhRx63+482+ctFlo64GBwzn3cs+cKKVEadf9tiorq2vrG9XN2tb2zu6evX/QVSKTCHeQoEL2I6gwJRx3NNEU91OJIYso7kXjm8LvPWCpiOD3epLigMEhJwlBUBsptI98RYYMhj6DeiRZnkoRT0O77jbcGZxl4pWkDkq0Q/vLjwXKGOYaUajUwHNTHeRQaoIontb8TOEUojEc4oGhHDKsgnyWfuqcGiV2EiHN49qZqb83csiUmrDITBYh1aJXiP95g0wnV0FOeJppzNH8UJJRRwunqMKJicRI04khEElisjpoBCVE2hRWMyV4i19eJt1mwztvNO8u6q3rso4qOAYn4Ax44BK0wC1ogw5A4BE8g1fwZj1ZL9a79TEfrVjlziH4A+vzB2UAldU=</latexit>

NuMI flux tuning definition:

—>�inel
<latexit sha1_base64="4tx47fPIpmCPX2e0Q9nNf+PIl1Q=">AAAB/XicbVDLSsNAFL2pr1pf8bFzM1gEVyWpgi6LblxWsA9oQphMJ+3QmSTMTIRair/ixoUibv0Pd/6NkzYLbT0wcDj3MeeeMOVMacf5tkorq2vrG+XNytb2zu6evX/QVkkmCW2RhCeyG2JFOYtpSzPNaTeVFIuQ0044usnrnQcqFUviez1OqS/wIGYRI1gbKbCPPMUGAgeewHooxcSs4dPArjo1Zwa0TNyCVKFAM7C/vH5CMkFjTThWquc6qfYnWGpGOJ1WvEzRFJMRHtCeoTEWVPmTmfspOjVKH0WJNC/WaKb+nphgodRYhKYzN6kWa7n4X62X6ejKNxelmaYxmX8UZRzpBOVRoD6TlGg+NgQTyYxXRIZYYqJNYBUTgrt48jJp12vuea1+d1FtXBdxlOEYTuAMXLiEBtxCE1pA4BGe4RXerCfrxXq3PuatJauYOYQ/sD5/AFEYlcg=</latexit>

�inel = �total � �el � �qe
<latexit sha1_base64="QWmPXsR79efxtMilLYo69cNZL8w=">AAACP3icbZA7SwNBEMf3fMb4ilraLAbBxnAXBW2EoI1lBPOA3BH2NpNkye7duTsnhJBvZuNXsLO1sVDE1s7No9AkAwt/fvPYmX+YSGHQdV+dpeWV1bX1zEZ2c2t7Zze3t181cao5VHgsY10PmQEpIqigQAn1RANToYRa2LsZ5WuPoI2Io3vsJxAo1olEW3CGFjVzVd+IjmJNXzHsajWwY+SQXtEZjDEyy09nOSyCDzBs5vJuwR0HnRfeVOTJNMrN3IvfinmqIEIumTENz00wGDCNgksYZv3UQMJ4j3WgYWXEFJhgML5/SI8tadF2rO2LkI7p344BU8b0VWgrRyua2dwILso1UmxfBtaTJEWI+OSjdiopxnRkJm0JDRxl3wrGtbC7Ut5lmnG0lmetCd7syfOiWix4Z4Xi3Xm+dD21I0MOyRE5IR65ICVyS8qkQjh5Im/kg3w6z8678+V8T0qXnGnPAfkXzs8vRvixeQ==</latexit>

—>															in	our	definition	
�absorption = �total � �el

<latexit sha1_base64="mEhmxhNaE+DK0rHkZWNja/OsIaI=">AAACMXicbZBNSwMxEIaz9bt+VT16CRbBi2W3CnoRRC89VrAf0JYym6Y1mGyWZFYoS/+SF/+JeOlBEa/+CbNtD9o6EHh53hky84axFBZ9f+zllpZXVtfWN/KbW9s7u4W9/brViWG8xrTUphmC5VJEvIYCJW/GhoMKJW+Ej7eZ33jixgod3eMw5h0Fg0j0BQN0qFuotK0YKOi2FeCDUSmEVps480b0is6ZqBHkiJ7Oc+5gt1D0S/6k6KIIZqJIZlXtFl7bPc0SxSNkEqxtBX6MnRQMCib5KN9OLI+BPcKAt5yMQHHbSScXj+ixIz3a18a9COmE/p5IQVk7VKHrzHa0814G//NaCfYvO6mI4gR5xKYf9RNJUdMsPtoThjOUQyeAGeF2pe wBDDB0IeddCMH8yYuiXi4FZ6Xy3Xnx+mYWxzo5JEfkhATkglyTCqmSGmHkmbyRd/LhvXhj79P7mrbmvNnMAflT3vcPwZGrug==</latexit>

—>															in	our	definition	
Earlier experiments: mixed up inelastic and production cross sections

e.g.			Denisov,	et.	al	(1973):	 �absorption = �total � �el
<latexit sha1_base64="mEhmxhNaE+DK0rHkZWNja/OsIaI=">AAACMXicbZBNSwMxEIaz9bt+VT16CRbBi2W3CnoRRC89VrAf0JYym6Y1mGyWZFYoS/+SF/+JeOlBEa/+CbNtD9o6EHh53hky84axFBZ9f+zllpZXVtfWN/KbW9s7u4W9/brViWG8xrTUphmC5VJEvIYCJW/GhoMKJW+Ej7eZ33jixgod3eMw5h0Fg0j0BQN0qFuotK0YKOi2FeCDUSmEVps480b0is6ZqBHkiJ7Oc+5gt1D0S/6k6KIIZqJIZlXtFl7bPc0SxSNkEqxtBX6MnRQMCib5KN9OLI+BPcKAt5yMQHHbSScXj+ixIz3a18a9COmE/p5IQVk7VKHrzHa0814G//NaCfYvO6mI4gR5xKYf9RNJUdMsPtoThjOUQyeAGeF2pe wBDDB0IeddCMH8yYuiXi4FZ6Xy3Xnx+mYWxzo5JEfkhATkglyTCqmSGmHkmbyRd/LhvXhj79P7mrbmvNnMAflT3vcPwZGrug==</latexit>

—>															in	our	definition	

e.g.			Carroll,	et.	al	(1979):	 �absorption = �total � �el � �qe
<latexit sha1_base64="XV/3SUFi4WbbPK27RucQfTnOunQ=">AAACRXicbZA9axtBEIb37Hwoyodlu0yzRATSRNzZAacJCLtxKUNkC3RCzK1G0uLd28vuXEAc9+fcuE+Xf+DGhY1xa+9JKhJJAwsvzzvDzL5JpqSjMPwbbG2/ePnqde1N/e279x92Grt7587kVmBXGGVsLwGHSqbYJUkKe5lF0InCi+TypPIvfqN10qQ/aZbhQMMklWMpgDwaNuLYyYmGYayBplYXkDhjs8or+Q++YpIhUCX/uspxE/yF5bDRDFvhvPi6iJaiyZbVGTb+xCMjco0pCQXO9aMwo0EBlqRQWNbj3GEG4hIm2PcyBY1uUMxTKPlnT0Z8bKx/KfE5/XeiAO3cTCe+szrRrXoV3OT1cxp/HxQyzXLCVCwWjXPFyfAqUj6SFgWpmRcgrPS3cjEFC4J88HUfQrT65XVxftCKDlsHZ9+a7eNlHDX2kX1iX1jEjlibnbIO6zLBrtgNu2P3wXVwGzwEj4vWrWA5s8/+q+DpGfy5tE4=</latexit>

—>															in	our	definition	

—>

�prod
<latexit sha1_base64="yEPsx4ElSdARjrEfNEh0CAl91RQ=">AAAB/XicdVDLSsNAFJ34rPUVHzs3g0VwVZIq6LLoxmUF+4A2hMlk0g6dR5iZCDUUf8WNC0Xc+h/u/BsnbYX6OnDhcM693MOJUka18bwPZ2FxaXlltbRWXt/Y3Np2d3ZbWmYKkyaWTKpOhDRhVJCmoYaRTqoI4hEj7Wh4WfjtW6I0leLGjFIScNQXNKEYGSuF7n5P0z5HYY8jM1A8T5WMx6Fb8aveBND7Rb6sCpihEbrvvVjijBNhMENad30vNUGOlKGYkXG5l2mSIjxEfdK1VCBOdJBP0o/hkVVimEhlRxg4UecvcsS1HvHIbhYh9U+vEP/yuplJzoOcijQzRODpoyRj0EhYVAFjqgg2bGQJworarBAPkELY2MLK8yX8T1q1qn9SrV2fVuoXszpK4AAcgmPggzNQB1egAZoAgzvwAJ7As3PvPDovzut0dcGZ3eyBb3DePgFmgJXW</latexit>

�prod
<latexit sha1_base64="yEPsx4ElSdARjrEfNEh0CAl91RQ=">AAAB/XicdVDLSsNAFJ34rPUVHzs3g0VwVZIq6LLoxmUF+4A2hMlk0g6dR5iZCDUUf8WNC0Xc+h/u/BsnbYX6OnDhcM693MOJUka18bwPZ2FxaXlltbRWXt/Y3Np2d3ZbWmYKkyaWTKpOhDRhVJCmoYaRTqoI4hEj7Wh4WfjtW6I0leLGjFIScNQXNKEYGSuF7n5P0z5HYY8jM1A8T5WMx6Fb8aveBND7Rb6sCpihEbrvvVjijBNhMENad30vNUGOlKGYkXG5l2mSIjxEfdK1VCBOdJBP0o/hkVVimEhlRxg4UecvcsS1HvHIbhYh9U+vEP/yuplJzoOcijQzRODpoyRj0EhYVAFjqgg2bGQJworarBAPkELY2MLK8yX8T1q1qn9SrV2fVuoXszpK4AAcgmPggzNQB1egAZoAgzvwAJ7As3PvPDovzut0dcGZ3eyBb3DePgFmgJXW</latexit>

�inel
<latexit sha1_base64="DdJx8KWHYQe0VxqT9qVc+lMMXZs=">AAAB/XicdVDLSgMxFL3js9bX+Ni5CRbBVZmpgi6LblxWsA/oDEMmzbShycyQZIQ6FH/FjQtF3Pof7vwbM22F+joQOJxzb3JywpQzpR3nw1pYXFpeWS2tldc3Nre27Z3dlkoySWiTJDyRnRAryllMm5ppTjuppFiEnLbD4WXht2+pVCyJb/Qopb7A/ZhFjGBtpMDe9xTrCxx4AuuBFLm5ho8Du+JWnQmQ84t8WRWYoRHY714vIZmgsSYcK9V1nVT7OZaaEU7HZS9TNMVkiPu0a2iMBVV+Pkk/RkdG6aEokebEGk3U+Y0cC6VGIjSTRUj10yvEv7xupqNz3/wozTSNyfShKONIJ6ioAvWYpETzkSGYSGayIjLAEhNtCivPl/A/adWq7km1dn1aqV/M6ijBARzCMbhwBnW4ggY0gcAdPMATPFv31qP1Yr1ORxes2c4efIP19glSmJXJ</latexit>

�inel
<latexit sha1_base64="DdJx8KWHYQe0VxqT9qVc+lMMXZs=">AAAB/XicdVDLSgMxFL3js9bX+Ni5CRbBVZmpgi6LblxWsA/oDEMmzbShycyQZIQ6FH/FjQtF3Pof7vwbM22F+joQOJxzb3JywpQzpR3nw1pYXFpeWS2tldc3Nre27Z3dlkoySWiTJDyRnRAryllMm5ppTjuppFiEnLbD4WXht2+pVCyJb/Qopb7A/ZhFjGBtpMDe9xTrCxx4AuuBFLm5ho8Du+JWnQmQ84t8WRWYoRHY714vIZmgsSYcK9V1nVT7OZaaEU7HZS9TNMVkiPu0a2iMBVV+Pkk/RkdG6aEokebEGk3U+Y0cC6VGIjSTRUj10yvEv7xupqNz3/wozTSNyfShKONIJ6ioAvWYpETzkSGYSGayIjLAEhNtCivPl/A/adWq7km1dn1aqV/M6ijBARzCMbhwBnW4ggY0gcAdPMATPFv31qP1Yr1ORxes2c4efIP19glSmJXJ</latexit>
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Measurements for the T2K Experiment



T2K Replica Target Results
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p
p p+T2K replica@ 30 GeV

<latexit sha1_base64="RfIXsJ510iQk6raN1G3QO3ZeLeU=">AAACE3icbVBNS8NAEN3Ur1q/qh69BIsgWkrSCnoselDwUqFf0JSy2U7bpbtJ2N0IJaS/wYt/xYsHRbx68ea/cdNW0NYHA4/3ZpiZ5waMSmVZX0ZqaXlldS29ntnY3Nreye7u1aUfCgI14jNfNF0sgVEPaooqBs1AAOYug4Y7vEr8xj0ISX2vqkYBtDnue7RHCVZa6mRPglOHYzUQPKoWb8cC9FKCYydfdvIla/zjXUM97mRzVsGawFwk9ozk0AyVTvbT6fok5OApwrCULdsKVDvCQlHCIM44oYQAkyHuQ0tTD3OQ7WjyU2weaaVr9nyhy1PmRP09EWEu5Yi7ujO5Uc57ifif1wpV76IdUS8IFXhkuqgXMlP5ZhKQ2aUCiGIjTTARVN9qkgEWmCgdY0aHYM+/vEjqxYJdKlh3Z7ny5SyONDpAh+gY2egcldENqqAaIugBPaEX9Go8Gs/Gm/E+bU0Zs5l99AfGxzevxp4I</latexit>

Z1 Z2 Z3 Z4 Z5 Z6
(This	shows	hadron	distribution	contributing	to	the	T2K	flux,	not	NA61	data)



T2K Replica Target Results
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p
p p+T2K replica@ 30 GeV

<latexit sha1_base64="RfIXsJ510iQk6raN1G3QO3ZeLeU=">AAACE3icbVBNS8NAEN3Ur1q/qh69BIsgWkrSCnoselDwUqFf0JSy2U7bpbtJ2N0IJaS/wYt/xYsHRbx68ea/cdNW0NYHA4/3ZpiZ5waMSmVZX0ZqaXlldS29ntnY3Nreye7u1aUfCgI14jNfNF0sgVEPaooqBs1AAOYug4Y7vEr8xj0ISX2vqkYBtDnue7RHCVZa6mRPglOHYzUQPKoWb8cC9FKCYydfdvIla/zjXUM97mRzVsGawFwk9ozk0AyVTvbT6fok5OApwrCULdsKVDvCQlHCIM44oYQAkyHuQ0tTD3OQ7WjyU2weaaVr9nyhy1PmRP09EWEu5Yi7ujO5Uc57ifif1wpV76IdUS8IFXhkuqgXMlP5ZhKQ2aUCiGIjTTARVN9qkgEWmCgdY0aHYM+/vEjqxYJdKlh3Z7ny5SyONDpAh+gY2egcldENqqAaIugBPaEX9Go8Gs/Gm/E+bU0Zs5l99AfGxzevxp4I</latexit>

Z1 Z2 Z3 Z4 Z5 Z6
(This	shows	hadron	distribution	contributing	to	the	T2K	flux,	not	NA61	data)



T2K Replica Target Results

40Negative pions and kaons have been measured as well. 

Z2 Z2 Z2

p
p

15	θ-bins	for	0	<	θ	<	380	mrad	(Z1-Z5)

10	θ-bins	for	0	<	θ	<	300	mrad	(Z6)( ) 4	θ-bins	for	0	<	θ	<	280	mrad	(Z1-Z5)


2	θ-bins	for	0	<	θ	<	120	mrad	(Z6)( ) 10	θ-bins	for	0	<	θ	<	380	mrad	(Z1-Z5)

8	θ-bins	for	0	<	θ	<	260	mrad	(Z6)( )

Eur. Phys. J. C79, no.2 100 (2019)

p+T2K replica@ 30 GeV
<latexit sha1_base64="RfIXsJ510iQk6raN1G3QO3ZeLeU=">AAACE3icbVBNS8NAEN3Ur1q/qh69BIsgWkrSCnoselDwUqFf0JSy2U7bpbtJ2N0IJaS/wYt/xYsHRbx68ea/cdNW0NYHA4/3ZpiZ5waMSmVZX0ZqaXlldS29ntnY3Nreye7u1aUfCgI14jNfNF0sgVEPaooqBs1AAOYug4Y7vEr8xj0ISX2vqkYBtDnue7RHCVZa6mRPglOHYzUQPKoWb8cC9FKCYydfdvIla/zjXUM97mRzVsGawFwk9ozk0AyVTvbT6fok5OApwrCULdsKVDvCQlHCIM44oYQAkyHuQ0tTD3OQ7WjyU2weaaVr9nyhy1PmRP09EWEu5Yi7ujO5Uc57ifif1wpV76IdUS8IFXhkuqgXMlP5ZhKQ2aUCiGIjTTARVN9qkgEWmCgdY0aHYM+/vEjqxYJdKlh3Z7ny5SyONDpAh+gY2egcldENqqAaIugBPaEX9Go8Gs/Gm/E+bU0Zs5l99AfGxzevxp4I</latexit>
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A production cross section measurement using the attenuation of beam particles


—> Achieved 2% total uncertainty in good agreement with past measurements 

p

Phys. Rev. D 103, 012006 (2021)

p+T2K replica@ 30 GeV
<latexit sha1_base64="RfIXsJ510iQk6raN1G3QO3ZeLeU=">AAACE3icbVBNS8NAEN3Ur1q/qh69BIsgWkrSCnoselDwUqFf0JSy2U7bpbtJ2N0IJaS/wYt/xYsHRbx68ea/cdNW0NYHA4/3ZpiZ5waMSmVZX0ZqaXlldS29ntnY3Nreye7u1aUfCgI14jNfNF0sgVEPaooqBs1AAOYug4Y7vEr8xj0ISX2vqkYBtDnue7RHCVZa6mRPglOHYzUQPKoWb8cC9FKCYydfdvIla/zjXUM97mRzVsGawFwk9ozk0AyVTvbT6fok5OApwrCULdsKVDvCQlHCIM44oYQAkyHuQ0tTD3OQ7WjyU2weaaVr9nyhy1PmRP09EWEu5Yi7ujO5Uc57ifif1wpV76IdUS8IFXhkuqgXMlP5ZhKQ2aUCiGIjTTARVN9qkgEWmCgdY0aHYM+/vEjqxYJdKlh3Z7ny5SyONDpAh+gY2egcldENqqAaIugBPaEX9Go8Gs/Gm/E+bU0Zs5l99AfGxzevxp4I</latexit>

p

Psurvival = e�Ln�prod
<latexit sha1_base64="32mAnPlj/+dCNTn5CBur31eB+38=">AAACGnicbVDLSgMxFM34rPU16tJNsAhuLDNV0I1QdOPCRQX7gM5YMmnahiaZIckUyjDf4cZfceNCEXfixr8x0w6irQcCh3POJfeeIGJUacf5shYWl5ZXVgtrxfWNza1te2e3ocJYYlLHIQtlK0CKMCpIXVPNSCuSBPGAkWYwvMr85ohIRUNxp8cR8TnqC9qjGGkjdWy31vE40gPJExXLER0hlsILSO6T4xvhKdrn6CcQybCbph275JSdCeA8cXNSAjlqHfvD64Y45kRozJBSbdeJtJ8gqSlmJC16sSIRwkPUJ21DBeJE+cnktBQeGqULe6E0T2g4UX9PJIgrNeaBSWZbqlkvE//z2rHunfsJFVGsicDTj3oxgzqEWU+wSyXBmo0NQVhSsyvEAyQR1qbNoinBnT15njQqZfekXLk9LVUv8zoKYB8cgCPggjNQBdegBuoAgwfwBF7Aq/VoPVtv1vs0umDlM3vgD6zPbwVpoh4=</latexit>



Constraint on δCP Phase
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The	most	stringent	constraint	on	the	CP-violating	phase	in	neutrino	oscillations	!!

2σ

3σ



Extracting Oscillation Parameters
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T2K	data

sin
2 θ23

normal	
hierarchy

inverted	
hierarchy

T2K data prefers δCP = -π/2 hypothesis


T2K data weakly prefers non-maximal sin2θ23 


T2K data weakly prefers normal hierarchy 

δCP	=	-π/2

δCP	=	+π/2

δCP	=	0	or	π


