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Focus of This Talk: LBN Beamlines
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Current and future long-baseline neutrino beamlines 

NuMI beamline (120 GeV proton beam)
experiments: NOvA (and MINERvA)

J-PARC beamline (30 GeV proton beam)
experiments: T2K, T2HK

Hyper-Kamiokande LBNF beamline (60 - 120 GeV proton beam
                           not yet determined) 
experiment: DUNE



Beamline	
Create	intense				

										and							beams		
				by	shooting	proton			
				beams	on	target,		
				focusing	hadrons,	
				and	letting	them		
				decay	to	neutrinos	

Long-Baseline Neutrino Experiments
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Near	detector	
Flux	and	cross-section	constraint	for	
far	detector	prediction	
Near	detector	physics	measurements		

			(e.g.	neutrino-nucleus	cross-sections)	
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Far	detector	
Count								and							appearance	signals		

				(measure	the	size	of	CP	violation)	
Measure								and							disappearance	
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My	talk	focuses	on	this	part		
to	precisely	know	a	priori	neutrino	flux�initial
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How to Make a Neutrino Beam
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Hadron productions of       and        through primary interactions in the target

—> Primary contribution to the neutrino flux

T2K	target

(p + C, p + Be)

π+
µ+

B

B

magnetic horn

target

νµ
Primary		
protons νe

e+

π0K+



How to Make a Neutrino Beam

6

B

B

magnetic horn

target

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

Λ0

T2K	horn

νµ

—>Non-negligible contribution to the neutrino flux



Why Hadron Production Measurements?
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Hadron Production is the leading uncertainty source of the flux prediction 

J-PARC beamline (T2K flux) 

Beam	peak	@	600	MeV	
															(off-axis)

T2K:	Phys.	Rev.	D87,	012001	(2013)

NuMI beamline (MINERvA flux) 

(low energy configuration) 

MINERvA:	Phys.	Rev.	D94,	092005	(2016)	
(only	hadron	production-relating	errors)

Beam	peak	@	3.5	GeV	(on-axis)



We rely on hadronic interaction models for the neutrino flux predictions 

FLUKA (J-PARC/T2K), Geant4 FTFP_BERT (NuMI experiments) 

Precision neutrino flux prediction is a key for: 

neutrino oscillation measurements (                   ,                   ) 

various near detector measurements (direct             )

Why Hadron Production Measurements?

8Leonidas Aliaga (Ph.D Thesis, 2016)

e.g. Five interaction models in Geant 4 

      —> variations neutrino flux prediction  

            ~40% at the focusing peak

�ND · �
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However, hadron production prediction is difficult 

Need to constrain neutrino flux uncertainty 

coming from hadron production

Why Hadron Production Measurements?

NuMI beamline  

(MINERvA flux)
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Hadron Production Experiments

LHC

NA61/SHINE EMPHATIC

CERN SPS North Area 

• Hadron beam: 13-350 GeV/c 

Large acceptance  

• TPCs as the main tracking detector 

• Momentum measurement 

• Particle ID with TPC and ToF 

Thin and Replica target measurements 

Completed approved data taking 

• Program extension for 2021-2024

Fermilab Test Beam Facility (FTBF) 

• Hadron beam: 0.2-120 GeV/c 

Forward precision measurement 

• Silicon and emulsion detectors as 

the tracking detectors 

• No momentum measurement yet 

Thin target measurements 

Completed test data taking in 2018 

• Upgrade is under consideration

Former  

Experiments

MIPP 

• Fermilab 

HARP 

• CERN PS 

NA56/SPY 

• CERN SPS 

.	.
	.

(about	150	collaborators) (about	20	collaborators)
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Thin Target Measurements

1.5	cm	thin	graphite	target



• Measurement of total cross sections 

• Measurement of differential cross sections  

Strategy of Thin Target Measurements
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Correction is applied for each interaction (    )
Primary		
protons p

π+

π+
π+

Λ0

Thin target: a few % of λ nuclear targets to study single interactions
p, π, K

thin target 

(C, Be, Al, 

 etc…)

Thin target measurements are used to re-weight hadron interaction model predictions

• Interaction rate tuning:  

                                   ( x: travel distance, ρ: target material density ) 

• Differential production tuning: 

W =
�data

�MC
e�x(�data��MC)⇢
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p



Production	process:		
interaction	with	new	hadron	production		
—>	

Quasi-elastic	process:		
interaction	on	bound	nucleons	—>

Coherent	elastic	process:		
interaction	on	the	nucleus		—>	

Thin Target: Total Cross section
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Not all experiments use same definition for total cross section

Use	this	definition	through	the	talk	
(T2K	uses	this	definition)
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NuMI flux tuning definition:
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—>															in	our	definition	�inel
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Earlier experiments: mixed up inelastic and production cross sections

e.g.			Denisov,	et.	al	(1973):	 �
absorption

= �
total

� �
el
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—>															in	our	definition	�inel
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e.g.			Carroll,	et.	al	(1979):	 �
absorption

= �
total

� �
el

� �
qe
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—>															in	our	definition	�
prod
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NA61/SHINE: Total Cross section (π+, K+)
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Precision of new measurements: 2~3% 

—> NuMI simulation assumes an uncertainty of 5% for pion reinteractions and 

10-30% for kaon reinteractions 

—> Greatly reduce the uncertainty, especially for kaon interactions

NA61/SHINE: Phys. Rev. D98, No.5 052001 (2018)

Al	/	C	

⇡+ / K+

Main	objective:	
Fermilab	beamlines
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NA61/SHINE: Total Cross section (protons)
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Precision of measurements: 2-3% (stat. + syst.), ~1% (el model), 2-8% (qe, inel model) 

—> Improved precision for 60 GeV protons, first measurement for 120 GeV protons 

—> Future measurement to reduce model uncertainty is desirable 

       (one of the EMPHATIC's physics goal)

NA61/SHINE: Paper under preparation

Al	/	Be	/	C	

protons

Main	objective:	
J-PARC	beamline	(30	GeV)	
Fermilab	beamlines	(all)

Brand	new	results!!



NA61/SHINE: Differential Cross section (protons)
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Negative pions and kaons, and V0 particles(      ,    ) 

production have been measured as well 

NA61/SHINE: Eur. Phys. J. C76 (2016) 84

p
p

graphite

(11	θ-bins	for	0	<	θ	<	420	mrad) (9	θ-bins	for	0	<	θ	<	360	mrad) (10	θ-bins	for	0	<	θ	<	360	mrad)

p+C@30 GeV
<latexit sha1_base64="ZsYigEKr/FaX4xiNWpnms0IF7D8=">AAACCXicbVDLSsNAFJ3UV62vqEs3g0UQLCWxgi6LXeiygn1AE8pkOmmHziRhZiKUEJdu/BU3LhRx6x+482+ctBG09cCFwzn3cu89XsSoVJb1ZRSWlldW14rrpY3Nre0dc3evLcNYYNLCIQtF10OSMBqQlqKKkW4kCOIeIx1v3Mj8zh0RkobBrZpExOVoGFCfYqS01DdhdOJwpEaCJ43UqdSdSs26/1GuSDvtm2Wrak0BF4mdkzLI0eybn84gxDEngcIMSdmzrUi5CRKKYkbSkhNLEiE8RkPS0zRAnEg3mX6SwiOtDKAfCl2BglP190SCuJQT7unO7EY572Xif14vVv6Fm9AgihUJ8GyRHzOoQpjFAgdUEKzYRBOEBdW3QjxCAmGlwyvpEOz5lxdJ+7Rq16rWzVm5fpnHUQQH4BAcAxucgzq4Bk3QAhg8gCfwAl6NR+PZeDPeZ60FI5/ZB39gfHwDut6ZuA==</latexit>

Main	objective:	
J-PARC	beamline	(30	GeV)



Measured negative pions and kaons, protons, and V0 particles (    ,    ) as well

NA61/SHINE: Differential Cross section (π+)
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p

C	/	Be
NA61/SHINE: paper in preparation

Main	objective:	
Fermilab	beamlines⇡+ +C/Be@60GeV

<latexit sha1_base64="0Z8Rpf0il6p/wLtO1Uk0P5phUzg=">AAACE3icbVDLSgNBEJz1GeMr6tHLYBDEhLgbRT2G5KDHCOYB2RhmJ51kyOyDmVkhLPkHL/6KFw+KePXizb9xNllBEwsaiqpuurucgDOpTPPLWFhcWl5ZTa2l1zc2t7YzO7t16YeCQo363BdNh0jgzIOaYopDMxBAXIdDwxlWYr9xD0Iy37tVowDaLul7rMcoUVrqZI7tgN3lcrZL1EC4UQWf4DKM7XzJzp+bdv5Hv4L6uJPJmgVzAjxPrIRkUYJqJ/Npd30auuApyomULcsMVDsiQjHKYZy2QwkBoUPSh5amHnFBtqPJT2N8qJUu7vlCl6fwRP09ERFXypHr6M74RjnrxeJ/XitUvct2xLwgVODR6aJeyLHycRwQ7jIBVPGRJoQKpm/FdEAEoUrHmNYhWLMvz5N6sWCdFoo3Z9lSOYkjhfbRATpCFrpAJXSNqqiGKHpAT+gFvRqPxrPxZrxPWxeMZGYP/YHx8Q1OUpyP</latexit>

NA61/SHINE	Preliminary NA61/SHINE	Preliminary NA61/SHINE	Preliminary

Multiplicity (particles produced per production interaction) is shown



17

Replica (Thick) Target Measurements

T2K	replica	target	
(90cm	graphite	rod,	1.9	λ)

NuMI	replica	target	
(120cm	graphite	fins,	2.5	λ)



• Measurement of hadron production yields 

• Measurement of beam survival probability 

Strategy of Replica Target Measurements

18

Correction is applied to each exiting point  (     )

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

replica target

Replica target measurements are used to re-weight hadron yield predictions

• Differential production tuning: 

In addition, measurement of beam survival probability will 

be used to study beam interaction rate in target 

—> This will be important to understand thin vs replica 

based tuning discrepancy (discussed later) 

d3n/dp d✓ dz
<latexit sha1_base64="nl7Rb3n8HrpiR9mcXCQKNsjNdwE=">AAAB/XicbZDLSsNAFIYn9VbrLV52boJFcCE1aQVdFt24rGAv0MQymUzaoZNJmDkR2lB8FTcuFHHre7jzbZy2WWj1h4GP/5zDOfP7CWcKbPvLKCwtr6yuFddLG5tb2zvm7l5LxakktEliHsuOjxXlTNAmMOC0k0iKI5/Ttj+8ntbbD1QqFos7GCXUi3BfsJARDNrqmQfBfU2cBYl7GrgwoIA1jHtm2a7YM1l/wcmhjHI1euanG8QkjagAwrFSXcdOwMuwBEY4nZTcVNEEkyHu065GgSOqvGx2/cQ61k5ghbHUT4A1c39OZDhSahT5ujPCMFCLtan5X62bQnjpZUwkKVBB5ovClFsQW9MorIBJSoCPNGAimb7VIgMsMQEdWEmH4Cx++S+0qhWnVqnenpfrV3kcRXSIjtAJctAFqqMb1EBNRNAYPaEX9Go8Gs/Gm/E+by0Y+cw++iXj4xuGrZSh</latexit>

position	Z

Primary		
protons

π+

K+

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

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



NA61/SHINE: T2K Replica Target

19Negative pions and kaons have been measured as well  

Z2 Z2 Z2

NA61/SHINE: Eur. Phys. J. C79, no.2 100 (2019)

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)( )

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



NA61/SHINE: T2K Replica Target (Systematic)
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p

What was limitation of measurements? 

Track	position	uncertainty	on	the	target	surface.	
—>	Having	additional	tracker	surrounding		
							the	target	to	help	track	extrapolation	
—>	Future	detector	upgrade	is	necessary

p NA61	Detector	Complex
backward	

extrapolation

NA61/SHINE: Eur. Phys. J. C79, no.2 100 (2019)
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T2K Flux Uncertainty with Hadron Production Data Set
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Thin target measurements improved T2K flux uncertainty down to 10% 

Replica target measurements will improve uncertainty down to ~5% 

   (Replica tuning in figure only considers pions.  

    Result will further improve with kaons and protons taken into account !! )

T2K	Work	in	Progress



NA61/SHINE: NuMI Replica Target
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Complete data taking in 2018 with NuMI Replica Target (NOvA configuration) 

Data analysis will start soon

a	typical	event	with		
p	+	NuMI	replica	@	120	GeV

NuMI	replica	target	
(120cm,	2.5	λ)



Thin vs Replica Data Flux Tuning
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MINERvA:	Phys.	Rev.	D94,	092005	(2016)T2K	(T.	Vladisavljevic):	arXiv:1804.00272	

Difference observed for both T2K and NuMI beamlines 

    —> Due to beam interaction rate? 

This issue needs to be understood 

    —> Measurements of beam attenuation, further precision total cross section

(MIPP	replica	target	measurement)
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Future Prospect

http://www.hyperk.org

https://www.dunescience.org

http://www.hyperk.org
https://www.dunescience.org


Towards J-PARC/Hyper-K (off-axis) and LBNF/DUNE (on-axis) 

• “Total”systematic uncertainty: below 5% for neutrino oscillation measurements 

           —> goal for flux: 2-3% on flux uncertainty for broad range of energies!!

Requirements for Future LBN Experiments
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first	and	second	oscillation	maxima

L. Fields  

(NA61 beyond  

2020 workshop)

first	and	second	oscillation	maxima

Neutrino	flux	



What do we need before the start of next generation LBN experiments? 

  Thin Target 

• Uncovered materials 

           —> With various nuclear targets (Al, Fe, Ti, Water, etc…) 

           —> With new target material (SiC, Super-Sialon) 

• Uncovered phase-space 

           —> T2K: low momentum (1-5 GeV/c) hadron interactions  

           —> DUNE:        and        re-interactions (30-60 GeV/c)  

• Improved precision 

           —> More statistics to reduce statistical uncertainty 

           —> Direct measurement of         ,         ,  

  Replica Target 

• New replica target 

           —> Hyper-K and DUNE targets are under development 

• Improved precision 

           —> Tracking detector upgrade is necessary 

Future Hadron Production Measurements

26

�el
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Main	players

• NA61/SHINE	in	2021-2024	
• EMPHATIC	upgrade

• NA61/SHINE	in	2021-2024



Future Hadron Production Experiments
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Facility upgrades in progress  

• DAQ upgrade: ~1kHz TPC readout 

• new ToF walls with mRPC 

Various ideas under consideration 

• Construction of low momentum beamline  

• New target tracking detector 

(mainly	for	heavy	ion	program)

(mainly	for	heavy		
ion	program)

EMPHATIC

Facility upgrades under consideration 

• Beam particle ID below 15 GeV/c 

• Large acceptance 

• Momentum measurement with magnet

NA61/SHINE



Summary
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Precise hadron production measurements are essential to reduce the leading 

systematic uncertainty on the neutrino flux prediction 

•Thin and replica measurements reduce flux uncertainty down to < 5% (T2K) 

•Rich hadron production data has been collected and being analyzed 

(NA61/SHINE) 

•Dedicated forward measurement has started to understand total cross 

sections more precisely (EMPHATIC) 

More precise hadron production measurement is necessary for future LBN 

•Significant facility upgrades are planned and ongoing (NA61/SHINE, 

EMPHATIC), which allows new measurements with thin target (NA61/SHINE, 

EMPHATIC) and replica target (NA61/SHINE)




