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Focus of This Talk: LBN Beamlines
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Current and future accelerator-based neutrino experiments 

Understanding neutrino flux produced in neutrino beamlines: J-PARC, NuMI, LBNF

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
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Introduction 



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)	

NND /
Z

�ND · � dE⌫

Far	detector	
Count								and							appearance	signals		

				(measure	the	size	of	CP	violation)	
Measure								and							disappearance	

⌫e
<latexit sha1_base64="bPby+yg77RyCKZHWZ1xBfG/ZYt4=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0GPRi8cKpi20oWy2k3bpZhN2N0IJ/Q1ePCji1R/kzX/jts1BWx8MPN6bYWZemAqujet+O6W19Y3NrfJ2ZWd3b/+genjU0kmmGPosEYnqhFSj4BJ9w43ATqqQxqHAdji+m/ntJ1SaJ/LRTFIMYjqUPOKMGiv5PZn1sV+tuXV3DrJKvILUoECzX/3qDRKWxSgNE1TrruemJsipMpwJnFZ6mcaUsjEdYtdSSWPUQT4/dkrOrDIgUaJsSUPm6u+JnMZaT+LQdsbUjPSyNxP/87qZiW6CnMs0MyjZYlGUCWISMvucDLhCZsTEEsoUt7cSNqKKMmPzqdgQvOWXV0nrou5d1t2Hq1rjtoijDCdwCufgwTU04B6a4AMDDs/wCm+OdF6cd+dj0Vpyiplj+APn8wfVW46x</latexit>

⌫µ
<latexit sha1_base64="3+D00a61hd3Np6Nuv9fMtIDJa50=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyqoMegF48RzAOyS5idzCZDZmaXeQhhyUd48aCIV7/Hm3/jJNmDJhY0FFXddHfFGWfa+P63V1pb39jcKm9Xdnb39g+qh0dtnVpFaIukPFXdGGvKmaQtwwyn3UxRLGJOO/H4buZ3nqjSLJWPZpLRSOChZAkj2DipE0rbD4XtV2t+3Z8DrZKgIDUo0OxXv8JBSqyg0hCOte4FfmaiHCvDCKfTSmg1zTAZ4yHtOSqxoDrK5+dO0ZlTBihJlStp0Fz9PZFjofVExK5TYDPSy95M/M/rWZPcRDmTmTVUksWixHJkUjT7HQ2YosTwiSOYKOZuRWSEFSbGJVRxIQTLL6+S9kU9uKz7D1e1xm0RRxlO4BTOIYBraMA9NKEFBMbwDK/w5mXei/fufSxaS14xcwx/4H3+AGyYj54=</latexit>

⌫µ
<latexit sha1_base64="3+D00a61hd3Np6Nuv9fMtIDJa50=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyqoMegF48RzAOyS5idzCZDZmaXeQhhyUd48aCIV7/Hm3/jJNmDJhY0FFXddHfFGWfa+P63V1pb39jcKm9Xdnb39g+qh0dtnVpFaIukPFXdGGvKmaQtwwyn3UxRLGJOO/H4buZ3nqjSLJWPZpLRSOChZAkj2DipE0rbD4XtV2t+3Z8DrZKgIDUo0OxXv8JBSqyg0hCOte4FfmaiHCvDCKfTSmg1zTAZ4yHtOSqxoDrK5+dO0ZlTBihJlStp0Fz9PZFjofVExK5TYDPSy95M/M/rWZPcRDmTmTVUksWixHJkUjT7HQ2YosTwiSOYKOZuRWSEFSbGJVRxIQTLL6+S9kU9uKz7D1e1xm0RRxlO4BTOIYBraMA9NKEFBMbwDK/w5mXei/fufSxaS14xcwx/4H3+AGyYj54=</latexit>

�initial
<latexit sha1_base64="K2lQHqSzdDCUuFKmGUs6gwib+hs=">AAAB/nicbVDLSsNAFL2pr1pfUXHlZrAIrkqigi6LblxWsA9oQphMJ+3QmSTMTIQSCv6KGxeKuPU73Pk3TtostPXAwOGce5l7TphyprTjfFuVldW19Y3qZm1re2d3z94/6Kgkk4S2ScIT2QuxopzFtK2Z5rSXSopFyGk3HN8WfveRSsWS+EFPUuoLPIxZxAjWRgrsI681YoEnsB5JkbOYaYb5NLDrTsOZAS0TtyR1KNEK7C9vkJBM0FgTjpXqu06q/RxLzQin05qXKZpiMsZD2jc0xoIqP5+dP0WnRhmgKJHmxRrN1N8bORZKTURoJos71aJXiP95/UxH174JlWaaxmT+UZRxpBNUdIEGTFKi+cQQTKSJThAZYYmJNo3VTAnuYuRl0jlvuBcN5/6y3rwp66jCMZzAGbhwBU24gxa0gUAOz/AKb9aT9WK9Wx/z0YpV7hzCH1ifP/gcliI=</latexit>

N
FD

/
Z

�
FD

· � · P
osc

dE
⌫

/
Z

R FD
ND

· �
ND

· � · P
osc

dE
⌫

⌫̄e
<latexit sha1_base64="sJty55Xcq3wpnPiFBi4Ehw2ijfQ=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69BIvgqSQq6LHoxWMF+wFJKJvttF262Q27G6GE/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvTjnTxvO+ndLa+sbmVnm7srO7t39QPTxqa5kpii0quVTdmGjkTGDLMMOxmyokScyxE4/vZn7nCZVmUjyaSYpRQoaCDRglxkpBGBOVhyKb9rBXrXl1bw53lfgFqUGBZq/6FfYlzRIUhnKideB7qYlyogyjHKeVMNOYEjomQwwsFSRBHeXzk6fumVX67kAqW8K4c/X3RE4SrSdJbDsTYkZ62ZuJ/3lBZgY3Uc5EmhkUdLFokHHXSHf2v9tnCqnhE0sIVcze6tIRUYQam1LFhuAvv7xK2hd1/7LuPVzVGrdFHGU4gVM4Bx+uoQH30IQWUJDwDK/w5hjnxXl3PhatJaeYOYY/cD5/AJ07kXY=</latexit>

⌫̄µ
<latexit sha1_base64="5I0ixtWXag4JGN6iBYMqBLpNq90=">AAAB9HicbVDLSgNBEOyNrxhfUY9eBoPgKeyqoMegF48RzAOyS5idTJIhM7PrPAJhyXd48aCIVz/Gm3/jJNmDJhY0FFXddHfFKWfa+P63V1hb39jcKm6Xdnb39g/Kh0dNnVhFaIMkPFHtGGvKmaQNwwyn7VRRLGJOW/Hobua3xlRplshHM0lpJPBAsj4j2DgpCmOsslDaaTcUtluu+FV/DrRKgpxUIEe9W/4KewmxgkpDONa6E/ipiTKsDCOcTkuh1TTFZIQHtOOoxILqKJsfPUVnTumhfqJcSYPm6u+JDAutJyJ2nQKboV72ZuJ/Xsea/k2UMZlaQyVZLOpbjkyCZgmgHlOUGD5xBBPF3K2IDLHCxLicSi6EYPnlVdK8qAaXVf/hqlK7zeMowgmcwjkEcA01uIc6NIDAEzzDK7x5Y+/Fe/c+Fq0FL585hj/wPn8AOaKSYw==</latexit>

⌫̄µ
<latexit sha1_base64="5I0ixtWXag4JGN6iBYMqBLpNq90=">AAAB9HicbVDLSgNBEOyNrxhfUY9eBoPgKeyqoMegF48RzAOyS5idTJIhM7PrPAJhyXd48aCIVz/Gm3/jJNmDJhY0FFXddHfFKWfa+P63V1hb39jcKm6Xdnb39g/Kh0dNnVhFaIMkPFHtGGvKmaQNwwyn7VRRLGJOW/Hobua3xlRplshHM0lpJPBAsj4j2DgpCmOsslDaaTcUtluu+FV/DrRKgpxUIEe9W/4KewmxgkpDONa6E/ipiTKsDCOcTkuh1TTFZIQHtOOoxILqKJsfPUVnTumhfqJcSYPm6u+JDAutJyJ2nQKboV72ZuJ/Xsea/k2UMZlaQyVZLOpbjkyCZgmgHlOUGD5xBBPF3K2IDLHCxLicSi6EYPnlVdK8qAaXVf/hqlK7zeMowgmcwjkEcA01uIc6NIDAEzzDK7x5Y+/Fe/c+Fq0FL585hj/wPn8AOaKSYw==</latexit>



Beamline	
Create	intense				

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

6

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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Long-baseline Neutrino Experiments

* ND and FD do not see same flux  

*



LBN Physics Program
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Neutrino oscillation

Neutrino	flux	
	proton	beam	monitor	
	hadron	production	data

ν-nucleus	interaction	model	
	nuclear	model	
	hadron	final	state	interaction

Near	Detector	dataNear	Detector	Fit

Far	Detector	Fit

Oscillation	Parameters

Far	Detector	data
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, , , or
(Normal) (Inverted)

Neutrino-nucleus interaction

⌫µ
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any	other	particles

Near	Detector

Flux	knowledge	is	crucial	!!

Flux	uncertainty	directly	impacts		
precision	of	measurement	in	case	of	
near	detector	physics



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
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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

T2K	magnetic	horn

νµ

—>Non-negligible contribution to the neutrino flux

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

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)

Why Hadron Production Measurements?

11

Leonidas Aliaga (Ph.D Thesis, 2016)

e.g. Five interaction models in Geant 4 

      —> variations neutrino flux prediction  

            ~40% at the focusing peak

However, hadron production prediction is difficult… 

Need to constrain neutrino flux uncertainty 

coming from hadron production

Why Hadron Production Measurements?

NuMI beamline  

(MINERvA flux)

Hadron	production	measurements	with	NA61/SHINE



NA61/SHINE experiment
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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)
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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)

The NA61/SHINE Experiment



NA61/SHINE Experimental Facility
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top-view

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 maximum field 

• Time-of-flight detectors placed downstream  

Precise	tracking	with:	
• Particle	identification	
•Momentum	measurement

(setup	before	2017)



Event Display
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p+C	@	60	GeV	data



Particle Identification Performance
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dE/dx

π+

p

e+

K+

ToF

Good	particle	identification	including		
Bethe-Bloch	overlap	region



Strategy of Measurements in NA61/SHINE
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Thin target: a few % of nuclear interaction length (λ) to study single interactions 

• Total cross sections (inelastic and production cross sections) 

• Measurement of differential cross section

Thin graphite  

target  

(1.5 cm, 3.1% of λ)

Replica (thick) target: same geometry and material as real neutrino beamline 

• Measurement of differential production yields 

• Measurement of beam survival probability

T2K replica  

graphite target  

(90 cm, 1.9 λ)

NuMI replica  

graphite target  

(120 cm, 2.5 λ)



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

• Total cross sections (inelastic and production cross sections) 

                                                               ,   

Thin Target Measurement

19

 —> Results are used to  

correct hadron interaction length  

(probability of interaction)

W(p
1

, p

2

, x

1

, x

2

) =
[P

interaction

· P
escape

]
data

[P
interaction

· P
escape

]
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
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d2n

dpd✓
= N(p, ✓)
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Primary		
protons p

π+

π+
π+

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

correction to neutrino flux prediction  

Replica (thick) 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

✓
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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)
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Psurvival = e�Ln�
prod
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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

22

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

Use	this	definition	through	the	talk	
(T2K	uses	this	definition)

�el
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�
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//NaCfYvO6mI4gR5xKYf9RNJUdMsPtoThjOUQyeAGeF2pewBDDB0IeddCMH8yYuiXi4FZ6Xy3Xnx+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//NaCfYvO6mI4gR5xKYf9RNJUdMsPtoThjOUQyeAGeF2pewBDDB0IeddCMH8yYuiXi4FZ6Xy3Xnx+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>



Series of Data Taking for Neutrino Program
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Measurements for T2K (2007-2010): with proton beam at 30 GeV 

• Thin graphite target measurements to study primary interactions 

• T2K replica graphite target measurements 

      —> Almost complete data analysis 

      —> Further data taking after 2021 is under discussion

Measurements for Fermilab (2015-2018): with various beam types and energies 

• Thin target (C, Be, Al) measurements to study primary and secondary interactions 

• NOvA replica graphite target measurements 

      —> Complete first data taking between 2015 and 2018 

      —> Analysis ongoing 

      —> Further data taking after 2021 is under discussion



24

Measurements for the T2K Experiment



Thin Target 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) ) 

Review	these	results



Thin Target Results
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Eur. Phys. J. C76 (2016) 84

p
p

graphite

p+C@30 GeV
<latexit sha1_base64="ZsYigEKr/FaX4xiNWpnms0IF7D8=">AAACCXicbVDLSsNAFJ3UV62vqEs3g0UQLCWxgi6LXeiygn1AE8pkOmmHziRhZiKUEJdu/BU3LhRx6x+482+ctBG09cCFwzn3cu89XsSoVJb1ZRSWlldW14rrpY3Nre0dc3evLcNYYNLCIQtF10OSMBqQlqKKkW4kCOIeIx1v3Mj8zh0RkobBrZpExOVoGFCfYqS01DdhdOJwpEaCJ43UqdSdSs26/1GuSDvtm2Wrak0BF4mdkzLI0eybn84gxDEngcIMSdmzrUi5CRKKYkbSkhNLEiE8RkPS0zRAnEg3mX6SwiOtDKAfCl2BglP190SCuJQT7unO7EY572Xif14vVv6Fm9AgihUJ8GyRHzOoQpjFAgdUEKzYRBOEBdW3QjxCAmGlwyvpEOz5lxdJ+7Rq16rWzVm5fpnHUQQH4BAcAxucgzq4Bk3QAhg8gCfwAl6NR+PZeDPeZ60FI5/ZB39gfHwDut6ZuA==</latexit> NA61	acceptance	largely	covers	phase-space		

where	T2K	is	interested	in	

(This	shows	hadron	distribution	contributing	to	the	T2K	flux,	not	NA61	data)



Thin Target Results
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Eur. Phys. J. C76 (2016) 84

p
p

graphite

p+C@30 GeV
<latexit sha1_base64="ZsYigEKr/FaX4xiNWpnms0IF7D8=">AAACCXicbVDLSsNAFJ3UV62vqEs3g0UQLCWxgi6LXeiygn1AE8pkOmmHziRhZiKUEJdu/BU3LhRx6x+482+ctBG09cCFwzn3cu89XsSoVJb1ZRSWlldW14rrpY3Nre0dc3evLcNYYNLCIQtF10OSMBqQlqKKkW4kCOIeIx1v3Mj8zh0RkobBrZpExOVoGFCfYqS01DdhdOJwpEaCJ43UqdSdSs26/1GuSDvtm2Wrak0BF4mdkzLI0eybn84gxDEngcIMSdmzrUi5CRKKYkbSkhNLEiE8RkPS0zRAnEg3mX6SwiOtDKAfCl2BglP190SCuJQT7unO7EY572Xif14vVv6Fm9AgihUJ8GyRHzOoQpjFAgdUEKzYRBOEBdW3QjxCAmGlwyvpEOz5lxdJ+7Rq16rWzVm5fpnHUQQH4BAcAxucgzq4Bk3QAhg8gCfwAl6NR+PZeDPeZ60FI5/ZB39gfHwDut6ZuA==</latexit> NA61	acceptance	largely	covers	phase-space		

where	is	important	for	T2K	neutrino	flux	
NA61	data	

(2D)
NA61	data	

(ToF)
NA61	data	
(dE/dx)



Thin Target Results

28
Negative pions and kaons, and V0 particles(      ,    ) productions 

have been measured as well.

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)

total �
prod

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

Eur. Phys. J. C76 (2016) 84

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



Flux Uncertainty with Thin Target Measurements
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Thin target measurements reduced hadron production uncertainty down to ~10%

NA61/SHINE thin target measurements have been used for various T2K results 

    including the recent Nature result

T2K: Phys. Rev. D96 092006 (2017)

T2K: Nature 580, 339-344 (2020)



Replica Target 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 (Analysis ongoing)  Review	these	results



T2K Replica Target Results
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Eur. Phys. J. C79, no.2 100 (2019)

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

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

33Negative 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>



Flux Uncertainty with Replica Target Measurements
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Replica target measurements will improve uncertainty down to < 5% 

    —> For phase space which is not covered by replica target measurements,  

           we still rely on thin target measurements 

           (e.g. re-interactions outside of target)

Lukas Berns (NBI 2019)



T2K Replica Target Results (Systematic Uncertainties)
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p

Track	position	uncertainty	on	the	target	surface.	
—>	Having	additional	tracker	surrounding		
							the	target	to	help	track	extrapolation

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

What was limitation of replica target measurements and how can we do better?

Fr
ac
tio
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NA61	Detector

backward	
extrapolation
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Measurements for the Fermilab Experiments



Facility Upgrade for Fermilab Measurements
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Fermilab long-baseline neutrino experiments have proton beam energy: 

NuMI: 120 GeV,   LBNF: 60 - 120 GeV 

—> Large chance to have forward hadron production with higher momentum 

—> Need to improve NA61/SHINE detector acceptance for the forward region

top-view

3 TPCs (FTPCs) built in 2015-2017

Requirements 

Low mass to minimize multiple 

scattering and beam interactions 

Beam off-time background rejection 

       “Tandem-TPC”concept 

Momentum resolution                                 

(< 10% @ 100 GeV) 

Proton / Pion particle identification 

  —> Our Solution: gaseous (Ar+CO2) TPCs



Forward Time Projection Chambers (FTPCs)

Low mass TPC design

• light	plastic	frame	
• thin	copper-etched	kapton	film	field	cage

Beam off-time background rejection

“Tandem-TPC”	concept

	Construction complete by 2017 and included in data taking since 2017 

A major contribution from the US-NA61 group

(Side-view	of	NA61)

38

(Normal	TPC)

(Tandem	TPC)



FTPC Performance
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no	FTPCs	
(p+C@120	GeV)

with	FTPCs	
(p+C@120	GeV)

Particle acceptance

θ	
(ra

d)
θ	
(ra

d)

p	(GeV/c)

p	(GeV/c)
Greatly	improves	the	forward	acceptance

Beam off-time background rejection 

Can	select	particles	that	arrive	in-time	(=	trigger	timing)
FTPC	performance	paper	has	been	submitted	to	JINST	
(Preprint	—>	arXiv:2004.11358)

Δy	(cm)			
(track	position	mismatch)

Δy	(cm)			
(track	position	mismatch)

Δy	(cm)			
(track	position	mismatch)

https://arxiv.org/abs/2004.11358


Data sets

no magnetic field (2015) with magnetic field (2016) with magnetic field (2017)

p+C (31 GeV/c) p+Al/Be/C (60 GeV/c)           p+C (90 GeV/c)

π++Al/C (31 GeV/c) p+Be/C (120 GeV/c)  p+Be/C (120 GeV/c) 

π++Al/C (60 GeV/c) π++Be/C (60 GeV/c)          π++C (31 GeV/c)

K++Al/C (60 GeV/c)          π++Al (60 GeV/c)

         π 
-+C (60 GeV/c)

Measurements for Fermilab Neutrino Program
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Thin target: various interactions in 2015 - 2017 

• Total cross-section 

• 2015 π+ and K+ beams (Phys. Rev. D98, 052001 (2018))  

• 2016 proton beams (Phys. Rev. D100, 112001 (2019)) 

• 2016 π+ beams (Phys. Rev. D100, 112004 (2019)) (with differential multiplicity analysis) 

(no	FTPCs) (no	FTPCs)

(no	FTPCs)
(no	FTPCs)

(with	FTPCs)

(with	FTPCs)
(with	FTPCs)



Data sets

no magnetic field (2015) with magnetic field (2016) with magnetic field (2017)

p+C (31 GeV/c) p+Al/Be/C (60 GeV/c)           p+C (90 GeV/c)

π++Al/C (31 GeV/c) p+Be/C (120 GeV/c)  p+Be/C (120 GeV/c) 

π++Al/C (60 GeV/c) π++Be/C (60 GeV/c)          π++C (31 GeV/c)

K++Al/C (60 GeV/c)          π++Al (60 GeV/c)

         π 
-+C (60 GeV/c)

Measurements for Fermilab Neutrino Program
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Thin target: various interactions in 2015 - 2017 

(no	FTPCs) (no	FTPCs)

• Differential production multiplicity 

• 2016 π+ beams (Phys. Rev. D100, 112004 (2019)) (with total cross-section analysis)  

• 2016 and 2017 proton beams (analysis ongoing)

(no	FTPCs)
(no	FTPCs)

(with	FTPCs)

(with	FTPCs)
(with	FTPCs)



Measurements for Fermilab Neutrino Program
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Replica target: proton beam @ 120 GeV/c in 2018 on NOvA replica target 

• Large statistics (~18M events) for measurement of differential hadron yields

• Measurement of differential hadron production yields 

• Measurement will be conducted in similar way as T2K replica target measurement 

          —> Possibly additional binning because of asymmetric geometry in φ 

a	typical	event	with		
p	+	NuMI	replica	@	120	GeV

NuMI	replica	target		
installed	in	NA61/SHINE



Thin Target: Total Cross Section
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Precision of measurements: 2~4% (30, 60 GeV/c) and 6~8% (120 GeV/c) 

—> NuMI simulation assumes an uncertainty of 5% for pion interactions, 10-30% for 

kaon interactions, and extrapolates data at lower or higher energy for protons 

—> Can improve NuMI flux predictions 

—> Also relevant for LBNF beamline

Phys. Rev. D98, 052001 (2018)

Al	/	C	/	Be	

⇡+ / K+

p

Phys. Rev. D100, 112004 (2019)

⇡+ / K+ Protons



Thin Target: Charged Hadron Production
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p

Example: ⇡+ +C@60 GeV

⇡+
<latexit sha1_base64="+Ve8wb6gAuJRkZvFN0PIqBYax4Y=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBZBEEqigh6LXjxWMG2hjWWznbZLN5uwuxFK6G/w4kERr/4gb/4bt20O2vpg4PHeDDPzwkRwbVz32ymsrK6tbxQ3S1vbO7t75f2Dho5TxdBnsYhVK6QaBZfoG24EthKFNAoFNsPR7dRvPqHSPJYPZpxgENGB5H3OqLGS30n441m3XHGr7gxkmXg5qUCOerf81enFLI1QGiao1m3PTUyQUWU4EzgpdVKNCWUjOsC2pZJGqINsduyEnFilR/qxsiUNmam/JzIaaT2OQtsZUTPUi95U/M9rp6Z/HWRcJqlByeaL+qkgJibTz0mPK2RGjC2hTHF7K2FDqigzNp+SDcFbfHmZNM6r3kXVvb+s1G7yOIpwBMdwCh5cQQ3uoA4+MODwDK/w5kjnxXl3PuatBSefOYQ/cD5/AGy0jmw=</latexit>

e+
<latexit sha1_base64="JO8KGREu6+fGwBZLZY8Y8wDwwdg=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSIIQklU0GPRi8eK9gPaWDbbSbt0swm7G6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSATXxnW/naXlldW19cJGcXNre2e3tLff0HGqGNZZLGLVCqhGwSXWDTcCW4lCGgUCm8HwZuI3n1BpHssHM0rQj2hf8pAzaqx0j4+n3VLZrbhTkEXi5aQMOWrd0lenF7M0QmmYoFq3PTcxfkaV4UzguNhJNSaUDWkf25ZKGqH2s+mpY3JslR4JY2VLGjJVf09kNNJ6FAW2M6JmoOe9ifif105NeOVnXCapQclmi8JUEBOTyd+kxxUyI0aWUKa4vZWwAVWUGZtO0Ybgzb+8SBpnFe+84t5dlKvXeRwFOIQjOAEPLqEKt1CDOjDowzO8wpsjnBfn3fmYtS45+cwB/IHz+QPkvI2I</latexit>

K+
<latexit sha1_base64="Sff/bvgFu8rdIcrbFxG/ZTrN1+w=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoMgCGFXBT0GvQheIpoHJGuYncwmQ2Znl5leISz5BC8eFPHqF3nzb5w8DppY0FBUddPdFSRSGHTdbye3tLyyupZfL2xsbm3vFHf36iZONeM1FstYNwNquBSK11Cg5M1EcxoFkjeCwfXYbzxxbUSsHnCYcD+iPSVCwSha6f728aRTLLlldwKySLwZKcEM1U7xq92NWRpxhUxSY1qem6CfUY2CST4qtFPDE8oGtMdblioaceNnk1NH5MgqXRLG2pZCMlF/T2Q0MmYYBbYzotg3895Y/M9rpRhe+plQSYpcsemiMJUEYzL+m3SF5gzl0BLKtLC3EtanmjK06RRsCN78y4ukflr2zsru3XmpcjWLIw8HcAjH4MEFVOAGqlADBj14hld4c6Tz4rw7H9PWnDOb2Yc/cD5/AL0gjW4=</latexit>

p
<latexit sha1_base64="jLMUHe2MWm+TZnQuLm7spUTVa3k=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0GPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzUSPrlilt15yCrxMtJBXLU++Wv3iBmaYTSMEG17npuYvyMKsOZwGmpl2pMKBvTIXYtlTRC7WfzQ6fkzCoDEsbKljRkrv6eyGik9SQKbGdEzUgvezPxP6+bmvDGz7hMUoOSLRaFqSAmJrOvyYArZEZMLKFMcXsrYSOqKDM2m5INwVt+eZW0LqreZdVtXFVqt3kcRTiBUzgHD66hBvdQhyYwQHiGV3hzHp0X5935WLQWnHzmGP7A+fwB2sOM9g==</latexit>

d
<latexit sha1_base64="FsiMmKz700uUOZeaDBpd93aRhZY=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0GPRi8cW7Ae0oWw2k3btZhN2N0Ip/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAqujet+O4W19Y3NreJ2aWd3b/+gfHjU0kmmGDZZIhLVCahGwSU2DTcCO6lCGgcC28Hobua3n1BpnsgHM07Rj+lA8ogzaqzUCPvlilt15yCrxMtJBXLU++WvXpiwLEZpmKBadz03Nf6EKsOZwGmpl2lMKRvRAXYtlTRG7U/mh07JmVVCEiXKljRkrv6emNBY63Ec2M6YmqFe9mbif143M9GNP+EyzQxKtlgUZYKYhMy+JiFXyIwYW0KZ4vZWwoZUUWZsNiUbgrf88ippXVS9y6rbuKrUbvM4inACp3AOHlxDDe6hDk1ggPAMr/DmPDovzrvzsWgtOPnMMfyB8/kDyJOM6g==</latexit>

⇡+
<latexit sha1_base64="+Ve8wb6gAuJRkZvFN0PIqBYax4Y=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBZBEEqigh6LXjxWMG2hjWWznbZLN5uwuxFK6G/w4kERr/4gb/4bt20O2vpg4PHeDDPzwkRwbVz32ymsrK6tbxQ3S1vbO7t75f2Dho5TxdBnsYhVK6QaBZfoG24EthKFNAoFNsPR7dRvPqHSPJYPZpxgENGB5H3OqLGS30n441m3XHGr7gxkmXg5qUCOerf81enFLI1QGiao1m3PTUyQUWU4EzgpdVKNCWUjOsC2pZJGqINsduyEnFilR/qxsiUNmam/JzIaaT2OQtsZUTPUi95U/M9rp6Z/HWRcJqlByeaL+qkgJibTz0mPK2RGjC2hTHF7K2FDqigzNp+SDcFbfHmZNM6r3kXVvb+s1G7yOIpwBMdwCh5cQQ3uoA4+MODwDK/w5kjnxXl3PuatBSefOYQ/cD5/AGy0jmw=</latexit>

analysis	binning

Phys. Rev. D100, 112004 (2019)⇡+
<latexit sha1_base64="+Ve8wb6gAuJRkZvFN0PIqBYax4Y=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBZBEEqigh6LXjxWMG2hjWWznbZLN5uwuxFK6G/w4kERr/4gb/4bt20O2vpg4PHeDDPzwkRwbVz32ymsrK6tbxQ3S1vbO7t75f2Dho5TxdBnsYhVK6QaBZfoG24EthKFNAoFNsPR7dRvPqHSPJYPZpxgENGB5H3OqLGS30n441m3XHGr7gxkmXg5qUCOerf81enFLI1QGiao1m3PTUyQUWU4EzgpdVKNCWUjOsC2pZJGqINsduyEnFilR/qxsiUNmam/JzIaaT2OQtsZUTPUi95U/M9rp6Z/HWRcJqlByeaL+qkgJibTz0mPK2RGjC2hTHF7K2FDqigzNp+SDcFbfHmZNM6r3kXVvb+s1G7yOIpwBMdwCh5cQQ3uoA4+MODwDK/w5kjnxXl3PuatBSefOYQ/cD5/AGy0jmw=</latexit>

Binning	of	pions,	kaons,	and	protons	is	optimized	for	each	particle	species	



Thin Target: Charged Hadron Production
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⇡+
<latexit sha1_base64="+Ve8wb6gAuJRkZvFN0PIqBYax4Y=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBZBEEqigh6LXjxWMG2hjWWznbZLN5uwuxFK6G/w4kERr/4gb/4bt20O2vpg4PHeDDPzwkRwbVz32ymsrK6tbxQ3S1vbO7t75f2Dho5TxdBnsYhVK6QaBZfoG24EthKFNAoFNsPR7dRvPqHSPJYPZpxgENGB5H3OqLGS30n441m3XHGr7gxkmXg5qUCOerf81enFLI1QGiao1m3PTUyQUWU4EzgpdVKNCWUjOsC2pZJGqINsduyEnFilR/qxsiUNmam/JzIaaT2OQtsZUTPUi95U/M9rp6Z/HWRcJqlByeaL+qkgJibTz0mPK2RGjC2hTHF7K2FDqigzNp+SDcFbfHmZNM6r3kXVvb+s1G7yOIpwBMdwCh5cQQ3uoA4+MODwDK/w5kjnxXl3PuatBSefOYQ/cD5/AGy0jmw=</latexit>

e+
<latexit sha1_base64="JO8KGREu6+fGwBZLZY8Y8wDwwdg=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSIIQklU0GPRi8eK9gPaWDbbSbt0swm7G6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSATXxnW/naXlldW19cJGcXNre2e3tLff0HGqGNZZLGLVCqhGwSXWDTcCW4lCGgUCm8HwZuI3n1BpHssHM0rQj2hf8pAzaqx0j4+n3VLZrbhTkEXi5aQMOWrd0lenF7M0QmmYoFq3PTcxfkaV4UzguNhJNSaUDWkf25ZKGqH2s+mpY3JslR4JY2VLGjJVf09kNNJ6FAW2M6JmoOe9ifif105NeOVnXCapQclmi8JUEBOTyd+kxxUyI0aWUKa4vZWwAVWUGZtO0Ybgzb+8SBpnFe+84t5dlKvXeRwFOIQjOAEPLqEKt1CDOjDowzO8wpsjnBfn3fmYtS45+cwB/IHz+QPkvI2I</latexit>

K+
<latexit sha1_base64="Sff/bvgFu8rdIcrbFxG/ZTrN1+w=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoMgCGFXBT0GvQheIpoHJGuYncwmQ2Znl5leISz5BC8eFPHqF3nzb5w8DppY0FBUddPdFSRSGHTdbye3tLyyupZfL2xsbm3vFHf36iZONeM1FstYNwNquBSK11Cg5M1EcxoFkjeCwfXYbzxxbUSsHnCYcD+iPSVCwSha6f728aRTLLlldwKySLwZKcEM1U7xq92NWRpxhUxSY1qem6CfUY2CST4qtFPDE8oGtMdblioaceNnk1NH5MgqXRLG2pZCMlF/T2Q0MmYYBbYzotg3895Y/M9rpRhe+plQSYpcsemiMJUEYzL+m3SF5gzl0BLKtLC3EtanmjK06RRsCN78y4ukflr2zsru3XmpcjWLIw8HcAjH4MEFVOAGqlADBj14hld4c6Tz4rw7H9PWnDOb2Yc/cD5/AL0gjW4=</latexit>

p
<latexit sha1_base64="jLMUHe2MWm+TZnQuLm7spUTVa3k=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0GPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzUSPrlilt15yCrxMtJBXLU++Wv3iBmaYTSMEG17npuYvyMKsOZwGmpl2pMKBvTIXYtlTRC7WfzQ6fkzCoDEsbKljRkrv6eyGik9SQKbGdEzUgvezPxP6+bmvDGz7hMUoOSLRaFqSAmJrOvyYArZEZMLKFMcXsrYSOqKDM2m5INwVt+eZW0LqreZdVtXFVqt3kcRTiBUzgHD66hBvdQhyYwQHiGV3hzHp0X5935WLQWnHzmGP7A+fwB2sOM9g==</latexit>

d
<latexit sha1_base64="FsiMmKz700uUOZeaDBpd93aRhZY=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0GPRi8cW7Ae0oWw2k3btZhN2N0Ip/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAqujet+O4W19Y3NreJ2aWd3b/+gfHjU0kmmGDZZIhLVCahGwSU2DTcCO6lCGgcC28Hobua3n1BpnsgHM07Rj+lA8ogzaqzUCPvlilt15yCrxMtJBXLU++WvXpiwLEZpmKBadz03Nf6EKsOZwGmpl2lMKRvRAXYtlTRG7U/mh07JmVVCEiXKljRkrv6emNBY63Ec2M6YmqFe9mbif143M9GNP+EyzQxKtlgUZYKYhMy+JiFXyIwYW0KZ4vZWwoZUUWZsNiUbgrf88ippXVS9y6rbuKrUbvM4inACp3AOHlxDDe6hDk1ggPAMr/DmPDovzrvzsWgtOPnMMfyB8/kDyJOM6g==</latexit>

p

Example: ⇡+ +C@60 GeV Phys. Rev. D100, 112004 (2019)

p
<latexit sha1_base64="jLMUHe2MWm+TZnQuLm7spUTVa3k=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0GPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzUSPrlilt15yCrxMtJBXLU++Wv3iBmaYTSMEG17npuYvyMKsOZwGmpl2pMKBvTIXYtlTRC7WfzQ6fkzCoDEsbKljRkrv6eyGik9SQKbGdEzUgvezPxP6+bmvDGz7hMUoOSLRaFqSAmJrOvyYArZEZMLKFMcXsrYSOqKDM2m5INwVt+eZW0LqreZdVtXFVqt3kcRTiBUzgHD66hBvdQhyYwQHiGV3hzHp0X5935WLQWnHzmGP7A+fwB2sOM9g==</latexit> K+

<latexit sha1_base64="Sff/bvgFu8rdIcrbFxG/ZTrN1+w=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoMgCGFXBT0GvQheIpoHJGuYncwmQ2Znl5leISz5BC8eFPHqF3nzb5w8DppY0FBUddPdFSRSGHTdbye3tLyyupZfL2xsbm3vFHf36iZONeM1FstYNwNquBSK11Cg5M1EcxoFkjeCwfXYbzxxbUSsHnCYcD+iPSVCwSha6f728aRTLLlldwKySLwZKcEM1U7xq92NWRpxhUxSY1qem6CfUY2CST4qtFPDE8oGtMdblioaceNnk1NH5MgqXRLG2pZCMlF/T2Q0MmYYBbYzotg3895Y/M9rpRhe+plQSYpcsemiMJUEYzL+m3SF5gzl0BLKtLC3EtanmjK06RRsCN78y4ukflr2zsru3XmpcjWLIw8HcAjH4MEFVOAGqlADBj14hld4c6Tz4rw7H9PWnDOb2Yc/cD5/AL0gjW4=</latexit>

⇡+
<latexit sha1_base64="+Ve8wb6gAuJRkZvFN0PIqBYax4Y=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBZBEEqigh6LXjxWMG2hjWWznbZLN5uwuxFK6G/w4kERr/4gb/4bt20O2vpg4PHeDDPzwkRwbVz32ymsrK6tbxQ3S1vbO7t75f2Dho5TxdBnsYhVK6QaBZfoG24EthKFNAoFNsPR7dRvPqHSPJYPZpxgENGB5H3OqLGS30n441m3XHGr7gxkmXg5qUCOerf81enFLI1QGiao1m3PTUyQUWU4EzgpdVKNCWUjOsC2pZJGqINsduyEnFilR/qxsiUNmam/JzIaaT2OQtsZUTPUi95U/M9rp6Z/HWRcJqlByeaL+qkgJibTz0mPK2RGjC2hTHF7K2FDqigzNp+SDcFbfHmZNM6r3kXVvb+s1G7yOIpwBMdwCh5cQQ3uoA4+MODwDK/w5kjnxXl3PuatBSefOYQ/cD5/AGy0jmw=</latexit>

e+
<latexit sha1_base64="JO8KGREu6+fGwBZLZY8Y8wDwwdg=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSIIQklU0GPRi8eK9gPaWDbbSbt0swm7G6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSATXxnW/naXlldW19cJGcXNre2e3tLff0HGqGNZZLGLVCqhGwSXWDTcCW4lCGgUCm8HwZuI3n1BpHssHM0rQj2hf8pAzaqx0j4+n3VLZrbhTkEXi5aQMOWrd0lenF7M0QmmYoFq3PTcxfkaV4UzguNhJNSaUDWkf25ZKGqH2s+mpY3JslR4JY2VLGjJVf09kNNJ6FAW2M6JmoOe9ifif105NeOVnXCapQclmi8JUEBOTyd+kxxUyI0aWUKa4vZWwAVWUGZtO0Ybgzb+8SBpnFe+84t5dlKvXeRwFOIQjOAEPLqEKt1CDOjDowzO8wpsjnBfn3fmYtS45+cwB/IHz+QPkvI2I</latexit>

Positively	charged	
tracks

⇡+
<latexit sha1_base64="+Ve8wb6gAuJRkZvFN0PIqBYax4Y=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBZBEEqigh6LXjxWMG2hjWWznbZLN5uwuxFK6G/w4kERr/4gb/4bt20O2vpg4PHeDDPzwkRwbVz32ymsrK6tbxQ3S1vbO7t75f2Dho5TxdBnsYhVK6QaBZfoG24EthKFNAoFNsPR7dRvPqHSPJYPZpxgENGB5H3OqLGS30n441m3XHGr7gxkmXg5qUCOerf81enFLI1QGiao1m3PTUyQUWU4EzgpdVKNCWUjOsC2pZJGqINsduyEnFilR/qxsiUNmam/JzIaaT2OQtsZUTPUi95U/M9rp6Z/HWRcJqlByeaL+qkgJibTz0mPK2RGjC2hTHF7K2FDqigzNp+SDcFbfHmZNM6r3kXVvb+s1G7yOIpwBMdwCh5cQQ3uoA4+MODwDK/w5kjnxXl3PuatBSefOYQ/cD5/AGy0jmw=</latexit>
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K+
<latexit sha1_base64="+I9N9tUB1RN9WnwEWp3FnUj+1ME=">AAAB6nicbVDLSgNBEOz1GeMr6tHLYBAEIexGQY9BL4KXiOYByRpmJ5NkyOzsMtMrhCWf4MWDIl79Im/+jZNkD5pY0FBUddPdFcRSGHTdb2dpeWV1bT23kd/c2t7ZLezt102UaMZrLJKRbgbUcCkUr6FAyZux5jQMJG8Ew+uJ33ji2ohIPeAo5n5I+0r0BKNopfvbx9NOoeiW3CnIIvEyUoQM1U7hq92NWBJyhUxSY1qeG6OfUo2CST7OtxPDY8qGtM9blioacuOn01PH5NgqXdKLtC2FZKr+nkhpaMwoDGxnSHFg5r2J+J/XSrB36adCxQlyxWaLeokkGJHJ36QrNGcoR5ZQpoW9lbAB1ZShTSdvQ/DmX14k9XLJOyuV786LlassjhwcwhGcgAcXUIEbqEINGPThGV7hzZHOi/PufMxal5xs5gD+wPn8Ab3EjXA=</latexit>
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Measured differential production yields  (                                     )⇡+ +C@60 GeV

Phys. Rev. D100, 112004 (2019)
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⇡+
<latexit sha1_base64="bBhuqlD1Iyq8e60NwYHWQfizqNU=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSIIQkmqoMeiF48VTFtoY9lsN+3SzSbsToRS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+Oyura+sbm4Wt4vbO7t5+6eCwYZJMM+6zRCa6FVLDpVDcR4GSt1LNaRxK3gyHt1O/+cS1EYl6wFHKg5j2lYgEo2glv5OKx/NuqexW3BnIMvFyUoYc9W7pq9NLWBZzhUxSY9qem2IwphoFk3xS7GSGp5QNaZ+3LVU05iYYz46dkFOr9EiUaFsKyUz9PTGmsTGjOLSdMcWBWfSm4n9eO8PoOhgLlWbIFZsvijJJMCHTz0lPaM5QjiyhTAt7K2EDqilDm0/RhuAtvrxMGtWKd1Gp3l+Wazd5HAU4hhM4Aw+uoAZ3UAcfGAh4hld4c5Tz4rw7H/PWFSefOYI/cD5/AG1Yjm4=</latexit>

Negative pions and kaons have been measured as well.
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The Armenteros-Podolansky distribution (visualization of V0 candidates)

X-axis:																																			(Asymmetry	in	the	longitudinal	momenta	of	the	child	tracks	with	respect	to	the	V0	track)

Y-axis:	pT		(Transverse	momenta	of	V0	track)

K0
S ! ⇡+⇡�

⇤ ! p⇡� ⇤̄ ! p̄⇡+

Example: ⇡+ +C@60 GeV Phys. Rev. D100, 112004 (2019)⇡+
<latexit sha1_base64="+Ve8wb6gAuJRkZvFN0PIqBYax4Y=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBZBEEqigh6LXjxWMG2hjWWznbZLN5uwuxFK6G/w4kERr/4gb/4bt20O2vpg4PHeDDPzwkRwbVz32ymsrK6tbxQ3S1vbO7t75f2Dho5TxdBnsYhVK6QaBZfoG24EthKFNAoFNsPR7dRvPqHSPJYPZpxgENGB5H3OqLGS30n441m3XHGr7gxkmXg5qUCOerf81enFLI1QGiao1m3PTUyQUWU4EzgpdVKNCWUjOsC2pZJGqINsduyEnFilR/qxsiUNmam/JzIaaT2OQtsZUTPUi95U/M9rp6Z/HWRcJqlByeaL+qkgJibTz0mPK2RGjC2hTHF7K2FDqigzNp+SDcFbfHmZNM6r3kXVvb+s1G7yOIpwBMdwCh5cQQ3uoA4+MODwDK/w5kjnxXl3PuatBSefOYQ/cD5/AGy0jmw=</latexit>
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Example: ⇡+ +C@60 GeV Phys. Rev. D100, 112004 (2019)

analysis	binningK0
S

<latexit sha1_base64="vU09HnNJqvkSNEJFWz/KGxyt8Oc=">AAAB7HicbVBNSwMxEJ3Ur1q/qh69BIvgqexWQY9FL4KXim5baNeSTbNtaDa7JFmhLP0NXjwo4tUf5M1/Y9ruQVsfDDzem2FmXpAIro3jfKPCyura+kZxs7S1vbO7V94/aOo4VZR5NBaxagdEM8El8ww3grUTxUgUCNYKRtdTv/XElOaxfDDjhPkRGUgeckqMlbzbR6d33ytXnKozA14mbk4qkKPRK391+zFNIyYNFUTrjuskxs+IMpwKNil1U80SQkdkwDqWShIx7WezYyf4xCp9HMbKljR4pv6eyEik9TgKbGdEzFAvelPxP6+TmvDSz7hMUsMknS8KU4FNjKef4z5XjBoxtoRQxe2tmA6JItTYfEo2BHfx5WXSrFXds2rt7rxSv8rjKMIRHMMpuHABdbiBBnhAgcMzvMIbkugFvaOPeWsB5TOH8Afo8wcfIY47</latexit>

Binning	of							,					,	and						is	optimized	for	each	particle	species	K0
S

<latexit sha1_base64="expytWorFIIfBWspsFF4ZHT+kIs=">AAAB7HicdVDLSgNBEOyNrxhfUY9eBoPgKexGQY9BL4KXiG4SSNYwO5lNhszOLjO9Qgj5Bi8eFPHqB3nzb5w8BJ8FDUVVN91dYSqFQdd9d3ILi0vLK/nVwtr6xuZWcXunbpJMM+6zRCa6GVLDpVDcR4GSN1PNaRxK3ggH5xO/cce1EYm6wWHKg5j2lIgEo2gl//LW7Vx3iiWv7E5B3F/k0yrBHLVO8a3dTVgWc4VMUmNanptiMKIaBZN8XGhnhqeUDWiPtyxVNOYmGE2PHZMDq3RJlGhbCslU/ToxorExwzi0nTHFvvnpTcS/vFaG0WkwEirNkCs2WxRlkmBCJp+TrtCcoRxaQpkW9lbC+lRThjafwtcQ/if1Stk7KleujkvVs3kcediDfTgED06gChdQAx8YCLiHR3hylPPgPDsvs9acM5/ZhW9wXj8AIKGOPA==</latexit>

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

⇤̄
<latexit sha1_base64="IH+kNnD93Nycg8xlKgUgvt8w2B8=">AAAB9HicdVDJSgNBFHzjGuMW9eilMQiewkwU9Bj04sFDBLNAZghvenqSJj2L3T2BMOQ7vHhQxKsf482/sbMIcSt4UFTV4z3KTwVX2rY/rKXlldW19cJGcXNre2e3tLffVEkmKWvQRCSy7aNigsesobkWrJ1KhpEvWMsfXE381pBJxZP4To9S5kXYi3nIKWojea6PMndvTD7AcbdUdir2FMT+Rb6sMsxR75be3SChWcRiTQUq1XHsVHs5Ss2pYOOimymWIh1gj3UMjTFiysunT4/JsVECEibSTKzJVF3cyDFSahT5Jhmh7quf3kT8y+tkOrzwch6nmWYxnR0KM0F0QiYNkIBLRrUYGYJUcvMroX2USLXpqbhYwv+kWa04p5Xq7Vm5djmvowCHcAQn4MA51OAa6tAACvfwAE/wbA2tR+vFep1Fl6z5zgF8g/X2CdrYkic=</latexit>

⇡+
<latexit sha1_base64="+Ve8wb6gAuJRkZvFN0PIqBYax4Y=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBZBEEqigh6LXjxWMG2hjWWznbZLN5uwuxFK6G/w4kERr/4gb/4bt20O2vpg4PHeDDPzwkRwbVz32ymsrK6tbxQ3S1vbO7t75f2Dho5TxdBnsYhVK6QaBZfoG24EthKFNAoFNsPR7dRvPqHSPJYPZpxgENGB5H3OqLGS30n441m3XHGr7gxkmXg5qUCOerf81enFLI1QGiao1m3PTUyQUWU4EzgpdVKNCWUjOsC2pZJGqINsduyEnFilR/qxsiUNmam/JzIaaT2OQtsZUTPUi95U/M9rp6Z/HWRcJqlByeaL+qkgJibTz0mPK2RGjC2hTHF7K2FDqigzNp+SDcFbfHmZNM6r3kXVvb+s1G7yOIpwBMdwCh5cQQ3uoA4+MODwDK/w5kjnxXl3PuatBSefOYQ/cD5/AGy0jmw=</latexit>
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Example: ⇡+ +C@60 GeV Phys. Rev. D100, 112004 (2019)

analysis	binningK0
S

<latexit sha1_base64="vU09HnNJqvkSNEJFWz/KGxyt8Oc=">AAAB7HicbVBNSwMxEJ3Ur1q/qh69BIvgqexWQY9FL4KXim5baNeSTbNtaDa7JFmhLP0NXjwo4tUf5M1/Y9ruQVsfDDzem2FmXpAIro3jfKPCyura+kZxs7S1vbO7V94/aOo4VZR5NBaxagdEM8El8ww3grUTxUgUCNYKRtdTv/XElOaxfDDjhPkRGUgeckqMlbzbR6d33ytXnKozA14mbk4qkKPRK391+zFNIyYNFUTrjuskxs+IMpwKNil1U80SQkdkwDqWShIx7WezYyf4xCp9HMbKljR4pv6eyEik9TgKbGdEzFAvelPxP6+TmvDSz7hMUsMknS8KU4FNjKef4z5XjBoxtoRQxe2tmA6JItTYfEo2BHfx5WXSrFXds2rt7rxSv8rjKMIRHMMpuHABdbiBBnhAgcMzvMIbkugFvaOPeWsB5TOH8Afo8wcfIY47</latexit>

Binning	of							,					,	and						is	optimized	for	each	particle	species	K0
S

<latexit sha1_base64="expytWorFIIfBWspsFF4ZHT+kIs=">AAAB7HicdVDLSgNBEOyNrxhfUY9eBoPgKexGQY9BL4KXiG4SSNYwO5lNhszOLjO9Qgj5Bi8eFPHqB3nzb5w8BJ8FDUVVN91dYSqFQdd9d3ILi0vLK/nVwtr6xuZWcXunbpJMM+6zRCa6GVLDpVDcR4GSN1PNaRxK3ggH5xO/cce1EYm6wWHKg5j2lIgEo2gl//LW7Vx3iiWv7E5B3F/k0yrBHLVO8a3dTVgWc4VMUmNanptiMKIaBZN8XGhnhqeUDWiPtyxVNOYmGE2PHZMDq3RJlGhbCslU/ToxorExwzi0nTHFvvnpTcS/vFaG0WkwEirNkCs2WxRlkmBCJp+TrtCcoRxaQpkW9lbC+lRThjafwtcQ/if1Stk7KleujkvVs3kcediDfTgED06gChdQAx8YCLiHR3hylPPgPDsvs9acM5/ZhW9wXj8AIKGOPA==</latexit>

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

⇤̄
<latexit sha1_base64="IH+kNnD93Nycg8xlKgUgvt8w2B8=">AAAB9HicdVDJSgNBFHzjGuMW9eilMQiewkwU9Bj04sFDBLNAZghvenqSJj2L3T2BMOQ7vHhQxKsf482/sbMIcSt4UFTV4z3KTwVX2rY/rKXlldW19cJGcXNre2e3tLffVEkmKWvQRCSy7aNigsesobkWrJ1KhpEvWMsfXE381pBJxZP4To9S5kXYi3nIKWojea6PMndvTD7AcbdUdir2FMT+Rb6sMsxR75be3SChWcRiTQUq1XHsVHs5Ss2pYOOimymWIh1gj3UMjTFiysunT4/JsVECEibSTKzJVF3cyDFSahT5Jhmh7quf3kT8y+tkOrzwch6nmWYxnR0KM0F0QiYNkIBLRrUYGYJUcvMroX2USLXpqbhYwv+kWa04p5Xq7Vm5djmvowCHcAQn4MA51OAa6tAACvfwAE/wbA2tR+vFep1Fl6z5zgF8g/X2CdrYkic=</latexit>

K0
S ! ⇡+⇡�

m(K0)PDG = 497.611± 0.013 (MeV)

⇡+
<latexit sha1_base64="+Ve8wb6gAuJRkZvFN0PIqBYax4Y=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBZBEEqigh6LXjxWMG2hjWWznbZLN5uwuxFK6G/w4kERr/4gb/4bt20O2vpg4PHeDDPzwkRwbVz32ymsrK6tbxQ3S1vbO7t75f2Dho5TxdBnsYhVK6QaBZfoG24EthKFNAoFNsPR7dRvPqHSPJYPZpxgENGB5H3OqLGS30n441m3XHGr7gxkmXg5qUCOerf81enFLI1QGiao1m3PTUyQUWU4EzgpdVKNCWUjOsC2pZJGqINsduyEnFilR/qxsiUNmam/JzIaaT2OQtsZUTPUi95U/M9rp6Z/HWRcJqlByeaL+qkgJibTz0mPK2RGjC2hTHF7K2FDqigzNp+SDcFbfHmZNM6r3kXVvb+s1G7yOIpwBMdwCh5cQQ3uoA4+MODwDK/w5kjnxXl3PuatBSefOYQ/cD5/AGy0jmw=</latexit>
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Measured differential production yields  (                                     )⇡+ +C@60 GeV

Phys. Rev. D100, 112004 (2019)

K0
S

<latexit sha1_base64="vU09HnNJqvkSNEJFWz/KGxyt8Oc=">AAAB7HicbVBNSwMxEJ3Ur1q/qh69BIvgqexWQY9FL4KXim5baNeSTbNtaDa7JFmhLP0NXjwo4tUf5M1/Y9ruQVsfDDzem2FmXpAIro3jfKPCyura+kZxs7S1vbO7V94/aOo4VZR5NBaxagdEM8El8ww3grUTxUgUCNYKRtdTv/XElOaxfDDjhPkRGUgeckqMlbzbR6d33ytXnKozA14mbk4qkKPRK391+zFNIyYNFUTrjuskxs+IMpwKNil1U80SQkdkwDqWShIx7WezYyf4xCp9HMbKljR4pv6eyEik9TgKbGdEzFAvelPxP6+TmvDSz7hMUsMknS8KU4FNjKef4z5XjBoxtoRQxe2tmA6JItTYfEo2BHfx5WXSrFXds2rt7rxSv8rjKMIRHMMpuHABdbiBBnhAgcMzvMIbkugFvaOPeWsB5TOH8Afo8wcfIY47</latexit>

⇤̄
<latexit sha1_base64="8eXAZNoHeHkM7zG+1p3tRlXgVr4=">AAAB9HicbVDLSsNAFL2pr1pfVZdugkVwVZIq6LLoxoWLCvYBTSg3k2k7dDKJM5NCCf0ONy4UcevHuPNvnLZZaOuBgcM553LvnCDhTGnH+bYKa+sbm1vF7dLO7t7+QfnwqKXiVBLaJDGPZSdARTkTtKmZ5rSTSIpRwGk7GN3O/PaYSsVi8agnCfUjHAjWZwS1kXwvQJl59yYf4rRXrjhVZw57lbg5qUCORq/85YUxSSMqNOGoVNd1Eu1nKDUjnE5LXqpogmSEA9o1VGBElZ/Nj57aZ0YJ7X4szRPanqu/JzKMlJpEgUlGqIdq2ZuJ/3ndVPev/YyJJNVUkMWifsptHduzBuyQSUo0nxiCRDJzq02GKJFo01PJlOAuf3mVtGpV96Jae7is1G/yOopwAqdwDi5cQR3uoAFNIPAEz/AKb9bYerHerY9FtGDlM8fwB9bnD9lYkiY=</latexit>

⇤
<latexit sha1_base64="+7Vn0mJYfaZ//RcqBhLwm7cUdf0=">AAAB7nicbVC7SgNBFL0bXzG+opY2g0GwCrtR0DJoY2ERwTwgWcLd2dlkyOzsMjMrhJCPsLFQxNbvsfNvnCRbaOKBgcM55zL3niAVXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKWTTFHWpIlIVCdAzQSXrGm4EayTKoZxIFg7GN3O/PYTU5on8tGMU+bHOJA84hSNldq9exsNsV+uuFV3DrJKvJxUIEejX/7qhQnNYiYNFah113NT409QGU4Fm5Z6mWYp0hEOWNdSiTHT/mS+7pScWSUkUaLsk4bM1d8TE4y1HseBTcZohnrZm4n/ed3MRNf+hMs0M0zSxUdRJohJyOx2EnLFqBFjS5AqbncldIgKqbENlWwJ3vLJq6RVq3oX1drDZaV+k9dRhBM4hXPw4ArqcAcNaAKFETzDK7w5qfPivDsfi2jByWeO4Q+czx8M849h</latexit>
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NA61/SHINE thin target data are also useful to improve model prediction 

Measurements for T2K (p+C@31 GeV/c) are used to improve hadronic 

interaction models 

Measurements for Fermilab (various interactions) will be used

Examples of references: 
https://arxiv.org/abs/1910.06417, https://arxiv.org/abs/1109.6768 (Geant4 FTF model) 

https://arxiv.org/abs/1810.09973 (Production of strange particles) 

https://arxiv.org/abs/1107.0374 (UrQMD model) 

https://arxiv.org/abs/1806.01534 (Geant4 QGS model)* 

https://arxiv.org/abs/1404.2026, https://arxiv.org/abs/1308.0736 (pp and pC for higher energy)*

* with NA61 data not presented in this talk

https://arxiv.org/abs/1910.06417
https://arxiv.org/abs/1109.6768
https://arxiv.org/abs/1810.09973
https://arxiv.org/abs/1107.0374
https://arxiv.org/abs/1806.01534
https://arxiv.org/abs/1404.2026
https://arxiv.org/abs/1308.0736
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Measurements for Future Neutrino Experiments



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

53

first	and	second	oscillation	maxima

L. Fields  

(NA61 beyond  

2020 workshop)

first	and	second	oscillation	maxima

Neutrino	flux	
(LBNF/DUNE)	

(LBNF/DUNE)



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…) 

• Uncovered phase-space 

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

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

• Improved precision 

        —> More statistics to reduce statistical uncertainty 

  Replica Target 

• New replica target 

        —> Hyper-K and DUNE targets are under development 

• Improved precision 

        —> More statistics for T2K and NuMI replica target data 

        —> Target tracking detector will be necessary 

Future Hadron Production Measurements

54

all	measurements		
are	possible	with	
NA61/SHINE	
after	upgrade



Future Measurement with NA61/SHINE

55

NA61/SHINE will resume data taking after LS 2

we	are	here

NA61	will	resume	data	taking DUNE	experiment

LBNF	beams



(mainly	for	heavy	ion	program)

(mainly	for	heavy	ion	program)

New	target	detector
(mainly	for	neutrino	program)

New	low-energy	beamline

New	ToF	readout

NA61/SHINE Upgrade Detector

56

Facility upgrades in progress  

• DAQ upgrade: ~1kHz TPC readout 

• New ToF walls with mRPC 

Various ideas under consideration 

• Construction of low-energy beamline  

• New target tracking detector 

So far no major delays 

• covid-19 pandemic may affect upgrade 

schedule, but we still expect upgrade to 

be completed by mid-2021

https://cds.cern.ch/record/2309890

https://cds.cern.ch/record/2309890


NA61/SHINE Upgrade Detector

57

So far no major delays 

• covid-19 pandemic may affect upgrade 

schedule, but we still expect upgrade to 

be completed by mid-2021

https://cds.cern.ch/record/2309890

I’ll	talk	a	bit	about	this

(mainly	for	heavy	ion	program)

(mainly	for	heavy	ion	program)

New	target	detector
(mainly	for	neutrino	program)

New	low-energy	beamline

New	ToF	readout

Facility upgrades in progress  

• DAQ upgrade: ~1kHz TPC readout 

• New ToF walls with mRPC 

Various ideas under consideration 

• Construction of low-energy beamline  

• New target tracking detector 

https://cds.cern.ch/record/2309890


Low-Energy Beamline at NA61/SHINE
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We have started design works for new low-E beamline at CERN SPS H2-bemeline  

• Low-Energy = 1-13 GeV —> the lowest energy NA61 achieved was 13 GeV



Low-Energy Beamline at NA61/SHINE
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Measurements of unconstrained interactions 

pion beam: 1-6 GeV 

proton beam: > 4 GeV 

kaon beam: 1-10 GeV

T2K	/	Hyper-K JSNS2	(J-PARC	E56)	experiment	(sterile	neutrino)	
proton (3 GeV) on mercury target 

No data exist —> Hard to predict BG

(At	MLF	building	in	J-PARC)

Other possible physics cases
Atmospheric	neutrinos

Measurements to 

improve flux predictions

	DUNE	
	Super-K	
	Hyper-K

Muon	to	electron
Measurements to understand 

hadron production on target

We	welcome	new	ideas	and		
collaborators	!!

	Mu2e	(FNAL)	
	COMET	(J-PARC)



Summary

60

Precision hadron production measurements are essential to reduce the 

leading systematic uncertainty on the neutrino flux prediction 

•NA61/SHINE thin and replica target measurements have improved and will 

further improve the flux prediction in T2K 

•NA61/SHINE measurements for the Fermilab neutrino programs are ongoing 

NA61/SHINE is proposing a program extension after LS2 

•Significant facility upgrades allow us to pursue necessary measurements 

There	are	many	opportunities	in	NA61/SHINE.	
We	welcome	new	collaborators	!!



http://shine.web.cern.ch		
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Thank you for your attention!

http://shine.web.cern.ch


		Backup
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Thin vs Replica Data Flux Tuning

63

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)

• Measurement of beam survival probability (                                               ) 

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

pPsurvival = e�Ln�
prod
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Beam Particle Selection
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NA61/SHINE Detector Performance
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typical	momentum	resolution

ToF	resolution

typical	dE/dx	resolution



Thin Target Results
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Eur. Phys. J. C76 (2016) 84

p
p

graphite

p+C@30 GeV
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where	T2K	flux	is	interested	in	

(This	shows	hadron	distribution	contributing		
to	the	T2K	flux,	not	NA61	data)

K0
S
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Thin Target: Systematics of Spectra Measurements
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Measured differential production yields  (                                     )⇡+ +C@60 GeV

Phys. Rev. D100, 112004 (2019)



Requirements for the DUNE experiment 

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

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

Importance of Hadron Production Measurements

L. Fields  

(NA61 beyond  

2020 workshop)

68

Errors on existing pion  
and kaon productions  

on p+C data

Measurements  

with larger statistics

Pion and Kaon  
re-interactions

Nucleon interactions not 
covered by existing data

Total probability of  

interaction in target

Source	of	uncertainty What	we	need	!!

New measurements  

with sufficient large  

acceptance

Measurements 

with π and K beams

Measurements with  

DUNE replica target

first	and	second		
oscillation	maxima



Hardware: Forward TPCs
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NA61/SHINE		
acceptance	
(original)	

(with	FTPCs)
DUNE	with	120	GeV	beam	

(proton	contribution	to	the	neutrino	flux)

Fully cover important phase-space for the LBNF beamline 



Hardware: Forward TPCs

70



Low Momentum Beamline

71

There is a possibility to have a low momentum (< 13 GeV/c) beamline after 2020  

This can be useful for: 

Low momentum hadron data set which does not exist to constrain neutrino flux  

Atmospheric neutrino flux studies 

p+N ! ⇡± +X
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G. Barr 
(NA61 beyond 2020 workshop)
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Heavy Ion Physics in NA61/SHINE
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Cosmic Ray Physics in NA61/SHINE


