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Hadron productions of       and        through primary interactions in the target

—> Primary contribution to the neutrino flux
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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)
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—>Non-negligible contribution to the neutrino flux

⇤
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We want to precisely understand these hadron production and interactions 

= Hadron production “cross section” 

—> Essential input for ν flux prediction  

(good flux knowledge is crucial for accelerator-based ν experiment )



Cross Section? What do we measure?
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1. Total production and inelastic cross sections

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

(See backup slides for more detail)

�total = �elastic + �inelastic

<latexit sha1_base64="7Vu0bZyf8voiH0pllgvRre78pB8=">AAACNHicbVDLSsNAFJ3UV62vqEs3g0UQhJJIQV0IRTeCmwr2AU0ok+m0HTqThJkboZR8lBs/xI0ILhRx6zc4abPQ1gsXDufc5wliwTU4zqtVWFpeWV0rrpc2Nre2d+zdvaaOEkVZg0YiUu2AaCZ4yBrAQbB2rBiRgWCtYHSd6a0HpjSPwnsYx8yXZBDyPqcEDNW1bz3NB5J0PUlgqOQEIiAixZd4jmeCaOA0xSfzilmca1277FScaeBF4OagjPKod+1nrxfRRLIQqJmhO64Tgz8hykwTLC15iWYxoSMyYB0DQyKZ9ifTp1N8ZJge7kfKZAh4yv7umBCp9VgGpjK7VM9rGfmf1kmgf+6bt+IEWEhni/qJwBDhzEHc44pREGMDCFXc3IrpkChCwfhcMia48y8vguZpxa1WLu6q5dpVbkcRHaBDdIxcdIZq6AbVUQNR9Ihe0Dv6sJ6sN+vT+pqVFqy8Zx/9Cev7B6rGrU0=</latexit>

Coherent	elastic	process:		
interaction	on	the	nucleus	

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

�inelastic = �quasi�elastic + �production

<latexit sha1_base64="lGwIFZr8mA4Dd6VXebXnzMniUfE=">AAACP3icbVDLSsNAFJ3UV62vqEs3g0UQxJJIQV0IRTcuK9gHNKVMJpN26EwSZyZCCfkzN/6CO7duXCji1p2TNoimXrhwOOc+jxsxKpVlPRulhcWl5ZXyamVtfWNzy9zeacswFpi0cMhC0XWRJIwGpKWoYqQbCYK4y0jHHV9leueeCEnD4FZNItLnaBhQn2KkNDUw246kQ44GDkdqJHiixzAkFcUpvIAF7S5Gkh7/6EdFPRKhF+Nsbjowq1bNmgacB3YOqiCP5sB8crwQx5wECusFsmdbkeonSOhVjKQVJ5YkQniMhqSnYYA4kf1k+n8KDzTjQT8UOgMFp+zvjgRxKSfc1ZXZqbKoZeR/Wi9W/llfexLFigR4tsiPGVQhzMyEHhUEKzbRAGFB9a0Qj5BAWGnLK9oEu/jyPGif1Ox67fymXm1c5naUwR7YB4fABqegAa5BE7QABg/gBbyBd+PReDU+jM9ZacnIe3bBnzC+vgFkybIu</latexit>

Quasi-elastic	process:		
interaction	on	bound	nucleons

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

Production	process:		
interaction	with	new	hadron		
production	

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

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

Use	this	definition		
through	the	talk
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2. Differential hadron yields (or differential cross section)

Experimentally, we measure differential 

yields (         ), then relate it to differential 

cross section (         ) using measured total 

production cross section 

p

= Hadron production cross section per hadron species and phase-space

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

incoming	
beam

(momentum)

position	Z

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

incoming	
beam

(momentum)

d2�

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

d2n

dpd✓
= N(p, ✓)

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

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>

,

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>

d2n

dpd✓

<latexit sha1_base64="RgB03k6UnCNQfQleQ7p2M9xwSmU=">AAAB/3icbVBNS8NAEN3Ur1q/ooIXL8EieCpJKai3ohePFewHNLFsNpt26WYTdidCiTn4V7x4UMSrf8Ob/8Ztm4O2Phh4vDfDzDw/4UyBbX8bpZXVtfWN8mZla3tnd8/cP+ioOJWEtknMY9nzsaKcCdoGBpz2Eklx5HPa9cfXU7/7QKVisbiDSUK9CA8FCxnBoKWBeeSGEpMsuK+LPAuSwIURBZwPzKpds2ewlolTkCoq0BqYX24QkzSiAgjHSvUdOwEvwxIY4TSvuKmiCSZjPKR9TQWOqPKy2f25daqVwApjqUuANVN/T2Q4UmoS+bozwjBSi95U/M/rpxBeeBkTSQpUkPmiMOUWxNY0DCtgkhLgE00wkUzfapER1oGAjqyiQ3AWX14mnXrNadQubxvV5lURRxkdoxN0hhx0jproBrVQGxH0iJ7RK3oznowX4934mLeWjGLmEP2B8fkDpCCWhw==</latexit>
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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) ( I'll mainly talk about this! ) 

• Measurement of differential yields

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)

( will hear in Simona's talk )

( will hear in Brant's talk )



Total Cross Section Measurement
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p+C	@	60	GeV	data
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p+C	@	60	GeV	data

I	use	p+C@60	GeV	data	analysis	as	an	example	for	the	following	discussion
• Result is published already: Phys. Rev. D100, 112001 (2019) (open access)

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.100.112001

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.100.112001


Experimental Setup for p+C@60 GeV
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top-view

Hadron	beam	
(60	GeV)

Beam	particle	selection	(proton	trigger)	
(p-π-K	separation	using	Cherenkov	detectors)	

Beam	trajectory	measurement

①

②

③
Beam	interaction	on	target

④ Outgoing	particles	pass	through		
the	detector

Tbeam	=	beam	trigger:	

interaction	trigger:	 Tint	=	



Event Selection
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Minimal selection 

WFA (wave form analyzer) cut = timing window cut  

      —> reject if another beam particle pass the beamline close in time (+/- 2μs) 

good BPD cut = beam trajectory reconstruction quality cut 

Radial cut = Kill beam halos which miss trigger counter S4 (mimicking Tint) 

Beam	trajectory	at	the	S4	trigger	counter	position

interaction	trigger:	 Tint	=	



Total Cross Section Measurement
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The probability of a beam particle interaction inside a thin target is proportional to 

thickness L, and number density of the target nuclei n 
The interaction probability can be defined in terms of the interaction cross section

The counts of beam and interaction triggers (Tbeam,	Tint) can be used to estimate 

the trigger probability in experiment 

①

② (N	stands	for	number	of	events	passing	each	trigger	requirement)
int		

From ① and ②, “trigger”cross section can be written as 

③
(NA:	Avogadro’s	number,		
		ρ:	material	density,	
	mA:	atomic	mass		)

trig

For detailed calculation, check 

Phys. Rev. D98, 052001 (2018) 



Total Cross Section Measurement
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Next step is to relate              and              to measured  

   —>            includes contributions from elastic, quasi-elastic, and  production (or inelastic)  

          with some fraction 

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

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

�trig

<latexit sha1_base64="XuGI4gxlkMdNiwsLhzaHfX7JYP0=">AAAB/XicdVDLSgMxFM3UV62v8bFzEyyCqzIpxba7ohuXFewDOsOQSTNtaDIzJBmhDsVfceNCEbf+hzv/xkxbQUUPBA7n3Ms9OUHCmdKO82EVVlbX1jeKm6Wt7Z3dPXv/oKviVBLaITGPZT/AinIW0Y5mmtN+IikWAae9YHKZ+71bKhWLoxs9Tagn8ChiISNYG8m3j1zFRgL7rsB6LEWmJRvNfLvsVBzHQQjBnKD6uWNIs9moogZEuWVQBku0ffvdHcYkFTTShGOlBshJtJdhqRnhdFZyU0UTTCZ4RAeGRlhQ5WXz9DN4apQhDGNpXqThXP2+kWGh1FQEZjIPqX57ufiXN0h12PAyFiWpphFZHApTDnUM8yrgkElKNJ8agolkJiskYywx0aawkinh66fwf9KtVlCt0ryulVsXyzqK4BicgDOAQB20wBVogw4g4A48gCfwbN1bj9aL9boYLVjLnUPwA9bbJ7YTlhQ=</latexit>

�trig = �el · fel + �qe · fqe + �prod · fprod

<latexit sha1_base64="u/yExVHYIBe9lmyjK9aA6sZN15k="></latexit>

�total = �elastic + �inelastic

<latexit sha1_base64="7Vu0bZyf8voiH0pllgvRre78pB8=">AAACNHicbVDLSsNAFJ3UV62vqEs3g0UQhJJIQV0IRTeCmwr2AU0ok+m0HTqThJkboZR8lBs/xI0ILhRx6zc4abPQ1gsXDufc5wliwTU4zqtVWFpeWV0rrpc2Nre2d+zdvaaOEkVZg0YiUu2AaCZ4yBrAQbB2rBiRgWCtYHSd6a0HpjSPwnsYx8yXZBDyPqcEDNW1bz3NB5J0PUlgqOQEIiAixZd4jmeCaOA0xSfzilmca1277FScaeBF4OagjPKod+1nrxfRRLIQqJmhO64Tgz8hykwTLC15iWYxoSMyYB0DQyKZ9ifTp1N8ZJge7kfKZAh4yv7umBCp9VgGpjK7VM9rGfmf1kmgf+6bt+IEWEhni/qJwBDhzEHc44pREGMDCFXc3IrpkChCwfhcMia48y8vguZpxa1WLu6q5dpVbkcRHaBDdIxcdIZq6AbVUQNR9Ihe0Dv6sJ6sN+vT+pqVFqy8Zx/9Cev7B6rGrU0=</latexit>

�inelastic = �quasi�elastic + �production

<latexit sha1_base64="lGwIFZr8mA4Dd6VXebXnzMniUfE=">AAACP3icbVDLSsNAFJ3UV62vqEs3g0UQxJJIQV0IRTcuK9gHNKVMJpN26EwSZyZCCfkzN/6CO7duXCji1p2TNoimXrhwOOc+jxsxKpVlPRulhcWl5ZXyamVtfWNzy9zeacswFpi0cMhC0XWRJIwGpKWoYqQbCYK4y0jHHV9leueeCEnD4FZNItLnaBhQn2KkNDUw246kQ44GDkdqJHiixzAkFcUpvIAF7S5Gkh7/6EdFPRKhF+Nsbjowq1bNmgacB3YOqiCP5sB8crwQx5wECusFsmdbkeonSOhVjKQVJ5YkQniMhqSnYYA4kf1k+n8KDzTjQT8UOgMFp+zvjgRxKSfc1ZXZqbKoZeR/Wi9W/llfexLFigR4tsiPGVQhzMyEHhUEKzbRAGFB9a0Qj5BAWGnLK9oEu/jyPGif1Ox67fymXm1c5naUwR7YB4fABqegAa5BE7QABg/gBbyBd+PReDU+jM9ZacnIe3bBnzC+vgFkybIu</latexit>

Reminder:	cross	section	definition

�trig = �el · fel + �inel · finel

<latexit sha1_base64="g5on8MeyChGhOaAM/Mb5W7ANbwQ=">AAACVHicbZFLSwMxFIUzU6u1vkZdugkWQRDKjBTUhVB047KCfUCnlEyaaUOTyZDcEUrpj9SF4C9x48K0nYV9XAgcvntC7j2JUsEN+P634xZ2irt7pf3yweHR8Yl3etYyKtOUNakSSnciYpjgCWsCB8E6qWZERoK1o/HzvN9+Z9pwlbzBJGU9SYYJjzklYFHfG4eGDyXph5LASMspaD6c4Ue8hpmY4ZAOFOB4hd2sG+0YW6xL2vcqftVfFN4UQS4qKK9G3/sMB4pmkiVABTGmG/gp9KZEA6eCzcphZlhK6JgMWdfKhEhmetNFKDN8ZckAx0rbkwBe0P83pkQaM5GRdc6nNOu9OdzW62YQ3/fsSmkGLKHLh+JMYFB4njAecM0oiIkVhGpuZ8V0RDShYP+hbEMI1lfeFK3balCrPrzWKvWnPI4SukCX6BoF6A7V0QtqoCai6AP9OMhxnC/n1y24xaXVdfI752il3OM/EFa1ZQ==</latexit>

These	are	what	we	want	to	measure

fel, qe, prod, inel

<latexit sha1_base64="r2v80qMqyxET5DpqghrNYlCLBmA=">AAACDXicbVC7TsMwFHV4lvIKMLJYFCSGqkpQJWCrYGEsEn1ITRQ57k1r1XlgO0hV1B9g4VdYGECIlZ2Nv8FpM0DLkex7dO699r3HTziTyrK+jaXlldW19dJGeXNre2fX3NtvyzgVFFo05rHo+kQCZxG0FFMcuokAEvocOv7oOs93HkBIFkd3apyAG5JBxAJGidKSZx7jwHNCooYizIBXnSq+h/xORNzPo36WTzyzYtWsKfAisQtSQQWanvnl9GOahhApyomUPdtKlJsRoRjlMCk7qYSE0BEZQE/TiIQg3Wy6zQSfaKWPg1joEyk8VX93ZCSUchz6ujIfXM7ncvG/XC9VwYWbsShJFUR09lGQcqxinFuD+0wAVXysCaGC6VkxHRJBqNIGlrUJ9vzKi6R9VrPrtcvbeqVxVdhRQofoCJ0iG52jBrpBTdRCFD2iZ/SK3own48V4Nz5mpUtG0XOA/sD4/AEseJph</latexit>

:		fraction	of	events	missing	S4	trigger	counter		

�el, qe

<latexit sha1_base64="poSDoa6DzMgMzfkxGINwDfvd9aQ=">AAACAHicbVBNS8NAEN3Ur1q/oh48eAkWwUMpiRTUW9GLxwr2A5oQNttpu3Q3ibsboYRc/CtePCji1Z/hzX/jps1BWx8MPN6bYWZeEDMqlW1/G6WV1bX1jfJmZWt7Z3fP3D/oyCgRBNokYpHoBVgCoyG0FVUMerEAzAMG3WByk/vdRxCSRuG9msbgcTwK6ZASrLTkm0eupCOOfZdjNRY8BVZzaw+Q+WbVrtszWMvEKUgVFWj55pc7iEjCIVSEYSn7jh0rL8VCUcIgq7iJhBiTCR5BX9MQc5BeOnsgs061MrCGkdAVKmum/p5IMZdyygPdmd8pF71c/M/rJ2p46aU0jBMFIZkvGibMUpGVp2ENqACi2FQTTATVt1pkjAUmSmdW0SE4iy8vk8553WnUr+4a1eZ1EUcZHaMTdIYcdIGa6Ba1UBsRlKFn9IrejCfjxXg3PuatJaOYOUR/YHz+AOpIlqE=</latexit>

:		elastic	and	quasi-elastic	cross	sections

We need to know —> We estimate them using Monte Carlo simulation (MC)

(S4 trigger MC correction factors)



S4 trigger MC correction factors
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Elastic scattering events —> likely forward direction, small chance to be triggered

target

incoming	
beam

elastically	scattered	particle

S4	trigger	
counter

interaction	trigger:	 Tint	=	

Reminder:	interaction	trigger

Production events —> likely large angle production and lower momentum, high 

chance to be triggered

(magnetic	field)

(magnetic	field)target

incoming	
beam

produced	particles

S4	trigger	
counter

For p+C@60 GeV analysis, we used Geant4 physics models to estimate 

MC correction factors  (FTFP_BERT, QGSP_BERT, QBBC, FTF_BIC) 

Estimated	MC	correction	factors	for	p+C@60	GeV	analysis



Results

17Phys. Rev. D100, 112001 (2019)

this	is	p+C@60	GeV this	is	p+C@60	GeV



Systematic Uncertainty
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Target density: it changes the cross section value

S4 size and position: it change value of S4 MC correction factors

(magnetic	field)target

incoming	
beam

produced	particles

S4	trigger	
counter

Physics model uncertainties: we rely on model predictions for MC correction, but 

different physics model can have different predictions



How to Use NA61 data (briefly)

19

p+C	@	60	GeV	data



Application of Thin Target Measurements
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 —> Thin target 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>

in	real	neutrino	target

(Application	of	total	production	cross	section	measurements)



Application of Thin Target Measurements

21

—> Results are used to calculate weights for each  

interactions (    ) to correct neutrino flux predictions

We measure differential production yields (                               ) 

                         (yield of particles per interaction, momentum, radian)

d2n

dpd✓
= N(p, ✓)

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

in	real	neutrino	target
More	detail	on	differential	production	yield	results:	
Brant’s	next	talk.	
(not	covered	by	my	talk)

(Application	of	differential	production	yields)



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

http://shine.web.cern.ch


		Backup
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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

24

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/6k6KIIZqJIZl XtFl7bPc0SxSNkEqxtBX6MnRQMCib5KN9OLI+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/6k6KIIZqJIZl XtFl7bPc0SxSNkEqxtBX6MnRQMCib5KN9OLI+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
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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?
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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
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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



Beam Particle Selection
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Particle Identification Performance
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dE/dx

π+

p

e+

K+

ToF

Good	particle	identification	including		
Bethe-Bloch	overlap	region



NA61/SHINE Detector Performance
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typical	momentum	resolution

ToF	resolution

typical	dE/dx	resolution



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


