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Hadron production process is complex!!
 Primary (p + C/Be ->  and ) and secondary (Hadrons + C/Ti/Al/Cooling Water ..) interactions

 Neutral hadron decay (p + C —>  + X)    (  = ,      , etc)
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Example: 

Accelerator-based experiments
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Cooling water inside 

the T2K horn (H2O)
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We rely on hadronic interaction models to calculate the neutrino flux

• FLUKA (J-PARC/T2K), Geant 4 FTFP_BERT (Fermilab experiments)

Why Hadron Production Measurements?
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Hadron production modeling is tough..


It can reach > 40% uncertainty if we do 
not have any data to constrain hadron 
production and interactions of neutrino 
parents 


Neutrino Flux Prediction

NuMI low-E beam

(MINERvA flux)

Leo Aliaga (Ph.D Thesis, 2016)

To meet the requirement of next-generation experiments,

External hadron production data are crucial!!



Why Hadron Production Measurements?
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Neutrino Flux Uncertainty

NA49 (CERN SPS) data with xF-scaling

DUNE flux (future LBNF, proton 120 GeV)

2nd and 1st  
oscillation  
maxima

More reduction is desirable to achieve physics goals for current and future experiments

—> Same demand for other accelerator-based experiments (T2K, NOvA, SBND, etc)

Laura Fields (NA61++/SHINE Workshop 2022)

Used data
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Flux calculation of these experiments

include hadron production & interactions

Accelerator-based

• (Long-baseline) NOvA, T2K, DUNE, T2HK

• (Short-baseline) SBND, MicroBooNE, ICARUS

Atmospheric

• (Long-baseline FDs) SK, DUNE, HK

• (Primarily for high-E) IceCube, KM3net

Neutron spallation facility

• (Short-baseline) JSNS2, COHERENT

• (Long-baseline) ESSnuSB

Relevant Neutrino Experiments
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Hadron Production Measurements



• Total cross section

Two Types of Measurements
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Thin targets
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   (Differential cross section)

Thin graphite  
target 
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• Differential hadron yields
• Beam attenuation  

(Production cross section)

A few % of λ nuclear targets 

to study single interactions

Exact copy of neutrino 
production targets

NuMI replica graphite target     

(120 cm, 2.5 λ)     

pp, π, K

thin target

(C, Be, Al, etc…)

p
replica target  

(C, Be)     



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

Interaction length: Tune production cross section to external measurement

Multiplicity: Tune differential hadron multiplicity to external measurement

Interaction length Multiplicity

Primary		
protons p

π+

π+
π+

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

Interaction length: Tune production cross section to external measurement

Multiplicity: Tune differential hadron multiplicity to external measurement
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The Main Players

Experiment to Measure the Production of 
Hadrons At Testbeam In Chicagoland

The SPS Heavy Ion and Neutrino Experiment

EMPHATIC @ Fermilab Test Beam FacilityNA61/SHINE @ CERN SPS

(ultimate design)
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Hadron beam: 13-350 GeV/c

Large TPC-based spectrometer

• 2 superconducting magnets (max 9 Tm)


PID with TPC (dE/dx) + ToF

DAQ rate: upgraded to ~1.5 kHz (was ~80 Hz)

Capable of thin and replica target measurements

Hadron beam: 4-120 GeV/c 
Small-scale silicon strip-based spectrometer

• a neodymium permanent magnet (1.2 Tm)


PID with ToF + ARICH + Calorimeter

DAQ rate: 17 kHz (now), up to 30 kHz (future)  

Capable of thin and target+horn measurements

NA61/SHINE @ CERN SPS EMPHATIC @ Fermilab Test Beam Facility

The Main Players

FTPC

MTPC



NA61/SHINE Highlights
12



NA61/SHINE Data Collection History
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publications: 

- PRD 98 052001 (2018) 

- PRD 100 112001 (2019) 

- PRD 100 112004 (2019) 

- PRD 107 072004 (2023)

- PRD 108 072013 (2023)

Phase 1: T2K

protons at 31 GeV/c

- p + C (2cm graphite)  

- p + T2K replica 

      (90 cm graphite)

publications: 

- PRC 84 034604 (2011) 

- PRC 85 035210 (2012) 

- NIMA 701 99-114 (2013)

- PRC 89 025205 (2014)

- EPJC 76 84 (2016)

- EPJC 76 617 (2016) 

- EPJC 79 no.2 100 (2019)

- PRD 103 012006 (2021)

Phase 2: NuMI and LBNF 
hadrons at 60-120 GeV/c

- various thin targets (C, Be, Al)  

- p + NuMI replica 

      (120 cm graphite)

Data collection complete.

More results will come!

Phase 3: T2K, NuMI, LBNF

hadrons at 31-120 GeV/c

- p + T2K replica (x15 data stat.)

- various thin targets (C, Ti)  

- p+DUNE prototype 

    (150 cm graphite)
Data collection is ongoing! 

Analysis complete! Summer 24 run in two weeks!!

LBNF/DUNE prototype target



NA61/SHINE Highlights: Phase 1 for T2K
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Z2 Z2 Z2

p
p

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

31	GeV/c
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p+T2K replica @ 31 GeV/c

Provide constraints on hadron yields exiting the T2K target
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Beam peak @ 600 MeV
Beam peak @ 600 MeV

T2K Flux Prediction with NA61/SHINE Data

Achieved: T2K flux uncertainty down to 5% (~3% from hadron interactions)

Future improvement: off-peak flux uncertainty, intrinsic beam background (anti-ν, νe) 

T2K:	Phys.	Rev.	D87,	012001	(2013) T2K:	Eur.	Phys.	J.C	83,	no.9,	782	(2023)
(NA61/SHINE thin target data only) (NA61/SHINE thin + replica target data)

(For intrinsic beam background, current uncertainty is 5-10% at the beam peak)
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p

Phys. Rev. D 108, 072013 (2023)

NA61/SHINE Highlights: Phase 2 for NuMI/LBNF

C

p

120	GeV/c

<latexit sha1_base64="StojSBdPxg5nsdPAgIR7YVG1QJY=">AAACAXicbVDJSgNBEO2JW4zbqBfBS2MQBCHOBLdjMAc9RjALJCH0dCpJk56F7hoxDPHir3jxoIhX/8Kbf2NnOWjig4LHe1VU1fMiKTQ6zreVWlhcWl5Jr2bW1jc2t+ztnYoOY8WhzEMZqprHNEgRQBkFSqhFCpjvSah6/eLIr96D0iIM7nAQQdNn3UB0BGdopJa9F9Fj2kB4wKRIC9TNO/QaKidD3rKzTs4Zg84Td0qyZIpSy/5qtEMe+xAgl0zruutE2EyYQsElDDONWEPEeJ91oW5owHzQzWT8wZAeGqVNO6EyFSAdq78nEuZrPfA90+kz7OlZbyT+59Vj7Fw2ExFEMULAJ4s6saQY0lEctC0UcJQDQxhXwtxKeY8pxtGEljEhuLMvz5NKPuee585uT7OFq2kcabJPDsgRcckFKZAbUiJlwskjeSav5M16sl6sd+tj0pqypjO75A+szx/pR5Sj</latexit>

p+C @ 120 GeV/c

Provide constraints on 
primary interactions for 
NuMI/LBNF neutrino fluxes



EMPHATIC Highlights
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(ultimate design)



Phase 0 (2018)

- Proof-of-principle (0-20 mrad)


- No spectrometer

- Total cross section measurements in 

forward scattering

EMPHATIC Data Collection History
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Phase 1 (2022-2023)

- Limited phase-space (0-100 mrad)

- 4-120 GeV/c hadron beams beams 


- proton, pion, kaon 

- PRD 106 112008 (2022) 

Data collection complete.

More results will come! 

Super-fancy	
water	target	

Phase 2 (beginning 2024)

- Similar acceptance as Phase 1

-  Install motion table for larger phase-space scan

Leo Aliaga (NuINT 2024)

The new approach with the advantage 
of the small-scale experiment 

Phase 1 datasets



<latexit sha1_base64="2yoRQADik8buNt5GNpHqmDHtX2I=">AAAB8XicbVDLSgMxFM3UV62vqks3wSK4scyIr2XRjcsK9oHtUDJppg3NJCG5I5ahf+HGhSJu/Rt3/o3pY6GtBy4czrmXe++JtOAWfP/byy0tr6yu5dcLG5tb2zvF3b26VamhrEaVUKYZEcsEl6wGHARrasNIEgnWiAY3Y7/xyIzlSt7DULMwIT3JY04JOOmhTbQ26gmfQKdY8sv+BHiRBDNSQjNUO8WvdlfRNGESqCDWtgJfQ5gRA5wKNiq0U8s0oQPSYy1HJUmYDbPJxSN85JQujpVxJQFP1N8TGUmsHSaR60wI9O28Nxb/81opxFdhxqVOgUk6XRSnAoPC4/dxlxtGQQwdIdRwdyumfWIIBRdSwYUQzL+8SOqn5eCifH53Vqpcz+LIowN0iI5RgC5RBd2iKqohiiR6Rq/ozbPei/fufUxbc95sZh/9gff5AzNpkJ8=</latexit>⇡ �t

EMPHATIC Highlights: Phase 0 PoP
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Phys. Rev. D 106, 112008 (2022)

C

p

120	GeV/c

20	GeV/c
30	GeV/c

✓
<latexit sha1_base64="g8INV++WPLOuWdmrCaAELbVf3JM=">AAAB7nicdVBNS8NAEN34WetX1aOXxSJ4Ckmstr0VvXisYD+gDWWz3bRLN5uwOxFK6I/w4kERr/4eb/4bN20FFX0w8Hhvhpl5QSK4Bsf5sFZW19Y3Ngtbxe2d3b390sFhW8epoqxFYxGrbkA0E1yyFnAQrJsoRqJAsE4wuc79zj1TmsfyDqYJ8yMykjzklICROn0YMyDFQans2F694ro17NgXOfMMqdYvnWoNu7YzRxkt0RyU3vvDmKYRk0AF0brnOgn4GVHAqWCzYj/VLCF0QkasZ6gkEdN+Nj93hk+NMsRhrExJwHP1+0RGIq2nUWA6IwJj/dvLxb+8Xgphzc+4TFJgki4WhanAEOP8dzzkilEQU0MIVdzciumYKELBJJSH8PUp/p+0Pds9t73bSrlxtYyjgI7RCTpDLqqiBrpBTdRCFE3QA3pCz1ZiPVov1uuidcVazhyhH7DePgFWgo+V</latexit> (No spectrometer)

Total, elastic, and 
inelastic cross sections 
are measured. 

Statistically-limited 
measurement 
—> systematics are  
       at the few % level



8	GeV/c	π-

EMPHATIC Highlights: Phase 1 Data

20Data with PID and momentum measurement -> Stay tuned! (EMPHATIC work in progress) 

8	GeV/c	beam
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Future Prospects



Beyond Current Program

22

~45m

Low-Energy beamline @ CERN SPS

• Deliver low-E (2-30 GeV/c) hadron  
beams to NA61/SHINE


• Design/feasibility studies complete

• Propose construction soon! (during CERN shutdown: 2026-2027)

EMPHATIC Phase-2 with a motion table

Y. Nagai et al.  
SPSC-P-330-ADD-12 (2021)  

SPSC-M-793 (2022)  
SPSC-M-795 (2023) 

 Exploring unconstrained phase-space

• Low-energy hadron interactions that could 

not be measured with the current setup

 Extension of replica measurements

• Not only “target” but also 

surrounding “horn”

• Scan downstream hadron flux of NuMI Horn 1

• Aim to run in 2025 without powering it

• Future possibility with powering a horn!

Leo Aliaga (NuINT 2024)



Why Hadron Production Measurements?
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Promising Impact to the Future Flux Prediction

If we have p+Be @ 8 GeV/c data with NA61/SHINE low-E beams?

Drastic improvement on the SBND flux error at the BNB beamline!

(Will have a big impact on SBND cross section measurements, and DUNE! )

SBND  

flux uncertainty 

(current)

<latexit sha1_base64="bPWNf0fRjat0cnR2ybx2zboB/Pc=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8cIxgSyS5idzCZDZmaXeQhhyUd48aCIV7/Hm3/jJNmDJhY0FFXddHfFGWfa+P63V1pZXVvfKG9WtrZ3dveq+wePOrWK0BZJeao6MdaUM0lbhhlOO5miWMSctuPR7dRvP1GlWSofzDijkcADyRJGsHFSO5S2Fwrbq9b8uj8DWiZBQWpQoNmrfoX9lFhBpSEca90N/MxEOVaGEU4nldBqmmEywgPadVRiQXWUz86doBOn9FGSKlfSoJn6eyLHQuuxiF2nwGaoF72p+J/XtSa5jnImM2uoJPNFieXIpGj6O+ozRYnhY0cwUczdisgQK0yMS6jiQggWX14mj2f14LJ+cX9ea9wUcZThCI7hFAK4ggbcQRNaQGAEz/AKb17mvXjv3se8teQVM4fwB97nD28uj6Y=</latexit>⌫µ

SBND  

flux uncertainty 

(potential impact of new NA61 data)

<latexit sha1_base64="bPWNf0fRjat0cnR2ybx2zboB/Pc=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8cIxgSyS5idzCZDZmaXeQhhyUd48aCIV7/Hm3/jJNmDJhY0FFXddHfFGWfa+P63V1pZXVvfKG9WtrZ3dveq+wePOrWK0BZJeao6MdaUM0lbhhlOO5miWMSctuPR7dRvP1GlWSofzDijkcADyRJGsHFSO5S2Fwrbq9b8uj8DWiZBQWpQoNmrfoX9lFhBpSEca90N/MxEOVaGEU4nldBqmmEywgPadVRiQXWUz86doBOn9FGSKlfSoJn6eyLHQuuxiF2nwGaoF72p+J/XtSa5jnImM2uoJPNFieXIpGj6O+ozRYnhY0cwUczdisgQK0yMS6jiQggWX14mj2f14LJ+cX9ea9wUcZThCI7hFAK4ggbcQRNaQGAEz/AKb17mvXjv3se8teQVM4fwB97nD28uj6Y=</latexit>⌫µ

SBND (work in progress)



Why Hadron Production Measurements?
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Promising Impact to the Future Flux Prediction
If we have p+N (or p+C) @ 2-15 GeV/c data with NA61/SHINE low-E beams?

Notable improvement on sub-GeV to multi-GeV atmospheric neutrino flux!

(These are CP and mass-hierarchy sensitive regions)

plots available in
Y. Nagai et al.,  

SPSC-M-793 (2022) 

Plots produced by 
Bartol group0.1	GeV 1.0	GeV 10	GeV 0.1	GeV 1.0	GeV 10	GeV

0.1	GeV 1.0	GeV 10	GeV 0.1	GeV 1.0	GeV 10	GeV
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Posters Related to Hadron Production & Flux Prediction

Check them out !!

poster #309

Amelia Camino
NA61/SHINE:

Material modeling: poster #338

Sakiko Nishimori 

Flux simulation: poster #233

Lucas Machado

(Tuesday at 5:30 pm)

“NA61/SHINE Hadron Production Measurements 

  for Neutrino Oscillation Analyses”

“Improved prediction of the T2K neutrino beam 
flux by estimation of hadronic secondary 

interactions in the cooling water of magnetic horns 
using measurement-based material modeling”

“Neutrino Beams Simulations for the Hyper-
Kamiokande experiment and target alternatives”



Summary
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 Hadron production experiments provide critical data to reduce the leading  
 systematic uncertainty on neutrino flux predictions


 Running experiments, NA61/SHINE and EMPHATIC, are making measurements 
to improve neutrino flux predictions for

• accelerator-based experiments (long-baseline & short-baseline)

• relevant neutrino experiments (atmospheric neutrinos, neutron spallation facility)


 Lots of recent complementary activities by NA61/SHINE and EMPHATIC

• A very established experiment with various interaction data collected 

• Exploring new phase-space with low-E hadron beams down to 2 GeV/c


• A novel experiment with Proof-of-Principle successfully demonstrated

• Exploring a new approach to gaining accelerator neutrino flux knowledge

Need hadron data? Join our effort!!
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Thank you very much          
for your attention !!

The speaker is supported by the National Research Development and Innovation Office (NKFIH) in Hungary  
through the OTKA grant FK 137812 and TKP grant 2021-NKTA-64.



		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

29

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	above	definition	
�absorption = �total � �el

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

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

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

—>															in	above	definition	

e.g.			Carroll,	et.	al	(1979):	 �absorption = �total � �el � �qe
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—>															in	above	definition	

—>

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

OK	Slide	
!!!

Inelastic		
process
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A production cross section measurement using the attenuation of beam particles

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

p

Phys. Rev. D 103, 012006 (2021)

p

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

NA61/SHINE: Phase 1 for T2K
<latexit sha1_base64="8APioQXyrgsDnm6DiHB1diQAr4Y=">AAACCnicbVDJSgNBEO2JW4xb1KOX1iAIQpyJ6zHoQcFLhGyQhNDTqSRNeha6a8Qw5OzFX/HiQRGvfoE3/8bOctDEBwWP96qoqueGUmi07W8rMTe/sLiUXE6trK6tb6Q3t8o6iBSHEg9koKou0yCFDyUUKKEaKmCeK6Hi9q6GfuUelBaBX8R+CA2PdXzRFpyhkZrp3ZAe0jrCA8bF3C1VYJZyRvP02KHXUD4a8GY6Y2ftEegscSYkQyYoNNNf9VbAIw985JJpXXPsEBsxUyi4hEGqHmkIGe+xDtQM9ZkHuhGPXhnQfaO0aDtQpnykI/X3RMw8rfueazo9hl097Q3F/7xahO2LRiz8MELw+XhRO5IUAzrMhbaEAo6ybwjjSphbKe8yxTia9FImBGf65VlSzmWds+zp3UkmfzmJI0l2yB45IA45J3lyQwqkRDh5JM/klbxZT9aL9W59jFsT1mRmm/yB9fkDrTeYXA==</latexit>

p+T2K replica @ 31 GeV/c
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C

p K0
S ! ⇡+⇡�

⇤ ! p⇡�

⇤̄ ! p̄⇡+

NA61/SHINE Highlights: Phase 2 for NuMI/LBNF

120	GeV/c

<latexit sha1_base64="StojSBdPxg5nsdPAgIR7YVG1QJY=">AAACAXicbVDJSgNBEO2JW4zbqBfBS2MQBCHOBLdjMAc9RjALJCH0dCpJk56F7hoxDPHir3jxoIhX/8Kbf2NnOWjig4LHe1VU1fMiKTQ6zreVWlhcWl5Jr2bW1jc2t+ztnYoOY8WhzEMZqprHNEgRQBkFSqhFCpjvSah6/eLIr96D0iIM7nAQQdNn3UB0BGdopJa9F9Fj2kB4wKRIC9TNO/QaKidD3rKzTs4Zg84Td0qyZIpSy/5qtEMe+xAgl0zruutE2EyYQsElDDONWEPEeJ91oW5owHzQzWT8wZAeGqVNO6EyFSAdq78nEuZrPfA90+kz7OlZbyT+59Vj7Fw2ExFEMULAJ4s6saQY0lEctC0UcJQDQxhXwtxKeY8pxtGEljEhuLMvz5NKPuee585uT7OFq2kcabJPDsgRcckFKZAbUiJlwskjeSav5M16sl6sd+tj0pqypjO75A+szx/pR5Sj</latexit>

p+C @ 120 GeV/c

K0
S ! ⇡+⇡�

⇤ ! p⇡�⇤̄ ! p̄⇡+

K0
S ! ⇡+⇡�

Provide constraints on 
primary interactions for 
NuMI/LBNF neutrino fluxes

Phys. Rev. D 107, 7, 072004 (2023)



32

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

• It was 5% for pions, 15-30% for kaons 

• First measurement on proton at 120 GeV

Phys. Rev. D98, 052001 (2018)

Al	/	C	/	Be	

⇡+ / K+

p

Phys. Rev. D100, 112004 (2019)

⇡+ / K+ Protons

NA61/SHINE: Phase 2 (Total Cross Section)



Upgrade Plan: Extending Hadron Beam Energy

33
~45m

Low-Energy Beamline Project

• A project to build a new branch beamline to deliver low-energy hadron beams


• Low-Energy = 1-30 GeV (30-350 GeV can be covered by the current beamline configuration)

Project documents

Y. Nagai et al.  
SPSC-P-330-ADD-12 (2021)  

SPSC-M-793 (2022)  
SPSC-M-795 (2023) 


