New results for neutrino and cosmic-ray physics
from NAG61/SHINE

Neutrino physics program

I N E Published: p+C at 120 GeV/c (neutral and charged hadron production)

Analysis in progress: p+C at 60 GeV/c and 90 GeV/c,
p+replica targets (T2K, NOVA)

Next step: p+DUNE replica at 120 GeV/c, low-energy hadron interactions

Cosmic-ray physics program

Yoshikazu Nagai Published: -+C at 158 and 350 GeV/c
for the NA61/SHINE collaboration neutral and charged hadron production

ELTE

Eotvos Lorand _ _
University Next step: Nuclear fragmentation measurements for Galactic

cosmic-ray physics

Preliminary result: nuclear fragments from C+p at 13.5A GeV/c

Analysis in progress: Deuteron production in p+p at 158 GeV/c




Neutrino and Cosmic-Ray physics program: Motivation

Neutrino physics ®B
. +
« Hadron production measurements to reduce the target z K+
leading uncertainty on neutrino flux predictions o
rimary
protons

Cosmic-ray physics

« Air shower data
« hadron production measurements to improve air
shower model
+ Galactic cosmic-ray data
« Nuclear fragmentation cross-section measurement
» (anti-)deuteron production cross-section measurement

; s_o'ur_c‘;e" :
g 12C_+pISM - B, Be, Li Y

s i2c+p ")11C* m -"C’—)"B+ ki i, R A \ '-f:. ;
T Prem v P Pl S fluorescence telescope particle detector



New Neutrino Results: Charged hadrons from p+C at 120 GeV/c

NuMI (LBNF) beamline at Fermilab uses (will likely use) 120 GeV/c protons on a thick graphite target
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Phys. Rev. D 108, 072013 (2023)

Measured spectra of i+, K+, p, and p are compared to model predictions including forward acceptance

important for neutrino flux prediction.
Results are compared with several model predictions.


https://doi.org/10.1103/PhysRevD.108.072013
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New Neutrino Results: Neutral hadrons from p+C at 120 GeV/c
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Phys. Rev. D 107, 072004 (2023)

2022 SPSC annual report

W New Neutrino Result: Neutral Hadrons from p+C @ 120 GeV/c -

Phase space coverage for KOs
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* Neutrino beamlines for current and future long-baseline experiments at Fermilab use (and

likely will use) 120 GeV/c protons

+ First results on production of K°_, A, A submitted to PRD

*+ Results in a single angular bin for K% shown above
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* Results in a single angular bin for A° are shown above

+ Results for production of charged hadrons (r+,m, K*,K-, p) should be released soon

The preliminary results were reported in the SPSC open session last year.



https://doi.org/10.1103/PhysRevD.107.072004

New Cosmic-Ray Results: 1-+C interactions at 158 and 350 GeV/c

p production in +C interactions at 158 GeV/c
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Phys. Rev. D 107, 062004 (2023)

 Finalized hadron production measurements for
- charged hadrons (1=, K, p, p)

 neutral hadrons (K%, A, A)
« Completed hadron production studies to understand

air showers induced by ultra-high energy cosmic rays

Reminder:
* meson resonance production with the same dataset

Eur. Phys. J. C 77, no.9, 626 (2017)



https://doi.org/10.1103/PhysRevD.107.062004
https://doi.org/10.1140/epjc/s10052-017-5184-z

New Cosmic-Ray Results: Nuclear fragments from C+p at 13.5A GeV/c
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- a small stat. 2018 pilot run on C+p interactions at 13.5A GeV/c (20k interactions on C projectiles)
« Measurement of 1B and 9B production cross-sections: PoS ICRC2023 (2023) 075
- c.f. Already derived total B production (PoS ICRC2019 (2020) 446) and 11C production (PoS ICRC2021 (2021))
- The technique to extract interactions on proton from C and PE has been established
- One week of data (4 x10° total interactions) will give a future big boost 6



https://doi.org/10.22323/1.444.0075
https://doi.org/10.22323/1.358.0446
https://doi.org/10.22323/1.395.0102
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Cosmic-Ray Physics: Impact of new NA61/SHINE nuclear fragment data

Reduction of transport parameter uncertainties
by future measurements
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Prospects with future NA61/SHINE data

The flux ratios of secondary to primary cosmic-ray are a key
observable for Galactic cosmic-ray physics

+ Drastic improvement in transportation model and flux prediction

uncertainties
« precise understanding of cosmic-ray propagation
+ understanding of Li-excess and F-anomaly
« improved prediction of astrophysical anti-proton
« improved determination of cosmic-ray halo size of Milky Way 7



Cosmic-Ray analysis in progress : (anti-)deuteron production in p+p at 158 GeV/c

Data-driven template fit on a (p, pr) bin

time-of igh Promising result
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Charged hadron beams down to 2 GeV/c

Opens up many new physics opportunities beyond current program
Design and feasibility studies of the H2 branch beamline completed




Low-E Beams: Physics Motivation

Reduction on atmospheric neutrino flux uncertainty

Accelerator-based neutrino experiments
_ Long-baseline: T2K, Hyper-K, LBNF/DUNE
| © Short-baseline: Booster Neutrinos (SBND, MicroBooNE, ICARUS)|
Atmospheric neutrino experiments
~ Sub-GeV and Multi-GeV neutrinos: Super-K, Hyper-K, DUNE
Spallation neutron source neutrino experiments
i  JSNS2? at J-PARC MLF (sterile neutrino search)l
~ COHERENT at ORNL (coherent elastic neutrino scattering)

Muon experiments
~ COMET at J-PARC (muon to electron)

Fermilab short-baseline JSNS? experiment
Two high-priority physics cases
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Low-Energy Beamline Project

A project to build a new branch of the H2 beamline to deliver low-energy hadron beams
- Low-Energy = 2-13 GeV/c (>13 GeV/c can be covered by the current beamline configuration)
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- Several groups (Japan, UK, and US) expressed interest in measurements with low-energy beams
« Discussion ongoing to join NA61/SHINE as limited member institutes 11



Low-Energy Beamline Project

n

the minutes of the 146th meeting of the SPSC (2022)

7.2 NAG6I low energy beam line
The SPSC recognizes the scientific value of the improvements that the low-energy beamline could bring to
the knowledge of the neutrino cross sections and recommends that the corresponding technical feasibility
be studied in detail.

"

Engineering Change Request (2023)

VALIDITY

= Memorandum to SPSC(2023)

_smcrmtoms ) oo e Technical feasibility studies complete

SN . In response to the minutes of the SPSC

"BEAM LINE FOR LOW-ENERGY PARTICLE - Details on the necessary changes are given in ECR
BEAMS Memorandum to the SPSC:

BRIEF DESCRIPTION OF THE PROPOSED CHANGE(S): Answer to the request raised in the minutes of the 146th ° Summarized in 'the memorandum
Switching between high-E and low-E operations

ENGINEERING CHANGE REQUEST

Tris document describesthe necessay changes t nstall  new trtry branch ofthe 12 meeting of the SPSC regarding the Low Energy Beam
line (designated H2-LE), to be located in nfretote I
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S 5 - Beam instrumentation (Japan, 120 kCHF)

R is not for immediate implementation, and only the technical aspects
are here-in discussed. The pl g & resource: pect ubjed

e « Vacuum hardware (USA, under discussion)

- Install new magnets and new beam instrumentation.
- Connect existing power supplies.
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Datasets collected

 Strong interaction physics

Summary: Physics Results

« Pb+Pb: 30M events (2022) + 150M events (2023)
« Neutrino and cosmic-ray physics
« Fermilab neutrino physics: > 250M events (2023)

« k+C at 60 GeV/c

- p+Tiand p+C at 120 GeV/c

New physics results

« Strong interaction physics results on p+p,
Xe+La, and Ar+Sc interactions

+ hadron production in p+C interactions

 nuclear fragmentation in C+p interactions
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Summary: Requests to SPSC

2024 beam request « Lead beam
* Primary oxygen beam - One week of fragmented Pb beam at 13A GeV/c
* Four days at 150A GeV/c « Physics: nuclear fragmentation cross-section
- Test: post-LS3 measurements with light ion beams, » SPSC-P-330-ADD-10 (Sec.7), SPSC-SR-336 (App.A)
nuclear fragmentation cross-section - Three weeks of Pb beam at 150A GeV/c
« SPSC-P-330-ADD-13, SPSC-P-330-ADD-14 * Physics: charm production in Pb+Pb collisions
- Secondary proton and hadron beams - SPSC-P-330-ADD-10 (Section 4), SPSC-M-792

* Four weeks of proton beam at 120 GeV/c

* Physics: had.ron yield measurements with a DUNE + We request an SPSC recommendation for light ion
replica target beams

SPSC-SR-336 (Section 6.1) |

-+ Post-LS3 light ion beams

Low-Energy beamline
+ We request an SPSC recommendation to be

proposed for the Research Board approval for

YETS 24-25 construction
- SPSC-P-330-ADD-12, SPSC-M-793, SPSC-M-795

« Two weeks of hadron beam at various momenta
« Test: PSD calibration, liquid hydrogen target

operation, commissioning before lead run
« SPSC-SR-336 (Section 6.1)

&

We also plan measurements with lead and hadron beams in 2025

We would like to thank the CERN EP, BE, HSE, and EN Departments for their strong support of NA61/SHINE 14


https://cds.cern.ch/record/2810689
https://cds.cern.ch/record/2867952
https://cds.cern.ch/record/2309890
https://cds.cern.ch/record/2878507
https://cds.cern.ch/record/2878507
https://cds.cern.ch/record/2309890
https://cds.cern.ch/record/2878507
https://cds.cern.ch/record/2309890
https://cds.cern.ch/record/2799311
https://cds.cern.ch/record/2783037
https://cds.cern.ch/record/2810696
https://cds.cern.ch/record/2878748
https://cds.cern.ch/record/2867952

Thank you for your attention!

http://shine.web.cern.ch
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http://shine.web.cern.ch

Azerbaijan

* NNRC

National Nuclear Research Center, Baku, Azerbaijan

A. Rustamov

The NA61/SHINE Collaboration

Norway

Bulgaria

* University of Sofia
Faculty of Physics, University of Sofia, Sofia, Bulgaria

M. Bogomilov, S. Ilieva, D. Kolev, R. Tsenov

University of Bergen
University of Bergen, Bergen, Norway

D. Rohrich

University of Oslo

University of Oslo, Oslo, Norway

I.-C. Arsene, A. Merzlaya, T.S. Tveter

France

o LPNHE
LPNHE, Sorbonne University, CNRS/IN2P3, Paris, France

A. Blondel, C. Dalmazzone, J. Dumarchez

Poland

Germany

* KIT

Karlsruhe Institute of Technology, Karlsruhe, Germany

N. Amin, R. Engel, H.-J. Mathes, M. Roth, M. Unger, D. Veberi¢

Hungary
* HUN-REN Wigner RCP
HUN-REN Wigner Research Centre for Physics, Budapest, Hungary

Z. Fodor, A. Lészl6, B. Porfy

* ELTE
Edtvs Lordnd University, Budapest, Hungary

M. Csanad, Y. Nagai

Japan
¢ KEK Tsukuba
Institute for Particle and Nuclear Studies, Tsukuba, Japan

M. Friend, T. Nakadaira, S. Nishimori, K. Sakashita

* Okayama University
Okayama University, Japan

Y. Koshio, Y. Shiraishi

UJK

Jan Kochanowski University, Kielce, Poland

H. Adhikary, A. Bazgir, Y. Bondar, T. Czopowicz, M. Gazdzicki, O. Panova, I. Pidhurskyi, V.Z. Reyna Ortiz, M. Rybczynski, P. Seyboth, U.A. Shah,

G. Stefanek, O. Wyszyfski

IFJ PAN

Institute of Nuclear Physics, Polish Academy of Sciences, Cracow, Poland
S. Bhosale, N. Davis, M. Kietbowicz, A. Marcinek, V. Ozvenchuk, £.. Rozptochowski, A. Rybicki

NCBJ

National Centre for Nuclear Research, Warsaw, Poland
P. Adrich, M. Bielewicz, B. Maksiak, D. Pszczel, E. Rondio, J. Stepaniak, £.. \'Swiderski, J. Szewifiski

Jagiellonian University
Jagiellonian University, Cracow, Poland

M. Bajda, J. Brzychczyk, Z. Majka, R. Ptaneta, P. Staszel

AGH
AGH - University of Science and Technology, Cracow, Poland

W. Kucewicz, L. Mik, K. Witek

University of Silesia
University of Silesia, Katowice, Poland

Y. Balkova, S. Kowalski, S. Putawski, R. Renfordt, K. Schmidt, M. Urbaniak, K. Wéjcik

University of Warsaw
University of Warsaw, Warsaw, Poland

W. Dominik, M. Kuich, T. Matulewicz, P. Podlaski, M. Posiadata-Zezula

University of Wroctaw
University of Wroctaw, Wroctaw, Poland

M. Kuchowicz, M. Lewicki, M. Naskret, R. Szukiewicz, L. Turko, O. Vitiuk, E. Zherebtsova

WUT

Warsaw University of Technology, Warsaw, Poland

W. Brylifiski, J. Cybowska, K. Grebieszkow, B. Koztowski, M. Mackowiak-Pawtowska, M. Stodkowski, A. Tefelska, D. Tefelski

Russia

INR Moscow

Institute for Nuclear Research, Moscow, Russia

M. Golubeva, F. Guber, A. Ivashkin, A. Izvestnyy, N. Karpushkin, A. Kurepin, A. Makhnev, S. Morozov, O. Petukhov, V. Volkov

JINR Dubna

Joint Institute for Nuclear Research, Dubna, Russia

M. Buryakov, A. Dmitriev, V. Golovatyuk, V.A. Kireyeu, R. Kolesnikov, A. Krasnoperov, G. Lykasov, V.V. Lyubushkin, A.I. Malakhov, V. Matveev,
G.L. Melkumov, B.A. Popov, M. Rumyantsev, V. Tereshchenko, A. Zaitsev

MEPhI Moscow

National Research Nuclear University (Moscow Engineering Physics Institute), Moscow, Russia

A. Brandin, O. Golosov, N. Kargin, E. Kashirin, M. Strikhanov, A. Taranenko

SPBU

St. Petersburg State University, St. Petersburg, Russia

E.V. Andronov, G.A. Feofilov, S.N. Igolkin, V.N. Kovalenko, D.S. Prokhorova, A.Yu. Seryakov, EF. Valiev, V.V. Vechernin, A. Zviagina

Serbia

University of Belgrade
University of Belgrade, Belgrade, Serbia

M. Cirkovié, J. Puzovié

USA

Fermilab
Fermilab, Batavia, USA

A. Wickremasinghe, R. Zwaska

University of Notre Dame
University of Notre Dame, Notre Dame, USA

D. Battaglia, L. Fields, A. Olivier

University of Colorado
University of Colorado, Boulder, USA

K K. Allison, A.D. Marino, L. Ren, B.T. Rumberger, E.D. Zimmerman

University of Hawaii
University of Hawaii at Manoa, Honolulu, USA

P. von Doetinchem, A. Shukla

University of Pittsburgh
University of Pittsburgh, Pittsburgh, USA

AF. Camino, V. Paolone

16



The NA61/SHINE Limited Membership
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Analyses in Progress

p+C at 60 GeV/c (Fermilab)
« 2016 dataset
* no FTPCs
« Reported preliminary result in 2021 SPSC report
« Found a discrepancy in neutral hadron yields
compared to other momenta
« Addressing the problem
« Plans: neutral and charged hadron yields

p+NOVA target at 120 GeV/c (Fermilab)

« 2018 dataset
- with FTPCs
« Data calibration in progress
+ Plans: charged hadron yields

p+ 12K target at 31 GeV/c (J-PARC)

p+C at 90 GeV/c (Fermilab)

« 2017 dataset
- with FTPCs

 Trigger issue prevents extraction of total cross-section
+ a dedicated dataset collected in July 2023

« Plans: neutral and charged hadron yields

- 2022 dataset
- with FTPCs
« with upgraded DAQ
« Data calibration in progress
« Plans: neutral and charged hadron yields

p+C at 90 GeV/c (Fermilab)

« 2023 dataset
« magnet off

- A dedicated dataset for total cross-section

« Plans: extract total cross-section '




2025 plans

Physics with lead beams

* Open charm measurements:
* Physics: four weeks of Pb beam at 150A GeV/c

Physics with hadron beams

- Low-energy hadron beams for neutrino physics:

« Construction: beamline deployment during the YETS 24-25

« Commissioning: one-week pilot run

* Physics: several weeks dedicated to SBN at Fermilab and JSNS2 at J-PARC
* Proton beam at 300 GeV/c for cosmic-ray physics:

« Construction: MRPC ToF-R detector before data taking

« Commissioning: one-week pilot run

* Physics: several weeks dedicated for anti-deuteron production



