PHYSICAL REVIEW D 112, 012011 (2025)

Measurements of hadron production
in 90 GeV/c proton-carbon interactions

H. Adhikary,ll P. Adrich,13 K. K. Allison,24 N. Amin,4 E. V. Andronov,zo I-C. Arsene,10 M. Bajda,14 Y. Ba.lkova,16

D. Battaglia,23 A. Bazgir,Il S. Bhosale,12 M. Bielewicz,13 A. Blondel,3 M. Bogornilov,2 Y. Bondar,” W. Bryliﬁski,19
1. Brzychczyk,]4 M. Buryakov,zo A FE Camino,26 Y. Chamdak,24 M. Cirkovié,21 M. Csana’ld,6 J. Cybowskal,l9 T. Czopowicz,”
C. Dalmazzone,3 N. Davis,12 A. Dmitlriev,20 P. von Doetinchem,25 W. Dominik,17 J. Dumarchez,3 R. Engel,4 G. A. Feoﬁlov,20
L. Fields,23 Z. Fodor,s’]8 M. Friend,” M. Gaidzicki,11 K.E. Gollwitzer,22 0. Golosov,20 V. Golovatyuk,20 M. Golubeva,20
K. Grebieszkow,19 F. Guber,20 P.G. Hurh,22 S. Ilieva,2 A. Ivashkin,20 A. Izvestnyy,zo N. Karpushkin,20 M. Kieibowicz,]2
V. A. Kireyeu,20 R. Kolesnikov,20 D. KoleV,2 Y. Koshio,8 S. Kowalski,16 B. Kozlowski,19 A. Klrasnoperov,20 W. Kucewicz,15

M. Kuchowicz,]8 M. Kuich,'” A. Kurepin,20 A. Lisz16,” M. Lewicki,12 G. Lykasov,zo V. V. Lyubushkin,20
M. Maékowiak-Pawlowska,]g A. Makhnev,20 B. Malksiak,]3 A L Mallakhov,20 A. Marcinek,12 A.D. Marino ,24

H.-J. Mathes,4 T. Matulewicz,17 V. Matveev,zo G.L. Melkumov,20 A. Merzlaya,lo L. Mik,15 S. Morozov,20 Y. Nagai,6

T. Nakadaira,” M. Naskr@t,18 S. Nishimori,” A. Olivier,23 V. Ozvenchuk,12 0. Panova,11 V. Paolone,26 0. Petukhov,20
I. Pidhurskyi,11 R. Planeta,]4 P. Podlaski,]7 B. A. Popov,3’20 B. Pélrfy,s’6 D.S. Prokhorova,20 D. Pszczel,]3 S. Puhalwski,]6
R. Renfordt,16 L. Ren,24 V.Z. Reyna Ortiz,11 D. Ré’)hn'ch,9 E. Rondio,13 M. Roth,4 L. Rozpiochowski,12 B.T. Rumberger,24
M. Rumyantsev,zo A. Rustamov,1 M. Rybczg/nski,ll A. R bicki,12 D. Rybka,13 K. Sakashita,7 K. Schmidt,16 A. Seryakov,20

P. Seyboth,'"" U. A. Shah,'" Y. Shiraishi,® A. Shukla,” M. Stodkowski," P. Staszel,'* G. Stefanek,"' J. Stepaniak,'®
L. Swiderski,13 J. Szewiflski,13 R. Szukiewicz,18 A. Taranenko,20 A. Tefelska,19 D. Tefelski,19 V. Tereshchenko,20 R. Tsenov,2
L. Turko,18 T.S. Tveter,lo M. Unger,4 M. U1rbaniak,16 D. Veberié,4 0. Vitiuk,1 Sv. Volkov,20 A. Wicklremasinghe,22 K. Witek,ls

K. Wc’)jcik,]6 O. Wyszyﬁski,” A. Zaitsev,zo E. Zherebtsova,18 E.D. Zimmerman,24 and A. Zviagina20

(NA61/SHINE Collaboration)

'National Nuclear Research Center, Baku, Azerbaijan
2Faculty of Physics, University of Sofia, Sofia, Bulgaria
3LPNHE, Sorbonne University, CNRS/IN2P3, Paris, France
*Karlsruhe Institute of Technology, Karlsruhe, Germany
SHUN-REN Wigner Research Centre for Physics, Budapest, Hungary
®Egtvis Lordnd University, Budapest, Hungary
" Institute for Particle and Nuclear Studies, Tsukuba, Japan
8Okayama University, Okayama, Japan
9Um'versity of Bergen, Bergen, Norway
lOUniversity of Oslo, Oslo, Norway
"Jan Kochanowski University, Kielce, Poland
PInstitute of Nuclear Physics, Polish Academy of Sciences, Cracow, Poland
BNational Centre for Nuclear Research, Warsaw, Poland
'4Jagiellonian University, Cracow, Poland
SAGH-University of Krakow, Krakow, Poland

University of Silesia, Katowice, Poland
l7Um'versity of Warsaw, Warsaw, Poland
18University of Wroctaw, Wroctaw, Poland

YWarsaw University of Technology, Warsaw, Poland
2OAﬁ‘iliated with an institution covered by a cooperation agreement with CERN
21Universily of Belgrade, Belgrade, Serbia
22Fermilab, Batavia, Illinois, USA
23University of Notre Dame, Notre Dame, Indiana, USA
24University of Colorado, Boulder, Colorado, USA
S University of Hawaii at Manoa, Honolulu, Hawaii, USA
26University of Pittsburgh, Pittsburgh, Pennsylvania, USA

® (Received 31 October 2024; accepted 10 June 2025; published 15 July 2025)

This paper presents the multiplicity of neutral and charged hadrons produced in 90 GeV/c proton-
carbon interactions from a dataset taken by the NA61/SHINE experiment in 2017. Particle identification via
dE/dx was performed for the charged hadrons #*, K*, and p/p; the neutral hadrons K(S), A, and A were
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identified via an invariant mass analysis of their decays to charged hadrons. Double-differential multiplicity
results as a function of laboratory momentum and polar angle are presented for each particle species; these
results provide vital constraints on the predicted neutrino beam flux for current and future long-baseline

neutrino oscillation experiments.

DOI: 10.1103/42nk-jbvm

I. INTRODUCTION

During the creation of a neutrino beam at long-baseline
neutrino oscillation experiments, hadronic interactions
between primary beam protons and atomic nuclei create
neutral and charged hadrons in the beamline. These
hadrons can then decay into neutrinos or reinteract with
beamline material into neutrino-producing particles.

The Neutrinos at the Main Injector (NuMI) facility
creates a neutrino beam by striking a carbon target with
a 120 GeV/c proton beam [1], and the Long-Baseline
Neutrino Facility (LBNF), which will provide the neutrino
beam for the Deep Underground Neutrino Experiment
(DUNE) [2], will most likely use the same primary
interaction as NuMI [3]. For experiments like NuMI Off
axis v, Appearance (NOvA) [4] and DUNE, understanding
the initial hadron production in the creation of their
neutrino beam is a critical component of estimating the
neutrino beam flux; an accurate estimate of the neutrino
beam flux is necessary for precisely measuring neutrino
flavor oscillation, cross sections, and any other results from
these long-baseline neutrino oscillation experiments.

While the primary interaction for long-baseline neutrino
oscillation experiments starting at Fermilab is between a
120 GeV/c proton and a carbon nucleus, secondary and
tertiary interactions occurring inside and outside the target
volume contribute significantly to the neutrino beam flux
[5]. Measuring hadronic production for these secondary
and tertiary interactions, like 90 GeV/c¢ proton-carbon
interactions, will enable more accurate predictions of the
neutrino beam flux.

The NA61/SPS Heavy Ion and Neutrino Experiment
(NAG61/SHINE) [6] is a fixed-target experiment located at
the north area of the CERN Super Proton Synchrotron
(SPS). NAG61/SHINE has a dedicated program of hadron
production measurements relevant to long-baseline neu-
trino oscillation experiments, and previous measurements
at NA61/SHINE have significantly improved neutrino
beam flux estimations for the T2K experiment [7-14],
which uses a primary proton beam with a momentum of
31 GeV/c. NA61/SHINE has also published several papers
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on hadron production reactions at higher energies relevant
to Fermilab neutrino experiments [15-19].

In 2017, NA61/SHINE recorded the dataset being ana-
lyzed in this manuscript, a 90 GeV/c¢ proton beam on a thin
carbon target. The measured differential multiplicities
include the important v- and v-producing reactions p + C —
7t 4+ X and p + C — K* + X. To constrain the reinterac-
tion of outgoing protons and antiprotons, which can lead
to additional neutrinos and antineutrinos, the reactions
p+C—-p+Xand p+C — p+ X are also measured.

A significant number of charged hadrons can originate
from the decay of neutral hadrons produced from the initial
proton-nucleus interaction. This analysis measures the
differential multiplicity of K9, A, and A to constrain these
decay contributions.

This publication details the process of identifying and
measuring the number of neutral and charged hadrons
resulting from the interaction of a 90 GeV/c proton with a
carbon atom. For each particle species, the number of
produced particles of that species are reported in bins of the
particle’s momentum and angle with respect to the incident
proton. The reported multiplicities have been corrected for
detector acceptance. Particle identification for charged
hadrons is performed via energy loss, denoted dE/dx,
and the main decay mode of each neutral species is used to
identify the neutral hadrons: K(S’ -t (69.2%), A —
pr~ (64.1%), and A — pat (64.1%) [20].

This paper is organized as follows. First, Sec. II
describes the experimental setup of the NAG61/SHINE
detector, and then Sec. III briefly explains the software
needed for track reconstruction and detector simulation.
After that, Secs. IV and V walk through the neutral- and
charged-hadron analyses, respectively. Section VI explains
the calculation of each systematic uncertainty for the
analyses, and finally, Sec. VII shows sample multiplicity
results before Sec. VIII summarizes the paper.

II. THE NA61/SHINE DETECTOR

NAG61/SHINE is a large-acceptance hadron spectrometer
[6], shown in Fig. 1, located on the H2 beamline in
experimental hall North 1 in CERN’s North Area complex;
the detector coordinate system is visible in Fig. 1. Primary
400 GeV/c proton beams are available from the SPS, as
well as ions with momenta in the range [13A-158A4] GeV/c;
additionally, directing the primary protons into a production
target provides secondary hadron beams with momenta
13-350 GeV/c. As the secondary hadron beams contain a
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Top-view schematic layout of the NA61/SHINE detector at the CERN SPS [6] showing the components present in the 2017

90 GeV/c proton-carbon data taking. The detector configuration upstream of the target is shown in the inset. The alignment of the
chosen coordinate system is shown on the plot; its origin (x = y = z = 0) lies in the middle of VTPC-2, on the beam axis. The nominal
beam direction is along the z axis. The target is placed at z = —590.20 cm. The magnetic field bends charged particle trajectories in the
x-z (horizontal) plane. The drift direction in the TPCs is along the (vertical) y axis.

mixture of hadrons and leptons, beam particle identification
at the event level is necessary.

The NA61/SHINE triggering system uses the Cerenkov
Differential Counter with Achromatic Ring Focus
(CEDAR) [21,22], located upstream of the NA61/SHINE
spectrometer, for beam particle identification. In addition to
the CEDAR detector, two scintillator counters, S1 and S2,
and two veto scintillators, VO and V1, select identified
beam particles with acceptable trajectories; the veto scin-
tillators have cylindrical holes centered on the beam. If a
signal is detected in a veto counter, the beam particle is
rejected. The final part of the triggering system is the S4
scintillator, which is placed downstream of the target. With
aradius of 1 cm, the S4 scintillator provides information on
the angular scatter of the beam particle from possible
interactions inside the target. For the 2017 90 GeV/c
proton-carbon dataset, there were four main trigger labels:

(1) T1 (identified beam particle): CEDAR - S1- S2-

V0 - VI,
(i) T2 (identified beam particle interaction):
CEDAR - S1-S2-V0-VI -S4,
(iii) T3 (unidentified beam particle): S1- S2-V0 - V1,
(iv) T4 (unidentified beam particle interaction):

S1-S2-V0-V1-S4.

Before the target, three beam position detectors (BPDs),
gaseous strip detectors, measure incoming beam particle
trajectories. Placed 29.5 m (BPD-1), 8.2 m (BPD-2), and
0.7 m (BPD-3) upstream of the target, a straight line fit to the
BPD measurements represents the incoming beam trajectory.

After the triggering system, eight time projection cham-
bers (TPCs) provide tracking of charged particles as well as

energy loss (dE/dx) measurements; the dE/dx information
is used to identify charged hadrons on a track-by-track
basis. Two of the TPCs, vertex TPC-1 and vertex TPC-2
(VTPC-1 and VTPC-2), are placed inside the vertex
magnets, which provide bending power up to 9 T- m
and enable track momentum measurements. The gap TPC
(GTPC) and the three forward TPCs (FTPCs) [23] measure
forward-going tracks passing through the gap between the
VTPCs and the main TPCs (MTPCs).

A time-of-flight (ToF) system provides particle iden-
tification via mass determination in select regions
of phase space; the ToF-forward (ToF-F) was not used
in the analysis as it was recently installed and was still in
its commissioning phase during the taking of the
90 GeV/c proton-carbon data; the S5 counter and the
projectile-spectator-detector (PSD) were also not used
in the analysis.

For the study of 90 GeV/c¢ proton-carbon interactions,
a thin carbon target with dimensions of 25 mm (W) x
25 mm (H) x 14.8 mm (L) (3.1% interaction length) and
density p = 1.80 4 0.01 g/cm? was used. Data were also
collected with the target removed from the beamline, in
order to subtract background from interactions occurring
outside the target volume. See Table I for the number of T2
triggers recorded.

III. DATA RECONSTRUCTION AND SIMULATION

In each interaction, individual charged particle tracks are
reconstructed in three-dimensional space in the NAG61/
SHINE detector. An example of an event display showing a
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FIG. 2. Top-view event display of a 90 GeV/c proton-carbon interaction in data in the NA61/SHINE detector. The green points are
hits that are reconstructed in local tracks in a single TPC, and the yellow points are hits that are reconstructed in global tracks. The red
lines show the trajectories of global tracks that reconstruct at the main vertex in the thin target.

single reconstructed 90 GeV/ ¢ proton-carbon interaction is
shown in Fig. 2. The neutral-hadron analysis relies on the
NAG61/SHINE legacy reconstruction chain [24], which
includes a V finder and a Minuit-based VO fitter; the
inclusion of the newly installed FTPCs for the charged-
hadron analysis necessitated new track reconstruction
software. The reconstruction with the FTPCs uses a
cellular-automaton-based track seeding algorithm and a
Kalman filter track fitter [19].

A Geant4-based [25-27] package simulates the passage of
particles through the NA61/SHINE detectors and the
detector response, and it is also used to evaluate
reconstruction  efficiency and detector acceptance.
Reconstructing simulated events forms the basis for the
Monte Carlo (MC) corrections, as described in Sec. IV D;
the nominal MC corrections were calculated with Geant4
version 10.7.0, using the FTFP_BERT physics list.

IV. NEUTRAL HADRON ANALYSIS

A. Event selection

There are three event-level cuts used in the selection of
neutral and charged tracks; the number of T2 events passing
all of the event-level cuts are shown in Table I.

Beam divergence cut (BPD cut): The first cut applied

removes events with a beam particle projected to miss
the target or the S4 scintillator. Beam tracks with a
significant angle will miss the S4 scintillator and cause
a false interaction trigger in the absence of any

significant proton-target interactions. The BPD cut
ensures the trajectory of the beam track is within
0.95 cm of the center of the S4 scintillator.

Well-measured beam trajectory (BPD status) cut: In
order to properly measure the beam track trajectory, a
cut on the BPD reconstruction is required. The BPD
status cut requires a reconstructed cluster in BPD-3
and a convergent straight-line fit with data from at
least one more BPD. A cluster in BPD-3 is always
required to ensure there was no significant scatter of
the beam particle upstream of BPD-3.

Off-time beam particle cut: As a second beam particle
near the arrival of the triggering beam particle can
falsely trigger a noninteraction and produce fake main
vertex tracks, events with a secondary beam particle
within +2.5 ps of the primary beam particle are
excluded from the analysis. To apply the cut, the
waveform analyzer (WFA) records the signals from
the triggering scintillators near the time of the trigger-
ing beam particle.

TABLE I. The number of recorded and selected target-inserted
and target-removed T2 events.

Target-inserted Target-removed

Recorded
Selected

22M
I15M

0.16 M
0.08 M

012011-4
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FIG. 3. Armenteros—Podolanski distributions before (top left) and after applying all of the cuts in the neutral-hadron analyses to
select Kg (top-right), A (bottom-left), and A (bottom-right). a is the longitudinal momentum asymmetry of the decay products, as

defined in

Eq. (1).

After the event-level cuts, the cuts differ between the
neutral- and the charged-hadron analyses. Section IV B

describes

the cuts used to select neutral particles, and

Sec. VA describes the charged-track selection cuts.

B. Selection of neutral particle candidates

In the neutral-hadron analysis, topological and purity
selection criteria are applied to improve the sample purity
and remove false V%s, where VO refers to a neutral-particle

candidate.

VY topological cuts: Cuts are applied to remove back-
grounds to true VO hadron events.

(1)

(i)

To remove fake V° contributions from the
primary interaction, selected V's are required
to be separated from the main vertex by at least
3.5 cm, and the distance between the extrapo-
lated V° track’s position at the main vertex and
the beam particle’s position at the main vertex
must be less than 4 cm in x and less than 2 cm
in y.

For the charged decay tracks to be reconstructed
accurately, they each need at least 12 total mea-
surements, known as clusters, in the VTPCs.

(iii) To reject converted photons, the transverse

momentum of the decay in the V° rest frame
is required to be larger than 30 MeV/c:
p+ + p7 > 30 MeV/c. This cut does not sig-
nificantly affect the A and A samples.

(iv) As mentioned earlier, the decay modes Kg -

77 (69.2%), A— pr— (64.1%), and A — pr*

VO puri

(64.1%) [20] are used for the selection of the
neutral species using dE/dx information.
ty cuts: After the topological cuts, the remaining

cuts are designed to increase the V° sample purity, and
they are specific to each neutral hadron species.

(@)

(i)

(iii)

012011-5

The first purity cut restricts the angle formed by
the child tracks in the decay frame with respect
to the VO direction of travel (0" for the
positively charged decay product and 8* for
the negatively charged one). For K the cuts are
—0.9 < cos(6"*) < 0.7 and —0.7 < cos(07*) <
0.9. For A, the allowed ranges are —0.7 <
cos(0™) < 0.9 and —0.9 < cos(07*) < 0.7;
the ranges for A are —0.9 < cos(67*) < 0.7
and —0.7 < cos(607) < 0.9.

The invariant mass of the reconstructed particle,
M = \/m? +m? +2EE" - 2p* - pZ, is cal-
culated using the selected decay channel and is
restricted for each neutral species. Here, m_ is
the mass of the positively charged particle, and
p’ and E* are the momentum and energy of the
positively charged particle in the decay frame.
Likewise, m_ is the mass of the negatively
charged particle, and p* and E* are the mo-
mentum and energy of the negatively charged
particle in the decay frame. For K9, the allowed
range is 0.40 < M < 0.65 GeV/c?, while the
range for A and A is 1.09 <M < 1.215GeV/c?.
Following the procedure from the analysis of
the 2016 and 2017 p + C 120 GeV/c data [19],
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TABLE II. The number of target-inserted and target-removed
neutral particle candidates passing all of the selection cuts.

K9 A A
Target-inserted 263 k 67 k 9k
Target-removed 22 k 4k 05k

a cut on the decay products’ energy loss
requires the energy loss of each child track to
be within 15% of the expected dE/dx for the
specific child species; this restriction reduces
the pion contamination in the A and A selec-
tions without significantly affecting the signal
distribution. The uncertainty associated with
applying this cut is discussed in Sec. VL.

(iv) The last purity cut requires the proper lifetime 7
of each particle species to be greater than
0.25¢7ppg [20].

Figure 3 shows the effects of the cuts applied to the
Armenteros—Podolanski distributions [28], which plot the
transverse momentum p; of the V° versus the longitudinal
momentum asymmetry in the decay frame,

=
= (1)
P tpL

Here, p; " is the longitudinal momentum of the positively
charged decay product in the VO decay frame, and p;* is
for the negatively charged particle.

Table 11 shows the number of selected V° candidates for
each particle species in the neutral-hadron analysis after
applying the selection criteria.

M ko Pi[2.0, 8.0) GeV/c 6:[0, 20) mrad

(2]

o

o
|

— Signal

(o))
o
o

100

— Background

80

—data

Entries per 0.0050 GeV/c? bin
8
o

Entries per 0.0025 GeV/c? bin

200
100
04 045 05 055 06 065 0 1

My, (GeV/c?)
AL | AT
s shi it s et
:%.4 045 05 055 06 065 4 11

M,., A P:[13.0, 18.0) GeV/c 6:[60, 100) mrad

112 114 116 1.18 1.2 0 1.1
M,,, (GeV/c?)

C. Invariant mass distribution fits

Once all of the cuts have been applied, the remaining V°
candidates are placed into kinematic bins, defined in ranges
of total momentum p and angle 0, and an invariant mass
spectrum fit extracts the number of signal Vs in each bin.
The signal shape is described by the Cauchy distribution,
also known as a Lorentz distribution, given by

1 1
fs(mymg,y) = — :
’ 7y [(m — mppg — mg)? + 7

(2)

The parameter y describes the distribution width, mppg is
the Particle Data Group mass [20], and m,, is a mass offset,
as the fit mass is allowed to float. A second-degree
polynomial, f,, is used to fit the background.

A continuous log-likelihood function is constructed,
with the parameter c, controlling the signal to background
ratio,

In(L) = Y Infe,fo(msmo.y) + (1= ¢)fog- (3)

AlIVO

After the fit is performed, the raw signal yield y™V is
extracted from the total number of V° candidates N, in the
kinematic bin, where

Y™ = ¢;Nyo. 4)

Figure 4 shows an example mass fit for each of the
neutral-hadron species.

M, p:8.5, 13.0) GeV/c 6:[80, 160) mrad

Inv A7

— Signal 50 - — Signal

— Background — Background

40

—data —data

Entries per 0.0025 GeV/c? bin

112 114 1.16 118 1.2
M,,, (GeV/c?)

112 114 116 118 1.2

FIG. 4. Example invariant mass fits for K9 A, and A. The signal shape is shown alone in red, the background is shown in blue, and the
sum of the signal and background is shown in black. At the bottom of each fit is a plot of the fit residual over the statistical uncertainty on
the number of entries for each bin; the fit residual is the fit result minus the number of entries.
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Two-dimensional distributions of charged track dE/dx vs In(p) after applying track quality cuts. The lines on the plot

represent the Bethe—Bloch predictions for each particle species in the energy loss fit. A prominent peak in the positively charged track
dE/dx distribution is visible at the beam momentum of 90 GeV/c (In(p/[GeV/c]) = 4.50) in the left plot; the right plot shows the

negatively charged track dE/dx distribution.

D. Monte Carlo corrections

Monte Carlo corrections are applied to correct for tracks
removed by cuts, and to correct for detector acceptance,
background contributions, and reconstruction inefficien-
cies. For each kinematic bin i in the neutral-hadron
analysis, the total correction factor can be written,

N(Sim neutral particles from prod evts);

‘TN (Selected recons. neutral particles),

= Cacc X Csel X Creceff X Ct.d. X Cor- (5)
Here, c,.. corrects for particles removed by acceptance
cuts, ¢y corrects for tracks removed by track quality cuts,
Crec off 18 the correction factor associated with any
reconstruction efficiencies, and c¢;4 is the correction
associated for feed-down particles; in the neutral-hadron
analysis, feed-down particles originate from weakly
decaying E and € baryons. As only one decay channel
is selected, ¢, corrects for the missing decays. The
Monte Carlo corrections are calculated by repeating the
analysis on Monte Carlo samples. The number of simulated
particles in each kinematic bin is counted and then divided
by the number of selected reconstructed particles.

V. CHARGED HADRON ANALYSIS

A. Selection of charged tracks

The event-level cuts in the charged-hadron analysis are
the same as those used in the neutral-hadron analysis,
described in Sec. IVA. Additional cuts on the event
topology, track reconstruction, detector acceptance, and
energy loss are described below.

Topological cuts: This charged-hadron analysis classi-
fies tracks as right-side tracks (RSTs) and wrong-side
tracks (WSTs), according to the track’s charge ¢ and
the orientation of the track’s momentum p with
respect to the magnetic field. RSTs are bent
by the magnets in the same direction as the initial

012011-7

x component of their momentum p,. Since tracks
curving in that direction align better with the geometry
of the TPC readout pads, they typically exhibit a
narrower dE/dx distribution and momentum range
than WSTs. The RST/WST designation is only
applied for tracks with polar angle # > 10 mrad, as
the azimuthal angle ¢ is difficult to measure at small 6,
and the distinction is defined by

{px/q > (0 RST, (©)

p/qg <0 WST.

In this analysis, final identified hadron spectra is
calculated with RSTs, and WSTs are used as a
consistency check.

Track quality and vertex cuts: The track quality cuts

ensure proper energy loss and track reconstruction.
(i) Well-measured momentum and sufficient
dE/dx samples requires at least 20 total clusters
in VTPC-1 + VTPC-2, or three clusters in the
GTPC and 20 additional clusters in the MTPCs,
or three clusters in the GTPC and six additional
clusters in the FTPCs. (GTPC clusters are used
for tracking only, and not for dE/dx.)
In addition to the cluster requirements, the
reconstructed main vertex needs to be within
45 cm of the target center in z, and tracks must
be reconstructed within 2 cm [total (x,y)
distance] of the beam particle’s position at
the main vertex; these vertex cuts ensure mea-
sured tracks are produced from the primary
proton-carbon interaction.

(i)

Acceptance cuts: The acceptance of the NA61/SHINE

detector in ¢ varies significantly with changes in 6.
For each angular bin 8, only regions of uniform (p, ¢)
acceptance are allowed. Selecting only uniform accep-
tance regions allows for the extrapolation of track
multiplicity into unmeasured regions, as particle
production is independent of ¢.
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TABLE III. The number of target-inserted and target-removed
charged tracks passing all of the selection cuts.

n* p/p K*
Target-inserted 1.1 M 09M 0.7 M
Target-removed 10 k 11k 8 k

dE/dx Cuts: Energy loss, shown in Fig. 5, is used for
particle identification.

(i) In the vicinity of Bethe—Bloch crossings, dE/dx
cannot be used to separate out the charged
particle species. The Bethe—Bloch crossings are
defined as momenta regions where two species’
Bethe—Bloch expectations are within 5% of one
another. For 7%, the proton crossover region
p€[1.64,2.02] GeV/c is omitted. For p/p,
both the pion and kaon Bethe-Bloch regions are
omitted, as well as the small region between the
two crossings, giving an exclusion range of
p€[1.64,4.32] GeV/c. For K*, the total ex-
clusion region is p €[0.95,4.32] GeV/c.

(ii) A second dE/dx quality cutis applied to remove
doubly charged tracks and tracks with large
energy loss distortions; this cut removes tracks
with p > 2.2 GeV/c and dE/dx > 2.0 times
that of a minimum-ionizing particle (MIP).

Table III shows the number of selected tracks for each
particle species in the charged-hadron analysis after apply-
ing all of the selection criteria.

B. Energy loss fits

The average energy loss (e¢) for a charged particle
traversing a medium depends on the particle velocity f,
allowing for separation of particle masses in given momen-
tum ranges. Charged tracks passing the selection criteria are
separated by charge and sorted into kinematic analysis bins,
and then a likelihood-based fit is performed in each
analysis bin to estimate the fractional content of each
particle species; the considered species are e, z, K, p,
and d.

The fit function used in this analysis is identical to the
one used in the analysis of the 2016 and 2017 120 GeV/c
proton-carbon data [19]. For a given momentum range and
particle species, the dE/dx distribution will resemble a
straggling function [29], with a long tail toward large
energy deposit. Truncating the distribution at the [0,
50] percentiles, meaning the largest 50% of samples are
removed, allows the distribution to be described by an
asymmetric Gaussian function,

1-d,
1+d,

el

fle,o) = e_f(ﬁ)z, S = { (7)

e>u

Here, € is the track energy loss, d describes the asymmetry
of the distribution, o is the base distribution width, and y is
. . . . _ _ M
the distribution peak, given by p = (¢) N
The width of the distribution ¢ depends on the number of
energy loss samples in each detector, the mean dE/dx(e),

and a scaling parameter «,

o= {e)” . (8)

NdUp_i_ c]V+ c] +Nc]F
OUp Tom Tk

Here, Ny, denotes the number of dE/dx samples in the
two upstream sectors of VTPC-1, N v denotes samples in
the remainder of the VTPCs, N denotes the MTPCs, and
N r denotes the FTPCs; the variations in the TPC base
widths arise from differing pad geometries in the various
TPC regions. Experimentally, NA61/SHINE needs four
different base widths to accurately describe the energy loss
of tracks: G%Up for the upstream VTPC1 sectors one and

four, 63y for the rest of the VTPC sectors, 63, for the
MTPC sectors, and 63 for the FTPC sectors.

The constructed log-likelihood function is a sum over all
tracks,

LL(e.YE,YE YE Y5, YE)

i € +tracks fi_f‘j) 2
o0
- (S )

k € —tracks 1 v 2
#3 (S ).
T 270y
]€e+,ﬂ+,K+,p+,d+
l€e ,n,K~,p~,d” '

©)

Here, Y; is the fractional yield for each particle species.

The only constraints applied enforce the sum of the
particle yields to be unity and the ordering of particle
species dE/dx for a given momentum range. Once the raw
fractional yields Y; are obtained, the raw yield is obtained
for particle species j in kinematic bin i from the total
number of tracks N,

y§alw _NIY]l (10)

It is difficult to extract accurate K= and p yields in
kinematic bins with low statistics, so bins with fewer than
16 track counts at the K~ and p peaks are excluded from the
charged-hadron analysis. An example of an energy loss fit
is shown in Fig. 6.

C. Monte Carlo corrections

The Monte Carlo corrections in the charged-hadron
analysis are calculated in the same manner as described

012011-8
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FIG. 6. Example of a dE/dx distribution fit for one kinematic bin. Both the positively and negatively charged track fits are shown, and
both fits show a clear abundance of pions. At the bottom of each fit is a plot of the fit residual over the statistical uncertainty on the
number of entries for each bin; the fit residual is the fit result minus the number of entries.

in Sec. IV D for the neutral-hadron analysis, except that in
the charged-hadron analysis, there is no decay channel
selection correction.

D. Energy loss fit bias corrections

An additional correction is applied to remove any biases
from the energy loss fitting procedure. Using the variations
in the fit parameters observed across different kinematic
bins i, the fit parameters are randomly shifted according to
their distributions, and the individual track dE/dx is re-
simulated with the shifted parameters. After performing 50
trials in each bin, the explicit correction is given by
1/(1 + ¢f), where

Nuials fit true
Fit 1 = Yn —Yn
¢ = true :
N, trials ,,—1 Yn

Here, N ;s = 50 and yg;, and yy, are the fit and true yields,
respectively. Typical fit bias corrections are less than 4%.

(11)

E. Feed-down reweighting

The feed-down correction factor in Eq. (5) for charged
hadrons resulting from the decays of neutral hadrons is
estimated using Monte Carlo models. As these models
often do not accurately predict weakly decaying neutral-
hadron multiplicities, the feed-down corrections can be
constrained with the results of the neutral-hadron analysis,
described in Sec. IV; the neutral-hadron analysis measured
the multiplicity of K%, A, and A. Each kinematic bin i gets a
reweighting factor, given by

m]j)ala
Wi = —==

(12)

where mP* is the measured multiplicity of a particular

neutral hadron, and mM¢ is the Monte Carlo multiplicity.
This reweighting is applied to pions and protons originating
from the decay of K¢, A, or A; regions not covered by the
neutral-hadron analysis are not reweighted. The values are
typically a few percent for pions and less than 10% for
protons.

Reweighting the feed-down corrections can significantly
constrain the uncertainty resulting from the application of
the Monte Carlo feed-down corrections, as shown in the
previous analysis of the 2016 and 2017 p + C 120 GeV/c¢
data [19].

VI. SYSTEMATIC UNCERTAINTIES

The systematic uncertainties are handled in the same
manner for the neutral- and charged-hadron analyses. Any
kinematic bin with a total uncertainty greater than 50% is
excluded from the analysis. This section will discuss the
considered sources of systematic uncertainties for both
analyses.

Example breakdowns of the individual uncertainties for
K9 and 7~ can be seen in Figs. 7 and 8, respectively. For the
neutral-hadron analysis, the total uncertainty on the multi-
plicity measurements is typically 10%-25%, and for the
charged-hadron analysis the uncertainty is typically
5%—15%.

012011-9
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FIG.7. Example K systematic uncertainty breakdown for the angular bins [0, 0.02) rad and [0.02, 0.04) rad. For each kinematic bin
shown in the plot, the total uncertainty is shown in black, and all of the constituent uncertainties are shown as well. These uncertainties
correspond to the multiplicity measurements shown in Fig. 9.
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FIG. 8. Example z* systematic uncertainty breakdown for the angular bins [0.02, 0.03) rad and [0.03, 0.04) rad. For each kinematic
bin shown in the plot, the total uncertainty is shown in black, and all of the constituent uncertainties are shown as well. These
uncertainties correspond to the multiplicity measurements shown in Fig. 12. The bins before the Bethe—Bloch overlap region generally
have higher uncertainty than the bins after the overlap region, as can be seen here.
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Reconstruction: Differences between the true detector

positions during data taking and the positions used in
reconstruction and Monte Carlo can affect final
calculated multiplicities. To estimate the contribution
of detector alignment, residual distributions between
track and point measurements along the track are used
to estimate any potential detector misalignment for
TPCs used in the momentum reconstruction of tracks.
From the width of these distributions, for the charged-
hadron analysis the VTPCs are independently shifted
by £100 pm in the x dimension, and FTPC-1 and the
GTPC are shifted by £50 ym in x.

For the neutral hadron analysis, to account for each
neutral particle requiring two charged tracks, the
VTPCs are conservatively shifted by an additional
100 pm. The differences between the resulting sys-
tematic uncertainty multiplicity measurements and the
standard multiplicity measurement are added in quad-
rature to obtain the final reconstruction uncertainty.

Selection: Likely due to dead channels in the front-end

electronics and unsimulated periodic detector noise
resulting in cluster loss, simulated tracks contain 5%—
10% more clusters than tracks from data, on average.
In order to account for this effect, the Monte Carlo
corrections are recalculated with the number of
clusters reduced by a conservative 15%. The resulting
difference in the calculated multiplicities is taken as a
systematic uncertainty.

Physics model: Different underlying physics models will

lead to slightly different Monte Carlo corrections,
which in turn will give different final calculated
multiplicities. The standard Monte Carlo corrections
are calculated with the Geant FTFP_BERT physics
list, and the largest difference in the calculated
multiplicity between physics list FTFP_BERT and
the lists FTF_BIC, QBBC, and QGSP_BERT is taken
as a systematic uncertainty for each kinematic bin. It
should be noted that while the final Monte Carlo
calculated multiplicities for two different physics lists
can be quite similar, the Monte Carlo corrections can
still differ significantly, which results in different
calculated final differential multiplicities for the data
depending on the physics list used. The upper and
lower uncertainties are added in quadrature to make
this uncertainty symmetric.

Production cross section: The upper and lower uncer-

tainties on the production cross section [30] are
propagated through the multiplicity analysis to obtain
the associated uncertainties. The result is a uniform
fractional uncertainty of (+4.0, —1.6)%.

Decay product dE/dx selection: To estimate the un-
certainty associated with the decay product dE/dx
selection, the decay product Bethe—Bloch cut is
relaxed by 5%, and the data and Monte Carlo samples
are reprocessed. The differences between the resulting

012011-11

multiplicities and the standard multiplicities are taken
as a systematic uncertainty.

Momentum: As the invariant fit mass in Eq. (2) is

allowed to float, any uncertainty related to the mo-
mentum reconstruction can be studied by looking at
the difference in the fit masses for a fit performed with
the aggregation of all kinematic bins; the differences
between the fit masses and currently accepted values
[20] would arise from momentum misreconstruction.
The mass shift values for Kg, A, and A were 0.0067%,
0.0057%, and 0.016% respectively; these shifts are on
the order of magnitude expected from the fit uncer-
tainty. As this systematic uncertainty is negligible
compared to the other uncertainties, it is not included
in either the neutral-hadron or charged-hadron
analyses.

Feed-down: The feed-down uncertainty originates from

particles produced in the primary interaction weakly
decaying into the analyzed particle species. For the
neutral-hadron analysis, weak decays of Z and Q
baryons which can decay to A and A are considered,
and the feed-down corrections come entirely from
Monte Carlo, as there is a lack of data measuring the
production of E and Q baryons in 90 GeV /¢ proton-
carbon interactions. As production rates of these
baryons vary up to 50% among different physics
models, to estimate the feed-down uncertainty, the
number of feed-down tracks is varied by +50%, and
the changes in the final calculated multiplicities are
taken as a systematic uncertainty.

For the charged-hadron analysis, the process is the
same, except 7=, K=, and p/p particles originating
from the decay of K9, A, or A in a region of phase space
covered by the neutral-hadron analysis can be re-
weighted, as discussed in Sec. V E. The uncertainty
on the neutral hadron measurement is then applied; if the
kinematics are not covered by the neutral-hadron
analysis, an uncertainty of 50% is used. The collected
uncertainties are then averaged for each kinematic bin to
assign a total feed-down uncertainty, and the resulting
changes in the final calculated multiplicities are taken as
a systematic uncertainty. For covered regions, the
uncertainty is typically much smaller than 50% [19].

Fit: For the neutral-hadron analysis, the uncertainty

associated with the invariant mass fit is estimated
by looking at the number of true versus fit fractions for
each Monte Carlo invariant mass fit with the Geant4
physics lists FTFP_BERT, QGSP_BERT, QBBC, and
FTF_BIC. The fractional differences are averaged,
and the average difference is taken as a systematic
uncertainty. This is generally a more conservative
estimate of the fit uncertainty than taking the errors on
the fit parameters.

For the charged-hadron analysis, the standard
deviation of fit biases from the dE/dx fit bias
corrections, as discussed in Sec. V D, is calculated as
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FIG.9. Example Kg multiplicity measurements for the angular bins [0, 0.02) rad and [0.02, 0.04) rad. The uncertainties shown are the
total ones. The data points, shown in red, are compared to four physics lists from Geant4 version 10.7.0.
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The standard deviation of the fractional multiplicity
given by the N; = 50 Monte Carlo trials is taken as
the fit uncertainty for the charged-hadron analysis and
is propagated through as a systematic uncertainty.
After obtaining the systematic uncertainties, the total
systematic error for each multiplicity measurement is
calculated by adding all of the uncertainty sources together
in quadrature; the feed-down, physics model, and produc-
tion cross section uncertainties are uncorrelated, and the
rest of the systematic uncertainties are correlated.

=1

VII. NEUTRAL- AND CHARGED-HADRON
MULTIPLICITY RESULTS

Once the raw yields are obtained along with all of the
correction factors, the differential production multiplicities,
defined as the number of produced hadrons per production
interaction in each kinematic bin, can be calculated.
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(A production interaction is defined as an interaction
resulting in the production of new hadrons, and it excludes
quasielastic interactions.) The double-differential produc-
tion multiplicities are given by

&P, ol < i €y$) (14)
dpdd (1 —€)opApAO \ Ny, Ny

Here, n; is the number of produced hadrons in kinematic
bin i with production angle 8 and total momentum p. Also
y} is the raw yield with the target inserted, y® is the raw
yield with the target removed, N{rig and N gig the number of
recorded triggers with the target inserted and removed, ¢!
is the total correction factor, and € = P /Py, is the
removed-to-inserted trigger probability ratio. The trigger
and production cross sections are oy, and op,q, respec-
tively, and ApA#@ is the size of the kinematic bin.

The statistical uncertainty is calculated from the number
of raw fit particles in each kinematic bin, and it is added in
quadrature with the total systematic uncertainty to obtain

the total uncertainty for each multiplicity measurement.
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FIG. 10. Example A multiplicity measurements for the angular bins [0.04, 0.06) rad and [0.06, 0.10) rad. The uncertainties shown are
the total ones. The data points, shown in red, are compared to four physics lists from Geant4 version 10.7.0.
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Example A multiplicity measurements for the angular bins [0, 0.04) rad and [0.04, 0.08) rad. The uncertainties shown are the

total ones. The data points, shown in red, are compared to four physics lists from Geant4 version 10.7.0.

Following previously established procedures for meas-
uring the trigger, production, and inelastic cross
sections  [16], oy, = 2345+ 1.2 mb, o0pq = 222.2+
1.2(stat) =92 (model) + 3.3(syst) mb, and 6, = 240.8+
1.2(stat) £0%® (model) £3¢ (syst) mb are obtained for
90 GeV/c proton-carbon interactions [30].
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Figures 9—11 show example differential multiplicities for
Kg, A, and A from the neutral analysis, and Figs. 12—14 show
sample z*, K*, and p/ p differential multiplicities. A lifetime
cross-check, which bins the neutral species in bins of proper
lifetime to ensure the reconstructed lifetime is in agreement
with the PDG lifetime [20], was performed in [30].
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FIG. 12. Example z* multiplicity measurements for the angular bins [0.02, 0.03) rad and [0.03, 0.04) rad. The uncertainties shown are
the total ones. The data points, shown in red, are compared to four physics lists from Geant4 version 10.7.0.
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FIG. 13.

Example K* multiplicity measurements for the angular bins [0.02, 0.03) rad and [0.03, 0.04) rad. The uncertainties shown are
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the total ones. The data points, shown in red, are compared to four physics lists from Geant4 version 10.7.0.

FIG. 14. Example p/p multiplicity measurements for the angular bins [0.05, 0.06) rad and [0.06, 0.08) rad. The uncertainties shown
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are the total ones. The data points, shown in red, are compared to four physics lists from Geant4 version 10.7.0.
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FIG. 15. Multiplicity measurements for the Kg analysis.

Numerical results can be found in [31].

A Multiplicity

0.35 —
E 0.045 ©
03 0.04 3
0.25F 0.035
— g 003 O
E 02f 0.025 =
o 0.15) 0.02 2
01l 0015 3
E 001 =
0.05 0.005 =

o;L ' 0

10 15 20 25 30 35 40
p (GeV/c)

o
o

FIG. 16. Multiplicity measurements for the A analysis. Numeri-
cal results can be found in [31].
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FIG. 17. Multiplicity measurements for the A analysis. Numeri-

cal results can be found in [31].
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VIII. SUMMARY

Neutral- and charged-hadron production measurements
for 90 GeV/c proton-carbon interactions were presented,
and example results were shown in Figs. 9-14. A two-
dimensional overview for each particle species in all
measured bins is shown in Figs. 15-20. Bins with a total
uncertainty exceeding 50% or lying in the Bethe-Bloch
overlap regions are excluded from the one-dimensional
plots; in the two-dimensional plots these bins are shown
with a multiplicity of 0. From Eq. (14), the multiplicity
measurements are normalized to the bin size.

Figure 21 shows an example comparison in the measu-
red differential multiplicities for z* between the 2017
90 GeV/c proton-carbon data analyzed in this manuscript
and the 2016 and 2017 120 GeV/c¢ proton-carbon data
[19]. The Monte Carlo predicts that the differences between
90 GeV/c and 120 GeV/c are more significant at smaller
angles. In the comparison plots, the 120 GeV/c¢ data are
generally above the 90 GeV/c data in the forward direc-
tion. At higher angles, the 120 GeV/c dataset is some-
times lower than the 90 GeV data set, which is not
expected. NA61/SHINE collected a much higher statistics
120 GeV/c dataset in 2023 with several different magnetic
field configurations and plans to refine the 120 GeV/c
measurements in the future.

Numerical results of the multiplicity measurements,
including statistical, systematic, and total uncertainties
for each kinematic bin are summarized in CERN EDMS
[31]. Covariance matrices for each analysis are included
as well.

The results presented can be used to improve the
accuracy of neutrino beam flux simulations for current
and planned long-baseline neutrino oscillation experi-
ments, and they are particularly important for constraining
secondary and tertiary interactions occurring in the crea-
tion of neutrino beams for experiments based in Fermilab.
In addition, the results can be used to improve the
modeling of proton-nucleus interactions.

There was no single uncertainty in the neutral- or
charged-hadron analyses that was significantly larger than
the other uncertainties in all kinematic bins. In most
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o
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Multiplicity measurements for the 7z analyses. Numerical results can be found in [31].
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FIG. 19. Multiplicity measurements for the K* analyses. Numerical results can be found in [31].
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FIG. 20. Multiplicity measurements for the p/p analyses. Numerical results can be found in [31].
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FTFP_BERT physics list.
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kinematic bins, the reconstruction, fit, and selection uncer-
tainties were the largest systematic uncertainties. For the
charged-hadron analysis, the production cross section
uncertainty was also often one of the largest systematics;
a precise measurement of the quasielastic component of the
interaction cross section would significantly constrain this
uncertainty.
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