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1. Introduction

This annual report presents the status and plans of the NA61/SHINE experiment [1] at the
CERN SPS. The report refers to the period November 2022 — October 2023.

The document is organized as follows. A summary of the 2022 and 2023 data-taking cam-
paigns is given in Section 2. The facility status is given in Section 3. Software and calibration
upgrades are summarized in Section 4. New results are presented in Section 5. The beam
request for 2024 and plans for data taking in 2025 are presented in Section 6. The summary
in Section 7 closes the paper.

An addendum to the NA61/SHINE proposal was submitted by the NA61/SHINE Collab-
oration to the SPS Committee in the reported period [2]. It requests light-ion beams during
the Run 4 period for the study of the QGP-fireball onset.

Following a request from the SPSC referees, we provide more details on the physics impact
of nuclear fragmentation measurements with NA61/SHINE in Appendix A. Additional ar-
guments for considered measurements for cosmic-ray and strong interaction physics with
the proton beam are provided in Appendix B.

2. Data-taking summary

Since the last Status Report [3], data collection has occurred in three primary periods: the Pb
beam run in autumn 2022, the neutrino-related run in summer 2023, and the Pb beam run in
autumn 2023.

2.1. Pb ion physics run, autumn 2022

In 2022, the Pb beam at a momentum of 150A GeV/c was delivered to the NA61/SHINE
experiment on the 16th of November. After one week of setup, the production data tak-
ing started with a 3 mm lead target, providing 6% interaction probability. The data were
taken with the unbiased interaction T2 trigger (identified interaction) and beam T1 trigger
(identified beam) scaled down by a factor of 100. The sub-systems used in this data-taking
were: Beam Position Detector (BPD-3), Time Projection Chambers (TPCs), the Trigger and
Data Acquisition system (TDAQ), the upgraded Vertex Detector (VD), the Time-of-Flight-
Left (ToF-L), and the Main and Forward Projectile Spectator Detectors (MPSD, FPSD).

The total number of interaction trigger events collected during one week of the production
data-taking period amounts to 50 million. This includes about 30 million Pb+Pb collisions. It
was the first NA61/SHINE measurement with a lead ion beam performed after the hardware
upgrade during the Long Shutdown 2 (LS2).



2.2. Neutrino-related physics run, summer 2023

NA61/SHINE collected data with secondary hadrons for six weeks in July and August 2023.
The full detector was operational for most of the data collection period, except for the sili-
con beam position detectors, which were replaced successfully by delay wire chambers bor-
rowed from the CERN Beams Department (BE). The first four weeks of the period were
devoted to 60 GeV/c K™ +C interactions, and the remaining two weeks to 120 GeV/c proton
interactions on Ti and C. A total of 383 million events were collected during the summer run,
twenty times the size of the largest neutrino-related data sets collected before LS2. The new
high-rate DAQ provided the opportunity not only to take much higher signal statistics than
in the past but also to take special runs to address systematic effects.

The K*+C interaction is essential for understanding secondary interactions in long primary
targets used in neutrino beams. For this measurement, data collection with the new DAQ
was limited by the low (~ 4%) fraction of kaons in the beam. A total of 86.2 million events
were collected with the target in. However, because our trigger cannot distinguish inter-
actions from the more common beam kaon decays, we estimate that fewer than half of the
events are true kaon interactions. Kaon decays can also be a background at the analysis level,
so a larger-than-normal amount of target-out running (51.5 million events) was performed to
have statistics for background subtraction. An additional 9.6 million events were collected
with the target out and full magnetic field to measure the beam particle composition.

An additional program of 120 GeV/c interaction studies was conducted in the final two
weeks of the run. This period’s main goal was to measure interaction cross-sections on
grade 5 titanium, an important structural component of neutrino beam target assemblies.
A combination of efficient triggering and very good accelerator performance allowed us to
collect 102.5 million p+Ti events, above the goal for this process, as well as an opportunistic
run of 75.5 million p+C events that will allow us to improve significantly on the precision of
the 20162017 measurements we published this year (Sec. 5.2). Eighteen million events were
collected with 120 GeV/c protons and target out.

Due to some cryogenic system failures, the superconducting vertex magnets were inopera-
tive for several days of the run period. We used this time to collect ancillary data sets for
measuring total production and interaction cross-sections on materials. This information is
useful for constraining systematic uncertainties in our measurements of differential cross-
sections and is a publishable physics measurement. We recorded magnet-off data for p+Ti,
7t +Ti, and K*+Ti at 60 GeV/c; and p+C at 90 and 120 GeV/c. About 26.6 million events
were taken with targets in and 12.5 with targets out.

2.3. Pb ion physics run, autumn 2023

On September 30th, 2023, the Pb beam at a momentum of 150A GeV/c was delivered to the
NA61/SHINE experiment. After five days of setup, the production data taking started with
a 3 mm lead target, providing 6% interaction probability. The data were taken with the min-
imum bias interaction T2 trigger and with beam T1 trigger scaled down by a factor of 100,
resulting in the data sample consisting of around 8% of T1 (beam) triggers and 92% of T2



(interaction) triggers. The sub-systems used in this data-taking were Beam Position Detec-
tors (BPD-1 and BPD-3), Time Projection Chambers (VITPCs and MTPCs), the Trigger and
Data Acquisition system (TDAQ), the upgraded Vertex Detector (VD), the Time-of-Flight-
Left (ToF-L), and the Forward Projectile Spectator Detector (FPSD).

The data-taking rate with the upgraded NA61/SHINE detector is 1.2 kHz over 8.5 s SPS spill
in 2023. Upgrades of the detector, combined with optimization of the SPS slow extraction,
resulted in increased data-taking efficiency with respect to 2018 Pb data-taking by a factor
of about 30. The total number of interaction trigger events collected during four calendar
weeks of the Pb period amounts to about 300 million. This includes about 150 million Pb+Pb
collisions. Thus, with 30 million collisions taken in 2022, NA61/SHINE has recorded about
180 million collisions for open charm physics. The goal of 500 million events should be
reached, assuming in total of seven weeks of the Pb beam in 2024 and 2025 with the planned
increased efficiency of the interaction trigger.

Request concerning future scheduling of ion runs. The SPSC recommended and the Re-
search Board approved two and four weeks of the Pb beam in 2022 and 2023, respectively.
This, however, did not account for a significant planned reduction of the allocated beam
time due to the LHC filling and the operation of the machines with protons for AWAKE.
The reduction due to the LHC filling is unavoidable, but it changes yearly, and we request
to account for it in the SPSC beam-time allocation. In 2023, the SPSC allocated calendar
beam time was reduced by the LHC filling from 28 days to 23 days of the effective beam
time. Further, the effective beam time was reduced by operating the machines with protons
for AWAKE during the Pb period. This can be avoided. In 2023, the operation with protons
reduced the effective Pb beam for NA61/SHINE to 21 days. Consequently, in 2023, the effec-
tive beam time for NA61/SHINE amounted to about 75% of the allocated by SPSC calendar
time.

In conclusion, we request the SPSC to allocate to NA61/SHINE the effective ion beam time
(the time relevant for physics) and the calendar time (the time relevant for logistics). This
should greatly help in the SPSC and NA61/SHINE planning of physics output.

3. Facility status

During the Long Shutdown 2 at CERN (2019-2021), the NA61/SHINE spectrometer was
significantly modified (the layout is presented in Fig. 1). The upgrade was motivated by the
charm and neutrino programs, both of which require a tenfold increase of the data-taking
rate to about 1 kHz. The charm program also requires doubling the phase-space coverage
of the Vertex Detector. The neutrino physics run in 2022 proved that the primary goal of the
upgrade was achieved. The maximum data-taking rate reached 1.6 kHz (for low multiplicity
events), much higher than the assumed 1 kHz. The Pb run was performed in fall 2022 and
2023, again showing the very good performance of the upgraded detector. In 2023 the data-
taking rate was about 1.2 kHz.

Control over the value and time evolution of the anode currents of the Sense Wires is of ut-
most importance for the health of the TPCs. Up to 2023, only old, human-readable nanoam-
per meters were installed in NA61/SHINE for such monitoring purposes. Therefore, an
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Figure 1: The layout of the NA61/SHINE detector.

effort was made in order to obtain a nanoampmeter system, capable of monitoring 96 chan-
nels in the dynamic range 1-5000 nA, with positive or negative polarities, at a 10 Hz read-out
rate, communicating via a simple Ethernet read-out interface module. The system consists of
2 crates, each hosting 8 measurement cards, each card capable of reading 6 high voltage (HV)
channels up to 2000 V. By now, they are fully integrated into the NA61/SHINE Detector
Control System (DCS). Figure 2 shows their performance: the left panel shows the photo of
the two nanoamper measurement crates with some of the HV channels connected, the top
right panel shows the read-out current time-value series in the DCS during ramping individ-
ual HV channels showing negligible cross-leak currents, the bottom right panel shows the
read-out current time-value series during data taking showing the in-spill and out-of-spill
currents.

Figure 2: Left: The photo of the new nanoamp meter crates. Right top: The read-out current time-
value series in the DCS during ramping individual HV channels, showing negligible cross-leak
currents. Right bottom: The read-out current time-value series during data taking, showing the
in-spill and out-of-spill VTPC-1 anode currents, as an example.



The very considerable effort the Collaboration invested in the detector upgrade opens new
options for physics measurements and ensures the operation of the NA61/SHINE experi-
ment for the next few years.

4. Software and calibration status

4.1. Software

During the reporting period software work has been steadily progressing. Main efforts were
dedicated to support reconstruction, calibration, and quality monitoring of the data collected
with the upgraded detector. Some key developers left the Collaboration, but responsibilities
and knowledge were successfully transferred without losses to the overall work efficiency.
This resulted in readiness for data taking in summer and autumn. The next section covers
the progress on the framework and general issues, as well as lists miscellaneous changes as-
sociated with specific sub-systems, while further sections discuss larger sub-system-specific
projects.

4.1.1. SHINE framework

Since the previous report, work is ongoing on a new regular software release. This longer-
than-standard time between releases is caused by work on the structure of the calibration
database (which has to be synchronized with the software) and revision of core framework
components. The former is associated, on the one hand, with the inclusion of new detectors
and, on the other, with housekeeping for old systems where we already have a clear idea of
how information should be organized. Similarly, over the previous years, we have devel-
oped a better understanding of what is needed regarding the core SHINE components. All
this is meant to make it easier for new developers to join the work and for the users to utilize
the software.

While the work goes on, one patch release was issued supporting MC production for pre-
LS2 data, and five so-called release candidates were prepared. The latter are installations
on cvmfs to support data taking and calibration for the newly collected data, but are not
kept compatible with the developing calibration database structure beyond their temporary
use.

Some of the changes to the framework, as well as minor sub-system-specific changes are
listed below.

(i) One of the key components that were revised are managers. They are classes that are
responsible for reading in detector-related information from the database and other
sources. Their interfaces were re-worked and associated documentation was improved
to make it clear how managers should be implemented, tested, and used.

(ii) Long-standing problems with dependencies in the build system were solved prevent-
ing random crashes that confused newcomers.

10



(iii) We now have nightly builds of the doxygen documentation for the master branch of
SHINE available on a documentation web page.

(iv) We moved back to an official version of GEANT4 from our customization of GEANT4
10.7 after the necessary improvements appeared in GEANT4 11.1.

(v) Associated with the above we moved to C++17 standard, as well as to the gcc 12 com-
piler on Ixplus/Ixbatch and GitLab CI with support from the CERN EP-SFT group.

(vi) Missing information was added for pre-LS2 time of flight detectors, the detector de-
scription software was revised and streamlined. The new module was implemented to
provide expected hit positions of tracks in ToF walls.

(vii) The software to parse and calibrate the DRS4 data was prepared.

(viii) Silicon Beam Position Detectors and the new Forward Time-of-Flight detector were
integrated in the software. Work is ongoing on the support for MRPC time of flight
detectors and extended Projectile Spectator Detector.

Apart from the above, we continue improving the native tracking and continue its validation
against the legacy clients.

4.1.2. GRC

In order to constantly monitor and measure the drift velocity in the TPC chambers, a new
segmented reference detector, the GRC (Geometry Reference Chamber) was developed and
installed during the LS2. The GRC chambers are, as of now, placed downstream of MTPC-L.
Several software infrastructures needed to be developed in order to use this new equipment.
In the SHINE offline software, the following parts were developed: raw event containers,
parser from DAQ format to raw event format, raw event display in the eventBrowser, detec-
tor description, IO managers filling the detector description, raw event monitoring module,
reconstructed event containers, reconstruction modules, data quality assessment modules,
and finally the calibration module actually using the GRC data for the drift velocity estima-
tion.

4.1.3. Vertex Detector software

The upgrade of the Vertex Detector [4,5], which was performed from 2020 to 2022 (based on
the ALPIDE-sensors-based modules (called staves) developed within the ALICE-ITS project
[6]), required an upgrade to the Vertex Detector track reconstruction software. The schematic
layout of staves with indicated active sensors is drawn in red (Jura arm) and green (Saleve
arm) in Fig. 3.

The software upgrade was performed sequentially for each reconstruction SHINE module,
which was used for its predecessor, a Small Acceptance Vertex Detector (SAVD). The entire
reconstruction chain retained the same structure, however, we invented the naming conven-
tion of the new modules by adding “Al” in front of the original SAVD name, referring to the
ALPIDE sensors used.
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Figure 3: The schematic layout of the used sensors (blue rectangles) located on staves. The corre-
sponding arms (Jura and Saleve) are marked in red and green [4].
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Figure 4: The integrated acceptance (blue) and acceptance multiplied by reconstruction efficien-
cies (red) of D° mesons for all considered cases.

The upgraded reconstruction modules were tested and optimized based on simulations of
collisions of a Pb beam with a momentum of 150A GeV/c on a 3 mm thick Pb target. The
following efforts were dedicated to establish the acceptance and reconstruction efficiency of
D° charmed mesons [4] for the reconstructed sensor geometry (see Section 4.2.2). This was
done for different distances d (gap) between the arms Jura and Saleve based on the layout of
the first station and for different distances r between the 3 mm target Pb position to the first
station. The D® meson acceptance and reconstruction efficiencies for all considered cases are
presented in Fig. 4.
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4.1.4. DAQ and new on-line QA

During data-taking periods in November 2022 and summer 2023 the offline quality-assessment
(QA) was assuring good quality of data. The files with recorded data were being transferred
to CTA or EOS, and a notification to the OfflineQA service was sent to process them immedi-
ately in a pool of 2000 HTCondor cores devoted exclusively for this purpose. The resulting
reports on data quality were discussed on a daily basis.

For the summer 2023 data-taking period, a new online quality-assessment service was pre-
pared in order to have proper data monitoring in real time.

Online analysis of the data is performed by a series of processes running the Shine0Offline
reconstruction software. Copies of events obtained by the TDAQ are distributed between
a set of “event servers”, from where they are fetched by the aforementioned ShineOffline
instances. Produced QA data is then accumulated by a dedicated service that performs
additional QA where higher statistics is required and, finally, writes the QA data to a disk.
An overview of the QA data is done via a dedicated web application.

The upgrade consisted of the introduction of the centralized collector for the QA data and
the development of the new front-end application. Both are directed on simplifying the
maintenance of the system:

(i) Centralized collector for the QA data introduces a convenient place for any auxiliary
monitoring code.

(ii) Display contents of the new front-end application is fully configurable via J[SON to
simplify adaptation to changes in QA data contents.

Moreover, the upgraded online QA is capable to process every single event recorded by the
TDAQ, improving the overall quality of the QA.

4.2. Calibration

Calibration activities and upgrades performed during the last year are the following:
(A) Concerning Pb+Pb collisions at 150A GeV/c collected in 2022

(i) Kr calibration data collected in November 2022 were carefully analyzed, and gain
factors for TPC pads were obtained and included in the database.

(ii) The Wiener filter of the shape of the signals from the new TPC electronics was
prepared and applied to the data. It filtered out the elongated part of the signals.
As a result, the clusters have a more rounded shape.

(iii) The TPC pad-by-pad time constants (ty) were obtained by the analysis of electronic
pulse signals.

(iv) The positions and tilt angles were extracted using a new alignment procedure that
uses field-off data.
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(v) The drift velocity calibration was done using standard Ay vs y alignment plots
using a new GRC instead of the previously used ToF-L counter.

(vi) The trigger latency time correction t0Corr and position misalignment yo were ob-
tained by varying drift velocity, and using Ay vs y plots.

(vii) Local residual corrections (cluster positions relative to tracks) were applied for ev-
ery TPC.

(viii) The database structure and dedicated managers were created for Vertex Detector
data.

(ix) The preliminary merging algorithm and software for tracks from Vertex Detector
and TPCs were prepared and used.

(B) Concerning 2022 neutrino-related data

(i) Conversion of ADC counts to voltages (voltage calibration) was done for DRS4
boards of the ToF-F detector.

(ii) Local and global time calibration and the time synchronization of boards were
done for DRS4 boards of the ToF-F detector.

(iii) BPD-GEM detectors were calibrated for 2022 neutrino-related data.
(C) Concerning data collected prior to detector upgrade

(i) The final calibration of ToF-L/R counters was done for Xe+La and Pb+Pb data
samples using native calibration software.

(ii) Data managers were written and used for SHINE processing of ToF-L/R correction
factors from the database.

(iif) The final mass productions were prepared for all Xe+La data samples, and Pb+Pb
collisions at 13A and 30A GeV/c.

(iv) The BPD position residual corrections and BPD strip gains calibration factors were
obtained for p+p events collected at 400 GeV/c.

(v) TPC calibration, i.e. drift velocity (vqyf), time constants, and geometrical correc-
tions, was done for p+p at 400 GeV/c data sample using the newest SHINE calibra-
tion software.

4.2.1. TPC calibration for 2022 Pb+Pb data

Since during the LS2, the TPC Front-End Electronics (FEE) were replaced by the former AL-
ICE FEEs, a methodology for a new gain table became necessary. By now, there is a standard
technique for equalizing the pad-by-pad gains, using the spectrum of radioactive krypton
decays. A software tool for analyzing such Kr data was developed and commissioned. Dur-
ing the Kr data taking, a random trigger was used, and the appearing TPC clusters were
reconstructed. The spectrum of the cluster total charges reflects the lines of the Kr energy
spectrum, and a pad-by-pad gain correction table was calculated in order to equalize the
highest energy Kr peak position across the TPC chambers. For small pads, charge leakage to

14



adjacent pads was of concern, as for these pads, the single-pad total charge resolution was
by nature relatively limited. In order to mitigate this issue, not only the position of the main
Kr peak was detected for each pad, but also the trailing slope of the main Kr peak was in-
volved in the calibration-analysis. Using this technique, the pad-by-pad relative gains were
equalized throughout the TPC chambers; the corresponding calibration task was completed
(see also Status Report 2022 [3] for example plots).

When the TPC drift time sampling is started, the actual start time of the drift sampling can
have a slight relative latency for each pad, called pad-by-pad t( correction. If not corrected
for, the adjacent pads can have a slight phase shift, which in turn translates to a slight degra-
dation of the position resolution in the drift direction. In order to mitigate this effect, an
electronic pulser-based calibration procedure was developed: an electronic pulser pulses the
Field Wires of the TPCs simultaneously, and the pulse shape as seen by each pad is recon-
structed. Their tiny relative phase is then extracted with a software analyzer tool, providing
the pad-by-pad ty correction table; see Fig. 5 as an example. The corresponding tool was
developed and deployed this year, and the corresponding calibration task was completed.

VTPC2, Sector 2, Pad col/row1/12

VTPC1 Sector 1 - mean t0
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46 48 50 52 54 56 58 60
Time [bins]

Figure 5: Left: Typical electronic pulse shape as seen by a TPC pad FEE channel. Right: The tg map
of a Sectorl of VTPC-1 (units in nanoseconds).

The signal formation in a TPC chamber is dominated by the signal of ions formed in the
amplification avalanche process at the Sense Wires. The response on the pads are actually
the mirror charges of the positive ion cloud. Since despite of the high field at the Sense Wires,
the drift of the ions is relatively slow, this results in a power-law-like tail in the response of
TPC pads as a function of drift time. These long tails, if not corrected for, would significantly
bias the drift coordinate estimate of clusters and, moreover, would prolongate the clusters
in the drift direction, which would cause unnecessary cluster overlaps. In order to mitigate
the issue, a calibration tool was developed and deployed, which records the mean response
function belonging to healthy track clusters, and from this, in combination with the known
noise level, calculates an optimal Wiener filter. Then, during reconstruction, the TPC pad
time trace raw data is filtered with such a Wiener filter profile before clusterization. The
Wiener filter is calculated for each TPC Sector. A demonstration of the effect of the Wiener
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filter is shown in Fig. 6.
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Figure 6: TPC track cluster time traces with and without the application of the newly developed
Wiener filtering procedure.

One of the most sensitive parameters of the TPC system is the estimate for the actual in-situ
drift velocity, which is also slowly changing as a function of wall-clock time on the scale of
10 minutes. In order to make this estimate rather direct and accurate, a specific new seg-
mented detector was built and installed downstream of the MTPC-L chamber. The idea is
to have an explicit length reference scale for the drift coordinate of MTPC-L. This is done
by the already mentioned GRC detector which is implemented as two 40 cm (horizontal)
x 120 cm (vertical, i.e. drift direction) cartesian readout multi-Wire proportional chambers
(MWPCs). The upstream chamber is used along its full acceptance for low multiplicity runs,
whereas the downstream one has a narrowed horizontal acceptance in order to eliminate
the cartesian ambiguity for high multiplicity collisions. The principle of the drift veloc-
ity calibration is based on the comparison of the extrapolated TPC track drift coordinate
to the GRC hits. Whenever the assumed drift velocity during reconstruction is inaccurate,
the slope of the drift coordinate mismatch (Ay) versus the drift coordinate (i) as measured
by the GRC, will give the drift velocity correction factor by means of the calibration equa-

tion Ay = (m - 1) y+ (offset from the displacement of the chambers, etc). Here,
vDriftCorr 1= ——dife T this way, the in-situ MTPC-L drift velocity correction factor

Udrift,assumed ~
can be determineccliftfromddata, in about 5-10 minutes of wall-clock time windows, which is
enough for following the drift velocity changes caused by the slow change of the ambient
parameters, such as air pressure. An example of such Ay vs y fit is shown in Fig. 7. The
other chambers are calibrated successively against each other, using the already calibrated
TPCs as geometry reference chambers in the process (MTPC-L—VTPC-2, and then VTPC-

2—VTPC-1 and VTPC-2—+MTPC-R).

A complication in the above procedure is that the imperfection of the TPC chamber align-
ment gives sizable systematics to the drift velocity estimate using the above method. The

16



MTPCLvsGRC AY vs. Y
5 MIPCLvsGRCdYVsY
Entries 6699
Mean x 3.083

Mean y 1.542
RMS x 20.49

RMS y 1.548

AY [em]

_5 —— —
=60 —40 —20 0 20 40 60
Y [em]

Figure 7: Example for the extraction of the drift velocity correction from the Ay vs y plot. The
extrapolated MTPC-L tracks are matched to hits in GRC, and the deviation of the MTPC-L ex-
trapolated positions are plotted against the GRC positions in terms of the drift () coordinate. The
slope of the deviation plot carries the information on the necessary correction to the drift velocity
assumed during the reconstruction. A realistic initial guess is known from the gas composition
and the applied drift field.

track-by-track systematics due to alignment imperfections can be seen to be inversely pro-
portional to the z-distance from the main-vertex of the z = const plane, where the Ay vs y
analysis is performed. Therefore, the misalignment gives a small contribution to MTPC-L
drift velocity correction, since it is far from the main-vertex, but can give a sizable contri-
bution to the other chambers. Since the VTPCs were moved during LS2, and their new
alignment is not known to great precision, a data-based alignment self-calibration method
was developed. We take special calibration runs without a magnetic field, in which case
the tracks are straight lines. Then, the alignment procedure is inspired by the above Ay vs y
analysis: the main-vertex global tracks are split into local track pieces per TPC chamber, they
are refitted locally, and the mismatch parameters of the local tracks in adjacent chambers are
checked at z = const reference planes in between. A local straight track segment at a per-
tinent reference plane is uniquely determined by the z-slopes N,, Ny and the anchor point
coordinates My, M,. Moreover, each chamber has eight unknown alignment parameters: the
angular misalignment 6, 6, 6, the position misalignment xo, z9 along the non-drift coordi-
nates, the drift velocity correction factor vDriftCorr, the trigger latency correction t0Corr,
and the position misalignment vy along the drift coordinate. Assuming that one of the cham-
bers is already calibrated (except for ¢y and 1), the mismatch pattern at the z = const plane
is given to the first order in terms of the calibration parameters by the equation

ANy = (14 N2)6, + Ny(Niby +6z),
AN, = Nj(6.+6,)+ N,(0DriftCorr — 1) — Ny, + 6,
AMx = (gxMy + Gny + Z())Nx + gyZ + QzMy — X,
AMy = (M +60,M, +zo)Ny + 6xz — My — yo
+(My - yanode,assumed) (Ud?’iftCOT?’ - 1) — t0Corr Udrift,assumed - (1)

That is, an imperfection of any of the eight alignment parameters leaves a specific footprint
on the mismatch pattern already to the first order. The alignment analysis is performed by
first calibrating MTPC-L for drift velocity with the usual Ay vs y method against GRC, and
assuming its 9x,9y, 6., xo0,zo parameters to be correct (reference), then analyzing its field-

17



off mismatch pattern against VITPC-2. For simplification, ]Ny\ ~ 0 tracks are analyzed, for
which

AN, = (14 N2)6y,
AN, = —N,0,+0,, )

directly provides the angular calibration of VIPC-2. After this is set, one has
AM, = z)N;—xo (3)

for the non-drift coordinate displacement calibration of VTPC-2. This being set, the ordinary
Ay vs y analysis based on

AM, = M, (vdriftCorr — 1) + constant offset (4)
yields the drift velocity calibration for VTPC-2. After all this is done, one is left with
AM, = —t0Corr vgrift — Yo (5)

Taking than data samples where the drift velocity happens to be quite different, one can
extract the trigger latency correction t0Corr and drift coordinate displacement vy of VIPC-
2 from the slope and offset of the Ay versus drift velocity analysis. The procedure is then
repeated for the further chambers, taking VITPC-2 as a reference. The procedure is demon-
strated in Fig. 8.

4.2.2. Software and calibration for the new Vertex Detector

In the calibration procedure of the new VD detector all supplementary constants and pa-
rameters, such as the description of the VD geometry, parameters for reconstruction tuning,
information on noise pixels, etc., were moved to the common database (DB) used by the
ShineOffline software. The introduction of the common DB to the VD software enables
us to finally make VD accessible not only for those directly working with it but also to all
the other members of our Collaboration. One of the important tasks was the reconstruction
of the ALPIDE sensors’ positions and rotation angles which was performed for dedicated
runs taken with a magnetic field turn-off. This data was taken just before the Pb data-taking
period in November 2022. A dedicated procedure was developed based on the minimiza-
tion of cluster residua for reconstructed tracks fitted with straight lines. The sensor position
reconstruction is performed for each arm separately, and the relative positions of arms are
then set by looking at offsets in x, y, and z directions between positions of primary vertexes
reconstructed separately by Jura and Saleve arms. The distribution of clusters for each sta-
tion in the x—y plane, which accounts for the reconstructed VD geometry, is shown in Fig. 9.
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Figure 8: Example for the extraction of the misalignment parameters of the adjacent TPC cham-
bers using field-off track data. In the plot, MTPC-L serves as a reference, and the track parameter
mismatch against VITPC-2 pieces is shown along with the corresponding model fit for the extrac-
tion of the alignment parameters, see Egs. (2) and (3). The vertical lines denote the fit region
boundaries.
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Figure 9: Clusters distribution in the upgraded Vertex Detector.
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5. New results

5.1. New results for strong interaction physics

The NA61/SHINE strong interaction program is based on beam momentum scans (13A —
150A/158A GeV/c) with light and intermediate-mass nuclei (from p+p to Xe+La). The main
physics goals include searching for the second-order critical end-point in the temperature
versus baryo-chemical potential phase diagram and studying the properties of the onset of
deconfinement. The program has been extended in recent years by Pb+Pb collisions, where
the open charm production and collective effects are studied.

This section summarizes new preliminary and recently published physics results from the
program on the physics of strong interactions. The results on spectra and yields, as well as
on fluctuations and correlations, are presented. They are labeled according to the NA61/
SHINE physics goals, i.e., the study of the onsets of deconfinement (OD) [7] and fireball
(OF) [8], the search for the critical point (CP), and others (O).

5.1.1. (O, CP) Published results on femtoscopy analysis in 0-20% central Be+Be
collisions at 150A GeV/c

The nature of the quark-hadron transition can be studied via femtoscopy analysis as the in-
vestigation of the femtoscopic correlation functions in nucleus-nucleus reactions may reveal
the space-time structure of the hadron production source. With the use of Lévy-type sources,
we can describe the source parameters (¢, A, and R) as a function of the average transverse
mass of the pion pair [9].

The final NA61/SHINE results on femtoscopy analysis in 0-20% central Be+Be collisions
at 150A GeV/c were published [10] in Eur. Phys. ]. C. The 20% most central events were
analyzed, and momentum correlations of identified pions were measured. The correlation
functions could be described with the assumption of Lévy sources in a statistically acceptable
manner, enabling the interpretation of the fit parameters.

The Lévy stability parameter « describes the shape of the source. Furthermore, « was conjec-
tured to be related to one of the critical exponents (the so-called correlation exponent #) and
thus may shed light on the location of the critical end-point on the QCD phase diagram [11].
As shown in Fig. 10, our measured « parameter is approximately constant with regards to
transverse mass (mt). The pion-producing source in the 150A GeV/c Be+Be collision ap-
pears to be compatible with the Lévy shape assumption, far away from Gaussian and close
to Cauchy and not at the CP (corresponding toa = 2, « = 1, and a < 0.5, respectively). Our
new, final results yield values for a« between 0.9 and 1.5, which is significantly lower than
preliminary results from 0-10% central Ar+Sc collisions at 150A GeV/c [12].

The correlation strength A is related to the core-halo ratio, where the core contains pions
created primordially or from short-lived resonances, while the halo consists of the decay
products of longer-lived resonances. In previous RHIC and SPS results — see e.g. Refs. [13—
15] (STAR, PHENIX), Ref. [16] (NA44) or Ref. [17] (NA49) — an intriguing collision energy
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Figure 10: Lévy stability parameter a versus mt in 0-20% central Be+Be collisions at 150A GeV/c.
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Figure 11: Lévy correlation strength A versus m in 0-20% central Be+Be collisions at 150A GeV/c.

In our results in Fig. 11, we see no significant mt dependence, similar to NA44, NA49 re-
sults, and preliminary results on Ar+Sc measurements of Lévy HBT from NA61/SHINE.
This might indicate that the effect of lowering of A at low-mrt, present at RHIC energies, is
“turned off” at the SPS. This requires further study.

The Lévy scale R corresponds to the femtoscopic scale of the system, i.e., the length of ho-
mogeneity. From a simple hydro picture, one obtains an R o« 1/ ,/mt type of transverse
mass dependence, creating a decreasing trend of R in mT, generally attributed to transverse
flow. Our results shown in Fig. 12 indicate that R decreases with mt, showing a hydro-
type of transverse flow effect. This is interesting in particular as we observe the described
R o 1/ ,/mT1, however, one would expect this to show only at « = 2 [18]; this phenomenon

21



was also observed at RHIC [13].
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Figure 12: Lévy scale parameter R versus mt in 0-20% central Be+Be collisions at 150A GeV/c.

5.1.2. (CP) Published results on proton intermittency in Ar+Sc collisions at 150A GeV/c

The final NA61/SHINE results on proton intermittency in different centralities of Ar+Sc
collisions at 150A GeV/c were published [19] in Eur. Phys. ]J. C. The example plots from the
paper are discussed below.

An example of the dependence of the second scaled factorial moment of proton multiplicity
distribution for 0-20% central Ar+Sc collisions at 150A GeV/c on the number of subdivisions
in cumulative transverse momentum space is shown in the left panel of Fig. 13. Closed
circles indicate the experimental data. For comparison, corresponding results for mixed
events (open triangles) and the EP0S1.99 [20,21] model (open squares) are also shown.

The right panel of Fig. 13 presents p-values obtained from the comparison of F,(M) values
for the Power-law Model with different parameters (power-law exponent and fraction of cor-
related protons) with the corresponding experimental results. For the calculation, statistical
uncertainties from the model with similar statistics to the data were used.

The intermittency index ¢» for an infinite system at the QCD critical point is expected to be
equal to ¢» = 5/6, assuming that the latter belongs to the 3-D Ising universality class. If this
value is set as the power-law exponent of the Power-law Model, the NA61/SHINE data on
central Ar+Sc collisions at 150A GeV/c exclude fractions of correlated protons larger than
about 0.1%.

5.1.3. (OD, OF) Final (submitted to Eur. Phys. J. C) results on ¥, KT, p,and p
production in 0-10% central Ar+Sc collisions at 13A-150A GeV/c

The final results on ", 7=, KT, K=, p and p spectra and yields in 0-10% central Ar+Sc
collisions at 13A-150A GeV/c were submitted for publication and are available in Ref. [22].
Spectra presented in the publication include: i) K*, 7% and p at 13A-150A GeV/c, ii) 7 at
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Figure 13: Left: Results on the dependence of the second-order scaled factorial moment of pro-
ton multiplicity distribution on the number of subdivisions in cumulative transverse momentum
space for 0-20% Ar+Sc collisions at 150A GeV/c. Only statistical uncertainties are indicated. Right:
Exclusion plot, the p-values, for the Power-law Model parameters — the fraction of correlated pro-
tons and the power-law exponent. The white areas correspond to p-values less than 1%.

30A-150A GeV/c. Results are obtained in a combined acceptance of dE /dx and tof — dE/dx
particle identification methods.

The NA61/SHINE measurements of the inverse slope parameter T at mid-rapidity (step plot)
in the 10% most central Ar+Sc collision are shown versus collision energy for K™ and K~ in
Fig. 14. The energy dependence of the inverse slope parameter of pr spectra in central Ar+Sc
collisions exhibits a characteristic plateau in the SPS energy range, visible prominently in
Pb+Pb data. The Ar+Sc values of the T parameter are located slightly below Pb+Pb, yet
still significantly higher than Be+Be and p+p. The most recent results for Xe+La data at
150A GeV/c (see Sec. 5.1.4) are also included in Fig. 14; the Xe+La points are very close to
Pb+Pb/Au+Au results at the similar energies.

The results on the energy dependence of the Kt /7t ratio (horn plot) from the 10% most
central Ar+Sc collisions are shown in Fig. 15 together with measurements in inelastic p+p,
central Be+Be, central Pb+Pb and central Au+Au collisions. A clear distinction between the
two data subsets is visible — p+p and Be+Be results show similar values and collision energy
dependence, while the heavy systems of Pb+Pb, Au+Au, and Ar+Sc show much higher
K* /7" ratios. Moreover, although Ar+Sc is clearly separated from small systems, its energy
dependence does not show the horn seen in Pb+Pb and Au+Au reactions, exhibiting (within
total uncertainties) a monotonic growth with collision energy both at mid-rapidity and for
mean multiplicities. The most recent measurements for Xe+La collisions at 150A GeV/c (see
Sec. 5.1.4) are also included in Fig. 15; the Xe+La points are close to Pb+Pb/Au+Au results
at the similar energies.
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Figure 14: The energy dependence of the inverse slope parameter T of pt spectra at mid-rapidity
of positively (left) and negatively (right) charged K mesons for central Xe+La, Ar+Sc, Be+Be,
Pb+Pb, and Au+Au collisions as well as inelastic p+p interactions. Both statistical (vertical bars)
and systematic (shaded bands) uncertainties are shown.

5.1.4. (OD, OF) Preliminary results on r—, K*, and K~ production in 0-20% central
Xe+La collisions at 150A GeV/c

The new results on 77—, K*, and K~ production in 0-20% central Xe+La collisions at 150A
GeV/c have been just released as preliminary and shown at the Quark Matter Conference [23,
24]. The 7t~ spectra were obtained from the i1~ method [25], where negatively charged pions
are computed from negatively charged hadrons and the remaining contribution from other
particles is corrected for using Monte Carlo data. The spectra of Kt and K~ were obtained
from dE /dx fits. The two-dimensional distributions of double-differential yields d*n/dydpr
of 1=, K* and K~ are presented in Fig. 16. From these plots the inverse slope parameters
of kaon pr spectra, as well as mid-rapidity yields and total multiplicities, are extracted and
added to Figs. 14, 15, 17, 18, 19. The T parameters and mid-rapidity yields in step and horn
plots are presented for the rapidity range 0.4 < y < 0.6. For Xe+La results, only statistical
uncertainties were estimated, whereas the systematic ones were assumed to be at the level
of 5%.

5.1.5. Onset of fireball

The observed rapid change of hadron production properties that starts when moving from
Be+Be to Ar+Sc collisions hints at some non-trivial threshold mechanism. Such system size
dependence may be attributed to the beginning of the creation of large clusters of strongly
interacting matter — the onset of (QGP) fireball [26]. The similarities of p+p and Be+Be systems
suggest that interactions of these systems could form small non-equilibrium clusters via bi-
nary collisions of nucleons, as in the Wounded Nucleon Model [27]. On the other hand,
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Figure 15: The energy dependence of the Kt /7™ ratio at mid-rapidity (left) and for mean multi-
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shown.
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Figure 16: Two-dimensional distributions of double-differential yields d*n/dydpt of 71—, K* and
K~ produced in 0-20% central Xe+La interactions at 150A GeV/c.

properties of Pb+Pb collisions are well described by statistical and hydrodynamical mod-
els, which assume the creation of a collectively evolving fireball in (at least local) thermal
equilibrium. Results on Ar+Sc collisions are clearly closer to the Pb+Pb ones than to p+p
and Be+Be measurements, hence the onset of (QGP) fireball may be identified at the system
size close to the measured Ar+Sc reaction and may depend on collision energy. Such char-
acteristic system size dependence is seen at multiple measured quantities: mean multiplici-
ties ratios of (K™) /(™) (Fig. 17), the ratio of yields at mid-rapidity measurements K* /7t
(Fig. 18), inverse slope parameter T of K* transverse momentum spectra (Fig. 19). Recent
phenomenological interpretations [28] suggest that the diagram of the high-energy nuclear
collisions may, in fact, consist of three main domains in which certain hadron production
processes dominate: i) creation, evolution, and decay of resonances, ii) formation, evolution
and fragmentation of strings, and iii) creation, evolution and hadronization of QGP. Within
this picture, the differences observed between the small systems (p+p, Be+Be) and Ar+Sc are
an interplay of changeovers between these domains.
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Figure 17: System size dependence of (K™)/(7") mean multiplicity ratios measured at 19(20)A-
150(158) A GeV/c, showing values for inelastic p+p interactions and central Be+Be, Ar+Sc, Xe+La,
and Pb+Pb. The system size is represented by the mean number of wounded nucleons ((W)).
Statistical uncertainties are shown as bars and systematic ones are denoted with square braces.
The shaded band shows the total uncertainty of the p+p result.

5.1.6. (O, OD) Preliminary results on K production in inelastic p+p collisions at 31 and
40 GeVic

The yields of K mesons produced in inelastic p+p interactions at beam momenta of 31
and 40 GeV/c were measured with the NA61/SHINE spectrometer [29]. Measurements of
double-differential spectra and mean multiplicities of K mesons were performed. The K2
yields in different rapidity bins were obtained from the corresponding measured transverse
momentum distributions. Extrapolation to the high pr region outside of the acceptance was

performed using the function f(pr) = A - pr-exp (y/p% + m5/T), where my is the mass of
the K2 [30] and T is the inverse slope parameter.

The mean multiplicities of K mesons were calculated as the sum of the measured data points
and the integrals in the unmeasured regions obtained from a linear fit to the two data points
at y > 1. The obtained mean multiplicities are summarized in Table 1 and compared in
Fig. 20 with the results from other experiments in the energy range from 3 to 32 GeV. The
measured values are seen to rise linearly with collision energy ./snn; the NA61/SHINE
results follow the observed trend.
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Figure 18: System size dependence of K*/7m" ratios at mid-rapidity measured at 19(20)A-
150(158) A GeV/c, showing values for inelastic p+p interactions and central Be+Be, Ar+Sc, Xe+La,

and Pb+Pb. The system size is represented by the mean number of wounded nucleons ((

W)).

Statistical uncertainties are shown as bars and systematic ones are denoted with square braces.
The shaded band shows the total uncertainty of the p+p result.

| Pbeam (GeV/c) | Mean multiplicity | Statistical uncertainty | Systematic uncertainty |

31 6.1 x102 0.2 x1072 0.5 x102
40 8.0 x1072 0.1 x1072 0.4 x1072
80 12.0 x102 0.1 x1072 0.5 x102
158 16.2 x1072 0.1 x1072 1.1 x1072

Table 1: The mean multiplicities of K mesons measured by NA61/SHINE in inelastic p+p inter-
actions with beam momenta ppeam = 31, 40, 80, and 158 GeV/c.

5.1.7. (O, OD) Preliminary results on K production in 0-10% central Ar+Sc collisions at
75A GeVic

The preliminary results on K¥ production in 0-10% central Ar+Sc collisions at 75A GeV/c
were measured by NA61/SHINE. The results were presented at several conferences, includ-
ing Quark Matter 2023 [33]. The mean multiplicity of produced K(S) mesons was calculated as
the integral of the fitted rapidity function and equals (K2) = 6.25 & 0.09 (stat) & 0.73 (sys).

An unexpected excess of production of charged (K™ + K™) over neutral (K?) mesons was
reported. Strong interactions preserve approximately isospin (I) and its third component
(I;), which, among others, for collisions of N = Z nuclei (N — number of neutrons, Z —
number of protons) corresponds to equivalence in the production of new pairs of u — u
and d — d quarks [34]. Following Smushkevich rule, for all particles involved in isospin-
conserving reactions, all members of isospin multiplets are produced in equal numbers if
and only if the initial population is uniform [35-37]. Thus, for an electric-to-baryon charge
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Figure 19: System size dependence of the inverse slope parameter T of K transverse momentum
spectra at mid-rapidity measured at 19(20)A-150(158) A GeV/c, showing values for inelastic p+p
interactions and central Be+Be, Ar+Sc, Xe+La, and Pb+Pb. The system size is represented by
the mean number of wounded nucleons ((W)). Statistical uncertainties are shown as bars and
systematic ones are denoted with square braces. The shaded band shows the total uncertainty of
the p+p result.

ratio (Q/B; Q = Z) equal to 1/2 (I = I, = 0) and in the case of exact isospin symmetry we
expect the following relations between kaon multiplicities: K* (us) = K°(ds) and K~ (us) =
K(ds). By summing up the equations one obtains: K™ + K~ = K? + K’. The K® and K’
mesons are not directly measured in detectors since the physical neutral states are the K2 and
KY. Neglecting a very small effect of the CP violation, the production of K2 should be given
by: K = M Therefore, we expected the relation between multiplicities: K = K“Z“i

The left panel of Fig. 21 shows the comparison of rapidity spectrum of neutral (K?) with the

average spectrum of charged (K* and K~) mesons [22] (K*/~ = W%I(). A similar plot but
for transverse momentum spectra is presented in the right panel of Fig. 21. Additionally, for

transverse momentum spectra, the Ry ratio is plotted, where Ry = % A significant differ-
S

ence between K*/~ and K? yields is observed for both rapidity and transverse momentum
spectra.

Figure 22 presents the compilation of available data on the ratio of charged to neutral kaons
as a function of collision energy. The systematic excess of the production of charged kaons
is visible in the presented nucleus-nucleus data. The world data, having large uncertainties
of individual points, support the NA61/SHINE finding.

The comparison of the charged-to-neutral kaon ratio to the predictions of the Hadron Res-
onance Gas (HRG) model [38] is presented in Fig. 23 (taken from Ref. [39]). The black line
shows the HRG baseline for electric-to-baryon charge Q/B = 0.4. For Ar+Sc collisions Q/B
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Figure 20: Collision energy dependence of mean multiplicity of K2 mesons produced in p+p in-
teractions. The results from NA61/SHINE are presented with colored symbols: the full colored
red circle shows the measurement at beam momentum ppe,m = 158 GeV/c [31], the full colored
orange square indicates the measurement at beam momentum ppeam, = 80 GeV/c [32], the full col-
ored green triangle down represents the measurement at beam momentum ppe,m = 40 GeV/c [29]
and the full colored blue triangle up corresponds the measurement at beam momentum ppeam =
31 GeV/c [29]. All the results from the NA61/SHINE are presented with their total uncertainties.
The results published by other experiments are presented with open circles colored in gray.

= 0.45 (Ar) and Q/B ~ 0.47 (Sc), whereas Q/B ~ 0.4 corresponds to Pb or Au nuclei. The
black dots in Fig. 23 represent the HRG baseline for Q/B values specified according to the
given types of colliding nuclei. The prediction of HRG takes into account a set of known
effects that violate isospin symmetry, or preserve it but still can lead to a deviation of Ry
from unity [36]. Nevertheless, the predicted deviation from the expected value of Ry = 1is
significantly smaller than for the experimental data. Thus, the presented result is to be con-
sidered as evidence for effects that go beyond the ones predicted by the HRG model. It is at
present a subject of active scrutiny whether this result could be an indication of the violation
of isospin symmetry being significantly stronger than commonly assumed for high-energy
nuclear collisions.

5.1.8. (O, OD) Preliminary results on A production in 0-10% central Ar+Sc collisions at
75A GeVic

The preliminary measurements of the double-differential spectra and mean multiplicity of A
baryons produced in 0-10% central Ar+Sc collisions at 75A GeV/c were conducted [40]. One-
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Figure 21: Left: Comparison of rapidity spectrum of neutral (K2) with the average spectrum of
charged (K* and K~) mesons in 0-10% central Ar+Sc collisions at 75A GeV/c. The total uncertain-
ties are plotted and calculated as the square root of the sum of squared statistical and systematic
uncertainties ( 4/stat? + sys?). For charged kaons [22], the total uncertainties were calculated sep-

arately for positively charged and negatively charged kaons and then propagated. Right: same as
left but for transverse momentum spectra.

dimensional transverse momentum spectra are fitted with an exponential function in order
to obtain the inverse slope parameter T and extrapolate spectra to the unmeasured high
pr region. The obtained one-dimensional rapidity spectrum is shown in Fig. 24 together
with the prediction of the EP0S1.99 [20, 21] model, which underestimates the A yields by
20-25%.

The mean multiplicity (A) is calculated from the sum of measured data points scaled under
the assumption that the ratio between measured and unmeasured regions is the same in data
and Monte Carlo simulation. The obtained mean multiplicity of A baryons equals 6.44 + 0.24
(stat) £ 1.10 (sys). The (A)/ (™) ratio is then compared for different collision systems as
shown in Fig. 25. One can see that it follows a similar trend to that of (K*)/(7") ratio.
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Figure 22: Compilation of the available data on the ratio of charged to neutral kaons as a function
of collision energy. The measurement from NA61/SHINE is shown as a red dot. See Ref. [33] for
a complete list of references to the world data needed to obtain Ry values.
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Figure 23: Comparison of charged-to-neutral kaon ratio (K° + K’; in HRG equal 2K?) with pre-
dictions of the Hadron Resonance Gas model [38]. The black line shows the HRG baseline for
electric-to-baryon charge ratio Q/B = 0.4. Black dots represent the HRG baseline for Q/B values
specified according to the given types of colliding nuclei. Figure taken from Ref. [39].
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Figure 25: The system size dependence of (A)/(7r") ratio in full 471 phase space. Statistical un-
certainties are shown as bars, and systematic ones are denoted with square braces. The shaded
band shows the total uncertainty of the p+p result. The numerical data needed to obtain p+p and
Pb+Pb points at similar energies were taken from Refs. [41,42] (A baryons in p+p and Pb+Pb) and
Refs. [43,44] (pions in p+p and Pb+Pb).
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5.2. New results for neutrino and cosmic-ray physics

For many years, the NA61/SHINE Collaboration has had a program of hadron produc-
tion measurements for long-baseline neutrino oscillation experiments at ]-PARC and Fer-
milab (FNAL). These measurements improve knowledge of the neutrino flux produced in
accelerator-based neutrino beams. NA61/SHINE measures total cross-sections and differ-
ential spectra of hadron yields from thin and replica neutrino beam targets.

NA61/SHINE also performs hadron production measurements relevant to interpreting ex-
tensive air shower data (EAS) at ultra-high energies and measures production and fragmen-
tation cross-sections to understand Galactic cosmic-ray data (GCR).

5.2.1. Neutral hadrons from p+C at 120 GeV/c interactions (FNAL)

The interaction of 120 GeV/c protons with carbon is of particular interest to the neutrino
community because it represents the primary interaction that creates the NuMI neutrino
beam [45] at Fermilab, which serves the MINERVA [46] and NOvVA [47] neutrino physics
experiments. This reaction, along with those on replica neutrino production targets, was the
motivation for the development of the Forward TPC (FTPC) system [48].

NA61/SHINE has published two papers, one on the production of charged hadrons and one
on the production of neutral hadrons in 120 GeV/c p+C interactions. Both were based on data
collected in the 2016 and 2017 run periods when the spectrometer operated with different
magnetic fields and detector configurations (the FTPCs were added in 2017). The results
are now available for use in interaction and flux simulators and are being incorporated into
Fermilab’s PPFX neutrino flux prediction package [49].

The neutral hadron analysis was submitted in 2022 and published in 2023 [50]. Results
included production yields of K% A, and A, identified using an invariant mass and momen-
tum asymmetry selection from reconstructed two-particle secondary vertices. The results
are binned in production angle and particle momentum, making these the first fully double-
differential yield measurements for this process at this energy. Yields for a single angular
bin are shown in Fig. 26.

5.2.2. Charged hadrons from p+C at 120 GeV/c interactions (FNAL)

NA61/SHINE has also made measurements of charged hadron production from 120 GeV/c
p+C interactions. These results [51], also from the 2016 and 2017 data sets, have been just
published in Phys. Rev. D. They will also be used in the near future to improve flux estima-
tions for Fermilab neutrino experiments. The measurement of forward proton production,
which is essential for estimating secondary interactions in long targets, benefits significantly
from the addition of the FTPCs (Fig. 27).

Measured multiplicities of charged pions in two selected angular bins are shown in Fig. 28.
Predictions from several Monte Carlo generators are shown for comparison. In most hadron
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Figure 26: Spectrum of K2 and A in a selected angular bin from 120 GeV/c p+C interactions.
Similar production rates from NA61/SHINE at 31 GeV/c are shown for comparison.

Positive Track Occupancy (2016)

Sianl

[rad]

0.4

0

0.35

T

0.3

i B
100

|
120

p [GeV/c]

Positive Track Occupancy (2017)

20

60 80

100
p [GeV/c]

40

120

Figure 27: Track occupancy comparison for proton candidate tracks between 2016 data set (left)
and 2017 (right). Note the significantly increased occupancy in the forward, high-momentum
region for the 2017 analysis which includes data from the FTPCs. The empty region at low mo-
mentum corresponds to the omitted Bethe-Bloch crossing region for protons and pions, where
particle identification performance is poor.

« Multiplicity, [0,0.005] rad

«* Multiplicity, [0.005,0.01] rad

Figure 28: Spectra of 7"

o
=2 09F
>
(ORI
G
ko] =
g 07
=
B Combined Measurement - 0.6
> 0.5F
FTFP_BERT =
L o4f
QGSP_BERT 3 0.3F
= o
---- FTF_BIC = o2f
0.1
I
0

I-I.,._.\
]

~u

07f
o0.6f
0.5
04 4 N
0af

0.2

Multiplicity [1/(rad GeV/c)]

| T P PP PP PP
0 10 20 30 40 50 60

70

p [GeV/c]

Monte Carlo simulations using different interaction generators are shown.

34

| 1 1 1 1 L 1 1
0 10 20 30 40 50 60 70

p [GeV/c]

production in 120 GeV/c p+C interactions in two selected angular bins.



interactions important for neutrino physics, Monte Carlo generators have major disagree-
ments over large regions of phase space and no single model predicts the data observations
except in limited ranges.

5.2.3. Neutrino analyses in progress

p+C at 90 GeVic (FNAL): The analysis of the 2017 p+C at 90 GeV/c data is currently being
performed, with plans for measurements of neutral and charged hadron production. The
data set is fully calibrated, and the neutral hadron production will be measured first and
then used as an input for the charged hadron analysis. In the 2017 data set, a trigger issue
prevented the reaction’s total cross-section measurement. To measure the total cross-section,
a new p+C at 90 GeV/c data set was taken in July 2023; this data set will be analyzed to
extract the reaction’s cross-section.

p+C at 60 GeV/c (FNAL): The differential yields of neutral particles (K%, A, A) and charged
particles (*, K=, p, p) from the 60 GeV/c protons on carbon interactions were previously
measured and reported in Sec. 2.2.2 of Ref. [52]. However, the neutral particle results showed
discrepancy compared to proton-carbon interactions at different momenta. The neutral and
charged analyses of this data set have been re-started using native SHINE reconstruction to
address the above problem.

p+NOVA target at 120 GeV/c (FNAL): The 2018 NOVA replica target geometry has been
implemented into the SHINE framework. A Monte Carlo simulation data set has been gen-
erated to confirm the simulated target geometry and position. An updated particle vertexing
algorithm was also introduced to SHINE, This algorithm was created to extrapolate particle
tracks back to the surface of the long target. Following this, the 2018 NOVA target replica
data set has undergone various calibration steps. First, the distance between the beam po-
sition detectors and the NA61/SHINE TPCs was calibrated. Measuring this distance allows
for calibrating the relative positions of the rest of the TPCs and accurately reconstructing
where protons interacted inside the NOVA target. Next, target alignment was determined
for the 2018 summer data. Any target position shifts and tilts were recorded for use in the
NA61/SHINE simulation of the replica target. Finally, the global track residuals were calcu-
lated for each binned TPC to account for any systematic shifts in the reconstruction (small
chamber position shifts, electrostatic effects, etc.).

The analysis procedure is being developed concurrently with calibration. The 2016 proton-
proton analysis procedure has been adapted to process Monte Carlo samples from the 2018
data in preparation for charged and neutral hadron production rate measurements. Reusing
the same analysis procedure for the 2016, 2018, and future DUNE replica target results will
reduce the time to produce publications and enable consistency between related results.
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Figure 29: NA61/SHINE results on anti-proton production in t~+C interactions at 158 GeV/c [53].
The pr spectra at different particle momenta p are displayed on the top (error bars are smaller than
the markers) and the pr-integrated spectra are shown on the bottom and compared to predictions
of hadronic interaction models [21,54-57].

p+T2K target at 31 GeV/c (J-PARC): The calibration of the 2022 p+T2K at 31 GeV/c data
started with the reconstruction and the calibration of the BPD data. The GEM BPD detectors
were aligned with respect to the two Delay Wire Chambers (DWC) used during the BPD
calibration run. Also, some calibrations related to the TDC of the S1 scintillator detector are
ongoing. One is the calculation of the mean time offset of the timing of S1 and L2 triggers to
clear the S1 hit corresponding to the L2 trigger, and the other is the calculation of the time
phase shift between S1 and the start of the TPC time sampling. These results will be used for
the TPC drift velocity calibration in the next step.
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5.2.4. Final results on 1~ +C at 158 and 350 GeV/c (EAS)

Within the reporting period, we published the measurement of the p—pr spectra of n*, K+,
p, 7, A, A, and K produced in interactions of negatively charged pions with carbon nu-
clei at beam momenta of 158 and 350 GeV/c [53]. Together with the previous publication
of the production spectra of 0%, w and K** mesons in = +C interactions [58], we therefore
successfully completed our hadron production studies for the understanding of air showers
induced by ultra-high energy cosmic rays. The spectra measured with NA61/SHINE pro-
vide a unique reference data set with unprecedented precision and large phase-space cov-
erage to tune models for particle production in extensive air showers where pions are the
most numerous projectiles. As an example of the many reactions measured, the spectra of
produced anti-protons are shown in Fig. 29. In the top panel, the p—pr spectra are displayed,
and the bottom panel shows the comparison of the pr-integrated spectra to predictions of
hadronic interaction models used to interpret air showers. Anti-proton production is partic-
ularly interesting for air shower physics, as it traces the overall baryon production driving
the hadronic component of air showers [59]. As can be seen, the measurements of NA61/
SHINE provide the necessary data to tune the hadronic interaction models. They thus are
an essential input to solve the “muon puzzle” at ultra-high energies, see, e.g., Ref. [60].

5.2.5. Preliminary result on the production of boron isotopes (GCR)

Nuclear fragmentation cross-sections and the secondary-to-primary flux ratios are crucial
parameters for modeling the propagation of cosmic rays in the Galaxy. Large cross-section
uncertainties currently dominate the propagation characteristics. The precision of recent flux
measurements by space detectors like AMS-02, CALET, and DAMPE [61-63] implores the
need for measuring fragmentation cross-sections with a precision < 5%. The B/C flux ratio
is the simplest to measure and is the most well-studied secondary-to-primary ratio. Hence, a
precise nuclear fragmentation cross-section leading to boron production will aid in studying
transport parameters. In 2018, a pilot run demonstrated the feasibility of performing frag-
mentation studies with NA61/SHINE. We have derived the total boron production [64] and
the 'C production [65] in ?C+p reaction at 13.5A GeV/c using the polyethylene (PE) and
graphite (C) targets. Most recently, the production cross-sections of boron isotopes (!B and
10B) were measured and presented at the 38th International Cosmic Ray Conference [66].

A fit to the distribution of boron fragments in the MTPC for the three target settings, PE, C,
and the empty target holder (OUT), is shown in Fig. 30. The preliminary results are shown in
Fig.31. As canbe seen, they agree well with previous measurements. Given that these results
are from a three-day pilot run with the old data acquisition system, their uncertainties are
currently dominated by statistical uncertainties. A future dedicated high-statistics run for
studying the fragmentation of various primary C, N, O, and Si nuclei into lighter fragments
will improve the precision of this measurement to the desired precision needed to study the
propagation and escape of cosmic rays in our Galaxy, as detailed in Appendix A.
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Figure 31: Preliminary result on the production of the two boron isotopes in 1>C+p reaction. Pre-
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uncertainty, including systematics.
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Figure 32: Simulated deuteron spectra for rapidity in the center-of-mass frame (denoted ycyp)
(left) and momentum in the laboratory frame (denoted py,,) (right). The p+p interactions were
simulated at ppeam = 158 GeV/c, and the conditions from the coalescence model were applied to
produce deuteron spectra for seven different values of the coalescence momentum py. This was
done to evaluate the kinematic phase space, which is accessible to the tof — dE/dx analysis in
NA61/SHINE and is shown here between the vertical dashed lines.

5.2.6. Towards deuteron production cross-section measurements in p+p collisions at
158 GeV/c (GCR)

Detecting cosmic anti-nuclei can be a breakthrough approach for identifying dark matter [72].
The primary source of cosmic anti-nuclei background are interactions between cosmic-ray
protons and interstellar hydrogen gas. Gaining a deeper insight into deuteron production in
p+p interactions is an essential first step in modeling these astrophysical processes [73, 74].
The two most prevalent formation models, the thermal and coalescence models, are based
on different underlying physics. A better understanding of (anti)nuclei production mecha-
nisms is needed, which drives the effort to analyze high-statistics data sets from fixed-target
experiments [75].

This deuteron analysis is based on the 158 GeV/c p+p data sets collected in 2009, 2010, and
2011 with a total of about 65 M events. Deuteron production is rare in p+p interactions at
SPS energies of ~100—400 GeV. For ppeam = 158 GeV/c, the coalescence parametrization de-
veloped in Refs. [73,74] predicted a per-event production probability of 0.0004, with an un-
certainty band from 0.0002-0.0009. Using these estimates, about ~10,000-60,000 deuterons
should have been produced in the high-statistics p+p data. However, because of the limited
phase space acceptance of the detector, only a fraction of the total deuterons produced can
be identified.

Deuteron identification in data relies on mass reconstruction and requires ToF information in
addition to the dE / dx information. The ToF calibration was recently completed. To evaluate
the kinematic phase space which is accessible to the tof — dE/dx analysis, about 2.7 trillion
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Figure 33: Data-driven pion mass template fits used to fit the kaon, proton, and deuteron peaks
and tail regions, shown here for two example phase space bins. Data and fitted protons, kaons,
and deuterons are shown. A clear deuteron signal is visible in both bins. A correct estimate of the
proton tail under the deuteron signal is critical.

p+p interactions were simulated at ppeam = 158 GeV/c using the EPOS-LHC model [56] and
a coalescence model afterburner described in Refs. [73,74]. Figure 32 (left) presents the pre-
dicted deuteron rapidity spectra in the center-of-mass frame. The deuteron rapidity region
accessible to the ToF detectors is represented within the vertical black lines and coincides
with peak deuteron production in the center-of-mass frame’s backward hemisphere. As the
available energy in this collision system is limited (~ /s = 17.3 GeV), most deuterons in these
interactions are generated at low momentum. Figure 32 (right) shows the deuteron labora-
tory momentum spectra predicted by the coalescence model for different values of py. The
vertical black lines illustrate that most deuterons are expected to be produced within the
momentum phase space accessible to the tof — dE/dx analysis.

A data-driven template fitting method was developed for particle identification. For a given
(p, p1) bin, pions and positrons were separated from the other particles using the dE / dx
information. As the mass distributions for kaons, protons, and deuterons overlap, the pion
mass distribution was modified for detector resolution effects and the kaon, proton, and
deuteron mass, respectively, to serve as the input for the combined template fit of the higher-
mass Z = l-particle mass spectrum. Figure 33 shows an example for two (p, pr) bins and
reveals clear deuteron peaks and the importance of a realistic estimation of the proton tail in
the deuteron mass region. The extraction of the deuteron yield is based on the probability or
likelihood particle identification method, already developed for the dE / dx-only analysis.

Detailed cross-checks have been developed to account for the deuterons produced by sec-
ondary protons in the target material or holder. The contribution of secondary protons inter-
actions with the right target holder was estimated to be negligible, and the liquid hydrogen
target was estimated to be ~5% [75]. The correction factors for detector geometry were cal-
culated using Monte Carlo simulations, and ToF-related efficiency calculations are ongoing.
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Figure 34: Left: Initial measurements of negative-charged particles with the distribution of m? ver-
sus dE / dx in a two-dimensional kinematic phase space bin, using the tof — dE/dx analysis in p+p
158 GeV/c in NA61/SHINE. Anti-protons, K~, 77—, and electrons can be identified. The expected
anti-deuteron region is also shown within the red box. Right: An anti-deuteron candidate in p+p
158 GeV/c.

Systematic and statistical uncertainties will be estimated next. The preliminary release of
these results will follow after that.

5.2.7. Cosmic-ray analyses in progress

Beryllium and lithium fragmentation (GCR): The beryllium isotopes ’Be and °Be are
secondary nuclei resulting from primary cosmic-ray fragmentation in the Galactic medium.
The “Be isotope is a radioactive nucleus that decays to 1B in ~1.4 Myr, comparable to the
cosmic-ray diffusion time scales in the Galaxy, while on the other hand, *Be is a stable nu-
cleus. Therefore, 1°Be can be used as a cosmic clock to study the 10Be /9Be flux ratio and
estimate the size of the Galactic halo (L) with higher precision. The Li/C ratio is analogous
to the B/C flux ratio and is an excellent cross-check of the grammage X traversed by the
cosmic-ray nuclei. Nevertheless, both the astrophysical parameters are currently dominated
by the uncertainties of the nuclear fragmentation cross-sections and require precise cross-
section measurements. The Li and Be fragments produced in 1>C+p reaction at 13.5A GeV/c
were recorded by NA61/SHINE during the pilot run in 2018. The isotopic production cross-
sections are extracted from a fit to the fragment distribution for Li and Be isotopes in the
MTPC, and can be used for Galactic cosmic-ray propagation studies. Despite the low statis-
tics, our preliminary fits exhibit suitable isotope identification for Li and Be fragments. The
final step is to correct the calculated cross-section measurements and to estimate the system-
atic uncertainties.
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Estimates of anti-deuteron production (GCR): Following the measurement of the deuteron
signal, the negatively charged tracks were also analyzed. About 5 - 10* anti-protons were
identified by the preliminary application of the tof — dE/dx analysis framework described
earlier. Figure 34 (left) shows an example kinematic phase space bin where anti-protons, K—,
7t~, and electrons can be identified. For the same collision system, anti-deuteron production
is about ~1000 times smaller than anti-proton production [74]. Applying this to all measur-
able phase space bins leads to an expectation of about 50 anti-deuterons in the existing p+p
158 GeV/c data sets. Figure 34 (right) shows a p+p collision event with an anti-deuteron can-
didate. After carefully considering detector effects with simulations, the first anti-deuteron
production cross-section measurements in p+p at pra, ~ 100 GeV/c will be performed in the
next step.

6. Beam request for 2024 and plans for 2025

The first NA61/SHINE beam request for 2021-2024 was submitted to the SPSC in 2018 [76].
The Committee subsequently recommended it [77], and the Research Board approved the
data taking in 2021 [78]. Due to the COVID-19 pandemic, the schedule of accelerators and
the detector upgrade has been modified. In particular, the data taken with the T2K long tar-
get and the Pb beams for the open charm program and nuclear fragmentation cross-section
measurements did not occur in 2021.

Moreover, the requested Pb beam time was reduced to two weeks in 2022 and four weeks
in 2023. In addition to the primary Pb beam, the primary oxygen beam is planned for 2024.
Finally, the post-LS2 data-taking period was extended to 2025. In 2022, NA61/SHINE sub-
mitted to SPSC two documents related to the post-LS2 beam request. The first one [79] mod-
ifies the Pb beam request for the open charm measurements, assuming that the Pb beam will
also be available in 2025. The second document [80] presents the arguments and a detailed
request for the oxygen beam in 2024 to study the diagram of high-energy nuclear collisions
and for nuclear fragmentation cross-section measurements.

The revised data-taking schedule presented below takes the above into account and assumes
that the data-taking conditions are as in Ref. [76]. Note that the number of collected events
in a fixed time period is proportional to the duty cycle. Thus, it is critical to have it as high
as possible.

6.1. Beam request for 2024

Test with primary oxygen beam:

(i) June/July 2024: four days of primary oxygen beam at 13A GeV/c for tests related to the
post-LS3 measurements with light ion beams and measurements of nuclear fragmenta-
tion cross-section with light ion beams [2,80].
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Physics with proton beam:

(i) July — mid-August 2024: four weeks of the secondary proton beam at 120 GeV/c for
measurements of hadron emission from the DUNE replica target [76].

PSD calibration period and LHT test:

(i) September 2024: two weeks of hadron beam at different momenta for the PSD calibra-
tion and liquid hydrogen target test.

Physics with lead beams:

(i) October 2024: one week of a secondary (fragmented) light-ion beam at 13A GeV/c for
nuclear fragmentation cross-section measurements. For details, see Ref. [81] and fur-
ther details given in Appendix A. Note that the request is compatible with the goals of
the charm program; see Sec. 2.3 for details.

(ii) October 2024: three weeks of Pb beam at 150A GeV/¢ for charm hadron measurements
in Pb+Pb collisions. For details, see Ref. [79].

Note that the requested Pb beam time refers to the effective beam time for NA61/SHINE
and not to the calendar time of the Pb beam period; see Sec. 2.3 for details.

6.2. Plans for measurements in 2025

Physics with lead beams:

The measurements requested for 2025 are a continuation of open charm measurements with
lead beams requested for the Run 3 period. Assuming successful 2024 ion data collection, we
expect to request four weeks of Pb beam at 150A GeV/c to complete the program of charmed
hadron measurements in Pb+Pb collisions. For details, see Refs. [79] and [81].

Physics with hadron beams:

NA61/SHINE is considering requesting hadron beams in the summer of 2025. Two types of
measurements are discussed for neutrino, cosmic-ray, and strong interaction physics. Mea-
surements with the low-energy hadron beams discussed in Addendum [82] and measure-
ments with the proton beam at 300 GeV/c; for details, see Appendix B. The former requires
the construction and commissioning of the low-energy branch of the H2 beam line, and the
latter requires the construction and commissioning of the MRPC time-of-flight detector lo-
cated on the Saleve side of the experiment.

7. Summary

This NA61/SHINE annual report briefly presents the status and plans of the NA61/SHINE
experiment [1] at the CERN SPS. The report refers to the period November 2022 — October
2023.

The summary of this report is as follows:
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(I) In November 2022, the NA61/SHINE experiment received a 150A GeV/c Pb beam, ini-
tiating data recording on charm production in Pb+Pb. We gathered 30 million Pb+Pb
interactions over a week, marking the first lead ion beam measurement after a hard-
ware upgrade during Long Shutdown 2 (see Section 2). In the 2023 Pb+Pb data-taking
period, the total number of recorded Pb+Pb interactions amounts to 150 million (see
Section 2).

(IT) NA61/SHINE collected data with secondary hadron beams for six weeks in July and
August 2023 (see Section 2). The first four weeks of the period were devoted to 60 GeV/c
K*+C interactions, and the remaining two weeks to 120 GeV/c proton interactions on
Ti and C. A total of 383 million events were collected during this run.

(I) The detector upgrade completed in 2022 (see Section 3) assumed an increase of the
data-taking rate to about 1 kHz. The physics runs unequivocally confirmed the suc-
cessful attainment of the upgrade’s primary objective. The data-taking rate soared to
a maximum of 1.6 kHz for low multiplicity hadron-induced reactions, and it is about
1.2 kHz for Pb+Pb collisions.

(IV) The reconstruction and calibration software is continuously maintained and devel-
oped (see Section 4). The new structure of the calibration database has been recently
revised and modified. Now, it contains new and upgraded sub-detectors. Also, dedi-
cated software managers, the tools responsible for reading information from the database,
were revised or prepared from scratch. The new calibration software tools were im-
plemented and used for data collected by the upgraded detector. The calibration pro-
cedure for data collected in 2022 is advanced, especially for TPCs and Vertex Detector.

(V) New physics results, final and preliminary, were released (see Section 5):

Results relevant for the NA61/SHINE study of the onsets of deconfinement and fire-
ball and search for the critical point include:

(a) femtoscopy analysis in 0-20% central Be+Be collisions at 150A GeV/c,

(b) proton intermittency in Ar+Sc collisions at 150A GeV/c,

(c) m*, K+, p, and p production in 0-10% central Ar+Sc collisions at 13A-150A GeV/c,
(d) m, K*, and K~ production in 0-20% central Xe+La collisions at 150A GeV/c,

(e) K2 production in inelastic p+p collisions at 31 and 40 GeV/c,

(f) K? production in 0-10% central Ar+Sc collisions at 75A GeV/c,

(g) A production in 0-10% central Ar+Sc collisions at 75A GeV/c.

The recent results obtained within the NA61/SHINE experiment for long-baseline
neutrino oscillation experiments and cosmic-ray experiments include:

(a) neutral hadrons from p+C at 120 GeV/c interactions,

(b) charged hadrons from p+C at 120 GeV/c interactions,

(c) production of boron isotopes in 2C+p at 13.5A GeV/c.
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(VI) The requested beam periods in 2024 are presented in Section 6.1. They include tests
with a primary oxygen beam, physics data taking with a secondary proton beam,
hadron beams for PSD calibration and LHT test, and physics data taking with lead
beams. The latter includes three weeks for open charm production in Pb+Pb colli-
sions at 150A GeV/c and one week with a secondary ion beam (fragmented Pb beam)
at 13A GeV/c for the galactic cosmic-ray physics. The planned lead and hadron beam
periods in 2025 are discussed in Section 6.2.

Note that the Pb beam time refers to the effective time for NA61/SHINE and not to the
calendar duration of the Pb period; see Sec. 2.3 for details.
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A. Nuclear fragmentation measurements for Galactic cosmic-ray
physics

In this section, we provide further input on the impact of measurements of nuclear fragmen-
tation cross-sections with NA61/SHINE, as requested by the SPSC referees. These measure-
ments are part of the physics program of the collaboration for Run 3, as detailed in Ref. [81],
and the LS2 upgrade of the detector was partially funded to perform these measurements.
A pilot run [83] on fragmentation measurements with NA61/SHINE was successfully com-
pleted in 2018. First results have been presented at conferences [64—66] demonstrating the
unique capabilities of NA61/SHINE and the SPS to provide precise measurements of nu-
clear fragmentation cross-sections at high energies (> 10A GeV). The original beam request
for 24 days of secondary light-ion beam at 13A GeV/c with a zero-bias trigger from Ref. [81]
has been adapted to one week of data taking with a minimum bias trigger to account for the
reduced overall availability of the Pb-beam time.

A.1. Motivation

Space-based detectors like AMS, CALET, and DAMPE have recently collected a wealth of
new data on Galactic cosmic rays, e.g. Refs. [61-63,84-98]. The fluxes of leptons, nuclei, and
anti-protons from GeV to TeV are now known to an unprecedented percent-level precision.
These new data sets provide a unique diagnostic of cosmic-ray propagation in the Galaxy

and an opportunity to find signatures of dark matter annihilation in the Galaxy, see e.g.
Refs. [99-102].

Cosmic rays can be classified as being of primary or secondary origin. Primary cosmic-
ray nuclei are assumed to be accelerated in supernova remnants (e.g., p, He, C, N, O, Fe).
In contrast, secondary cosmic rays are created in nuclear interactions of primary cosmic
rays with protons and helium nuclei of the interstellar medium (e.g., et, p, d, Li, Be, B).
The flux ratios of secondary to primary cosmic rays are key observables to determine the
characteristics of the propagation of cosmic rays in the Galaxy, such as the effective diffusion
coefficient and its energy dependence, the column depth of material traversed by cosmic
rays, and the size of the magnetic halo of the Galaxy.

Unfortunately, the interpretation of these secondary to primary ratios is severely hampered
by uncertainties in the modeling of the propagation of cosmic rays in the Galaxy due to un-
certainties in the cross-sections of nuclear fragmentation on the level of 10-20% [103-107].
These uncertainties propagate directly to the flux predictions of astrophysical anti-matter
and the signal prediction of particle fluxes from astrophysical dark matter annihilation in
the Galactic halo. Whereas many measurements exist at low energies, there is a particular
need to measure cross-sections at high energies above the nuclear resonances (2 104 GeV/c),
where the cross-sections are expected to reach their asymptotic values. A precise measure-
ment of all relevant fragmentation channels in this energy range can, therefore, drastically
improve the uncertainties of cosmic-ray propagation over the whole energy range accessible
to modern space-based cosmic-ray experiments.
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Table 2: Required number of interactions of different nuclei with protons to be recorded, as es-
timated in Ref. [108]. The cumulative number of required interactions is quoted in the bottom
row.

reaction Nyt ‘ reaction Nyt
°0+p 60k | ZSi+p 50k
2C+p 50k | #Mg+p 50k
UB+p 10k | ®Ne+p 50k
BN+p 10k | ?Ne+p 20k
UN+p 10k | ZAl+p 10k
B+p 5k | 2Mg+p 10k
BC+p 5k | BNa+p 10k
“Li+p 5k | ®Mg+p 10k

2INe+p 10k
2S+p 5k
¥Si+p 5k

Y Nint = 3.8 x 10°

A.2. Impact of measurements by NA61/SHINE

Triggered by the request of the SPSC referees to quantify the impact of new cross-section
measurements, a new study was performed in Ref. [108] focusing on the key questions ad-
dressed by the CR community, the derivation of cosmic-ray transport parameters and their
impact on indirect dark matter searches. To assess the improvement brought by future nu-
clear cross-section measurements with NA61/SHINE, mock cross-section models smeared
with different uncertainties were created and subsequently used to fit the transport param-
eters on the secondary to primary ratios. In that way, an ensemble of cosmic-ray transport
parameters was obtained that could be used to propagate the cross-section uncertainty into
predictions like the anti-proton flux or the derivation of the size of the Galactic halo.

The calculated uncertainties are based on the estimated precision of future measurements
from NA61/SHINE as shown in Tab. 2, where the number of required interactions with a
proton target is listed. The intent is to follow the same strategy as in the pilot run and use
a combination of carbon and polyethylene targets to derive the fragmentation on protons.
Therefore, the effective number of interactions to be recorded will be at least four times
larger. In total, more than 400k interactions of projectiles up to Si with protons need to be
recorded, and therefore, at least 2M interactions in total. All of the projectiles listed in the
table can be obtained from a fragmented Pb beam with a single setting of the H2 beam line to
A/Z = 2 ions since our experience from the pilot run shows that the few required ions with
A/Z # 2 will be present in the beam due to the Fermi motion of the Pb fragments. Given
the statistics collected during the data taking with the upgraded NA61/SHINE detector in
2022 and 2023, the required statistics of interactions can be recorded within the requested
one week of data taking, cf. Sec. 6, and allow for a substantial control sample of pre-scaled
zero bias triggers and data taking with different magnetic field settings to minimize the
systematic uncertainties of the measurement.

Given such a data set of interactions of secondary Pb fragments with protons, the expected
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improvement of the cosmic-ray propagation parameters is displayed in Fig. 35. The two pa-
rameters shown are the relative uncertainty of the normalization of the diffusion coefficient,
Dy, and the spectral index, § (energy dependence D(E) = Dy(E/Z)°, where Z denotes the
cosmic-ray charge). As can be seen, the current uncertainties due to the limited knowledge
of cross-sections (red contours) are much larger than the ones originating from the uncer-
tainty of the cosmic-ray data (black contours). Once the data from NA61/SHINE is avail-
able (dashed blue lines), the uncertainty will be close to the uncertainty originating from the
precision of the measurements of cosmic-ray experiments. The improvement is shown for
four secondary-to-primary ratios: Li/C, Be/C, B/C, and F/Si. Ideally, each of these could
be a tracer of the cosmic-ray propagation. However, at the moment, the interpretation of
the different ratios yields different propagation parameters. This is known as the “Lithium
excess” and the “Fluorine anomaly” [109-114]. Only if the cross-section uncertainties result
in Dy uncertainties at the level of the blue curves in Fig. 35, will it be possible to investigate
these newly discovered anomalies and their potential impact on our understanding of stellar
nucleosynthesis and cosmic-ray propagation.

Concerning the prediction of the flux of astrophysical anti-protons, the expected improve-
ments are shown in Fig. 36 that shows the residual of the AMS data to the prediction of
Ref. [115]. As can be seen, data and theory agree currently well within the large uncertain-
ties of cosmic-ray propagation (red band). Only after the intended fragmentation measure-
ments from NA61/SHINE are available can the model uncertainties be reduced to the level
at which deviations due to astrophysical dark matter can be searched for.

Finally, the impact of the proposed measurements on determining the size of the Galactic
halo L is shown in Fig. 37. The value of L can be estimated from the analysis of “cosmic-ray
clocks”, i.e., secondary nuclei that are unstable on astrophysical time scales (e.g., °Be with
a lifetime of 1.6 Myr) and again, the current uncertainties shown in red exceed by far the
precision of the data, see also Ref. [116]. With the measurements proposed to be performed
in 2024, this uncertainty would become smaller than the current data uncertainty (to be soon
improved by, e.g., the HELIX balloon experiment [117]). The size of the Galactic halo is
of intrinsic astrophysical interest to understand the origin of magnetism in the Milky Way.
Moreover, uncertainties in L directly propagate to predictions of the flux of anti-particles
produced by astrophysical dark matter in the halo.

In summary, new measurements of fragmentation cross-sections with NA61/SHINE will
significantly impact our understanding of the propagation of cosmic rays in the Galaxy. We
estimate that the current error on the normalization of the diffusion coefficient will shrink
from > 30% to 5-10%. Correspondingly, the propagation-related uncertainty of astrophys-
ical anti-protons will be reduced from ~15% to < 5%. The proposed measurements are
essential to reach the full physics potential of high-precision data from space-based cosmic-
ray experiments. To our knowledge, NA61/SHINE and the SPS are worldwide the only
facilities that allow for this measurement at a beam momenta higher than 10A GeV/c.
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Figure 35: Forecast of accuracy on the determination of transport parameters after the proposed
measurement of nuclear fragmentation with NA61/SHINE. Each figure shows 10 contours in the
(Do, 9) relative error plane derived for four different secondary-to-primary ratios: Li/C, Be/C,
B/C and F/Si. The current uncertainties due to fragmentation cross-section are shown as red
contours. The estimated uncertainties based on future NA61/SHINE measurements are shown as
dashed blue contours. The uncertainty arising from the precision of the cosmic-ray data is shown
as a solid black contour. Adapted from Ref. [108].
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Figure 36: Forecast of accuracy on the predicted p flux after the proposed measurement of nuclear
fragmentation with NA61/SHINE. The red envelope shows the current ‘transport’ uncertainty, i.e.
uncertainty related to the transport parameter uncertainties (linked to the nuclear cross-section
uncertainties). The magenta envelopes show the estimated uncertainty after new cross-section
measurements with NA61/SHINE. With this improvement, the uncertainty is smaller than the
current AMS data uncertainties [98]. The symbols show the residuals of the data with regard to
the best-fit p prediction of Ref. [115] ([Bo20] in the legend), and the x-axis gives the cosmic-ray
rigidity R = E/Z (energy E, charge Z). Adapted from Ref. [108].
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Figure 37: The relative precision of the halo size L of the Galaxy. The red line shows the current
uncertainty on L, and the magenta line shows the reduced uncertainty as expected after future
cross-section measurements with NA61/SHINE. With this improvement, the uncertainty related
to cross-sections becomes smaller than the current experimental uncertainties (as estimated in
Ref. [118]). Adapted from Ref. [108].
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B.

High-statistics measurements of p+p interactions for cosmic-ray
and strong interaction physics

NA61/SHINE considers requesting proton beam at 300 GeV/c. This is motivated by multiple
thrusts (a dedicated addendum is in preparation):

(i)

(i)

(iii)

Cosmic-ray anti-deuterons potentially open the window to new transformative fields
in particle astrophysics and beyond, e.g., the nature of dark matter (for a review, see
Ref. [72]). The impact of new-physics searches with anti-deuterons can be increased
by reducing uncertainties related to anti-deuteron production cross-sections of cosmic
rays with the interstellar medium. These uncertainties are at a factor of 10 in the most
critical energy region [73,74,119]. Especially p+p data at about p = 50 — 400 GeV/c
from modern experiments is lacking. The upgraded NA61/SHINE detector can, for the
tirst time, precisely measure anti-deuteron production in p+p interactions in this energy
range and significantly contribute to a new physics search. Measuring a very small
cross-section like the anti-deuteron production particularly benefits from the upgraded
detector and the extended data-taking period. Something that was not feasible before.

Strangeness production provides input to understanding particle production mecha-
nisms in high-energy collisions and provides the ultimate information on creating large
clusters of strongly interacting matter. The strangeness enhancement [120] is one of the
basic signatures of a quark-gluon plasma signal in nucleus-nucleus collisions. It was
determined experimentally [121,122] and found to increase with the strangeness con-
tent of the studied particle [123,124]. However, experimental results on enhancement
(especially for heavier baryons) are only available for the highest SPS and RHIC and for
LHC energies. Measurements with NA61/SHINE using a hadron beam at 300 GeV/c
will connect these measurements.

Strangeness enhancement cannot deliver information on the order of the phase transi-
tion. Fluctuations, defined through higher-order moments and cumulants of the mul-
tiplicity and net-charge distributions, are believed to be a suitable tool for it [125].
Search for the predicted critical point of strongly interacting matter is of particular
interest [19,125-130]. It was already addressed by the system size and energy scan
of NA61/SHINE performed before LS2 [10,19,131]. Currently, none of the reported
results of NA61/SHINE indicates its presence. However, the STAR experiment re-
ported a non-monotonic behavior of net-baryon fluctuation quantities in Au+Au col-
lisions [132]. In realistic high-energy collisions, fluctuations are also sensitive to nu-
merous other effects, such as detector efficiency, acceptance, feed-down, or centrality
determination. Some of these effects can be estimated in p+p collisions, a reference re-
action for nucleus-nucleus collisions. Before LS2 NA61/SHINE collected data on p+p
interactions at six beam momenta (20, 31, 40, 80, 158, and 400 GeV/c¢) [131,133,134].
This new data set would cover the gap between these measurements and provide a
reference for nucleus-nucleus collisions.
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