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Executive Summary

In recent years, the AMS-02 Collabora-
tion has reported detecting several cosmic
antideuteron candidate events in the en-
ergy region of a few GeV per nucleon
(GeV/n) [6-12]. It is an open question if the
explanation of these events require an ex-
planation invoking new physics, like dark
matter annihilation or decay [2, 4, 13-35],
or can be attributed to known astrophysical
processes (Fig. 1). The objective of this ad-
dendum is to collect high-statistics p+p data
at 300 GeV/c with NA61/SHINE to build a
state-of-the-art model with significantly re-
duced uncertainties to conclusively deter-
mine if the events can be explained by con-
ventional astrophysical background.

The astrophysical background flux of an-
tideuterons is predominantly produced
through proton interactions with inter-
stellar hydrogen and helium gas. The
antideuteron production cross section in-
creases while the cosmic proton flux de-
creases with energy. Consequently, cosmic
antideuteron production peaks at a labora-
tory momentum (pj,p) of about 300 GeV/c in
p+p interactions. Currently, the uncertain-
ties in the production of astrophysical an-
tideuteron background are on the order of
a factor of 10, i.e., they range from approxi-
mately one-tenth to ten times the predicted
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Figure 1: Predicted antideuteron flux from dif-
ferent dark matter annihilation models (red, ma-
genta) [1-3]) and secondary astrophysical back-
ground (blue) [4]. The width of the red dark mat-
ter band indicates the uncertainty in antideuteron
formation. The magenta line shows a model mo-
tivated by the AMS-02 antihelium candidates [3].
The width of the light-blue band indicates the
current uncertainty in antideuteron propagation
and formation, and the dark-blue band indi-
cates the projected reduced uncertainty based on
this addendum’s p+p data at 300 GeV/c. The
black lines denote the projections down to which
flux level current AMS-02 data can exclude an-
tideuterons [5].

values. Direct measurement of antideuteron production in p+p interactions is statistically
very challenging with existing datasets in the SPS energy range. However, the proposed
data set enables constructing a new state-of-the-art antideuteron model from the source size
of p+p interactions (Fig. 2, right) and antiproton differential production cross sections. This
model will also be validated by directly measuring the deuteron and antideuteron produc-
tion cross sections, reducing the antideuteron production uncertainty by a factor of 5. These
measurements will be accomplished by collecting approximately 600 M p+p interactions at
300 GeV/c using the upgraded fixed-target experiment NA61/SHINE. The number of col-
lisions will be an order of magnitude greater than the currently available data sets in the
energy range most relevant to cosmic rays. The measurement can be achieved with four
weeks of hadron beam at 300 GeV/c on a liquid hydrogen target.

Initial source size estimates using p—p correlation measurements in the existing NA61/SHINE
data set, comprising 60 M p+p events at 158 GeV/c, relies on only about 180 identified p—p
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Figure 2: Left: Mass template fit showing the fitted deuteron peak and background in p+p
158 GeV/c data and the projected improvements in the deuteron fit with the proposed p+p
300 GeV/c data. Right: p—p correlation function as a function of k*, the relative momentum of
the proton pair in the pair center-of-mass frame, for existing p+p 158 GeV/c data set (points) along
with the projected uncertainty band for the proposed 300 GeV/c p+p measurement.

pairs in the low-k* peak. k* represents the relative momentum in the pair center-of-mass
frame. The proposed data at 300 GeV/c, with improved particle identification power, is pro-
jected to contain about 2,000 p—p pairs in the low-k* region, thereby reducing the total uncer-
tainty in the source size by about a factor of 5. Crucially, the new production model will be
validated using the same dataset, with precision deuteron measurements and the first-ever
antideuteron production measurements in this energy range. About 200 deuterons have
been identified in the existing p+p data set at 158 GeV/c (Fig. 5, left). The proposed data set
is projected to identify approximately 3,000 deuteron tracks and measure them as a function
of rapidity and transverse momentum. This will facilitate the first precision measurement of
deuteron production in p+p interactions as a function of rapidity and transverse momentum
at SPS energies. In the same dataset, a few antideuteron candidate tracks were identified
(Fig. 5, right). For the proposed data set, about 100 antideuteron tracks are expected to be
identified. This will be the first antideuteron production cross section measurements in p+p
interactions at cosmic-ray energies. The preliminary antiproton production uncertainties
(Fig. 4, left) in the same p+p 158 GeV/c data (statistical uncertainty of approximately 10%
and a systematic uncertainty of approximately 20%) are currently too large to effectively re-
duce the uncertainties in modeling astrophysical antideuterons [36-38]. The proposed data
set aims to provide antiproton production measurements in rapidity-transverse momentum
bins with an improved statistical uncertainty of approximately 3% and a systematic uncer-
tainty of approximately 10% [39] (Sec. 3).

In summary, the significantly improved measurements with NA61/SHINE are critical for
evaluating the hypothesized dark matter origin of the AMS-02 antideuteron candidates.



1 Physics Motivation

1.1 Motivation and Experimental Status

Space-based and balloon-borne experiments, like BESS, PAMELA, and AMS-02 [40—47] have
been searching for rare cosmic antinuclei because they might be crucial messengers of new-
physics phenomena in the Galaxy. In a wide range of viable dark matter models [2, 4, 13-35],
cosmic antinuclei are predicted to provide a “smoking gun” signature of dark matter anni-
hilation or decay (Fig. 1). When there is no clear dark matter signal in any experiment,
broadening the search with different techniques and messengers is a priority. In contrast to
direct dark matter searches, i.e. dark matter scattering experiments, which are most sensi-
tive to couplings of dark matter to nuclei [48], dark matter searches with antinuclei are also
sensitive to additional models, e.g., dark-photon or heavy dark matter models. The Snow-
mass 2021 Cross Frontier Report [49] concluded: “Low-energy cosmic-ray antideuterons as
a possible new low-background discovery channel, address a current gap in sensitivity in
the MeV gamma-ray band, provide new tests of sterile neutrino DM, and more generally
enhance our sensitivity to DM across a very broad range of energy scales and cosmic mes-
sengers.” Antinuclei have up to three orders of magnitude lower astrophysical backgrounds
resulting from interactions of primary cosmic rays with the interstellar medium (ISM) com-
pared to production in a wide range of dark matter models (Fig. 1). This is a crucial ad-
vantage compared to searches with positrons (e.g., [50-52]), antiprotons (e.g., [40—43, 45]), or
y-rays (e.g., [53, 54]).

The AMS-02 experiment is sensitive to antideuterons in two distinct kinetic energy regions,
resulting from two different subdetectors for the velocity reconstruction. AMS-02 reports
seven antideuteron candidates for the higher-energy region (several GeV) [6], which could
be a signal from dark matter annihilation (e.g., [3]). However, in this energy range the sig-
nificance of these candidates depends on the astrophysical antideuteron background un-
certainties because many models predict a similar level of antideuterons from dark matter
annihilation or decay and astrophysical production [2, 4, 13-21, 27, 32-35]. Therefore, reduc-
ing the background uncertainties is paramount for the higher-energy region. For example,
at a kinetic energy of 3 GeV/n, the antideuteron signal predicted by a model [3] (Fig. 1, ma-
genta line) overlaps with the current best prediction of the background antideuteron flux.
The proposed measurements enable confirming or ruling out if the AMS-02 higher energy
antideuterons are of astrophysical-background origin.

1.2 Antinuclei Formation Uncertainties

Significant uncertainties, on the order of a factor of 10, in the production model hinder the in-
terpretation of higher-energy AMS-02 antideuteron candidates. These uncertainties must be
reduced to conclusively determine whether they originate from astrophysical backgrounds.
The astrophysical background antinuclei flux is dominantly produced in proton interactions
with the interstellar hydrogen and helium gas. The cosmic proton flux decreases, while the
antinuclei production cross section increases with energy [55]. This means that p+p collision
measurements in the range of pj,p = 50 — 400 GeV/c are the most relevant for reducing uncer-
tainties when interpreting antideuteron candidates in AMS-02’s higher-energy region. The
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Figure 3: Coalescence momentum pj, for antideuterons as a function of the kinetic energy of the
incoming proton for two different hadronic generators. pj, accounts for the discrepancies in an-
tiproton production by current hadronic generators, which affect the coalescence momentum py.
The solid lines show empiric fits to the best-fit p{, values for the corresponding generator. The
dashed red lines indicate the one-sigma uncertainty range for EPOS-LHC [56].

following gives a brief overview of several antinuclei production models. As the underlying
physics is equally applicable to both nuclei and antinuclei formation, the term “(anti)nuclei”
refers to both unless otherwise specified.

1.2.1 Coalescence Model

The most frequently used production model in cosmic-ray applications is the simple coales-
cence model in which any pair of (anti)proton () and (anti)neutron () within a sphere of
radius pp in momentum space will coalesce to produce an antinucleus. This model links the
(anti)proton N and (anti)neutron Nj yields to the (anti)deuteron yield N:

g, Ng SR (p Np) (1 d'Np (1)
dpz- 3 mp \ " dpf7 dp3
=B,

with Ex and px being the corresponding energies and momenta and m; the (anti)proton
mass. As typical hadronic generators [57-63] do not produce (anti)deuterons, an event-by-
event coalescence approach applying the condition k* = |p; — pa| /2 < po to j—fi-pairs sim-
ulated with hadronic generators in their respective center-of-mass frame was used in a series
of studies [4, 20, 55, 56, 64]. From fits to data, the phenomenological quantity coalescence mo-
mentum py is determined to be about 100 MeV /¢, which is smaller than the typical scale for



perturbative QCD to break down, indicating sensitivity to non-perturbative effects [56]. This
quantity not only describes the difference in momenta of coalescing (anti)nucleons but also
encompasses various other effects, such as antinucleon spectra mismatch and source size.
Data from p+p, p+Al, and p+Be collisions were used for a system-independent fit to model
the coalescence momentum as a function of energy. Figure 3 illustrates a steep increase in
the coalescence momentum between 100-400 GeV, the most relevant region for cosmic rays.
Crucial limitations of this study are that results between p+Al and p+Be vary by about 2¢
and that the fit is heavily impacted by only one existing older p+p measurements at 70 GeV
with significant uncertainties [65]. For the same 70 GeV data, antideuterons and deuterons
demonstrate an unexpected inconsistency in the fitted coalescence momentum, leading to
additional concerns in the validity of this data set [56]. Given these factors and the third-
power influence of pj on By, it is a conservative assumption that the total antideuteron yield
has an uncertainty greater than a factor of 10. Figure 3 also shows a general discrepancy be-
tween different hadronic models, with Geant4 FTFP-BERT being above EPOS-LHC by about
50-100%.

A more advanced coalescence approach uses the femtoscopic extraction of the p+p interac-
tion source size from correlation measurements to build a model that considers the interac-
tion source shape, interaction potential, and the antideuteron wave function [66-70]. Many
shortcomings of the simple coalescence model (Sec. 1.2) are addressed by using an alterna-
tive definition for B; in Eq. (1) [71-73]:

3
By(pr) ~ o / d*gD(q) exp (—R(p1)*9%) . (2)

with D(q) = [ d%r|¢a(r)|?exp(—igr) and q is the relative momentum. This has the ad-
vantage that it takes into account the interaction source size R(pt) as a function of the an-
tideuteron’s transverse momentum pr and the antideuteron’s internal wave function ¢,(r).
Following the ALICE approach [74, 75], the source size can be femtoscopically extracted
from the two-proton correlation function:

Nsame(k*>

C k* :N 7
( ) Nmixed(k*)

€)

with Nsame (K*) and Npixeq (k*) being the distributions of correlated and uncorrelated proton
pairs, respectively, and N being a normalization factor. The interaction source size can then
be determined from a fit to the correlation function by using the following definition:

C(k') = [ drs(rI¥(r k)P, @

with S(r) being the emission source function and ¥ (r, k*) being the two-proton wave func-
tion that is the result of solving the Schrodinger equation for a two-proton interaction po-
tential (e.g., with CATS [76]). Using the measured source size, ALICE successfully described
their antideuteron data with a Gaussian antideuteron wavefunction and an Argonne-v;g po-
tential for the two-proton interaction potential [70].



1.2.2 Other Models

Additional models for (anti)nuclei production exist. For instance, the production of (anti)nuclei
in p+p collisions can be discussed in a thermal model approach, with the hadronization hap-
pening in so-called fireballs [77-79]. All products of the fireball continue interacting with
each other until the mean free path for elastic collisions is larger than the system size (freeze-
out) [71]. Furthermore, the multi-phase transport AMPT model [80], initially developed
for heavy-ion collisions, was successfully applied to describe antinuclei production in p+p
at RHIC and ALICE energies and the production threshold [81, 82]. In general, examining
particle yield measurements in p+p interactions over a large phase space range enables dis-
criminating between different model predictions. However, this is severely limited by the
availability of p+p data and their significant uncertainties in the momentum range relevant
to cosmic antideuterons. It also has to be noted that measurements in heavy-ion collisions
or at high energies [83-104] are less applicable to evaluate cosmic antideuteron candidates
because these interactions are subdominant in the Galaxy.

1.3 Reducing Uncertainties in Antideuteron Production Modeling with
NA61/SHINE

NA61/SHINE is the only operational experiment capable of confirming or ruling out whether
the AMS-02 higher-energy antideuteron candidates originate from interactions of primary
cosmic rays with the ISM. The goal of reducing uncertainties in cosmic antideuteron produc-
tion modeling will be achieved through analyzing p—p correlations and measuring deuteron
production cross sections in proton-liquid hydrogen target interactions, and the first-ever
measurements of antideuteron production cross sections in this energy range. While these
are the main focus, the addendum will also improve upon previous measurements of the an-
tiproton differential production cross sections, an essential byproduct of the analysis of the
proposed data set. Collectively, these four elements are critical for improving the prediction
power of cosmic antideuteron production models. The most relevant momentum range for
p+p measurements is pj,, = 50 — 400 GeV/c, making NA61/SHINE the ideal experiment for
interpreting cosmic-ray antinuclei.

The foundation and motivation for the proposed high-statistics measurement at 300 GeV/c
are the results with limited statistics from the 158 GeV/c p+p data, which will be discussed in
Sec. 1.3.1-1.3.4. In the same way, as for the 158 GeV/c data, the ~6 x smaller already recorded
400 GeV/c p+p data set (11 M), currently under calibration, will also be analyzed. How-
ever, to interpret the reported cosmic antideuteron candidates, the uncertainty in cosmic
antideuteron background modeling must be reduced by approximately a factor of 5. This
requires significantly enhanced measurements of the system source size and the deuteron
and antiproton differential production cross sections. These necessary improvements can be
achieved with the proposed 600 M p+p events at 300 GeV/c with the upgraded NA61/SHINE
detector.
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Figure 4: Left: New preliminary antiproton spectra (in red) as a function of transverse momentum
in rapidity slices in inelastic p+p interactions at 158 GeV/c. The systematic uncertainties are rep-
resented as a band and amount to approximately 20%. Statistical uncertainties are around 10%.
Right: Mass template fit showing clear proton, kaon, and deuteron peaks in p+p 158 GeV/c data.

1.3.1 Antiproton Yield Measurement

The combined 2009/2010/2011 high-statistics 60 M-p+p 158 GeV/c data set was already used
to perform production cross section measurements for antiprotons and protons and is in the
preliminary release stage with an envisioned publication in 2024. The dE/dx in the Time
Projection Chambers (TPCs) was used for particle identification in bins of transverse mo-
mentum and rapidity (Fig. 4, left). The results extend the prior pr and kinetic energy ranges,
based on the 2009 p+p data alone, of the produced antiprotons by a factor of ~2 [105]. Com-
pared to the low-statistics results from NA61/SHINE for the same energy [106], these new
results reduce the statistical uncertainties by more than a factor of 3. It was found that the
EPOS-LHC model overestimates the antiproton production by 10-20% [39]. This substan-
tially affects the modeling of the cosmic antideuteron background. As shown in Eq. (1),
assuming isospin symmetry, the antideuteron production models rely on the square of the
antiproton yield. Therefore, reducing uncertainties in antiproton production measurements
is a crucial objective.

1.3.2 Deuteron Yield Measurement

The same data were used to measure the deuteron production yield in this p+p energy range
for the first time in a modern precision experiment. The Time-of-Flight (ToF) measurements
were used together with the dE/dx from the TPCs to extract deuteron yields. The right
panel of Fig. 4 shows a mass template fit, indicating a clear deuteron contribution. This
technique makes the deuteron measurement possible in the momentum range 4-8 GeV/c.
Approximately 200 deuteron tracks have been identified in the p+p 158 GeV/c data sets. The
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Figure 5: Left: Work-in-progress deuteron spectra as a function of transverse momentum in ra-
pidity slices in inelastic p+p interactions at 158 GeV/c. Systematic uncertainties are not shown.
Solid lines show the overlaid two-parameter thermal model with the shape parameter set to
T = 150 MeV (from [106]) prior to the fit. Only the amplitude parameter was fitted to the data.
Comparisons with the EPOS-LHC model [57] are shown in black. Right: NA61/SHINE detector
with an antideuteron candidate in p+p 158 GeV/c data.

work-in-progress deuteron spectra, which include corrections for detector background, ac-
ceptance, and efficiencies, are shown in (Fig. 5, left). Deuteron production in this momentum
range is dominated by interactions like pp — diip, with the coalescence formation mecha-
nism for this channel being identical to the antideuteron production channel (pp — dnppp).
A significant quantity is the d/p ratio, which is a decisive quantity that distinguishes be-
tween different production models and impacts the modeling.

1.3.3 Antideuteron Yield Measurement

In p+p collisions at cosmic-ray energies, the production of antideuterons is approximately
1,000 times smaller than that of antiprotons [55]. The ToF-dE/dx analysis of negatively-
charged tracks in the existing p+p 158 GeV/c data sets has yielded several antideuteron can-
didate events. Fig. 5 (right) illustrates a p+p collision event featuring an antideuteron candi-
date. For the proposed data set, it is anticipated that about 100 antideuterons will be identi-
fied, facilitating the first-ever measurements of antideuteron production cross section in p+p
interactions at cosmic-ray energies. These measurements are expected to achieve a statisti-
cal uncertainty of ~70% and a systematic uncertainty of ~50% in the pj,, = 5 —10GeV/c
range.
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1.3.4 Source Size Measurement

Two-proton correlation studies have been measured at high energies (e.g., ALICE [75]), but
no accepted theory exists to predict the source size at low energies. NA61/SHINE has con-
ducted correlation studies before, but either without particle identification [107, 108] or for
pions [109], which are easier to identify than protons. The 158 GeV/c p+p data enable de-
termining the source size from proton pairs in this energy range for the first time, making
it a crucial result to complement RHIC and ALICE measurements at high energies. The
right panel of Fig. 2 demonstrates the initial C(k*) measurement status. Proton pairs were
extracted from the data, ensuring that protons from detector interactions and A decays are
suppressed to a minimum. The result shows a clear difference from a uniform distribution,
and a provisional correlation function fit suggests a source size of 1-2 fm. However, the
statistics are low, and only about 180 proton-proton pairs have been identified in the low-k*
region. Increasing the number of identified proton pairs is essential to reduce the statisti-
cal uncertainties that currently dominate the uncertainties in the extracted source size of the
system.

The ultimate goal of measuring the interaction source size and the antiproton differential
production cross section is to construct a data-driven (anti)deuteron coalescence model. The
model will be validated by comparing its predictions with the precision deuteron yield mea-
sured from the same data set and by cross-checking these predictions against the first-ever
antideuteron measurements in this energy range. The 158 GeV/c data provides the first proof
that a model for (anti)deuteron production can be constructed using such measurements.

1.4 Additional Outcomes

Other NA61/SHINE working groups can also utilize the proposed dataset. It will enable the
study of Z* and Q) production in p+p interactions at SPS energies, offering critical insights
into strangeness production in nucleus-nucleus collisions. The high-statistics dataset will
allow the examination of Z* production as a function of produced particle multiplicity at
SPS energies. Additionally, it will benchmark critical point-sensitive fluctuations by extend-
ing reference high-statistics measurements of multiplicity and net-charge fluctuations in p+p
reaction between /snn = 17.3 and 27.4 GeV [110, 111].

2 Planned Measurements

2.1 Experimental Setup

A schematic layout of the NA61/SHINE detector system is shown in Fig. 6. The main com-
ponents of the detection system are four large-volume Time Projection Chambers (TPC). Two
of them, called Vertex TPCs (VIPC-1, VIPC-2), are located downstream of the target inside
superconducting magnets. The main TPCs (MTPCs) detectors are placed symmetrically to
the beamline downstream of the magnets. A Gap TPC and a set of three forward TPCs
(FTPCs) improve acceptance for high-momentum forward-going tracks. In addition, two

11
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Figure 6: Schematic view of the NA61/SHINE experimental setup, which will be used for the
proposed measurements.

walls of pixel Time-of-Flight detectors (ToF-L and ToF-R) are downstream of the MTPC-L
and MTPC-R.

During CERN Long Shutdown 2, significant improvements to TPC backend electronics re-
sulted in a reduction of noise and a factor of ~2 improvement in the dE /dx resolution. Also,
the replacement of the readout electronics increased the data-taking rate to 2 kHz (~20x
faster). New ToF detectors with oy = 80 ps [112, 113] were installed, and additional detec-
tors increased the acceptance for highly forward-boosted tracks.

2.2 Liquid Hydrogen Target

For data taking on p+p interactions, a liquid hydrogen target (LHT) with a length of 20.29 cm
(2.8% interaction length) and a diameter of 3 cm will be placed upstream of VTPC-1. The tar-
get is filled with para-hydrogen obtained in a closed-loop liquefaction system and operates
at 75 mbar overpressure relative to the atmosphere. At the atmospheric pressure of 965 mbar,
the liquid hydrogen density is pry = 0.07 g/cm?. The boiling rate in the liquid hydrogen
is not monitored during the data collection, and thus, the liquid hydrogen density is only
approximately known. Data taking with the liquid hydrogen target inserted and removed is
planned to calculate a data-based correction for interactions with material surrounding the
liquid hydrogen.

2.3 Data Taking Conditions

Data is expected to be recorded under the following conditions:

12



* SPS cycle length: from 26.4 s to ~ 70 s, flat top: ~ 5 s, average duty cycle: ~ 0.15,

* Fraction of wanted hadrons (protons) within secondary beam hitting the NA61/SHINE
target: 90%,

¢ Maximum intensity of the secondary beam: 200 kHz,
¢ Target: 2.8% interaction probability,
* Recorded event rate during the spill: 1500 Hz,

* Fraction of time for physics data taking (includes planned and unplanned detector and
machine interruptions): ~ 80%,

* Mean of the number of recorded events: ~ 23 M events/day.

The mean number of recorded p+p collisions after off-line quality cuts (mostly off-time beam
rejection) and reduction due to contamination of off-target interactions will be about 18 M
events/day.

Approximately 600 M p+p events can be recorded during four weeks of data taking.

2.4 Beam Request

Given the presented ideas in this document, the NA61/SHINE Collaboration requests a
hadron beam time of four weeks on the H2 beam line for physics data taking in 2025. This
time will be used to make essential high-statistics p+p measurements with NA61/SHINE
at 300 GeV/c, significantly impacting the understanding of cosmic antinuclei, quark-gluon
plasma, and critical point searches.

3 Physics Performance

During the NA61/SHINE system size-energy scan, p+p reactions were collected at six differ-
ent energies. The largest statistics, approximately 60 M p+p interactions at 158 GeV/c, were
recorded in 2009, 2010, and 2011. The analysis of this dataset provides the foundation for the
proposed measurements. The current status of systematic and statistical uncertainties of the
158 GeV/c data and the projected uncertainties of the proposed measurements at 300 GeV/c
are shown in Table 1.

A p+p dataset approximately 10x larger (600 M events), collected with the upgraded NA61/
SHINE detector at 300 GeV/c — compared to the previously discussed 158 GeV/c dataset —
will provide new measurements of protons—proton correlations, antiprotons, and deuterons.
This proposed dataset will feature significantly reduced systematic and statistical uncertain-
ties, enhancing our ability to discriminate between different nuclear formation models. Sys-
tematic uncertainties, influenced by the dE /dx resolution in the TPCs, are expected to halve
due to a 2x improvement in dE/dx resolution in the upgraded TPCs, along with an en-
hancement in the ToF resolution from 120 ps to approximately 80 ps. Similarly, statistical
uncertainties are projected to decrease significantly due to a 10x increase in the number of
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Table 1: Current and Projected Uncertainties in Measurements

Current uncertainties | Projected uncertainties

Measurement
Statistical | Systematic | Statistical | Systematic
PP 25% 20% 10% 10%
correlations
Deuteron
differential 50% 30% 15% 15%
cross section
Antiproton
differential 10% 20% 3% 10%
cross section
Antideuteron
differential n/a n/a 70% 50%

cross section

recorded p+p collisions and enhanced particle production resulting from the slight increase
in available energy (1/s) from 17.3 GeV to 23.8 GeV. The following proposed measurements
will significantly benefit from the upgraded detector with 20x faster readout, enabling the
data-taking goals to be accomplished in ~1 month:

* The new data is projected to contain about 2,000 p—p pairs in the low-k* region, en-
abling the first precision femtoscopic measurement of the p+p source size in this energy
range (Fig. 2, right).

¢ The proposed data set is projected to make deuteron measurements possible in the ex-
panded momentum range of 4-12 GeV/c, effectively doubling the momentum range
for deuteron measurements. These improvements will lead to about 3,000 identified
deuterons. Fig. 2 (left) demonstrates this improvement in one of the phase space bins.
Together with the lower-statistics measurements at 158 GeV/c and 400 GeV/c, the new
high-statistics measurements will enable discriminating between various deuteron for-
mation models.

¢ Precision antiproton production measurements in rapidity-transverse momentum bins
with an improved statistical uncertainty of approximately 3% and a systematic uncer-
tainty of approximately 10% will be provided.

e It is anticipated that about 100 antideuterons will be identified in the range of 4-
8 GeV/e.

Combining these four items will allow building, testing, and validating data-driven deuteron
and antideuteron production models in the energy range most relevant to cosmic rays. This
will reduce uncertainties in the astrophysical background modeling of antideuterons by
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about a factor of 5. This directly enables evaluating the origin of the higher-energy AMS-
02 antideuteron candidates (Fig. 1).

4 Summary

This addendum requests beam time at the upgraded NA61/SHINE facility for crucial mea-
surements in high-statistics p+p interactions at 300 GeV/c (approximately 10x larger (600 M
events) than the previously analyzed 158 GeV/c dataset): p—p correlations, deuteron produc-
tion cross sections, and the first-ever antideuteron production cross section in this energy
range. Additionally, it will be used to measure antiproton production cross sections with
unprecedented precision. Together, these measurements will be instrumental in building
and validating a state-of-the-art model for the production of astrophysical antideuterons.
The anticipated reduction in systematic and statistical uncertainties is crucial for refining
cosmic antideuteron production models. This breakthrough is essential for understanding
the origins of the AMS-02 high-energy antideuteron candidates. Taking this dataset in 2025
offers a unique opportunity before Long Shutdown 3.
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