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The NA61/SHINE spectrometer at the CERN Super Proton Synchrotron (SPS) scans particle
production in collisions of nuclei with various sizes at a set of energies covering the SPS energy
range towards various physics goals.
This paper presents the first differential production measurements of deuterons at energies relevant
for cosmic-ray studies, produced in inelastic p+p interactions at incident projectile momentum of
158 GeV/𝑐 (

√
𝑠 = 17.3 GeV). The double-differential spectra are presented as functions of rapidity

and transverse momentum and are compared to predictions of the thermal and coalescence models.
These measurements are essential for improving our understanding of cosmic (anti)nuclei produc-
tion, as detecting cosmic antinuclei can be a breakthrough approach to identifying dark matter.
The primary source of cosmic antinuclei background is interactions between cosmic-ray protons
and interstellar hydrogen gas. Gaining a deeper insight into the deuteron production mechanism
in p+p interactions is an essential first step in modeling cosmic antinuclei production.
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1. Introduction

Detecting cosmic antinuclei can be a breakthrough approach for identifying dark matter [1].
The primary source of cosmic antinuclei background is 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 [2, 3]. The two most prevalent
formation models, the thermal and coalescence models, are based on different underlying physics.
A better understanding of (anti)nuclei production mechanisms is needed, which drives the effort to
analyze high-statistics data sets from fixed-target experiments [4].

Unlike antideuterons, cosmic-ray deuterons have been measured [5–7], and they are the most
abundant secondary cosmic-ray species in the Galaxy. Cosmic-ray deuterons disintegrate during
nuclear processes in star-forming regions. Therefore, unlike primary cosmic-ray particles like
protons and helium, they are not anticipated to be accelerated in supernova remnants. Rather,
deuteron formation in cosmic rays (CRs) is understood to be mainly because of CR interactions
with the interstellar medium [7, 8]. Secondary cosmic-ray deuterons are produced chiefly by two
processes: fragmentation of CR nuclei such as 3He and 4He on interstellar hydrogen and helium,
and the low-energy resonance reaction 𝑝 + 𝑝 → 𝑑 + 𝜋+. Fragmentation is the main source of CR
deuterons, because the resonance production channel is only possible at very low collision energies
below 1 GeV [2, 9]. In addition to these two mechanisms, deuteron production in p+p and 𝑝+A
interactions has also been measured in ground-based collider experiments, for example via:

𝑝 + 𝑝 → 𝑝 + 𝑛 + 𝑑. (1)

Of the three deuteron-producing mechanisms described above, the third mechanism (Eq. 1) is
the only process that also allows the formation of secondary cosmic-ray antinuclei such as an-
tideuterons and antihelium. (Anti)nuclei production via this mechanism can be modeled using the
coalescence model, in which free nucleons resulting from CR–ISM interactions may coalesce to
form deuterons [2, 3]. It can also be modeled with the thermal model [10–13], as well as transport
models such as AMPT [14–16]. Examining particle yield measurements in p+p interactions over
a large phase space range enables discrimination between different models. However, existing
p+p data in the momentum range relevant to cosmic antideuterons are limited and have significant
uncertainties [1, 2].

Understanding deuteron production in p+p interactions at energies between 100–400 GeV/𝑐
is a necessary first step to understand how CR antinuclei are produced [2]. This will also help
towards developing a quantum mechanical description of the (anti)nuclei formation process [17–
21]. Apart from the importance of these new deuteron measurements for both nuclear physics and
in the interpretation of cosmic-ray measurements, this analysis will also serve as the basis of future
antideuteron measurements with ultra-high statistics at NA61/SHINE.

NA61/SHINE at the CERN Super Proton Synchrotron (SPS) performs systematic studies of
hadron production in strong interactions to address open questions in cosmic-ray physics and in
the exploration of the phase diagram of strongly interacting matter. Previous results [22] have
been used in several cosmic-ray studies, highlighting their importance for interpreting cosmic-ray
data [1–3, 23–26].
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Figure 1: Schematic layout of the NA61/SHINE facility at the CERN SPS used for p+p data taking [29]
(horizontal cut, not to scale). The beam instrumentation is sketched in the inset. The nominal beam direction
is along the 𝑧 axis. The magnetic field bends charged particle trajectories in the 𝑥-𝑧 plane. The electron drift
direction in the TPCs is along the 𝑦 (vertical) axis.

The NA49 experiment [27], the predecessor of NA61/SHINE at CERN SPS, analyzed Pb+Pb
interactions at 158 GeV/𝑐 beam momentum. It was demonstrated that both deuterons and an-
tideuterons can be identified in this experimental setup [28]. While measurements from heavy-ion
collisions cannot be directly applied to p+p interactions due to the large difference in the system
size [3], the NA49 analysis demonstrated the feasibility of a similar analysis of the high-statistics
p+p data sets in NA61/SHINE, which has recorded more than 60 million p+p collisions at beam
momentum of 158 GeV/𝑐.

It is worth noting that deuteron production is quite rare in p+p interactions at SPS energies
of ∼100–400 GeV. For beam momentum 𝑝beam = 158 GeV/𝑐, the coalescence parametrization
developed in Refs. [2, 3] predicted a per-event production probability of 0.0004, with an uncertainty
band from 0.0002 to 0.0009. The total deuteron production cross section at kinetic energies around
∼100 GeV was estimated in Ref. [2] to be close to 0.02 mb. To estimate the phase space acceptance
for deuterons, about 2.7 trillion p+p interactions were simulated at 𝑝beam = 158 GeV/𝑐. Deuteron
production in these interactions was simulated by applying the coalescence afterburner condition
for seven different values of the coalescence momentum 𝑝0 [2, 3].

The phase space accessible to deuterons coincides with peak deuteron production in the center-
of-mass frame’s backward hemisphere, but detector efficiency and acceptance limit identification
to roughly 1–2 % of the total deuterons produced.

2. Experimental Setup

NA61/SHINE receives proton and ion beams from CERN SPS H2 beam line up to 158
𝐴GeV/𝑐, for a broad physics program [29, 30]. Dipole and quadrupole magnets guide the beam,
and its position is monitored by scintillators S1/S2 and Beam Position Detectors (BPDs). Particle
tracking and identification are provided by three Time Projection Chambers (TPCs): two Vertex
TPCs (VTPC-1/2) inside superconducting magnets providing 9 Tm of bending power, a small GAP
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Table 1: Summary of the recorded high-statistics p+p interactions at 𝑝beam = 158 GeV/𝑐 in NA61/SHINE.

Year p+p interactions recorded Total selected events
2009 3.8 million 1.6 million
2010 43.1 million 25.6 million
2011 13.7 million 8.1 million
Total 60.6 million 35.3 million

TPC, and two large Main TPCs (MTPC-L/R). These are augmented by two downstream time-of-
flight (ToF) detectors, ToF-L and ToF-R.

A minimum-bias trigger selects interactions in the liquid-hydrogen target (LHT) by requiring
an incident beam proton in S1 and its disappearance downstream of the target in the S4 counter,
suppressing elastic events [22]. Detailed detector and trigger descriptions are provided in Refs. [4,
22, 29].

3. Data Selection

This deuteron analysis is based on the p+p data sets collected at NA61/SHINE in 2009, 2010,
and 2011. A total of more than 60 million p+p collisions at beam momentum of 158 GeV/𝑐 were
recorded, which yielded more than 750 million reconstructed particle tracks.

The overall analysis procedure consists of the following steps:
1. Event and track selection.
2. Calculation of raw (i.e., uncorrected for biases) particle count distributions of identified

charged hadrons.
3. Applying data-derived and simulation-based corrections to the raw counts.
4. Calculation of the corrected particle spectra.
5. Estimation of statistical and systematic uncertainties.

Events with inelastic p+p interactions were selected based on five key criteria. First, the
presence of off-time beam particles was rejected by identifying multiple beam signals within ±2 𝜇s
around the primary trigger particle. Second, the beam proton trajectory was validated by ensuring
sufficient signals in the Beam Position Detectors (BPDs), particularly BPD3 which is nearest to the
target. Third, each event was required to contain at least one track originating from the reconstructed
main p+p interaction vertex. Fourth, the 𝑧-position of the main vertex was constrained to lie within
±20 cm of the target center. Finally, events were rejected if they contained only one positively
charged track with momentum matching that of the incident beam, thus removing elastic scattering
candidates. These combined selection steps ensured a consistent dataset of purely inelastic p+p
interactions for both data and simulation analyses.

Reconstructed particle tracks were selected to ensure only primary charged hadrons were
retained and to minimize contamination from off-time interactions, weak decays, and secondary
interactions. First, each track had to originate from the main interaction vertex, with a convergent
momentum fit. Next, track were required to satisfy the condition 𝑝lab,𝑥/𝑞 > 0, where 𝑝lab,𝑥 is the
𝑥-component of the total momentum in the laboratory frame and 𝑞 is the particle’s charge. This
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positive-rigidity cut preferentially retains tracks with smaller uncertainties in the track fit and cluster
reconstruction [31]. Tracks also needed at least 30 reconstructed clusters, including a minimum of
15 clusters in the Vertex TPCs (or at least 4 in the Gap TPC), and a similarly stringent requirement
for d𝐸/d𝑥 clusters. Finally, the distance between the main vertex and the track extrapolation in
the transverse plane (impact parameter) had to be within 4 cm horizontally and 2 cm vertically.
These criteria ensured precise momentum measurement and reliable track identification of primary
charged hadrons.

4. Data Analysis

After the application of event and track quality cuts, about 35 million collision events containing
about 60 million particle tracks were selected for analysis. The recorded event statistics are
summarized in Table 1.

4.1 Particle Identification Based on Time of Flight and Energy Loss Measurement

Deuterons were identified with the 𝑡𝑜 𝑓 − d𝐸/d𝑥 method, which combines the energy loss
measurements (d𝐸/d𝑥) in the TPCs with the 𝑚2 measurements from the ToF detectors. A clean
deuteron signal was extracted in regions of large negative rapidity, in the backward hemisphere of
the center-of-mass frame (approximately 𝑦 = −1).

After the standard event and track selection cuts described in Sec. 3, ToF–specific criteria
ensured precise track–pixel matching and noise suppression [4, 32]. These additional cuts are:

1. The hit in the ToF scintillator pixel must be associated with only one reconstructed TPC track.
2. The ToF hit pixel must coincide with the extrapolated pixel where the MTPC track, linearly

extrapolated from its last ten clusters in the 𝑥–𝑧 and 𝑦–𝑧 planes, intersects the ToF wall.
3. The hit pixel must have corresponding ADC and TDC measurements [33].
4. The last point measured on the MTPC track was required to be in the last two padrows of the

MTPC to ensure good matching between the TPC tracks and ToF walls.
5. Track residual distance was calculated between the reconstructed global particle trajectory

and the last point measured on the track in the MTPC, and it was required to be less than
2 cm.

6. Finally, the minimum overall efficiency of a ToF pixel used in these measurements was set to
50%. Pixel with hit efficiencies less than 50% were categorized as dead, and were not used
for measurements.

Applying these conditions provided reliable extrapolation of the MTPC trajectories toward the
ToF detectors, and helped in reducing noise in the selected tracks.

4.2 Deuteron Identification using𝑚2𝑚2𝑚2 Distributions

The standard particle identification (PID) technique in the 𝑡𝑜 𝑓 − d𝐸/d𝑥 analysis relies on
two-dimensional fits performed in the 𝑚2–d𝐸/d𝑥 plane and was successful in identifying charged
hadrons in p+p and Ar+Sc data sets [22, 34]. However, this technique is unable to estimate the
deuterons under the proton tail.
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Figure 2: Two example phase space bins with data-driven pion-mass templates to fit the kaon, proton and
deuteron peaks.

Therefore, a new data-driven template fitting method was developed for particle identifica-
tion [35]. For each total momentum and transverse momentum (𝑝tot, 𝑝T) bin, pions and positrons
were separated from the other particles using the d𝐸/d𝑥 information by applying cuts on the d𝐸/d𝑥–
momentum plane. 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. These three modified mass templates served as the input for the combined
one-dimensional 𝑚2 template fit of the higher-mass 𝑍 = 1-particle mass spectra.

Figure 2 shows two example (𝑝tot, 𝑝T) bins with a clear deuteron peak. It also illustrates the
importance of realistically estimating the proton tail in the deuteron mass region. The kaon, proton,
and deuteron yield extraction is based on the probability method (Sec. 4.3).

4.3 Deuteron Yields with the Probability Method

The estimation of the deuteron yields was done using a modified probability method [4, 22, 34].
In this method, the fits of the 𝑚2 distributions were used to compute the probabilities 𝑃𝑖 for a track
being a given particle type 𝑖 = 𝑝, 𝐾, 𝑑. After obtaining the𝑚2 fits described above, these probabilities
can be calculated as:

𝑃𝑖 (𝑚2, 𝑝lab, 𝑝T) =
𝜌𝑖 (𝑚2, 𝑝lab, 𝑝T)∑

𝑖=𝑝,𝐾,𝑑

𝜌𝑖 (𝑚2, 𝑝lab, 𝑝T)
, (2)

where 𝜌𝑖 is the value of the fitted function for particle-type 𝑖 in a given (𝑝lab, 𝑝T) bin, evaluated at
the 𝑚2 of the particle. The denominator represents the total fit value for that bin at the particle’s 𝑚2.
It is assumed that pions and positrons were perfectly identified using the cuts on d𝐸/d𝑥–momentum
plane. The probability method assigned each track probabilities of being a pion, positron, kaon,
proton, or deuteron.

The probabilities are either 0 or 1 if the particle was identified as a pion or an electron. Because
of the overlapping 𝑚2 distributions, the calculated particle probability values for kaons, protons
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and deuterons range between 0 and 1. Using this method, the fits performed in (𝑝tot, 𝑝T) bins were
used to get count distributions in (𝑦, 𝑝T) bins. The total number of raw (i.e., uncorrected) identified
particles 𝑛raw of particle-type 𝑖 in a given kinematic bin (e.g., (𝑦, 𝑝T)) is given by [36]:

𝑛raw
𝑖=𝜋,𝐾,𝑝,𝑑 =

𝑁trk∑︁
𝑗=1

𝑃𝑖 , (3)

where 𝑃𝑖 is the probability of particle type 𝑖 given by Eq. 2, and 𝑗 is the index to sum over all 𝑁trk

weights in the given kinematic bin.
Approximately 10% of the statistics were recorded with the liquid-hydrogen target removed to

quantify off-target backgrounds. The target-removed sample was scaled by the ratio of events with
fitted vertices in the range −400 < 𝑧 < −200 cm between target-inserted and target-removed runs,
and its yield was then subtracted for each bin of total momentum and transverse momentum. After
background subtraction, the final particle counts were measured in two-dimensional bins of rapidity
(𝑦) and transverse momentum (𝑝T). About 200 deuteron tracks could be identified. The particle
rapidity was calculated in the collision center-of-mass frame. The bin size was chosen taking into
account the statistical uncertainties and the resolution of the momentum reconstruction, to reduce
the effect of bin-to-bin migration to less than 1% [37]. To finalize the particle spectra, (𝑦, 𝑝T)-
dependent correction factors for detector geometry and ToF-related efficiencies were calculated
using Monte Carlo simulations, and applied to correct the normalized raw count distributions.

4.4 Estimation of Systematic and Statistical Uncertainties

A preliminary evaluation of both statistical and systematic uncertainties was performed for the
preliminary deuteron spectra.

Statistical uncertainties were obtained by treating the raw, background-subtracted total deuteron
counts in each (𝑦, 𝑝T) bin as independent Poisson variables. The error was subsequently propagated
through the spectra calculation. The resulting relative statistical errors are large and range from
approximately 30% to 60%, reflecting the limited statistics available in these kinematic regions.

The dominant sources of systematic uncertainties are those associated with the one-dimensional
𝑚2 fits and the modeling of the proton tail under the deuteron peak. The deuteron signal sits on
a broad background arising primarily from the high-mass tail of the proton 𝑚2 distribution. A
data-driven template fit is employed to model this tail. The template shape parameters are varied
within the detector resolution envelope, and the deuteron yield is re–extracted for each variation.
The maximum spread of the refitted yields, about ±20%, is assigned as the systematic uncertainty
associated with the background proton subtraction.

The baseline analysis employs fixed-width bins of Δ𝑝lab = 2 GeV/𝑐 and Δ𝑝T = 0.5 GeV/𝑐
to perform the 𝑚2 fits. Ten alternative grids are formed by halving one or both of these widths.
The root-mean-square (RMS) spread of the resulting deuteron yields is 15%, which is taken as
the systematic uncertainty due to the choice of phase-space slicing. The two leading systematic
contributions are uncorrelated and are therefore combined in quadrature:

Δsyst =
√︁
(20%)2 + (15%)2 ≈ 25%.

This bin-independent envelope is quoted alongside the Poisson statistical bars for every spectra
point.
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Figure 3: Left: Preliminary transverse momentum spectra in rapidity slices for deuterons in inelastic p+p
interactions at 158 GeV/𝑐. Solid lines show the overlaid two-parameter thermal model with the shape
parameter fixed to 𝑇 = 150 MeV (from Ref. [22]). Only the amplitude parameter was fitted to the data.
Right: Preliminary deuteron transverse momentum spectra in rapidity slices compared to the coalescence
model predictions from Refs. [2, 3].

4.5 Validation of Methods

The new techniques in this analysis were validated in two independent ways. First, in each
(𝑝tot, 𝑝T) bin, the fitted proton counts from the new fitting technique were compared to the fitted
proton counts from the standard method of making two-dimensional fits. This ratio was found to be
almost-exactly 1 in almost every (𝑝tot, 𝑝T) bin, with a very small associated uncertainty. Second,
the identified proton spectra from the new 𝑡𝑜 𝑓 −d𝐸/d𝑥 technique were compared to the previously-
published proton spectra for all available overlapping phase space bins. The comparison showed
that the new proton spectra from the 𝑡𝑜 𝑓 −d𝐸/d𝑥 analysis overlapped with published measurements
within the uncertainty bands [32]. Both these checks were used to validate the new technique.

5. Results

The preliminary transverse momentum spectra in rapidity slices for deuterons produced in
inelastic p+p interactions at 158 GeV/𝑐 are presented in Fig. 3. Figure 3 (left) shows an overlay of
the thermal model (solid lines) with the data. The thermal model is characterized by two parameters:
the temperature 𝑇 , which defines the shape of the distribution, and an amplitude factor. For
illustrative purposes, the temperature has been set to 𝑇 = 150 MeV, consistent with measurements
from Ref. [22]), and only the amplitude was fitted to the data. The overlay demonstrates the
agreement between the data and the thermal model. Figure 3 (right) presents a comparison with
the predicted spectra band from the coalescence model developed in Refs. [2, 3]. Both the thermal
and coalescence models show good agreement with the experimental data within the current level
of uncertainties.
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Detailed cross-checks have been developed to account for the deuterons produced by interaction
of secondary protons inside the detector. The contribution of secondary proton interactions with the
right target holder window was estimated to be negligible [4]. The contribution of secondary protons
reinteractions within the liquid hydrogen of the target was estimated to be less than∼2% [4]. Further
studies to estimate the secondary deuteron background using Geant4 simulation are ongoing.

6. Summary and Outlook

Following the success of the first deuteron yield measurement in the p+p 158 GeV/𝑐 data set
using the 𝑡𝑜 𝑓 –d𝐸/d𝑥 analysis presented in this work, the next step was to look at the negatively
charged tracks. About 5 × 104 antiprotons were identified by the preliminary application of the
𝑡𝑜 𝑓 − d𝐸/d𝑥 analysis framework developed in the previous sections to analyze negatively charged
tracks. For the same collision system, antideuteron production is about ∼1000 times smaller than
antiproton production [3]. Applying this to all measurable phase space bins leads to an expectation
of about 50 antideuterons in the existing p+p 158 GeV/𝑐 data sets. A few such p+p collision events
with an antideuteron candidate, which pass all quality and selection cuts, have been identified.

The identification of antideuteron candidates in existing data motivates continued measure-
ments with the upgraded NA61/SHINE detector. During the CERN Long Shutdown 2, new TPC
backend electronics resulted in a reduction of noise as well as improvement in the d𝐸/d𝑥 resolution.
Upgraded TPC readout electronics increased the data-taking rate to 1.6 kHz (∼20× faster). New
ToF detector with better timing resolution have also been installed [38, 39].

In October 2025, the CERN SPS accelerator will deliver an unprecedented 600 million p+p col-
lisions at 300 GeV/𝑐 to NA61/SHINE, corresponding to a center-of-mass energy of approximately
24 GeV. Collisions at this energy are particularly relevant for studying the production of secondary
antinuclei in cosmic rays. This 10× larger dataset will not only complement existing measurements
but also offer a 3× improvement in statistical precision. With the increased energy and number of
events, an estimated 3000 deuterons and 100 antideuterons could potentially be identified [21]. The
anticipated reduction in systematic and statistical uncertainties will be instrumental in building and
validating new, updated models for the production of astrophysical antideuterons. This could be an
essential breakthrough to understand the nature of dark matter.
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