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Observation of deuteron and antideuteron 
formation from resonance-decay nucleons

The ALICE Collaboration* ✉

High-energy hadronic collisions generate environments characterized by temperatures 
above 100 MeV (refs. 1,2), about 100,000 times hotter than the centre of the Sun.  
At present, it is therefore unclear how light (anti)nuclei with mass number A of a few 
units, such as the deuteron, 3He or 4He, each bound by only a few MeV, can emerge 
from these collisions3,4. Here, the ALICE Collaboration reports that deuteron–pion 
momentum correlations in proton–proton (pp) collisions provide model-independent 
evidence that about 90% of the observed (anti)deuterons are produced in nuclear 
reactions5 following the decay of short-lived resonances, such as the Δ(1232). These 
findings, obtained by the ALICE Collaboration at the Large Hadron Collider, resolve a 
gap in our understanding of nucleosynthesis in ultrarelativistic hadronic collisions. 
Apart from offering insights on how (anti)nuclei are formed in hadronic collisions, 
the results can be used in the modelling of the production of light and heavy nuclei in 
cosmic rays6 and dark-matter decays7,8.

Nuclear physicists have long been intrigued by the microscopic mecha-
nism behind the formation of light nuclei and antinuclei in hadron– 
hadron collisions3,4. In ultrarelativistic heavy-ion collisions with ener-
gies per nucleon up to a few TeV (1012 eV), the study of particle pro-
duction is directly connected to the confinement of colour charge in  
colour-neutral hadrons. These collisions produce a quark–gluon 
plasma, a state in which quarks and gluons are deconfined, and as the 
system evolves, they bind into hadrons and light (anti)nuclei1,9. As the 
binding energies of light (anti)nuclei are substantially lower (2.23 MeV 
for deuteron, 7.72 MeV for 3He; ref. 10) than the average kinetic energy of 
hadrons in these energetic collisions (of the order of 100 MeV; ref. 1), the 
question is about both the formation of loosely bound nuclei and their 
survival through the hadronic phase that follows the hadronization of 
the quark–gluon plasma. This issue is also relevant in ultrarelativistic 
proton–proton (pp) and proton–nucleus (p–A) collisions, in which 
the formation of a quark–gluon plasma remains under experimental 
and theoretical scrutiny and average kinetic energies above 100 MeV 
can still be achieved2.

The study of (anti)nucleus formation in hadronic collisions is of 
importance in astrophysics. On one front, the precise composition of 
ultrahigh-energy (>PeV) cosmic rays, particularly their heavier elements 
(A > 50) component, remains an open question6. A microscopic mod-
elling of nucleus formation in ultrarelativistic hadron collisions is an 
essential ingredient for understanding the composition of these cosmic 
rays and for uncovering the origin of particle acceleration mechanisms 
in the Universe11. On another front, antinuclei formation—whether from 
cosmic-ray interactions with the interstellar medium or as potential 
products of dark-matter decay—plays a pivotal part in indirect searches 
for dark matter7,8,12. Experimental investigations into the microscopic 
processes underlying light nucleus and antinucleus formation thus offer 
a dual benefit: they advance the knowledge of the strong interaction in 
the non-perturbative regime and provide the quantitative framework 
needed to decode the spectra of cosmic rays and their origins.

The yields of nuclei such as deuterons (p–n bound system), 3H (p–n–n), 
3He (p–p–n), 4He (p–p–n–n), H3

Λ  (Λ–p–n) and their corresponding anti
nuclei have been precisely measured at the Relativistic Heavy Ion Col-
lider in Au–Au collisions at centre-of-mass energies per nucleon pair 
(√sNN) across an energy range of 7.7–200 GeV (refs. 13–16) and at the 
Large Hadron Collider (LHC) for pp collisions at √s ranging from 0.9 TeV 
to 13 TeV, as well as for p–Pb and Pb–Pb collisions at √sNN = 2.76–8.16 TeV 
(refs. 17–20). Current understanding suggests that nuclei can be pro-
duced either through direct emission as multi-quark states following 
a collision, similar to other hadrons such as protons or pions, or through 
a secondary binding mechanism of nucleons.

Two types of models have been used to study these mechanisms. 
Statistical hadronization models describe the direct production and 
assume that hadrons and nuclei are directly emitted from a source in 
thermal and chemical equilibrium, with abundances determined by 
the particle mass, the system temperature, volume and quantum num-
ber conservation9,21,22. This work uses the canonical statistical model 
(CSM)23, which is better suited for pp collisions. Although CSMs predict 
yields effectively, they do not provide insights into the microscopic 
mechanisms driving (anti)nucleus formation. By contrast, coalescence 
models12,24–27 emulate binding mechanisms and they assume that (anti)
nucleons form independently before binding to create (anti)nuclei. This 
approach incorporates microscopic parameters, such as the spatial 
proximity of nucleons alongside their strong interactions, allowing for 
a satisfactory description of yields and momentum distributions25,28.

Microscopic calculations implemented in event generators for 
heavy-ion collisions5,29 include pion-catalysed reactions—both forma-
tion and disintegration (for example, π + p + n ⇔ π + d)—and success-
fully describe measured nuclear yields. The important aspect of these 
models is that a third body, such as a meson, aids the binding process 
by carrying away the excess energy.

Overall a direct experimental evidence for the microscopic mech-
anisms of (anti)nucleus formation remains unknown. Femtoscopy 
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provides a complementary approach by examining pion–(anti)deu-
teron (π–d) momentum correlations and offers direct insights into 
the microscopic processes underlying (anti)deuteron formation. This 
technique has been effectively used by the ALICE Collaboration to study 
various hadron pairs produced in pp and p–Pb collisions at the LHC, 
see for example, ref. 30 and the references therein, shedding light on 
their residual strong interactions.

Using π–d femtoscopy correlations, the study presented in this 
paper shows, in a model-independent manner, that (anti)deuterons are 
formed following the decay of strong resonances, such as the Δ(1232) 
(hereafter Δ). Considering the possible contribution to all produced 
resonances, we estimate that 88.9 ± 6.3% of the observed (anti)deuter-
ons are generated through binding processes. These findings resolve 
a longstanding puzzle regarding the formation of light (anti)nuclei 
in collider experiments and provide a robust foundation for further 
modelling of nucleosynthesis from hadronic collisions, both in accel-
erators and in the Universe.

Resonances and correlation function
As a bound state of a proton and a neutron, the deuteron may inherit 
correlations developed by its constituent nucleons during the evolution 
of the collision. The study of π–d correlations offers a sensitive probe 
of this process. If deuterons are produced thermally alongside pions, 
any correlation signal between them would arise solely from final-state 
interactions. By contrast, if deuterons form through the coalescence 
of nucleons originating from the decay of an intermediate resonance, 
the resulting π–d correlation function could retain the signatures of 
that resonance.

The correlation function C(k*) is the key experimental observa
ble, and k* is the single-particle momentum in the pair rest frame  
(PRF). Experimentally, NC k N k N k( *) = [ ( *)/ ( *)]same mixed , where Nsame(k*) 
(same-event sample) is the distribution of relative momenta between 
the π–d pair measured for pions and deuterons stemming from the 
same collision31. Equivalently, Nmixed(k*) (mixed-event sample) is an 
uncorrelated reference obtained by building the distribution through 
the combination of pions and deuterons originating from different 
collisions. Finally, N  is a normalization factor ensuring the proper 
convergence of C(k*) to unity at large k*. In the case of non-interacting 
particles, the correlation function is equal to unity for all k* as the 
relative momentum distribution is purely governed by the underlying 
single-particle phase space, which is the same for Nsame(k*) and Nmixed(k*) 
distributions. An attractive interaction enhances the correlation func-
tion above unity at low k* ≲ 200 MeV c−1, whereas a repulsive interaction 
leads to a depletion below unity. A resonance that decays into the had-
ron pair of interest would produce a peak in the k* spectrum.

Figure 1 shows three scenarios of (anti)deuteron production mecha-
nisms and interactions and the resulting π±–d correlations. Simulations 
were performed to quantify the effects of the different production 
scenarios, and details are provided in the Methods. All scenarios include 
repulsive (red curves) and attractive (green curves) Coulomb interac-
tions for the π+–d and π−–d systems, respectively. The strong interac-
tion contribution is minimal because of the small scattering parameters 
of the π±−d system and is hence neglected32,33. In the first two scenarios 
(Fig. 1a,b), directly produced deuterons and pions are considered. The 
simulation results shown on the right were obtained assuming that 
pions and (anti)deuterons are produced following a canonical statistical 
hadronization scheme, ThermalFIST34. The obtained correlation func-
tions are multiplied by the Coulomb correlation function. The results 
indicate a depletion in the correlation function at low k* for π+–d and 
an enhancement for π−–d because of the Coulomb interaction.

In Fig. 1b, the elastic and inelastic scattering of pions and deuterons 
is considered. This is tested by using the hadronic transport model 
SMASH35 as an afterburner to ThermalFIST to simulate inelastic and 
elastic rescattering according to the experimental cross-sections. The 

elastic processes do not modify the shape of the correlation function, 
as both the incoming and outgoing π±–d pairs must conserve energy, 
ensuring that their relative momentum k* remains unchanged. The 
same holds for pseudo-elastic processes, in which an intermediate Δ 
resonance is formed, as in π + (pn) → pΔ → π + (pn).

By contrast, inelastic π±–d scattering leads to deuteron destruction, 
reducing the number of measurable pairs in the k* region in which 
the inelastic cross-section reaches its maximum. Both elastic and ine-
lastic cross-sections peak at the nominal Δ mass (k* ≈ 240 MeV c−1), 
and the inelastic one is three times larger than the elastic contribu-
tion36. Figure 1b (right) shows the results of these simulations for the 
π+–d and π−–d cases. As expected, a depletion at the relative momen-
tum k* ≈ 240 MeV c−1, corresponding to the peak of the inelastic 
cross-section, is observed.

In Fig. 1c, a deuteron forms when a primordial nucleon binds with one 
from a Δ decay. These resonances are very short-lived excited states of 
nucleons and decay after approximately 1.5 fm c−1 into π–nucleon pairs. 
Considering all charge states (Δ++,+,0,−), they are expected to contribute 
43% of the nucleon yield in pp collisions at the LHC34,37. Measurements 
of the π±–p femtoscopy correlations by ALICE38 have already shown the 
presence of the Δ resonances, modified by rescattering and regenera-
tion effects (Methods). For the formation of deuterons, the possible 
combinations include neutron–proton binding from Δ++ → π+–p or 
Δ0 → π−–p, proton–neutron binding from Δ± → π±–n, and binding of 
two nucleons from separate Δ decays. This scenario was simulated by 
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Fig. 1 | (Anti)deuteron production scenarios. Illustration of three scenarios 
for deuteron production and interaction with pions (left) and the resulting 
π±–d correlation functions (right). All scenarios include Coulomb attraction 
between π−–d (green curves) and Coulomb repulsion between the π+–d (red 
curves). The dashed lines always show the correlation function using Coulomb 
interaction. a,b, Thermally produced deuterons with only Coulomb (a) and 
Coulomb + elastic + inelastic (b) interactions, respectively. c, Deuteron 
formation by nuclear binding following Δ-resonance decays. All the simulations 
include the charge conjugates (π − d ≡ π − d ⊕ π − d+ + −  and π − d ≡ π − d ⊕ π − d− − + ). 
The bandwidths corresponds to the statistical uncertainties of the models.
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exploiting a state-of-the-art coalescence afterburner25 combined with 
the EPOS 3 event generator39,40. The latter accounts for resonance pro-
duction and their decays, whereas the aforementioned rescattering and 
regeneration effects are not included in the simulations. The results are 
shown in the right panel, and a clear peak appears in correspondence 
with the Δ resonance nominal mass. The observed peak is due to the 
residual correlation between the pion and an (anti)nucleon from the 
Δ decay during the (anti)deuteron formation process.

The three patterns in the correlation function correspond to differ-
ent physics scenarios and are easily distinguishable from one another. 
The observed patterns remain unchanged across different models: 
although model parametrization may shift or rescale the structures, 
their shapes are preserved. This constitutes a solid reference to proceed 
with the interpretation of the experimental data.

Discussion
The experimental π+–d and π−–d correlation functions have been meas-
ured in pp collisions at √s = 13 TeV. Charged pions (π±), deuteron (d) and 
antideuteron (d) tracks are reconstructed with the ALICE detector, and 
their momentum transverse to the beam direction (pT) is measured in 
the range pT ∈ [0.14, 4.0] GeV c−1 for pions and pT ∈ [0.8, 2.4]  GeV c−1 for 
deuterons. The excellent particle identification and tracking abilities of 
the ALICE detector provide samples of π+ (π−) and d (d) with a purity of 
99% and 100%, respectively. Further details on the particle selection and 
evaluation of the systematic uncertainties are described in the Methods. 
After the selection of pions and (anti)deuterons, the correlation functions 
for pairs of particles (π+–d and π−–d) and their charge conjugates (π − d+  
and π − d− ) are obtained. As the same interaction governs hadron–had-
ron and antihadron–antihadron pairs31, the sum of particles and antipar-
ticles is considered (π − d ≡ π − d ⊕ π − d+ + −  and π − d ≡ π − d ⊕ π − d− − + ) 
in the following. The resulting π−–d and π+–d correlation functions are 
shown by the open markers in Fig. 2a,b. The grey boxes around the mark-
ers represent the systematic uncertainties, and the vertical bars show 
the statistical uncertainties. The fit results for the π−–d and π+–d correla-
tion functions are shown in Fig. 2a,b, respectively.

The measured π±–d correlation functions are modelled and fitted 
using a decomposition approach summarized by the relation 
C k ε k B k λ C k λ( *) = ( *) ⊗ ( *)[ ( *) + (1 − )]fit gen gen gen  (Methods). Here, ε(k*) 
represents a correction for momentum resolution effects, and B(k*) is 
a baseline accounting for residual background correlations. The latter 
arise mainly from non-primary pions produced in weak decays of 
long-lived resonances, as well as from secondary particles originating 
from interactions with the detector material. These contributions can 
mimic correlated pairs and must be accounted for in the modelling. 
The parameter λgen quantifies the fraction of genuine π±–d pairs, with 
the non-genuine component primarily arising from the feed-down of 
long-lived resonances into pions41 with a lifetime τ > 5 fm c−1. The term 
Cgen(k*) denotes the corresponding genuine correlation function that 
contains Coulomb and strong interactions, alongside contributions 
from the Δ resonance. The interaction components are modelled using 
the CATS (Correlation Analysis Tool using the Schrödinger equation) 
framework42. Theoretically, k r∫C k r S r ψ( *) = d * ( *) × ( *, *)3 2, where r* is 
the relative distance (in the PRF) between the particles at the time of 
their effective emission, ψ(k*, r*) is the wavefunction of the pair relative 
motion, and S(r*) is the source function corresponding to the probabil-
ity to emit the pair at a certain relative distance r* (ref. 43). Dedicated 
studies of the source function in pp collisions at √s = 13 TeV performed 
by the ALICE Collaboration showed a common emission source for all 
hadrons38,41,44. This source is typically modelled by a Gaussian function 
with a standard deviation (an effective size of the source) of reff ≈ 1.5 fm, 
obtained by accounting for the contribution of short-lived resonances 
(see Methods for details).

For the source, an effective Gaussian distribution with reff = 1.51 ±  
0.12 fm was used (Methods). The real part of the π−–d potential is 

included in the fit. However, owing to the small scattering parame-
ters of the π±–d system, the contribution is negligible32,33. To gauge 
the influence of the resonance decays on the π±–d correlations, the 
contributions of the Δ resonances extracted from the measured π±–p 
correlations are modified assuming that the nucleon emerging from 
the Δ decay coalesces with an additional nucleon to form a deuteron. 
The assumption is that the two nucleons have similar momenta (see 
Methods for details). Finally, the relative momentum k* between the 
pion from the Δ decay and the deuteron is evaluated. All charge states 
Δ++,+,0,− are considered, assuming the Δ+,− peak has the same shape as 
Δ++,0 from π±–p correlations. The experimental correlation functions 
are well described, confirming the scenario in which the deuteron is 
formed after the decay of the Δ by a fusion process as assumed in Fig. 1c. 
An excellent description (Fig. 2) of the measured correlation function is 
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obtained by adopting the data-driven shape of the Δ derived from π±–p 
correlations38. The Δ shape in the π±–d correlation function exhibits a 
shift towards lower masses due to rescattering effects, consistent with 
the displacement observed in Fig. 2 relative to the nominal Δ position 
at k* ≈ 240 MeV c−1. The simulations obtained with the EPOS 3 event 
generator at present do not include the rescattering of the Δ decay 
products, resulting in no shift of the Δ peak in Fig. 1c.

The evidence of Δ decay in the π±–d correlation function is model- 
independent, as freeing the radius parameter does not affect the results, 
the Coulomb interaction is inherently model-independent and the resid-
ual background is accounted for in the systematic uncertainties of the fit.

Furthermore, the fraction of deuterons produced following a 
resonance decay is extracted. The contribution from Δ resonances 
is evaluated by integrating the peak in the π±–d correlation functions 
corresponding to these resonances, subtracting the number of π±–d 
pairs expected in the same k* region without a nucleon originating 
from the Δ resonance (Coulomb + background) and dividing the result 
by the total number of detected deuterons. The result is corrected for 
combinatorial effects, reconstruction efficiency and the non-measured 
π0 final state. With these corrections, the fraction of deuterons pro-
duced by a Δ resonance is calculated to be 60.6 ± 4.1% (Methods). To 
test the compatibility of this measurement with expectations from 
event generators, the EPOS 3 model is used. For this, the yield of bary-
onic resonances in EPOS 3 was adjusted to match the predictions of 
the CSM ThermalFIST for pp collisions at √s = 13 TeV. Furthermore, 
the change in the pion detector acceptance resulting from the shift  
in the experimentally observed Δ spectral shape is taken into account. 
In this simulation, the fraction of deuteron for which at least one of the 
nucleons stems from any Δ resonance and both the deuteron and the π 
are found within the acceptance is determined to be 53.8 ± 3.1% (more 
details in the Methods). The fact that these two fractions are in agree-
ment within 1.32 standard deviations demonstrates that the survival 
probability of deuterons produced in pp collisions at the LHC is very 
high. This is the case because (anti)nuclei are produced after the reso-
nance decays, in which spectral temperatures of about 20 MeV (see the 
Methods for details) have been evaluated, much lower than the average 
kinetic energy of hadrons (about 100 MeV) in pp collisions at the LHC.

Deuterons can form through fusion after any strong resonance decay, 
with Δ resonances accounting for 77.3 ± 1.2% of all cases. Moreover, con-
sidering that 15.5 ± 0.5% of Δ resonances are not properly reconstructed 
because of the detector acceptance effects, the experimental fraction 
of deuterons from Δ can be scaled up to a total fraction of deuterons 
originating from all resonances of 88.9 ± 6.3%. These results indicate 
not only that the presence of resonances can contribute to the (anti)
deuteron production but also that it is the dominant process respon-
sible for the creation of deuterons.

Summary
In this work, π±–d correlation functions measured in pp collisions at 
√s = 13 TeV by the ALICE Collaboration at the LHC are used to study the 
(anti)deuteron production mechanism. It is demonstrated that (anti)
deuteron formation by nucleonic fusion follows the strong decay of 
short-lived resonances. Model-independent evidence is provided by 
observing the residual correlation of pion–nucleon pairs stemming 
from the same Δ decay in the pion–deuteron correlation function. This 
effect can be explained only assuming that (anti)deuteron formation 
occurs after the Δ decay and the measured correlation is interpreted by 
a data-driven method based on the independent measurement of the Δ 
in the π±–p final state. The residual signal in the π±–d correlations can 
be used to evaluate the fraction of (anti)deuterons produced following 
Δ decays, which is found to be 60.6 ± 4.1%. Extending this reasoning 
to all strong resonances produced in pp collisions at √s = 13 TeV, it is 
found that 88.9 ± 6.3% of (anti)deuterons are formed through bind-
ing processes involving nucleons originating from strongly decaying 

resonances. This large fraction demonstrates that most of the (anti)
nuclei are produced through secondary binding processes in pp col-
lisions at the LHC and not by direct emission as other hadrons. A large 
survival probability is expected for (anti)deuterons as the low spectral 
temperature of Δ (about 20 MeV) reflects that the environment in which 
(anti)nuclei are created is characterized by a much lower kinetic ener-
gies than the hadronization phase (around 100 MeV) in pp collisions at 
the LHC. These findings solve a longstanding puzzle in nuclear physics, 
providing insight into the microscopic mechanism that leads to (anti)
nuclei formation in pp collisions at the LHC. These insights can now be 
used for a more realistic microscopic modelling of (anti)nuclei produc-
tion, for example, in reactions induced by cosmic ray.
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Methods

Event selection
The results are based on the analysis of a dataset comprising inelastic 
pp collisions at √s = 13 TeV, recorded with the ALICE detector45,46 dur-
ing the LHC run 2 (2015–2018). The events are selected using a high- 
multiplicity (HM) trigger, which captures the highest multiplicity 
events—specifically, the top 0.17% of all inelastic collisions that include 
at least one charged particle within the pseudorapidity interval |η| < 1 
(denoted as 0.17% INEL > 0). This approach ensures a statistically rich 
sample, as a five-fold increase in the production of (anti)deuteron can-
didates has been observed in HM pp collisions compared with minimum 
bias pp collisions47. The sample of HM-triggered collisions considered 
for this analysis corresponds to 1 × 109 events. On average, 31 charged 
tracks are found within |η| < 0.5 (ref. 48) for the HM-triggered colli-
sions. Detailed descriptions of the event selection criteria, pileup rejec-
tion techniques, primary-vertex reconstruction methods and the HM  
trigger procedure are provided in ref. 49.

Tracking and particle identification
Particle identification and momentum measurement of charged par-
ticles are performed using the inner tracking system (ITS)50, time pro-
jection chamber (TPC)51 and time-of-flight (TOF)52 detectors of ALICE 
covering the whole azimuthal angle and the pseudorapidity interval 
|η| < 0.9. These detectors are located within a uniform magnetic field 
of 0.5 T along the beam axis, generated by the ALICE solenoid magnet, 
which causes the trajectories of particles to bend. The curvature of 
the charged-particle tracks is used to measure the particle momenta. 
The transverse momentum for pion and deuteron candidates is deter-
mined with a resolution ranging from approximately 2% for tracks with 
pT ≈ 10 GeV c−1 to below 1% for pT < 1 GeV c−1. Particle identification is 
performed by measuring the energy loss per unit track length (dE/dx) 
in the TPC detector and the particle velocity (β) in the TOF detector. For 
tracks in the TPC detector, the signal is obtained from the nσTPC distribu-
tion, where nσTPC represents the deviation of the measured signal from 
the expected value for a given particle hypothesis, normalized by the 
detector resolution. Similarly, for the TOF detector, the resolution is 
defined by nσTOF, which quantifies the difference between the measured 
and expected time of flight, also normalized by the resolution. Further 
experimental details are discussed in ref. 46. The selection criteria for 
pion and deuteron tracks used in this work are described in refs. 30,41.

Pions are identified by the measurement of the specific energy loss 
within |nσTPC| < 3 in a transverse momentum range pT ∈ [0.14, 4.0] GeV c−1. 
This information is combined with the TOF measurement by taking 
the geometric sum, nσ nσ+ < 3TPC

2
TOF
2 , for track momentum p >  

0.5 GeV c−1. Similarly, the deuteron candidates are selected within a 
transverse momentum range pT ∈ [0.8, 2.4] GeV c−1. They are identified 
by using |nσTPC| < 3 for candidate tracks with momentum p < 1.4 GeV c−1, 
whereas both TPC and TOF information are required, nσ nσ+ < 3TPC

2
TOF
2 , 

for candidates with p > 1.4 GeV c−1. Moreover, for (anti)deuteron can-
didate selections, electrons are rejected by the condition nσTPC,e > 6 for 
p < 1.4 GeV c−1 and pions are rejected by the condition nσTPC,π > 3 for the 
tracks with momentum p > 1.4 GeV c−1. Overall, using these methods, 
a purity of 99% for π± and 100% for (anti)deuterons is achieved.

The selection criteria of pions and deuterons constitute the primary 
source of systematic uncertainties associated with the measured cor-
relation function. All particle selection criteria are varied from their 
default values. To account for the effect of possible correlations, the 
analysis of π+–d and π−–d pairs is repeated 44 times using random com-
binations of these selection criteria. The total systematic uncertainties 
are extracted by first randomly selecting a correlation function from 
the 44 systematic variations. For each sampled function, a bootstrap 
method is applied by randomly varying the C(k*) values in the indi-
vidual k* bins according to their statistical uncertainties, assuming 
Gaussian errors. This results in a distribution of values for each k* bin, 

which is then fitted to determine the total uncertainty. As the statistical 
and systematic uncertainties are independent, the total uncertainty is 
obtained by adding them in quadrature. The systematic component 
is then determined by subtracting the known statistical uncertainty. 
The systematic uncertainties are largest at low k* ≈ 10 MeV c−1, reaching 
1%. The same procedure is applied to extract the uncertainties of the 
fitted parameters and propagated to the final results on the fraction 
of deuterons stemming from resonance-assisted fusion processes.

Characterization of the particle-emitting source
A standard approach to evaluate the source function, used by ALICE 
in pp collisions, is the resonance source model (RSM)41,44. In these pub-
lications, the ALICE Collaboration measured the source size for baryon–
baryon, meson–baryon and meson–meson pairs, demonstrating a 
common emission source of all particles and resonances produced 
directly in the collision. These are described as primordial particles, 
whereas the short-lived resonances that decay into the pairs of interest 
on the timescale of fm c−1 will lead to an increase in the effective source 
size. If this increase in the source size is properly modelled by Monte 
Carlo simulations, the underlying primordial source has a Gaussian 
profile of width rcore, and scales as a function of the pair transverse  
mass m k m= ( + )T T

2 2 1/2, where m is the average mass, the average of the 
masses of the two particles constituting the pair and kT =  |pT,1 + pT,2|/2 
is the average transverse momentum of the pair41,44. The scaling of the 
primordial source size follows a power law r a m c= ⟨ ⟩ +b

core T , where the 
parameters for the high-multiplicity pp collisions at √s = 13 TeV used 
for the present π–d analysis are provided in ref. 44. The knowledge of 
both the pair average mT and the cocktail of contributing resonances 
allows us to evaluate both the rcore and subsequently the total source 
distribution S(r*). The present analysis incorporates the resonances 
decaying into pions from the ThermalFIST model34,37, as already per-
formed in the ALICE π–π and p–π analyses38,41. From the study of 
p–d and K+–d correlations in pp collisions at √s = 13 TeV (ref. 30), it has 
been shown that in pp collisions, the hadron–deuteron pairs follow 
the same transverse mass scaling as other hadron–hadron pairs, allow-
ing to constrain the π–d emission source using the RSM. The deuterons 
are not produced directly by resonances. Nevertheless, the present 
work demonstrates that resonances decaying into nucleons are an 
important step in the production mechanism. This will lead to an effec-
tive delay in the deuteron production, an effect already described in a 
previous analysis of the K+–d analysis53. The present analysis adopts a 
conservative approach and integrates two extreme scenarios for the 
deuteron production as part of the systematic uncertainties, namely, 
assuming either that all deuterons are primordial or that the deuteron 
formation is delayed based on the amount of emission delay by which 
their constituent nucleons are affected44. This variation, which affects 
the effective source size, reff of up to 0.08 fm, is included in the system-
atic uncertainties on the modelling of the correlation functions. The 
final values for the reff, after the inclusion of resonances, are summarized 
in the Extended Data Table 1, along with the total uncertainties.

Corrections of the correlation function
The experimental correlation function, defined as C k( *)=

N k N k[ ( *)/ ( *)]same mixedN  is only corrected by a normalization constant 
N , by ensuring that the correlation becomes unity for 
k* ∈ (400, 600) MeV c−1. The remaining corrections are included in the 
fit function

C k ε k B k λ C k λ( *) = ( *) ⊗ ( *)[ ( *) + (1− )]. (1)fit gen gen gen

The parameter ε(k*) incorporates momentum resolution effects, 
which are included by obtaining a transformation matrix that can be 
used to apply resolution effects to the correlation functions. Details 
on the procedure are provided in the supplemental materials in ref. 44. 
The required experimental inputs are the matrix itself and the 



experimental mixed-event sample, both of which are provided in the 
HEPData entry related to this work. The baseline B k a bk ck( *) = + * + *2 3 
accounts for any remaining long-range correlations54. These correla-
tions do not contribute as an additive contamination to the correlations 
as misidentified particles do, but rather stem from the kinematics of 
the collision event. These long-range correlations are not correlated 
to the final-state interaction and can therefore be factorized and 
included as a multiplicative factor in the correlation. All the parameters 
of the baseline are left free in the fit procedure. The final correction to 
the correlation function is λgen, which represents the amount of genu-
ine π–d pairs. In the context of the source, a genuine particle is either 
a primordial or the decay product of a short-lived resonance of lifetime 
cτ < 5 fm c−1. Details on the extraction of these parameters for the pions 
and deuterons are provided in ref. 41 and ref. 30, respectively. Combin-
ing the information for the two species, the correction obtained for 
π±–d is summarized in Extended Data Table 1. The (1 − λgen) factor in the 
definition of Cfit(k*) reflects the remaining non-genuine correlations, 
which are assumed to produce a flat correlation signal. These 
non-genuine correlations stem from misidentified particles, as well as 
feed-down from long-lived resonances. Owing to the high purity in the 
present analysis, the non-genuine correlations are predominantly 
linked to the feed-down into pions from non-strong decays, such as 
decays of kaons41. There is no contribution to the non-genuine correla-
tion from feed-down into deuterons, as these decay processes do not 
exist, except for the weak decay of the hypertriton ( H → π + p + d)3

Λ
− , 

which has a negligible effect.

Spectral shape of Δ
In the measurement of the π±–p correlation functions38, a prominent 
peak around k* = 211 MeV c−1 can be seen, associated with the Δ reso-
nances (Δ++ for π+–p and Δ0 for π−–p). In the decay of a Δ resonance into 
a pion–nucleon pair, the Δ is at rest in the centre-of-mass frame of the 
decay products. By applying energy and momentum conservation for 
this two-body decay, the invariant mass of the Δ is related to the relative 
momentum k* of the decay products by

m k m k m= ( *) + + ( *) + . (2)Δ
2

π
2 2

N
2

Inverting this expression yields the expected relative momentum 
k* associated with a given Δ mass

k
m m m m m

m
* =

( − − ) − 4
2

. (3)Δ
2

π
2

N
2 2

π
2

N
2

Δ

For the nominal Δ mass of MΔ = 1.215 GeV c−2, this corresponds to a 
relative momentum of k* = 211 MeV c−1 for the pion–nucleon pair. The 
peak position observed in the π±–p correlations is shifted to lower val-
ues than the nominal Δ mass because of the rescattering of the decay 
products and regeneration of the resonances55–57.

Following ref. 38, the Δ spectral shape is modelled as 
C k PS p T Sill M Γ( ) = × ( , ) × ( , )Δ Δ T,Δ Δ ΔN∗ . The first term ΔN  is a normaliza-
tion constant, whereas the undisturbed spectral shape of the reso-
nances is described usingthe Sill distribution58, which depends on the 
resonance mass MΔ and width ΓΔ. As the Sill is expressed as a function 
of k*, it is essential to account for the Jacobian factor m kd /d *Δ  in the 
change of variables, where mΔ is given by equation (2). Modifications 
of the spectral shape due to rescattering and resonance regeneration 
effects are incorporated by a multiplicative PS(pT,Δ, T) term56,57, a 
Boltzmann-like phase space factor,


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
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M p

M p
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, (4)T,Δ 2

T,Δ
2

2
T,Δ
2

acting as a weight for the emission of the resonance with certain trans-
verse momentum pT,Δ at a temperature T. The latter is referred to as the 
‘Δ spectral temperature’ in ref. 38.

To obtain the corresponding spectral shape in the π–d correlation, a 
simple approach is adopted by assuming that each measured deuteron 
consists of two nucleons of equal momenta. In this way, the Δ spectral 
shape in the π–N system (equation (3)) can be transformed into the π–d 
PRF. For a nominal Δ mass of MΔ = 1.215 GeV c−2 leads to k* = 237 MeV c−1 
in the pion–deuteron system.

A final systematic check was performed by allowing a non-zero rela-
tive momentum between the two nucleons forming a deuteron. For this, 
a relative momentum sampled from a distribution, which was obtained 
from a coalescence model59, was used. The relative momentum is, on 
average, about 100 MeV c−1 (ref. 59). The final shape of the Δ peak in the 
π–d correlation remains identical regardless of the assumption of the 
relative momenta between the nucleons. Thus, the simpler approach 
of identical nucleon momenta was used in the analysis.

Fitting the π–d correlation
The fit function is defined by equation (1). The genuine correlation 
Cgen(k*) encapsulates Coulomb and strong interactions alongside con-
tributions from the Δ resonance. The interaction components were 
modelled using the CATS framework42, which uses the Schrödinger 
equation and requires as input the source function and the strong 
interaction potential. The contribution of the strong interaction is 
minimal because of the small scattering parameters of the π–d system, 
as the scattering length is cancelled for π–p and π–n pairs32,33. The real 
part of the π−–d potential was included in the fit32,33. To account for the 
Δ resonance, a phenomenological approach was adopted, expressing 
the genuine correlation as

A AC k C k F C k F( *) = ( *)[ ( *) + (1 − )], (5)gen interaction Δ Δ Δ Δ Δ

where FΔ is a free parameter representing the number of Δ resonances 
contributing to deuteron production divided by the number of all 
measured deuterons. The parameter AΔ is an arbitrary normalization 
constant, introduced to keep the physically motivated definition of FΔ 
intact. The term CΔ(k*) reflects the spectral shape of the Δ resonance 
measured and fitted in the π–p analysis by ALICE (see previous sec-
tion)38, transformed to the π–d system. The mass (MΔ = 1,215 MeV c−2) 
and width (ΓΔ) of the Δ resonance in the present analysis are fixed to 
the values extracted from the measured π–p correlations, whereas the 
Δ spectral temperature T is fitted. The width ΓΔ is dependent on mT, for 
the mT-integrated data shown in Fig. 2, the value is 95 MeV c−2.

The fit to the data is performed in the range k* ∈ (0, 500) MeV c−1, 
with a systematic variation of k* ∈ (0, 600) MeV c−1. As a systematic 
check, a 5% variation in λgen is considered, accounting for the uncertain-
ties arising in the determination of secondary contributions and puri-
ties due to systematic variations in the particle candidate selection 
criteria. As the parameters FΔ and ΔA  are maximally correlated, the fit 
is performed using the effective parameter AF F′ =Δ Δ Δ. The parameter 
F ′Δ represents the fraction of π–d pairs in which the pion and at least 
one of the nucleons within the deuteron originate from a Δ. This can 
be expressed as

∫ ∫F C k N k k N k k′ = ( *) ( *)d * ( *)d *. (6)Δ Δ mixed mixed

As the key parameter in this study is FΔ, establishing a relationship 
with F ′Δ is necessary. A straightforward analytical transformation can 
be derived under the assumption that most recorded collisions con-
taining a reconstructed deuteron include only one. This implies that 
no additional Δ signal is introduced in the peak region because of com-
binatorial effects, and the number of Δ resonances associated with 
deuteron production becomes equal to the number of pairs (peak 
amplitude) linked to a Δ. This results in
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∫F C k N k k N≈ ( *) ( *)d */ , (7)Δ Δ mixed d

where Nd is the total number of reconstructed deuterons used in the 
analysis. Given the fraction of events containing more than one deu-
teron, the uncertainty associated to equation (7) is estimated to be 
negligible (≲0.03%). Using equations (6) and (7)

∫
F

N k
N

F=
( *)

′ = 0.533 ± 0.035, (8)Δ
mixed

d
Δ

where both Nmixed(k*) and Nd are measured, whereas F ′Δ is extracted from 
the fit. The quoted uncertainty combines the statistical and systematic 
errors of the data and the fit. The fit results for the phase space param-
eters (equation (4)) are pT,Δ = 985 ± 171  MeV c−1 and T = 20 ± 2 MeV.

Deuteron and proton fraction from resonances
Relating FΔ to the probability PΔ of producing a single nucleon from a 
Δ resonance requires accounting for the reconstruction efficiency. 
Although the efficiency of deuterons cancels out because of the defi-
nition of FΔ, the pion reconstruction efficiency, επ, must be included. 
The pion efficiencies are obtained using Monte Carlo simulations pro-
duced with PYTHIA 8.2 (ref. 60), tuned to reproduce pp collisions at 
13 TeV, and filtered through the ALICE detector and reconstruction  
algorithm45.

The following calculations are based purely on combinatorial con-
siderations, without explicitly accounting for the microscopic or kin-
ematical properties of the resonances. The probability of producing 
exactly one of the two nucleons within the deuteron from a Δ resonance 
and detecting the decay pion is 2επPΔ(1 − PΔ). The probability of having 
both nucleons within the deuteron originating from a Δ resonance and 
detecting both decay pions is ε Pπ

2
Δ
2, whereas the probability for the 

same production scenario when failing to detect one of the pions is 
ε ε P2 (1 − )π π Δ

2. Note that in the case in which both nucleons in the deu-
teron stem from a Δ, the final state contains a single deuteron and two 
pions, resulting in two entries in the peak region of the correlation 
function. As FΔ is defined as the ratio of the number of π–d pairs to 
single deuterons, the corresponding term, ε Pπ

2
Δ
2, contributes with twice 

the number of pairs. Taking all these considerations into account and 
adding all of the terms together leads to

F ε P= 2 . (9)Δ π Δ

Owing to the effect of double counting some of the pairs, the result 
must be transformed into the fraction of (single) deuterons, fΔ, pro-
duced by a Δ resonance. The definition of fΔ is similar to FΔ, but it 
removes the double-counting effect by taking the pure term ε Pπ

2
Δ
2  

without additional multiplication by 2. This leads to the expression
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2
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Equations (9) and (10) account for the pion reconstruction efficiency, 
επ, in correcting the single-particle purities. Consequently, fΔ is evalu-
ated after applying this efficiency correction. The efficiency- 
independent result, fΔ

true, is obtained by setting επ = 1 and expressing 
it in terms of the measured FΔ

f P
P F

ε
F
ε

= 2 1 −
2

= 1 −
4

. (11)Δ
true

Δ
Δ Δ

π

Δ

π
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Considering the experimental result FΔ = 0.533 ± 0.035 and a pion 
reconstruction efficiency of επ = 71.53 ± 0.65%, evaluated using Monte 
Carlo simulation and averaged over the transverse momentum range 
for the pion candidates considered in the analysis, the true fraction is 

calculated as f = 60.6 ± 4.1%Δ
true . The uncertainty is propagated by treat-

ing the errors of FΔ and επ as independent.
It should be noted that this value must be considered a lower limit, 

as it is possible for the pion from the Δ decay to escape the detector 
acceptance, while the associated nucleus is still reconstructed. This 
loss of Δ resonances can be estimated only in a model-dependent man-
ner using Monte Carlo event generators. Using EPOS 3 and PYTHIA 8.3, 
the loss of Δ particles due to η acceptance effects of the pion is esti-
mated to be 15.5 ± 0.5%, implying that the value of FΔ is underestimated 
by a similar amount. This number is obtained by calculating the accept-
ance as a function of k* folded with the measured k* distribution of the 
delta resonance. Re-evaluating fΔ

true using equation (11) by including 
in addition the acceptance effect, the result becomes f = 68.7 ± 4.6%Δ

true .
Similar relations apply to deuterons produced from any resonance. 

However, the corresponding value is experimentally inaccessible 
because of the large spectral widths and small individual contributions 
of the other resonances. By defining the total fraction as fR and assum-
ing that the ratio fΔ/fR = 0.773 ± 0.012, as predicted by the CSM models, 
holds for the experimental data, it is possible to extrapolate the accept-
ance corrected fΔ

true to f = 88.9 ± 6.3%R
true .

The fraction of deuterons from Δ resonances was also obtained using 
the EPOS event generator. For this, all resonances included in EPOS 
were reweighted using the CSM ThermalFIST with the settings shown 
in the Extended Data Table 2. The deuteron formation is simulated 
using a coalescence afterburner25 in which the information about the 
mother particles of the nucleons is conserved. For each nucleon in the 
deuteron, the potential resonance mother is identified and it is checked, 
whether the nucleon and the corresponding π fall within the pT and η 
acceptance. If at least one nucleon in the deuteron fulfils this criterion, 
the deuteron is counted as stemming from a resonance. Finally, the 
η-acceptance of π is expected to be different in EPOS compared with 
the measurement, as the spectral shape of the Δ in the experiment is 
shifted towards lower k* values. Losses due to this η-acceptance increase 
for increasing k*, and thus are lower in reality than in the simulation. 
For this, the acceptance as a function of k* is averaged using the exper-
imental Δ spectral shape. The resulting acceptance is 83.6%, whereas 
a similar study with PYTHIA 8.3 gives 85.4%. Averaging these values 
and taking the variance as an uncertainty, the Monte Carlo yields 
f = 53.8 ± 3.1%Δ

true,MC , a result compatible with the experimental value 
of 60.6 ± 4.1%.

Although removing the model dependence of this estimation is not 
feasible, a validation can be performed using π–p correlation measure-
ments38. For this purpose, we define the experimental fraction

F Y Y ε= (Δ)/[ (p) ] (12)Δ→p,exp. exp exp π

for the π–p correlation function, where Yexp denotes the experimentally 
measured yields of Δ and proton candidates. Yexp(Δ) is derived from the 
spectral shape RΔ(k*) published in ref. 38, and the proton–pion 
mixed-event distribution Nmixed,p−π± using the relation

∫Y R k N k(Δ) = ( *) d *. (13)exp Δ mixed,p−π±

This yields proton fractions of (14.2 ± 0.4)% from Δ++ decays and 
(5.8 ± 0.3)% from Δ0 decays. The performance of the Monte Carlo 
event generators has been validated by calculating the correspond-
ing model-based fraction FΔ→p,MC, using ThermalFIST to fix the initial 
yields of resonances and baryons, followed by PYTHIA or EPOS simu-
lations within the ALICE acceptance. The change in the η-acceptance 
of the pion due to the shift of the experimentally observed Δ spec-
tral shape is accounted for as described above. With this, Ther-
malFIST + EPOS predicts that 13.4% of the protons stem from Δ++ 
within the experimental acceptance and 4.6% from Δ0. The corre-
sponding numbers in ThermalFIST + PYTHIA are 14.6% for Δ++ and 5.0%  
for Δ0.



Simulations
The simulation of the π+–d correlation function was performed for 
three different hypotheses. The first simulation (Fig. 1c) is done using 
the EPOS 3 event generator combined with a coalescence afterburner 
developed in ref. 25, and it is able to reproduce the total number of 
deuterons in the analysed dataset without any free parameters. The 
deuterons obtained from this coalescence afterburner are combined 
with all pions of the desired charge in the same event to create the 
same-event distribution and with a buffer of up to 50 pions from pre-
vious events to build the mixed-event distribution. The predictions 
using ThermalFIST use the ThermalFIST sampler34,61, which uses a 
Cooper-Frye particlization sampling procedure61 and a blast-wave 
parameterization62 tuned to pp collisions at √s = 13 TeV (ref. 2) to obtain 
positions and momenta of the particles. In the blast-wave model, a 
thermalized medium expands radially with a subsequent instantaneous 
freeze-out. Its main parameters are the average expansion velocity ⟨β⟩, 
its kinetic freeze-out temperature Tkin and the velocity profile exponent 
n. ThermalFIST can directly produce deuterons without the need for 
an afterburner, and the same mixed events can be directly constructed 
in a similar manner as before. The last prediction obtained with Ther-
malFIST and SMASH uses the particles output by the ThermalFIST 
sampler in the kinematic region |η| < 1, including deuterons, and feeds 
it into the hadronic afterburner SMASH35. Inside SMASH, particles 
rescatter for up to 15 fm c−1 with a fixed timestep of Δt = 0.001 fm c−1. 
The stochastic collision criterion is chosen to enable deuteron pro-
duction and destruction using the 3 ↔ 2 scattering processes such as 
p + n + π ↔ d + π. Furthermore, all 2 ↔ 2 processes included in SMASH 
are enabled. The parameters used in ThermalFIST and the blast-wave 
model are shown in Extended Data Table 2.

Resonance spectral temperature
The modifications of the Δ spectral shape in the fitting procedure are 
modelled with the PS term presented in equation (4). As discussed 
above, this function is effectively controlled by the Δ spectral tempera-
ture T. The Δ spectral temperatures for the π±–d system are shown in 
the Extended Data Fig. 1 as a function of the transverse mass, mT, of one 
nucleon in the deuteron and the pion. They are comparable for π+–d 
and π−–d but differ from the π±–p systems discussed in ref. 38, being 
lower than the spectral temperature found for Δ++ and higher than 
that of Δ0. This aligns qualitatively with the resonance regeneration, 
Δ ↔ Nπ, and rescattering picture56,57. For π+–p, repulsive strong and 
Coulomb interactions stop Δ++ regeneration and rescattering earlier, 
whereas the attractive π−–p interaction allows extended Δ0 regenera-
tion and rescattering, leading to a lower Δ spectral temperature. In 
π+–d, the signal arises from Δ++ → π+p (with subsequent fusion with a 
neutron) or Δ+ → π+n (with later fusion with a proton). As π+–p interac-
tions are repulsive and π+–n interactions attractive63, Δ+ undergoes 
longer regeneration cycles than Δ++. This results in a lower spectral 
temperature than a pure Δ++ as reflected in the data. Similarly, the π−–d 
system includes contributions from Δ0 → π−p (attractive) and Δ− → π−n 
(repulsive). The shorter regeneration phase of Δ− compared with Δ0 
yields a higher temperature for π−–d than a pure π−–p system, again 
seen in the measurements.

Dibaryon hypothesis and π–d correlations
Although no dibaryon states have been confirmed unambiguously 
(such as a bound NΔ), candidates have been proposed to explain 
anomalies in data reported by WASA-at-COSY64, ELPH65 and BGOOD66. 
In particular, the NΔ(2114) candidate was first observed by ELPH 
with a reported mass of m2B = 2,140 MeV c−2, and later by BGOOD at 
m2B = 2,114 MeV c−2. The expected imprint of such a state on the π±–d 
correlation can be evaluated using ThermalFIST. Assuming an extreme 
upper limit of 100% for the unknown π–d branching ratio, as much as 
28.5 ± 1.5% of deuterons could originate from this decay. Adopting a 

more realistic branching ratio, estimated from the ratio of elastic to 
inelastic π–d cross–sections67, reduces this fraction to only 9.5 ± 0.5%, 
far below the 60.6 ± 4.1% estimated in the present study. Furthermore, 
if this small contribution is taken as a template, the fit to the data is 
incompatible with the observed correlation. When the amplitude is 
left unconstrained, the measured signal remains consistent with at 
most 1% of deuterons being produced through these decays. Hence, 
the experimental data strongly disfavour dibaryon decays as a notable 
source of the observed signal in the measured π±–d correlation.

Data availability
This study has associated data in a HEPData repository at https://www.
hepdata.net/record/ins2907586.

Code availability
This study has associated code/software in a data repository. The code/
software used for the analysis is publicly available at GitHub (https://
github.com/alisw/AliRoot, https://github.com/alisw/AliPhysics and 
https://github.com/dimihayl/DLM/tree/master/CATS).
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Extended Data Fig. 1 | Extracted Δ spectral temperature. The Δ spectral 
temperature is derived from π±–p and π±−d correlation functions measured in 
high-multiplicity pp collisions at s  = 13 TeV. The bands correspond to the 
uncertainties obtained by fits to the correlation functions, incorporating 
systematic uncertainties on the measured data, as well as those arising from 
variations in the source size and the λ parameter for the genuine interaction.
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Extended Data Table 1 | Parameters used in the measured 
correlation function

The values of the measured average transverse mass ⟨mT⟩, extracted source sizes rcore, reff, and 
λ parameter which serves as the weights for the contribution of the genuine π+ − d and π− − d 
pairs in the measured correlation function.



Extended Data Table 2 | Parameters used in the π+–d 
correlation function predictions for thermal production

Parameters on the left side are used for the Blast-Wave parameterization, and parameters on 
the right are used for the ThermalFIST yields.
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