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It could be argued that composite particles such as light nuclei  
and hypernuclei should not be included in the hadronic partition 
function described in equation (2). However, all nuclei, including 
light, loosely bound states, should result from the interaction of the 
fundamental QCD constituents. This is confirmed by recent LQCD 
calculations69.

The thermal nature of particle production in ultra-relativistic nuclear 
collisions has been experimentally verified not only at LHC energy, but 
also at the lower energies of the RHIC, SPS and AGS accelerators. The 
essential difference is that, at these lower energies, the matter–antimatter  
symmetry observed at the LHC is lifted, implying non-vanishing  
values of the chemical potentials. Furthermore, in central collisions at 
energies below sNN  ≈ 6 GeV the cross-section for the production of 
strange hadrons decreases rapidly, with the result that the average 
strange hadron yields per collision can be far below unity. In this situ-
ation, one needs to implement exact strangeness conservation in the 
statistical sum in equation (2) and apply the canonical ensemble for the 
conservation laws70,71. Similar considerations apply for the description 
of particle yields in peripheral nuclear and elementary collisions. An 
interesting consequence of exact strangeness conservation is a suppres-
sion of strange particle yields when going from central to peripheral 
nucleus–nucleus collisions or from high multiplicity to low multiplicity 
events in proton–proton or proton–nucleus collisions. In all cases the 
suppression is further enhanced with increasing strangeness content 
of the hadron. Sometimes, additional fugacity parameters gf are intro-
duced to account for possible non-equilibrium effects of strange- and 
heavy-flavour hadrons44,72. These parameters modify the thermal yields 
of particles by factors g n

f
f , where the power nf denotes the number of 

strange or heavy quarks and antiquarks in the hadron.

Experimental consequences of canonical thermodynamics and 
strangeness conservation laws have been first seen at SPS energy73. All 
the above predictions are qualitatively confirmed by the striking results 
from high-multiplicity proton–proton and p–Pb collisions from the 
ALICE Collaboration at LHC energy63. The data also explicitly exhibit 
the plateau in strangeness production for Pb–Pb collisions, which is 
to be expected when the grand-canonical region is reached, further 
buttressing the thermal analysis discussed above.

An intriguing observation, first made in ref. 74, is that the overall 
features of hadron production in e+e− annihilations resemble that 
expected from a thermal ensemble with temperature T ≈ 160 MeV, once 
exact quantum number conservation is taken into account. In these 
collisions, quark–antiquark pairs are produced with production yields 
that are not thermal but are well explained by the electro-weak standard 
model; see, for example, table 2 in ref. 75. Hadrons from these quark 
pairs (and sometimes gluons) appear as jets in the data. The underlying 
hadronization process can be well described using statistical hadroni-
zation model ideas75,76. These studies reveal further that strangeness 
production deviates noticeably from a pure thermal production model 
and that the quantitative description of the measured yields is rather 
poor. Nevertheless, recognizable thermal features in e+e− collisions, 
where equilibration should be absent, may be a consequence of the 
generic nature of hadronization in strong interactions.

From a statistical hadronization analysis of all measured hadron 
yields at various beam energies the detailed energy dependence of the 
thermal parameters Tcf and µb has been determined41,42,51,77–81. While 
µb decreases smoothly with increasing energy, the dependence of Tcf 
on energy exhibits a striking feature that is illustrated in Fig. 3: Tcf 
increases with increasing energy (decreasing µb) from about 50 MeV 
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Fig. 1 | Hadron abundances and predictions of the statistical 
hadronization model. a, dN/dy values for different hadrons and nuclei, 
measured at mid-rapidity (red circles), including the hypertriton ΛH3 , are 
compared with the statistical hadronization analysis (blue bars). The data 

are from the ALICE Collaboration for central Pb–Pb collisions at the 
LHC53–59. b, The ratio of the data to statistical hadronization predictions 
(model), with errors bars determined only from the data as the quadratic 
sum of statistical and systematic uncertainties.
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Why does the thermal model work for nuclei?  



Nuclei can form by coalescence after kinetic freeze out.
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FIG. 18. The coalescence parameters B2 (left) and B3 (right) as a function of the transverse momentum per nucleon for various centrality
classes in Pb-Pb collisions at

√
sNN = 2.76 TeV.

have been performed using the grand-canonical formulation of
both THERMUS [54] and the GSI-Heidelberg model [1]. This
approach is appropriate for the ratios shown here, as no strange
quarks are involved. Details can be found in Refs. [1,2]. These
ratios are monotonically increasing with Tchem reflecting the
dependence with exp(−!m/Tchem) where !m corresponds to
the mass difference of the particles under study.

The measured ratios of 3He /p and 3He /d are in agreement
with a chemical freeze-out temperature in the range 150–
165 MeV. No significant differences are observed between
the THERMUS and GSI-Heidelberg model with respect to the
production of light (anti-)nuclei. A fit to p, d, and 3He only
gives Tchem = 156 ± 4 MeV with a χ2/ndf of 0.4. This value
can be compared to a fit including all measured light flavor
hadrons which yields a temperature of about 156 MeV [55].

At these temperatures, the weakly bound deuteron and
3He can hardly survive. These nuclei might break up and
might be regenerated. However, if this complex process of
breakup and regeneration is governed by an overall isentropic
expansion, the particle ratios are preserved [56]. Eventually,
the yields of particles including weakly bound nuclei are
therefore described in the thermal-statistical model. Other
properties, e.g., spectral shapes and elliptic flow, exhibit the
influence of the interactions during the hadronic phase.

The d/p ratio obtained in pp collisions is lower by a factor
of 2.2 than in Pb-Pb collisions. Assuming thermal production
not only in Pb-Pb, but also in pp collisions, this could indicate
a lower freeze-out temperature in pp collisions. However, the
p/π ratio does not show significant differences between pp
and Pb-Pb collisions. Effects related to canonical suppression
of strange particles can also be excluded because these ratios
do not involve any strange quarks. Therefore, this observation
must find another explanation within the framework of thermal
models or nonthermal production mechanisms need to be
considered in small systems. Further work in the theoretical
models is needed for a better understanding of this effect.

C. Comparison with the coalescence model

Light nuclei have nucleons as constituents and are thus
likely formed via coalescence of protons and neutrons which
are near in space and have similar velocities. In this production
mechanism, the spectral distribution of the composite nuclei
is related to the one of the primordial nucleons via

Ei

d3Ni

dp3
i

= BA

(

Ep
d3Np

dp3
p

)A

, (8)

assuming that protons and neutrons have the same momentum
distribution. BA is the coalescence parameter for nuclei i with
mass number A and a momentum of pi = App.

Figure 18 shows the obtained B2 values for deuterons (left
panel) and B3 values for 3He (right panel) in several centrality
bins for Pb-Pb collisions. The results are plotted versus the
transverse momentum per nucleon. A clear decrease of B2 and
B3 with increasing centrality is observed. In the coalescence
picture, this behavior is explained by an increase in the source
volume Veff : the larger the distance between the protons and
neutrons which are created in the collision, the less likely it
is that they coalesce. Alternatively, it can be understood on
the basis of the approximately constant d/p and 3He /p ratios
as an increase of the overall proton multiplicity independent
of the geometry of the collision. The argument can be best
illustrated by assuming a constant value of B2 and integrating
Eq. (8) over pT. The value of B2 can then be calculated for
a given ratio d/p and a given spectral shape f (pT) [with∫ ∞

0 f (pT) dpT = 1] of the proton spectrum as

B2 = π

2

dNd
dy

( dNp

dy

)2

1
∫ ∞

0
f 2(pT)

pT
dpT

, (9)

where for a constant ratio of the deuteron dNd/dy to proton
dNp/dy yield, it is found that B2 ∝ 1/(dNp/dy). As can be
seen in Fig. 18, the coalescence parameter also develops

024917-12

J. ADAM et al. PHYSICAL REVIEW C 92, 054908 (2015)

)2c (GeV/〉
T

m〈
0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8

 (
fm

)
in

v
R

2

4

6

8

 = 2.76 TeVNNsALICE Pb-Pb 

pp
pp

0
S K0

SK

± K±K

±π ±π
0-10% 10-30% 30-50%

FIG. 8. (Color online) Rinv parameters vs mT for the three cen-
tralities considered for π±π±, K±K±, K0

SK0
S, pp, and pp. Statistical

(thin lines) and systematic (boxes) uncertainties are shown.

mT scaling of Rinv can be explained as a consequence of
the increase of the Lorentz factor with decreasing particle
mass. In a hydrodynamic model [50], scaling is observed
for the three-dimensional radii measured in the longitudinally
comoving system (LCMS). The transformation from LCMS to
PRF involves a boost along the outward direction only, where
the boost value is proportional to the transverse velocity of the
pair and inversely proportional to the particle mass (for similar
mT). Thus, a smaller mass leads to an increase in the boosted
Rout and, subsequently, Rinv in the PRF. Indeed, we observe
such an effect in the data, as pion radii are systematically
higher than kaon radii at the same mT.

A comparison of a hydrodynamic flow+kinetics model,
HKM [14], with the measured Rinv and λ parameters for 0–5%
centrality is shown in Fig. 9. The HKM values in Fig. 9 are
specifically from K±K±, but the predictions for K0

SK0
S and

K±K± are consistent with each other. For Rinv, the charged
kaon data show very good agreement with the predictions.
The experimental data for the neutral kaons are again slightly
higher than for the charged kaons, but this difference is still
within systematic uncertainties. For λ, both sets of kaon data
match the decreasing trend with increasing kT exhibited by the
HKM points, but the model slightly overpredicts the data. It is
shown in Ref. [14] that the most important resonances for KK

pairs, K*(890) and φ(1020), do not significantly influence the λ
parameter (due to their low contribution), and the discrepancy
between the model and experimental data can be explained
by the lower experimental kaon purity and deviations of
the experimental correlation function shape from a Gaussian
distribution. For protons, the HKM prediction is compatible
with the data. HKM calculations for one-dimensional pion
radii are currently not available, but three-dimensional radii
were reasonably reproduced by this model [51].

V. SUMMARY

Results from femtoscopic studies of π±π±, K±K±,
K0

SK0
S, pp, and pp correlations from Pb-Pb collisions at√

sNN = 2.76 TeV with ALICE at the LHC have been
presented. The femtoscopic radii and λ parameters were
extracted from one-dimensional correlation functions in terms
of the invariant momentum difference. It was found that
the emission source sizes of kaons and protons measured
in these collisions exhibit transverse mass scaling within
uncertainties, which is consistent with hydrodynamic model
predictions assuming collective flow. The deviation from the
scaling for the pions can be explained as a consequence of the
increase of the Lorentz factor with decreasing particle mass
during the transformation from LCMS to PRF systems [50].
The extracted λ parameters are found to be less than unity,
as is expected due to long-lived resonances and non-Gaussian
correlation functions. The predictions of the hydrokinetic
model (HKM) for the one-dimensional femtoscopic radii for
charged and neutral kaons and protons coincide well with the
observations.
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FIG. 5. Summary of D and 3He data, reproduced from Ref. [19] with some improvements (see text). (a) B2 vs Rinv, using the Hulthen wave

function for D. The solid (dashed) line shows the result for N2 = 1 (0.5). (b) B3 vs Rinv, using N3 = N
3
2

2 .

femtoscopy fits only) by !20% or so. We do not include this
uncertainty in the plot. It adds up other sources of systematic
uncertainty, expected to be roughly at a similar level (with
unknown signs), due to the smoothness, equal-time, and fac-
torization approximations (the latter relevant for 3He only).

The comparison to experimental data is as follows. The
red horizontal bands in Fig. 5 show experimental coalescence
factor measurements for PbPb at (0–10%) (for B2) and (0–
20%) (for B3) centrality classes [55]. Each of the three red
bands corresponds to a different bin in mt , among the three
bins shown in the femtoscopy Rinv measurement [42]. The
blue horizontal bands show the result for the (20–40%) (for
B2) and (20–80%) (for B3) events, respectively, again from
[55].

The green band shows the result for p-p collisions [56].18

For 3He we can also add a crudely estimated data point
for pPb collisions. To do so, we combine the 1D femtoscopy
Rinv measurement of kaon femtoscopy reported in Ref. [57]
with the 3He measurement of [58]. To approximately match
mt between the data sets, we use here the highest kt bin in
Ref. [57] and the lowest pt bin in Ref. [58]. We use the
(0–20%) multiplicity class from [57], joining together the
(0–10%) and (10–20%) B3 data from [58]. The result is shown
in purple in Fig. 5(b).

As should be clear by now, a main uncertainty in the theory
prediction shown in Fig. 5 is related to the determination
of the parameters N2 and N3. For N3 we have no direct
measurements, as such data would require three-proton fem-

toscopy. In Fig. 5 we bypassed this by assuming N3 = N
3
2

2 .
Addressing this issue experimentally would be challenging,
and we do not know of a model-independent way to estimate
the associated theory uncertainty. Assessing the uncertainty
within specific HXS models, along the lines of Appendix B,
may be warranted in future work.

Another obvious difficulty is due to the need to con-
struct Fig. 5 patchwise from data at different, often only
partially overlapping, multiplicity class and pt or mt bins. A

18We thank Bhawani Singh and the Fabbietti TUM group for point-
ing out a typo in the plot of the B2 data for pp collisions in Ref. [19].

dedicated experimental analysis combining femtoscopy and
cluster yields would solve this problem.

Altogether, Fig. 5 shows that coalescence is roughly con-
sistent with the D and 3He data for systems ranging from pp
to pPb and PbPb at different regions of pt and at different
multiplicity classes. This comparison spans a dynamical range
of about a factor of 30 for B2 and a factor of 103 for B3.
While, as we discussed, there are theoretical and experimental
uncertainties, there are no free parameters once femtoscopy
calibrates the computation. From this point of view, the usual
claim to fame of the SHM [4], to describe the yields of nuclei
across many orders of magnitude, is seen to be comparably
well applicable to coalescence.

Having said that, it is worth highlighting that for pp col-
lisions the experimental coalescence factors for both D and
3He are found to be higher than the coalescence prediction.
Depending mainly on the precision with which N2 is deter-
mined, but also on possible systematic uncertainties related
to different event classes entering the femtoscopy and cluster
measurements, the discrepancy could be as much as a factor
of 2 for D and a factor of 4 for 3He. We think that this
situation is strong motivation for a joint experimental analysis
of coalescence and femtoscopy in small systems.

B. Hypertriton

Reference [59] reported a measurement of 3
!H in PbPb

collisions. After some interpolations, we extract the measured
B3! from the three pt bins in the left panel of their Fig. 7.
For the bins19 pt ≈ (0.66–1.34), (1.34–2), and (2–2.34)
GeV we find B3! ≈ (7.3–20) × 10−8, (1–4.2) × 10−7, and
(1.7–12) × 10−5 GeV4, respectively. The multiplicity class is
(0–10%). For femtoscopic data, we have Ref. [42] with Rinv
and N2 measured in the same multiplicity class, but binned in
mt rather than pt (see Figs. 7 and 8 in Ref. [42]). We can match
the first low pt bin of [59] into the mt range covered in Ref.
[42]. We also consider the second pt bin of [59] that somewhat
overshoots the coverage of the last mt bin in Ref. [42]. With

19Our pt is corresponds to pt/A as defined in Ref. [59].
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femtoscopy fits only) by !20% or so. We do not include this
uncertainty in the plot. It adds up other sources of systematic
uncertainty, expected to be roughly at a similar level (with
unknown signs), due to the smoothness, equal-time, and fac-
torization approximations (the latter relevant for 3He only).

The comparison to experimental data is as follows. The
red horizontal bands in Fig. 5 show experimental coalescence
factor measurements for PbPb at (0–10%) (for B2) and (0–
20%) (for B3) centrality classes [55]. Each of the three red
bands corresponds to a different bin in mt , among the three
bins shown in the femtoscopy Rinv measurement [42]. The
blue horizontal bands show the result for the (20–40%) (for
B2) and (20–80%) (for B3) events, respectively, again from
[55].

The green band shows the result for p-p collisions [56].18

For 3He we can also add a crudely estimated data point
for pPb collisions. To do so, we combine the 1D femtoscopy
Rinv measurement of kaon femtoscopy reported in Ref. [57]
with the 3He measurement of [58]. To approximately match
mt between the data sets, we use here the highest kt bin in
Ref. [57] and the lowest pt bin in Ref. [58]. We use the
(0–20%) multiplicity class from [57], joining together the
(0–10%) and (10–20%) B3 data from [58]. The result is shown
in purple in Fig. 5(b).

As should be clear by now, a main uncertainty in the theory
prediction shown in Fig. 5 is related to the determination
of the parameters N2 and N3. For N3 we have no direct
measurements, as such data would require three-proton fem-

toscopy. In Fig. 5 we bypassed this by assuming N3 = N
3
2

2 .
Addressing this issue experimentally would be challenging,
and we do not know of a model-independent way to estimate
the associated theory uncertainty. Assessing the uncertainty
within specific HXS models, along the lines of Appendix B,
may be warranted in future work.

Another obvious difficulty is due to the need to con-
struct Fig. 5 patchwise from data at different, often only
partially overlapping, multiplicity class and pt or mt bins. A

18We thank Bhawani Singh and the Fabbietti TUM group for point-
ing out a typo in the plot of the B2 data for pp collisions in Ref. [19].

dedicated experimental analysis combining femtoscopy and
cluster yields would solve this problem.

Altogether, Fig. 5 shows that coalescence is roughly con-
sistent with the D and 3He data for systems ranging from pp
to pPb and PbPb at different regions of pt and at different
multiplicity classes. This comparison spans a dynamical range
of about a factor of 30 for B2 and a factor of 103 for B3.
While, as we discussed, there are theoretical and experimental
uncertainties, there are no free parameters once femtoscopy
calibrates the computation. From this point of view, the usual
claim to fame of the SHM [4], to describe the yields of nuclei
across many orders of magnitude, is seen to be comparably
well applicable to coalescence.

Having said that, it is worth highlighting that for pp col-
lisions the experimental coalescence factors for both D and
3He are found to be higher than the coalescence prediction.
Depending mainly on the precision with which N2 is deter-
mined, but also on possible systematic uncertainties related
to different event classes entering the femtoscopy and cluster
measurements, the discrepancy could be as much as a factor
of 2 for D and a factor of 4 for 3He. We think that this
situation is strong motivation for a joint experimental analysis
of coalescence and femtoscopy in small systems.

B. Hypertriton

Reference [59] reported a measurement of 3
!H in PbPb

collisions. After some interpolations, we extract the measured
B3! from the three pt bins in the left panel of their Fig. 7.
For the bins19 pt ≈ (0.66–1.34), (1.34–2), and (2–2.34)
GeV we find B3! ≈ (7.3–20) × 10−8, (1–4.2) × 10−7, and
(1.7–12) × 10−5 GeV4, respectively. The multiplicity class is
(0–10%). For femtoscopic data, we have Ref. [42] with Rinv
and N2 measured in the same multiplicity class, but binned in
mt rather than pt (see Figs. 7 and 8 in Ref. [42]). We can match
the first low pt bin of [59] into the mt range covered in Ref.
[42]. We also consider the second pt bin of [59] that somewhat
overshoots the coverage of the last mt bin in Ref. [42]. With

19Our pt is corresponds to pt/A as defined in Ref. [59].
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bands corresponds to a different bin in mt , among the three
bins shown in the femtoscopy Rinv measurement [42]. The
blue horizontal bands show the result for the (20–40%) (for
B2) and (20–80%) (for B3) events, respectively, again from
[55].

The green band shows the result for p-p collisions [56].18

For 3He we can also add a crudely estimated data point
for pPb collisions. To do so, we combine the 1D femtoscopy
Rinv measurement of kaon femtoscopy reported in Ref. [57]
with the 3He measurement of [58]. To approximately match
mt between the data sets, we use here the highest kt bin in
Ref. [57] and the lowest pt bin in Ref. [58]. We use the
(0–20%) multiplicity class from [57], joining together the
(0–10%) and (10–20%) B3 data from [58]. The result is shown
in purple in Fig. 5(b).

As should be clear by now, a main uncertainty in the theory
prediction shown in Fig. 5 is related to the determination
of the parameters N2 and N3. For N3 we have no direct
measurements, as such data would require three-proton fem-

toscopy. In Fig. 5 we bypassed this by assuming N3 = N
3
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Addressing this issue experimentally would be challenging,
and we do not know of a model-independent way to estimate
the associated theory uncertainty. Assessing the uncertainty
within specific HXS models, along the lines of Appendix B,
may be warranted in future work.

Another obvious difficulty is due to the need to con-
struct Fig. 5 patchwise from data at different, often only
partially overlapping, multiplicity class and pt or mt bins. A

18We thank Bhawani Singh and the Fabbietti TUM group for point-
ing out a typo in the plot of the B2 data for pp collisions in Ref. [19].

dedicated experimental analysis combining femtoscopy and
cluster yields would solve this problem.

Altogether, Fig. 5 shows that coalescence is roughly con-
sistent with the D and 3He data for systems ranging from pp
to pPb and PbPb at different regions of pt and at different
multiplicity classes. This comparison spans a dynamical range
of about a factor of 30 for B2 and a factor of 103 for B3.
While, as we discussed, there are theoretical and experimental
uncertainties, there are no free parameters once femtoscopy
calibrates the computation. From this point of view, the usual
claim to fame of the SHM [4], to describe the yields of nuclei
across many orders of magnitude, is seen to be comparably
well applicable to coalescence.

Having said that, it is worth highlighting that for pp col-
lisions the experimental coalescence factors for both D and
3He are found to be higher than the coalescence prediction.
Depending mainly on the precision with which N2 is deter-
mined, but also on possible systematic uncertainties related
to different event classes entering the femtoscopy and cluster
measurements, the discrepancy could be as much as a factor
of 2 for D and a factor of 4 for 3He. We think that this
situation is strong motivation for a joint experimental analysis
of coalescence and femtoscopy in small systems.

B. Hypertriton

Reference [59] reported a measurement of 3
!H in PbPb

collisions. After some interpolations, we extract the measured
B3! from the three pt bins in the left panel of their Fig. 7.
For the bins19 pt ≈ (0.66–1.34), (1.34–2), and (2–2.34)
GeV we find B3! ≈ (7.3–20) × 10−8, (1–4.2) × 10−7, and
(1.7–12) × 10−5 GeV4, respectively. The multiplicity class is
(0–10%). For femtoscopic data, we have Ref. [42] with Rinv
and N2 measured in the same multiplicity class, but binned in
mt rather than pt (see Figs. 7 and 8 in Ref. [42]). We can match
the first low pt bin of [59] into the mt range covered in Ref.
[42]. We also consider the second pt bin of [59] that somewhat
overshoots the coverage of the last mt bin in Ref. [42]. With

19Our pt is corresponds to pt/A as defined in Ref. [59].
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I. INTRODUCTION

The Large Hadron Collider (LHC) made available a di-
verse data set of production cross sections of light nuclear
clusters such as deuterons (D), helions (3He), and tritons
(3H) [1,2]. The LHC also brought progress in femtoscopy,
the study of the momentum-space correlations of particles
emitted in hadronic collisions [5–12].1 These measurements
are a source of information on the state produced in heavy-ion
collisions [13–21]. A review of future prospects can be found
in Ref. [22].

In this paper we consider an interesting feature in the
data [23]: the anticorrelation between the source homogeneity
volume, probed in femtoscopy, and the coalescence factor of
nuclear clusters. This correlation was predicted two decades
ago in a seminal work by Scheibl & Heinz [17]. For a cluster
with mass number A and spin JA, observed at vanishing
transverse momentum pt = 0 in the collider frame, it is sum-
marized by the relation [20,23]2,3

BA

m2(A−1)
≈ 2JA + 1

2A
√

A

(
mR√
2π

)3(1−A)

. (1)

Here, the coalescence factor is defined as BA =
(P0

A
dNA
d3PA

)/(p0 dN
d3 p )A, where p0dN/d3 p is the Lorentz-invariant

differential yield for constituent nucleons at p = PA/A. The
homogeneity volume is parametrized by the HBT radius R
[5–12].4 m ≈ 0.94 GeV is the nucleon mass.
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Equation (1) was predicted to apply in the limit that the size
parameter dA of the cluster’s wave function can be neglected
compared with the source homogeneity radius: dA $ R. For
small systems with R ! dA, Eq. (1) receives a correction via
R2 → R2 + (dA/2)2. At finite pt , Ref. [17] suggested that
Eq. (1) should be modified by m → mt = (m2 + p2

t )1/2.
A comparison of Eq. (1) with LHC data was presented

in Ref. [23], which used it to extrapolate measurements in
Pb-Pb collisions into a prediction of the coalescence factor
of D, 3He, and 3H in p-p collisions. This extrapolation is
nontrivial. The HBT radius characterizing Pb-Pb collisions is
R ∼ 4 fm, compared with R ∼ 1 fm measured in p-p colli-
sions. Thus, Eq. (1) predicts a large increase in BA going from
Pb-Pb to p-p: Bp−p

3 /BPb−Pb
3 ∼ 4 × 103. Subsequent ALICE

measurements [2] in p-p collisions were consistent with this
prediction: Eq. (1) appears to work, at least to O(1) accuracy,
over orders of magnitude in BA. The question we ask (and
answer) in this study is why does it work?

To substantiate this question, note that Ref. [17] derived
Eq. (1) by using a number of assumptions and approximations.
A simple source model was used to describe the emission of
particles produced in hadronic collisions. This model imple-
mented collective flow with a specific velocity profile and a
Gaussian density profile, limited to radial symmetry in the
transverse direction. By using a saddle-point approximation
to evaluate Cooper–Frye integrals [27], Ref. [17] compared
their analytic results to a parallel analysis that used the same

1Also known as Hanbury-Brown–Twiss (HBT) [3,4] analyses.
2See also Ref. [16].
3See, e.g., Refs. [24–26] for the appearance of a similar formula

within a thermodynamic model.
4More practical details about the definition of R are given in

Sec. IV.
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FIG. 5. Summary of D and 3He data, reproduced from Ref. [19] with some improvements (see text). (a) B2 vs Rinv, using the Hulthen wave

function for D. The solid (dashed) line shows the result for N2 = 1 (0.5). (b) B3 vs Rinv, using N3 = N
3
2

2 .

femtoscopy fits only) by !20% or so. We do not include this
uncertainty in the plot. It adds up other sources of systematic
uncertainty, expected to be roughly at a similar level (with
unknown signs), due to the smoothness, equal-time, and fac-
torization approximations (the latter relevant for 3He only).

The comparison to experimental data is as follows. The
red horizontal bands in Fig. 5 show experimental coalescence
factor measurements for PbPb at (0–10%) (for B2) and (0–
20%) (for B3) centrality classes [55]. Each of the three red
bands corresponds to a different bin in mt , among the three
bins shown in the femtoscopy Rinv measurement [42]. The
blue horizontal bands show the result for the (20–40%) (for
B2) and (20–80%) (for B3) events, respectively, again from
[55].

The green band shows the result for p-p collisions [56].18

For 3He we can also add a crudely estimated data point
for pPb collisions. To do so, we combine the 1D femtoscopy
Rinv measurement of kaon femtoscopy reported in Ref. [57]
with the 3He measurement of [58]. To approximately match
mt between the data sets, we use here the highest kt bin in
Ref. [57] and the lowest pt bin in Ref. [58]. We use the
(0–20%) multiplicity class from [57], joining together the
(0–10%) and (10–20%) B3 data from [58]. The result is shown
in purple in Fig. 5(b).

As should be clear by now, a main uncertainty in the theory
prediction shown in Fig. 5 is related to the determination
of the parameters N2 and N3. For N3 we have no direct
measurements, as such data would require three-proton fem-

toscopy. In Fig. 5 we bypassed this by assuming N3 = N
3
2

2 .
Addressing this issue experimentally would be challenging,
and we do not know of a model-independent way to estimate
the associated theory uncertainty. Assessing the uncertainty
within specific HXS models, along the lines of Appendix B,
may be warranted in future work.

Another obvious difficulty is due to the need to con-
struct Fig. 5 patchwise from data at different, often only
partially overlapping, multiplicity class and pt or mt bins. A

18We thank Bhawani Singh and the Fabbietti TUM group for point-
ing out a typo in the plot of the B2 data for pp collisions in Ref. [19].

dedicated experimental analysis combining femtoscopy and
cluster yields would solve this problem.

Altogether, Fig. 5 shows that coalescence is roughly con-
sistent with the D and 3He data for systems ranging from pp
to pPb and PbPb at different regions of pt and at different
multiplicity classes. This comparison spans a dynamical range
of about a factor of 30 for B2 and a factor of 103 for B3.
While, as we discussed, there are theoretical and experimental
uncertainties, there are no free parameters once femtoscopy
calibrates the computation. From this point of view, the usual
claim to fame of the SHM [4], to describe the yields of nuclei
across many orders of magnitude, is seen to be comparably
well applicable to coalescence.

Having said that, it is worth highlighting that for pp col-
lisions the experimental coalescence factors for both D and
3He are found to be higher than the coalescence prediction.
Depending mainly on the precision with which N2 is deter-
mined, but also on possible systematic uncertainties related
to different event classes entering the femtoscopy and cluster
measurements, the discrepancy could be as much as a factor
of 2 for D and a factor of 4 for 3He. We think that this
situation is strong motivation for a joint experimental analysis
of coalescence and femtoscopy in small systems.

B. Hypertriton

Reference [59] reported a measurement of 3
!H in PbPb

collisions. After some interpolations, we extract the measured
B3! from the three pt bins in the left panel of their Fig. 7.
For the bins19 pt ≈ (0.66–1.34), (1.34–2), and (2–2.34)
GeV we find B3! ≈ (7.3–20) × 10−8, (1–4.2) × 10−7, and
(1.7–12) × 10−5 GeV4, respectively. The multiplicity class is
(0–10%). For femtoscopic data, we have Ref. [42] with Rinv
and N2 measured in the same multiplicity class, but binned in
mt rather than pt (see Figs. 7 and 8 in Ref. [42]). We can match
the first low pt bin of [59] into the mt range covered in Ref.
[42]. We also consider the second pt bin of [59] that somewhat
overshoots the coverage of the last mt bin in Ref. [42]. With

19Our pt is corresponds to pt/A as defined in Ref. [59].
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I. INTRODUCTION

The Large Hadron Collider (LHC) made available a di-
verse data set of production cross sections of light nuclear
clusters such as deuterons (D), helions (3He), and tritons
(3H) [1,2]. The LHC also brought progress in femtoscopy,
the study of the momentum-space correlations of particles
emitted in hadronic collisions [5–12].1 These measurements
are a source of information on the state produced in heavy-ion
collisions [13–21]. A review of future prospects can be found
in Ref. [22].

In this paper we consider an interesting feature in the
data [23]: the anticorrelation between the source homogeneity
volume, probed in femtoscopy, and the coalescence factor of
nuclear clusters. This correlation was predicted two decades
ago in a seminal work by Scheibl & Heinz [17]. For a cluster
with mass number A and spin JA, observed at vanishing
transverse momentum pt = 0 in the collider frame, it is sum-
marized by the relation [20,23]2,3

BA

m2(A−1)
≈ 2JA + 1

2A
√

A

(
mR√
2π

)3(1−A)

. (1)

Here, the coalescence factor is defined as BA =
(P0

A
dNA
d3PA

)/(p0 dN
d3 p )A, where p0dN/d3 p is the Lorentz-invariant

differential yield for constituent nucleons at p = PA/A. The
homogeneity volume is parametrized by the HBT radius R
[5–12].4 m ≈ 0.94 GeV is the nucleon mass.
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Equation (1) was predicted to apply in the limit that the size
parameter dA of the cluster’s wave function can be neglected
compared with the source homogeneity radius: dA $ R. For
small systems with R ! dA, Eq. (1) receives a correction via
R2 → R2 + (dA/2)2. At finite pt , Ref. [17] suggested that
Eq. (1) should be modified by m → mt = (m2 + p2

t )1/2.
A comparison of Eq. (1) with LHC data was presented

in Ref. [23], which used it to extrapolate measurements in
Pb-Pb collisions into a prediction of the coalescence factor
of D, 3He, and 3H in p-p collisions. This extrapolation is
nontrivial. The HBT radius characterizing Pb-Pb collisions is
R ∼ 4 fm, compared with R ∼ 1 fm measured in p-p colli-
sions. Thus, Eq. (1) predicts a large increase in BA going from
Pb-Pb to p-p: Bp−p

3 /BPb−Pb
3 ∼ 4 × 103. Subsequent ALICE

measurements [2] in p-p collisions were consistent with this
prediction: Eq. (1) appears to work, at least to O(1) accuracy,
over orders of magnitude in BA. The question we ask (and
answer) in this study is why does it work?

To substantiate this question, note that Ref. [17] derived
Eq. (1) by using a number of assumptions and approximations.
A simple source model was used to describe the emission of
particles produced in hadronic collisions. This model imple-
mented collective flow with a specific velocity profile and a
Gaussian density profile, limited to radial symmetry in the
transverse direction. By using a saddle-point approximation
to evaluate Cooper–Frye integrals [27], Ref. [17] compared
their analytic results to a parallel analysis that used the same

1Also known as Hanbury-Brown–Twiss (HBT) [3,4] analyses.
2See also Ref. [16].
3See, e.g., Refs. [24–26] for the appearance of a similar formula

within a thermodynamic model.
4More practical details about the definition of R are given in

Sec. IV.
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FIG. 5. Summary of D and 3He data, reproduced from Ref. [19] with some improvements (see text). (a) B2 vs Rinv, using the Hulthen wave

function for D. The solid (dashed) line shows the result for N2 = 1 (0.5). (b) B3 vs Rinv, using N3 = N
3
2

2 .

femtoscopy fits only) by !20% or so. We do not include this
uncertainty in the plot. It adds up other sources of systematic
uncertainty, expected to be roughly at a similar level (with
unknown signs), due to the smoothness, equal-time, and fac-
torization approximations (the latter relevant for 3He only).

The comparison to experimental data is as follows. The
red horizontal bands in Fig. 5 show experimental coalescence
factor measurements for PbPb at (0–10%) (for B2) and (0–
20%) (for B3) centrality classes [55]. Each of the three red
bands corresponds to a different bin in mt , among the three
bins shown in the femtoscopy Rinv measurement [42]. The
blue horizontal bands show the result for the (20–40%) (for
B2) and (20–80%) (for B3) events, respectively, again from
[55].

The green band shows the result for p-p collisions [56].18

For 3He we can also add a crudely estimated data point
for pPb collisions. To do so, we combine the 1D femtoscopy
Rinv measurement of kaon femtoscopy reported in Ref. [57]
with the 3He measurement of [58]. To approximately match
mt between the data sets, we use here the highest kt bin in
Ref. [57] and the lowest pt bin in Ref. [58]. We use the
(0–20%) multiplicity class from [57], joining together the
(0–10%) and (10–20%) B3 data from [58]. The result is shown
in purple in Fig. 5(b).

As should be clear by now, a main uncertainty in the theory
prediction shown in Fig. 5 is related to the determination
of the parameters N2 and N3. For N3 we have no direct
measurements, as such data would require three-proton fem-

toscopy. In Fig. 5 we bypassed this by assuming N3 = N
3
2

2 .
Addressing this issue experimentally would be challenging,
and we do not know of a model-independent way to estimate
the associated theory uncertainty. Assessing the uncertainty
within specific HXS models, along the lines of Appendix B,
may be warranted in future work.

Another obvious difficulty is due to the need to con-
struct Fig. 5 patchwise from data at different, often only
partially overlapping, multiplicity class and pt or mt bins. A

18We thank Bhawani Singh and the Fabbietti TUM group for point-
ing out a typo in the plot of the B2 data for pp collisions in Ref. [19].

dedicated experimental analysis combining femtoscopy and
cluster yields would solve this problem.

Altogether, Fig. 5 shows that coalescence is roughly con-
sistent with the D and 3He data for systems ranging from pp
to pPb and PbPb at different regions of pt and at different
multiplicity classes. This comparison spans a dynamical range
of about a factor of 30 for B2 and a factor of 103 for B3.
While, as we discussed, there are theoretical and experimental
uncertainties, there are no free parameters once femtoscopy
calibrates the computation. From this point of view, the usual
claim to fame of the SHM [4], to describe the yields of nuclei
across many orders of magnitude, is seen to be comparably
well applicable to coalescence.

Having said that, it is worth highlighting that for pp col-
lisions the experimental coalescence factors for both D and
3He are found to be higher than the coalescence prediction.
Depending mainly on the precision with which N2 is deter-
mined, but also on possible systematic uncertainties related
to different event classes entering the femtoscopy and cluster
measurements, the discrepancy could be as much as a factor
of 2 for D and a factor of 4 for 3He. We think that this
situation is strong motivation for a joint experimental analysis
of coalescence and femtoscopy in small systems.

B. Hypertriton

Reference [59] reported a measurement of 3
!H in PbPb

collisions. After some interpolations, we extract the measured
B3! from the three pt bins in the left panel of their Fig. 7.
For the bins19 pt ≈ (0.66–1.34), (1.34–2), and (2–2.34)
GeV we find B3! ≈ (7.3–20) × 10−8, (1–4.2) × 10−7, and
(1.7–12) × 10−5 GeV4, respectively. The multiplicity class is
(0–10%). For femtoscopic data, we have Ref. [42] with Rinv
and N2 measured in the same multiplicity class, but binned in
mt rather than pt (see Figs. 7 and 8 in Ref. [42]). We can match
the first low pt bin of [59] into the mt range covered in Ref.
[42]. We also consider the second pt bin of [59] that somewhat
overshoots the coverage of the last mt bin in Ref. [42]. With

19Our pt is corresponds to pt/A as defined in Ref. [59].
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I. INTRODUCTION

The Large Hadron Collider (LHC) made available a di-
verse data set of production cross sections of light nuclear
clusters such as deuterons (D), helions (3He), and tritons
(3H) [1,2]. The LHC also brought progress in femtoscopy,
the study of the momentum-space correlations of particles
emitted in hadronic collisions [5–12].1 These measurements
are a source of information on the state produced in heavy-ion
collisions [13–21]. A review of future prospects can be found
in Ref. [22].

In this paper we consider an interesting feature in the
data [23]: the anticorrelation between the source homogeneity
volume, probed in femtoscopy, and the coalescence factor of
nuclear clusters. This correlation was predicted two decades
ago in a seminal work by Scheibl & Heinz [17]. For a cluster
with mass number A and spin JA, observed at vanishing
transverse momentum pt = 0 in the collider frame, it is sum-
marized by the relation [20,23]2,3

BA

m2(A−1)
≈ 2JA + 1
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Here, the coalescence factor is defined as BA =
(P0

A
dNA
d3PA

)/(p0 dN
d3 p )A, where p0dN/d3 p is the Lorentz-invariant

differential yield for constituent nucleons at p = PA/A. The
homogeneity volume is parametrized by the HBT radius R
[5–12].4 m ≈ 0.94 GeV is the nucleon mass.
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Equation (1) was predicted to apply in the limit that the size
parameter dA of the cluster’s wave function can be neglected
compared with the source homogeneity radius: dA $ R. For
small systems with R ! dA, Eq. (1) receives a correction via
R2 → R2 + (dA/2)2. At finite pt , Ref. [17] suggested that
Eq. (1) should be modified by m → mt = (m2 + p2

t )1/2.
A comparison of Eq. (1) with LHC data was presented

in Ref. [23], which used it to extrapolate measurements in
Pb-Pb collisions into a prediction of the coalescence factor
of D, 3He, and 3H in p-p collisions. This extrapolation is
nontrivial. The HBT radius characterizing Pb-Pb collisions is
R ∼ 4 fm, compared with R ∼ 1 fm measured in p-p colli-
sions. Thus, Eq. (1) predicts a large increase in BA going from
Pb-Pb to p-p: Bp−p

3 /BPb−Pb
3 ∼ 4 × 103. Subsequent ALICE

measurements [2] in p-p collisions were consistent with this
prediction: Eq. (1) appears to work, at least to O(1) accuracy,
over orders of magnitude in BA. The question we ask (and
answer) in this study is why does it work?

To substantiate this question, note that Ref. [17] derived
Eq. (1) by using a number of assumptions and approximations.
A simple source model was used to describe the emission of
particles produced in hadronic collisions. This model imple-
mented collective flow with a specific velocity profile and a
Gaussian density profile, limited to radial symmetry in the
transverse direction. By using a saddle-point approximation
to evaluate Cooper–Frye integrals [27], Ref. [17] compared
their analytic results to a parallel analysis that used the same

1Also known as Hanbury-Brown–Twiss (HBT) [3,4] analyses.
2See also Ref. [16].
3See, e.g., Refs. [24–26] for the appearance of a similar formula

within a thermodynamic model.
4More practical details about the definition of R are given in

Sec. IV.
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FIG. 5. Summary of D and 3He data, reproduced from Ref. [19] with some improvements (see text). (a) B2 vs Rinv, using the Hulthen wave

function for D. The solid (dashed) line shows the result for N2 = 1 (0.5). (b) B3 vs Rinv, using N3 = N
3
2

2 .

femtoscopy fits only) by !20% or so. We do not include this
uncertainty in the plot. It adds up other sources of systematic
uncertainty, expected to be roughly at a similar level (with
unknown signs), due to the smoothness, equal-time, and fac-
torization approximations (the latter relevant for 3He only).

The comparison to experimental data is as follows. The
red horizontal bands in Fig. 5 show experimental coalescence
factor measurements for PbPb at (0–10%) (for B2) and (0–
20%) (for B3) centrality classes [55]. Each of the three red
bands corresponds to a different bin in mt , among the three
bins shown in the femtoscopy Rinv measurement [42]. The
blue horizontal bands show the result for the (20–40%) (for
B2) and (20–80%) (for B3) events, respectively, again from
[55].

The green band shows the result for p-p collisions [56].18

For 3He we can also add a crudely estimated data point
for pPb collisions. To do so, we combine the 1D femtoscopy
Rinv measurement of kaon femtoscopy reported in Ref. [57]
with the 3He measurement of [58]. To approximately match
mt between the data sets, we use here the highest kt bin in
Ref. [57] and the lowest pt bin in Ref. [58]. We use the
(0–20%) multiplicity class from [57], joining together the
(0–10%) and (10–20%) B3 data from [58]. The result is shown
in purple in Fig. 5(b).

As should be clear by now, a main uncertainty in the theory
prediction shown in Fig. 5 is related to the determination
of the parameters N2 and N3. For N3 we have no direct
measurements, as such data would require three-proton fem-

toscopy. In Fig. 5 we bypassed this by assuming N3 = N
3
2

2 .
Addressing this issue experimentally would be challenging,
and we do not know of a model-independent way to estimate
the associated theory uncertainty. Assessing the uncertainty
within specific HXS models, along the lines of Appendix B,
may be warranted in future work.

Another obvious difficulty is due to the need to con-
struct Fig. 5 patchwise from data at different, often only
partially overlapping, multiplicity class and pt or mt bins. A

18We thank Bhawani Singh and the Fabbietti TUM group for point-
ing out a typo in the plot of the B2 data for pp collisions in Ref. [19].

dedicated experimental analysis combining femtoscopy and
cluster yields would solve this problem.

Altogether, Fig. 5 shows that coalescence is roughly con-
sistent with the D and 3He data for systems ranging from pp
to pPb and PbPb at different regions of pt and at different
multiplicity classes. This comparison spans a dynamical range
of about a factor of 30 for B2 and a factor of 103 for B3.
While, as we discussed, there are theoretical and experimental
uncertainties, there are no free parameters once femtoscopy
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B. Hypertriton

Reference [59] reported a measurement of 3
!H in PbPb

collisions. After some interpolations, we extract the measured
B3! from the three pt bins in the left panel of their Fig. 7.
For the bins19 pt ≈ (0.66–1.34), (1.34–2), and (2–2.34)
GeV we find B3! ≈ (7.3–20) × 10−8, (1–4.2) × 10−7, and
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(0–10%). For femtoscopic data, we have Ref. [42] with Rinv
and N2 measured in the same multiplicity class, but binned in
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the first low pt bin of [59] into the mt range covered in Ref.
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19Our pt is corresponds to pt/A as defined in Ref. [59].
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I. INTRODUCTION

The Large Hadron Collider (LHC) made available a di-
verse data set of production cross sections of light nuclear
clusters such as deuterons (D), helions (3He), and tritons
(3H) [1,2]. The LHC also brought progress in femtoscopy,
the study of the momentum-space correlations of particles
emitted in hadronic collisions [5–12].1 These measurements
are a source of information on the state produced in heavy-ion
collisions [13–21]. A review of future prospects can be found
in Ref. [22].

In this paper we consider an interesting feature in the
data [23]: the anticorrelation between the source homogeneity
volume, probed in femtoscopy, and the coalescence factor of
nuclear clusters. This correlation was predicted two decades
ago in a seminal work by Scheibl & Heinz [17]. For a cluster
with mass number A and spin JA, observed at vanishing
transverse momentum pt = 0 in the collider frame, it is sum-
marized by the relation [20,23]2,3

BA

m2(A−1)
≈ 2JA + 1

2A
√

A

(
mR√
2π

)3(1−A)

. (1)

Here, the coalescence factor is defined as BA =
(P0

A
dNA
d3PA

)/(p0 dN
d3 p )A, where p0dN/d3 p is the Lorentz-invariant

differential yield for constituent nucleons at p = PA/A. The
homogeneity volume is parametrized by the HBT radius R
[5–12].4 m ≈ 0.94 GeV is the nucleon mass.
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Equation (1) was predicted to apply in the limit that the size
parameter dA of the cluster’s wave function can be neglected
compared with the source homogeneity radius: dA $ R. For
small systems with R ! dA, Eq. (1) receives a correction via
R2 → R2 + (dA/2)2. At finite pt , Ref. [17] suggested that
Eq. (1) should be modified by m → mt = (m2 + p2

t )1/2.
A comparison of Eq. (1) with LHC data was presented

in Ref. [23], which used it to extrapolate measurements in
Pb-Pb collisions into a prediction of the coalescence factor
of D, 3He, and 3H in p-p collisions. This extrapolation is
nontrivial. The HBT radius characterizing Pb-Pb collisions is
R ∼ 4 fm, compared with R ∼ 1 fm measured in p-p colli-
sions. Thus, Eq. (1) predicts a large increase in BA going from
Pb-Pb to p-p: Bp−p

3 /BPb−Pb
3 ∼ 4 × 103. Subsequent ALICE

measurements [2] in p-p collisions were consistent with this
prediction: Eq. (1) appears to work, at least to O(1) accuracy,
over orders of magnitude in BA. The question we ask (and
answer) in this study is why does it work?

To substantiate this question, note that Ref. [17] derived
Eq. (1) by using a number of assumptions and approximations.
A simple source model was used to describe the emission of
particles produced in hadronic collisions. This model imple-
mented collective flow with a specific velocity profile and a
Gaussian density profile, limited to radial symmetry in the
transverse direction. By using a saddle-point approximation
to evaluate Cooper–Frye integrals [27], Ref. [17] compared
their analytic results to a parallel analysis that used the same

1Also known as Hanbury-Brown–Twiss (HBT) [3,4] analyses.
2See also Ref. [16].
3See, e.g., Refs. [24–26] for the appearance of a similar formula

within a thermodynamic model.
4More practical details about the definition of R are given in

Sec. IV.
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Bellini, KB, Kalweit, Puccio; Phys.Rev. C103 (2021) no.1, 014907      (see Fig.7) 
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Xtra



There is no such thing as “2 body” vs. “3 body” coalescence.  
There is only one meaningful coalescence computation. 

It is approximate in splitting FSI from a “hard source”, a splitting that has no clear small expansion parameter 
(that I know of). Probably not very accurate. Probably does catch basic scaling, coalescence-femtoscopy, etc. 

If the spacetime representation of the density matrix is approximately isotropic Gaussian, and if we 
approximate the nucleus wave function as a product of Gaussians with scale radii  , the answer is: 

Source chaoticity  measures, alongside other factors, whether the density matrix is factorisable. 
(In general, it should not be.) It is rarely targeted by femtoscopy analyses: they should measure it. 

Using a full numerical wave function corrects this at the level of a factor of 2 or so. 

bpn, bΛ

λ3Λ

7

1. Uncorrelated pair spectrum as a product of one-particle spectra.

Considering nucleons (protons and neutrons) with m1 ⇡ m2 ⇡ m, nonrelativistic in the PRF, we have q ⇡ p1 � p2 and
the factors c1 ⇡ c2 =

1

2
+O

�
q2/m2

�
. Inserting this into Eq. (7) and using Eq. (19) leads to

S̃p1,p2
(q, r) ⇡

Z
d4x S̃p1

⇣
x+

r

2

⌘
S̃p2

⇣
x�

r

2

⌘
, (20)

with the one-particle emission function

S̃p(x) =

Z
d4l e�ilp⇢p

✓
x+

l

2
;x�

l

2

◆
. (21)

This S̃p(x) coincides (up to constant factors in the definition) with the particle source of [24] and with the emission function
or phase space density of [11, 12, 15, 44, 45]. The reference pair spectrum factorises into the product of single-particle
spectra,

�1�2
dN0

2

d3p1d3p2

⇡


�1

dN

d3p1

� 
�2

dN

d3p2

�
, (22)

�
dN

d3p
=

(2sN + 1)

(2⇡)3

Z
d4x S̃p(x). (23)

Finally, the two-particle source S2 is constructed from single-particle emission functions as

S2(r) =

R
dr0

R
d4x S̃p

�
x+

r
2

�
S̃p

�
x�

r
2

�
hR

d4x S̃p(x)
i2 . (24)

It can be more convenient to calculate C2(p,q), by inserting Eq. (24) into Eq. (16), giving the prescription:

C2(p,q) =

���
R
d4x eiqxS̃p (x)

���
2

hR
d4x S̃p(x)

i2 . (25)

In evaluating Eq. (25), recall that we require q = (0,q) as specified in the PRF.
As a slight detour, consider the proton pair correlation with FSI turned o↵ but quantum statistics still on, in the spin-

asymmetric or spin-symmetric state where �s,q(r) =
1p
2

�
eiqr ± e�iqr

�
, respectively. Using Eq. (24) and noting that q0 = 0

in the PRF, the pair correlation of Eq. (14) would be

Cs(p, q) ⇡

Z
d3r |�s,q(r)|

2
S2(r) = 1±

���
R
d4x e2iqxS̃p (x)

���
2

hR
d4x S̃p(x)

i2 , (26)

consistent with the usual expression in the literature [11, 12, 45, 46] (note that q as defined in, e.g. [46] is equal to 2q in
our notation).

2. Hypertriton and
3
He.

The starting point in the coalescence calculation for hypertriton 3

⇤
H (pn⇤) is similar to Eq. (2) for the deuteron:

�
dN3

⇤
H

d3P
=

2s3

⇤
H + 1

(2⇡)3

Z
d4xp

Z
d4xn

Z
d4x⇤
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d4x0

p

Z
d4x0

n
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d4x0

⇤
⇥

 
⇤
3

⇤
H,P (x

0
p, x

0
n, x

0
⇤
) 3

⇤
H,P (xp, xn, x⇤) ⇢pp,pn,p⇤

�
xp, xn, x⇤;x

0
p, x

0
n, x

0
⇤

�
, (27)

where  3

⇤
H,P (xp, xn, x⇤) is the bound state Bethe-Salpeter amplitude describing the 3

⇤
H. The total momentum is P =

pp+pn+p⇤ ⌘ 3p. We also define Ppn = pp+pn, cI = (pIP )/P 2 with I = p, n,⇤, and c̃J = (pJPpn)/P 2

pn with J = p, n.

( Bellini, KB, Kalweit, Puccio; 
Phys.Rev. C103 (2021) no.1, 014907 )

ℬ3Λ =
16π3λ3Λ

3m2 (b2
pn + 2R2)

3
2 (b2

Λ + 2R2)
3
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