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Topical discussion: Light nuclei and hyper-nuclei production

(Hyper-)nuclei production and the coalescence—correlations relation




A puzzle in heavy-ion collisions: 

REVIEWRESEARCH

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?  
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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 
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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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``Snowballs  in  Hell”
from

Mrowczynski

Nuclei form by coalescence after kinetic freeze out.
For large systems, nuclei approximately inherit the thermal features of nucleon constituents.

Coalescence — correlations relation: tools to test this hypothesis.

Scheibl & Heinz 1999 

KB, Ng, Takimoto, Sato 2017
KB, Takimoto 2019
Bellini, KB, Kalweit, Puccio  2020
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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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Coalescence from correlation functions

R [fm]

Acharya et al 2019; 2020 (ALICE pPb)
Acharya et al 2018; Abelev 2013 (ALICE pp)

B3 [GeV4]

Scheibl & Heinz 1999 

KB, Ng, Takimoto, Sato 2017
KB, Takimoto 2019
Bellini, KB, Kalweit, Puccio  2020
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This is how correlations are always analyzed.
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Same object.

KB, Takimoto 2019 (Heinz, Mrowczynski…)



This is how correlations are always analyzed.
Coalescence is a necessary complement.

Same object.

What to do?


— Would be great to see nuclei yields and correlation size on the same plot.

With the same cuts, rapidity, pt, multiplicity,…
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It could be argued that composite particles such as light nuclei  
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light, loosely bound states, should result from the interaction of the 
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calculations69.
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symmetry observed at the LHC is lifted, implying non-vanishing  
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energies below sNN  ≈ 6 GeV the cross-section for the production of 
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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 
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Experimental consequences of canonical thermodynamics and 
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the above predictions are qualitatively confirmed by the striking results 
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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 
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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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What to do?


— Would be great to see nuclei yields and correlation size on the same plot.

With the same cuts, rapidity, pt, multiplicity,…


Coalescence (calibrated by correlation analyses) explains the A scaling 
reasonably well; that is, up to O(1) over many orders of mag.

On theory side, I don’t know that we can do much better.
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— Would be great to see nuclei yields and correlation size on the same plot.
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light, loosely bound states, should result from the interaction of the 
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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 
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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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What to do?


— Would be great to see nuclei yields and correlation size on the same plot.

With the same cuts, rapidity, pt, multiplicity,…


Well known: to beat O(1) uncertainty, test with quantum factor O(10)

— large nucleus in small pretty small initial state (pPb).
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What to do?


— Would be great to see nuclei yields and correlation size on the same plot.

With the same cuts, rapidity, pt, multiplicity,…


Well known: to beat O(1) uncertainty, test with quantum factor O(10)

— large nucleus in small pretty small initial state (pPb).

``3 body” is not a calculation.

  multiplicity is not HBT.
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Coalescence is irreducible
in the same framework in which
people interpret correlations/HBT/femtoscopy.

This means that if you accept the standard HBT 
interpretation, 
then you cannot really ask ``does coalescence take place”. 
(You can ask ``how much”.)

Summary (1)

Scheibl & Heinz 1999 

KB, Ng, Takimoto, Sato 2017
KB, Takimoto 2019
Bellini, KB, Kalweit, Puccio  2020



REVIEWRESEARCH

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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Coalescence does pretty much as well as thermal fit; and it is theory, not a fit.

Calibrated against HBT, coalescence does 
not have free model parameters.
I don’t know how to do this to better than O(1). 
O(1) is not so bad.

Summary (2)

Scheibl & Heinz 1999 

KB, Ng, Takimoto, Sato 2017
KB, Takimoto 2019
Bellini, KB, Kalweit, Puccio  2020



Coalescence does pretty much as well as thermal fit; and it is theory, not a fit.

Coalescence calibrated against HBT: 
Quite detailed predictions. 
I would be delighted to see this program also at RHIC.

Summary (2.5)

Scheibl & Heinz 1999 

KB, Ng, Takimoto, Sato 2017
KB, Takimoto 2019
Bellini, KB, Kalweit, Puccio  2020



Coalescence does pretty much as well as thermal fit; and it is theory, not a fit.

Hyper-T is golden because it’s fluffy.

Coalescence does OK in PbPb 
(Bellini, KB, Kalweit, Puccio  2020) 

perhaps not bad in pPb
(ALICE 2107.10627)

what we really want to see is pp.

Summary (3)

Scheibl & Heinz 1999 

KB, Ng, Takimoto, Sato 2017
KB, Takimoto 2019
Bellini, KB, Kalweit, Puccio  2020

Thank you very much!


