
Workshop summary / Kfir Blum (Weizmann Institute & CERN) 

Origin of nuclear clusters 2020



Verifying the thermal model for clusters would be amazing news for QCD cross-over 
dynamics. 

— We did not hear of a theory for clusters in the thermal model. 

It was not too early to consider such theory in the last 20 years. 
But it may be too early now (with ALICE). 
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(baryons: gaussians, r=0.5 fm)

”hadron gas”: a dense system (also nuclear matter is rather a liquid than a gas)

(the usual case is Rbaryon = Rmeson = 0.3 fm ...hard-sphere repulsion)

Air at NTP: intermolecule distance '50 ⇥ molecule size
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Thermal fit – LHC, Pb–Pb, 0-10%
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equal amounts

TCF = 156.6± 1.7 MeV

µB = 0.7± 3.8 MeV

V�y=1 = 4175± 380 fm3

�2/Ndf = 16.7/19

remarkably, loosely-bound objects

are also well described

( 3
⇤H with 25% B.R. )

hadronization as bags of quarks

and gluons?

Andronic / May 19



Coalescence: clusters come from around the kinetic freeze out surface. 
Reflection of the nucleon distribution function is emergent, not intrinsic.  

Prologue Main results Fireball model Model simulations The QM correction factor Connection to femtoscopy Summary

Prologue

The 1980s saw an increased focus on the phase-space and quantum mechanical
aspects of nuclei formation through coalescence. An important paper by Danielewicz & Schuck

1992 used quantum kinetic theory to allow for scattering by a 3rd body to account for
energy conservation in deuteron formation. Scheibl & Heinz 1999 used their work to derive a
generalized Cooper-Frye formula for nuclear cluster spectra from coalescence,
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P · d3�(R) f Zp (R ,P/A) f Nn (R ,P/A) CA(R ,P),

where the “quantum mechanical correction factor” CA(R ,P), first introduced by Hagedorn

1960, accounts for the suppression of the coalescence probability in small or rapidly
expanding fireballs where the cluster wave function may not fit inside the “homogeneity
volume” of nucleons with similar momenta that contribute to the coalescence.

A direct connection between deuteron coalescence and femtoscopic 2-particle
correlations (intensity interferometry) was first noted in Mrówczynski 1987-93 and recently
made even more explicit by Blum&Takimoto 2019.
Working it out explicitly in a semi-realistically parametrized expanding fireball model,
Scheibl & Heinz 1999 found the following main results:

Ulrich Heinz (OSU/J.W.Goethe-University) Coalescence of nuclear clusters CERN, 5/19/2020 4 / 38

— A theory, but no more than an 
effective theory of freeze out dynamics. 

(— Mrowczynski: ``semi-classical source 
localised in space & momentum, emits 
off-shell nucleons”; 
…may be correct, but is a description in 
words of what we need, rather than a 
derivation of what we need)

Heinz / May 19

Thermal fit – LHC, Pb–Pb, 0-10%
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Coalescence: clusters come from around the kinetic freeze out surface. 
Reflection of the nucleon distribution function is emergent, not intrinsic.  

Oliinychenko, Vovchenko / May 19: welcome attempts towards kinetic theory.

Light nuclei production by pion catalysis

• ⇡d $ ⇡np, ⇡t $ ⇡nnp, ⇡3He $ ⇡npp

• Disintegration cross section fit to data

• Reverse rates fixed by detailed balance relations

Data: Mihul:1992br,Angelescu:1996ev,Ashery:1981tq,Binon:1970ye

π
-
C

π
+
Li
7

π
+
He

3

π
+
t

σ
in
el
A
π
	[
m
b
]

100

1000

Elab
π
	[MeV]

100 200 300 400 500

5

Light nuclei production with rate equations

14

• Pion catalysis of light nuclei reactions. Destruction through 𝐴𝐴𝜋𝜋 → ∑𝑘𝑘 𝐴𝐴𝑘𝑘𝜋𝜋 and 
creation through ∑𝑘𝑘 𝐴𝐴𝑘𝑘𝜋𝜋 → 𝐴𝐴𝜋𝜋. Detailed balance principle respected but 
relative chemical equilibrium not enforced

• Bulk hadron matter evolves in partial chemical equilibrium, unaffected by 
light nuclei

Static fireball: 𝑛𝑛𝜋𝜋
pce,𝜋𝜋𝐴𝐴saha, 𝜎𝜎𝐴𝐴𝜋𝜋in 𝑣𝑣𝑟𝑟𝑒𝑒𝑟𝑟 = 𝑐𝑐𝑐𝑐𝑛𝑛𝑐𝑐𝑐𝑐

Saha limit: 𝜏𝜏𝑒𝑒𝑒𝑒 → 0 (𝜎𝜎𝐴𝐴𝜋𝜋in → ∞)

LHC, deuteron: B2(pT ) for di↵erent centralities

DO, Pang, Elfner, Koch, PRC99 (2019) no.4, 044907
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Light nuclei production by pion catalysis

• ⇡d $ ⇡np, ⇡t $ ⇡nnp, ⇡3He $ ⇡npp

• Disintegration cross section fit to data

• Reverse rates fixed by detailed balance relations
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• Pion catalysis of light nuclei reactions. Destruction through 𝐴𝐴𝜋𝜋 → ∑𝑘𝑘 𝐴𝐴𝑘𝑘𝜋𝜋 and 
creation through ∑𝑘𝑘 𝐴𝐴𝑘𝑘𝜋𝜋 → 𝐴𝐴𝜋𝜋. Detailed balance principle respected but 
relative chemical equilibrium not enforced

• Bulk hadron matter evolves in partial chemical equilibrium, unaffected by 
light nuclei

Static fireball: 𝑛𝑛𝜋𝜋
pce,𝜋𝜋𝐴𝐴saha, 𝜎𝜎𝐴𝐴𝜋𝜋in 𝑣𝑣𝑟𝑟𝑒𝑒𝑟𝑟 = 𝑐𝑐𝑐𝑐𝑛𝑛𝑐𝑐𝑐𝑐

Saha limit: 𝜏𝜏𝑒𝑒𝑒𝑒 → 0 (𝜎𝜎𝐴𝐴𝜋𝜋in → ∞)

Wiedemann: should kinetic theory apply? 
Hadron densities
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”hadron gas”: a dense system (also nuclear matter is rather a liquid than a gas)

(the usual case is Rbaryon = Rmeson = 0.3 fm ...hard-sphere repulsion)
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Prologue

The 1980s saw an increased focus on the phase-space and quantum mechanical
aspects of nuclei formation through coalescence. An important paper by Danielewicz & Schuck

1992 used quantum kinetic theory to allow for scattering by a 3rd body to account for
energy conservation in deuteron formation. Scheibl & Heinz 1999 used their work to derive a
generalized Cooper-Frye formula for nuclear cluster spectra from coalescence,
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where the “quantum mechanical correction factor” CA(R ,P), first introduced by Hagedorn

1960, accounts for the suppression of the coalescence probability in small or rapidly
expanding fireballs where the cluster wave function may not fit inside the “homogeneity
volume” of nucleons with similar momenta that contribute to the coalescence.

A direct connection between deuteron coalescence and femtoscopic 2-particle
correlations (intensity interferometry) was first noted in Mrówczynski 1987-93 and recently
made even more explicit by Blum&Takimoto 2019.
Working it out explicitly in a semi-realistically parametrized expanding fireball model,
Scheibl & Heinz 1999 found the following main results:
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Thermal fit – LHC, Pb–Pb, 0-10%
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hadronization as bags of quarks

and gluons?

The statistical (thermal) model
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grand canonical partition function for specie (hadron) i :

lnZi =
V gi
2⇡2

Z 1

0
±p2dp ln[1± exp(�(Ei � µi)/T )]

gi = (2Ji + 1) spin degeneracy factor; T temperature;

Ei =
q
p2 +m2

i total energy; (+) for fermions (–) for bosons

µi = µBBi + µI3I3i + µSSi + µCCi chemical potentials

µ ensure conservation (on average) of quantum numbers, fixed by

“initial conditions”

i) isospin: Vcons
P

i niI3i = Itot3 , with Vcons = Ntot
B /

P
i niBi

Itot3 , Ntot
B isospin and baryon number of the system (=0 at high energies)

ii) strangeness:
P

i niSi = 0

iii) charm:
P

i niCi = 0.

Experiment  
will answer.

Comparison to measurement 
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ØUnable to simultaneously describe the B2 measurement in both systems  

B2 from https://arxiv.org/pdf/2003.03184.pdf
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Prologue

The 1980s saw an increased focus on the phase-space and quantum mechanical
aspects of nuclei formation through coalescence. An important paper by Danielewicz & Schuck

1992 used quantum kinetic theory to allow for scattering by a 3rd body to account for
energy conservation in deuteron formation. Scheibl & Heinz 1999 used their work to derive a
generalized Cooper-Frye formula for nuclear cluster spectra from coalescence,
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where the “quantum mechanical correction factor” CA(R ,P), first introduced by Hagedorn

1960, accounts for the suppression of the coalescence probability in small or rapidly
expanding fireballs where the cluster wave function may not fit inside the “homogeneity
volume” of nucleons with similar momenta that contribute to the coalescence.

A direct connection between deuteron coalescence and femtoscopic 2-particle
correlations (intensity interferometry) was first noted in Mrówczynski 1987-93 and recently
made even more explicit by Blum&Takimoto 2019.
Working it out explicitly in a semi-realistically parametrized expanding fireball model,
Scheibl & Heinz 1999 found the following main results:
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Thermal fit – LHC, Pb–Pb, 0-10%
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The statistical (thermal) model
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grand canonical partition function for specie (hadron) i :

lnZi =
V gi
2⇡2

Z 1

0
±p2dp ln[1± exp(�(Ei � µi)/T )]

gi = (2Ji + 1) spin degeneracy factor; T temperature;

Ei =
q
p2 +m2

i total energy; (+) for fermions (–) for bosons

µi = µBBi + µI3I3i + µSSi + µCCi chemical potentials

µ ensure conservation (on average) of quantum numbers, fixed by

“initial conditions”

i) isospin: Vcons
P

i niI3i = Itot3 , with Vcons = Ntot
B /

P
i niBi

Itot3 , Ntot
B isospin and baryon number of the system (=0 at high energies)

ii) strangeness:
P

i niSi = 0

iii) charm:
P

i niCi = 0.

Experiment  
will answer.

Hohlweger, Barioglio / May 19 

Marrying HBT & cluster yields: 

— We want  
spectra, clusters, HBT 
with same event class and  
kinematics selection!
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Prologue

The 1980s saw an increased focus on the phase-space and quantum mechanical
aspects of nuclei formation through coalescence. An important paper by Danielewicz & Schuck

1992 used quantum kinetic theory to allow for scattering by a 3rd body to account for
energy conservation in deuteron formation. Scheibl & Heinz 1999 used their work to derive a
generalized Cooper-Frye formula for nuclear cluster spectra from coalescence,
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where the “quantum mechanical correction factor” CA(R ,P), first introduced by Hagedorn

1960, accounts for the suppression of the coalescence probability in small or rapidly
expanding fireballs where the cluster wave function may not fit inside the “homogeneity
volume” of nucleons with similar momenta that contribute to the coalescence.

A direct connection between deuteron coalescence and femtoscopic 2-particle
correlations (intensity interferometry) was first noted in Mrówczynski 1987-93 and recently
made even more explicit by Blum&Takimoto 2019.
Working it out explicitly in a semi-realistically parametrized expanding fireball model,
Scheibl & Heinz 1999 found the following main results:
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Thermal fit – LHC, Pb–Pb, 0-10%
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The statistical (thermal) model
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grand canonical partition function for specie (hadron) i :

lnZi =
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Z 1

0
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gi = (2Ji + 1) spin degeneracy factor; T temperature;

Ei =
q
p2 +m2

i total energy; (+) for fermions (–) for bosons

µi = µBBi + µI3I3i + µSSi + µCCi chemical potentials

µ ensure conservation (on average) of quantum numbers, fixed by

“initial conditions”

i) isospin: Vcons
P

i niI3i = Itot3 , with Vcons = Ntot
B /

P
i niBi

Itot3 , Ntot
B isospin and baryon number of the system (=0 at high energies)

ii) strangeness:
P

i niSi = 0

iii) charm:
P

i niCi = 0.

Experiment  
will answer.

Hammer; Richard; Puccio / May 20 

Hyper T a key observable.Coalescence at work
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• Using ALICE data it is possible 
to map pT, centrality in R


• Comparison with coalescence 
calculation

K. Blum, A. Kalweit, F. Bellini, MP, Work in progress 
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Workshop summary / Kfir Blum (Weizmann Institute & CERN) 

Origin of nuclear clusters 2020

Thermal model: what is the theory? — if true, amazing. 

Coalescence: what is the microscopic picture? 

Experiment: Marry spectra, cluster yields, HBT on same event class, kinematics. 
Do not be afraid to exclude one or both of these simplistic models. 
Highlight order of mag, or at least O(1), effects. 

A number of key observables can answer very soon: 
Hyper-T, 
D, He3, He4 combining HBT w/ clusters, 
eventually other nuclei and correlations (He4/Li4, pD? Mrowczynski / May 20)


