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arXiv:2408.15441;
Science, to appear

Decisive result on the nature of baryon number in QCD:
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Based on:

DK, “Can gluons trace baryon number?” Phys. Lett. B 378 (1996) 238

D. Frenklakh, DK, G. Rossi, G. Veneziano

“Baryon-number – flavor separation in topological expansion of QCD”

arXiv:2405.04569, JHEP 07 (2024) 262

D. Frenklakh, DK, W. Li, Phys. Lett. B 853 (2024) 138680
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Can gluons carry baryon number?



Baryon number 
in the Standard 
Model

Noether theorem: 

For every symmetry 
of the action there is a
conservation law

Baryon number conservation:

UV(1) global symmetry
of QCD Lagrangian results
in conserved baryon current



Baryon number in the Standard Model

The conserved baryon current is local, 

However, a baryon has a finite size, with the three quarks located
at different positions:  q(x1) q(x2) q(x3)

This wave function is not gauge-invariant!

NB: this is point-splitting
similar to the one that
reveals the chiral anomaly



How to construct a gauge-invariant 
wave function of a baryon?
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G.Veneziano G.Rossi

G. Rossi, G. Veneziano 1977



Baryon junction

The gauge-invariant baryon wave function must possess
the baryon junction that at strong coupling becomes 
a new constituent of the baryon:



Baryon junctions
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H. Suganuma, H. Ichie, T. Takahashi 2004



Baryon junctions
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Baryon junctions

13D. Leinweber



Baryon-number – flavor separation
in high energy collisions
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Basing on the predicted junction intercept ~ ½, one expects 
significant baryon-antibaryon asymmetry at RHIC and LHC energies.

What does experiment say?
Eur.Phys.J C73 (2013) 2496
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Isobar run at RHIC:

baryon number is stopped, but the electric charge is not!

STAR Collaboration, arXiv:2408.15441;
Science, to appear
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STAR Collaboration, arXiv:2408.15441;
Science, to appear
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STAR Collaboration, arXiv:2408.15441;
Science, to appear



New precise data from RHIC and 
LHC support the existence of the 

baryon junction. 
Motivation to revisit the problem 
of baryon stopping, and to derive 

a more precise result for the 
intercept.
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Baryon-number – flavor separation
from the topological expansion of QCD

D. Frenklakh, DK, G. Rossi, G. Veneziano, arXiv:2405.04569

Three ingredients:

Duality

Topological expansion

Feynman-Wilson gas



Duality



Planar duality



Difficulty with baryons 

Consider Baryon-Antibaryon
scattering.

Two problems:

1. t-channel meson exchange
     is dual to qqqq exotic 
     s-channel states (tetra-quarks!)

2. It is not clear when this diagram
     describes baryon annihilation



Baryons junctions and duality

1977

No annihilation: Annihilation:



Baryons junctions and duality
G.Rossi, G. Veneziano 1977

Baryon annihilation diagrams:

States exchanged in the t-channel:

Glueball
with 
a hidden
baryon
number!
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Baryons junctions and duality

The glueball with a 
hidden baryon number 
can also be produced 
in the s-channel
(no annihilation):

G.Rossi, G. Veneziano 1977



Baryons junctions and duality
G.Rossi, G. Veneziano 1977

Estimated Regge trajectories:

Purely gluonic M0
J exchange dominates

at high energies!



Large N expansion



Large N expansion

Planar
diagrams 
dominate



Large N expansion

The diagrams with string breaking due to quark-antiquark
pair production are suppressed in 1/N.

But in the real world, the strings always break!



Large N expansion



Large N expansion

A hint towards the role of topology in baryon structure:

Baryon mass at large N is

but g2N is fixed, so

Baryon as a topological soliton?



Baryon as a soliton

Image:
G. Holzwarth,
B. Schwesinger 1986



Topological 
expansion



Topological expansion

fixed,

fixed,
 

String breaking is allowed – duality, Regge theory, …



Feynman-Wilson gas

38



Feynman-Wilson gas

39

(1+1)d gas High energy interactions

Volume Total rapidity

Short-range particle correlations Short-range rapidity correlations

Fugacity Parameter of the generating function 

Particle’s coordinate Rapidity of the produced hadron

Partition function Generating function for cross sections



Short-range rapidity correlations – 
“multiperipheral” mechanism of high energy interactions 
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Feynman-Wilson gas
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Generating functional of exclusive cross sections is given by:

xj are “coordinates of the final-state particles (rapidity, pt, …)

Exclusive differential cross sections can be obtained by taking 
partial functional derivatives at z=0. 



Feynman-Wilson gas
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m-particle inclusive cross sections

are obtained by m-order partial derivatives at z(xj)=1.

Now we can use the cluster decomposition to express these inclusive 
cross sections in terms of connected correlators defined through (at z(x)=1):

“grand canonical partition function” “pressure”



Feynman-Wilson gas:
planar bootstrap and Regge theory
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At high energies, hadron cross sections are described by Regge theory:

are obtained by m-order partial derivatives at z(xj)=1.

The energy dependence of cross sections is determined by the Reggeon intercept

Total Exclusive 2->2



Bootstrap

44

Baron Munchausen pulls himself and his horse 
out of a swamp by his pigtail.

https://en.wikipedia.org/wiki/Baron_Munchausen


Feynman-Wilson gas:
planar bootstrap and Regge theory
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Therefore, the pressure of the planar Feynman-Wilson gas yields
the leading Reggeon intercept:



Feynman-Wilson gas:
planar bootstrap and Regge theory
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Use the Feynman-Wilson gas analogy to compute the Reggeon intercept
using the cluster decomposition!

Reggeon intercept Multi-hadron correlations



Feynman-Wilson gas:
planar bootstrap and Regge theory
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For vanishing correlations (Poisson distributions), we get

This result agrees with



What about the Pomeron?
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Here, we have to reconcile the Feynman-Wilson gas with 
the topological expansion (TE) of QCD.

In TE, the Pomeron has topology of a cylinder:

Two copies of Feynman-Wilson gas! 



Cylinder topology of the 
perturbative BFKL Pomeron
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From: J.Bartels and M.Hentschinski,
JHEP 08 (2009) 103



The Pomeron
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The partition function of two-species Feynman-Wilson gas:

The cluster expansion

yields the Pomeron intercept:

If correlations are neglected, the intercept is 1



The Pomeron
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The absence of correlations (leading to intercept=1) 
is the analog of Dalton’s law in Feynman-Wilson gas.

John Dalton 1766-1844

Also: Daltonism – color blindness 



Feynman-Wilson gas with baryons
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Consider baryon-antibaryon annihilation through the junction:

The cluster expansion



Feynman-Wilson gas with baryons
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The corresponding intercepts:

three-species correlations should be weaker and 
may be neglected;

CRL is given by the Pomeron intercept.

All of the intercepts are thus fixed.



The junction-anti-junction 
intercept
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D. Frenklakh, DK, G. Rossi, G. Veneziano, arXiv:2405.04569



Feynman-Wilson gas
+ topological expansion of QCD
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D. Frenklakh, DK, G. Rossi, G. Veneziano, arXiv:2405.04569



The slope of rapidity distribution does not change with centrality –
the baryon stopping is not a result of multiple rescattering inside the nuclei!



Regge trajectory
and spectroscopy of JJ glueballs
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D. Frenklakh, DK, G. Rossi, G. Veneziano, arXiv:2405.04569



Regge trajectory
and spectroscopy of JJ glueballs
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D. Frenklakh, DK, G. Rossi, G. Veneziano, arXiv:2405.04569

Current lattice QCD results on glueballs may not be sensitive
to JJ glueballs due to the JOZI rule 
(suppression of JJ annihilation).

Perform lattice QCD calculation with the following glueball 
lattice JJ operator:



Future tests at RHIC and LHC
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Baryon number distribution

DK, 1996



Future tests at RHIC and LHC
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Measure combined Baryon-number-charge distribution:

A direct test of baryon-number-flavor separation.



Future tests at RHIC and LHC
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Combined Baryon-number-charge distribution:

For different rapidity orderings



Future tests at RHIC and LHC
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Baryon-antibaryon correlations in rapidity:



Future tests at RHIC and LHC

63

Extract the slope of J0 trajectory in diffractive production
of baryon-antibaryon pairs (or tetraquarks):



Baryon junctions at EIC

64

D. Frenklakh, DK, W. Li, arXiv:2312.15039 (PLB 2024)



Some other recent theory work
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Summary

1. RHIC program has discovered that the baryon 
number in high energy interactions is transported by 
gluons.

2. Topological expansion of QCD, and the Feynman-
Wilson analogy, provide a framework for a 
quantitative description of this phenomenon. 

3. Many novel phenomena to be explored at the 
current and future experimental facilities (RHIC, JLab, 
LHC, EIC).
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