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• Three experimental approaches 
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• Flavor Independence of u,d
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Google AI overview:



Baryon Number (B) Carrier
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https://en.wikipedia.org/wiki/Quark

• Textbook picture of a proton 
• Lightest baryon with strictly conserved baryon number 
• Each valence quark carries 1/3 of baryon number 
• Proton lifetime >1034 years 
• Quarks are connected by gluons

• Alternative picture of a proton 
• Proposed at the Dawn of QCD in 1970s
• A Y-shaped gluon junction topology carries baryon number (B=1)
• The topology number is the strictly conserved number
• Quarks do not carry baryon number
• Valence quarks are connected to the end of the junction always

• Neither of these postulations has been verified experimentally 

[1]: Artru, X.; String Model with Baryons: Topology, Classical Motion. Nucl. Phys. B 85, 442–460 (1975).
[2]: Rossi, G. C. & Veneziano, G. A; Possible Description of Baryon Dynamics in Dual and Gauge Theories. Nucl. Phys. B 123, 507–545 (1977)
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Measurements of quark electric charges
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Scattering cross section 𝜎 ∝ 𝑒𝑞
2

(2/3)2+(1/3)2+(1/3)2=2/3
(2/3)2+(2/3)2+(1/3)2=1
(1/3)2+(1/3)2+(1/3)2=1/3

PDG

Riordan, Science 1992



Measurements of quark baryon number?
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• Textbook picture of a proton 
• Lightest baryon with strictly conserved baryon number 
• Each valence quark carries 1/3 of baryon number 
• Proton lifetime >1034 years 
• Quarks are connected by gluons

• Alternative picture of a proton 
• Proposed at the Dawn of QCD in 1970s
• A Y-shaped gluon junction topology carries baryon number (B=1)
• The topology number is the strictly conserved number
• Quarks do not carry baryon number
• Valence quarks are connected to the end of the junction always

• Neither of these postulations has been verified experimentally 

[1]: Artru, X.; String Model with Baryons: Topology, Classical Motion. Nucl. Phys. B 85, 442–460 (1975).
[2]: Rossi, G. C. & Veneziano, G. A; Possible Description of Baryon Dynamics in Dual and Gauge Theories. Nucl. Phys. B 123, 507–545 (1977)
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Flavor Independent Baryon Transport
q=u,d,s,c,b



Three approaches toward tracking the origin 
of the baryon number

1. STAR Method:
Charge (Q) stopping vs baryon (B) 
stopping: 
if valence quarks carry Q and B, 
Q=B at middle rapidity 

2. Kharzeev-STAR Method:
If gluon topology (J) carries B as one 
unit, it should show scaling according 
to Regge theory 

3. Artru Method: 
In +Au collision, rapidity asymmetry 
can reveal the origin 
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Proposed to use double ratio 
in Zr+Zr and Ru+Ru isobar 
collisions to cancel al the 
detector effects, the signal 
is at the level of 10-3

𝑝 = ~𝑒−𝛼𝐵𝑦

 𝛼𝐵  ~=0.5  

N. Lewis, et al., arXiv:2205.05685, Eur.Phys.J.C 84 (2024) 6, 590



Separate charge and baryon transports
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Baryon number transportCharge number transport

UrQMD matches data on charge stopping better in peripheral; better on baryon stopping in central 
              overpredicts charge stopping in central; underpredicts baryon stopping in peripheral

Tommy Tsang (KSU) for STAR,  APS GHP 2023

STAR, arXiv:2408.15441



Ratio of baryon over charge transports 

• Experimental data: 
More baryon transported to C.O.M 
than charge by about 
a factor of 2 

• Model simulations: 
Less baryon transported to C.O.M 
frame than charge 

• Pure geometry:  
with neutron skin predicts the right 
centrality dependence (Trento) 
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Tommy Tsang (KSU) for STAR,  QM, APS GHP 2023

STAR, arXiv:2408.15441



Quantifying baryon number transport
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STAR, Phys. Rev. C 79 (2009) 34909; 96 (2017) 44904 

N. Lewis, et al., arXiv:2205.05685, Eur.Phys.J.C 84 (2024) 6, 590
• RHIC Beam Energy Scan (BES-I) 

span large range of rapidity shift 

• Exponential with slope of 
𝛼𝐵  =0.61±0.03

• Consistent with the baryon 
junction transport by gluons: 
𝛼𝐵~=0.5+ 
=
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Three approaches toward tracking the origin 
of the baryon number

1. STAR Method:
Charge (Q) stopping vs baryon (B) 
stopping: 
if valence quarks carry Q and B, 
Q=B at middle rapidity 
B/Q=2

2. Kharzeev-STAR Method:
If gluon topology (J) carries B as one unit, 
it should show scaling according to 
Regge theory 
=0.61

3. Artru Method: 
In +Au collision, rapidity asymmetry can 
reveal the origin 
(A+A)=0.61< (+A)=1.1< (PYTHIA)
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𝑝 = ~𝑒−𝛼𝐵𝑦

 𝛼𝐵  ~=0.5  

STAR, https://arxiv.org/pdf/2408.15441

STAR, arXiv:2408.15441



Charge vs baryon rapidity slope
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q=u,d

RHIC top energy data and baryon junction 
would predict a positive slope difference

STAR BUR 2025

Unfortunately, RHIC decided to pass on the opportunity 



“Final-State” baryon 
junction in PYTHIA 8.x 
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Junction treatment (PYTHIA MANUAL 8.x)

A junction topology corresponds to an Y arrangement of 
strings i.e. where three string pieces have to be joined up 
in a junction. Such topologies can arise if several valence 
quarks are kicked out from a proton beam, or in baryon-
number-violating SUSY decays. Special attention is 
necessary to handle the region just around the junction, 
where the baryon number topologically is located. The 
junction fragmentation scheme is described in [Sjo03, 
2003]. The parameters in this section should not be 
touched except by experts.

Peter Skands, 2021

https://pythia.org/latest-manual/Bibliography.html#refSjo03


What do we know about e+p collisions?

• LHC and HERA energy are too high with small 
baryon excess (<1%)

• Isobar collisions at EIC with low Q2 and low-pt 
PID to study the charge and baryon 
transports

• JLab Electron beam at exponential slope of 
baryon transport in baryon junction model 
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Artru & Mekhfi, NPA 1991
“unpolarized and polarized electroproduction of fast baryons



What do we know about e+p collisions
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Measurement of the Baryon-Antibaryon Asymmetry in 

Photoproduction at HERA  

C. Adloff et al. (H1 Collaboration), ICHEP 1998 

N. Lewis, et al., arXiv:2205.05685;
Henry Klest (SBU) HERA data 

CLAS12 Kinematics
Li’s talk

• LHC and HERA energy are too high with small 
baryon excess (<1%)

• Isobar collisions at EIC with low Q2 and low-pt 
PID to study the charge and baryon 
transports

• JLab Electron beam at exponential slope of 
baryon transport in baryon junction model 



What do we know about +p (d) collisions

17W  (GeV)

EMC, ZPC 35 (1987) 433

6           10        14         18

Fig. 5a-d. Average multiplicities from the H2 (full circles) and the D2 

target (open circles) vs. W for backward protons a, backward 

antiprotons b. The histograms show the Lund model predictions (full 

line: H2 target, dashed line: D2 target, full line only where both are 

the same) 

the Lund model (JETSET62) predicts a higher yield of backward 

going protons from hydrogen than from deuterium, an effect which is 

less pronounced in the data. 

Diquark Lund model predicts a flavor dependence 
of backward proton production (20%) 
while data shows little-to-no dependence 

Total citations: 19

Both proton and antiproton yields show independent on target flavor



Simulation at present day
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Same kinematics as EMC, 
reproduce the simulation result 

Next, using EIC kinematics, 

Niseem Magdy (SBU), arXiv:2408.08713

Does proton transport 
independent of target flavor

Xiaqing Li (SDU), Bill Li (MSU), Zhihong Ye (THU)



Flavor Independent Baryon Transport
q=s



Hyperon Rapidity Slopes 

20



S=-2,-3
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Flavor independence of baryon transport
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ALICE@LHC  ഥΛ/Λ
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LHCb@LHC  ഥΛ/Λ
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D0@Tevatron  ഥΛ/Λ
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Combined ALICE/LHCb/D0 ഥΛ/Λ 

• LHC p+p: 
ഥΛ

Λ
∝ (𝑒−𝛼𝐵𝑦 + 𝑒𝛼𝐵𝑦)

• Tevatron ҧ𝑝+p: 
ഥΛ

Λ
∝ (𝑒−𝛼𝐵𝑦 − 𝑒𝛼𝐵𝑦)
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Flavor independence of baryon transport
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𝛼Λ = 0.71 ± 0.04



Flavor Independent Baryon Transport
q=b



LHCb Λ𝑏 paper 
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LHCb Λ𝑏
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Anantha Nair (KSU)
Existing high-statistic data at 13TeV



Conclusions and Perspectives
• Baryon number is a strictly conserved 

quantum number, 
keeps the Universe as is

• We did not know what its carrier is;
It has not been experimentally verified one 
way or the other until now

• RHIC Beam Energy Scans provide unique 
opportunity in studying baryon number 
transport over large unit of rapidity 

• RHIC Isobar collisions provide unique 
opportunity in studying charge and baryon 
transport 

• Experimental verification of the simplest 
QCD topology

• Baryon junction is a non-perturbative object 

• First measurement of Flavor Independence 
at JLab (Bill Li’s talk)

• Future Isobar collisions to measure charge 
transport (quark transports), 
Unfortunately, RHIC decided to pass on the 
opportunity 
               Zr/Ru; 7Li/7Be

• JLab and EIC can measure the baryon 
junction distribution function

• LHC has a unique position to measure 
Flavor-independent baryon transport 
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q=u,d,s,c,b
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the simplest QCD topology
B=1
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