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What carries the baryon number? 
Baryon number: carried by the valence quarks? 
ü ± !

"
𝐵	to each quark and antiquark cannot be inferred from QCD's first principles for baryons! 

ü Valence quarks carry most of the momentum and are contracted into thin “pancakes” at high 
energy. 

ü Quarks have less time to interact due to contracted longitudinal length

This is an assumption 
𝐵 =

1
3
	(𝑛# 	− 	𝑛 $#)

The string junction?
ü Non-perturbative configuration of gluons represented by a locally gauge-invariant state vector.
ü Carries lower momentum and is less contracted
ü Made of low-x gluons and has more time to interact with other partons
ü Enhanced baryon transport to mid-rapidity  

Neither of these scenarios has been verified 
experimentally.
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What carries the baryon number? 

6 4/12/2023 Chun Yuen Tsang, GHP 2023

Expected values of B/Δ𝑄*ΔZ/A for different carriers

YBeam

y = 0 (C.M.)

y = 0.5y = -0.5

Naïve expectation for 
valence quark as carrier = 1

Tot. Baryon = 96*Const
Tot. p = Tot. Baryon*Z/A

• 𝐵𝑖𝑛𝑖𝑡=96*Const

• Δ𝑄𝑖𝑛𝑖𝑡 =  𝑄𝑖𝑛𝑖𝑡 (𝑅𝑢 − 𝑍𝑟)=96*Const*4/96

• (B/Δ𝑄*ΔZ/A)init = 1, should not change as 
partons evolve if B and Q are carried by 
valence quarks.

• For junction, B is enhanced so B/Δ𝑄*ΔZ/A > 1

Ru or Zr
• For Ru, A = 96, Z = 44
• For Zr,  A = 96, Z = 40 

Chun Yuen Tsang, Quark Matter 2023

Expectation for junction: 
Somewhere above 1

• 𝐵 = 𝑁𝑝 − 𝑁 ҧ𝑝 + 𝑁𝑛 − 𝑁ത𝑛

• 𝑄 = 𝑁𝜋+ + 𝑁𝐾+ + 𝑁𝑝 − 𝑁𝜋− + 𝑁𝐾− + 𝑁 ҧ𝑝

Several methods are suggested to test the hypothesis: 
Ø Net-Baryon in e+A collisions

ü The photon excepted has almost zero virtuality
ü Probes the nucleus at low-𝑥

Ø Net-Baryon vs. Net-Electric charge in Isobar collisions
ü The ratio B/Δ𝑄*ΔZ/A can be used to differentiate different carriers

• Valence quarks carry B and Q if (B/Δ𝑄*ΔZ/A) = 1
• Junction carry B (i.e., B is enhanced) if  B/Δ𝑄*ΔZ/A > 1 
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At the RHIC

16

Net-proton exponential slope (𝜶𝑩)

• 𝜶𝑩~ 0.6 for Au+Au [1, 2]
• 𝜶𝑩~ 𝟏 for 𝜸 + 𝐀𝐮
• Predicted values from HERWIG and 

PYTHIA (both versions) disagree with 
data
• PYTHIA 8 includes a junction-like 

mechanism in final-state hadronization [3]

• Slopes for Junction-Junction (J+J) 
and Junction-Pomeron (J+P) 
predictions are more compatible with 
data [4]
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STAR Preliminary
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STAR preliminary results point out that:
Ø 𝛼%~0.6 for Au+Au
Ø 𝛼%~1.0 for 𝛾+Au
Ø Predicted values from:

ü  HERWIG and PYTHIA disagree with the data
ü Junction-Junction (J+J) and Junction-Pomeron 

(J+P) are more compatible with data 

The 𝑑𝑁/𝑑𝑦|!"#$%
If the junction hypothesis is true:
Ø Interact with a junction in the target nucleus
Ø Enhanced creation of mid-rapidity baryons

ü Junction interaction time > quark interaction time
ü More baryons are stopped in the junction picture

Ø Regge theory prediction:
ü

!"
!#
	 ∝ 𝑒$!	(#'#"#$%)

ü 𝛼)	is related to Regge intercept of junctions (𝛼)	~	0.5)
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Net-Baryon vs. Net-Electric charge in Isobar collisions
Ø The ratio B/Δ𝑄*ΔZ/A can be used to differentiate 

different carriers
Ø Valence quarks carry B and Q if 

(B/Δ𝑄*ΔZ/A) = 1
Ø Junction carry B (i.e., B is enhanced) if  

(B/Δ𝑄*ΔZ/A) > 1 

At the RHIC
Isobaric ratio 
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Experimental result on Net-Charge and Net-Baryon 

4/12/2023 Chun Yuen Tsang, GHP 2023

• B/Δ𝑄∗ΔZ/A > 𝟏 

• Model calculations (Herwig 𝑝 + 𝑝 (B/Q*Z/A, 
Z=A=1) [1] and UrQMD [2]) cannot 
describe our data

• Decrease with decreasing 𝑵𝒑𝒂𝒓𝒕

• Similar trend seen in Trento model [3] 
• Trento model accounts for initial conditions only
• Consistent with change in neutron skin thickness 

differences 
[1]:J. Bellm et al, Eur. Phys. J.C. 80 5, 452 (2020)
[2]: M. Bleicher et al, J. Phys. G. 25, 1859 (1999)
[3]: H. Xu et al, PRC 105, L011901 (2022)

Chun Yuen Tsang, Quark Matter 2023

Chun Yuen Tsang (QM 2023)

STAR preliminary results point out that:
Ø (B/Δ𝑄*ΔZ/A) > 1
Ø Model calculations:

ü All presented models cannot describe the data 
ü Trento model accounts for initial conditions only, 

and  it’s consistent with changes in neutron skin 
thickness differences 
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What carries the baryon number? 

At RHIC:
Ø RHIC nuclear energy is at a sweet spot but has limited acceptance in rapidity Q2 and x

At EIC: 
Ø Suitable energy range, good acceptance in rapidity (extended from 2.5 to 6.0) Q2 and x

ü Low-pt PID is needed to study the charge and baryon transports

Can EIC answer such a question?
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What carries the baryon number? 
The models used in this work: 
Ø PYTHIA 6.4
Ø BeGALE

BeAGLE

22-MAR-2018 Baker - POETIC MCEG Workshop 18

Geometry parameter "d"

R=3.766 fm

d ≡ ∫dz r/r
0
    from Z

first-collision
 →  

BeAGLE

BeAGLE

PRD 106, 012007 (2022) 

In BeAGLE, quarks carry the flow of baryon number. 
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The 𝑑𝑁/𝑑𝑦|!"#$%
If the junction hypothesis is true:
Ø Interact with a junction in the target nucleus

Ø Enhanced creation of mid-rapidity baryons
ü Junction interaction time > quark interaction time
ü More baryons are stopped in the junction picture

Ø Regge theory prediction:
ü

!"
!#
	 ∝ 𝑒$!	(#'#"#$%)

ü 𝛼)	is related to Regge intercept of junctions (𝛼)	~	0.5)

(J. D. Brandenburg, N. Lewis, P. Tribedy, Z. Xu, arXiv:2205.05685 (2022)).

95 is soft, non-diffractive VMD low pT
99 is LO DIS

dN
/d

y|
N

et
-p

y-Ybeam

PYTHIA 6.4
e+Au 10× 40 GeV
Q2< 1.0 (GeV/c)2, pT > 0.0 GeV/c

Ybeam=4.45

All
Process 95
Process 99

a = 1.5
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Line = b	e)	*𝛼%	from PYTHIA is larger than the prediction for the 

junction expectation

What is the x and Q2 dependence of 𝛼%?
Ongoing work 
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If the junction hypothesis is true:
Ø Interact with a junction in the target nucleus

Ø Enhanced creation of mid-rapidity baryons
ü Junction interaction time > quark interaction time
ü More baryons are stopped in the junction picture

Ø Regge theory prediction:
ü

!"
!#
	 ∝ 𝑒$!	(#'#"#$%)

ü 𝛼)	is related to Regge intercept of junctions (𝛼)	~	0.5)

dN
/d

y|
N

et
-p

y-Ybeam

BeAGLE
e+Au 10× 40 GeV
Q2< 1.0 (GeV/c)2, pT > 0.0 GeV/c

Ybeam=5.4

All
Process 95
Process 99
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95 is soft, non-diffractive VMD low pT
99 is LO DIS

The 𝑑𝑁/𝑑𝑦|!"#$%

BeAGLE results suggest two slopes (larger than 1.0) 
depending on the rapidity range

What is the x and Q2 dependence of 𝛼%?
Ongoing work
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If the junction hypothesis is true:
Ø Interact with a junction in the target nucleus

Ø Enhanced creation of mid-rapidity baryons
ü Junction interaction time > quark interaction time
ü More baryons are stopped in the junction picture

Ø Regge theory prediction:
ü

!"
!#
	 ∝ 𝑒$!	(#'#"#$%)

ü 𝛼)	is related to Regge intercept of junctions (𝛼)	~	0.5)

dN
/d

y|
N

et
-p

y-Ybeam

BeAGLE
e+Au 10× 40 GeV
Q2< 1.0 (GeV/c)2, pT > 0.0 GeV/c

Ybeam=5.4

All
Hard-collisions

INC 
Evaporation
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95 is soft, non-diffractive VMD low pT
99 is LO DIS

The 𝑑𝑁/𝑑𝑦|!"#$%

BeAGLE results suggest two slopes (larger than 1.0) 
depending on the rapidity range

What is the x and Q2 dependence of 𝛼%?
Ongoing work 
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Ø Net-Baryon vs. Net-Electric charge in Isobar 
collisions
ü The ratio B/Δ𝑄*ΔZ/A can be used to 

differentiate different carriers
• Valence quarks carry B and Q if 

(B/Δ𝑄*ΔZ/A) <= 1
• Junction carry B (i.e., B is enhanced) if  

B/Δ𝑄*ΔZ/A > 1 

Isobaric ratio 
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BeAGLE shows value consistent 
with the quark's scenario   

Ø 𝑅(𝐼𝑠𝑜𝑏𝑎𝑟) is independent of 𝑥+!  
ü Consistent with the quark's scenario 

EIC

RHIC

𝑄* < 1
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Ø Net-Baryon vs. Net-Electric charge in Isobar 
collisions
ü The ratio B/Δ𝑄*ΔZ/A can be used to 

differentiate different carriers
• Valence quarks carry B and Q if 

(B/Δ𝑄*ΔZ/A) = 1
• Junction carry B (i.e., B is enhanced) if  

B/Δ𝑄*ΔZ/A > 1 

Isobaric ratio 
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Ø Net-Baryon vs. Net-Electric charge in Isobar 
collisions
ü The ratio B/Δ𝑄*ΔZ/A can be used to 

differentiate different carriers
• Valence quarks carry B and Q if 

(B/Δ𝑄*ΔZ/A) = 1
• Junction carry B (i.e., B is enhanced) if  

B/Δ𝑄*ΔZ/A > 1 

Isobaric ratio 

95 is soft, non-diffractive VMD low pT
99 is LO DIS

BeAGLE shows value consistent 
with the quark's scenario   

Ø 𝑅(𝐼𝑠𝑜𝑏𝑎𝑟) show dependence on the 
BeAGLE processes 

EIC
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Ø Need small Q2 and low-momentum hadron particle identification
Ø Isobar collisions to measure charge transport (quark transports)

Conclusions
Ø The net-baryon yield slopes from PYTHIA and BeAGLE simulations are much 

steeper than expected from the baryon junction picture 
Ø The isobaric ratios in BeAGLE  are shown to be less than 1.0

ü Independent of xB 
ü Independent of Q2 
ü Consistent with the quark's scenario 

At EIC

Thank You


