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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  

Has neither of these scenarios been verified experimentally?

v Motivation 
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Several methods are suggested to test the hypothesis: 

ØNet-Baryon in e+A collisions
üThe photon excepted has almost zero virtuality
ü Probes the nucleus at low-𝑥

v Motivation 
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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]

[1] STAR, PRC 79, 034909 (2009) 
[2] STAR, PRC 96, 044904 (2017)
[3] Christiansen, J. R. & Skands, P. Z. String Formation Beyond Leading 
Colour. JHEP 08, 003 (2015). 1505.01681.

[4] Kharzeev, D. Can gluons trace baryon number? Phys. Lett. B 378, 238–
246 (1996).nucl-th/9602027.

Chun Yuen Tsang, Quark Matter 2023

STAR Preliminary

Chun Yuen Tsang (QM 2023)
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Several methods are suggested to test the hypothesis: 

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 

v Motivation 
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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)
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Several methods are suggested to test the hypothesis: 

ØNet-Proton differences between 𝜇 + 𝑝 and 𝜇 + 𝑑
üEMC, minor (if any) difference
üDiquark Lund model shows a 20% difference 

v Motivation 
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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-𝑝! PID is needed to study the charge and baryon transports

Can EIC answer such a question?

What carries the baryon number? 

6



The BeAGLE Model
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15-NOV-2022 EICGEN R&D 2022 proposal 4 - BeAGLE 6

From HEP Software Foundation meeting

Talk by Markus Diefenthaler https://indico.cern.ch/event/1200496/

NOTE: eA generators are very rudimentary compared to ee, ep, pp, pA, AA…
More support is needed in the outyears – but beyond the scope of this proposal. 

vThe BeAGLE model:
Wan Chang et al., PRD 106, 012007 (2022) 
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vThe BeAGLE model:

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

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

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

Wan Chang et al., PRD 106, 012007 (2022) 

9



vThe BeAGLE model:

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

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

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

low-Q2 region. This can be understood from the fact that
Q2 ∝ 1

λ, where λ is the wavelength of the photon. At lowQ2,
the photon has a large wavelength and can interact with
many nucleons at once. However, for high Q2, the wave-
length of the photon is small, and, therefore, fewer nucleons
participate in the interaction. No difference as a function of
xbj for these two shadowing models is found.

V. DISCUSSION

In the previous sections, we compared ep DIS events
from the PYTHIA event generator to data from the ZEUS
experiment at HERA, as well as μXe and μD collision
results from the BeAGLE event generator and E665 data
at Fermilab. The results show that we can tune the PYTHIA

model to describe target fragmentation in ep collisions,
while BeAGLE cannot fully describe the target fragmen-
tation region in eA at E665. Model uncertainties, e.g., τ0,
and insufficient knowledge of the experimental selection
in E665 might be responsible for the observed discrep-
ancy. In order to further improve our understanding on the

way toward the EIC, currently available ultraperipheral
collisions (UPC) data at the Relativistic Heavy-Ion
Collider, e.g., the recent data of J=ψ photoproduction
in the deuteron-gold UPC [56], and UPC data from the
Large Hadron Collider, will be extremely valuable, along
with tagged target fragmentation studies at the continuous
electron beam accelerator facility at Jefferson Lab. These
data provide a new pathway for study and validation and
improvement of the BeAGLE generator.
In addition, BeAGLE currently cannot simulate coherent

diffraction in eA due to the construction of the model. This
is closely related to the determination of the formation time
parameter, e.g., τ0. Another future plan for the BeAGLE
development will be in this area, where coherent diffraction
will provide important insights into the underlying gluon
dynamics in the nucleus.
In parallel to this work, there are recent efforts in

improving the parton energy loss model PyQM in a different
study [31], modification of the DIS kinematics in light
nuclei to account for Fermi momentum, implementation of
the EMC effect [57–61], and short-range correlations using

0 1 2 3 4 5 6 7

 [TeV]n
ZDCE

0

2

4

6

8

10

12

14

b 
[fm

]
1

10

210

310

BeAGLE

(a) 110 GeV×Pb  18 e

0 2 4 6 8 10 12 14
b [fm]

0

0.05

0.1

0.15

0.2

0.25

no
rm

al
iz

ed
 c

ou
nt 0-1%

60-100%

BeAGLE

(b) 110 GeV×Pb  18 e

0 1 2 3 4 5 6 7

 [TeV]n
ZDCE

0

2

4

6

8

10

12

14

 [f
m

]
0

T
(b

)/

1

10

210

310

BeAGLE

(c) 110 GeV×Pb  18 e

0 2 4 6 8 10 12 14
 [fm]

0
T(b)/

0

0.05

0.1

0.15

0.2

0.25

no
rm

al
iz

ed
 c

ou
nt 0-1%

60-100%

BeAGLE

(d) 110 GeV×Pb  18 e

FIG. 14. (a) The correlation between the deposited energy in the ZDC and impact parameter b. (b) b distributions for both central and
peripheral collisions. (c) The correlation between the deposited energy in the ZDC and the nuclear thickness TðbÞ=ρ0. (d) TðbÞ=ρ0
distributions for both central and peripheral collisions. Note that all of these distributions are in the MC generated level, without detector
smearing.

WAN CHANG et al. PHYS. REV. D 106, 012007 (2022)

012007-14

Neutrons in ZDC can be used for centrality definition? 
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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)

99 is LO DIS

Line = b	e*!	+

𝛼,	from PYTHIA is larger than the prediction for 
the junction expectation
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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)

99 is LO DIS

The 𝑑𝑁/𝑑𝑦|!"#$%

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

v At the EIC 

2

quenching weights to represent the partonic energy
loss [16].

• FLUKA [17, 18] model describes the decay of the
excited nuclear remnant (i.e., nucleon and light
ion evaporation, nuclear fission, Fermi breakup
of the decay fragments, and photon emission de-
excitation).

• LHAPDF5 [12] model and FLUKA model define
the high-energy lepto-nuclear scattering.

In addition, the BeAGLE model includes di↵erent op-
tions to control the e+A collisions in the simulation, and
we are discussing some of them here. The steering and
the multi-nucleon scattering (shadowing) are equipped
in BeAGLE, via two di↵erent approaches. The DPMJet
intra-nuclear cascade accounts for the hadron formation
time. The nucleon’s Fermi motion in the nucleus can
be expressed with several tools, or completely turned o↵.
Also, the nuclear geometry (i.e., nuclear deformation and
neutron skin) parameters from PyQM can be described.
The q̂ transport coe�cient can be adjusted to describe
the interaction of the energetic partons through the nu-
clear environment. In the BeAGLE model the process
�⇤ + q ! q dominates the high xBj, however process
�⇤ + g ! qq̄ dominates low xBj.

III. RESULTS

In this section, we will discuss the two proposed ob-
servables: (i) the Regge intercept of the net-baryon dis-
tributions for e+Au collisions and (ii) the isobaric ratio
given by Eq. 2 for e+Ru and e+Zr collisions.
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FIG. 1. Net-baryon rapidity distributions from the PYTHIA
model for (i) all processes included and process 99. The solid
line represents the fit using Eq. 1.

The net-baryon distributions for e+p collisions at
10 ⇥ 40 (GeV) from the PYTHIA model are shown in
Fig. 1. Our results show that the PYTHIA process of

LO DIS (Process 99) is the dominant process to the net-
baryon distribution. The results showed a linear depen-
dence of the net-baryon on the y � Ybeam with a slope
↵J = 1.5. The extracted slope ↵J is larger than the
theoretical expectation [5] for the baryon junction. Such
results are consistent with the absence of the baryon junc-
tion physics from the PYTHIA model.
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FIG. 2. Net-baryon rapidity distributions from the BeA-
GLE model for PYTHIA processes panel (a) and BeAGLE
processes panel (b).

Figure 2 shows the net-baryon distributions for e+Au
collisions at 10⇥ 40 (GeV) from the BeAGLE model for
several PYTHIA processes (a) and several BeAGLE pro-
cesses (b). Our net-baryon distribution results in panel
(a) show di↵erent dependence on the y�Ybeam. Such de-
pendence stems from the di↵erent nature of the particle
production dependence on the y�Ybeam in the BeAGLE
model. The extracted slope ↵J in di↵erent y � Ybeam is
di↵erent and larger than the theoretical expectation [5]
for the baryon junction. Such results are consistent with
the absence of the baryon junction physics from the BeA-
GLE model.
Analyzing the associations between charge and baryon

halt around midrapidity o↵ers a potential avenue to dis-
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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 

BeAGLE shows value consistent 
with the quark's scenario   

v At the EIC 
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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 

BeAGLE shows value consistent with the 
quark's scenario   

Ø 𝑅(𝐼𝑠𝑜𝑏𝑎𝑟) is independent of 𝑄%, 𝑥&! and 𝑝'

3

tinguish between valence-quarks and baryon-junctions as
the carriers of baryon numbers. Nevertheless, obtain-
ing an accurate measurement of the net charge yield in
heavy-ion collisions presents a formidable challenge [? ].
To address this challenge, a suggestion was made to as-
sess the di↵erence in net charge between isobaric colli-
sions 96

40Zr +
96
40Zr and

96
44Ru + 96

44Ru [9]. In such collisions,
calculating the net-charge di↵erence (�Q = QRu �QZr)
can be achieved via the double ratios by comparing posi-
tive and negative particle and by comparing Ru+Ru col-
lisions with Zr+Zr collisions. Therefore, one can com-
pute the ratio R(Isobar) given in Eq. 2. In the case
of valence-quark stopping, the �Q should be close to
B ⇥ �Z/A and R(Isobar)  1.0. In contrast, in the
baryon-junction stopping scenario, the �Q < B⇥�Z/A
and R(Isobar) > 1.0. In this work, we provide a predic-
tion of the R(Isobar) for the e + 96

40Zr and e + 96
44Ru at

the EIC kinematics.
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FIG. 3. The Isobaric ratio (B ⇥�Z/A)/�Q) as a function
of Npart in e+Ru and e+Zr collisions at 10⇥40 GeV. Results
from Ru+Ru and Zr+Zr collisions are also shown as bands.

To provide the baseline for the baryon junction
search using isobaric collisions at the EIC, Fig. 3 shows
the R(Isobar) vs. Npart for (i) A+A collisions at
200 GeV and (ii) e+A collisions at 10 ⇥ 40 GeV.
The Ru(Zr)+Ru(Zr) results, given by bands, from the
UrQMD and Tronto model are taken from Ref [? ] and
shown to be less than unity and decrease with Npart.
Such behavior is consistent with the valence-quarks car-
rying the baryon number. The e+Ru(Zr) results, given
by the symbols, from the BeAGLE model, showed values
less than unity. Our results showed a dependence on the
particle production mechanisms. The BeAGLE results
are also consistent with the valence-quarks carrying the

baryon number.
In addition, the dependence of the R(Isobar) on the

xBj and Q2 are shown in Fig. 4 panels (a) and (b) respec-
tively and for several transverse momentum selections.
Our results showed that the R(Isobar) is less than unity
and is independent of the xBj , Q

2, and pT . Consequently,
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the results are consistent with the valence-quarks sce-
nario included in the BeAGLE model.

IV. CONCLUSION

In summary, —–
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Within uncertainty, EMC measurements show minor differences between 𝜇 + 𝑝 and 𝜇 + 𝑑
Diquark Lund model shows a ~20% difference 

ØNet-Proton of 𝜇(𝑒) + 𝑝(𝑑)

BeAGLE shows value consistent with the Diquark Lund model

Can EIC do better? 

v At the EIC 
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ØNet-Proton of 𝜇(𝑒) + 𝑝(𝑑)
v At the EIC 

The 𝑝& 	𝑣𝑠	𝜂 selections 
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Can EIC do better? 
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ØNet-Proton of 𝜇(𝑒) + 𝑝(𝑑)

Can EIC do better? 

v At the EIC 
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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

Ø Net-Proton of 𝜇(𝑒) + 𝑝(𝑑)
ü BeAGLE shows value consistent with the Diquark Lund model

We investigated the ability to use the EIC to study baryon 
junctions in e+A and the isobar collisions: 

Consistent with the quark's scenario. 


