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Conservation laws

Baryon Number Conservation:
Any system's total number of baryons (particles made up of three quarks) remains 

constant. This conservation law is a cornerstone of the Standard Model of particle 

physics.

Questions in the Electron-Ion Collider research

(a) Valence quarks, B=1/3 and Q≠0 (b) Baryon Junction, B=1and  Q=0
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Questions in the Electron-Ion Collider research

Valence quarks? 

✓ ±
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✓ Valence quarks carry most of the momentum

String junction?
✓ Non-perturbative configuration of gluons 

✓ Carries less momentum and is less contracted
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Questions in the Electron-Ion Collider research

➢ Regge theory prediction:

✓
𝑑𝑁

𝑑𝑦
 ∝ 𝑒𝛼𝐵 (𝑦−𝑦𝑏𝑒𝑎𝑚)

✓ 𝛼𝐵 is related to Regge intercept of junctions (𝛼𝐵 ~ 0.5)

➢ Net-Baryon vs. Net-Electric charge in Isobar collisions

✓ 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 

𝐵 = 𝑁𝑝 + 𝑁𝑛 − [𝑁 ҧ𝑝 + 𝑁ത𝑛]

𝑄 = 𝑁𝜋+ + 𝑁𝐾− + 𝑁𝑝 − [𝑁𝜋− + 𝑁𝐾− +  𝑁 ҧ𝑝]

Δ𝑄 = 𝑄𝑅𝑢  − 𝑄𝑍𝑟

Δ𝑍 = 𝑍𝑅𝑢  − 𝑍𝑍𝑟 = 4
𝐴 = 96

Niseem Magdy, et al. e-Print: 2408.07131

David Frenklakh, Dmitri E. Kharzeev, Wenliang 

Li, et al. e-Print: 2312.15039



Several methods are suggested to test the hypothesis: 

➢Net-Baryon in e+A collisions

✓ The photon excepted has almost zero virtuality

✓ Probes the nucleus at low-𝑥

❖ Motivation 
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Several methods are suggested to test the hypothesis: 

➢ Net-Baryon vs. Net-Electric charge in Isobar collisions

✓ 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 

❖ Motivation 
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Figure2: Baryon to chargetransport ratio. Theratio of themean net-baryon number (hB i ) to

thenet-chargedifferencebetween Ru+Ru and Zr+Zr collisions(∆Q), scaled by ∆ Z/ A = 4/ 96,

as a function of centrality. Red stars represent data with the boxes (vertical bars) around them

representing systematic (statistical) uncertainties. Uncertainties arising from estimations of

feed-down contributions to neutrons and antineutrons are shown separately as brackets. The

horizontal dashed line at 1 shows the naive expectation if the baryon number is carried by

valence quarks and all other effects are ignored. Model calculations from UrQMD (hatched

band) (28, 29), TRENTO (solid band) (30), PYTHIA 8.3 (diamond) (16), PYTHIA 8.3 with

Color Reconnection Mode 2 (triangle), and HERWIG 7.2 (circle) (19) are also shown for com-

parison. See text for details.

mid-rapidity (|y| < 0.5), corresponding to an average rapidity shift of 5.36. In 0-10% most

central collisions, hB i / ∆Q⇥∆ Z/ A = 1.84 ± 0.02 (stat.) ± 0.09 (syst.) ± 0.16 (feed-down),

much larger than the naive expectation of unity for the scenario of valence quarks carrying

the baryon number. Larger baryon transport compared to charge transport is consistent with

the expectation of the baryon junction scenario. The ratio decreases monotonically from 0-

10% most central to 70-80% peripheral collisions. A similar decreasing trend is seen in the

TRENTO model calculation (30), which estimates hBi / ∆Q using the number of protons and

neutrons participating in the collision without simulating any system evolution after the initial

collision interactions. Such a trend is attributed to the larger neutron skin for the Zr nucleus

5

STAR

Arxiv:2408.15441



Several methods are suggested to test the hypothesis: 

➢Net-Proton differences between 𝜇 + 𝑝 and 𝜇 + 𝑑
✓ EMC, minor differences

✓Diquark Lund model shows a 20% difference 

❖ Motivation 
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At RHIC:
➢ RHIC nuclear energy is at a sweet spot but has limited acceptance in rapidity, Q2 and x

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

✓ Low-𝑝𝑇 PID is needed to study the charge and baryon transports

Can EIC answer such a question?

What carries the baryon number? 
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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. 

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

Neutrons in ZDC can be used for centrality definition? 
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The 𝑑𝑁/𝑑𝑦ȁ𝑁𝑒𝑡−𝑝

If the junction hypothesis is true:
➢ Interact with a junction in the target nucleus

➢ Enhanced creation of mid-rapidity baryons

✓ Junction interaction time > quark interaction time

✓ More baryons are stopped in the junction picture

➢ Regge theory prediction:

✓
𝑑𝑁

𝑑𝑦
 ∝ 𝑒𝛼𝐵 (𝑦−𝑦𝑏𝑒𝑎𝑚)

✓ 𝛼𝐵 is related to Regge intercept of junctions (𝛼𝐵 ~ 0.5)

99 is LO DIS

Line = b e𝛼𝐽 𝑥

𝛼𝐵  from PYTHIA is larger than the prediction for 

the junction expectation

❖ At the EIC 
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➢ Net-Baryon vs. Net-Electric charge in Isobar 

collisions

✓ 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   

❖ At the EIC 

➢ R(Isobar) shows dependence on the 
BeAGLE processes 
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➢ Net-Baryon vs. Net-Electric charge in Isobar 

collisions

✓ 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   

➢ 𝑅(𝐼𝑠𝑜𝑏𝑎𝑟) is independent of 𝑄2, 𝑥𝐵𝑗
 and 𝑝𝑇

❖ At the EIC 
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Isobaric ratio 



Within uncertainty, EMC measurements show 

minor differences between 𝜇 + 𝑝 and 𝜇 + 𝑑

Diquark Lund model shows a ~20% difference 

➢Net-Proton of 𝜇(𝑒) + 𝑝(𝑑)

BeAGLE shows value consistent with the 

Diquark Lund model

Can EIC do better? 

❖ At the EIC 
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Conclusions

➢ The net-baryon yield slopes from PYTHIA and BeAGLE simulations are 

much steeper than expected from the baryon junction picture 

➢ The isobaric ratios in BeAGLE  are shown to be less than 1.0

✓ Independent of xB 

✓ Independent of Q2

➢ Net-Proton of 𝜇(𝑒) + 𝑝(𝑑)
✓ 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. 
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