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What carries baryon number, quark vs. baryon
junction?

Conventional picture Baryon junction [1, 2]

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

Baryon-
{ / junction (J)
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[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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Baryon stopping

Net baryon (number of baryons — anti-
baryons) in mid-rapidity region has been
observed to be enhanced.

Quarks carry most momentum, are
contracted into thin “pancakes”.

» Quarks have less time to interact due to contracted
longitudinal length.

Junction carries lower momentum, is less
contracted.

« Junctions have more time to interact with other
partons.

* More baryons are expected to be stopped in
junction picture.

Two methods to test the hypothesis:
» Photonuclear collisions.

Soft partons,
baryon number

\\ /, \\ /,
\\‘M___Q ~ * .___C_j_,.-/
\ Valence /
guarks
Fig. 2.

« baryon stopping vs. charge stopping. Figure from D. Kharzeev, Physics Letters B 378, 238 (1996)
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15t Method: photonuclear collisions

If junction hypothesis is true:
« Virtual photon fluctuates into g and g pair.
* Interact with a junction in target Au nucleus.

* May result in exchange of junction.
» Depicted as exchange of junctions by the dashed line.

» Flavor-blind process, so red and blue dots can represent different
baryons.

 Enhanced creation of mid-rapidity baryons.

 Junction interaction time > quark interaction time.
« More baryons are stopped in junction picture.

* Predicted rapiditx distribution of dN/dy « e~ ¥ ~Ybeam) jn
the direction of the target. a is related to RegEe
intercept of)zunctio_ns gl D. Brandenburg, N. Lewis, P.
Trlbedy, Z u, arX|V:2 0505685 (2022)) Figure from J. D. Brandenburg’ N.

Lewis, P. Tribedy, Z. Xu,

arXiv:2205.05685 (2022)
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STAR detector

* Time Projection Chamber (TPC)

« Measures charged particle momentum
with track curvature under B-field.

 Particle identification with energy loss
per unit length (dE/dXx).

* Time-Of-Flight (TOF)
« Extends momentum range for particle
identification.

 Pile-up rejection.

« Zero Degree Calorimeter (ZDC)

* Detect forward neutrons for event
selection.

/DC18 m
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Selecting photonuclear events in Au + Au
collisions at \/syy = 54.4 GeV

« Select events with single neutron (1n) on ZDC east (ZDCE), no
activity in BBC east, and multiple neutron (Xn) on ZDC west (ZDCW)
and activity in BBC west and vice versa.

Inclusive UPC at RHIC STAR. detector state & coverage (1) 200 BeAGLE
. 16 . eAu 10x27 GeV YAuU—=X |
} ZDCE (1n) | QP<001 (GeVI)’, E<2GeV  pr>02GeVic |
D o— BBCW |
} VPDE, BBCE, EPDE | 180 o (14, x)(a1={}.5:ﬂ.04)i
(Gap) 4-2 = LK [ — ‘WHH
) TPC, iTPC, TOF 3100 P o
d (Activity) 1Y o S T
/ FTS, FCS 12 50 -
J," VPDW, BBCW, EPDW i
- M (Activity) 44 E
Au | oL -
} ZDCW (Xn) 16 -6 -4

Figures from J. D. Brandenburg, N. Lewis, P. Tribedy, Z. Xu, arXiv:2205.05685 (2022)
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Net-proton yield as a proxy for net-baryon

* Net-proton yield is described by exp(—(1.13 +
0. 32)(3’ o ybeam))

 PYTHIA-6, which has valence quark as baryon
number carrier, predicts a dependence of

exp(_z- S(y o ybeam))“a 2! 3]

« Comparable to slopes from Au + Au collisions.

e Consistent with Regge theory prediction for baryon junction

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

[2]: B. Andersson, G. Gustafson, G. Ingelman, and T. Sj ostrand, Physics Reports 97, 31-145 (1983).
[3]: Torbjorn Sjostrand, Stephen Mrenna, and Peter Z. Skands, JHEP 05, 026 (2006), arXiv:hep-
ph/0603175.

[4]: STAR Collaboration, PRC 79, 034909 (2009)

[5]: STAR Collaboration, PRC 96, 044904 (2017)
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2"d Method : baryon stopping vs. charge stopping

* Quarks carry charge number. If the baryon number is not carried by
valence quarks, “distribution” of baryon and charge numbers could
be different @.p. Brandenburg, N. Lewis, P. Tribedy, Z. Xu, arXiv:2205.05685 (2022)).

» Define net-baryon number B = (Np — Nﬁ) + (N, — Np)
- Define net-charge number Q = (N + N{ + N,,) — (N7 + N¢ + N)
* Question: AQ = Q(Ru+ Ru) — Q(Zr + Zr) =???BTfZ (at |y| < 0.5)
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B/AQ x AZ/A
o

If baryon number and charge number are
carried by the same object.

Very simplified argument:
* No. of baryons in participant region = 96*Const.
e 2%Ru, 3577
* No. of protons in participant region for Ru+Ru=
) . 96*Const*44/96
Naive expectation =1

_________________________________________________ * No. of protons in participant region for Zr+Zr=
96*Const*40/96

* S0 Bj,;:=96*Const, AQ;nir = Qinir (Ru —
Z1r)=96*Const*4/96

* If baryon number and charge number are carried
by the same object (presumably quarks),

(Noart) B/AQ*AZ/A should be 1 throughout the collision

evolution at mid-rapidity.

—_
[6)]
—T T T
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2.0
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B/AQ x AZ/A
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0.0 =

If baryon junction hypothesis is true.
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(Npart)

 Baryon junction only carries a fraction of
valence quark’s momentum.

« Junction has enough time to interact =>
More baryon stopping.

« Baryon stopping > charge stopping.
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Net-baryon number B, ;

Bret = (Np - Nﬁ) + (N, — Np)
 We don’t measure (anti-)neutron

spectrum. Approximated by
thermal model assumption

Bpet = (Np - Nﬁ) + ﬁ\/% - pf

Q|

Assumption

In the framework of statistical thermal models [58] the
particle multiplicity from a source of volume V and chemical
freeze-out temperature T is given by

iv >
Ni = g—ﬁm,-“TKg(m/T)exp(u,—/T}. (7)
2

where g;, m;, and u; are the degeneracy, particle mass, and
chemical potential of particle species i, respectively. This
formula is valid in the Boltzmann approximation, which is
reasonable for all hadrons and light nuclei. The chemical po-
tential can be expressed as u; = Bjup + Sits + Qijiig. where
Bi, Si, and Q; are the baryon number, strangeness, and charge,
respectively, of particle species i, and g, ps, and pg are
the corresponding chemical potentials for these conserved
quantum numbers.

Ny =F(my,T) exp(Z,uB + uQ)
Ng =F(mgy,T) eXp(_ZMB - MQ)
N, = F(my, T) exp(up + o)
Nj = F(my, T) exp(—pp — o)
Np = F(my, ~ m,,T) exp(ug)

Therefore,
d F(mdl T) e p( )
2T T 2Pl
P* F(m,T)
d F(md, T) ( )
—=——=exp(l
n
- = exp(—#o)
Therefore,

p
n_|d/p? p|d
p Jd/p* pd

Extracted from STAR Collaboration, PRC 99, 064905 (2019)
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Net-charge difference (Ru+Ru — Zr+Zr)

_ (Na/Na)gy,  [1+(NZ-Nz)/Nrlp, _ 1+ARg,
(N%/Nz),.  [1+(Nf-Nz)/Nz], — 1+ARgz

* AQ = [(N7 + N¢ + Np) = (Ng + N + Np)| . — [lzr

* Focus on pion terms,

* (Nt = Np)pu — (N — N7 zr = N pu X ARpy — Nz X ARy,

g ~ N_(ARg, — AR;.) = N, X (R2,, — 1)
« Where N, = 0.5 X (Nf + N,)

* Therefore, AQ = N,(R2; — 1) + Ny(R2x — 1) + N,(R2, — 1)

¢ RZ,T ~ 1+ ARRU — ARZI‘
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Recap what are needed.

* For baryon stopping B,
* N,, N5 Ny, Nz for Ru+Ru and Zr+Zr

* For charge stopping difference AQ,
* Ni, N¢, N,, N7, N, N; for Ru+Ru and Zr+Zr
* R2,,R2y,R2,
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Spectra from Isobar
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Double ratio R2s
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Charge and baryon stopping compared to

separately
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* UrQMD accurately reproduces baryon Stolfpirl\llﬂ)at mid-rapidity in central
collisions bu% not AQ, probably because UrQMD has been tuned to net-proton
measurements.

« Accurate measurement of charge stopping can be used for model tuning.
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B/AQ x AZ/A
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0.0

Experimental result on baryon stopping and

charge stopping

—
o

STAR Preliminary
Isobar (Ru + Ru, Zr + Zr)

[ /Snw =200 GeV, lyl<0.5 B

Trento

=4 UrQMD

=% HERWIG 7 p+p

B/AQ+AZ/A > 1. It deviates from the naive
expectation of valence quark as baryon
number carrier.

Model calculations assuming valence
quark carries baryon number (Herwig p +
p (B/IQ*Z/A, Z=A=1) [1] and UrQMD [2])
cannot describe our data

Decrease with decreasing (N, 4¢),

consistent with nuclear skin thickness

difference between Ru and Zr.
* Trento model [3] accounts for initial conditions

0 20 40 60 80 100 120 140 160 only, so the drop only represents nucleus
(Npart) geometry.
[1]:). Bellm et al, Eur. Phys. J.C. 80 5, 452 (2020)
41212023 Chun Yuen Tsang, GHP 2023 [2]: M. Bleicher et al, J. Phys. G. 25, 1859 (1999)

[3]: H. Xu et al, PRC 105, L011901 (2022)



Conclusion

* Observed baryon stopping in y+Au-rich
collisions with a qualitatively comparable
(possibly steeper) slope to hadronic Au+Au
collisions.

« Ratio of baryon to charge number difference is
observed to be larger than 1 using Ru+Ru and
Zr+Zr collisions at /syy = 200 GeV.

 Both results disfavor the assertion that valence
guarks carry the baryon number.

» C.Y. Tsang acknowledges financial support from The Gordon and Betty
Moore Foundation and the American Physical Society to present this
work at the GHP 2023 workshop.
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Enhanced proton stopping at low p-
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Particle spectra in y+Au-rich sample
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East going photon and west going photon cuts
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Figure from Ref. [3] comparing BeAGLE to PYTHIA
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Baryon stopping v.s. charge stopping at |y| < 1.0,
predicted by UrQMD
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