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What carries baryon number, valence quark vs.
baryon junction?

Valence quark Baryon junction [1, 2]

[1]: Artru, X. Nucl. Phys. B 85, 442—-460 (1975).
[2]: Rossi, G. C., & Veneziano, G. Nucl. Phys. B 123, 507-545 (1977)
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Theoretical considerations for baryon junction

Baryon operator [1]: - Lattice calculations suggested
the formation of a Y-shaped
color flux tube [2, 3].

Figure from Ref. [3]

B = ¢k [Pemp (z‘g ’ A”dm“) q(;t:l)] [Pea:p (t’g ' Apd:r.:”) Q(.Tg)]

J

X [Pemp (z'g /; Aﬂdm“) Q(.‘Ig)] x

“there is only one way to construct a gauge-invariant state

” Image from
vector of a baryon from quarks and gluons”, quote from 898 T, = eroivikiQuark
Ref. [1]

[1]: Kharzeev, D. PLB 378, 238 (1996)
[2]: Takahashi, Toru T., et al. PRL. 86, 18 (2001)
(3]: Takahashi, Toru T,, et al. PRD. 65, 114509 (2002) @
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Baryon transport from various mechanisms

Carrier

Figure from Kharzeev, D. PLB 378, 238 (1996)
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baryon number

Stopped by

Junction

Valence quark

\ / \ /
A ». i S @ ot
\ Valence /
guarks
Fig. 2.
Composed of Momentum Carry electric
fraction charge?
Gluons Low No
Quarks High Yes

Chun Yuen Tsang, Excited QCD 2026

interaction

Relatively Easy
Relatively Hard




Tracking the origin of the bayon number

* Three methods to test the baryon number origin:

1. Electric charge (Q) vs. baryon (B) stopping
2. Baryon yield vs. rapidity (dN/dy) in photonuclear collisions

3. Baryon yield vs. rapidity (dN/dy) in hadronic Au+Au collisions
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Method 1: Net-Baryon (B) vs. Net-Charge (Q)

« Charged mesons (pions and kaons): y=0(C.M.)
Carry Q and not B .
Charged
 Proton: Carry B and Q mesons

v

/

« Neutron: Carry B and not Q

|
|
|
|
] > YBeam
y = _Oﬂl y = 05

— -

: Proton Neutron
* Question: B/Q*Z/A =777 1 (at |y| <0.5) I‘ J
|

* B= (N, — N;3)+ (N, — Ny)
Chun Yuen Tsang, Excited QCD 2026 e Q= (Nn"' + NK"' + Np) — (Nn_ + NK_ - Nﬁ)
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Expected values of B/Q*Z/A for different carriers

20| Expectation for junction:

Somewhere above 1
y =0 (C.M.)

A
* B;,;:=A*Const. ' '

* Qinit=Const™Z. Tot. Baryon = A*Const
|

(B/Q*ZIA),i = 1 => (BIQ*ZIA), ~ 1 if B and Q Tot. p = Tot. Baryon*Z/A
shared same carrier. | J

For junction, B is enhanced so B/Q*Z/A> 1. !
* B= (N, — N;3)+ (N, — Ny)

Naive expectation for
. valence quark as carrier = 1
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Net-Baryon number (B)

* B = (N, — Np) + (N, — Ny)
* Primordial (anti-)neutron yields estimation [1],

pri pri |[Ng pri pri Na
° — J— J— — —_—
Nn Np /—a, Nn _ Np / d.

* Fraction of feed-down (anti-)proton taken from Ref. [2].

* Feed-down yields estimated with data driven method [3].
« Data driven estimation of proton feed-down fraction -> Weighted sum of hyperon yields.
* A:Z:Q yield ratios from THERMUS model estimation.
« Estimate feed-down neutrons from scaled hyperon yields.

[1]: STAR Collaboration, arXiv:2408.15441
[2]: STAR Collaboration, PRC. 79 (2009) 34909
[3]: STAR Collaboration, PRL. 97, 152301 (2006)
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Complications in Net-Charge (Q)
. Q= (Nn"' + Nor + Np) — (Np- + Ng- + Np),

« Small quantity. Measuring individual yields gives unusable Q.
* N_. is large, moderate fractional uncertainty still means large absolute uncertainty.

* N_+ — N~ is small. Error propagation -> absolute uncertainty grows.
* Q = Small value + large sys. Error.

« Solution: AQ = Q(Ru+ Ru) — Q(Zr + Zr) [1].

[1]: N. Lewis, et al. Eur. Phys. J. C (2024) 84:590
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Net-Charge difference (AQ)

¢ AQ = (N + Nys + N, ) = (N + Ny— + Nﬁ)]Ru — [zr

(Nt /M=)

(Nﬂ+ /Nr= )Zr,

* Let N, =0.5X (Nn+ + Nn—), then change of variable [1],

* AQ ~ N (R2; — 1) + Ng(R2g — 1) + N, (R2, — 1).

* Double ratio cancels sys. uncertainty => reduction in sys. Uncertainty for 4Q.

» Define R2,

[1]: N. Lewis, et al. Eur. Phys. J. C (2024) 84:590
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Revisited observable: B/AQ*AZ/IA

20

B/AQ x AZ/A
=

05

0.0

—_
[$)]
T

Naive expectation for
valence quark as carrier = 1

Expectation for junction:
Somewhere above 1

y =0 (C.M.) Ru or Zr
4 « ForRu,A=96,Z=44

>

* B;,;:=A*Const.

0

1
20

1 1 L 1 1 1 1
40 60 80 100 120 140 160
(Npart)

° AQinit = Qinit (R'Ll, — ZT)=C0nSt*AZ.

(BIAQ*AZIA). .= 1 => (BIAQ*AZIA)

and Q shared same carrier.
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final

1if B

For junction, B is enhanced so B/AQ*AZ/A > 1.

- — e o =

> YBeam

e ForZr, A=96,7Z =40

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

\ J
|

* B= (N, — N;3)+ (N, — Ny)
¢ Q= (Nys + N+ + Ny ) = (N + Ny + Np)




RHIC and STAR detector

« RHIC: Relativistic heavy-ion collider. * STAR detector
« Accelerate ions to collide at \/syy = 7.7 — 200 GeV * ldentify and measure momentum of

charged particles.
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Image URL: https://science.osti.gov/np/facilities/user-facilities/rhic/
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Identified particle p;/A spectra from Isobar Collisions
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Figure from STAR Collaboration, arXiv:2408.15441
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Double ratio R2s

Ru+Ru/Zr+Zr ratio
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Figure from STAR Collaboration, arXiv:2408.15441

2

3 4

AQ =~ N (R2; — 1) + Ng(R2g — 1) + N,(R2, — 1)
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Experimental result on Net-Charge and Net-Baryon

STAR Ru+Ru, Zr+Zr
2.0} vSwn =200 GeV, |y| < 0.5 'g'
—
-
L1
< !
S 1.5 'E' ﬂ
X E: =
S o0 I P — S e e
St &
Q
o5t ©
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BEm TRENTO PYTHIA 8.3
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Centrality

Figure from Ref. [4]
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» BIAQ+AZIA > 1.

» PTYHIA, Herwig p + p (B/IQ*Z/A, Z=A=1) [1]
and UrQMD [2] cannot describe our data.

» Peripheral collision show lower B/AQ values.

« Similar trend from Trento model [3].

« Trento model estimates (B/AQ*AZ/A);;; from
nuclear geometry only. No parton interaction!.

* Trend partially explained by nuclear geometry.

[1]: Bellm, Johannes, et al. Eur. Phys. J.C. 80 5, 452 (2020)
[2]: Bleicher, Marcus, et al. J. Phys. G. 25, 1859 (1999)

[3]: Xu, Hao-jie, et al. PRC 105, L011901 (2022)

[4]: STAR Collaboration, arXiv:2408.15441
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Tracking the origin of the bayon number

* Three methods to test the baryon number origin:

1. Electric charge (Q) vs. baryon (B) stopping
2. Baryon yield vs. rapidity (dN/dy) in photonuclear collisions

3. Baryon yield vs. rapidity (dN/dy) in hadronic Au+Au collisions
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Net-Baryon in photonuclear collisions

* Quasi-real y — qq. Inclusive UPC at RHIC
* Interact with a junction or quark in target Au nucleus.
 Regge theory: dN/dy o e~%B%Y [1],

* 0Y = Yveam — Y-
* ap sensitive to what kind of things are interacting [1].

If valence quark picture is true:
« Few baryons are transported far away from y,.qm-

« Larger |ag| than junction picture.
* dN/dy drops fast when aj is large.

Figure from Ref. [1]

[1]: Lewis, Nicole, et al. Eur. Phys. J. C (2024) 84:590
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Expectations of ay from various pictures.

Regge theory: dN/dy « e~*8%Y

w
u

PYTHIA-8.3 and 8.3 CR predicts larger aj.

* Neither simulates junction interactions.

« 8.3 CR includes a junction-like mechanism in final-state
hadronization [1].

NoWw
S

N
o
|

=
o
1

Theory of junction interaction predicts smaller a [2].
« J+J: Junction-junction interaction.
« J+P: Junction-pormeron interaction.

Slope parameter (ag)
o =
u u

o©
o

Note: smaller ag -> dN/dy do not drop quickly with )
Increasing &y -> Enhanced stopping. &

[1] Christiansen, J. R., & Skands, P. Z. JHEP 08, 003 (2015). 1505.01681.
19 [2] Kharzeev, D. PLB 378, 238—-246 (1996).nucl-th/9602027.

Chun Yuen Tsang, Excited QCD 2026



20

Selecting photonuclear events in Au + Au collisions

at \VSNN = 54.4 GeV

« Asymmetric collision: target can only be
traveling in one direction.

» Select events with a lot of activity on one s
of the detector, but nothing on the other.

Chun Yuen Tsang, Excited QCD 2026
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Figures from Lewis, Nicole, et al. Eur. Phys. J. C (2024) 84:590



Net-proton yield in Au + Au
collisions at \/syy = 54.4 GeV

35F
. . STAR Au+Au,/ =54.4 GeV
Measured dN/dy|,-o x exp(—(ap = 1.04 solb 1nxm ysan M ©
o
0.22)6y). S st i I
* PYTHIA-8.3 and 8.3 CR overestimate aj. 2 ool
« Consistent with theory estimation of junction g 15 | N
interaction. ° E N
1.0 O]
Figure from STAR Collaboration, arXiv:2408.15441 Q Q
o X
STAR Au+Au,/5,,=54.4 GeV O 05F O\
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0.0 i B = exp((0.02%0.05)y) Figure from STAR Collaboration, arXiv:2408.15441
p—p — « exp((1.04 £0.22)y)
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Tracking the origin of the bayon number

* Three methods to test the baryon number origin:

1. Electric charge (Q) vs. baryon (B) stopping
2. Baryon yield vs. rapidity (dN/dy) in photonuclear collisions

3. Baryon yield vs. rapidity (dN/dy) in hadronic Au+Au collisions
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Net-proton yield at mid-rapidity as a function of beam
rapidity in hadronic Au+Au collisions

Regge theory: dN/dy « e~4B%Y
* 0Y = Ypbeam — V-

For hadron:

dN/dy X e_aB(Ybeam_Y) + e‘“B(Ybeam"‘Y)_

« Symmetric target and projectile.

If we fix y= 0, dN/dy X e ~4BYbeam

Measured ag = 0.65.

23

Au + Au BES-I data

Figure from Lewis, Nicole, et al. Eur. Phys. J. C (2024) 84:590

Au+Au, Vsyy = 7.7-200GeV
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Net-proton exponential slope (ag)

Measured ag = 0.65.

Too small (flat) compared to PYTHIA
and HERWIG predictions [1].

But comparable to Regge theory
predictions for junctions.

Slope does not depend on centrality

* Valence quark transport is expected to
depend on multiple scatterings and thus on
centrality.

« UrQMD shows centrality dependence [1].

24

Slope parameter (ag)

4  Aut+Au ysyy = 7.7-200 GeV D+p v +p
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OO0 0 0 O O O' & & 0o
IV IPITFITOCNI S &2 2 X %
TS WS &K -(ng K S \\-@2\\ &
TR % TR
& ¢ &

Centrality

Figure from Ref. [1]

[1]: STAR Collaboration, arXiv:2408.15441
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STAR Ru+Ru, Zr+Zr
20F VSswn =200 GeV, |y| <0.5

Conclusion < . BB
S15 E O,
* ag from hadronic Au+Au and y + Au < - —
naive quarks model predictions. S o o e
so% UMD B PYTHAB3 R
« B/AQ+AZ/A > 1 in Ru+Ru and Zr+Zr

collisions at \/syy = 200 GeV.

Figures from arXiv:2408.15441

* Inconsistent with predictions from models 4 | Au+AU Vo = 7.7-200 Gev e e
(UrQMD, PYTHIA, HERWIG) with valence G Bt o
quark picture. g 7| sman o

% _ I+ ata
 Our results disfavor the assertion that g ! . i
8°7lsss 88883 ? R
valence quarks carry the baryon number. 3 s e
6\0'6\0'8\0'6\0'6\0'6\0'6\0'6\0' o\o;\\ol f’)l (JQ*I eoél ;VQI ’f)l (JQ*I
IR ,\/Qﬂ’qp' ,,JQ’D‘ D‘Q’% {00,@ (OQ:\ ,\Q’% i@?@\;‘b’b Q/O)o,@‘é\ ~\Q ‘(f:::;%ib
25 Centrality R € N
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Selecting photonuclear events in Au + Au collisions
at \VSNN = 54.4 GeV

« Asymmetric collision: target can only be

traveling in one direction 06 | | | | BeAGLE
: eAu 10x27 GeV y Au — X
* Select events with, o5 | QP<0.01 GeVZ, E,<2 GeV pr > 0.2 GeVle|
 Single neutron (1n) on ZDC east (ZDCE) 7 ——p =
. . . 04 FK* n -e— 4+—> ]l ;_
* No activity in BBC east _ tec i | o
* Multiple neutron (Xn) on ZDC west (ZDCW) S 03¢ HHHHH % E
- Activity in BBC west ° Ll Hﬂ*” * Jr#i 4
+ |V,(VPD) - V,(TPC)| > 10 cm 2|, +++++ s
* vice versa (east < west) 0118 = W b *
Nl ) H+-|++ 4
- . : ° 6 4 2 0 2 4 6
* TLDR: Lots of activity on one side, but . 09
nothing on the other.

Figures from Eur. Phys. J. C (2024) 84:590
BeAGLE: PRD 106, 012007 (2022)
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Baryon transport from various mechanisms

Soft partons,
 Valence quarks carry most of the baryon number

momentum.
 contracted into thin “pancakes”.

» Less time to interact => less stopping at
mid-rapidity.

e Junction carries lower momentum.

« Made of low-x gluons “ s A NS A
* Enhanced baryon transport to mid-rapidity TN Valence /

Uarks
* Not made of quarks -> Stopping is ig, )

independent of quark flavor
Figure from PLB 378, 238 (1996)
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Measured B and AQ
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STAR detector

 Time Projection Chamber (TPC)

« Energy loss per unit length (dE/dx) =>
charge state.

Magnet TPC TOF - p and dE/dx provides particle identification

i~~~ * Time-Of-Flight (TOF)

BEELE T A s « Extends momentum
* Pile-up rejection

» Vertex Position Detector (VPD)

4  One on the east and one on the west.

» Averaged time of particle detection on both
sides => vertex position.

: (
- Zero Degree Calorimeter (ZDC)
\ » Detect forward neutrons for event selection

ZDC 18 m

- Beam-Beam counter (BBC)

31 » Detector forward and backward beam
Chun Yuen Tsang, Excited QCD 2026 frag ments



Rapidity asymmetry in yA-rich events

Inclusive UPC at RHIC

ZDCE (1n) =

(Gap)

TPC, iTPC, TOF
(Activity) }

FTS, FCS .
VPDW, BBCW, EPDW
(Activity) -

e e N — . —

VPDE, BBCE, EPDE |

ZDCW (Xn) A

J. D. Brandenburg, N. Lewis,
P. Tribedy, Z. Xu, arXiv:2205.05685
(2022)
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STAR detector state & coverage ()

—f

dN(n)/dN(n=0)

1.2

—
—

—

0.9

0.8

STAR Preliminary Au+Au 54.4 GeV

— East-Going Photon
—— West-Going Photon
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10°

10°

Nevent

10°

10°

10

[olv)

Defining yA and AA event classes

STAR Preliminary Au+Au 54.4 GeV

-l—-'-'-l-l___

— Peripheral Events: 60-80%
— East-Going Photon Events

— West-Going Photon Events

O-I-H-Il IIIIIIII| [ TTIT

40 50 60

Nk (|<0.5)

Chun Yuen Tsang, Excited QCD 2026

Most photonuclear
events have low
multiplicity, consistent
with very peripheral
Au + Au collisions

Using 60 — 80%
peripheral collisions
as a baseline and to
estimate behavior of
peripheral background



A+A background estimation

| East-Going Photon | | West-Going Photon |
10°E 5
0 ?\\ y+A Enriched 10 v+A Enriched
10* I \ Estimated A+A Background 10° \ Estimated A+A Background
10°E 10° E \
E Background Fraction g \ Background Fraction
A0 r=011 e \ r= 0.13:
10 3 LI | 10 R R L 11 | T
1 gI 11 1 11 11 111 | L1 11 11 1 1 11 I 1 III T 1 gl 11 1 L1 1 1 1111 11 11 1111 111 | I 1
0 100 200 300 400 500 600 700 800 900 1000 0 100 200 300 400 500 600 700 800 900 1000
ZDC East ADC ZDC West ADC
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Include data from other reactions.

— Central A+A collisions (y ~ 0) ~ Central A+A collisions (y ~ 0) . g0 Central A+A collisions (y ~ 0)
- 10° ® Au+ Au0-10% (STAR) . 100 b ® Au+ Au0-10% (STAR) . ® Au+ Au0-60% (STAR)
e S - I T - P S —097+0.

L ﬂ_.. exp((—0.76 + 0.05)6y) L “ » exp((—0.93 = 0.11)8y) L * exp((—0.97 = 0.27)6y)

= e = .. = .
£ 107! * £ 107! [ 2 v +§
3 e 2 ’ 2

= = = 10°¢
e N} ['»]

-2
__<l 1072 w10 .. W ,.E.l?
> M Pb+PbO0-10%(SPS and ALICE) =) B Pb+PbO0-10% (SPS and ALICE) S 10-2
— —
= A Cu+ Cu0-10% (STAR) S o3| 4 Cu+cuo-10%(sTAR) >
E 10-3 4 p + p (S5TAR and ALICE) E 4 p + p (STAR and ALICE) E M Pb+ PbO0-10% (SPS and ALICE)
2 4 ¢] 8 2 4 ¢] 8 2 4 6 8
Oy = Ybeam =¥ Oy =Ybeam — Y Oy = Ybeam — Y

Phys. Rev. C, 78:034918, 2008
J. Phys. G, 32:427-442, 2006
Phys. Lett. B, 728:216-227, 2014.
Phys. Rev. Lett., 111:222301, Nov2013
Phys. Rev. C, 75:064901, 2007
Eur. Phys. J. C, 71:1594
Phys. Rev. C, 66:054902, 2002

8/2/2023 Chun Yuen Tsang, Excited QCD 2026 Phys. Rev. C, 88:044910, Oct 2013
Eur. Phys. J. C, 71:1655,2011



Comparison to PYTHIA

 PYTHIA: no baryon junction in incoming protons
« Baryons produced mainly through “popcorn” mechanism
 CR Mode 2: allow dynamical formation of baryon junction prior to hadronization

Event generator Tune Process Hadronic
decay

Pythia 6.428 Default pysubs.msel = 1

Pythia 6.428 P 0 (PO b 1=1 ON Courtesy:
ythia 6. erugia0 (P0) pysubs.mse Rongrong Ma

Pythia 6.428 Perugia2012 (P12) pysubs.msel = 1 ON

Pythia 8.303 Default SoftQCD:nonDiffractive = on ON

Pythia 8.303 CR Mode 2 SoftQCD:nonDiffractive = on ON

36 8/2/2023 Chun Yuen Tsang, Excited QCD 2026




Net-Baryon at mid-rapidity

10¥

 Net-Baryon=p —p

Q) 1E

> -

§ * More baryons than

5 antibaryons, even at

5 midrapidity
75

S - Expected yield of p —p is
“ZE low

* Collision time is too short

for a lot of valence quarks
BRAHMS Collaboration, Phys. Lett. B 677, 267-271 to be stopped

(2009)
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Net-Baryon at mid-rapidity

1
« Changes with collision energy

» Higher energy => Less interaction ?
time =
§C‘L 0.1
 Normalized net-Baryon yield at £
mid-rapidity shows a clear g
exponential dependence on 6y =
« Exponential factor too smalltobe < 0.01

explained by the valence quark
picture

C. Shen and B. Schenke, PRC 105, 064905
(2022)

38 Chun Yuen Tsang, Excited QCD 2026

T T 747171704
’

AGS E802
SPS NA49
RHIC STAR
RHIC BRAHMS
RHIC STAR BES-I
LHC ALICE

-~
-~
-~
B
~
-
-
~
-~
~

Central A+A collisions T ‘l
| v ~

W
e
_e.
| oM p

-- - Fit: 1.1 exp(-0.61 &y)

- _IIIII

2 3 4 5 6 7 8
8y=Ybeam'ch
J. D. Brandenburg, N. Lewis,

P. Tribedy, Z. Xu, arXiv:2205.05685
(2022)



Electric charge of quarks
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Figure 5.3. Experimental measurements of the total cross section for the
reaction eTe™ — hadrons, from the data compilation of M. Swartz, Phys.
Rev. D (to appear). Complete references to the various experiments are given
there. The measurements are compared to theoretical predictions from Quan-
tum Chromodynamics, as explained in the text. The solid line is the simple
prediction (5.16).
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Fig. 8. Comparison of structure functions mea-
sured in deep inelastic neutrino-nucleon scat-
tering experiments on the Gargamelle heavy-
liquid bubble chamber with the MIT-SLAC data
[(®), Gargamelle, F3N; (x), MIT-SLAC, (18/
5)FgN]. When multiplied by 18/5, a number
specified by the quark-parton model, the elec-
tron scattering data coincide with the neutrino
data.

M. E. Peskin, D. V. Schroeder, An Introduction to Quantum Field Theory, Addison-Wesley Publishing Company, 1995

39

Chun Yuen Tsang, Excited QCD 2026




40

String junction model

* 3D hybrid model:
GLAUBER + MUSIC + URQMD
Model

« String junction where the

baryon charge of the string

can fluctuate towards the
center of the string with
tuning parameter A,

* Ag = 0.2 reproduces the
dN /dy of net-protons at STAR

C. Shen and B. Schenke, PRC 105,
064905 (2022)
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Net-Charge and Net-Baryon at |y| < 1.0, Predicted

by UrQMD
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Virtuality of ultra-peripheral Au + Au

8/2/2023

VSnvny = 94 and 200 GeV. In UPCs the gold ions are the

source of quasi-real photons. The size (Ry ~ 1.2 A1/3)
and charge (Z = 79) of gold ions (mass number A = 197)
and the Lorentz boost v;, = 27—100 at RHIC determines
the energy of the quasi-real photons E, = vyr(hc/R4) =

0.8 — 2.8 GeV. The virtuality and transverse momen-
tum are Q< (E,/v1)? =~ (hc/R4)? = 0.0008 GeV?. The
typical range of the center of mass energy of the photon-
nucleon system is Wyn = /4E,E4 ~ 9 — 34 GeV for
Vixn = 2E4 = 54 — 200 GeV. These numbers are
close to what are quoted in Ref [36]. However, it is

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