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20 years later, 
IMHO 

There is some consensus on 
production of baryons and hyperons 
at high [intermediate] pT
due to flow and coalescence

There is still very confusing picture on 
large rapidity shifts of baryon numbers

Zhangbu Xu, BES-Tea Seminar, 12/13/2021 
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of the produced baryons will in general differ from 
the composition of colliding protons. 

Why then is the leading baryon effect a gross feature 
of high-energy pp collisions? The reason may be the 
following. The string junction, connected to all three 
of the valence quarks, is confined inside the baryon, 
whereas pp collisions become on the average more 
and more peripheral at high energies. Therefore, in a 
typical high-energy collision, the string junctions of 
the colliding baryons pass far away from each other in 
the impact parameter plane and do not interact. One 
can however select only central events, triggering on 
high multiplicity of the produced hadrons. In this case, 
we expect that the string junctions will interact and 
may be stopped in the central rapidity region. This 
should lead to the baryon asymmetry in the central ra- 
pidity region: even at very high energies, there should 
be more baryons than antibaryons there. 

Fortunately, the data needed to test this conjecture 
already exist: the experimental study of baryon and an- 
tibatyon production with trigger on associated hadron 
multiplicity has been already performed at ISR, at the 
highest energy ever available in pp collisions [ 31. This 
study has revealed that in the central rapidity region, 
the multiplicities associated with a proton are higher 
than with an antiproton by cv 10%. It was also found 
that the number of baryons in the central rapidity re- 
gion substantially exceeds the number of antibaryons 

[4]. These two observations combined indicate the 
existence of an appreciable baryon stopping in central 
pp collisions even at very high energies [ 31. 

Where else do we encounter central baryon-baryon 
collisions? In a high energy nucleus-nucleus collision, 
the baryons in each of the colliding nuclei are densely 
packed in the impact parameter plane, with an average 
inter-baryon distance 

r z (p ro)-1/2A-‘/6, (4) 

where p is the nuclear density, ru N 1.1 fm, and A 
is the atomic number. The impact parameter b in an 
individual baryon-baryon interaction in the nucleus- 
nucleus collision is therefore effectively cut off by the 
packing parameter: b 2 r. In the case of a lead nu- 
cleus, for example, r appears to be very small: Y N 
0.4 fm, and a central lead-lead collision should there- 
fore be accompanied by a large number of interactions 
among the string junctions. This may lead to substan- 
tial baryon stopping even at RHIC and LHC energies. 

We shall now proceed to more quantitative consid- 
erations. In the topological expansion scheme [ 11, the 
separation of the baryon number flow from the flow 
of valence quarks in baryon-( anti) baryon interaction 
can be represented through a t-channel exchange of 
the quarkless junction-antijunction state with the wave 
function given by 

M,J = EijkEi’.fk’ k exp (ig ~A&d‘)] 1, 

x [Pap (ig~Apdxpx~]~, 

Xl 

x [p,p (ig~A&F)]~,. 

Xl 

(5) 

The structure of the wave function (5) is illustrated in 
Fig. lb - it is a quarkless closed string configuration 
composed from a junction and an antijunction. In the 
topological expansion scheme, the states (5) lie on 
a Regge trajectory; its intercept can be related to the 
baryon and reggeon intercepts [ l] : 

c&o> N 2cQ(O) - 1 + 3( 1 - fXR(O)) 1! ;; (6) 
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Abstract 

QCD as a gauge non-Abelian theory imposes severe constraints on the structure of the baryon wave function. We 
point out that, contrary to a widely accepted belief, the traces of baryon number in a high-energy process can reside in 
a non-perturbative configuration of gluon fields, rather than in the valence quarks. We argne that this conjecture can be 
tested experimentally, since it can lead to substantial baryon asymmetry in the central rapidity region of ultra-relativistic 
nucleus-nucleus collisions. 

In QCD, quarks carry colour, flavour, electric charge 
and isospin. It seems only natural to assume that they 
also trace baryon number. However, this latter assump- 
tion is not dictated by the structure of QCD, and there- 
fore does not need to be true. Indeed, the assignment of 
the baryon number B = l/3 to quarks is based merely 
on the naive quark model classification. But any phys- 
ical hadron state in QCD should be represented by a 
state vector which is gauge-invariant - the constraint 
which is ignored in most of the naive quark model for- 
mulations. This constraint turns out to be very severe; 
in fact, there is only one way to construct a gauge- 
invariant state vector of a baryon from quarks and glu- 
ons [ 1 ] (note however that there is a large amount of 
freedom in choosing the paths connecting x to xi) : 

(1) 

The “string operators” in ( 1) acting on the quark field 
q(zcn) make it transform as a quark field at point x 
instead of at x,,. The E tensor then constructs a local 
colour singlet and gauge invariant state out of three 
quark fields (see Fig. la). The B in Eq. ( 1) is a set 
of gauge invariant operators representing a baryon in 
QCD. With properly optimised parameters it is used 
extensively in the first principle computations with lat- 
tice Monte Carlo attempting to determine the nucleon 
mass. The purpose of this work is to study its phe- 
nomenological impact on baryon number production 
in the central region of nucleus-nucleus collisions. 

It is evident from the structure of ( 1) that the trace 
of baryon number should be associated not with the 
valence quarks, but with a non-perturbative configura- 
tion of gluon fields located at the point x - the “string 
junction” [ 11. This can be nicely illustrated in the 
string picture: let us pull all of the quarks away from 

0370-2693/96/$12.00 Copyright Q 1996 Elsevier Science B.V. AR rights reserved. 
PII SO370-2693(96)00435-Z 

There is only one way to construct a gauge-invariant 
state vector of a baryon from quarks and gluons

It is evident from the structure of ( 1) 
that the trace of baryon number should 
be associated not with the valence 
quarks, but with a non-perturbative 
configuration of gluon fields located at 
the point x - the “string junction” .
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What do we know about µ+p collisions
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which , in addition , is flavour independen t .  
T o  summaris e ,  we therefore predict a Q

2 
,fodepe.nden:t dif ference 

F� - F� , but a Q
2 

dependen:t ratio F�/F� - both oppos ite to s imple
minded expectations from perturbative QCD . 
4 .  Protons from knocked-out diquarks 
If  there is a smal l  diquark in the proton , there wi l l  be an extra 
contribution to the spectrum of produced protons , and other baryons , 
from the directly knocked-out diquarks . In other model s ,  all forward 
protons are as sumed to come from diquark-ant:Ldiquark pairs created 
in the colour f ield of a knocked-out quark . It is known experimen
tally7 )  though that there are considerably more protons than anti
protons not only in the target but a l so in the current fragmentation 
region . The difference drops with growing Q2 ,, in support of the di
quark picture . S imilar observations of " too many" protons have been 
reported in large-pT baryon production in hadron collisions 8 l ,  which 
has been explained as a diquark effect9 )  

Fig . 3  Ratio o f  proton 
( ant:Lproton) multipli
c i ty to the overal l  % 
positive ( negative) 
multipl icity in µp 
scattering according 
to Ref . 7  ( EMC ) . Part 20 of the difference bet
ween p and p might be 
explained by the di
quark process in the 
upper reaction , whi le 
large-Q2 events come 
from knocked-out 

16 

12 

4 

x8 > 0,2 W2> 100 GeV2 
0 p/h. • jl/h-

quarks , as shown in 
the lower reaction . 
The two processes 
give rise to comple
tely dif ferent p-p 
correlations . 

0 '-----'-"-'--'--'-'..L..Uu.__...__. 
10 20 40 100 0.2 (GeV2) 200 

5 .  Diquarks in nuc lei and the EMC effect 
Finally , I would l ike to mention a recent paper of mine 1 0 l about the 
EMC effec t .  There I noted that a diquark inside dense nuclear matter 
is disturbed by dozens of external two-quark forces - both repulsive 
and attractive - which make it gJtaW. If the diquark radius grows by 
0 . 5- 2 % per nearby external quark , the crucial <r�> grows by 20- 1 0 0 %  
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a symmetry between the ratios p/h + and p/ h "  d isappears , in agreement with the 

idea that s ince no flavour is favoured , then proton and antiproton have an equal 

chance to be the faster of the pair. 

One should notice the general decrease at large z o f  both p/h + and p/ h "  

ratios . In particular this is true for xB < 0 . 05 where <W 2 >  = 220 GeV 2 so 

that the contribution from target fragments to the proton sample , which wa s 

characterised by a s trong decrease ( Fig . 3a ) ,  can be neglected . Th is general 

trend can be s imply explained by the fact that a comparatively higher fraction 

of the jet energy is taken during the proton-antiproton pair creation, thus a 

relative suppression of leading (high z) baryons results . 

For xB > 0 . 2 ,  the mean value of W2 i s  

130  GeV 2• To avoid the contamination from 

target fragments , only values of W2 larger 

than 100 GeV 2 were kept in Fig . 3d . The 

asymmetry of Fig . 3b is  now shifted towards 

the highest values o f  z .  Th is would mean 

that in a j e t  initiated by a proton 

valence quark, the created proton will  not 

be only faster than the antiproton but also 

faster than the positive mesons , i . e .  i t  

h a s  a high probab il ity to contain the 

init ial quark . 

At this point it should be noted that , 

if they were significantly contributing, 

protons coming from scattering on diquark 

c lusters (higher twi s t ) lO) would also 

present such behaviours as those of  

Figs . 2 and 3d . However those protons 

must exhibit a s trong decrease with Q 2, 

which is obviously not the case as shown 

by Fig . 4 and their contribution to our 

sample can be excluded . 

% 
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x 0  > 0.2 

W2> 100 GeV2 

0 p/h+ • ji/h 

0 ���������� 
10 20 40 100 200 

Fig .  4 - The ratio of the proton 
(antiproton) multiplicity to the 
overall pos itive (negative) 
hadron mul tiplicity as a function 
of q2 for w2 > 100 GeV2 and XB > 0 . 2 .  

Fredrikasson, “Hello Diquark, Goodbye Gluon!”, 
Moriond 1984 
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Benchouk (EMC), ISMD1984

Same plot, opposite conclusion!

280GeV muon on target: 
EMC, PLB 103 (1981) 388; 
last cited in 1992
EMC, PLB 135 (1984) 225

They only SEE what they want to see!
We                              we



What do we know about µ+p (d) collisions4 3 8  

ward protons in events, where already a proton in 
the forward hemisphere is observed, than in normal 
events. In order to check this prediction, the ratio 

F = <r tp(y  < _ 1)>A/<ng(, < _ 1)>B 

of the average multiplicities of protons with a rapidity 
Y~ms<- 1 for two classes of events was computed. 
Class A consists of the events where a proton with 
a rapidity Ycms>0.5 was identified, and class B con- 
sists of all accepted events (including those of class 
A). The central Ycms region is excluded here to obtain 
a clear separation between the forward and backward 
hemisphere. The ratio F is practically insensitive to 
the apparatus acceptance. In the data, F is found to 
be 0.82_+0.11 (0.88_+0.16) for the H2(D2) target. The 
small deviation from unity can be understood by a 
reduction of additional baryon-antibaryon pair pro- 
duction in the fragmentation process, also in the 
backward hemisphere, when a large fraction of the 
momentum is already taken away by a fast proton. 
This effect is, with F=0.95_+0.02 (0.87_+0.05), well 
reproduced by the Lund model, which does not con- 
tain any special diquark scattering mechanism. Thus 
the simplest version of such a diquark model is not 
supported by the data. 

4 Average multiplicities 

The increase of the average multiplicities of charged 
hadrons with W is a well known phenomenon and 
has also been observed in this experiment [16]. Fig- 
ure 5 shows, separately for each target, the average 
multiplicities of backward (xv<0) and forward (xv 
> 0) going protons and antiprotons as a function of 
W. These multiplicities were determined by integrat- 
ing the XF distributions over the intervals accessible 
to the measurement as shown in Fig. 3. 

The multiplicities follow the same W dependence 
for both targets. A rise with Wean be seen for antipro- 
tons in both hemispheres and for forward going pro- 
tons, whilst no clear W dependence for protons in 
the backward hemisphere is observed. The Lurid 
model (histogram in Fig. 5) reproduces well the W 
dependence of the data, except that it predicts a small 
rise for backward going protons. As already seen in 
Figs. 3 and 4, the Lund model predicts a higher yield 
of backward going protons from hydrogen than from 
deuterium, an effect which is less pronounced in the 
data. 

Figure 6 shows the ratio of average multiplicities 
of protons and antiprotons from the deuterium to 
the hydrogen target as a function of xBj. The ratio 
of the total cross sections for scattering on neutrons 
to scattering on protons is strongly x,j  dependent 
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Fig. 5a-d. Average multiplicities from the H2 (full circles) and the 
D2 target (open circles) vs. W for backward protons a, backward 
antiprotons b, forward protons c and forward antiprotons d. The 
histograms show the Lund model predictions (full line: H 2 target, 
dashed line: D2 target, full line only where both are the same) 

[17], giving rise to the presumption that a difference 
in the fragmentation might also show up as a function 
of XB~. The data points in Fig. 6 are consistent with 
one for protons in the forward hemisphere. For back- 
ward going protons they are below one for small xBj 
and rise up to one. For antiprotons the data points 
are above one for small x~j and drop down to one 
at XB/~0.2, while the Lund model predicts a value 
of one for all values of XBj. 

5 Correlations 

In this section we discuss first the global correlations 
in the production ofpp, p~ and/~/5 pairs and secondly 
investigate some differential distributions of those 
pairs. 

In contrast to the single particle acceptances, 

6W2  (GeV2)

EMC, ZPC 35 (1987) 433

6           10        14         18
Fig. 5a-d. Average multiplicities from the H2 (full circles) and the D2 
target (open circles) vs. W for backward protons a, backward 
antiprotons b. The histograms show the Lund model predictions (full 
line: H2 target, dashed line: D2 target, full line only where both are 
the same) 

the Lund model (JETSET62) predicts a higher yield of backward 
going protons from hydrogen than from deuterium, an effect which is 
less pronounced in the data. 

Diquark Lund model predicts a flavor dependence 
of backward proton production (20%) 
while data shows little-to-no dependence 

Total citations: 19
Niseem Magdy’s talk for EIC; 
we are able to reproduce model 
prediction 35 years later



What do we know about p+p collisions
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Frisch, et al., PRD 27 (1983) 1001
FermiLab, 200-300GeV pion and proton beams
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What can we do for a decisive test?

• It seems that what works still 
works, what does not work, 
remains broken 
• Is there a decisive way to test the 

baryon transport, or ultimately 
what really carries the baryon 
number? 
• One of the arguments is that if 

gluon junction carries baryon 
number, one can stop baryons 
without stopping the valence 
quarks or charges!!! 
3K+Ω, or ɷ+p

10

RHIC LHC

D. Kharzeev, Physics Letters B 378, 238-246 (1996)

Zhangbu Xu, BES-Tea Seminar, 12/13/2021 

H.Z. Huang (UCLA) talk
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Study charge stopping is much much harder

11

In fact, no one succeeded! 

Until STAR used isobar collisions to directly measure charge transport
See Rongrong Ma’s talk 
We had not proposed the idea when I gave the talk in 2021

Zhangbu Xu, BES-Tea Seminar, 12/13/2021 
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Two gold (Au) ions (red) move in opposite direction at 99.995% of the speed of light (v, for velocity, = 
approximately c, the speed of light). As the ions pass one another without colliding, two photons (γ) from 
the electromagnetic cloud surrounding the ions can interact with each other to create a matter-antimatter 
pair: an electron (e-) and positron (e+).

UPC AND peripheral collisions

One of the most important assumptions 
is that the ions (charge) maintains the 
velocity and straight-line trajectory 
One can them quantize external EM field 
as photons with small virtuality and low-pT

Zhangbu Xu, BES-Tea Seminar, 12/13/2021 

The Breit-Wheeler process, 1934
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Well understood kinematics 

15
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Zhangbu Xu, BES-Tea Seminar, 12/13/2021 

STAR, Phys. Rev. Lett. 121 (2018) 132301, 60-80%
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THE cos(4f) modulation

16

It was quite shocking to me that such a large 
effect exists. 

Remember that the large elliptic flow 
in perfect QGP liquid is 5% 

Peripheral collisions also agrees with QED, 
which does not have to. 

STAR, Phys. Rev. Lett. 127 (2021) 52302

Zhangbu Xu, BES-Tea Seminar, 12/13/2021 
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Other RHIC and LHC energies and centralities

17

Xiaofeng Wang for STAR, IS 2021

ATLAS data: PRL 121 (2018) 212301
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If straight-line and velocity of charges do not maintain, 
there is not reason to have low-pt, cos(4phi) and 
cross section as predicted by QED which assumes those
And the J/Psi photoproduction … 

Zhangbu Xu, BES-Tea Seminar, 12/13/2021 



16

Other RHIC and LHC energies and centralities

17

Xiaofeng Wang for STAR, IS 2021

ATLAS data: PRL 121 (2018) 212301
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If straight-line and velocity of charges do not maintain, 
there is not reason to have low-pt, cos(4phi) and 
cross section as predicted by QED which assumes those
And the J/Psi photoproduction … 

ATLAS, arXiv:2206.12594; PRC
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Interesting proposals in 1990s and 2020s

12

How about studying charge no-stopping? 

Not as a measure of baryon transport, but as an important measure of charge transport at LHC

Zhangbu Xu, BES-Tea Seminar, 12/13/2021 



Stopping of charge at LHC

18

S. Park, U. Wiedemann, Phys.Rev.C 104 (2021) 4, 044903

Can we put baryon transport, charge transport, 
Breit-Wheeler process and Bremsstrahlung together?



Conclusions and Perspectives
• Baryon number is a strictly conserved 

quantum number, 
keeps the Universe as is

• We did not know what its carrier is;
It has not been experimentally verified one 
way or the other until now

• RHIC Beam Energy Scans provide unique 
opportunity in studying baryon number 
transport over large unit of rapidity 

• RHIC Isobar collisions provide unique 
opportunity in studying charge and baryon 
transport 

• Experimental verification of the simplest 
QCD topology

• Baryon junction is a non-perturbative object 

• Need small Q2, large rapidity coverage and 
low-momentum hadron particle 
identification

𝑄! ≤ 1 𝐺𝑒𝑉!

p/k/p PID 𝑝" ≥ ~100 𝑀𝑒𝑉

• Isobar collisions to measure charge transport 
(quark transports), 

Zr/Ru; 7Li/7Be

• EIC can measure the baryon junction 
distribution function

• Explore other signatures at RHIC,LHC,Jlab & 
EIC 19
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the simplest QCD topology
B=1



backup
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What do we know about pp collisions?Compare Q vs. B

7
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HERWIG: net-charge vs. net-baryon transport
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HERWIG: net-charge vs. net-baryon transport

• The first red circle is at 2, out of scale. 22

ALICE, PRL105 (2010)

𝑟𝑒𝑑	𝑐𝑢𝑟𝑣𝑒	𝑐𝑜𝑛𝑠𝑖𝑠𝑡𝑒𝑛𝑡	𝑤𝑖𝑡ℎ	𝛼!	=0.61 

HERWIG and PYTHIA 6:  𝛼!	~=1.6-2.5
Negative (pbar>p) at LHC energy 

Rongrong Ma (BNL)

“These results are consistent with standard models of 
baryon-number transport and set tight limits on any 
additional contributions to baryon-number transfer over very 
large rapidity intervals in pp collisions.”



“Final-State” baryon 
junction in PYTHIA 8.x 

23

Junction treatment (PYTHIA MANUAL 8.x)

A junction topology corresponds to an Y arrangement of 
strings i.e. where three string pieces have to be joined up 
in a junction. Such topologies can arise if several valence 
quarks are kicked out from a proton beam, or in baryon-
number-violating SUSY decays. Special attention is 
necessary to handle the region just around the junction, 
where the baryon number topologically is located. The 
junction fragmentation scheme is described in [Sjo03, 
2003]. The parameters in this section should not be 
touched except by experts.

Peter Skands, 2021

https://pythia.org/latest-manual/Bibliography.html


What do we know about e+p collisions?
• RHIC nuclear energy is at a sweet spot
• U+U, Au+Au, O+O, Cu+Au, Cu+Cu, He3+Au,  

d+Au,p+Au, p+p
• LHC and HERA energy are too high with small 

baryon excess (<1%)
• Isobar collisions at EIC with low Q2 and low-pt

PID to study the charge and baryon 
transports

24

Artru & Mekhfi, NPA 1991
“unpolarized and polarized electroproduction of fast baryons



What do we know about e+p collisions
• RHIC nuclear energy is at a sweet spot
• U+U, Au+Au, O+O, Cu+Au, Cu+Cu, He3+Au,  

d+Au,p+Au, p+p
• LHC and HERA energy are too high with small 

baryon excess (<1%)
• Isobar collisions at EIC with low Q2 and low-pt

PID to study the charge and baryon 
transports
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Measurement of the Baryon-Antibaryon Asymmetry in 
Photoproduction at HERA  
C. Adloff et al. (H1 Collaboration), ICHEP 1998 

D. Brandenburg, N. Lewis, P. Tribedy, Z. Xu, arXiv:2205.05685;
Henry Klest (SBU) HERA data 


