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Multiparticle processes in HEP

Mul$par$cle produc$on in electron-positron annihila$on

Electron-positron annihilation (е+е-).
Proton-antiproton annihilation (p!𝒑). 
Hadron-hadron (pp) interactions. 

Relativistic heavy ion collisions (AA)
Three-gluon decay of quarkonium (𝜰).
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e+e- - annihilation 

e+e− → γ (Z 0 )→ qq→ (q,g)→ ?→ hadrons
O.Biebel. 
Phys.Rep. 2001

I stage
qg-cascade

II stage
(hadronization)
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Konishi et al. & Giovannini [NP, 1979] described the qg-cascade                           
in pQCD as Markovian branching processes of elementary events:
1) quark bremsstrahlung   – ,  (A)
2) gluon fission   – , (A)
3) quark-antiquark pair creation from gluon - (B)    .

System of diff. eq. describing branching 
processes, leads to Pólya (NBD) for q-jet 
and Yule-Furry MD for g-jet:

А и А – probabilities of 1) и 2) events,    kp = A/A.)],/ln(1ln[
2
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Evolutinary parameter:

e+e- - annihilation 
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J.G. Rushbrooke, 
B.R. Webber. Phys. Rep. 

44 (1978) 1

f2 = <n(n-1)> - <n>2 = 
= D2 - <n> < 0 at low 

energy; 

Variation of 𝑓! with <n-> for 
annihilation & non-annihilation data

--
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e+e- annihilation - II stage
pQCD is unable to describe hadronization. The choice of MD at this 
stage is based on experimental behavior of the second correlative 
moment f2 . It is always positive for Pólya (NBD) (and Furry also):

f2 = n(n � 1 )� n2 ! m2

kp
> 0

We chose binomial MD (Bernoulli) for II-stage:  
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J.G. Rushbrooke, 
B.R. Webber. Phys. Rep. 

44 (1978) 1

f2 = �
(nh

p)
2

Np
< 0 .
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Convolution of two stages. Two-stage model
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MD in е+е- annihilation (14 -189 GeV)

8Multiparticle production in electron-positron annihilation

8



       s    
0 40 80 120 160 200

   
   

(s
)

(
m

   
  

-210

-110

1

10

210

  MGD 
 0s/s log 0= mm 

    s 
0 40 80 120 160 200

   
 

gh n

2

4

6

8

  MGD 

 ~ 1 g
hn 

TSM parameters (2002)

~ log s .

Average number of 
hadrons, "𝒏𝒈𝒉 , formed

from gluon, is close to 1, 
which testifies the 

fragmentation mechanism 
of hadronization.

qq

qqq
Fragmentation 
mechanism (in vacuum)

Recombination 
mechanism (from a 
thermal, deconfined 
medium)

Hypothesis of Local 
Parton-Hadronic 
Duality (LoPHD)
<m> = 𝞀 < n>, 𝞀 ~ 1. [ B. Muller. 2004]

!𝒎

!𝒏𝒈𝒉# 𝒎
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Second correlative moment, f2
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TSM parameters: kp, <mg>
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TSM parameters:      , Nq

<latexit sha1_base64="FcpNyV0F2Hz12uD0VaEyKPbBAQs=">AAAB8XicdVBNS8NAEJ34WetX1aOXxSJ4Ckla23orevFYwX5gW8tmu2mXbjZxdyOU0n/hxYMiXv033vw3btoKKvpg4PHeDDPz/JgzpR3nw1paXlldW89sZDe3tnd2c3v7DRUlktA6iXgkWz5WlDNB65ppTluxpDj0OW36o4vUb95TqVgkrvU4pt0QDwQLGMHaSDcdH0skboe9u14u79hnlZJ36iHHdpyyVyilxCsXvQJyjZIiDwvUern3Tj8iSUiFJhwr1XadWHcnWGpGOJ1mO4miMSYjPKBtQwUOqepOZhdP0bFR+iiIpCmh0Uz9PjHBoVLj0DedIdZD9dtLxb+8dqKDSnfCRJxoKsh8UZBwpCOUvo/6TFKi+dgQTCQztyIyxBITbULKmhC+PkX/k4ZnuyXbvSrmq+eLODJwCEdwAi6UoQqXUIM6EBDwAE/wbCnr0XqxXuetS9Zi5gB+wHr7BJCDkN0=</latexit>

n̄h
q

0 20 40 60 80 100 120 140 160 180 200
s 

3

3.5

4

4.5

5

5.5

6

6.5

7

7.5

qh n 
, parameter of hadronization for quarkq

hn

0 20 40 60 80 100 120 140 160 180 200
s 

5

10

15

20

25

30

35

40

 N

N, max hadrons from quark

<latexit sha1_base64="FcpNyV0F2Hz12uD0VaEyKPbBAQs=">AAAB8XicdVBNS8NAEJ34WetX1aOXxSJ4Ckla23orevFYwX5gW8tmu2mXbjZxdyOU0n/hxYMiXv033vw3btoKKvpg4PHeDDPz/JgzpR3nw1paXlldW89sZDe3tnd2c3v7DRUlktA6iXgkWz5WlDNB65ppTluxpDj0OW36o4vUb95TqVgkrvU4pt0QDwQLGMHaSDcdH0skboe9u14u79hnlZJ36iHHdpyyVyilxCsXvQJyjZIiDwvUern3Tj8iSUiFJhwr1XadWHcnWGpGOJ1mO4miMSYjPKBtQwUOqepOZhdP0bFR+iiIpCmh0Uz9PjHBoVLj0DedIdZD9dtLxb+8dqKDSnfCRJxoKsh8UZBwpCOUvo/6TFKi+dgQTCQztyIyxBITbULKmhC+PkX/k4ZnuyXbvSrmq+eLODJwCEdwAi6UoQqXUIM6EBDwAE/wbCnr0XqxXuetS9Zi5gB+wHr7BJCDkN0=</latexit>

n̄h
q Nq

Almost constant           
growth with oscillations 

<latexit sha1_base64="dbV1NqLjI1hiGbu28D8Tl+oSpBs=">AAAB6nicdVBNS8NAEN3Ur1q/qh69LBbBU0jS2tZb0YvHirYW2lA22027dLMJuxOhlP4ELx4U8eov8ua/cdNWUNEHA4/3ZpiZFySCa3CcDyu3srq2vpHfLGxt7+zuFfcP2jpOFWUtGotYdQKimeCStYCDYJ1EMRIFgt0F48vMv7tnSvNY3sIkYX5EhpKHnBIw0k0P4n6x5Njn9ap35mHHdpyaV65mxKtVvDJ2jZKhhJZo9ovvvUFM04hJoIJo3XWdBPwpUcCpYLNCL9UsIXRMhqxrqCQR0/50fuoMnxhlgMNYmZKA5+r3iSmJtJ5EgemMCIz0by8T//K6KYR1f8plkgKTdLEoTAWGGGd/4wFXjIKYGEKo4uZWTEdEEQomnYIJ4etT/D9pe7Zbtd3rSqlxsYwjj47QMTpFLqqhBrpCTdRCFA3RA3pCz5awHq0X63XRmrOWM4foB6y3T8PKjiE=</latexit>! steady decline
     almost constant 

<latexit sha1_base64="dbV1NqLjI1hiGbu28D8Tl+oSpBs=">AAAB6nicdVBNS8NAEN3Ur1q/qh69LBbBU0jS2tZb0YvHirYW2lA22027dLMJuxOhlP4ELx4U8eov8ua/cdNWUNEHA4/3ZpiZFySCa3CcDyu3srq2vpHfLGxt7+zuFfcP2jpOFWUtGotYdQKimeCStYCDYJ1EMRIFgt0F48vMv7tnSvNY3sIkYX5EhpKHnBIw0k0P4n6x5Njn9ap35mHHdpyaV65mxKtVvDJ2jZKhhJZo9ovvvUFM04hJoIJo3XWdBPwpUcCpYLNCL9UsIXRMhqxrqCQR0/50fuoMnxhlgMNYmZKA5+r3iSmJtJ5EgemMCIz0by8T//K6KYR1f8plkgKTdLEoTAWGGGd/4wFXjIKYGEKo4uZWTEdEEQomnYIJ4etT/D9pe7Zbtd3rSqlxsYwjj47QMTpFLqqhBrpCTdRCFA3RA3pCz5awHq0X63XRmrOWM4foB6y3T8PKjiE=</latexit>!



13Multiparticle production in electron-positron annihilation

13

0 20 40 60 80 100 120 140 160 180 200
s 

1

2

3

4

5gh n 

, parameter of hadronization for gluong
hn

0 20 40 60 80 100 120 140 160 180 200
s 

5

10

15

20

25

30

35

40g
 N

, max hadrons from gluongN

<latexit sha1_base64="Nfb3MAx1fsdregsp3b8JQmxVxTI=">AAAB8XicdVBNS8NAEJ3Ur1q/qh69LBbBU0nS2tZb0YvHCvYD21g22027dLMJuxuhlP4LLx4U8eq/8ea/cdNWUNEHA4/3ZpiZ58ecKW3bH1ZmZXVtfSO7mdva3tndy+8ftFSUSEKbJOKR7PhYUc4EbWqmOe3EkuLQ57Ttjy9Tv31PpWKRuNGTmHohHgoWMIK1kW57PpZI3I36w36+YBfPaxX3zEV20barbqmSErdadkvIMUqKAizR6Offe4OIJCEVmnCsVNexY+1NsdSMcDrL9RJFY0zGeEi7hgocUuVN5xfP0IlRBiiIpCmh0Vz9PjHFoVKT0DedIdYj9dtLxb+8bqKDmjdlIk40FWSxKEg40hFK30cDJinRfGIIJpKZWxEZYYmJNiHlTAhfn6L/ScstOpWic10u1C+WcWThCI7hFByoQh2uoAFNICDgAZ7g2VLWo/VivS5aM9Zy5hB+wHr7BIFbkNM=</latexit>

n̄h
g

<latexit sha1_base64="Nfb3MAx1fsdregsp3b8JQmxVxTI=">AAAB8XicdVBNS8NAEJ3Ur1q/qh69LBbBU0nS2tZb0YvHCvYD21g22027dLMJuxuhlP4LLx4U8eq/8ea/cdNWUNEHA4/3ZpiZ58ecKW3bH1ZmZXVtfSO7mdva3tndy+8ftFSUSEKbJOKR7PhYUc4EbWqmOe3EkuLQ57Ttjy9Tv31PpWKRuNGTmHohHgoWMIK1kW57PpZI3I36w36+YBfPaxX3zEV20barbqmSErdadkvIMUqKAizR6Offe4OIJCEVmnCsVNexY+1NsdSMcDrL9RJFY0zGeEi7hgocUuVN5xfP0IlRBiiIpCmh0Vz9PjHFoVKT0DedIdYj9dtLxb+8bqKDmjdlIk40FWSxKEg40hFK30cDJinRfGIIJpKZWxEZYYmJNiHlTAhfn6L/ScstOpWic10u1C+WcWThCI7hFByoQh2uoAFNICDgAZ7g2VLWo/VivS5aM9Zy5hB+wHr7BIFbkNM=</latexit>

n̄h
g

Ng

√s <10 GeV. #𝑚 ≪ 1, g−fission are virtually
absent .
√s > 10 GeV. #𝑚 ≥ 1, multiplicity of 
g−fission increases, '𝑛$#  remains constant  
and smaller than 1 up to ~100 GeV 
(fragmentation mechanism of 
hadronization), then it starts to grow and
gently exceeds 1 (recombination 
mechanism of hadronization) at ≳130 GeV. 
Data from the 90s have weak indication of 
such behavior (HERA).

TSM parameters:     , Ng



14Mul$par$cle produc$on in electron-positron annihila$on

14

TSM parameter 𝛂 & MD at 9.4 GeV      
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close to 0.2 (one fiCh) as a steady process of qg-cascade up to ~ 200 GeV
(On the right) MD at low energy where f2 is negaFve. Only q-bresstrahlung 
conrFbutes.
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TSM parameter’s fits for average multiplicity:      
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Prediction for mean multiplicity at 500 GeV and 1 TeV:      
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210(s
)

n 

(s)nAverage multiplicity, 

Prediction: '𝑛 500 GeV = 32 ÷ 39 & '𝑛 1 TeV = 37 ÷ 60.



1. The process of e+e- -annihilation is the simple one for the QCD 
description for the first (parton) stage because the creation of 
gluons and following its fission occurs in a vacuum at √s < ~100 GeV. 

2. pQCD is not applied at the 2nd stage (hadronization). Our choice of 
MD at the hadronization is based on the data: f2 for quark and gluon 
jets is always positive. Experimental f2 is negative at low energies and 
becomes positive at higher emerges. 

3. At low energy, hadronization  dominates over the qg-cascade. We use 
Binomial distribution for hadronization. Convolution of those two 
stages describes well experimental MD up to 200 GeV including low 
energies.

Summary from e+e--annihilation study:

17Gluon dominance model and mul$par$cle produc$on



4. Average number of hadrons formed from single gluon ( #𝒏𝒈𝒉 )
at the second stage is close to 1 at the wide energy region 
(~ 10-100 GeV): 1 gluon -> 1 hadron (confirmation of the 
fragmentation mechanism of hadronization in vacuum). 

5.   Average gluon multiplicity ( ) rises logarithmically.
6. Gluon fission (g -> g + g) commences prevailing over  

bremsstrahlung (q -> q + g) with increasing of energy and  
f2 changes sign.

7.   Hadronization of gluons is softer than quark one at the  
hadronization.

Summary from e+e--annihilation study:

<latexit sha1_base64="K2R0LpFopQA0JIF+g2DiJqB7nio=">AAAB8nicdVDLSgMxFM3UV62vqks3wSK4Gmamta27ohuXFewDpkPJpJk2NJMMSUYoQz/DjQtF3Po17vwbM20FFT0QOJxzD7n3hAmjSjvOh1VYW9/Y3Cpul3Z29/YPyodHXSVSiUkHCyZkP0SKMMpJR1PNSD+RBMUhI71wep37vXsiFRX8Ts8SEsRozGlEMdJG8gfCmHkWxsNyxbEvm3XvwoOO7TgNr1rPideoeVXoGiVHBazQHpbfByOB05hwjRlSynedRAcZkppiRualQapIgvAUjYlvKEcxUUG2WHkOz4wygpGQ5nENF+r3RIZipWZxaCZjpCfqt5eLf3l+qqNmkFGepJpwvPwoShnUAub3wxGVBGs2MwRhSc2uEE+QRFiblkqmhK9L4f+k69lu3XZva5XW1aqOIjgBp+AcuKABWuAGtEEHYCDAA3gCz5a2Hq0X63U5WrBWmWPwA9bbJ6I6kX8=</latexit>
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Future e+e- accelerators  
(CEPC and others) 

will answer questions about 
hadronization stage, 
its mechanism and 

gluon fission



Thank you for attention
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Spare slides
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Overview of results from NA61/SHINE.
A. Rybicki for the NA61/SHINE Coll. arXiv:2604.20616 [nucl-ex]

Rybicki˙Epiphany˙2026 printed on April 23, 2026 3
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Fig. 2. Rapidity distributions of (a) ⇡� and (b) K+ in central nucleus-nucleus
systems. Closed (open) symbols correspond to measured (reflected) data. Please
note the non-monotonic system size dependence in panel (a). From Ref. [2].

the average number of wounded nucleons, the distributions exhibit a surpris-
ing non-monotonic system-size dependence, with the per-wounded nucleon
mid-rapidity density increasing from Be+Be up to Ar+Sc, to decrease down
to Xe+La and further down to Pb+Pb collisions. For comparison, charged
kaon spectra exhibit a very di↵erent behavior shown in Fig. 2 (b). A very
large strangeness enhancement from Be+Be up to Ar+Sc collisions is fol-
lowed by a smaller increase in Xe+La reactions, where it saturates with no
further change up to central Pb+Pb collisions.
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Please note that no 4⇡ multiplici-
ties were found at LHC energies due
to experimental limitations, but mid-
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lar trend [2].

The corresponding compilation of hK+i/h⇡+i ratios of total kaon and pion
multiplicities, Fig. 3, shows rapid changes in this ratio occurring in the spe-
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(a) Be+Be -> Pb+Pb -> Xe+La -> Ar+Sc (b) Be+Be -> Ar+Sc -> Xe+La -> Pb+Pb 
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Kaon sector of MP: unexpectedly strong violaSon of isospin 
(flavor) symmetry [arXiv:2604.20616]:
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cific region of
p
sNN accessible to NA61/SHINE, above the SIS18/SIS100

regime but below the top RHIC/LHC region. The non-monotonic “horn”
present in Pb+Pb/Au+Au collisions was earlier predicted [4] as a signa-
ture of the beginning of QGP creation as a function of collision energy
(the onset of deconfinement). However, a characteristic, non-trivial two-
dimensional dependence of this e↵ect on system-size and energy is evident
in the Figure. Already in Xe+La reactions (about 2/3 of the central Pb+Pb
system in terms of the total number of colliding nucleons) a flattening in the
hK+i/h⇡+i is apparent as a function of

p
sNN, followed by a fully monotonic

behavior for all the smaller systems. At the present moment, the ensemble
of experimental K+/⇡+ data in the SPS sector remains not understood in
terms of quantitative model calculations (see Ref. [2] and references therein
for more details).

3. Kaon sector of multiparticle production:

unexpectedly strong violation of isospin (flavor) symmetry

Another puzzling observation from NA61/SHINE is presented in Fig. 4 (a).
Flavor symmetry being a basic feature of QCD in the limit of equal quark
masses, the remnant approximate light u/d quark symmetry (isospin sym-
metry) implies equal production of charged and respective neutral kaons
in case of colliding charge-symmetric (Z = N ⌘ A � Z) nuclei. For the
numbers of produced K+ ⇡ K0 and K� ⇡ K0, this corresponds to

K+ +K�

2
⇡ K0 +K0

2
= K0

S , (1)
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Fig. 4. (a) Comparison of rapidity spectrum of neutral kaons (K0
S) with the aver-

aged spectrum of charged kaons (K++K�)/2 in Ar+Sc collisions. From Ref. [5].
(b) Ratio RK =(K++K�)/(2K0

S), drawn as a function of
p
sNN. NA61/SHINE

data include
p
sNN=11.9 [5] and 8.8 GeV (preliminary). The compilation of re-

sults from earlier experiments includes ratios of mid-rapidity densities as well as
4⇡ yields. Predictions from UrQMD and HRG models are also shown; Q/B is the
assumed charge-to-baryon number ratio. From Ref. [5] (see therein for the biblio-
graphy) with addition of the 8.8 GeV data point. Total uncertainties are drawn.

Flavor symmetry (QCD) in the 
limit of equal quark masses, 
the remnant approximate light 
u/d quark isospin symmetry 
implies equal producFon of 
charged and respecFve neutral 
kaons in case of colliding 
charge-symmetric (Z = N ≡ A − Z)
nuclei .

*!+*"

, ≈ *#+#*#

, = 𝐾-,                    𝑅* =
*!+*"

,*$
 .

Data from Ar+Sc nuclei collisions at √sNN=11.9 GeV do not follow this predicFon, and 
exhibit a charged-over-neutral kaon excess reaching 18.4±6.1% at mid-rapidity. 

https://arxiv.org/abs/2604.20616
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Possible explanation of these findings

Gluons are active sources of secondaries, they are formed ar 
high energy collisions  (q-breamsstrahlung and g-fission). At 
the hadronization stage they decay into quark pairs: u, #𝐮, d, 
̅𝐝, 𝐬, 𝐬̅. Probabilities of their creation depend of the mass value.

It is known, quark masses differ from each other. The d-quark 
has slightly greater mass than the u-quark (by a couple of 
MeV), but is already noticeably less than the s-quark. So, at 
hadronization, u, 'u quarks will be predominant, then d, 'd (a little 
less) and s, s̅ quarks will be even  fewer.
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Possible explanation of 𝐾± excess

Simple combinatorics shows: the number of ways in which 
quarks can form 𝐾± must be greater than formation of 
𝐾) . 𝐾*{𝑢𝑠̅}, 𝐾+{𝑠'𝑢}, 𝐾,{𝑑 𝑠̅} and  #𝐾,{𝑠 𝑑̅}. Let us define Nu, Nd 
and Ns multiplicities of corresponding quarks and antiquarks. 
Experimental  excess of 𝐾± over 𝐾)

RK ≈ 18.4 ± 6.1 %, 
As RK = (Nu – Nd)/(Nu + Nd) we get the ratio between u and d 
quarks,    Nd ~ 0.69 Nu.. The fraction of d-quarks in u-quarks is 
close to 2/3 Nu.



GDM with gluon fission
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SVD-2 and Mirabelle (50 GeV) have
been stitched along σn. GDM in HM
region takes into account 2 types
of contributions: without g-fission
(blue line) and with (green line).
Their superposition is shown by red
line. HM stipulates namely by gluon
fission. Ratio of bremsstrahlung to
gluon fission is equal to ~ 1/9. More
than 64% of E is converted into a
mass of newborn pions.

[1] SVD-2 Collaboration, 
Phys. Atom. Nucl. (2012) 

[2] J. Phys. Conf. Ser. (2015) 
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p!𝐩 annihilation
GDM offers description of 𝒑"𝒑 anihilation by the formation 
of 3 and more intermediate charged quark topologies with 
corresponding contributions c0, c2 and c4, which are 
stipulated by all kinds of permutations of valence quarks 
with antiquarks and the formation of three leading pions. 

p !𝒑-> <-
u1 u2

d 
gluons

"𝒖1  "𝒖2
"𝒅

gluons

27Gluon dominance model and multiparticle production



Variants of q-topologies
2 variants of ”0”- topology (3 𝝅𝟎):

u1#𝒖𝟏 + u2#𝒖𝟐+ d#𝒅 𝐚𝐧𝐝 u1#𝒖𝟐 + u2#𝒖𝟏+ d#𝒅;

4 variants of ”2”- topology (𝝅𝟎, 𝝅+, 𝝅.):
u1#𝒅 + u2#𝒖𝟏+ 𝒅#𝒖𝟐, u1#𝒖𝟐 + u2#𝒅 + d#𝒖𝟏

u1#𝒖𝟏 + u2#𝒅 + d#𝒖2 ,   and   u1
#d + u2#u2 + d#𝒖1; 

Topology “4” (and higher) is formed by adding to a 
valence quark (an antiquark) the corresponding antiquark 

(quark), which are born from active gluons (g->q+"𝒒):
u1#𝒅 + #𝒖𝟏d + 𝒖𝟐𝑑̅ + 𝑑#𝒖2 + … (𝝅*, 𝝅+, 𝝅+, 𝝅*):

28Gluon dominance model and mul$par$cle produc$on



Generation function in GDM:

𝜟
𝝈 𝒏

𝒑0 𝒑
−
𝒑𝒑

nch

The “4” topology is responsible 
for the tail of HM.

𝑸 𝒛 =
= 𝒄𝟎 ∑𝒎𝑷𝒎𝑮 [𝟏 +

0𝒏𝒉

𝑵
(𝐳 − 𝟏)]𝒎𝑵+

     
+ 𝒄𝟐𝒛𝟐 ∑𝒎𝑷𝒎𝑮 [𝟏 +

0𝒏𝒉

𝑵
(𝐳 − 𝟏)]𝒎𝑵+

+ 𝒄𝟒𝒛𝟒 ∑𝒎𝑷𝒎𝑮 [𝟏 +
0𝒏𝒉

𝑵
(𝐳 − 𝟏)]𝒎𝑵 .
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Study of the process e+e− → 3(π +π −) in the c.m. energy 
range 1.5–2.0 GeV with the CMD-3 detector 

30

“σ(e+e− -> 3(π+π−)) is measured at
the CMD-3 (VEPP-2000) in the
c.m. energy range 1.5–2.0 GeV.
The measured σ exhibits a sharp
drop near the pp ̄ threshold
(~1.88 GeV). A first study of
dynamics of 6-pion production
has been performed”.
R.R. Akhmetshin et al. Phys. Lej. B
723 (2013) 82–89.

σ(e+e− → 3(π+π−)) measured with the CMD-3 at
VEPP-2000 (black). BaBar data are shown by
(green). The red line shows the pp ̄ threshold.
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Three-gluon decay of quarkoniums ϒ(9.46), ϒ (10.02)

Z

[ ] h
qqTSM nmmsn )3/2(3)'()( )( ---=D aa 8.0)()(exp »D»D snsn TSM "𝑚 = 𝑚′ + 3.

Gluon dominance model and mul$par$cle produc$on



And as afterword, I would like to compare the formation 
of secondary hadrons from gluons with DNA replication.
Nature unexpectedly repeats itself ~ gluons -> hadrons


