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Fig. 2. – Quark propagation inside a target nucleus (“cold QCDmatter”) in lepton-nucleus (left) and hadron-

nucleus → Drell-Yan (centre) collisions. Right: Hard scattered parton traveling through the “hot QCD

matter” produced in a nucleus-nucleus collision.

transverse momentum hadron production in A+A compared to proton-proton (p+ p) and hadron-

nucleus h + A collisions at RHIC [25-28] (see Sect. 5), is also indicative of a breakdown of the

universality of the fragmentation process. The standard explanation is that the observed sup-

pression is due to parton energy loss in the strongly interacting matter. This assumes of course

that the quenched light-quarks and gluons are long-lived enough to traverse the medium before

hadronising, which can be expected at large enough pT because of the Lorentz boost of the hadro-

nisation time scales. However, dynamical effects may alter this argument (see, e.g., Ref. [29]),

with hadronisation starting at the nuclear radius scale or before. In this case, in-medium hadron

interactions should also be accounted for, possibly leading to a different suppression pattern.

Such mechanisms may be especially important in the case of heavy (charm, bottom) quarks

which – being slower than light-quarks or gluons – can fragment into D or B mesons still inside

the plasma [30].

In summary, a precise knowledge of parton propagation and hadronisation mechanisms can

be obtained from nDIS and DY data, allowing one to test the hadronisation mechanism and

colour confinement dynamics. In addition, such cold QCD matter data are essential for testing

and calibrating our theoretical tools, and to determine the (thermo)dynamical properties of the

QGP produced in high-energy nuclear interactions.

1
.
3. Hadronisation and colour confinement. –

While not having a direct bearing on the traditional topics of confinement such as the hadron

spectrum, the hadronisation process nonetheless contains elements that are central to the heart

of colour confinement, as already emphasised 30 years ago by Bjorken [6]. For instance, in the

DIS process, a quark is briefly liberated from being associated with any specific hadron while

traveling as a “free” particle, and it is the mechanisms involved in hadron formation that en-

forces the colour charge neutrality and confinement into the final state hadron. The dynamic

mechanism leading to colour neutralisation, which is only implicitly assumed in the traditional

treatments of confinement based on potential models [31] or lattice QCD [32], can be studied

quantitatively using the theoretical and experimental techniques discussed in this review. As an

example, the lifetime of the freely propagating quark may be inferred experimentally from the

nuclear modification of hadron production on cold nuclei, which act as “detectors” of the hadro-
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Color Propagation and Hadron formation 
in Deep Inelastic Scattering (DIS)
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Color Propagation and Hadron formation 
in Deep Inelastic Scattering (DIS)
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Production length Lp  relates to ‘color 
lifetime’ of quark following hard 

collision; it is the length required for 
colored system to neutralize its color 

Formation length Lf  is a distance over 
which a color neutral object pre-

hadron evolves into observed hadron 
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e A : nuclei of increasing size act as space-time analyzer
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Hadronic Multiplicity ratio

Transverse momentum broadening

         RM =1 no effect due to the nucleus 
RM <1 we call it suppression 

   RM >1 we call it enhancement 

Experimental observables
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T.Mineeva, CLAS12 workshop 2023  
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Division of the process into partonic and hadronic stages
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Path of (struck) quark is divided into 
“partonic phase” and “hadronic phase”

partonic hadronic
Lc, q̂, ∆Eq

pT broadening
σinel

Multiplicity ratio

The partonic phase persists for a distance Lc, over which 
pT broadening via q̂, and partonic energy loss ∆Eq, occur

The hadronic phase follows the partonic phase, passing through 
the remainder of the medium, and causing attenuation of 
hadrons by an inelastic interaction cross section σinel

Partonic energy losses  
Increase of transverse momentum 

Hadron  inelastic scattering  
Decrease of the number of 

observed hadrons

T.Mineeva  ´Pion electroproduction at CLAS and other JLab measurements’, NuFact12
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Figure 1. Left: high pT hadron
production in a heavy ion col-
lision. The parton propagates
through the created medium
which modifies its hadronization.
Right: leading hadron production
in DIS on a nucleus. The nuclear
density and the kinematics of the
reaction are under control.
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Figure 2. Two-step process of leading hadron
production. On the production length lp the
quark is hadronizing experiencing multiple in-
teractions broadening its transverse momentum
and inducing an extra energy loss. Eventu-
ally the quark color is neutralized by picking
up an antiquark. The produced color dipole
(pre-hadron) is attenuating in the medium and
developing the hadron wave function over the
formation path length lf .

In this case the density and geometry of the medium, the kinematics are known. More-
over, the parton virtuality Q2 and its energy ν are not correlated allowing diverse tests.

2. Jet quenching in DIS

In this case the fraction zh = Eh/Eq of the jet energy taken by the hadron is measured,
and we are interested in leading hadron production zh ∼> 0.5. The space-time development
of the hadronization process which ends up with production of the leading hadron should
have a two-step structure as is illustrated in Fig. 2 [6].

Since the produced pre-hadron strongly (exponentially) attenuates in the nuclear medium,
the position of the color neutralization point is crucial for the resulting nuclear suppres-
sion. In the energy loss scenario the color neutralization is assumed to happen always
outside the nucleus, lp > RA, so that the pre-hadron has no chance to interact.

However, if a large fraction, zh → 1, of the initial quark energy is taken by the produced
hadron, the process of color neutralization cannot last long because of energy conservation.
Indeed, while the quark is propagating and radiating gluons either in vacuum, or in a
medium, it keeps losing energy and once the quark energy comes below than zhEq, there
is no chance any more to produce a hadron with fractional energy zh. Thus, energy
conservation imposes a restriction on the color neutralization time [3],

lp ≤
Eq

〈dE/dz〉 (1 − zh) , (1)

which must vanish at zh → 1.
All the consideration hereafter is held in the rest frame of the target. For the estimate we

use here the mean rate of energy loss per unit of length, z, although its dime dependence

B.Z. Kopeliovich et al. / Nuclear Physics A 782 (2007) 224c–233c 225c

Time Evolution of Jets and perturbative color neutralization  B.Z.Kopeliovich, J.Nemchik, I,Schmidt Nucl. Phys A 782 (2007)

■Access to characteristic timescales of parton propagation and hadronization:

   how long quark remains deconfined ? -> production time τp
   how long it takes to form full hadronic wave function? -> formation time τf 

*
In medium A

Space-time view of hadronization in DIS

T.Mineeva, CLAS12 workshop 2023  
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Figure 1. Left: high pT hadron
production in a heavy ion col-
lision. The parton propagates
through the created medium
which modifies its hadronization.
Right: leading hadron production
in DIS on a nucleus. The nuclear
density and the kinematics of the
reaction are under control.
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Figure 2. Two-step process of leading hadron
production. On the production length lp the
quark is hadronizing experiencing multiple in-
teractions broadening its transverse momentum
and inducing an extra energy loss. Eventu-
ally the quark color is neutralized by picking
up an antiquark. The produced color dipole
(pre-hadron) is attenuating in the medium and
developing the hadron wave function over the
formation path length lf .

In this case the density and geometry of the medium, the kinematics are known. More-
over, the parton virtuality Q2 and its energy ν are not correlated allowing diverse tests.

2. Jet quenching in DIS

In this case the fraction zh = Eh/Eq of the jet energy taken by the hadron is measured,
and we are interested in leading hadron production zh ∼> 0.5. The space-time development
of the hadronization process which ends up with production of the leading hadron should
have a two-step structure as is illustrated in Fig. 2 [6].

Since the produced pre-hadron strongly (exponentially) attenuates in the nuclear medium,
the position of the color neutralization point is crucial for the resulting nuclear suppres-
sion. In the energy loss scenario the color neutralization is assumed to happen always
outside the nucleus, lp > RA, so that the pre-hadron has no chance to interact.

However, if a large fraction, zh → 1, of the initial quark energy is taken by the produced
hadron, the process of color neutralization cannot last long because of energy conservation.
Indeed, while the quark is propagating and radiating gluons either in vacuum, or in a
medium, it keeps losing energy and once the quark energy comes below than zhEq, there
is no chance any more to produce a hadron with fractional energy zh. Thus, energy
conservation imposes a restriction on the color neutralization time [3],

lp ≤
Eq

〈dE/dz〉 (1 − zh) , (1)

which must vanish at zh → 1.
All the consideration hereafter is held in the rest frame of the target. For the estimate we

use here the mean rate of energy loss per unit of length, z, although its dime dependence

B.Z. Kopeliovich et al. / Nuclear Physics A 782 (2007) 224c–233c 225c

Time Evolution of Jets and perturbative color neutralization  B.Z.Kopeliovich, J.Nemchik, I,Schmidt Nucl. Phys A 782 (2007)

■Access to characteristic timescales of parton propagation and hadronization:

   how long quark remains deconfined ? -> production time τp
   how long it takes to form full hadronic wave function? -> formation time τf 

*
In medium A

Space-time view of hadronization in DIS
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Extraction of color lifetime Brooks-Lopez model
https://arxiv.org/abs/2004.07236

Struck quark moves a distance  as a 
colored object, then becomes a hadron. 
If the hadron forms inside the medium, it 
can interact with hadronic cross section. 

The color lifetime of the struck quark is 
distributed stochastically as a decaying 
exponential.

Lc

W. K. Brooks, Baryons 2022

      

• The color lifetime was estimated using simultaneous 
fit to two observables in the HERMES data with 3-
parameter space-time model 

•  The answer depends on the kinematics and ranges 
from 2 to 8 fm/c 

• Independent determination of the string  
    constant of the LSM!  

• Measurement of transport coefficient 

Simultaneous fit to two observables, ΔpT2 and R  for charged pions

Phys. Let. B 816 (2021) 136171 https://arxiv.org/abs/2004.07236

z
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visualization from W. Brooks

e A : nuclei of increasing size act as space-time analyzerBrief overview of data
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eA DIS: past, present, future

- W h a t a r e t i m e s c a l e s o f c o l o r 
neutralization and hadron formation? 

- What are the differences in hadronization 
of light quarks vs heavy quarks
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visualization from W. Brooks

e A : nuclei of increasing size act as space-time analyzer

HERMES: 2D and 1D multiplicities 

arXiv:1107.3496v3 [hep-ex] 13 Sep 2011 
Eur. Phys. J. A47:113, 2011 

HERMES Collaboration, A.Airapetian et. al.,  Nucl. Phys. B 780 (2007) 1–27 
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visualization from W. Brooks

e A : nuclei of increasing size act as space-time analyzer

CLAS: 3D pion multiplicities

π -π +
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CLAS: 3D pion multiplicities

π 0

T.Mineeva et al. arXiv:2406.04513 to be submitted to PRC
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CLAS: Λ multiplicities
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CLAS: Λ multiplicities
First lambda baryon 

multiplicity ratio 
1D now 

2D in CLAS12 
more in CLAS22
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CLAS: Λ pT2 Broadening

T. Chetry et al (CLAS Collaboration), Phys.Rev.Lett 130, 
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CLAS: Λ pT2 Broadening

T. Chetry et al (CLAS Collaboration), Phys.Rev.Lett 130, 

E.Molina Thesis

CLAS PRELIMINARY

ΔpT2 on Λ is huge 
compared to pion:  

0.3 vs 0.03 GeV2 
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Mike Wood analysis in CLAS review

Proton multiplicity ratio: 
 3D now in Review 

 4D in CLAS12

CLAS: 3D proton multiplicities

P r e
 l i 

m i n
 a r y
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22 GeV Projections 
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Three-fold projections from  the simulated sample using GiBUU event generator 
assuming a per-nucleon luminosity of 1035 cm-2s-1 and 15 PAC days.

7.3.6 Hadronization Studies in Nuclei
Ahmed El Alaoui

20
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PyRad
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PyRad tuned to PGC data



PyRad tuned parameters

The table contains PARJ parameters only. Other parameters from PARU, MSTP,  MSTU and MSTJ common blocks are also tuned but not included in the slide
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Phase-space: Q2 vs ν

10.5 GeV 22 GeV

Cross section for q + γ* -> q @ 
22 GeV is σ = 105 nB 

Cross section for q + γ* -> q @ 
10.5 GeV is σ = 59.8 nB
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Phase-space: pT2 vs z

22 GeV10.5 GeV
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Nuclear effects: Fermi motion + nPDF
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Nuclear effects: Fermi motion + nPDF
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Projected multiplicity ratios: 10.5 GeV (Q2, nu, z)
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Projected multiplicity ratios: 22 GeV (Q2, nu, z)
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Projected multiplicity ratios: 10.5 GeV (nu, z, pT2)
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Projected multiplicity ratios: 22 GeV (nu, z, pT2)



Quark Propagation and Hadron Formation with 11 GeV Beam

Dependency of observables (and thus derived quantities, such as production 
time, formation times, transport coefficient, in-medium cross section, etc.) on 

mass, flavor, and number of valence quarks

hadron cτ mass flavor 
content

limiting error 
(60 PAC days)

π0 25 nm 0.13 uu ̅̅dd ̅̅ 5.7% (sys)

π+, π- 7.8 m 0.14 ud,̅̅ du̅ ̅ 3.2% (sys)

η 170 pm 0.55 uu̅ ̅dd̅ ̅ss̅̅ 6.2% (sys)

ω 23 fm 0.78 uu̅ ̅dd̅ ̅ss̅̅ 6.7% (sys)

η’ 0.98 
pm 0.96 uu̅ ̅dd̅ ̅ss̅̅ 8.5% (sys)

φ 44 fm 1 uu̅ ̅dd̅ ̅ss̅̅ 5.0% (stat)*

f1 8 fm 1.3 uu̅ ̅dd̅ ̅ss̅̅ -

K0 27 mm 0.5 ds̅̅ 4.7% (sys)

K+, K- 3.7 m 0.49 us̅̅, u̅ ̅s 4.4% (sys)

p stable 0.94 ud 3.2% (sys)

p̄ stable 0.94 u ̅̅d ̅̅ 5.9% (stat)**

Λ 79 mm 1.1 uds 4.1% (sys)

Λ(1520) 13 fm 1.5 uds 8.8% (sys)

Σ+ 24 mm 1.2 us 6.6% (sys)

Σ- 44 mm 1.2 ds 7.9% (sys)

Σ0 22 pm 1.2 uds 6.9% (sys)

Ξ0 87 mm 1.3 us 16% (stat)*

Ξ- 49 mm 1.3 ds 7.8% (stat)*

*in a bin in z from 0.7-0.8, integrated over all ν, pT, φpq, and Q2>5 GeV2

**in a bin in z from 0.6-0.7, integrated over all ν, pT, φpq, and Q2>5 GeV2
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Published / in review from CLAS6 
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Quark Propagation and Hadron Formation with 11 GeV Beam

Dependency of observables (and thus derived quantities, such as production 
time, formation times, transport coefficient, in-medium cross section, etc.) on 

mass, flavor, and number of valence quarks

hadron cτ mass flavor 
content

limiting error 
(60 PAC days)

π0 25 nm 0.13 uu ̅̅dd ̅̅ 5.7% (sys)

π+, π- 7.8 m 0.14 ud,̅̅ du̅ ̅ 3.2% (sys)

η 170 pm 0.55 uu̅ ̅dd̅ ̅ss̅̅ 6.2% (sys)

ω 23 fm 0.78 uu̅ ̅dd̅ ̅ss̅̅ 6.7% (sys)

η’ 0.98 
pm 0.96 uu̅ ̅dd̅ ̅ss̅̅ 8.5% (sys)

φ 44 fm 1 uu̅ ̅dd̅ ̅ss̅̅ 5.0% (stat)*

f1 8 fm 1.3 uu̅ ̅dd̅ ̅ss̅̅ -

K0 27 mm 0.5 ds̅̅ 4.7% (sys)

K+, K- 3.7 m 0.49 us̅̅, u̅ ̅s 4.4% (sys)

p stable 0.94 ud 3.2% (sys)

p̄ stable 0.94 u ̅̅d ̅̅ 5.9% (stat)**

Λ 79 mm 1.1 uds 4.1% (sys)

Λ(1520) 13 fm 1.5 uds 8.8% (sys)

Σ+ 24 mm 1.2 us 6.6% (sys)

Σ- 44 mm 1.2 ds 7.9% (sys)

Σ0 22 pm 1.2 uds 6.9% (sys)

Ξ0 87 mm 1.3 us 16% (stat)*

Ξ- 49 mm 1.3 ds 7.8% (stat)*

*in a bin in z from 0.7-0.8, integrated over all ν, pT, φpq, and Q2>5 GeV2

**in a bin in z from 0.6-0.7, integrated over all ν, pT, φpq, and Q2>5 GeV2
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Anticipated from CLAS12

Can study rare and complex cases of hadrons probing 
mass, strangeness and rank dependence of hadron 

formation and color propagation

New baryon structure information to reveal 
diquark degrees of freedom for n, p and Λ  

CLAS12
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J/ψ nuclear modification factor RAA
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ATLAS Preliminary

•RAA strongly dependent on collision centrality.
• Suppression pattern and magnitude are very similar for both 

production mechanisms.
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• Two and three dimensional analysis of phi meson 
hadronization! (1D at 12 GeV)


• One and two dimensional analysis of D mesons

Multidimensional hadronization analysis of heavy flavor meson 
production from nuclei at 24 GeV in CLAS

J. Arrington, M. Battaglieri, A. Boehnlein et al. 
Progress in Particle and Nuclear Physics 2022 (in press) 

• Two and three dimensional analysis of phi meson 
hadronization! (1D at 12 GeV)


• One and two dimensional analysis of D mesons

Multidimensional hadronization analysis of heavy flavor meson 
production from nuclei at 24 GeV in CLAS

J. Arrington, M. Battaglieri, A. Boehnlein et al. 
Progress in Particle and Nuclear Physics 2022 (in press) 

slide from W.Brooks T.Mineeva 



Potential measurements: 
 Λ  polarization 
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The proton tends to be emitted along  the spin direction of the parent Λ

The average polarization for Λ (blue 
stars) and Λbar (red circles) from 20–
50% central collisions Au+Au are 
plotted as a function of collision 
energy. 

HI collisions are expected to produce intense magnetic 
fields; coupling between the field and the μ of the 
particle may induce larger polarization. Consistency 
check with hydrodynamic models!

3 August 2 0 1 7 | V O L  5 4 8 | N A T U R E | 6 3

A single Au + Au collision in the STAR TPC

38T.Mineeva 



θp  is the angle between the proton momentum 
and the Λ-polarization direction in the Λ rest 
frame, i.e the angle between decay proton with 
respect to the normal nˆ to the scattering plane 

Pn
Λ  is the transverse polarization of the Λ 

α = 0.642 ± 0.013 is the analyzing power of the 
parity-violating weak decay.

HERMES (2011): https://www.sciencedirect.com/science/article/pii/S0920563210004925
39T.Mineeva 

https://www.sciencedirect.com/science/article/pii/S0920563210004925


HERMES (2011): https://www.sciencedirect.com/science/article/pii/S0920563210004925

Transverse Λ polarization vs A

Averaged over the experimental kinematics, 
      the net transverse Λ polarization is: 

PnΛ = 0.078 ± 0.006(stat) ± 0.012(syst) 
PnΛ ̄ = −0.025 ±  0.015(stat) ± 0.018(syst) 

HERMES: 27.6 GeV longitudinally polarized 
positron beam on 2H, 3He, 4He, N, Ne, Kr and Xe

40T.Mineeva 

https://www.sciencedirect.com/science/article/pii/S0920563210004925


Lambda from CLAS 12

41T.Mineeva 



Potential measurements: 
Hadron Mass Correction
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From Alberto Accardi talk
https://arxiv.org/pdf/1711.04346

43

https://agenda.infn.it/event/39742/contributions/248673/attachments/129297/191852/Hadron%20Mass%20Corrections%20-%20Accardi%20(1).pdf


• Two and three dimensional analysis of phi meson 
hadronization! (1D at 12 GeV)


• One and two dimensional analysis of D mesons

Multidimensional hadronization analysis of heavy flavor meson 
production from nuclei at 24 GeV in CLAS

J. Arrington, M. Battaglieri, A. Boehnlein et al. 
Progress in Particle and Nuclear Physics 2022 (in press) 44



Summary

45

• Transverse momentum broadening and hadronic multiplicity ratio observables provide insights on 
the lifetime of ‘free’ quark and time scale for the formation of hadrons

• CLAS at 6 GeV high luminosity data on 2H, 12C, 56Fe, 207Pb:  
  - Published results on: 3D π + / π - and π 0 multiplicities;
    Λ multiplicity ratios and ΔpT2; di-hadron production 
   - In process: p multiplicities, ΔpT2 for π + (E.Molina), ΔpT2 for double pion production, π + 

       azimuthal dependencies, Bose-Einstein correlations

• Successful realization of CLAS12 experiment (E12-06-117) at 11 GeV. Access to 4D multiplicities 
and large spectrum of hadrons

• JLab @ 22 GeV: larger kinematical coverage, access to rare mesons and baryons, 4D  MR


