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Quark propagation and hadron formation

Fundamental QCD process

         - describes transition from colored d.o.f to colorless objects
         - depends on flavor, mass and baryon number

Strong connection to neutrino physics and rest of nuclear HEP
PARTON PROPAGATION AND FRAGMENTATION IN QCD MATTER 7

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-

DIS
(DESY,  Jefferson Lab)

Drell-Yan
(Fermilab, CERN)

Heavy-Ion
(RHIC, LHC)

Accardi, Arleo, Brooks, d'Enterria, Muccifora Riv.Nuovo Cim.032:439553,2010 [arXiv:0907.3534]
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In-medium hadron formation in DIS 

Partonic elastic 
scattering in medium

Color neutralization

Color neutralization 
Hadron formation

Final state interaction

Gluon bremsstrahlung
Parton rescattering
Quark energy loss

Color lifetime τC  

 lifetime of highly
 virtual ‘free’ quark Formation time τf  

time required for a colored
system to evolve into a colorless

 τC

τf

How long can an energetic quark remain ‘free’? 
How do hadrons form from quarks?
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Methodology



visualization from W. Brooks  6

Use nuclei of increasing size as space-time analyzer
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Observables
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 DIS 2018 – Jorge López

HERMES Data – Observables
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Transverse momentum broadening

Multiplicity ratio  
or hadron attenuation

RM =
Nh(Q2, ⌫, z, pT)/Ne(Q2, ⌫)|A
Nh(Q2, ⌫, z, pT)/Ne(Q2, ⌫)|p

�hp2Ti = hp2TiA � hp2Tip

Simultaneous 
description of both 

observables
http://www-hermes.desy.de/notes/pub/publications.html

 Connects to color lifetime τp , quark kT,
 transport coefficient qhat and quark Ε losses

Transverse momentum broadening

2

higher virtuality to lower virtuality. This process occurs in the vacuum as well35

as in the medium. The medium e↵ect is primarily to provide scattering centers36

with which the parton undergoes elastic scattering, resulting in energy loss of the37

parton through scattering recoil and stimulated gluon bremsstrahlung. Ultimately38

the parton becomes a constituent of a hadron that can be observed directly or39

indirectly. By comparing properties of final states produced on nuclei of varying40

sizes we can infer space-time properties of hadronization.41

1.0.1 Observables42

The multiplicity ratio for hadron h is defined as the normalized production yield43

ratio of that hadron in semi-inclusive deep inelastic scattering from a heavy target44

A relative to a light target, e.g., deuterium:45

Rh
A

�
⌫,Q2 , z , pT

�
=

Nh (⌫,Q2 ,z ,pT )
Ne(⌫,Q2 )|DIS

���
A

Nh (⌫,Q2 ,z ,pT )
Ne(⌫,Q2 )|DIS

���
D

(1.0.1)

where Nh is the yield of semi-inclusive hadrons in a (⌫, Q2 , z , pT ) bin and Ne is46

the number of inclusive DIS events in the (⌫,Q2 ) bin. Generally, multiplicity ratio47

is a function of four kinematic variables, chosen here as the 4-momentum transfer48

Q2, energy transfer ⌫, fractional hadron energy z = Eh/⌫, the component of the49

hadron momentum transverse to the virtual photon direction pT . The hadronic50

multiplicity ratio Rh
A quantifies the extent to which hadrons are attenuated at a51

given value of the kinematic variables; in the studies described here, this atten-52

uation can take place because of hadron or pre-hadron inelastic scattering [2,3],53

or because of energy loss of the quark contained in the hadron that occurred54

during the partonic phase, prior to the hadron formation [4,5], or because of the55

interference of the partonic and hadronic phases [6].56

1.1 Overview of existing data57

A wealth of data was collected in the past four decades on hadron collisions and58

leptoproduction experiments. Electroproduction of the hadrons was first investi-59

gated by Osborne et.al in the earlier 1970’s at SLAC [7] using 20.5 GeV electron60

beam incident on number of targets: 2D, 9Be, 12C, 64Cu, and 119Tn. The atten-61

uation Rh
A of hadrons was observed for the first time in SIDIS kinematics, and62

clearly showed that attenuation increases with the size of target nucleus A in case63

of the forward hadrons (higher z ). One of the first pioneering measurements with64

ultra-high energy muon beam was conducted in FNAL [8], and further studied, at65

higher luminosities at CERN, by the European Muon Collaboration [68]. Nuclear66

targets (12C, 63Cu, 119Sn) and 2D were measured for the first time simultaneously67

Connects to hadron formation phase
In-medium interaction of forming hadron

Hadronic Multiplicity ratio



Taisiya Mineeva “Color propagation in eA from CLAS at Jefferson Lab ”  EPS HEP2019 

HERMES Data

The Hermes data have small systematic uncertainties, up to 2-dimensional analyses. 
CLAS data MUST have similarly small uncertainties, up to 4/5-dimensional at 11 GeV.

One dimensional Two dimensional

https://arxiv.org/abs/0704.3270v1

HERMES data
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Extraction of color lifetime 
Brooks-Lopez model
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 DIS 2018 – Jorge López

HERMES Data – Observables
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Transverse momentum broadening

Multiplicity ratio  
or hadron attenuation

RM =
Nh(Q2, ⌫, z, pT)/Ne(Q2, ⌫)|A
Nh(Q2, ⌫, z, pT)/Ne(Q2, ⌫)|p

�hp2Ti = hp2TiA � hp2Tip

Simultaneous 
description of both 

observables
http://www-hermes.desy.de/notes/pub/publications.html

First measurement of color lifetime Lp from based on simultaneous fits to 
HERMES data on pT broadening and hadron attenuation as a function of z
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Quark energy loss of hadron absorption?

Pure quark energy loss models:  ● a la BDMPS (Arleo;  Accardi)

Higher twist FF (Wang; Majumder)

Pure hadron absorption models: ● GiBuu transport Monte Carlo

     (Falter, Gallmeister)
Color dipole model:   quark energy loss + prehadron absorption

                                                              (B.Kopeliovich)   
●

PARTON PROPAGATION AND FRAGMENTATION IN QCD MATTER 79

Fig. 56. – Colour dipole model [29] (dashed: absorption only, solid: absorption and induced energy loss)
compared to HERMES hadron multiplicity ratios on N and Kr targets [22]. Left: zh distribution. Right: pT
distributions.

computed as

∆E(t, zh,Q2) =
! Q2

Λ2QCD

dk2T
! 1

1−zh
dzαν

dNg
dk2Tdz

Θ (t − tc) ,(75)

where dNg/dk2Tdz = αs(k
2
T )/(3π) 1/(zk

2
T) is the Gunion-Bertsch spectrum of radiated gluons [69].

The upper limit is imposed by the fact that gluons with kT > Q should be considered part of the
struck quark [11]. Next, the gluon (with momentum kT ) splits into a qq̄ pair. In the large-Nc
approximation, the antiquark and the struck quark form a colourless dipole, which is identified
as a prehadron. The prehadron production time is identified with the coherence time of the
gluon (rather than with the qq̄ splitting time) and hadron formation is computed by the overlap
of the qq̄ dipole with the hadron light-cone wave function Ψh. Assuming that the q and the q̄
in the pair share the same amount of gluon energy and transverse momentum, one can compute
the probability distribution W(t, zh,Q2, ν) that the prehadron is formed at a time t after the γ∗q
interaction:
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where, Eq(t) = ν−∆E(t), Ψh is the hadron light-cone hadron wave function, Ñg is the number of
gluons radiated within a time t, and N is a normalisation factor. Numerical results are presented
in Fig. 11. Integrating W over t one obtains the vacuum fragmentation function for the leading
hadron which compares favourably with global fit FF from Refs. [324, 325] in the range zh =
0.5 − 0.9 and Q2 = 2 − 10 GeV2.
The qq̄ dipole, which is assumed to be formed with a Gaussian transverse size around an

average ⟨R2l ⟩ ∝ 1/Q
2, propagates through the nucleus and fluctuates in size. According to colour

transparency, see Sect. 7.5, it interacts with the nucleus with a cross section σq̄q = C(Eh)r2.
All effects of fluctuations and nuclear interactions are computed in a path-integral formalism for

Kopeliovich et al., NPA 740(04)211

Both mechanisms based on absorption 
of color dipole qqbar (dashed) and 
absorption and quark energy loss 
(solid) describe the data!

                                   Need higher precision data!                   
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Experimental realization
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EG2 experiment running conditions 

• Electron beam 5.014 GeV
• Targets 2H, 12C, 56Fe, 207Pb (Al, Sn)
• Luminosity 2·1034  1/(s·cm2)

CLAS 
EG2 

Targets

“A double-target system for precision measurements of nuclear 

medium effects,” H. Hakobyan et al.  NIM A 592 (2008) 218– 223 

By using dual target approach, EG2 experiment 
makes a precise comparison of observables in a 

large nucleus A with respect to a small D 

EG2 experiment @ 5 GEV
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Results: 3D pion multiplicities
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π0  multiplicity ratios from EG2

3D  π0  Multiplicities Rπ0 (Q2 ,ν, z ) on 12C,56Fe,207Pb to D

99

Fig. 7.2: ⇡0
multiplicity ratios in (Q2

, ⌫, z) set plotted as a function of z in bins of Q
2
(indicated by the horizontal Q

2
axis)

and ⌫ (indicated by the color). The red color gradient corresponds to the carbon target, the blue - to the iron, and

the black - to the lead target. Statistical errors are indicated by vertical error bars on each point of multiplicity ratios;

total systematical uncertainties are presented by the color bars.

Statistical uncertainties given by error bars; systematical - by color bars

T.Mineeva
Analysis under review

Attenuation depends on nuclear size 
Hadron attenuation at high z  (z>0.6)  
Quantitatively is compatible with Hermes 

CLAS preliminary
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3D  π0  Multiplicities Rπ0(ν, z, pT2) on 12C,56Fe,207Pb to D
98

Fig. 7.1: ⇡0
multiplicity ratios in (⌫, z, p2T ) set plotted as a function of p2T in bins

of ⌫ (indicated at the bottom by the horizontal ⌫ axis) and z (indicated by

the color code in the first box). The bottom panel is carbon multiplicities,

the middle is iron, and the top panel is lead multiplicities. Statistical errors

are indicated by vertical error bars on each point of multiplicity ratios; total

systematical uncertainties are presented by the color bars.

T.Mineeva
Analysis under review

π0  multiplicity ratios from EG2

CLAS preliminary
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3D  π+  and π- Multiplicities Rπ (Q2 ,ν, z )

H.Hakobyan, 
S.Moran

under review

Charged π  multiplicity ratios from EG2



Taisiya Mineeva “Color propagation in eA from CLAS at Jefferson Lab ”  EPS HEP2019 

    Also on the way multiplicities of 

Λ, η and Omega  
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Future @ CLAS 12 at 11 GeV

Planned targets: D, C, Al, Cu, Sn, Pb (no Fe due to strong magnetic fields)

Dependence of the observables on:  mass, flavor and baryon number



Taisiya Mineeva “Color propagation in eA from CLAS at Jefferson Lab ”  EPS HEP2019 

Summary

 The microscopic information on space-time dynamics of hadronization  
 can be accessed via DIS using nuclear medium of increasing size as an analyzer
  
Transverse momentum broadening and hadronic multiplicity ratio observables 
provide insight on the lifetime of ‘free’ quark and formation of hadrons

Past results provided first insights on hadronization mechanisms
Need multidimensional data to constrain existing models

CLAS at 6 GeV high luminosity data on 2H, 12C, 56Fe, 207Pb 
Extraction of three-dimensional pion multiplicities
Analysis under review

Future program with CLAS12 (E12-06-117) will provide higher statistics and 
enable extraction of 4D multiplicities for a large spectrum of hadrons.

!

!

!

!

!
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Additional slide 



HERMES @DESY and CLAS @Jefferson Lab                                                        

■ HERMES has higher beam energy (27 GeV and 12 GeV, vs. 5 GeV) 

■ HERMES can identify a wider range of particle species 

■ CLAS has higher luminosity (1034/cm2/s, ~factor 100)
     – Can do 3 and 4-fold differential binning (vs. 1-D or 2-D for HERMES)
     – Access to higher Q2 (good statistics for 4 GeV2) and higher pT2

■ CLAS can use solid targets – Access to heaviest nuclei (207Pb vs. 131Xe)

Comparison of HERMES/DESY and CLAS/Jefferson Lab                                                        

■ HERMES has higher beam energy (27 GeV and 12 GeV, vs. 5 GeV)   
    – Much wider range in ν 
    – Access to higher W and W’

■ HERMES can identify a wider range of particle species   

■ CLAS has higher luminosity (1034/cm2/s, ~factor 100)  
     – Can do 3 and 4-fold differential binning (vs. 1-D or 2-D for HERMES)
     – Access to higher Q2 (good statistics for 4 GeV2) and higher pT2

■ CLAS can use solid targets – Access to heaviest nuclei (207Pb vs. 131Xe)  

ν (GeV)  Q2 (GeV2) z pT2 (GeV2)

CLAS 2.2 - 4.2 1.0 - 4.1 0,3 - 1.0 0 - 1.5

HERMES 7 -  23 1.0 - 10 0.2 - 1.0 0 - 1.1

    T.Mineeva ‘Multiplicity ratio measurements at CLAS’, Indiana-Illinois workshop on FF, 12/12/13 
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