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Why study  hadronization? 

● Mysterious:  how all the color from initial state 
   is neutralized into colorless hadrons 
   dynamical enforcement of confinement

● Fundamental: comes from non-Abelian feature of QCD
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Means to study parton propagation and fragmentation

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-
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Comparison of Parton Propagation in Three Processes 
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Deep-Inelastic Scattering in Vacuum 

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

Production time τp - propagating quark 
Formation time τf    - dipole grows to hadron
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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
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Deep-Inelastic Scattering in Medium 
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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

Partonic multiple scattering: medium-stimulated gluon emission,                                              
                                                broadening of pT.

Hadron forms outside the medium or .... 
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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

Hadron can form inside the medium 

Then additionally have prehadron/hadron interaction
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Observables 
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that measures the ratio of the energy transfered to the hadronic system to the total leptonic

energy available in the target rest frame. Invariant mass of the recoiled hadronic system is

related to ν and Q2
as:

W = (p + q)
2

= M 2
+ 2M ν −Q2

(5)

If in addition to the scattered lepton one of the produced hadrons is identified such process

is called semi-inclusive (SIDIS). The hadron which carriesfour-momentum P �
= (Eh, p�

)

is described by the fraction of the initial struck quark energy it carried away z =
ν
Eh

, its

momentum transfer relative to the virtual photon direction pT , and well as the angle φ

between lepton scattering plane and the virtual photon-hadron plane.

1.3 Experimental observables

In lepton-nucleus DIS the experimental observables are presented in terms of the hadronic

multiplicity ratio Rh
A and transverse momentum broadening ∆p2

T . When considering hadroniza-

tion in the nuclear medium, the rate of gluon emission due to multiple parton scattering is

expected to be greater than that which occurs in vacuum. This causes an increase of the

width of the transverse momentum distribution of the final state hadron. The transverse

momentum broadening for the observed final state hadron with respect to the direction of

the virtual photon direction is defined as [5]:

∆p2
T =< p2

T >A − < p2
T >D (6)

where < p2
T >A is an average hadron momentum squared produced on a nuclear target A:

< p2
T >A=

�

pT ,z ,ν,Q2

p2
T · Nh

�
pT , z , ν,Q2

�

�

pT ,z ,ν,Q2

Nh

�
pT , z , ν,Q2

�

���������
A

(7)

and < p2
T >D is the same quantity for Deuterium target. Since the hadron < p2

T > is mainly

accumulated by elastic scattering due to quark propagation and gluon emission, it is supposed

to be a sensitive probe to the quark lifetime, i.e. production time, as well as medium-

stimulated energy losses. Hadron multiplicity ratio or attenuation ratio represents the ratio

Transverse momentum broadening
defined with respect to the γ* direction  

     

Page 5

of the number of hadrons of type h produced per DIS event on a nuclear target of mass A

to that from a deuterium target:

Rh
A

�
ν,Q2 , z , pT , φ

�
=

Nh (ν,Q2 ,z ,pT ,φ)
Ne(ν,Q2 )|DIS

���
A

Nh (ν,Q2 ,z ,pT ,φ)
Ne(ν,Q2 )|DIS

���
D

(8)

where Nh is the yield of semi-inclusive hadrons in (ν,Q2 , z , pT , φ) bin and Ne is the number

of inclusive DIS events in the (ν,Q2 ) bin. The ν and z dependence of the multiplicity ratio

Rh
A can be used to estimate hadron formation time scale.

1.4 Previous experimental measurements

Electroproduction of the hadron from various nuclei was studied first in the earlier 70’s in

SLAC [6]. The ratio of single inclusive hadrons per g per cm2 per incident electron as a

function of z , pT , and A was measured. The attenuation Rh
A of forward hadrons (at high

z ) was observed for the first time in semi-inclusive cross section ratio. The experimental

results have shown evidence of hadron attenuation increasing with the atomic number A.

It was observed that the nuclear absorption of the detected hadrons decreases at higher z ,

that they are carrying. One of the first measurements with muon beam was conducted in

FNAL and further studied by EMC Collaboration with ultra-high energy muons [7]. Nuclear

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

cancelled most of the systematic uncertainties in the multiplicity ratio. Rh
A was measured

for the range of 20 < ν < 220 GeV in two Q2 bins, and as a function of pT in two ν

bins. The ratio rises above unity at high pT , which is consistent with earlier reported

Cronin effect [8] in hadron-nucleus collisions. In conclusion to the earlier measurements,

the results from SLAC (electron beams) and CERN (muons) experiments have shown that

multiplicity ratio mainly depends on the variables ν and z . This has been confirmed by the

Fermilab E665 experiment. The performed measurements have also shown that the optimal

transfer energy ν for studying nuclear effects on the multiplicity ratio ranges from a few

GeV to few tens of GeV [5]. The latest generation of experiments conducted in HERMES

at DESY and CLAS in Jefferson Lab rose a new wave of interest to the extensive studies of

Hadronic multiplicity ratio

The formation time τf can be accessed via RhA(Q2, υ, pT, zh) 

The production time τp  can be presumably accessed via 
broadening(A)
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The production time τp  can be presumably accessed via 
broadening(A)

Not in this talk
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CLAS: experiment, analysis, results
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Charged particle angles 8° - 144°

Neutral particle angles 8° - 70°

Momentum resolution ~0.5% (charged)

Angular resolution ~0.5 mr (charged)

Identification of p, !+/!-, K+/K-, e-/e+

5GeV e- beam Liquid Deuterium

Solid Target

CLAS EG2 (2004)
■ Electron beam 5.014 GeV
■ Targets 2H, 12C, 56Fe, 207Pb (Al, Sn)
■ Luminosity 2·1034  1/(s·cm2)

Experiment

EG2 data on C, Fe, Pb (+D) was recooked (2009) using new tracking and EC 
clustering algorithms: recovered 44% more ‘clean’ electrons and 90% more π0 

    Integrated Statistics (C, Fe, Pb +D): 130M DIS e-; 6.6 M π+, 2.8 M π- ,2.0 M π0
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π0  Analysis

■ Electron identification using all component of CLAS detector: DC, SC, CC, EC.
    DIS kinematics: Q2>1 GeV2 ;W>2 GeV; P>0.75 GeV

■ Photon identification in EC , energy corrections

■ π0 is reconstructed via 2γ inv. mass, background treated using the shape from mixing  
    two uncorrelated events and accounting  for the differences in event topology

■ Acceptance correction, purity cut off

■ Radiative Corrections
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Semi-inclusive radiative corrections off nuclear target

■ HAPRAD(2) *:  SI RC for π+ on proton + exclusive tail
                             calculations for internal radiation are based
                             on the convolution of leptonic and hadronic tensors    
     I.Akushevich, A.Ilyichev, M.Osipenko, Lowest order QED radiative corrections to five-fold differential cross section of hadron leptoproduction, arXiv:0711.4789 

■ SEMIRC: SI RC for three pion states off nuclear (polarized) targets 
                     model for cross section is based on experimental data
                     calculations for external&internal radiation
                     are based on Mo&Tsai approach + exclusive contribution
     P.Bosted, note in preparation

■ RADGEN + MC Event Generator:  inclusive spectrum from RADGEN 
                                                                is input in the MC to produce SI RC
                                                                all mesons on light nuclei
     HERMES 

Available tools

* Original code written in FORTRAN, adaptation to C++ : https://github.com/usm-data-analysis/HAPRAD_cpp

https://github.com/usm-data-analysis/HAPRAD_cpp
https://github.com/usm-data-analysis/HAPRAD_cpp
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 HAPRAD  formalism (SI)

Semi-inclusive RC from modified HAPRAD (1)

4

momentum distribution (G) as prescribed in [32].

H1 =

�

q

e2 fqDqG (0.2.1a)

H2 ≈ H1 (0.2.1b)

H3 = f (x ,Q2 , z )|cos(φ)

�

q

e2 fqDqG (0.2.1c)

H4 = f (x ,Q2 , z )|cos(2φ)

�

q

e2 fqDqG (0.2.1d)

where f(x, Q
2
, z) within code notation corresponds to cosine moments of cross

section fitted with A + B·cos(φ) + C·cos(2φ) function, and G is transverse mo-

mentum distribution:

G =
1

2πσ
· exp−(pT − µ)

2

2σ2
(0.2.2)

The expression for G is obtained through a multidimensional fit to data. Here

the µ and σ are the mean and the width of the Gaussian distribution in pT which

was fitted simultaneously in (x, z) bins. The fit parameters bear the following

dependence on (z,x):

µ = p0 + p1 · z + p2 · z 2
+ p3 · x + p4 · x 2

(0.2.3a)

σ = A + B · z + C · z 2
+ D · x + E · x 2

(0.2.3b)

Each set of parameters (p0, p1, p2, p3, p4) and (A, B, C,D, E) was obtained from the

data individually for each target. The entire data set was divided and acceptance

corrected in (x, z, pT ) = (5, 5, 16) bins. The fitting procedure on the three-

dimensional set of bins, omitting those with few statistics, was performed in three

steps. First, three-dimensional distributions in (x, z, pT ) (Fig.0.3) were projected

onto one-dimensional distributions in pT in each bin in z and x, and then fitted

with a Gaussian function. Second, the values of µ and σ of the Gaussian fit from

the first step were plotted for each value of x and fitted with a polynomial function

in order to obtain the x-dependent expressions for µ(x) and σ(x). Similarly,

dependencies of Gaussian parameters µ and σ were obtained as a function of

z. Finally, given the above ansatz on the shape of two-dimensional distributions

pT (x) and pT (z), the three-dimensional distributions were fitted simultaneously as

pT (x,z). The three-step fitting routine is performed iteratively and separately for

each target. The quality of the resulting three-dimensional fit is illustrated using

pT distribution in the slice of (x, z) bins on Fig.0.4 on the example of iron target.

Next, we examine φ distributions in data which will be used to construct H3 and

H4 structure functions. For that purpose we start by dividing and correcting

4

momentum distribution (G) as prescribed in [32].

H1 =
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q

e2 fqDqG (0.2.1d)

where f(x, Q
2
, z) within code notation corresponds to cosine moments of cross

section fitted with A + B·cos(φ) + C·cos(2φ) function, and G is transverse mo-

mentum distribution:

G =
1

2πσ
· exp−(pT − µ)

2

2σ2
(0.2.2)

The expression for G is obtained through a multidimensional fit to data. Here

the µ and σ are the mean and the width of the Gaussian distribution in pT which

was fitted simultaneously in (x, z) bins. The fit parameters bear the following

dependence on (z,x):

µ = p0 + p1 · z + p2 · z 2
+ p3 · x + p4 · x 2

(0.2.3a)

σ = A + B · z + C · z 2
+ D · x + E · x 2

(0.2.3b)

Each set of parameters (p0, p1, p2, p3, p4) and (A, B, C,D, E) was obtained from the

data individually for each target. The entire data set was divided and acceptance

corrected in (x, z, pT ) = (5, 5, 16) bins. The fitting procedure on the three-

dimensional set of bins, omitting those with few statistics, was performed in three

steps. First, three-dimensional distributions in (x, z, pT ) (Fig.0.3) were projected

onto one-dimensional distributions in pT in each bin in z and x, and then fitted

with a Gaussian function. Second, the values of µ and σ of the Gaussian fit from

the first step were plotted for each value of x and fitted with a polynomial function

in order to obtain the x-dependent expressions for µ(x) and σ(x). Similarly,

dependencies of Gaussian parameters µ and σ were obtained as a function of

z. Finally, given the above ansatz on the shape of two-dimensional distributions

pT (x) and pT (z), the three-dimensional distributions were fitted simultaneously as

pT (x,z). The three-step fitting routine is performed iteratively and separately for

each target. The quality of the resulting three-dimensional fit is illustrated using

pT distribution in the slice of (x, z) bins on Fig.0.4 on the example of iron target.

Next, we examine φ distributions in data which will be used to construct H3 and

H4 structure functions. For that purpose we start by dividing and correcting

3

Fig. 0.2: Feynman diagrams contributing to the Born cross section (a) and the lowest
order QED effects (b-e).

target, the next version, HAPRAD2 [31], includes additional contribution of π+

exclusive radiative tail. The version of HAPRAD2 code tailored to extract radia-

tive corrections for π0
includes modification of structure functions due to nuclear

effects, as well as exclusive π0
contribution to radiative tails.

0.2.1 Nuclear Structure Functions

Since the original version of HAPRAD code is aimed at extracting radiative

corrections (RC) on the proton, a modification must be introduced in order to

account for the nuclear effects on the targets under consideration: D, C, Fe,

and Pb. The SIDIS cross section within the leading twist formalism depends

on four hadronic structure functions: σSIDIS = σSIDIS(H1,H2,H3,H4) (exact

expression is given in 0.2.5). The structure functions enter in σSIDIS each with

their kinematical factors calculated based on leptonic kinematics. The nuclear

effects are accounted for by replacing default proton structure functions for the

nuclear structure functions in the expression for SIDIS. Within the code notation,

the H3 and H4 structure functions correspond to the cosine moments of cross

section, while H1 and H2 are interrelated by the hadron kinematical factor. The

model for each of the structure functions is constructed based on the convolution

of parton distribution function (fq), fragmentation function (Dq), and transverse

Method: substitute default structure functions (H1, H2, H3, H4) on proton by those on nuclei
by performing fit to  transverse momentum distribution G on a given dataset.
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A slice of acceptance corrected pT 

distribution (red points) for π0  

candidate in (x,z) bins
on the example of iron target.
 
Blue line illustrates Gaussian fit to 
pT performed simultaneously in (x,z).

The parametrization of pT  with 
µ(x,z) and σ(x,z) enters in Hn via:

6

Fig. 0.4: A slice of acceptance corrected pT distributions (red points) in (x, z) bins of
π0 candidates (iron target). The pT distribution is in the range (0, 1.5) GeV.
The blue lines illustrate the goodness of the Gaussian fit of pT obtained as
a simultaneous function of (x, z). This parametrization is used as an input
in nuclear structures functions, H1 and H2, in radiative correction code.

a fixed kinematical point for which an input values in (Q2, ν, z, p⊥, φ) are required
(equivalent up to a beam energy and proton mass to the actual code calculation
in (x, y, z, p⊥, φ)). Thus no a priori integration over one of the variables could
be done.

pT  in the range (0, 1.5) GeV

Semi-inclusive RC from modified HAPRAD (2)

4

momentum distribution (G) as prescribed in [32].

H1 =

�

q

e2 fqDqG (0.2.1a)

H2 ≈ H1 (0.2.1b)

H3 = f (x ,Q2 , z )|cos(φ)

�

q

e2 fqDqG (0.2.1c)

H4 = f (x ,Q2 , z )|cos(2φ)

�

q

e2 fqDqG (0.2.1d)

where f(x, Q
2
, z) within code notation corresponds to cosine moments of cross

section fitted with A + B·cos(φ) + C·cos(2φ) function, and G is transverse mo-

mentum distribution:

G =
1

2πσ
· exp−(pT − µ)

2

2σ2
(0.2.2)

The expression for G is obtained through a multidimensional fit to data. Here

the µ and σ are the mean and the width of the Gaussian distribution in pT which

was fitted simultaneously in (x, z) bins. The fit parameters bear the following

dependence on (z,x):

µ = p0 + p1 · z + p2 · z 2
+ p3 · x + p4 · x 2

(0.2.3a)

σ = A + B · z + C · z 2
+ D · x + E · x 2

(0.2.3b)

Each set of parameters (p0, p1, p2, p3, p4) and (A, B, C,D, E) was obtained from the

data individually for each target. The entire data set was divided and acceptance

corrected in (x, z, pT ) = (5, 5, 16) bins. The fitting procedure on the three-

dimensional set of bins, omitting those with few statistics, was performed in three

steps. First, three-dimensional distributions in (x, z, pT ) (Fig.0.3) were projected

onto one-dimensional distributions in pT in each bin in z and x, and then fitted

with a Gaussian function. Second, the values of µ and σ of the Gaussian fit from

the first step were plotted for each value of x and fitted with a polynomial function

in order to obtain the x-dependent expressions for µ(x) and σ(x). Similarly,

dependencies of Gaussian parameters µ and σ were obtained as a function of

z. Finally, given the above ansatz on the shape of two-dimensional distributions

pT (x) and pT (z), the three-dimensional distributions were fitted simultaneously as

pT (x,z). The three-step fitting routine is performed iteratively and separately for

each target. The quality of the resulting three-dimensional fit is illustrated using

pT distribution in the slice of (x, z) bins on Fig.0.4 on the example of iron target.

Next, we examine φ distributions in data which will be used to construct H3 and

H4 structure functions. For that purpose we start by dividing and correcting
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Semi-inclusive RC from modified HAPRAD (3)
7

Fig. 0.5: A slice of φ distributions in the range (0, 180)◦ of π0 candidates with-
out acceptance correction (black points) and acceptance corrected (red
points) in (x, Q2, z) bins (iron target). φ distributions were initially fit-
ted with A + Bcos(φ) + Ccos(2φ) function in each of the (x, Q2, z)
bins. The fit showed that coefficients A, B and C depend on the kine-
matics, therefore in order to simplify extraction of the function fitting co-
sine moments over all kinematical range, the fit was rearrange such as:
f(�φ)=A (1 + B�cos(φ) + C�cos(2φ)). Next, the parameters B’ and C’ from
the fit were separately fitted over the entire kinematics, and function B’(z)
and C’(const) were found to describe those dependencies well. Red fit il-
lustrates the f�(φ) fitted with one parameter fixed (B�), while the green fit
has both parameters (B� and C�) fixed. The B� and C� are the inputs to the
cosine moments ofH3 andH4 structure functions with proper normalization.

ϕ in the range (0, 180)˚

A slice of acceptance corrected
φ distributions in bins (x,Q2,z)
on the example of iron target:
black points - w/o acceptance
correction, red - corrected for 
acceptance.

Red and green curves correspond
 to the fit: 1+Acos(φ) +Bcos(2 φ).
The coefficients in the red, used
in H3, H4, depend only on z.
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Semi-inclusive RC from modified HAPRAD (4)
RC factors for D, Fe and Fe/D ratio in set of (Q2 , ν, z )
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Exclusive Tails from modified HAPRAD 
10

that of the hadron in the CM (dΩ∗
h) [35]:

σEXCL =
dσ

dE �dΩdΩ∗
h

= Γ
dσ

dΩ∗
h

(0.2.7)

Γ =
α

2π2

E �

E

kγ

Q2

1

1− �

where Γ is the flux of the virtual photon field in the Hand convention [36];
kγ = W 2−M2

2M is the ’photon equivalent energy’ to excite hadronic system with
energy W; and polarization � = 1/(1 + 2 ∗ (1 + ν2/Q2tan2 θ

2)). Integration over
hadronic and leptonic φ yields following differential form for exclusive cross sec-
tion: dσ

dEdcosθedcosθCM
. Extraction of this quantity from the HAPRAD code is done

by adding contribution from σT and σL, and calculating � such that σEXCL ≈
σT + �σL. The default units of exclusive cross section in the code are [mbarn/sr]
per nucleon.

The cross sections for exclusive π0 production on proton and neutron in the
resonance region are available through MAID2007. The MAID model is con-
structed by means of multipole analysis based on the recollection of photopro-
duction data in the ranges corresponding to the electroproduction kinematics of
1.1 < W < 2 (GeV) and 0. < Q2 < 5 (GeV2). Outside this kinematics at W> 2
(GeV) HAPRAD employs extrapolation of MAID cross sections. The extrapola-
tion is based the parton-intercharge model that fits Cornell [37] π+ electropro-
duction dataset in the range 1.2<W<3.0 (GeV) and 1.2< Q2 <4.4 (GeV2). As
implemented in the code, the exclusive cross section for W>2 is but a normal-
ization of MAID cross section at W=2 (GeV) by a factor of (2/W)const·θ2

π . The
transition at W=2 GeV is by construction smooth, however, Cornell parametriza-
tion is not a reliable source of determining π0 cross section at high W.

The recently published data from Hall B on exclusive π0 electroproduction [40]
measured in the range 1. < Q2 < 4.6 (GeV2), 2 < W < 3 (GeV) were investigated
on its relevance to our calculations of exclusive part of radiative corrections (see
next chapter). Parametrization of this dataset by V.Kubarovsky [41] (further re-
ferred to as VK parametrization) is based on the GPD inspired phenomenological
model which agrees well with the measurement. The physical components of the
parametrization have following features. The dependence of structure functions
on Q2 is that of dipole type (1/(Q2) + Mp). The behavior of σLL and σLT is cor-
rectly reproduced at threshold: the structure functions go to zero at kinematically
forbidden domain (t < tmin). The t-dependence of the structure functions is taken
as the one commonly used in the GPD models (∼ lnxB). Such parametrization,
based on phenomenological description of experimental data, ideally suits our
goals. Extending it down to at least W=1.8 (GeV) is a reliable alternative of

The structure functions for exclusive cross section come from two sources:
 1. W<2 GeV:  MAID2007 parametrization (MAID2003 in default version for π+)
 2. W>2 GeV:  Cornell interpolation * based on π+ electroproduction in 1.2<W<3.0 (GeV)

Alternative for π0 case:
Employ structure functions from parametrization (V.Kubarovsky) based on 
phenomenological model (V.Kubarovsky) fitted to  exclusive π0  data at W>2 (GeV) **
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Semi-inclusive RC + Exclusive contribution
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RC factors for D, Fe and Fe/D ratio in set of (Q2 , ν, z )



    T.Mineeva ‘Hadronization via π  electroproduction  off nuclear targets’, UGM , May 30, 2013

Pion Multiplicities  
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 Rπ 
0 in 3D set of (Q2 ,ν, z ) integrated over pT2

CLAS PRELIMINARY

■Attenuation systematically increases for the larger nuclei 
■Attenuation of high z hadrons 

■ Small dependence on Q2 and ν

π0 Multiplicities  

Results do not include systematic errors
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π0 Multiplicities  

 Rπ 
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π0 Multiplicities: comparison  
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Fig. 5. Values of Rh
A for neutral pions as a function of ν, z, Q2, and p2

t . The data
as a function of z are shown for z > 0.1. Error bars as in Fig. 2.

attenuation decreases (the value of Rh
A increases) with increasing values of

ν. (For He this behaviour presumably is present as well, but small compared
to the uncertainties in the data points.) In the absorption-type models this
is explained as being due to an increase of the formation length in the rest
frame of the nucleus at higher ν due to Lorentz dilatation, resulting in a larger
fraction of the hadronization taking place outside the nucleus. In partonic
models the quark energy loss leads effectively to a shift ∆z in the argument
of the fragmentation function, and thus an attenuation that is proportional to
ε/ν, with ε the quark energy loss.

For protons Rh
A increases at higher values of ν to well above unity for Kr and

Xe. Here the following should be realized. The value of 〈z〉 is correlated with ν,
e.g., the value of 〈z〉 for the lowest ν-bin is about 0.57, whereas for the highest
ν-bin it is 0.35. Since the value of Rh

A strongly increases with decreasing value
of z (see the next subsection), a large fraction of the strong increase at high
ν is in fact due to the dependence of Rh

A on z. Such an effect may play a role
for other particles, e.g., for K+, too.

5.1.2 z-dependence

As can be seen from the second column in Figs. 2, 3, and 5 for all hadron types
Rh

A is largely constant with z for He, while it decreases with increasing z for Ne
and especially for Xe and Kr. In parton energy-loss models this results from
the strong decrease of the fragmentation function at large z in combination
with the ∆z resulting from the energy loss. In absorption-type models the
overall decrease of Rh

A with increasing z is assumed to be due to a decrease
in the formation length in combination with (pre)hadronic absorption. The
increase of Rh

A at large z calculated in Ref. [22] is not observed in the data.

18

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

CLAS 
2.2 < ν < 4.2 (GeV) 

 1. < Q2 < 4.1 (GeV2)
W2 >4

HERMES 
7 < ν < 23 (GeV) 

   1< Q2 < 10 (GeV2)
W2 > 10

CLAS PRELIMINARY
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attenuation decreases (the value of Rh
A increases) with increasing values of

ν. (For He this behaviour presumably is present as well, but small compared
to the uncertainties in the data points.) In the absorption-type models this
is explained as being due to an increase of the formation length in the rest
frame of the nucleus at higher ν due to Lorentz dilatation, resulting in a larger
fraction of the hadronization taking place outside the nucleus. In partonic
models the quark energy loss leads effectively to a shift ∆z in the argument
of the fragmentation function, and thus an attenuation that is proportional to
ε/ν, with ε the quark energy loss.

For protons Rh
A increases at higher values of ν to well above unity for Kr and

Xe. Here the following should be realized. The value of 〈z〉 is correlated with ν,
e.g., the value of 〈z〉 for the lowest ν-bin is about 0.57, whereas for the highest
ν-bin it is 0.35. Since the value of Rh

A strongly increases with decreasing value
of z (see the next subsection), a large fraction of the strong increase at high
ν is in fact due to the dependence of Rh

A on z. Such an effect may play a role
for other particles, e.g., for K+, too.

5.1.2 z-dependence

As can be seen from the second column in Figs. 2, 3, and 5 for all hadron types
Rh

A is largely constant with z for He, while it decreases with increasing z for Ne
and especially for Xe and Kr. In parton energy-loss models this results from
the strong decrease of the fragmentation function at large z in combination
with the ∆z resulting from the energy loss. In absorption-type models the
overall decrease of Rh

A with increasing z is assumed to be due to a decrease
in the formation length in combination with (pre)hadronic absorption. The
increase of Rh

A at large z calculated in Ref. [22] is not observed in the data.
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Figure 7.1: A1/3 dependence of the multiplicity ratio. Normalization uncertain-
ties are not shown.

Figure 7.2: Multiplicity ratios as a function of p2
⊥ (GeV2/c2) for charged pions.

Left panel is the usual observable, right panel shows multiplicity ratio of lead
normalized to carbon. Normalization uncertainties are not shown.

Figure 7.3: Multiplicity ratios as a function of p2
⊥ (GeV2/c2) and z (left) or ν

(GeV) (right) for positive pions. Normalization uncertainties are not shown.
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Figure 7.1: A1/3 dependence of the multiplicity ratio. Normalization uncertain-
ties are not shown.

Figure 7.2: Multiplicity ratios as a function of p2
⊥ (GeV2/c2) for charged pions.

Left panel is the usual observable, right panel shows multiplicity ratio of lead
normalized to carbon. Normalization uncertainties are not shown.

Figure 7.3: Multiplicity ratios as a function of p2
⊥ (GeV2/c2) and z (left) or ν

(GeV) (right) for positive pions. Normalization uncertainties are not shown.
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Multiplicities | !+

 R! 
+  slice in 3D set of bins (Q2 ,3.2<!<3.7, z) integrated over pT2

!Attenuation systematically increases for the larger nuclei 
!Attenuation of high z hadrons, enhancement for high pT2 
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Future program

! Extraction of timescales and quark energy loses based on the finalized data analysis

! Measurement from existing EG2 set of !0 vs " suppression (not previously accessed
   in cold matter), extraction of transverse momentum broadening for both mesons.

! The program to pursue hadronization studies at CLAS12 (E12-06-117) with 11 
   GeV electron beam has been approved for 120 beam days.  It will provide by far 
   the best experimental access to medium-simulated quark energy loss, and enable   
   extraction of 4D multiplicities for wide range of hadrons.

! EIC will offer high energy eA collisions with Ee- =11 GeV/c and unpolarized heavy 
   nuclei EA = 12-40 GeV/c per nucleon for A>200 (Au, Pb).
   Long parton life time, direct access to pQCD Eloss .

Future Program
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Summary

■ Hadronization in DIS, also Drel-Yan and heavy ion collision
■ Production time related to transverse momentum broadening
■ Formation time related to hadronic multiplicity ratio

■ CLAS eg2 three pion state analysis, on 2H, 12C, 56Fe, 207Pb 
■ Multidimensional multiplicity analysis:  3D for π0/π+, 2D for π-

■ RC for π  off nuclear target  + exclusive contribution

■ Hadronization studies reach precision era
■ Future program with CLAS12 (E12-06-117)
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BACKUP SLIDES
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meson c! mass flavor 
content

!0 25 nm 0.13 uu̅̅dd̅̅
!+, !- 7.8 m 0.14 ud,̅̅ du̅̅

" 170 pm 0.55 uu̅̅dd̅̅ss ̅̅
# 23 fm 0.78 uu̅̅dd̅̅ss ̅̅
"’ 0.98 pm 0.96 uu̅̅dd̅̅ss ̅̅
$ 44 fm 1.0 uu̅̅dd̅̅ss ̅̅
f1 8 fm 1.3 uu̅̅dd̅̅ss ̅̅
K0 27 mm 0.50 ds ̅̅

K+, K- 3.7 m 0.49 us ̅̅, u̅̅s

baryon c! mass flavor 
content

p stable 0.94 ud

p̄ stable 0.94 u̅̅d̅̅
% 79 mm 1.1 uds

%(1520) 13 fm 1.5 uds

&+ 24 mm 1.2 us

&- 44 mm 1.2 ds

&0 22 pm 1.2 uds

'0 87 mm 1.3 us

'- 49 mm 1.3 ds

The tools: stable hadrons, accessible with 11 GeV
experiment PR12-06-117 W.K. Brooks, J.G. Gilfoyle, K. Hafidi, M. Holtrop + 7 others not in this room

Actively underway with existing 5 GeV data     
Hayk Hakobyan, Taya Mineeva, Raphaël Dupré, Lamiaa El Fassi, Aji Daniel, Ken Hicks, Ioana and Gabriel Niculescu

Tuesday, September 27, 2011

Accessible hadrons in CLAS

W.Brooks
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Existing 2D Data on Multiplicities: HERMES
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Fig. 1. Dependence of Rh
A on ν for positively and negatively charged hadrons for three slices in z as indicated in the legend.

The inner and outer error bars indicate the statistical and total uncertainties, respectively. For the latter the statistical and
systematic bin-to-bin uncertainties were added in quadrature. In addition, scale uncertainties of 3%, 5%, 4%, and 10% are to
be considered for pions, kaons, protons and antiprotons, respectively.

which was a common observation in all distributions under

study.

The results for protons differ significantly from those

for the other hadrons. For the heavy nuclei, Rp
A behaves

very differently for the three z-slices, considerably exceed-

ing unity at higher ν for the lowest z-slice. Part of the

explanation may be the following. Unlike the other ha-

drons, protons are present already in the target nucleus.

Therefore, apart from hadronization, residual protons can

also result from reactions in the final state (final-state in-

teractions), whereby a proton is knocked out of the nu-

cleus. Those protons will preferably be emitted with low

energy. This could lead to an energy dependence which,

in conjunction with other kinematic factors, leads to the

observed non-trivial behaviour.

The dependence of Rh
A on z for three

2
slices in ν is

shown in Fig. 2. A slight change of the z dependence when

varying the ν range was observed for the π+
and π−

dis-

tributions. This has been observed already in Ref. [7] for

the combined pion sample and we refer to that paper for

the discussion. The results on krypton and xenon for pro-

tons show a very strong dependence on z, the value of

Rp
A exceeding unity in all ν ranges at low z. This sup-

ports the assumption that at low values of z there is a

sizable contribution of final-state interactions. A similar,

2 As the combined dependence on ν and z is crucial for var-
ious model calculations, the results as a function of z are also
given for five slices in ν in Ref. [16].

but smaller effect was seen for K
+
, as RK+

A increases to

almost unity, while RK−

A remains well below unity. This

suggests that interactions play a role for K
+

production

in which a proton in the target nucleus is transformed into

a K
+ Λ pair while the analogous process for K

−
produc-

tion is suppressed due to the quark content of the K
−
.

Figure 3 shows the dependence of Rh
A on p2t for three

slices in z for positively charged hadrons. The behaviour

of Rh
A for π−

(not shown) was found to be the same as that

for π+
within statistical uncertainties. The rise at high p2t

suggests a broadening of the pt distribution [23]. Such a

broadening could result from an interaction of the struck

quark with the nuclear environment before the final ha-

dron is produced and/or from interactions of the produced

hadron within the nucleus. A detailed analysis and discus-

sion of the HERMES data for pions and K
+

particles in

terms of pt-broadening has been presented in Ref. [43]. In-

teresting to note is that in the highest z-slice Rh
A for pions

and K
+

becomes independent of p2t within statistical un-

certainties, while for protons a significant rise is observed

at high p2t . For K
−

and antiprotons (either not shown)

limited statistics preclude any definite conclusion. In the

intermediate z-range protons also show a much stronger

rise with p2t compared to pions and kaons in the respec-

tive ranges. This is consistent with a large contribution of

final-state interactions in the case of protons.

In Fig. 4, the variation of the p2t -dependence with z is

presented in a different way by showing the dependence

of Rh
A on z for three slices in p2t . The global decrease of

 HERMES Collaboration, A.Airapetian et. al., Eur.Phys.J.A47:113,2011
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Models 
Phenomenological
A. Bialas and T. Chmaj, PhL 133B (1983) 241
A. Bialas and M. Gyulassy, NPh B291 (1987) 793
one or two time scales plus corresponding cross sections

Energy loss type
X. Guo and X.N. Wang, PRL 85 (2000) 3591
E. Wang and X.N. Wang, PRL 89 (2002)162301
F. Arleo EPJ C30 (2003) 213
gluon radiation and quark-quark interaction
effective (increased) z in fragmentation function 

Energy loss and absorption
A. Accardi, V. Muccifora, H.J. Pirner, NPh A720 (2003)131
B.Z. Kopeliovich, J. Nemchik, E. Predazzi, A. Hayashigaki,
NPh A740 (204) 211
nuclear absorption cross sections after ‘formation’ time

‘Full FSI’
T. Falter, W. Cassing, K. Gallmeister, U.Mosel, PR C70 (2004) 054609
coupled-channel treatment of FSI by means of BUU transport model

Hadronization workshop Trento, Oct. 2005 19

Comparison of published data with models: ‘Arleo’

Hadronization workshop Trento, Oct. 2005 20

Comparison of published data with models: ‘Kopeliovich’

Hadronization workshop Trento, Oct. 2005 21

Comparison of published 
data with models: ‘Falter’

Kopieliovich

Arleo

Falter

“None of the existing models are able to describe all aspects of hadronization”, Gunar Schnell, HERMES



Analysis: Acceptance Ratio (eπ0)
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(ν, z, pT2 )  = 108 bins

34

Fig. 1.32: eπ0 acceptance plotted as a function of p2
T (in the middle of the bin) in

bins of z (indicated by color) and ν (vertical binning) integrated over Q2.
Based on our studies of purities, we exclude 6 bins for which Purity <30%
for either target. Those bins are comprised of: (2.2< ν <3.2, 0.3<
z <0.4, 0.7< z <0.8,0.8< z <1.0, 0.75< p2

T <1.5), (2.2< ν <3.2, 0.8<
z <1.0, 0.55< p2

T <0.75) (3.2< ν <3.73, 0.8< z <1.0, 0.75< p2
T <1.5) and

(3.73< ν <4.25, 0.8< z <1.0, 0.75< p2
T <1.5).

32

Fig. 1.30: eπ0 acceptance plotted as a function of z (in the middle of the bin) in bins
of ν (indicated by color) and Q2 (vertical binning). Limits of integration
over p2

T are individual for each of six targets. In the above case acceptance
is illustrated on the example of cutoff as determined for lead.

(Q2,ν, z )  = 54 bins
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Purity 
25

Fig. 1.25: 3D Purities in (ν, z, p2
T ) bins for Deuterium (top) and Iron (bottom). We

further exclude bins from our analysis for which Purity<30%.

to the reconstructed bin in all four variables simultaneously (Fig. 1.24). From

4D binning there are two way to go down in the number of dimensions in which

purity is measured. Let us consider an example of 3D binning in (Q2, ν, z). One

can either sum already calculated 4D number of counts in (Q2, ν, z, p2
T ) over p2

T ,

or construct a new Purity(Q2, ν, z) requiring that reconstructed π0 kinematics

match generated kinematics in both (Q2, ν, z) bins. The later condition omits

the requirement on the purity in p2
T bin by simply integrating over this variable.

Integration of multidimensional purity down to (Q2, ν, z) given purity values less

by 10% on average per bin as compared to a purity calculated directly in 3D bins

by integrating over all p2
T values. This difference is caused by the poor resolution

in p2
T . If instead we choose a different variable of integration, for example Q2, the

difference between the two methods would be negligible due to a fine resolution

in Q2. For illustration of the two methods refer to [?].

Purity is not used directly but rather as a ’control distribution’. Flat cross sec-

tion with perfect efficiency in 1D bin which has a minimum resolution of 1σ would

yields Purity=68%. From this assumption we can deduct a rule of thumb ask-

ing for Purity > (0.68)n for an n-dimensional binning [?]. Therefore for n=4

 (ν, z, pT2 )

26

Fig. 1.26: 3D Purities in (Q2, ν, z) bins for Deuterium (top) and Iron (bottom). The

example of p2
T cutoffs of the integration correspond to Deuterium from Car-

bon and Lead targets as determined in data. These two targets correspond

to the smallest available statistics, hence larger fluctuations and more stri-

gent cutoffs. On average, independent of which of the six p2
T cutoffs is used,

puritties this set of bins never drop below 50%.

dimensional case bins with Purity< 20% should be excluded, and for n=3 case we
exclude bins with Purity< 30% (Fig. 1.25-1.26). Purites of each bin in (Q2, ν, z)
set exceed 50% and show little dependece on the target type. Meanwhile, purities
in (ν, z, p2

T ) are significantly lower, in particular for Deuterium target, hence, the
bins with Purity< 30% will be excluded from being presented in our final results.

1.5 Acceptance

CLAS detector is a complex system, its acceptance correction consists of the geo-
metrical acceptance, detection and track reconstruction efficiencies. CLAS polar
and azimuthal angular coverage is less than 4π, the distance to the CLAS center
z=0 from the solid target is 5 times more than the separation distance of the two
targets. The above conditions are sufficient to create an imbalance in the particle
acceptance of one target with respect to the other, especially when the scattered

(Q2,ν, z )
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or construct a new Purity(Q2, ν, z) requiring that reconstructed π0 kinematics
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T bin by simply integrating over this variable.
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by integrating over all p2
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Purity is not used directly but rather as a ’control distribution’. Flat cross sec-

tion with perfect efficiency in 1D bin which has a minimum resolution of 1σ would

yields Purity=68%. From this assumption we can deduct a rule of thumb ask-

ing for Purity > (0.68)n for an n-dimensional binning [?]. Therefore for n=4
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Fig. 1.26: 3D Purities in (Q2, ν, z) bins for Deuterium (top) and Iron (bottom). The

example of p2
T cutoffs of the integration correspond to Deuterium from Car-

bon and Lead targets as determined in data. These two targets correspond

to the smallest available statistics, hence larger fluctuations and more stri-

gent cutoffs. On average, independent of which of the six p2
T cutoffs is used,

puritties this set of bins never drop below 50%.

dimensional case bins with Purity< 20% should be excluded, and for n=3 case we
exclude bins with Purity< 30% (Fig. 1.25-1.26). Purites of each bin in (Q2, ν, z)
set exceed 50% and show little dependece on the target type. Meanwhile, purities
in (ν, z, p2

T ) are significantly lower, in particular for Deuterium target, hence, the
bins with Purity< 30% will be excluded from being presented in our final results.

1.5 Acceptance

CLAS detector is a complex system, its acceptance correction consists of the geo-
metrical acceptance, detection and track reconstruction efficiencies. CLAS polar
and azimuthal angular coverage is less than 4π, the distance to the CLAS center
z=0 from the solid target is 5 times more than the separation distance of the two
targets. The above conditions are sufficient to create an imbalance in the particle
acceptance of one target with respect to the other, especially when the scattered

(Q2,ν, z )

Ansatz: flat cross section with perfect efficiency in 1D bin with minimum  resolution 1σ would have Purity = 68%. 
In n-dimensions this yields (0.68)n, n=3 dimensions we apply a cut off at Purity>30%
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T cutoffs of the integration correspond to Deuterium from Car-

bon and Lead targets as determined in data. These two targets correspond

to the smallest available statistics, hence larger fluctuations and more stri-

gent cutoffs. On average, independent of which of the six p2
T cutoffs is used,

puritties this set of bins never drop below 50%.

dimensional case bins with Purity< 20% should be excluded, and for n=3 case we
exclude bins with Purity< 30% (Fig. 1.25-1.26). Purites of each bin in (Q2, ν, z)
set exceed 50% and show little dependece on the target type. Meanwhile, purities
in (ν, z, p2

T ) are significantly lower, in particular for Deuterium target, hence, the
bins with Purity< 30% will be excluded from being presented in our final results.

1.5 Acceptance

CLAS detector is a complex system, its acceptance correction consists of the geo-
metrical acceptance, detection and track reconstruction efficiencies. CLAS polar
and azimuthal angular coverage is less than 4π, the distance to the CLAS center
z=0 from the solid target is 5 times more than the separation distance of the two
targets. The above conditions are sufficient to create an imbalance in the particle
acceptance of one target with respect to the other, especially when the scattered
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Ansatz: flat cross section with perfect efficiency in 1D bin with minimum  resolution 1σ would have Purity = 68%. 
In n-dimensions this yields (0.68)n, n=3 dimensions we apply a cut off at Purity>30%
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398 41. Plots of cross sections and related quantities
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Figure 41.13: Total and elastic cross sections for π±p and π±d (total only) collisions as a function of laboratory beam momentum and total
center-of-mass energy. Corresponding computer-readable data files may be found at http://pdg.lbl.gov/current/xsect/. (Courtesy of the
COMPAS Group, IHEP, Protvino, August 2005)

Hadronic broadening or partonic broadening? 

pT broadening for Pb does not show any 
strong trend with pion energy, while hadronic 
elastic scattering cross section changes by 

an order of magnitude

Tuesday, September 27, 2011


