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  Outline of my talk 

 • Hadronization - fundamental process of QCD 

 • Experimental realization: CLAS at 6 GeV  

 • Future at CLAS12 and EIC 
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Hadronization - why is it interesting?

Hadronization is fundamental QCD process

threshold matching at the heavy quark pole masses Mc = 1.5 GeV and Mb = 4.7 GeV. Results from
data in ranges of energies are only given for Q = MZ0 . Where available, the table also contains the
contributions of experimental and theoretical uncertainties to the total errors in αs(MZ0).

Finally, in the last two columns of table 1, the underlying theoretical calculation for each mea-
surement and a reference to this result are given, where NLO stands for next-to-leading order, NNLO
for next-next-to-leading-order of perturbation theory, “resum” stands for resummend NLO calculations
which include NLO plus resummation of all leading und next-to-leading logarithms to all orders (see
[39] and [32]), and “LGT” indicates lattice gauge theory.

Figure 17: . Summary of measurements of αs(Q) as a function of the respective energy scale Q, from
table 1. Open symbols indicate (resummed) NLO, and filled symbols NNLO QCD calculations used in
the respective analysis. The curves are the QCD predictions for the combined world average value of
αs(MZ0), in 4-loop approximation and using 3-loop threshold matching at the heavy quark pole masses
Mc = 1.5 GeV and Mb = 4.7 GeV.

In figure 17, all results of αs(Q) given in table 1 are graphically displayed, as a function of the
energy scale Q. Those results obtained in ranges of Q and given, in table 1, as αs(MZ0) only, are not
included in this figure - with one exception: the results from jet production in deep inelastic scattering
are represented in table 1 by one line, averaging over a range in Q from 6 to 100 GeV, while in figure 17
combined results for fixed values of Q as presented in [67] are displayed.

28

from S.Bethke Prog.Part.Nucl.Phys.58 (2007)

Confinement

Asymptotic freedom

✔

Propagation of color relies on key property of QCD as color gauge theory - asymptotic freedom 
Restoration of color neutrality from QCD vacuum is dynamical enforcement of confinement

 Hadronization describes the transition between colored d.o.f  to composite colorless objects

Short distances l<<1fm
q and g in QCD vacuum

Long distances 
color charge anti-screening
color flux tube between qq

Visualization of QCD from D.Leinweber
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Hadronization - why is it interesting?

Hadronization is fundamental QCD process
✔

Propagation of color relies on key property of QCD as color gauge theory - asymptotic freedom 
Restoration of color neutrality from QCD vacuum is dynamical enforcement of confinement

 Hadronization describes the transition between colored d.o.f  to composite colorless objects

✔ Hadronization spans over pQCD & non-pQCD 
regimes - space-time view of factorization 

Radiative corrections depend on the kinematics, and change the
shape of some distributions. 

The above scale factors are simply adjustments to make the measured
cross section represent the probability of measuring the
p(e,e’π)X reaction, corrected for all the other probabilities of the
measurement. 

9) For example, the above process can be calculated as a Semi-
Inclusive Deep Inelastic Scattering (SIDIS) process: 

See a recent talk by Mariaelena Boglione (Torino group):
 http://www.int.washington.edu/talks/WorkShops/int_17_3/People/Bogli
one_M/Boglione.pdf
and a related paper from the same
group: https://arxiv.org/pdf/1312.6261.pdf and https://link.springer.com/
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Hadronization - why is it interesting?

Hadronization is fundamental QCD process
✔

Propagation of color relies on key property of QCD as color gauge theory - asymptotic freedom 
Restoration of color neutrality from QCD vacuum is dynamical enforcement of confinement

 Hadronization describes the transition between colored d.o.f  to composite colorless objects

✔ Hadronization spans over pQCD and non-pQCD regimes space-time view of factorization 

Benchmark in describing heavy ion collisions  
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6

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)

Color propagation in DIS, DY and HI

Accardi, Arleo, Brooks, d'Enterria, Muccifora Riv.Nuovo Cim.032:439553,2010 [arXiv:0907.3534]



Partonic elastic scattering
in medium Color neutralization Hadron formation

Gluon bremsstrahlung
in vacuum and in medium

Fundamental QCD proceses in DIS

Formation time hτf  is the time or distance required for a colored system         
      to evolve into a color singlet system 

Color lifetime τC  is the color lifetime or lifetime of highly virtual        

         quark following hard processes

 τC hτf

xB>0.1
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Quark - nucleus interactions: pQCD aspects

Quark - hadron evolution: non-pQCD aspects

What are the mechanisms of color neutralization?

✔ Characteristic times of hadron system to evolve into color singlet

✔ Map the mechanism of fragmentation of correlated q and g 

✔ Lifetime of propagating colored object  - confinement 

✔ Quark pQCD energy losses, transverse momentum broadening

How does color interact with medium ?

8



visualization from W. Brooks

Nuclei as space-time analyzer
Use nuclei of variable size as a ‘ruler’: 
    RCarbon = 2.7 fm vs RLead = 7.1 fm

Medium well known, low final multiplicities

Extract characteristic quantities as a 
variation of  observables with nuclear size

✔

✔

✔
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Experimental realization:  
CLAS at 6 GeV
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CEBAF and CLAS @ 6 GEVCEBAF Accelerator 
Up to 5 passes for a max of ~ 6 
GeV

Dipole magnets of different 
strength to maintain constant 
curvature in arcs.

All halls may run at max energy. No 
two halls may run at same lower 
energy.Hall B is  the best!

499 MHz laser pulse at injector 
produces electron bunches

1497 MHz RF acceleration gradient 
allows each hall to have its own 
beam specifications .

Hall B CLAS

258
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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, π+/π-, K+/K-, e-/e+ 

CEBAF Large Acceptance Spectrometer
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Two targets in the beam simultaneously!

CLAS EG2 experimental conditions:

• Electron beam 5.014 GeV
• Targets 2H, 12C, 56Fe, 207Pb (Al, Sn)
• 2H separated from solid targets by 4cm
• Instant luminosity 2·1034  1/(s·cm2)

CLAS 
EG2 

Targets

CLAS EG2
Targets

• Two targets in the beam 
simultaneously

• 2 cm LD2, upstream

• Solid target downstream

• Six solid targets: 

-Carbon

-Aluminum (2 thicknesses)

-Iron

-Tin

-Lead Al +
empty
target

H. Hakobyan et al., Nucl. 
Instr. Meth. A 592 (2008) 218

EG2 experiment @ 6 GEV

12

Spokes persons: W.Brooks, K.Hafidi, 
L. El Fassi, H.Hakobyan, K.Joo et al.

 ➤ see Hayk Hakobyan talk on double-target systems @ CLAS and CLAS12
    



Observables

13



Transverse momentum broadening

 Connects to color propagation phase:
■ color lifetime τC 
■ quark energy loss

 ➤ see . Jorge Lopez talk on extraction of color lifetime from cold nuclei!
    

Transverse momentum broadening

Page 4

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 � and Q2 as:

W = (p + q)2 = M 2 + 2M � �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 = �
Eh

, its

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

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 ,�,Q2

p2
T · Nh

�
pT , z , �,Q2

⇥

⌅

pT ,z ,�,Q2

Nh

�
pT , z , �,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

where pT is transverse momentum w.r.t γ* direction 

 τC
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Eta Particle
Hadronization
Studies Using

CLAS
Spectometer.

Orlando Soto
Sandoval
Thesis

Advance.
Advisor: Hayk
Hakobyan.

Introduction
basic notation

CLAS
Spectometer

neutral pion
analysis

Eta analysis

Multiplicity
Ratio two
channels

Final
Comments

Multiplicity Ratio

How to measure the Hadronic Multiplicity Ratio experimentally...??

RA
D =

(
1
σ
d2σ(eN→ehX )

dQ2dz

)

A(
1
σ
d2σ(eN→ehX )

dQ2dz

)

D

σL = R

From the Luminosity definition:
Cross section
Luminosity
Event rate.
The multiplicity ratio becomes:

RA
D =

(
Nh(Q2,ν,P2

t ,Z ,φpq)
Ne(Q2,ν)

)

A(
Nh(Q2,ν,P2

t ,Z ,φpq)
Ne(Q2,ν)

)

D

if we happen to have the same luminosity, testing the different nucleus...
The EG2 experiment has this feature!!!
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Elementary Introduction to the Notation and Relevant Equations

10 Quark Propagation Through Cold QCD Matter

QUARK-PARTON MODEL According to the quark-parton model, the function F2(x) is related to the quark distribu-
tion functions qi(x) in the target nucleon as

in which ei is the quark charge, and the sum runs over all flavors of quark and antiquark.
In the high Q2 limit, F1 is related to F2 by the Callan-Gross relation F2=2xF1.

     In this model it is assumed that a virtual photon is absorbed on a quark on a short
time scale, and that the quark subsequently fragments on a much longer time scale. The
fragmentation function is then expressed as

in which εq is the probability that the fragmenting quark is of type q, and Dq
h is a quark

fragmentation function. This expression assumes that the fragments of the struck quark
are kinematically separated from spectator quarks of the target. For electroproduction of
hadrons, the probability function is given by the quark distribution functions introduced
earlier as:

The hadronic multiplicity ratio  is defined by:

(EQ 5)

where the first ratio is the experimental ratio of hadrons to electrons in DIS events for
nucleus A to deuterium (D), and the second ratio is the parton model expression for this
quantity. This expression assumes the factorized form shown, where the fragmentation
functions are independent of x. The factorization assumption can be tested experimen-
tally.

As a final note, the expression leading hadron refers to the hadron in the event that has
the largest momentum.
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Hadronic multiplicity ratio

J
H
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P
0
4
(
2
0
1
4
)
0
0
5

while HERMES [15] definition is

Mh
n (xB , Q

2, zh, PT ) ≡
1

d2σDIS(xB , Q
2)

dxB dQ2

d4σ(xB , Q
2, zh, PT )

dxB dQ2 dzh dPT
· (2.11)

where the index n denotes the kind of target.

The Deep Inelastic Scattering (DIS) cross section has the usual leading order collinear

expression,

d2σDIS(xB , Q
2)

dxB dQ2
=

2π α2

(xBs)
2

[
1 + (1− y)2

]

y2

∑

q

e2q fq/p(xB ) · (2.12)

Inserting eq. (2.1), (2.8) and (2.12) into eq. (2.10) we have a simple explicit expression

for the COMPASS and HERMES multiplicities:

d2nh(xB , Q
2, zh, PT )

dzh dP 2
T

=
1

2PT
Mh

n (xB , Q
2, zh, PT ) =

π
∑

q e2q fq/p(xB )Dh/q(zh)∑
q e

2
q fq/p(xB )

e−P 2
T /⟨P 2

T ⟩

π⟨P 2
T ⟩

,

(2.13)

with ⟨P 2
T ⟩ given in eq. (2.9). Notice that, by integrating the above equation over P T , with

its magnitude ranging from zero to infinity, one recovers the ratio of the usual leading order

cross sections in terms of collinear PDFs and FFs. Its agreement with experimental data

has been discussed, for instance, in refs. [15] and [28].

3 Results

As mentioned in the introduction, the most recent analyses of HERMES and COMPASS

Collaborations provide (unintegrated) multivariate experimental data, presented in bins

of xB = x, Q2, zh = z and PT . The HERMES multiplicities refer to identified hadron

productions (π+, π−, K+, K−) off proton and deuteron targets, and are presented in 6

bins of definite Q2 and xB values, each for several different values of zh and PT , for a total

of 2 660 data points. The selected events cover the kinematical region of Q2 values between

1 and 10GeV2 and 0.023 ≤ xB ≤ 0.6, with a hadronic transverse momentum PT < 2GeV

and a fractional energy zh in the range 0.1 ≤ zh ≤ 0.9.

Instead, the COMPASS multiplicities refer to unidentified charged hadron production

(h+ and h−) off a deuteron target (6LiD), and are presented in 23 bins of definite Q2 and

xB values, each for several values of zh and PT , for a total of 18 624 data points. The Q2

and zh regions covered by COMPASS are comparable to those explored by the HERMES

experiment, while they span a region of smaller xB values, 0.0045 ≤ xB ≤ 0.12, and cover

a wider PT region (reaching lower PT values). Moreover, the binning choices are very

different and COMPASS statistics is much higher than that of HERMES.

For all these reasons, we consider the two data sets separately and perform individ-

ual fits.

– 4 –

The multiplicity rate Mn of hadrons h on nuclei n 
is defined as ratio of the differential SIDIS cross 
section over the differential DIS cross section.

h

Experimentally, the particle yield N = σ L 
where L is luminosity 

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 , p
T

�
=

N

h

(⌫,Q

2

,z ,p

T

)

N

e

(⌫,Q

2

)|DIS

���
A

N

h

(⌫,Q

2

,z ,p

T

)

N

e

(⌫,Q

2

)|DIS

���
D

(1.0.1)

where N
h

is the yield of semi-inclusive hadrons in a (⌫, Q2

, z , p
T

) bin and N
e

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

Q

2, energy transfer ⌫, fractional hadron energy z = E
h

/⌫, the component of the49

hadron momentum transverse to the virtual photon direction p

T

. The hadronic50

multiplicity ratio R

h

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 R

h

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

Measured hadronic multiplicity ratio 

on nuclear target A normalized to D is then:

An expression of experimental RA in parton model, assuming 
factorization, is expressed in terms of the ratio of PDF and FF 

h

RA
h

➤ ➤
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How to measure the Hadronic Multiplicity Ratio experimentally...??

RA
D =

(
1
σ
d2σ(eN→ehX )

dQ2dz

)

A(
1
σ
d2σ(eN→ehX )

dQ2dz

)

D

σL = R

From the Luminosity definition:
Cross section
Luminosity
Event rate.
The multiplicity ratio becomes:

RA
D =

(
Nh(Q2,ν,P2

t ,Z ,φpq)
Ne(Q2,ν)

)

A(
Nh(Q2,ν,P2

t ,Z ,φpq)
Ne(Q2,ν)

)

D

if we happen to have the same luminosity, testing the different nucleus...
The EG2 experiment has this feature!!!
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QUARK-PARTON MODEL According to the quark-parton model, the function F2(x) is related to the quark distribu-
tion functions qi(x) in the target nucleon as

in which ei is the quark charge, and the sum runs over all flavors of quark and antiquark.
In the high Q2 limit, F1 is related to F2 by the Callan-Gross relation F2=2xF1.

     In this model it is assumed that a virtual photon is absorbed on a quark on a short
time scale, and that the quark subsequently fragments on a much longer time scale. The
fragmentation function is then expressed as

in which εq is the probability that the fragmenting quark is of type q, and Dq
h is a quark

fragmentation function. This expression assumes that the fragments of the struck quark
are kinematically separated from spectator quarks of the target. For electroproduction of
hadrons, the probability function is given by the quark distribution functions introduced
earlier as:

The hadronic multiplicity ratio  is defined by:

(EQ 5)

where the first ratio is the experimental ratio of hadrons to electrons in DIS events for
nucleus A to deuterium (D), and the second ratio is the parton model expression for this
quantity. This expression assumes the factorized form shown, where the fragmentation
functions are independent of x. The factorization assumption can be tested experimen-
tally.

As a final note, the expression leading hadron refers to the hadron in the event that has
the largest momentum.
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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
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where N
h

is the yield of semi-inclusive hadrons in a (⌫, Q2

, z , p
T

) bin and N
e

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

Q

2, energy transfer ⌫, fractional hadron energy z = E
h

/⌫, the component of the49

hadron momentum transverse to the virtual photon direction p

T

. The hadronic50

multiplicity ratio R

h

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 R

h

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

Measured hadronic multiplicity ratio 

on nuclear target A normalized to D is then:

An expression of experimental RA in parton model, assuming 
factorization, is expressed in terms of the ratio of PDF and FF 

h

RA
h

➤ ➤

Connects to hadronic phase:

■ hadron formation time
■   hadronization mechanisms

hτf

hτf

16



Previous measurements
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Comparison of CLAS/JLab and HERMES/DESY

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

- Beam energy:  5.0 GeV at JLab  vs  27.6 GeV at DESY 

- Solid target in CLAS vs gas targets in HERMES
  Heaviest target  207Pb in CLAS vs 131Xe in HERMES

 -Luminosity in CLAS is 100 times greater than HERMES
  Access to 3D binning in CLAS vs 1-2D binning in HERMES .



19

5

0.2

0.4

0.6

0.8

1

1.2

0 0.5 1

0.2

0.4

0.6

0.8

1

1.2

0 0.5 1

0.2

0.4

0.6

0.8

1

1.2

0 0.5 1

0.5

1

1.5

0 0.5 1

0.5

1

1.5

0 0.5 1

0.5

1

1.5

0 0.5 1

0.5

1

1.5

0 0.5 1

0.5

1

1.5

0 0.5 1

ν = 4-12 GeV
ν = 12-17 GeV
ν = 17-23.5 GeV

0.4

0.6

1.0

0.8

RA
h

Ne Kr

π-

Xe

1.5

0.5

1.0

K-

0.5

1.0

1.5

0.5 1 0.5 1 10.5

p
–

z

0.5

1

1.5

0 0.5 1

Fig. 2. Dependence of Rh
A on z for positively and negatively charged hadrons for three slices in � as indicated in the legend.

Uncertainties are shown as in Fig. 1.

Fig. 3. Dependence of Rh
A on p2t for positively charged hadrons

for three slices in z as indicated in the legend. Uncertainties
are shown as in Fig. 1.

Rh
A with z was already observed in Fig. 2. This depen-

dence of Rh
A on z turns out to be stronger at higher values

of p2t , an e�ect that is emphasised at larger target mass.
At high z, the dependence on p2t disappears for �+, ��,
and K+, as has already been seen in Figure 3. This lack
of nuclear broadening of the pt distribution in the limit
of instantaneous hadronization, i.e. before the struck par-
ton has lost any energy, has been interpreted in terms of
broadening arising from partonic processes. For protons,
a similar, but much stronger dependence of the slope on
p2t was observed, with Rp

A increasing far above unity at
low z. This has been discussed in relation to Fig. 2 as be-
ing an indication of final-state interactions. The fact that
the values of Rh

A for K+ are in between those for pions
and protons suggests that, in addition to fragmentation,
again final-state interactions play a role here. The large
uncertainties of Rh

A for K� and antiprotons preclude any
particular conclusion in those cases.

4 Conclusions

Two-dimensional kinematic dependences have been pre-
sented for the multiplicity ratio Rh

A for identified �+,
��, K+, K�, protons and antiprotons, measured in
semi-inclusive deep-inelastic scattering of electrons and
positrons on three nuclear targets (neon, krypton and
xenon) relative to deuterium. These two-dimensional dis-
tributions provide detailed information, which in some
cases is not accessible in the one-dimensional distributions

 HERMES collaboration, Eur. Phys. J. A (2011)

HERMES 
multiplicities R(z, pT2) 
 integrated over ν, Q2   

- Flavor separation: π+/-, K+/- and p/p

2D distributions for charged hadrons 
1D extraction of multiplicities for π0 
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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)  
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Quark energy loss or Hadron absorption?

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

Higher twist FF (Wang; Majumder)

Pure hadron absorption models: ● prehadron survival from transport model (Accardi)

GiBuu transport Monte Carlo (Falter)
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Quark energy loss or Hadron absorption?

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

Higher twist FF (Wang; Majumder)

Pure hadron absorption models: ● prehadron survival from transport model (Accardi)

GiBuu transport Monte Carlo (Falter)

78 ALBERTOACCARDI ETC.

Fig. 55. – Lund string model based absorption model [64, 321] (solid) and energy-loss model [43, 321]
(dashed) compared to HERMES data on π+ production [23]. The prehadron cross section is σpreh = 0.8σh
and the transport coefficient is q̂ = 0.6 GeV2/fm. Experimental statistical and systematic errors have been
added in quadrature.

A different variation of the two-scale model has been proposed in Refs. [358, 359]. The
authors argue that in 3+1 dimensions, the yo-yo time is ill-defined because the end quarks of a
string snippet never really meet together, and propose instead that the hadron is formed after a
proper time for quark recombination, τr, following string breaking at a time tstr taken from the
PYTHIA generator. Then, the hadron formation time is simply set to th = (tpreh + τr)vstrγstr,
and boosted according to the string velocity vstr and Lorentz factor γstr. The system does not
interact in the nucleus until hadron formation, at which time it starts interacting with the full
hadron-nucleus cross section analogously to the AGMP approach. The model does a fair job in
describing pion and kaon attenuation on N and Kr [21, 22] at zh ! 0.4, with a flavour-dependent
recombination proper time τr(π) = 0.8 fm and τr(K−) = 0.4 fm. It is interesting to note that
the fitted values are such that τr(h) ≈ 1/mh. However, this model overestimates the recently
measured suppression on Xe targets [23], and no comparison to EMC data is provided.
Extensions of the two-scale model based on Eqs. (69)-(70) have been considered in Refs. [78,

357], and more recently compared to double hadron attenuation at HERMES [24] in Refs. [94,
95, 360].

7.3. The colour dipole model. –

In Ref. [29] the formation of a leading hadron (zh ! 0.5) is described in a pQCD-inspired
approach based on Refs. [66-68], see also Section 2.4: a hard gluon radiated at the interaction
point splits into a qq̄ pair, and the q̄ recombines with the struck q to form the leading prehadron,
which evolves into the observed hadron. The time development of hadronisation is included in
this picture by observing that the radiated gluon can be physically distinguished from the struck
quark only after a coherence time tc = 2Eα(1−α)/k2T , where kT and α = Eg/ν are the transverse
momentum and fractional energy of the emitted gluon. If the leading hadron is produced at large
zh and contains the struck quark, none of the radiated gluons can be emitted with α > 1 − zh
by energy conservation. The time-dependence of the energy radiated into the emitted gluons is

Accardi, Arleo, Brooks, d'Enterria, Muccifora
 Riv.Nuovo Cim.032:439553,2010 [arXiv:0907.3534]
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production time. EMC hadron attenuation could be well reproduced both as a function of ν and
of zh. It leads to a slightly larger hadron suppression at ν ! 20 GeV and zh " 0.5 compared to
the independent fragmentation model using the constituent length, otherwise giving comparable
results. In Ref. [356], the colour exchange cross section was identified with the constituent-quark
cross section in the additive quark model: σce ≈ σq = 0.5σπN ≈ 10 mb. The smaller σce leads to
an intermediate model between the independent string fragmentation and pure string-flip model.
However, computations turn out to underestimate the suppression in the EMC kinematics.
Finally, we should mention that extensions of string models to address double hadron attenu-

ation have also been discussed [78, 357].

7.2.Modern string-based absorption models. –

Modern string-based absorption models build upon the early models discussed in the pre-
vious Section, exploring different possibilities for the effective cross section σeff and/or for the
hadron survival probability (69). Their computations have also been compared to the more recent
HERMES data on e− + A collisions at Ee = 12 − 27 GeV [21-23, 44].
The AGMP model [61, 64] is based on the Lund string model estimate of the formation

times discussed in Section 2.4, and neglects the interactions of the struck quark (σq = 0 mb)
in agreement with fits to EMC data [45]. In the HERMES kinematics one typically finds a
production time ⟨tpreh⟩ ≈ 4 fm < RA and a hadron formation time ⟨th⟩ ≈ 6 − 10 fm " RA:
the hadron is typically formed at the periphery or outside the nucleus so that its interaction
with the medium is negligible. On the contrary, after its formation, the prehadron is allowed to
interact with the surrounding nucleons with a cross section σpreh(ν) = 0.80σh(ν) proportional
to the experimental hadron-nucleon cross section σh (taking e.g. π+ production data on a Kr
target [23]). The probability S Af ,h(z, ν) that the (pre)hadron – produced from the fragmentation of
a quark scattered at point (b, y) – does not interact, can be computed using transport differential
equations [61]:

S Af ,h(z, ν) =
∫

db2 dy ρA(b, y)

×

∞
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(73)

where ∆l = lh − lpreh, and ρA is the nuclear density. The hadron multiplicity is computed, at
leading order in pQCD, as

1
NDIS
A

dNh
A(z)
dz

=
1
σℓ A

∫

exp. cuts

dx dν
∑

f

e2f q f (x,Q
2)
dσℓ f
dxdν

S Af ,h(z, ν)D
h
f (z,Q

2) .(74)

Here σℓ f and σℓ A are the lepton-quark and lepton-nucleus cross sections, q f is the f -quark
distribution function, and Dh

f its fragmentation function. The model is applicable for 0.4 ! z !
0.9, where it describes EMC [64] and HERMES [61, 64] experimental data on a wide range
of hadron flavours and targets, see Fig. 55. As it stands, the pure-absorption AGMP model
does not predict a dependence of the attenuation ratio RM on Q2, because neither the prehadron
production time tpreh derived in the Lund model, nor its assumed cross section σpreh depend on
it. This assumption does not contradict the slightly rising RM(Q2) measured at HERMES [23],
see Section 3.2.

Modern Lund string model: abs. or en. loss (A.Accardi) 

Both pure quark energy loss and pure hadron 

absorption describe attenuation Rh on z of HERMES 
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Quark energy loss or Hadron absorption?

Color dipole model: quark energy loss + prehadron absorption (B.Kopeliovich)   ●

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

Higher twist FF (Wang; Majumder)

Pure hadron absorption models: ● prehadron survival from transport model (Accardi)

GiBuu transport Monte Carlo (Falter)
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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:

W(t, zh,Q2, ν) =N
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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

describes formation of leading hadrons (z>0.5)

dashed line: absorption of color dipole qqbar
solid line: absorption and induced energy loss 
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Quark energy loss or Hadron absorption?

Color dipole model: quark energy loss + prehadron absorption (B.Kopeliovich)   ●

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

Higher twist FF (Wang; Majumder)

Pure hadron absorption models: ● prehadron survival from transport model (Accardi)

GiBuu transport Monte Carlo (Falter)

Multidimensional data are crucial in order to distinguish proposed  
mechanisms and constrain (many) available theoretical models !! 



Results
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3D  π0  Multiplicities on 12C,56Fe,207Pb to D

Multiplicity ratios: data from EG2

 Rπ0 in(Q2 ,ν, z ) integrated over pT2 

CLAS   PRELIMINARY

Taisiya Mineeva
Analysis under review

■ Attenuation depends on nuclear size 
■ Hadron attenuation at high z 
■ Quantitative behavior compatible with Hermes 
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3D  π0  Multiplicities on 12C,56Fe,207Pb to D

Multiplicity ratios: data from EG2

 Rπ0  in ( ν, z, pT2 ) integrated over Q2

CL
AS
  
 P
RE
LI
MI
NA
RY

Taisiya Mineeva
Analysis under review

 Rπ0 in(ν, z, pT2) integrated over Q2  

■ Bears resemblance to Cronin effect at high pT2

■ Quantitative behavior compatible with Hermes
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2D  π-  Multiplicities on 12C,56Fe,207Pb to D

Multiplicity ratios: data from EG2

 Rπ- in(z , pT2) integrated over ν , Q2  

Analysis under reviewFigure 37: Positive pions multiplicity ratios as a function of p2? (GeV2/c2) for di↵erent
z bins (left), and di↵erent ⌫ (GeV) bins (right). Normalization uncertainties are not
shown.

Figure 38: Multiplicity ratios as a function of ⌫ (GeV) for both charged pions. Left:
The usual multiplicity ratio results. Right: Lead results normalized to carbon. Nor-
malization uncertainties are not shown.

45

Raphael Dupré

CLAS   P
RELIM

INARY
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 Taisiya Mineeva              Overview of JLab hadronization data. DIS11 

JLab/CLAS data for C, Fe, Pb 
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Hadron Attenuation | π+

Analysis by H.Hakobyan

# Quantitative behavior compatible with Hermes
# Attenuation depends on nuclear size
# Increase of hadrons at low z,  attenuation at high z
# Bears resemblance to Cronin effect at high pT

2

Example of  3D multivariable slices of 
preliminary CLAS data  on  π+

CLAS PRELIMINARY

CLAS PRELIMINARY

Tuesday, July 12, 2011

■ Attenuation depends on nuclear size 
■ Increase of hadrons at low z, attenuation at high z 
■ Quantitative behavior compatible with Hermes 

Hayk Hakobyan

 Rπ+ in(Q2 ,ν, z ) integrated over pT2 

3D  π+  Multiplicities on 12C,56Fe,207Pb to D

Multiplicity ratios: data from EG2
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▪ Quark confinement and the role of the glue in hadron spectroscopy

▪ Unraveling confinement forces in the proton. Studying the multi-
dimensional structure of the nucleon – from form factors and PDFs to 
GPDs and TMDs

▪ The strong interaction in nuclei – evolution of quark 
hadronization, nuclear transparency of hadrons

▪ Search for science beyond the Standard Model – precision and 
intensity frontiers 

CLAS12 Science Program

from Latifa Elouadrhiri
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DIS channels: stable hadrons, accessible with 11 GeV
JLab future experiment PR12-06-117

currently accessible at CLAS 5 GeV data measured by HERMES

meson cτ mass, GeV flavor content

π0 25 nm 0.13 ud

π+, π- 7.8 m 0.14 ud

η 170 pm 0.55 uds

ω 23 fm 0.78 uds

η’ 0.98 pm 0.96 uds

φ 44 fm 1 uds

f1 8 fm 1.3 uds

K0 27 mm 0.5 ds

K+, K- 3.7 m 0.49 us

W. Brooks INT 2017
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Using the prescription γ = ν/Q, β = pγ*/ν, we can extrapolate:

Future Electron Ion Collider EIC Program:

Q2 nu beta*gamma lp,/z=0.32 lp,/z=0.53 lp,/z=0.75 lp,/z=0.94 Experiment x
2.40 14.50 9.31 8.57 HERMES 0.09
2.40 13.10 8.40 6.39 HERMES 0.10
2.40 12.40 7.94 4.63 HERMES 0.10
2.30 10.80 7.05 2.40 HERMES 0.11
3.00 4.00 2.08 1.92 1.58 1.21 0.71 CLAS 0.40
7.00 7.00 2.45 2.26 1.86 1.43 0.83 CLAS12 0.53
1.00 4.00 3.87 3.57 2.95 2.26 1.32 CLAS 0.13
2.00 9.00 6.28 5.79 4.78 3.66 2.14 CLAS12 0.12
12.00 32.50 9.33 8.59 7.10 5.44 3.18 EIC 0.20
8.00 37.50 13.22 12.17 10.06 7.71 4.50 EIC 0.11
45.00 140.00 20.85 19.20 15.86 12.15 7.10 EIC 0.17
27.00 150.00 28.85 26.57 21.96 16.82 9.82 EIC 0.10

W. Brooks INT 2017

Large leverage in ν and Q2 wide range of color lifetime lengths
access to pQCD quark energy loss

for details see Jorge Lopez talk 
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✔ Hadronization is a fundamental process of QCD      
• Link between perturbative and non-perturbative domains 
• A way to probe nuclear media, either cold or hot

✔ Past results gave the global picture of hadronization in medium      
• CLAS high luminosity data on 2H, 12C, 56Fe, 207Pb 
• Extraction of multidimensional  multiplicities and momentum broadening
• Analysis under review

✔ Multi-dimensional analysis is crucial to constrain existing models 
• CLAS12 experiment (E-12-06-117) will provide high statistics data 
   and access to 4D multiplicities in meson and baryon channels

Future Electron Ion Collider (EIC)✔

Summary
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