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•Universidad de La Serena

•Centro Ciéntifico Tecnologico 
de Valparaíso

Universidad de La Serena is a public university in Chile 
with approximately 8,000 enrolled students in 6 campuses

The physics group at ULS is actively engaged in a broad 
spectrum of research areas:

- experimental particle physics at high and medium 
energies, with key collaborations at CERN (ATLAS, 
NA64) and Jefferson Lab  (CLAS and CLAS12)

- astroparticle and astrophysics projects (SWGO, 
AURA), leveraging Chile's unparalleled observational 
advantages

- theoretical research on BSM physics, with a particular 
focus on novel physics at colliders, dark matter and 
neutrino physics 
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• Beijing University 
• Shandong University 
• Chinese Academy of Sciences

• Continuous Electron Beam 
Accelerator Facility (CEBAF) 
housing 1.4 km linear electron 
accelerator @ 12 GeV (2017) 

• Three experimental Halls  
(A,B,C,D) 

• Center for Theoretical and 
Computational Physics; LQCD 

•  future High Performance Data 
Facility (HPDF) 

Jefferson Lab•

Thomas Jefferson National Accelerator Facility

Newport News, VA
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Hadronization and Color Propagation
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Hadronization is process by which an energetic quark fragments into many further 
quarks, which then, on later timescales, undergo a transition to hadrons

Hadronization and Color Propagation
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Hadronization is the fundamental process representing the transition of a system of quarks 
and gluons into a state in which the degrees of freedom are color-neutral hadrons

• The fundamental degrees of freedom in QCD, quarks and gluons, form bound states in 
conditions of temperature and energy density typical of ordinary matter 

• Complication: Color Confinement. Not understood from the first principles.

Hadronization and Color Propagation
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Hadronization is the fundamental process representing the transition of a system of quarks 
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• The fundamental degrees of freedom in QCD, quarks and gluons, form bound states in 
conditions of temperature and energy density typical of ordinary matter 

• Complication: Color Confinement. Not understood from the first principles.

Hadronization and Color Propagation

Millenium price of $1 000 000 for proving that SUc(3) 
gauge theory is mathematically well-defined which will 
necessarily prove or disprove confinement conjecture
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Hadronization is the fundamental process representing the transition of a system of quarks 
and gluons into a state in which the degrees of freedom are color-neutral hadrons

• The fundamental degrees of freedom in QCD, quarks and gluons, form bound states in 
conditions of temperature and energy density typical of ordinary matter 

• Complication: Color Confinement. Not understood from the first principles. 

• In QCD color-charge confinement appears in the potential of two static quarks: at larger 
distances, the potential exhibits a linear rise, reflecting the confinement of quarks. 

Hadronization and Color Propagation

S. R. Sharpe arXiv:hep-ph/9412243 

Linear confinement confirmed by the lattice

9

https://arxiv.org/abs/hep-ph/9412243


Hadronization is the fundamental process representing the transition of a system of quarks 
and gluons into a state in which the degrees of freedom are color-neutral hadrons

Hadronization and Color Propagation

• Coupling constant αs runs. Hadronization involves 
partonic processes characterized by small 
momentum transfers Q2, hence large values of αs, 
perturbative QCD calculations are not conceivable. 

• The fundamental degrees of freedom in QCD, quarks and gluons, form bound states in 
conditions of temperature and energy density typical of ordinary matter 

• Complication: Color Confinement. Not understood from the first principles. 

• In QCD color-charge confinement appears in the potential of two static quarks: at larger 
distances, the potential exhibits a linear rise, reflecting the confinement of quarks. 
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Hadronization is the fundamental process representing the transition of a system of quarks 
and gluons into a state in which the degrees of freedom are color-neutral hadrons

Hadronization and Color Propagation

• The fundamental degrees of freedom in QCD, quarks and gluons, form bound states in 
conditions of temperature and energy density typical of ordinary matter 

• Complication: Color Confinement. Not understood from the first principles. 

• In QCD color-charge confinement appears in the potential of two static quarks: at larger 
distances, the potential exhibits a linear rise, reflecting the confinement of quarks. 

• The MC event generators (Pythia, Jetset, Herwig, Beagle, GiBUU, Genie for ν) are the products 
of a physics development program in close touch with experimental reality.  

• There are variety of phenomenological models (Rescaling model, Quark energy loss model, 
Color Dipole model, Higher-twist pQCD model, etc. ) that need input from experimental data

• Coupling constant αs runs. Hadronization involves partonic processes characterized by 
small momentum transfers Q2, hence large values of αs, perturbative QCD calculations are 
not conceivable. 
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How confinement is studied experimentally?
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• Hadron spectroscopy: mass, spin, decay modes of mesons/baryons, exotic states 

How confinement is studied experimentally?

Light meson & baryon resonances. Regge trajectories. CLAS12, COMPASS, BESIII.  

Quarkonium states and its suppression in QGP. BaBar, Belle; Belle II, BESIII; LHCb. 

Exotic hadrons (tetra- and pentaquarks). Glueballs and hybrid mesons.  
LHCb, BelleII, BESIII. GlueX and BESIII.  
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• Hadron spectroscopy: mass, spin, decay modes of mesons/baryons, exotic states 

How confinement is studied experimentally?

• Hadronization studies via string-breaking mechanism

Light meson & baryon resonances. Regge trajectories. CLAS12, COMPASS, BESIII.  

Quarkonium states and its suppression in QGP. BaBar, Belle; Belle II, BESIII; LHCb. 

Exotic hadrons (tetra- and pentaquarks). Glueballs and hybrid mesons.  
LHCb, BelleII, BESIII. GlueX and BESIII.  

Jet Fragmentation Studies: fragmentation functions, jet quenching,  and 
hadron multiplicities.  LHC (ATLAS, CMS, ALICE, LHCb), RHIC (STAR/PHENIX).  

Semi-Inclusive Deep-Inelastic Scattering: hadron multiplicities, fragmentation  
functions. HERMES, CLAS/CLAS12. 

Exclusive process: unpolarized FF. BESIII.  
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How confinement is studied experimentally?

• Hadronization studies via string-breaking mechanism

Hadronization in a picture of string fragmentation: a new qqbar pair is created in 
the field between the original qqbar breaking string into smaller ones ~ hadrons

15



Flux tube on the Lattice

Visualization of color flux tube from Lattice QCD: qqbar and proton

Derek Leinweber: http://www.physics.adelaide.edu.au/theory/staff/leinweber/VisualQCD/Nobel/
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1976: Lund QCD Phenomenology group

Created by Bo Andersson and Gösta Gustafson

space

time
quark
antiquark
pair creation

Lund string model: ⇠ like rubber band
that is pulled apart and breaks into pieces,
or like a magnet broken into smaller pieces.

Complete, consistent description of 2-jet events
— but not necessarily perfect.

Torbjörn Sjöstrand Status and Developments of Event Generators slide 3/28

Uses only linear potential V(r) ≈ κr to trace string motion, where κ 
is a constant string tension κ ≈ 1 GeV/fm (fixed from Regge slopes)

Gives simple but powerful picture of hadron production, strong 
support in data and lattice QCD, yet, few connections to the 
fundamental QCD.

Lund string model (1980’s)

PYTHIA is the main and original implementation of the Lund model
17
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Connecting the World of QCD to the visible World
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Questions highlighted in the 2023 Long Range Plan for 
Nuclear Science
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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)

Electron-Positron
(SLAC, BEPC)

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

Experimental processes to study hadronization
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High-energy proton-proton collisionDeep inelastic electron scattering off nuclei

Deep inelastic electron scattering off nuclei High-energy proton-proton collision

Experimental processes to study hadronization
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Heavy-Ion collisions



Ratio RAA 

is the ratio of 

the probability of a process in ion-ion collisions (A+A) 
to the same probability in proton-proton collisions (pp) 

RpPb, RPbPb 

if RAA=1 
then there is no effect due to the nucleus 

if RAA<1 we call it suppression 

if RAA>1 we call it enhancement 
24



J/ψ nuclear modification factor RAA
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•RAA strongly dependent on collision centrality.
• Suppression pattern and magnitude are very similar for both 

production mechanisms.
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eA DIS: past, present, future
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Q2 = -q2   four-momentum 
transferred by the electron 

ν    = E-E‘ (lab) energy transferred 
by the electron; 

z   = Eh/ν fraction of initial quark 
energy carried by hadron; 

pT hadron momentum transverse 
to the initial γ’ direction

SIDIS variables

S104 V Muccifora

π (z)

q
f

e(E)
e’(E’)

D

2 ν(Q  ,   )

p

f

π
dσ f

Σ
f

X

γ∗

Figure 1. Diagram of deep inelastic scattering on proton with the exchange of a virtual photon
of 4-momentum Q2 and energy ν = E − E′. In inclusive DIS only the scattered lepton e′ is
detected. In semi-inclusive DIS also the leading hadron (π in this case), which is formed from the
fragmentation of the struck quark, is detected with a fractional energy z with respect to ν. The
target fragments X are not observed in semi-inclusive DIS.

determined by normalizing the SIDIS yield to the DIS rate:

Mh = 1
NDIS

dNh(x, z)

dz
=

∑
f e2

f qf (x)Dh
f (z)

∑
f e2

f qf (x)
.

It is easy to demonstrate that within the QPM and under the u-quark dominance
assumption, the pion multiplicities are almost equivalent to the pion fragmentation functions.
In QCD the relation between fragmentation functions and multiplicities is more complicated
since both the leading order (LO) and the next to leading order (NLO) terms of the cross
section are convoluted with parton distributions and with the hadron fragmentation functions
[3]. Nevertheless, it has been shown [4] that, once integrating over a broad range of x, the
SIDIS multiplicities are in good agreement with the NLO-QCD evolution of fragmentation
functions determined from e+e− measurements at LEP. This result suggests the validity of the
factorization assumption for the SIDIS process, as shown in figure 1, and of the approximation
of fragmentation functions with multiplicities.

3. Hadronization in the nuclear medium

The study of the medium modification of fragmentation functions can be performed by SIDIS
measurements on nuclear targets. As illustrated in figure 2 the nucleus acts as an ensemble
of targets which reduce the multiplicity of fast hadrons due to both partonic and hadronic
interactions. The partonic and hadronic effects are discriminated according to the time
τh = lh/c of the hadron formation which may occur inside or outside the nucleus. The
hadron formation times, which are basic ingredients also in hadron–nucleus and in heavy-ion
reactions, are currently not well determined [5].

After the first measurements performed at SLAC [6] and CERN [7], the recent results
from HERMES [8] provided a new strong boost of interest in this field. HERMES is an
experiment at DESY [9] which is mainly devoted to the study of the spin structure of the
nucleon by using a polarized positron (or electron) beam and polarized internal gas targets.
In addition, some HERMES runs have been performed with unpolarized nuclear gas targets
(D, 4He, N, Ne, Kr) with densities up to ∼1016 nucl cm−2, allowing the extension of the
physics programme to the study of several nuclear effects.
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Partonic elastic 
scattering in medium

Color neutralization

Color neutralization 
Hadron formation

Final state interaction

Gluon bremsstrahlung
Parton rescattering
Quark energy loss

 Color Propagation and Hadron formation in cold nuclear matter 

Deep-Inelastic Scattering
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Partonic elastic 
scattering in medium

Color neutralization

Color neutralization 
Hadron formation

Final state interaction

Gluon bremsstrahlung
Parton rescattering
Quark energy loss

 Color Propagation and Hadron formation in cold nuclear matter 

Deep-Inelastic Scattering

What are timescales of color neutralization and hadron formation?  

29



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

visualization: W. Brooks
30



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

visualization: W. Brooks

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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Back-of-the envelope τp 

Energy conservation: if hadron carried away 
energy Eh = zν,  string only has ν-Eh

BACK-OF-ENVELOPE - tp

If take, e.g., z = Ehadron/n = 0.6, n = 5 GeV, then  tp ~ 2  fm/c

)1( h
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p z

dx
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" Energy 
conservation, 
time dialation

fmGeV
dx

dE
vacuum /1!! "String model

BACK-OF-ENVELOPE - tp

If take, e.g., z = Ehadron/n = 0.6, n = 5 GeV, then  tp ~ 2  fm/c

)1( h
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p z
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" Energy 
conservation, 
time dialation

fmGeV
dx

dE
vacuum /1!! "String model

If take, e.g., z = Eh/ν = 0.6,  ν = 5 GeV, then 
 τp ~ 2 fm/c

BACK-OF-ENVELOPE - htf

hf R
m

E
t !

Given hadron of size Rh, can build 

color field of hadron in its rest 

frame in time no less than t0 ~Rh/c. 

In lab frame this is boosted: 

Back-of-the envelope τf 

Given hadron of size Rh, can build color field of 
hadron in its rest frame in time no less than t0 
~Rh/c. In lab frame this is boosted.

If take, e.g., the pion mass, radius 0.66 fm,  
E = 4 GeV, then τf ~ 20 fm/c  
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2

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

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

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

parton through scattering recoil and stimulated gluon bremsstrahlung. Ultimately38

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

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

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

1.0.1 Observables42

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

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

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

Rh
A

�
⌫,Q2 , z , pT

�
=

Nh (⌫,Q2 ,z ,pT )
Ne(⌫,Q2 )|DIS

���
A

Nh (⌫,Q2 ,z ,pT )
Ne(⌫,Q2 )|DIS

���
D

(1.0.1)

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

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

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

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

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

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

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

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

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

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

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

1.1 Overview of existing data57

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

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

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

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

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

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

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

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

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

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

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

Experimental Observables
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Multiplicity ratio RM is just like RAA 

it is the ratio of 

the probability of a process in electron-ion collisions (e+A) 
to the same probability in electron-deuteron collisions (eD) 

if RM =1 
then there is no effect due to the nucleus 

if RM <1 we call it suppression 

if RM >1 we call it enhancement 
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Experimental Observables
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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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higher virtuality to lower virtuality. This process occurs in the vacuum as well35

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

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

parton through scattering recoil and stimulated gluon bremsstrahlung. Ultimately38

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

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

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

1.0.1 Observables42

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

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

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

Rh
A

�
⌫,Q2 , z , pT

�
=

Nh (⌫,Q2 ,z ,pT )
Ne(⌫,Q2 )|DIS

���
A

Nh (⌫,Q2 ,z ,pT )
Ne(⌫,Q2 )|DIS

���
D

(1.0.1)

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

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

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

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

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

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

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

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

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

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

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

1.1 Overview of existing data57

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

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

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

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

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

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

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

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

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

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

Transverse momentum 
broadening
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Experimental Observables

Transverse momentum 
broadening

Formation time τf  time required for a colored system to evolve into a colorless 

Color lifetime τC  lifetime of highly virtual ‘free’ quark
38



visualization from W. Brooks

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

HERMES: 2D and 1D multiplicities 

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

HERMES Collaboration, A.Airapetian et. al.,  Nucl. Phys. B 780 (2007) 1–27
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Extraction of color lifetime Brooks-Lopez model

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

https://arxiv.org/abs/2004.07236

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

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

Lc

W. K. Brooks, Baryons 2022

      

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

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

• Independent determination of the string  
    constant of the LSM: k = 1 GeV/fm  

• Measurement of transport coefficient 

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

The values of the color length Lc resulting 
from simultaneous fit to  pT2 and R

z
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Experimental realization
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EG2 experiment @ 5 GEV

EG2 experiment running conditions 

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

By using dual target approach, 
EG2 experiment makes a precise 
comparison of observables in a 
large nucleus A with respect to D  

CLAS 
EG2 

Targets

“A double-target system for precision measurements of nuclear medium 

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

CEBAF Accelerator 
Up to 5 passes for a max of ~ 6 
GeV

Dipole magnets of di!erent 
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

 CLAS integrated luminosity is 100 
times greater than HERMES!! 
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Light hadrons
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π -π +

CLAS: 3D pion multiplicities
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High-precision three-dimensional data is compared to the model predictions; 
GiBUU and Guiot-Kopeliovich models find semi-qualitative agreement

 

CLAS: 3D pion multiplicities
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T.Mineeva et al. arXiv:2406.04513

π 0

3D

• Attenuation depends on nuclear size A 

• Suppression for leading hadrons: 25% on C to 75% on Pb

•  No dependence on Q2 and ν  observed

• Enhancement of Rπ0 at low z and high on pT2

• Nuclear ordering of enhancement at hight pT2

• Quantitative behavior compatible with CLAS & Hermes

CLAS: 3D pion multiplicities
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pT2 broadening for multiple π+ events

Maximum for Λ is 0.3 GeV2  Maximum for pions of 0.03 GeV2

E.Molina Thesis
https://repositorio.usm.cl/handle/11673/53373

CLAS 
PRELIMINARY

M.Barría Thesis 
https://repositorio.usm.cl/handle/11673/56688

• pT2 broadening for  π+ grows linearly with A1/3

• pT2 broadening is larger for 2π events for z>0.3

47

https://repositorio.usm.cl/handle/11673/53373


Dihadron correlations
How various hadrons produced in scattering event are correlated with each other?

      Δφ is the difference in azimuth  

          Neh is the number of events with scattered e and a “leading h” (z>0.5)  

          Nehh is the number of “subleading hadrons” in those events  

         C0 is the normalization factor

S.J Paul et al, in CLAS ad-hoc review

Conditional suppression factor, R2h, as a function of  sub-leading hadron z:

48



Bose Einstein correlations (π +π +)

https://www.jlab.org/Hall-B/general/thesis/ARadic_thesis.pdf

What are the properties of produced particles in the collision, such as their source size and lifetime?

D(p1, p2)  two-particle probability density 
D(p1), D(p2) are one-particle probability densities

Theoretically, BEC is the ratio of the two particles’ 
inclusive cross section to the single-particle cross sections

Db(p1, p2) - background distribution from 
uncorrelated pion pairs that behave as D(p1), D(p2) 

Experimentally constructed BEC correlation

Antonio Radic

Double ratio correction: correct experimental systematic 
biases found in the correlation function R(p1,p2)
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Light hadrons: η and ω preliminary results 
η

ω
CLAS Preliminary

Andrés Bóquez Master Thesis
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Results on Lambda and Proton
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Λ hyperon identification

Λ0 hyperons (1115 GeV/fm)  were identified through their invariant mass M(π -p)

T. Chetry et al (CLAS Collaboration), Phys.Rev.Lett 130, 142301 (2023)

Iron

Deuter.
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• At low-z there is a “pile up” of events 7 
times more than for pion! 
Underpredicted by GiBUU.

• At high-z there is little attenuation 
compared to that on the pion. Agrees 
with GiBUU.

First 
lambda 
baryon 

multiplicity 
ratio 

1D now 
2D in 

CLAS12

Λ hyperon Multiplicity Ratios

53



T. Chetry et al (CLAS Collaboration), Phys.Rev.Lett 130, 142301 (2023)

Λ hyperon pT2 Broadening

E.Molina Thesis

CLAS PRELIMINARYΔpT2 on Λ is huge compared 
to pion: 0.15 vs 0.015 GeV2 (Fe)
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Mike Wood analysis in CLAS review

Proton multiplicity ratio: 
 3D now in Review 

 4D in CLAS12

CLAS: 3D proton multiplicities

P r e
 l i 

m i n
 a r y
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T. Chetry et al.

The multiplicity ratio for the lambda and the proton have the same 
magnitude and the same pattern of ordering at low and high z 

M.Wood

Comparing Λ and p multiplicities

56

https://arxiv.org/search/nucl-ex?searchtype=author&query=Chetry%2C+T


Could it be possible that a virtual photon is absorbed by a diquark?

More theoretical work is needed to determine the feasibility of this 
interpretation and distinguish it from other hadronization mechanisms 

(e.g, color recombination)

 Phys. Rev. D 100, 034008 (2019) 

P, n and Λ could be formed by the scattering off diquark 

Will they behave similarly as to containing (ud) diquark? 

Or is there difference between light vs heavy spectator quark?
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Experimental realization @ 11GeV

 CLAS12 
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RG-E experiment @ 10.5 GEV

RG-E experimental conditions 

• Electron beam 10.5 GeV 
• Targets 2H, 12C, xAl, xCu, xSn, 207Pb  
• Integrated Luminosity ~ 1041  1/(s·cm2) 

• Extreme conditions: high vacuum and high 
    magnetic field, low temperatures, radiation  
    hardness, reduced space Highlights of double target are in JLUO weekly: https://mailchi.mp/

89a150f4d755/jlab-weekly-for-scientific-users-april-3-2024?e=a8d43a7cbe

Approved experiment Run Group E (E-12-06-117) 
PAC assigned 66 calendar days (33 PAC days) 

Data successfully taken with CLAS12 in Spring, 2024

Plus polarized electron beam - a wealth of data for spin physics
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Quark Propagation and Hadron Formation with 11 GeV Beam

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

mass, flavor, and number of valence quarks

hadron cτ mass flavor 
content

limiting error 
(60 PAC days)

π0 25 nm 0.13 uu ̅̅dd ̅̅ 5.7% (sys)

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

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

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

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

φ 44 fm 1 uu̅ ̅dd̅ ̅ss̅̅ 5.0% (stat)*

f1 8 fm 1.3 uu̅ ̅dd̅ ̅ss̅̅ -

K0 27 mm 0.5 ds̅̅ 4.7% (sys)

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

p stable 0.94 ud 3.2% (sys)

p̄ stable 0.94 u ̅̅d ̅̅ 5.9% (stat)**

Λ 79 mm 1.1 uds 4.1% (sys)

Λ(1520) 13 fm 1.5 uds 8.8% (sys)

Σ+ 24 mm 1.2 us 6.6% (sys)

Σ- 44 mm 1.2 ds 7.9% (sys)

Σ0 22 pm 1.2 uds 6.9% (sys)

Ξ0 87 mm 1.3 us 16% (stat)*

Ξ- 49 mm 1.3 ds 7.8% (stat)*

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

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

zh zh

CLAS6 results

Published or currently under review
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Quark Propagation and Hadron Formation with 11 GeV Beam

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

CLAS12 results: more!

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

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

 CLAS12 integrated luminosity is 
~ 107 greater than @CLAS6!! 
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Future prospectives
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Jefferson Lab at 22 GeV
Replacing the highest-energy arcs with Fixed Field Alternating Gradient arcs to achieve 22 GeV e beam energy

• CEBAF will remain prime facility for fixed 
target e scattering with programs 
stretching well into 2030s 

• A new round of upgrades to CEBAF are 
presently under technical development: 
an energy upgrade to 22 GeV and an 
intense polarized positron beams 

• 22 GeV program is a bring between 
JLab@ 12 GeV and EIC to test theory from 
lower to higher energies with high 
precision

Polarized gluon distribution, longitudinal/transverse separations, hadron formation in nuclei, meson form factors and more!
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Projected multiplicity ratios: 10.5 and 22 GeV
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10.5 GeV 22 GeV

Projected multiplicity ratios: 10.5 and 22 GeV
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68
Taisiya Mineeva, HEP2025, Valparaíso, Chile

CLAS22: access to charm and strangeness
Ahmed El Alaoui

22 GeV

10.5 GeV



EIC @ Brookhaven

from Jianwei Qiu 

69

https://www.bnl.gov/eic/


EicC (China)

EicC allows to disentangle 
two mechanisms: parton 
energy loss (Lp ~> Rpb ) vs 
hadron absorption (GiBUU)  
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•  The microscopic information on space-time dynamics of hadronization  can be accessed in DIS 
using nuclear medium A of increasing size 

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

• Pion data is well described by GiBUU, baryon data needs more understanding

• The hypothesis of diquarks may be one of the mechanisms in baryon formation 

• CLAS at 6 GeV high luminosity data on 2H, 12C, 56Fe, 207Pb:  
  - Published results on: multi-dimensional π + / π - and π 0, Λ multiplicity ratios and ΔpT2; di-hadron   
     production. In process: p multiplicities, ΔpT2 for π + and double pion, Bose-Einstein correlations

• Successful realization of CLAS12 experiment (E12-06-117) at 10.5 GeV. Access to 4D 
multiplicities and large spectrum of heavy mesons and baryons.  

• Future continuation of eA hadronization program with JLab @ 22 GeV, EIC and EicC

Summary
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Thank you!
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