
Quark Propagation and Hadron Formation
11 spokespersons, 15 theory proponents

Microscopic understanding of the fundamental processes involved in QCD hadronization:

• parton propagation, gluon radiation, in medium and in vacuum

➤ production time, transport coefficient, quark energy loss, critical length

• hadron formation, with connections to confinement and hadron structure

➤ formation times, formation mechanisms, in-medium cross sections

• more than 40 papers and reviews on these subjects since 2006 proposalComparison of pT broadening data - Drell-Yan and DIS

Mass number (JLab/HERMES data shifted for better view)
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Measure:

• (i) broadening of the pT spectrum and (ii) 
attenuation/enhancement of mesons and 
baryons;

• correlations of leading hadrons with: 
photons, slow protons, sub-leading hadrons;

• vs. nuclear size, for five different nuclei, as a 
function of up to five kinematic variablesDeep Inelastic Scattering - Vacuum

tp

production time tp - propagating quark

htf

formation time htf - dipole grows to hadron
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Quark Propagation and Hadron Formation

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

mass, flavor, and number of valence quarks

hadron cτ mass flavor 
content

limiting 
error

π0 25 nm 0.13 uu ̅̅dd̅̅ 5.7% (sys)

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

η 170 pm 0.55 uu̅̅dd̅̅ss ̅̅ 6.2% (sys)

ω 23 fm 0.78 uu̅̅dd̅̅ss ̅̅ 6.7% (sys)

η’ 0.98 pm 0.96 uu̅̅dd̅̅ss ̅̅ 8.5% (sys)

φ 44 fm 1.0 uu̅̅dd̅̅ss ̅̅ 5.0% (stat)*

f1 8 fm 1.3 uu̅̅dd̅̅ss ̅̅ -

K0 27 mm 0.50 ds ̅̅ 4.7% (sys)

K+, K- 3.7 m 0.49 us ̅̅, u̅̅s 4.4% (sys)

p stable 0.94 ud 3.2% (sys)

p̄ stable 0.94 u̅̅d̅̅ 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
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Quark Propagation and Hadron Formation

• This will be a definitive study: CLAS12 has the luminosity, acceptance, 
and particle ID to do the ultimate measurement in this energy range, 
where characteristic times ≈ nuclear dimensions

• A complete program of measurements that provides a path to 
understand hadronization on a microscopic, quantitative basis: 

• fundamental to QCD:

• hadronization mechanisms

• flavor, mass, baryon number dependence

• strong connections to the rest of nuclear and high energy physics:

• confinement and hadron structure

• neutrino physics

• Drell-Yan measurements in p-A collisions

• heavy ion physics

• An important experiment with a wide range of impacts
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Two photon invariant mass (GeV)
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I don’t know if we’re allowed backup slides or not....

Results from combined fit
3 parameter geometric model

various bins in Q2, !, and z
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neutron-π- invariant mass

neutron-π- invariant mass

DIS Σ- from CLAS EG2 deuterium target - 
preliminary

DIS Σ- from CLAS EG2 iron target - preliminary

Investigations of hadronization process in DIS at CLAS A. Daniel

For the K0
s analysis, the K0

s was detected by reconstructing the invariant mass of a + − pair
in coincidence with a DIS electron. The number of K0

s particles was obtained by a Gaussian fit
over a smooth polynomial background. To find the z dependence of the multiplicity ratios, these
fits were done for both nuclear and LD2 targets, over various z bins. A similar procedure was used
to find the the p2

T dependence of the multiplicity ratios. It should be noted that since the number
of K0

s is not large, the kinematic dependence on a given variable is extracted while integrating over
other variables. Small corrections for the detection efficiency from the difference in geometry of
the nuclear and LD2 targets were done with Monte Carlo simulations.

3. Preliminary results and summary
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CLAS  PRELIMINARY

Figure 2: Preliminary CLAS data for the hadronic multiplicity ratio for K 0
s summed over the kinematics of

the EG2 experiment. Here, different colors represents different targets used in the analysis as shown in the
legend.

Preliminary results for the + analysis [6, 7] are shown in figure 1 and preliminary results
for the K0

s analysis are shown in figures 2 and 3. The present data show strong attenuation effects
as a function of z, and follow similar trends as the HERMES data for other hadrons. The lower
right hand side of figures 1 and 3 show RhA as a function of p2

T . An increase of the number of
hadrons at high p2

T with the atomic number A is observed. This effect was first observed by EMC
[8] and is also known from heavy ion collisions, called the Cronin effect [9]. This effect was also
observed by the HERMES collaboration [4]. Compared to experiments with heavy ions, the use
of a lepton probe has the advantage that initial-state interactions do not play a role (except for
shadowing effects, which are small in the xB j range of the HERMES and CLAS experiments). The
observed rise at high p2

T might be due to a broadening of the p2
T distribution of heavy nuclei to that

of deuterium. This is likely to result from partonic re-scattering as well as from hadronic final-state
interactions.

To summarize, since hadronization is a non-perturbative process, only a few aspect of the
process are currently understood. In particular, several hadron species are required to analyze the
flavor dependence of the observables and to give insight into the fundamental principles governing
hadron formation. CLAS data provides an opportunity to gain new insight into hadronization
as well as other aspects of quark propagation through nuclei. Precise data for the pion channel
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