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• Hadronization is the fundamental process of an energetic quark evolving 
into one or more hadrons following a hard interaction 

• It is a familiar, but poorly-understood QCD process involving a mixture of 
perturbative and non-perturbative elements

• With SIDIS on nuclei, one can use the interactions of the quarks and 
hadrons with the nucleus to get new information on the hadronization 
process, allowing more direct access to the mechanisms of hadronization:

• hadron fragmentation functions are modified

• transverse momentum is broadened

• correlations between hadrons are modified

• correlated photons, multiplicity correlations, and more
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Deep Inelastic Scattering - Vacuum

tp

production time tp - propagating quark

htf

formation time htf - dipole grows to hadron
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DIS in Cold Nuclear Medium

Hadron forms inside the medium; then also have
prehadron/hadron interaction

Amplitudes for hadronization inside 
and outside the medium can interfere
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Drell-Yan in Cold Nuclear Medium

e.g., 800 GeV protons - no in-medium hadronization, 
but do have pT broadening
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Relativistic Heavy Ion 
Collisions - parton 

propagation in a hot 
dense medium



Comparison of Parton Propagation in   
Three Processes

DIS D-Y RHI Collisions

Accardi, Arleo, Brooks, d'Enterria, Muccifora, Riv.Nuovo Cim.032:439553,2010 [arXiv:0907.3534]
Majumder, van Leuween, arXiv:1002.2206
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vacuum /1≈≈ κString model

Energy 
conservation, 
time dialation

τp =
ν(1− zh)
dE
dx |vacuum

τp =
νz(1− z)

Q2
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BACK-OF-ENVELOPE - htf

hf R
m
Et ≥

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 time dialated: 

If take, e.g., the pion mass, radius 0.66 fm, 
E = 4 GeV, then  tf ~20 fm/c.
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the difference between the masses of the nearest two states 
into which it can evolve (e.g., ground state and first radial 
excited state), boosted to the lab frame.



τf =
2E

m2
1 −m2

2

BACK OF ENVELOPE, BUT USING 

QUANTUM MECHANICS - htf

Given propagating pre-hadron with energy E in the lab frame, 
the time it takes to resolve the final hadron mass is given by 
the difference between the masses of the nearest two states 
into which it can evolve (e.g., ground state and first radial 
excited state), boosted to the lab frame.

Pion of 4 GeV, m1=0.14 GeV, m2 = 1.3 GeV, E = 4 GeV, then  
tf ~1 fm/c. (Much less than previous page! [and Kaons?])



τf =
2E

m2
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BACK OF ENVELOPE, BUT USING 

QUANTUM MECHANICS - htf

Given propagating pre-hadron with energy E in the lab frame, 
the time it takes to resolve the final hadron mass is given by 
the difference between the masses of the nearest two states 
into which it can evolve (e.g., ground state and first radial 
excited state), boosted to the lab frame.

Pion of 4 GeV, m1=0.14 GeV, m2 = 1.3 GeV, E = 4 GeV, then  
tf ~1 fm/c. (Much less than previous page! [and Kaons?])

p.s., note connection to the quark model and hadron structure!



Comparison of pT broadening data - Drell-Yan and DIS

Mass number (JLab/HERMES data shifted for better view)
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Quark kT broadening vs. 
hadron pT broadening

The transverse momentum broadening experienced by 
a quark is diluted by the time it is part of a hadron

pπ

pT (pion) ≈ z kT (quark)

p2T
z2

= k2T
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FIG. 1: The pt-broadening for π+, π−, and K+ mesons as
a function of atomic mass number A. The inner error bars
represent the statistical uncertainties; the total bars repre-
sent the total uncertainty, obtained by adding statistical and
systematic uncertainties in quadrature.

pt-broadening at large atomic mass numbers, support-
ing models which treat its origin in the partonic stage.
Within such models, this behavior suggests that the color
neutralization happens near the surface of the nucleus or
outside for the average kinematics of this measurement
[22].

The panels presented in Fig. 2 show 〈p2
t 〉 for D (top

row) and the pt-broadening (remaining rows) as a func-
tion of either ν, Q2, x, and z for π+ or π− for the various
nuclear targets. Since the uncertainties of the K+ sam-
ple are rather large, only the results for the Xe target
are presented in the bottom row. The values of 〈p2

t 〉 for
D are between 0.2 and 0.4 GeV2 while the pt-broadening
shows values from 0 up to 0.05 GeV2. This means that
pt-broadening adds between 0 to 10% to 〈p2

t 〉. The data
do not reveal a significant dependence on ν in the kine-
matic range covered.

Since models that describe hadron formation in nuclei
commonly connect formation length with ν, the basically
flat behavior in ν supports again the picture that color
neutralization mainly happens at the surface (or outside)
of the nucleus for the Hermes kinematics [22]. The effect
slightly increases with Q2 in contrast to the model cal-
culation in Ref. [23], where a decrease of the broadening
with Q2 is predicted, and in agreement with the model
calculation in Ref. [24]. The behavior as a function of x
is very similar to the Q2 behavior, due to a strong cor-
relation between x and Q2 in the Hermes kinematics,
hence it can not be excluded that the Q2 dependence ob-
served is actually an underlying x dependen ce or both
a Q2 and x dependence. The statistical precision of the

〈ν〉[GeV] 〈Q2〉[GeV2] 〈x〉 〈z〉

∆〈p2
t 〉 vs. A

He 13.7 2.4 0.101 0.42
Ne 13.8 2.4 0.101 0.42
Kr 14.0 2.4 0.100 0.41
Xe 14.0 2.4 0.099 0.41

∆〈p2
t 〉 vs. ν

ν-bin# 1 8.0 2.1 0.141 0.49
ν-bin# 2 11.9 2.5 0.111 0.43
ν-bin# 3 14.7 2.6 0.096 0.40
ν-bin# 4 18.5 2.4 0.073 0.37

∆〈p2
t 〉 vs. Q2

Q2-bin# 1 13.7 1.4 0.063 0.42
Q2-bin# 2 14.0 2.5 0.105 0.41
Q2-bin# 3 14.4 3.9 0.153 0.40
Q2-bin# 4 14.6 6.5 0.248 0.39

∆〈p2
t 〉 vs. x

x-bin# 1 15.2 1.6 0.059 0.40
x-bin# 2 12.3 3.0 0.131 0.42
x-bin# 3 11.5 5.5 0.254 0.42
x-bin# 4 10.1 8.1 0.422 0.41

∆〈p2
t 〉 vs. z

z-bin# 1 14.5 2.4 0.097 0.32
z-bin# 2 13.1 2.4 0.106 0.53
z-bin# 3 12.4 2.4 0.107 0.75
z-bin# 4 10.8 2.3 0.115 0.94

TABLE II: Average kinematics for the (π+) pt-broadening
results. The ν, Q2, and z kinematics are for the Xe target.

data presented here do not allow the study of the Q2

and x dependence separately, or any other two kinematic
observables.

The pt-broadening is seen to vanish as z approaches
unity while the 〈p2

t 〉 for D is 0.2 or higher in the high-
est z-bin. Due to energy conservation the struck quark
cannot have lost energy when z = 1, leaving no room
for broadening apart from a possible modification of the
primordial quark transverse momentum. The observed
vanishing of the ∆〈p2

t 〉
h
A at high values of z indicates that

there is no or little dependence of the primordial trans-
verse momentum on the size of the nucleus. It also indi-
cates that pt-broadening is not due to elastic scattering
of pre-hadrons or hadrons already produced within the
nuclear volume, as this would lead to substantial broad-
ening even for values of z very close to unity.

In summary, the first direct determination of pt-
broadening in semi-inclusive deep-inelastic scattering for
charged pions and positively-charged kaons was per-
formed on He, Ne, Kr, and Xe targets. The broadening
was measured as a function of the atomic number A and
the kinematic variables ν, Q2, x or z. The broadening
increases with A and remains constant with ν, suggest-
ing that the effect is due to the “partonic” stage and that
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FIG. 2: From left to right, the ν, Q2, x, and z dependence of 〈p2
t 〉 for D (top row) and pt-broadening (remaining rows) for

π+ and π− produced on He, Ne, Kr, and Xe targets and for K+ produced on a Xe target (bottom row). The inner error bars
represent the statistical uncertainties; the total error bars represent the total uncertainty, evaluated as the sum in quadrature
of statistical and systematic uncertainties.

Hermes pT 
broadening data

World’s first comparison between 
pion and K+ pT broadening
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currents of 15 to 5 mA and beam lifetimes of one hour. This made it possible
to accumulate the data for these targets in only a few days of integrated
beam time. The luminosity was measured using elastic scattering of the beam
particles from the electrons in the target gas: Bhabha scattering for a positron
beam, Møller scattering for an electron beam [32]. There are several particle

Table 1
Overview of the HERMES nuclear attenuation measurements.

Year E (GeV) Target Identified hadrons Ref.

1997 27.6 D, N h±, π± [4], [5]

1999 27.6 D, Kr h±, π±,π0, K±, p, p [5], this work

2000 27.6 D, He, Ne π±,π0, K±, p, p this work

2000 12.0 D, N, Kr h±, π± [29]

2004 27.6 D, Kr, Xe π±, K±,π0, p, p this work

2005 27.6 D, Kr, Xe π±, K±,π0, p, p this work

identification (PID) detectors in the HERMES spectrometer. Details on the
performance and use of these PID detectors can be found in Ref. [33]. Electrons
and positrons are identified by combining the information from a lead-glass
calorimeter, a scintillator hodoscope preceded by two radiation lengths of lead
(the pre-shower detector), and a transition-radiation detector.

The identification of charged pions, kaons, protons, and antiprotons is ac-
complished using the information from the Ring-Imaging Čerenkov detector
(RICH) [34], which replaces a threshold Čerenkov counter used in the pre-
viously reported measurements on nitrogen [4]. The RICH detector uses two
radiators, a 5 cm thick wall of silica-aerogel tiles followed by a large volume of
C4F10 gas, to provide separation of pions, kaons, and (anti)protons. Together
these provide good particle identification for charged hadrons in the momen-
tum range 2 < p < 15 GeV, with limited contamination from misidentified
hadrons. The identification efficiencies and contaminations for pions, kaons,
protons, and antiprotons were determined in a Monte Carlo simulation as
a function of the hadron momentum and multiplicity in the relevant detec-
tor half. These performance parameters were verified in a limited kinematic
domain using known particle species from identified resonance decays. They
were used in a matrix method to unfold the true hadron distributions from
the measured ones. Systematic uncertainties in the unfolding were estimated
by using matrices determined in different ways, see Refs. [34,35] for details.

The electromagnetic calorimeter [36] provides neutral pion identification through
the detection of two clusters without an accompanying track, originating from
the two decay photons.
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Fig. 2. Values of Rh
A for positively charged hadrons as a function of ν, z, and Q2.

The data as a function of ν are shown for ν > 4 GeV and those as a function of
z for z > 0.1. The inner error bars represent the statistical uncertainty, while the
outer ones show the total uncertainty.

and absorption of the produced kaon can qualitatively explain the observed
difference between RK+

A and RK−

A . However, when comparing the multiplicity
ratios for pions and kaons, it is seen that RK−

A ≈ Rπ−

A , whereas RK+

A > Rπ+

A .
Given that both pions and K+ particles are rank-1, and K− rank 2 or higher,
and that nuclear absorption cross sections for both K+ and K− are smaller
than for pions, these features are not readily explained by the behaviour of
fragmentation functions or absorption cross sections.

The results for protons cannot really be related to those for any of the other
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Fig. 3. Values of Rh
A for negatively charged hadrons as a function of ν, z, and Q2.

The data as a function of ν are shown for ν > 4 GeV and those as a function of z

for z > 0.1. Error bars as in Fig. 2.

particles. Because protons are already present in a nucleus, an appreciable
fraction of them may not come from hadronization. This is reflected in the
very large difference in production of p and p on deuterium, see Table 3.
Furthermore, as discussed in section 2, in final-state interactions they generally
are not absorbed, but give rise to more nucleons (both protons and neutrons),
thus possibly even increasing Rh

A at lower z.

Antiprotons feature a rather strong attenuation, which might be attributed to
the relatively large pN cross section.
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the partons through the nuclear medium22. More ʻcentralʼ events that sample a longer 
pathlength may result both in more broadening and higher hadron multiplicity. Studies 
with Lepto indicate that the multiplicity for events with two π+ is 50% greater than that for 
events with only one π+ for these energies. Whether this is the correct explanation or 
not, it remains true that studies of all observables as a function of hadron multiplicity is a 
new tool to understand the mechanisms involved in these interactions, and may give a 
method to map out the path length dependence of these processes in the medium. 
CLAS12 is ideally suited for these studies because of its combination of high 
acceptance, high luminosity, and hadron detection capabilities.

Another example of two-hadron correlations is the use of “slow protons” to understand 
characteristics of the target fragmentation. This has been explored in a series of papers 
spanning more than a decade by Ciofi and collaborators, the most recent of which was 
published in 200923. These ideas can be tested quantitatively with CLAS12. 

Figure 5. The HERMES data for two-hadron multiplicity ratios shown together with pQCD 
calculations of the medium-modified di-hadron fragmentation function at higher twist; see text.

21

The modification of the dihadron fragmentation function as a function of the momentum fraction in the hard-
sphere density approximation for N is presented in Fig. (9). Once again, there are absolutely no free parameters in
the calculation of the dihadron fragmentation function. The sole parameter C̃ was set by comparison to the medium
modified single fragmentation function (Fig. 8). It turns out that within the choice of parameters the comparison
with the N nucleus is not as good as the case for the Gaussian density distribution. This is to be expected as the
Gaussian distribution is indeed closer to the actual density distribution in N .

The modified dihadron fragmentation function for Kr is presented in Fig. (9). One notes that while the agreement
with the data still deteriorates for increasing z, there exits an overall quantitative improvement in the fit over that
obtained from the Gaussian density distribution. The best fit to the data is obtained, once again with C̃ = 0.03. It
should be pointed out, in passing, that besides the slight improvement in the results for the case of the Kr nucleus
there remains no qualitative difference in the modification of the single and double fragmentation functions between
the cases of a Gaussian distribution of nucleons and a hard sphere distribution.
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FIG. 9: Results of the medium modification of the quark fragmentation function in cold nuclear medium in a N and Kr
nucleus versus the momentum fraction of the associated hadron. The momentum fraction of the trigger, is held above 0.5 and
integrated over all allowed values. A hard-sphere distribution of nucleons in a nucleus is used. See text for details.

The curves presented in Figs. 6-9 are the main results of this paper. They demonstrate that including next-to-
leading twist corrections in the DIS off nuclei allow for a better understanding of the measured data. However it is
clear that one needs to go further to understand the behaviour displayed by the one and two particle distributions
in the DIS off large nuclei such as Kr. For smaller nuclei such as N the next-to-leading twist contributions seem to
provide a satisfactory account of the experimental behaviour.

V. DISCUSSIONS AND CONCLUSIONS

The focus of this paper has been on the medium modification of dihadron fragmentation functions in the semi-
inclusive DIS off a large nucleus. We have first generalized the formalism for the modification of the single fragmenta-
tion function in a dense medium to the modification of the dihadron fragmentation function. The modification arises
from the inclusion of next-to-leading twist contributions to the double differential inclusive cross section for observing
two hadrons within a jet produced via leptoproduction from a nucleus. Higher twist contributions are suppressed
by powers of the hard scale Q2 and are thus ignored in the DIS off a nucleon target. A class of these higher twist
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as it bore through the nucleus. Such contributions are also important in the medium modification of the single hadron
fragmentation functions [4]. In this section we isolate the hard part of the diagrams involved in the modification of
the dihadron fragmentation functions.

In the previous subsection, we demonstrated the factorization of the fragmentation and parton distribution functions
from the hard scattering cross section at leading and next-to-leading order and at leading twist. It was demonstrated
that the hard part is the same as in the case of the single fragmentation functions. The focus will now be on a similar
proof at next-to-leading twist. At leading order the diagrams to be considered are illustrated those in Fig. 4.

xp

p p

xp xp

q q

p p

xp

q q

p p

xp xp

q q

FIG. 4: The leading order and next to leading twist contribution to W
µν .

The reader will immediately note that the procedure involved in the factorization of the dihadron fragmentation
function from the hard part is entirely similar to that at leading twist, and also to the case of the single fragmentation
functions. The resulting hard part has no radiated gluon and therefore no medium modification of the fragmentation
functions. The sole effect of the double scattering indicated by the diagrams in Fig. 4 is the appearence of a net
transverse momentum k⊥ in the out going jet brought in by the average transverse momentum of the gluons. In the
limit of vanishing k⊥, the contribution of the above diagrams is an overall Eikonal phase that will be absorded into a
gauge invariant definintion of the quark distribution function.

Medium modifications to the semi-inclusive cross section at higher twist in the limit of very small transverse
momentum of the soft gluons in a nucleus emanate specifically at next to leading order. The contributions are
illustrated by diagrams in Fig. 5. Both diagrams represent the case where the struck quark undergoes scattering off a
soft gluon in the nucleus and also radiates a fraction of its forward momentum into a collinear gluon. Both the quark
and gluon then exit the medium and fragment. The diagram on the left corresponds to the case where both detected
hadrons emanate from the fragmentation of the quark, while the diagram on the right corresponds to the case where
one of the detected hadrons originates in the fragmentation of the quark and the other in the fragmentation of the
gluon. In Fig. 5 we two diagrams that arise at next-to-leading order and at next-to-leading twist in the evaluation of
the medium modification of the dihadron fragmentation function. The dominant contributions, however, comes from
gluon-gluon secondary scattering [4].
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Geometric model
• Three-parameter model:

• scale factor (proportional to transport coefficient)

• production time (distributed exponentially)

• effective absorption cross section

• Simultaneous fit of pT broadening and multiplicity ratio in the 
same 3-fold kinematic bin in Q2, ν, and z

• Realistic nuclear densities

• Path begins at point with probability proportional 
to density

• Part of path is quark, part of path is (pre-)hadron



Results from combined fit
3 parameter geometric model

various bins in Q2, ν, and z
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JLab/CLAS 3-D preliminary data 
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Conclusions from 3-parameter 
geometric model 

(exploratory study)

• Consistent with features of data

• Dependence of transport coefficient on z

• Range: 0.05 - 0.15 GeV2/fm

• Production length ~2 fm

• Effective cross section moderately larger than 
hadronic - energy loss mechanism visible (?)



New Multiplicity Studies

Broadening vs. pi+ multiplicity
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Higher multiplicity may correlate with  more in-medium 
interactions, in analogy with ‘centrality’ in RHI
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K0 Multiplicity Ratio

K. Hicks and A. Daniel, arXiv:0907.5362v1 [nucl-ex] (2009).

pi+pi- inv. mass, Fe, G+p2, z=0.55, nuc

ID             656
  95.06    /    72

P1   233.4
P2  -862.4
P3   4401.
P4  -3660.
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Figure 2: Invariant mass of a π+π− pair de-
tected in CLAS, showing the K0

s peak.

Preliminary results for π+ produced at
CLAS [4], shown in Fig. 1, indicate little
dependence of the multiplicity ratio R on
the DIS variables ν and Q2 for a given nu-
clear target, whereas R does depend on z
and p2

T . Since the attenuation of R does
depend on the nucleus at these kinemat-
ics, the results of Fig. 1 suggests that the
average hadron formation length is shorter
than the radius of Pb. Nuclear multiplic-
ity ratios cannot be explained by theoretical
models unless some finite propagation of a
”pre-hadron” (with a smaller cross section
than fully-formed hadrons) is assumed [5].

Here we present for the first time results
for K0

s hadronization measured in SIDIS
kinematics at CLAS. The K0 was detected
by reconstructing the invariant mass of a
π+π− pair from the K0

s decay branch. A
sample mass spectrum showing the K0

s peak
is shown in Fig. 2 for the Fe target in the en-
ergy fraction bin spanning z = 0.5-0.6. The
number of K0

s particles was obtained by a gaussian fit over a smooth polynomial background.
Similar fits were done for the liquid deuterium LD2 target.
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Figure 3: Preliminary multiplicity ratios
for the targets shown for K0

s hadronization
summed over the kinematics of eg2.

To get the multiplicity ratio, the number
of K0

s events for SIDIS events were normal-
ized by the number of DIS events with of
Q2 > 1.0 GeV2 and W > 2 GeV. Unlike the
CLAS π+ hadronization data [4], the statis-
tics for K0

s were not sufficient to obtain mul-
tiplicity ratios for different bins in Q2 and
ν. Ratios of SIDIS/DIS were obtained for
several targets (LD2,C,Fe,Pb) and the mul-
tiplicity ratio R was calculated for a given
nuclear target normalized by the deuterium
ratio. Small corrections for the detector ef-
ficiency from the difference in geometry of
the nuclear and LD2 targets were done with
Monte Carlo simulations. Preliminary re-
sults are shown in Fig. 3 as a function of
the energy fraction z of the K0

s .
Although the data in Fig. 3 are still pre-

liminary, there is an indication that the multiplicity ratios are less attenuated (closer to
unity) than for π+ hadronization at the same kinematics. This in turn suggests that there
is a dependence on the mass of the antiquark picked up by in the hadronization process of
a meson, at least for z > 0.5 where the meson is likely to include the struck quark (and an
antiquark from the breaking of the color flux tube).

DIS 2009

K0 invariant mass
iron target

CLAS 5 GeV data 
under analysis

pions, K0, K+(lower 
energy), eta, omega, 

lambda, sigma

Figure 9. Invariant mass of the two-photon signals 
reconstructed from the CLAS EG2 data for four 
nuclear targets, normalized to the thickness of the lead 
target sample. The four nuclei are deuterium (in 
yellow), carbon (in green), iron (in blue), and lead (in 
red). The peaks due to neutral pions and the eta 
meson are visible over the combinatoric background. 
This plot was made by integrating over all kinematic 
variables within DIS kinematics except for z, which 
ranges from z=0.6 to z=0.7 here.

(Editorial notes:)
Here, add more details on why a complete set of 
hadrons is important (basically the need for a set 
of samples in flavor, mass, meson vs. baryon; 
make a reference to the table of hadrons in the 
original proposal.), and make a conclusion. Need to add references to Majumder and 
Accardi reviews. Need to add Accardi references for Figure 4. Need to add the following 
fragments into the correct places: Theoretical work drawing from HERA phenomenology 
and from string fragmentation includes recent work by Pirner and collaborators28. A first-
principles calculation by Kopeliovich et al.29 found that the role of quantum-mechanical 
interferences may be important in describing hadron attenuation. 
Perturbative fragmentation30. Microscopic calculation of leading hadron production31.
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What is the importance of kaons in these studies? 

• Provide important continuity between CLAS12 measurements and 
HERMES measurements

• Can compare K0 to charged kaons, in pT broadening and multiplicity ratios

• Kaons have smaller cross section than pions - absorption scenario: 
multiplicity ratio should be larger for kaons - energy loss scenario: opposite 
trend (based on shapes of fragmentation functions for kaon and pion).

• Will reduce backgrounds on all channels where strangeness is involved, 
such as lambda baryons or phi mesons. 

• ~3 orders of magnitude more integrated luminosity than Hermes, so one 
can study the details of the K+ K- comparison as a function of several 
kinematic variables simultaneously. 



Landscape of kaon hadronization
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K+ u s̄

K- ū s

K0 d s̄

K̅0 d̄ s

• Naively, K- comes more from mid-string than K+:
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Landscape of kaon hadronization

• Only two of the above kaons can contain a struck valence quark
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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 ̅̅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)*
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*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
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Future CLAS12 Data for π+



First fully quantum-mechanical calculation of in-medium hadronization

Perturbative fragmentation via the KPPS-Berger model (KPPS, Phys. Lett. 
B662:117-122, 2008, arXiv:0706.3059v1 [hep-ph]

Path-integral formulation of quantum mechanics (LCGF)

phases and interferences; all relevant timescales

includes the probability of prehadron production both inside and 
outside the medium

Inner/outer interference generates hadron ‘attenuation’: in-medium interactions 
affect overlap of dipole to pion wave function

B.Z. Kopeliovich, H.-J. Pirner, I.K. Potashnikova, Ivan Schmidt, A.V. Tarasov, O.O. Voskresenskaya, 
Phys. Rev. C78:055204,2008 arXiv:0809.4613v2 [hep-ph] 

Mechanisms of Hadronization
Examples of recent theory progress



Conclusions

• Rich and exciting program of studies!

• Hermes data the first with hadron-specific information

• CLAS at 5 and 11 GeV

• Strangeness production a very important part of these 
studies of hadronization mechanisms and space-time QCD


