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SYNOPSIS

We explore color propagation, neutralization, and fluctuations 
by using deep inelastic scattering on nuclei	


!
The struck quark interacts with the partons in the nucleus, 

becoming a secondary probe	

!

The modifications of the properties of the final-state hadrons 
reveal the details of how the struck quark interacted, and how 

the final-state hadrons were formed
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https://indico.bnl.gov/event/EICAC

https://indico.bnl.gov/event/EICAC


Partonic energy loss in-medium - jet quenching
Fundamental QCD processes
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Creating QCD color from pure energy - dynamic confinementReal world (??, or at least unquenched lattice QCD)
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0.13

r
+ r .

(for αs ≈ 0.5, r in fm and V in GeV)
V (0.4 fm) ≈ 0: Coulomb important for internal structure of hadrons,

not for particle production (?)



FUNDAMENTAL QCD PROCESSES

Gluon bremsstrahlung	

in vacuum and in medium
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Partonic elastic scattering	

in medium

Color neutralization

Hadron formation



Virtual light quark lifetime 
from the Lund String model:
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lp = z
(ln( 1

z2 )� 1 + z2)

1� z2

→ 0 for z=0 and z=1

z⇡ ⌘ E⇡

⌫

Hadron formation time? 
Back of envelope:	


E.g., 10 fm for ν = 3 GeV

⇡ ⌫R

2
hadron

x > 0.1, struck quark in hadron

…but this assumes a very simple mechanism….



Hadronization mechanisms:	

how do the hadrons form?
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 electron-deuterium collisions
electron-Pb collisions

Nucleus “A”
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pT broadening is a tool: sample the gluon field using a colored probe:
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and radiative energy loss:



pT broadening data - Drell-Yan and DIS

• New, precision data with identified hadrons! 
• CLAS π+: 81 four-dimensional bins in Q2, ν, zh, and A 
• Intriguing saturation: production length or something else?

Observe saturation of pT 
broadening with system 

size at low energies
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1) Assume saturation is due 
to shorter production length 
ℓ: then can measure ℓ



Pb

CLAS preliminary

Dependence of pT broadening on Feynman x

• Feynman x is the fraction πpL/max{πpL} in the γ*-N CM system	


• Emphasizes current (xF>0) vs. target (xF<0) fragmentation	


• First observation that pT broadening originates in both regimes

• xF and zh are partially 
correlated

z

xF

string model form scaled by z2



398 41. Plots of cross sections and related quantities
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Figure 41.13: Total and elastic cross sections for π±p and π±d (total only) collisions as a function of laboratory beam momentum and total
center-of-mass energy. Corresponding computer-readable data files may be found at http://pdg.lbl.gov/current/xsect/. (Courtesy of the
COMPAS Group, IHEP, Protvino, August 2005)

Hadronic broadening or partonic broadening? 



Energy of π+ (GeV)

Elastic cross section for π+-nucleon

N:Z weighting for carbon, iron, lead
(parameterization of data)

Use the known π-N cross section for a data-driven 
test: is origin of broadening partonic or hadronic? 

El
as

tic
 c

ro
ss

 se
ct

io
n 

fo
r π

+ -
nu

cl
eo

n 
(m

b)

If broadening occurs because of elastic hadronic 
scattering, this 0.3 GeV peak must be visible!



pT2 Broadening vs. Hadron Energy

CLAS preliminary

no enhancement at 0.3 GeV

No visible evidence of 
hadronic elastic scattering? 
Suggests:  

1) formation length is 
very long 

!

2) broadening is purely 
partonic 

Energy of π+ (GeV)

Elastic cross section for π+-nucleon (mb)

N:Z weighting for carbon, iron, lead

(parameterization of data)

incompatible 
with hadrons



CONCLUSIONS

• Transverse momentum broadening, in conjunction 
with the known hadronic cross sections, can distinguish 
partonic FSI from hadronic FSI	


• In JLab kinematics, no evidence for hadronic FSI - 
formation length is long, broadening is partonic	


• Need a real theory calculation! can constrain hadronic 
formation length for pion
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Additional slides
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ADDITIONAL IMPORTANT STUDIES

• Jets (see backup slides from Alberto Accardi)	


• Di-hadron attenuation (hadronization mechanisms)	


• Photon-hadron correlations	


• Bose-Einstein correlations	


• Correlated low-energy particles	


• Target fragmentation, and target-current correlations	


• Single and double spin asymmetries in meson production from nuclei	


• Color transparency	


• Baryon multiplicity
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Proton minus 
one quark



Quark kT broadening vs. hadron pT broadening
The kT broadening experienced by a quark is “diluted” in the fragmention process

~pT

~p

~k
~kT

z~kT
~jT

 Verified for pions to 5-10% accuracy for vacuum case, z=0.4-0.7, by Monte Carlo studies  

~pT = z~kT +~jT

hp2T i = hz2k2T i+ hj2T i

�hp2T i = �hz2k2T i+�hj2T i
~0

�hp2T i ⇡ z2�hk2T i

k is the quark momentum,  
p is the hadron momentum



!
Basic questions at low energies:  
!

Partonic processes dominate, or hadronic? in which 
kinematic regime? classical or quantum? 
!
Can identify dominant hadronization mechanisms, 
uniquely? what are the roles of flavor and mass? 
!
What can we infer about fundamental QCD processes 
by observing the interaction with the nucleus? 
!

If pT broadening uniquely signals the partonic stage, can use this as 
one tool to answer these questions



• Lund string model: expect 
~correlation between 
rapidity and string position

HADRONIZATION MECHANISMS

• Can we learn more about 
hadronization mechanisms 
using nuclear targets? 

19

Hadrons near mid-string sample more medium path length. 
Look for greater attenuation and broadening in mid-rapidity?

versus

versus

u ūu ū d d̄u ū d d̄ u ūc c̄ uu ū d d̄

d d̄u ū u ūd d̄u ū c c̄ uu ūu ū d d̄

u ū u ū d d̄c c̄d d̄ u ū uu ū u ū d d̄



HADRONIZATION MECHANISMS FROM 
INTERCOMPARING DIFFERENT HADRONS

HERMES demonstrated that simple expectations about hadron flavor 
independence are naïve - Eur. Phys. J. A (2011) 47: 113.

20

Page 4 of 8 The European Physical Journal A

0.2

0.4

0.6

0.8

1

1.2

10 20

0.2

0.4

0.6

0.8

1

1.2

10 20

0.2

0.4

0.6

0.8

1

1.2

10 20

0.5

1

1.5

10 20

0.5

1

1.5

10 20

0.5

1

1.5

10 20

0.5

1

1.5

10 20

0.5

1

1.5

10 20

z = 0.2-0.4
z = 0.4-0.7
z > 0.70.4

0.6

1.0

0.8

RA
h

Ne Kr

π-

Xe

0.5

1.0

1.5

K-

0.5

1.0

1.5

10 20 10 20 2010

p
–

ν [GeV]

0.5

1

1.5

10 20

Fig. 1. Dependence of Rh
A on ν for positively and negatively charged hadrons for three slices in z as indicated in the legend.

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

transferred to the hadron in the photon-nucleon centre-
of-mass system to its maximum possible value. Together,
the constraints on z and xF reduce contributions from the
target fragmentation region.

From the data, the hadron multiplicity ratios Rh
A were

determined for each hadron type and target. Radiative
corrections were applied following the scheme described
in refs. [7,40–43], using average values of ν and Q2 for
each kinematic bin in the analysis. The corrections re-
main below 7% in all bins. Acceptance effects were stud-
ied in Monte Carlo simulations using an experimentally
motivated parametrisation of Rh

A. They were found to be
small compared to other uncertainties in all but the low-
est bin in ν. The differences between the parametrised and
reconstructed values were used to estimate the systematic
uncertainty due to the restricted acceptance for each ha-
dron type.

Uncertainties in the knowledge of radiative processes
(up to 2%) and half of the observed maximal differences
between results for Rh

A from different data-taking periods
were taken together as overall scale uncertainties1. The to-

1 In order to reduce effects from statistical fluctuations larger
ranges of acceptance were integrated for these studies. How-
ever, it was verified that those effects were not generated in
certain kinematic ranges only.

tal scale uncertainties are 3%, 5%, 4%, and 10% for pions,
kaons, protons and antiprotons, respectively.

The uncertainties due to the hadron identification were
estimated to be up to 0.5% for charged pions, up to 1.5%
for kaons and protons, and up to 4% for antiprotons.
Those due to acceptance effects were 6% for pions, 3%
for kaons, and 7% for protons and antiprotons in the first
ν bin, and less than 2% for any hadron in any other bin.
Effects due to the contamination from diffractive ρ0 me-
son production were estimated to be at most 4 and 7%
for positive and negative pions, respectively. (For details
see ref. [7].) These uncertainties were added in quadra-
ture separately for each data point to yield systematic
bin-to-bin uncertainties. Those were subsequently added
in quadrature to the statistical uncertainties and plotted
as total uncertainties.

3 Results and discussion
The results for the multiplicity ratio Rh

A are presented us-
ing a fine binning in one of the variables, a coarser binning
(called slice) in a second variable, and integrating over the
remaining variables within the acceptance of the experi-
ment. The following slices were used: 4–12, 12–17, and
17–23.5GeV for ν; 0.2–0.4, 0.4–0.7, and > 0.7 for z; and
≤ 0.4, 0.4–0.7, and > 0.7GeV2 in the case of p2

t . The de-
pendence on Q2 was investigated, but as it turned out to

The HERMES Collaboration (A. Airapetian et al.): Multidimensional study of hadronization . . . Page 5 of 8
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Fig. 2. Dependence of Rh
A on z for positively and negatively charged hadrons for three slices in ν as indicated in the legend.

Uncertainties are shown as in fig. 1.

Fig. 3. Dependence of Rh
A on p2

t for positively charged hadrons
for three slices in z as indicated in the legend. Uncertainties
are shown as in fig. 1.

be weak, no dependences with slices in Q2 were produced.
In the following, dependences that show salient features
are discussed. In the presentation of the data, bins based

on fewer than 10 events were omitted because the large
statistical uncertainty would preclude useful conclusions.

The dependence of Rh
A on ν for three slices in z is

shown in fig. 1. For pions and K−, a global trend of steady
increase of Rh

A with increasing values of ν was observed.
Such a behaviour is explained in fragmentation models
as resulting from Lorentz dilation and/or a shift in the
argument z of the relevant fragmentation function [18].
However, at the highest z range there is an indication for
a flattening out (and possibly a reversal of this trend) at
low ν for π+ and π− independently, which is not explained
by these mechanisms.

The behaviour of Rh
A for K+ was found to be more

complicated. For krypton and xenon there is a clear in-
crease of RK+

A with ν for the lowest z-slice, but at larger
values of z the behaviour is flatter. In contrast, the results
for Rh

A for K− resemble those for pions. For antiprotons,
the ν dependence was found to be weak with a slightly
positive slope, but the statistical accuracy of the results
is too limited to draw definite conclusions. The neon data
show similar but less pronounced trends, which was a com-
mon observation in all distributions under study. This is
not unexpected due to the smaller size of the nucleus of
neon compared to krypton and xenon.

The results for protons differ significantly from those
for the other hadrons. For the heavy nuclei, Rp

A behaves
very differently for the three z-slices, considerably exceed-
ing unity at higher ν for the lowest z-slice. Part of the
explanation may be the following. Unlike the other ha-
drons, protons are present already in the target nucleus.
Therefore, apart from hadronization, residual protons can
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Fig. 4. Dependence of Rh
A on z for positively and negatively charged hadrons for three slices in p2

t as indicated in the legend.
Uncertainties are shown as in fig. 1.

also result from reactions in the final state (final-state in-
teractions), whereby a proton is knocked out of the nu-
cleus. Those protons will preferably be emitted with low
energy. This could lead to an energy dependence which,
in conjunction with other kinematic factors, leads to the
observed non-trivial behaviour.

The dependence of Rh
A on z for three2 slices in ν is

shown in fig. 2. A slight change of the z dependence when
varying the ν range was observed for the π+ and π− dis-
tributions. This has been observed already in ref. [7] for
the combined pion sample and we refer to that paper for
the discussion. The results on krypton and xenon for pro-
tons show a very strong dependence on z, the value of
Rp

A exceeding unity in all ν ranges at low z. This sup-
ports the assumption that at low values of z there is a
sizable contribution of final-state interactions. A similar,
but smaller effect was seen for K+, as RK+

A increases to
almost unity, while RK−

A remains well below unity. This
suggests that interactions play a role for K+ production
in which a proton in the target nucleus is transformed
into a K+ Λ pair while the analogous process for K−

production is suppressed due to the quark content of the
K− [24].

Figure 3 shows the dependence of Rh
A on p2

t for three
slices in z for positively charged hadrons. The behaviour
of Rh

A for π− (not shown) was found to be the same as that
for π+ within statistical uncertainties. The rise at high p2

t

2 As the combined dependence on ν and z is crucial for var-
ious model calculations, the results as a function of z are also
given for five slices in ν in ref. [17].

suggests a broadening of the pt distribution [24]. Such a
broadening could result from an interaction of the struck
quark with the nuclear environment before the final ha-
dron is produced and/or from interactions of the produced
hadron within the nucleus. A detailed analysis and discus-
sion of the HERMES data for pions and K+ particles in
terms of pt broadening has been presented in ref. [44]. In-
teresting to note is that in the highest z-slice Rh

A for pions
and K+ becomes independent of p2

t within statistical un-
certainties, while for protons a significant rise is observed
at high p2

t . For K− and antiprotons (neither are shown)
limited statistics preclude any definite conclusion. In the
intermediate z-range protons also show a much stronger
rise with p2

t compared to pions and kaons in the respec-
tive ranges. This is consistent with a large contribution of
final-state interactions in the case of protons.

In fig. 4, the variation of the p2
t -dependence with z is

presented in a different way by showing the dependence
of Rh

A on z for three slices in p2
t . The global decrease of

Rh
A with z was already observed in fig. 2. This dependence

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

p2
t , an effect that is emphasised at larger target mass. At

high z, the dependence on p2
t disappears for π+, π−, and

K+, as has already been seen in fig. 3. This lack of nuclear
broadening of the pt distribution in the limit of instan-
taneous hadronization, i.e., before the struck parton has
lost any energy, has been interpreted in terms of broad-
ening arising from partonic processes [24]. For protons,
a similar, but much stronger dependence of the slope on
p2

t was observed, with Rp
A increasing far above unity at

low z. This has been discussed in relation to fig. 2 as be-
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Fig. 2. Dependence of Rh
A on z for positively and negatively charged hadrons for three slices in ν as indicated in the legend.

Uncertainties are shown as in fig. 1.

Fig. 3. Dependence of Rh
A on p2

t for positively charged hadrons
for three slices in z as indicated in the legend. Uncertainties
are shown as in fig. 1.

be weak, no dependences with slices in Q2 were produced.
In the following, dependences that show salient features
are discussed. In the presentation of the data, bins based

on fewer than 10 events were omitted because the large
statistical uncertainty would preclude useful conclusions.

The dependence of Rh
A on ν for three slices in z is

shown in fig. 1. For pions and K−, a global trend of steady
increase of Rh

A with increasing values of ν was observed.
Such a behaviour is explained in fragmentation models
as resulting from Lorentz dilation and/or a shift in the
argument z of the relevant fragmentation function [18].
However, at the highest z range there is an indication for
a flattening out (and possibly a reversal of this trend) at
low ν for π+ and π− independently, which is not explained
by these mechanisms.

The behaviour of Rh
A for K+ was found to be more

complicated. For krypton and xenon there is a clear in-
crease of RK+

A with ν for the lowest z-slice, but at larger
values of z the behaviour is flatter. In contrast, the results
for Rh

A for K− resemble those for pions. For antiprotons,
the ν dependence was found to be weak with a slightly
positive slope, but the statistical accuracy of the results
is too limited to draw definite conclusions. The neon data
show similar but less pronounced trends, which was a com-
mon observation in all distributions under study. This is
not unexpected due to the smaller size of the nucleus of
neon compared to krypton and xenon.

The results for protons differ significantly from those
for the other hadrons. For the heavy nuclei, Rp

A behaves
very differently for the three z-slices, considerably exceed-
ing unity at higher ν for the lowest z-slice. Part of the
explanation may be the following. Unlike the other ha-
drons, protons are present already in the target nucleus.
Therefore, apart from hadronization, residual protons can



meson cτ mass flavor 
content

π 25 nm 0.13 ud

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

K 27 mm 0.5 ds

K 3.7 m 0.49 us

baryon cτ mass flavor 
content

p stable 0.94 ud

p ̄ stable 0.94 ud

Λ 79 mm 1.1 uds

Λ(1520) 13 fm 1.5 uds

Σ 24 mm 1.2 us

Σ 44 mm 1.2 ds

Σ 22 pm 1.2 uds

Ξ 87 mm 1.3 us

Ξ 49 mm 1.3 ds

DIS channels: stable hadrons, accessible with 11 GeV	

JLab experiment PR12-06-117

Actively underway with existing 5 GeV data


