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Color Propagation Studies

• Nuclear targets/collisions producing identified particles 

• Semi-inclusive DIS: HERMES, JLab (Hall B&C), EIC


• Drell-Yan: FNAL


• Heavy-ion collisions: RHIC and LHC


• Physics: 


• Parton energy loss in cold/hot medium, color lifetime


• Hadron formation - mechanisms, time scales, color 
recombination, color screening, etc.



Color propagation at EIC

• Cold matter


• Identified hadrons


• CLAS < HERMES < EIC energy scale < LHC


How well do we understand the data we already have? 



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

No model can describe all of these data
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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
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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 Q2were 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 Q2were 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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CLAS6 Preliminary CLAS6 Preliminary

Data from CLAS6 and CLAS12 
will provide the ultimate low-ν 
studies in up to 4-fold 
differential multiplicity ratios. EIC 
will have overlap and will 
provide the crucial high-ν  
studies.
CLAS6: π+ (K0, π0, π-)

C
Fe
Pb

π+

CLAS6 Preliminary

C
Fe
Pb

π+

C
Fe
Pbπ+

Multiplicity ratios (nucleus/deuterium)



What we are learning from the HERMES data and new CLAS data: 

• Measurement of color lifetime 

• Direct measurement of quark energy loss 

• Color lifetime distribution - important impacts at high energies

Color Propagation Studies - COLD Matter

CLAS exploratory

New analysis of HERMES data











New and novel issues 

• What causes the z-dependent (anti-) attenuation of protons? 

• Seen by HERMES, (to be) confirmed by CLAS (CLAS12, EIC)

SRC+SSC??     Color recombination??     Exotic mechanisms??

Color Propagation Studies - COLD Matter
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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
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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 Q2were 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



Nuclear QCD Signatures and 3-D Partonic Structure   Nuclear QCD Signatures and 3-D Partonic Structure   

New studies with the Lambda Baryon shown earlier by Lamiaa

Large enhancement of Lambda multiplicity ratio at low z. 
Same pattern as HERMES protons! unique to baryons? 

but not antiprotons….

CLAS EG2 Preliminary CLAS EG2 Preliminary



New! Eta meson attenuation in nuclear siDIS
• Eta meson: mass 548 MeV, uu+̅dd̅-2ss,̅ isospin 0. O. Soto thesis. 

• compare to: K0 (CLAS), 498 MeV, ds+̅sd̅; K± (HERMES), 494 MeV us ̅
or su̅, isospin 1/2


• or compare to π0, (CLAS and HERMES), 135 MeV, uu̅-dd̅, isospin 1


Is there a visible mass effect? a “string rank” effect? a flavor combination 
effect? forms faster, slower? interacts with the medium more or less?     


• New study in PhD thesis of Orlando Soto (Hayk Hakobyan, advisor) at 
UTFSM


• A new hadron for these kinds of studies, not observed by HERMES; 
and, the first such study in two different decay channels 

Could the results depend on the decay channel?



Simplified acceptance and particle ID, to see the trends most clearly

Two photon channel multiplicity ratio 
𝜂⟶𝛾𝛾

Cronin-type behavior seen

Decrease with z is not really evident, unlike all other hadrons! 

Increase with Q2 and 𝜈 seems to be visible.
CLAS EG2 
Preliminary

CLAS EG2 Preliminary CLAS EG2 Preliminary

CLAS EG2 Preliminary CLAS EG2 Preliminary



Three pion channel 
𝜂⟶π+π-π0

Here, NOT corrected for acceptance nor target 
thickness, to show the statistical content of the data.

All targets (solid and deuterium) are approximately the same thickness except for Pb, 
which has half the thickness of the others. 

The suppression is visible by eye.
CLAS EG2 
Preliminary

CLAS EG2 Preliminary

CLAS EG2 Preliminary

CLAS EG2 Preliminary



For iron for four kinematic variables: pT2 , Q2, z, 𝜈    
Cronin-type behavior seen

Decrease with z? not clear. 


Increase with Q2 and 𝜈? not as clear in this channel

Three pion channel 
Iron target normalized to deuterium

CLAS EG2 Preliminary

CLAS EG2 Preliminary CLAS EG2 Preliminary

CLAS EG2 Preliminary CLAS EG2 Preliminary



Comparison of eta (𝛾𝛾 channel) and neutral pion in the same analysis framework

CLAS EG2 
Preliminary

Broadly similar for the two mesons, however: 


Eta meson seems to have (1) flatter z dependence and (2) more suppression on average.

CLAS EG2 Preliminary CLAS EG2 Preliminary



Jorge López

Space-time perspective of DIS on nuclei

"5

e

e′

γ∗

q

g

h
g

Lp

Lf

Production length (Lp): distance required 
for a colored system to evolve into a 
color singlet system.

Formation length (Lf): distance required 
for a pre-hadron to get fully formed.

FUNDAMENTAL QCD PROCESSES: 
•Partonic elastic scattering in medium 
•Gluon bremsstrahlung in vacuum and in medium  
•Color neutralization  
•Hadron formation 

"color lifetime" 



Jorge López

Methodology

"6

By comparing pT broadening and hadron attenuation in nuclei of different sizes, one 
can measure the length of the process of color propagation at the femtometer scale

Ne

By comparing pT broadening and hadron attenuation 
in nuclei of different sizes, one can measure the 
length of the color propagation process (fm scale)

Iron nucleusCarbon nucleus Lead nucleus

By comparing pT broadening and hadron attenuation 
in nuclei of different sizes, one can measure the 
length of the color propagation process (fm scale)

Iron nucleusCarbon nucleus Lead nucleusKr Xe A
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HERMES data – Observables
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Transverse momentum broadening

�hp2Ti = hp2TiA � hp2Tip

Simultaneous description 
of both observables
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http://www-hermes.desy.de/notes/pub/publications.html
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HERMES data – Observables
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Multiplicity ratio  
or hadron attenuation

RM =
Nh(Q2, ⌫, z, pT)/Ne(Q2, ⌫)|A
Nh(Q2, ⌫, z, pT)/Ne(Q2, ⌫)|p

Simultaneous description 
of both observables

http://www-hermes.desy.de/notes/pub/publications.html

0.2 0.4 0.6 0.8 1

hz

0.4

0.5

0.6

0.7

0.8

0.9

1M
R HERMES Collaboration, Nuclear Physics B 780 (2007) 1-27

Ne data

Kr data

Xe data

Ne interpolation

Kr interpolation

Xe interpolation

Ne interpolated

Kr interpolated

Xe interpolated

Transverse momentum broadening

�hp2Ti = hp2TiA � hp2Tip



Jorge López

Geometric model
• Propagating quark causes pT broadening of final hadron  

• Propagating pre-hadron “disappears” when it undergoes an inelastic interaction with cross 
section σ. 

• Implemented as Monte Carlo calculation. 

• Interaction point (x0, y0, z0) thrown uniformly in sphere, weighted by ρ(x0, y0, z0).

"9

�hp2Ti =
*
q0

Z z0+Lp

z0

⇢(x0, y0, z)dz

+

MC

RM =

*
exp

 
��hn

Z rA

z0+Lp

⇢(x0, y0, z)dz

!+

MC
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Geometric model
• Baseline model implemented with 3 parameters:  

- q0: sets the scale of pT broadening  
- Production length Lp: distance over which pT broadening and energy loss occur. 

Assumed exponential form.  
- Cross section for pre-hadron to interact with nucleus.  

• No dynamical information is assumed; it emerges from simultaneous fit of both 
observables:

"10

�2 =

✓
data�model

uncertainties

◆2

pT -broadening

+

✓
data�model

uncertainties

◆2

multiplicity

Variant Number of free 
parameters Description

BLE 4 Free parameters are: q0, Lp, !, and energy loss

BL30 2 Fixed cross-section @ 30 mb, no energy loss

BLE30 3 Fixed cross-section @ 30 mb
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Results: model vs nucleus size ~ A1/3
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Result for model variant BL30, baseline model at fixed pre-hadron cross-section 30 mb.
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Transport coefficient
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Compatible with 
calculations for p+A 
physics at the LHC: Average over zh:

q̂(Ne) = 0.072± 0.006 GeV2/fm

q̂(Kr) = 0.120± 0.010 GeV2/fm

q̂(Xe) = 0.137± 0.011 GeV2/fm

In a simple picture:

q̂ =
�hp2Ti
Lp

https://arxiv.org/pdf/1212.0434.pdf 
https://arxiv.org/pdf/1707.09973.pdf

q̂ = 0.075+0.015
�0.005 GeV2/fm

q̂ = q0

*
1

lp

Z z0+lp

z0

⇢(x0, y0, z)dz

+

x0,y0,z0,Lp
<latexit sha1_base64="EMglHEhFNi7gGQ1LxCuAi3EycoU="></latexit><latexit sha1_base64="EMglHEhFNi7gGQ1LxCuAi3EycoU="></latexit><latexit sha1_base64="EMglHEhFNi7gGQ1LxCuAi3EycoU="></latexit><latexit sha1_base64="EMglHEhFNi7gGQ1LxCuAi3EycoU="></latexit>
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Lund String Model
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From the Lund String Model, and for the struck 
quark (in a simple approximation):

Predicted value κ ~ 1 GeV/fm

2Lp = Mp + ⌫(1 +
p
1 +Q2/⌫2)� 2⌫z
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) - 1 + z2
h

log(1/z
 

h
) zν,2 = f(QpL

/dof = 2.432χ 1.63 fm, ±) = 17.6 ν,2f(Q

Lp(zh) / zh
log

�
1/z2h

�
� 1 + z2h

1� z2h
<latexit sha1_base64="LAUUc9K4/bzu6wbOWw5Kg+3t7fE="></latexit><latexit sha1_base64="LAUUc9K4/bzu6wbOWw5Kg+3t7fE="></latexit><latexit sha1_base64="LAUUc9K4/bzu6wbOWw5Kg+3t7fE="></latexit><latexit sha1_base64="LAUUc9K4/bzu6wbOWw5Kg+3t7fE="></latexit>

In a more general case:

Strong validation  of the geometric BL model

Bialas et al., Nucl. Phys. B 291 (1987) 793-812
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Estimations for future experiments
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Space-time characteristics of the struck quark
Assume: Single-photon exchange, no quark-pair production 
“JLab” example: Q2 = 3 GeV2, ν = 3 GeV. (xBj~0.5) 

Struck quark absorbs virtual photon energy ν and momentum pγ* 
= |p⃗ γ*|= √(ν2-Q2).  

•  Neglect any initial momentum/mass of quark 

•  Immediately after the interaction, quark mass mq=Q = √(Q2). 

•  Gamma factor is therefore γ = ν/Q, beta is β = pγ*/ν. 

 JLab example: γ = 1.73, β = 0.82

Rigorous? γ, β allow:  
1.extrapolations to EIC kinematics,  
2.test of time dilation in CLAS fits, and  
3.direct comparison between JLab and HERMES fits
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Estimations for future experiments
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Space-time analysis and Lund string model provide close estimates for 
Lp for future experiments with assumptions of Q2, !.
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Summary
• We extract the characteristic production time of π+ HERMES data using a geometric 

model. 

• The model describes transverse momentum broadening and multiplicity ratios 
simultaneously. 

• No dynamical information is assumed; it emerges from fit. 

• Transport coefficient is compatible with some theoretical predictions. 

• We recover the known value of the string constant completely independently, strong 
support of our model. 

• Our approach estimates production length for future experiments using simple kinematical 
assumptions. 

This is the first measurement of the color lifetime. 
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What do we see in hot and cold matter studies at the LHC at 5 TeV?

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CombinedSummaryPlots/HION/

HOT

HOT



https://arxiv.org/abs/1805.05635

Large amounts of jet suppression in Pb+Pb

HOT

https://arxiv.org/abs/1805.05635


https://arxiv.org/pdf/
1805.05424.pdf

Heavily modified jet 
fragmentation functions in Pb+Pb

HOT

Effects > 50%!
Enhancement at low and high z

https://arxiv.org/pdf/1805.05424.pdf
https://arxiv.org/pdf/1805.05424.pdf


Prompt and non-prompt J/𝝍 suppression in Pb+Pb

https://arxiv.org/abs/1805.04077

Suppression by a factor of 4-5!

HOT



Eur. Phys. J. C 78 (2018) 171 / https://arxiv.org/abs/1709.03089

COLD

Prompt and non-prompt J/𝝍 and 𝚼 suppression in p+Pb

The effects are 
generally much 
more subtle in 
cold matter at 
TeV energies. 

Without high 
precision, most 

cold matter 
effects are 
invisible.Sirunyan, A.M., Tumasyan, A., Adam, 

W. et al. Eur. Phys. J. C (2017) 77: 269

https://link.springer.com/article/10.1140/epjc/s10052-018-5624-4
https://arxiv.org/abs/1709.03089
http://dx.doi.org/10.1140/epjc/s10052-017-4828-3
http://dx.doi.org/10.1140/epjc/s10052-017-4828-3
http://dx.doi.org/10.1140/epjc/s10052-017-4828-3


Eur. Phys. J. C 76 (2016) 372

Inclusive Jet modifications in p+Pb

COLD

PLB749 (2015) 68-81 / arXiv:1503.00681

http://dx.doi.org/10.1140/epjc/s10052-016-4205-7
https://arxiv.org/abs/1503.00681


Two-particle correlations at EIC

• Two-particle correlations studies have become highly developed for hadron 
beam experiments over the past two decades.  

• The number of publications related to these topics has become quite large, and 
the scientific interest is high and increasing. 

• Such studies may be feasible with 11 GeV (maybe even with 6 GeV) but with the 
higher hadron multiplicities of EIC, they should have higher statistical 
significance and a much larger signal sample, using semi-inclusive DIS with 2 or 
more hadrons in the final state. 

• Both source size studies (HBT/Bose-Einstein “femtoscopy”) with identified 
particles, and general correlations studies (e.g. cumulant analysis) will be very 
interesting to compare with the hadron beam results. (There was at least one 
HBT/Bose-Einstein study at HERA.) 

• At RHIC and at the LHC, such studies produced a series of interesting surprises, 
such as non-zero v2 in p+Pb and in p+p, the “ridge” observation in small 
systems as well as large, and experimental access to event-by-event 
fluctuations. Why not explore these kinds of analyses at the EIC?



Phys. Rev. C 93 (2016) 024905  / 
https://arxiv.org/abs/1507.06842 

Phys. Rev. C 96, 064908 (2017) / 
https://arxiv.org/abs/1704.01621

https://arxiv.org/abs/1507.06842
https://arxiv.org/abs/1704.01621


https://arxiv.org/pdf/0809.4613.pdf

Probing Quantum Mechanical Properties of Jets

Jets in the extended nuclear medium may reveal new distinct quantum properties  

Ideal to study at EIC: ~no ISI

This paper 
estimates 

interference 
between “inside” 

and “outside” 
hadronization on Pb. 
A structure is seen 
that is solely due to 

the interference.

https://arxiv.org/pdf/0809.4613.pdf


Quark Physics and the Nuclear Force

Transverse momentum broadening in cold matter is small - ~0.05 GeV2

Thus, the propagating quark scatters off nucleons

How can a quark interact with a nucleon? Conjecture:  
tiny color fluctuations away from the color singlet state of the bound nucleon. 

E.g., a transitory color dipole moment

If it’s true: testable with pT broadening, and another way of thinking about the origin of 
the nuclear force.
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Conclusions

One good way to prepare for the EIC is to 
understand the related data we already have

The color lifetime concept is a new, promising 
avenue into understanding color in nuclei

The study of QCD color in nuclei has many rich 
features and points of contact with experiment

These kinds of studies are site-independent and could 
provide a good “first measurement” for the new EIC lab

Quantum mechanical features of jets, a color-based 
view of the nuclear force, 2-particle correlations, 

other correlation studies, and much more.
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x

 electron-deuterium collisions
electron-Pb collisions

Nucleus “A”

pT

e

e’

γ*

π+

pT broadening: DIS

DT

DIS

ATT ppp 222 −≡Δ

dx
dEc

z
p

)1( −≈ ντ

q

p2T

Observable: pT broadening

�p2T ⌘ hp2TiA � hp2TiD

�p2T / G(x,Q2)�L

pT broadening is a tool: sample the gluon field using a colored probe:

�dE

dx
=

↵sNc

4
�p2T

and radiative energy loss:



pT broadening data - Drell-Yan and SIDIS

• 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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Figure 1.7: Left: Schematic drawings explaining interactions of the parton moving through
cold nuclear matter: the hadron is formed outside (top) or inside (bottom) the nucleus.Right:
Ratio of semi-inclusive cross section for producing a pion (red), composed of light quarks, and
a D0 meson (blue) composed of heavy quarks in electron-Lead collisions to the same produced
in electron-deuteron as function of z, the momentum fraction of the exchanging photon carried
by the observed meson. Statistical uncertainties are shown in each case.

both low and high photon energy �, as a function of z - the momentum fraction of the233

virtual photon taken by the observed meson. The calculation of red lines and blue symbols234

assumes the mesons are formed outside of the nucleus, as shown in the top sketch of Fig. 1.7235

(Left), while the square symbols are simulated according to a model where a color neutral236

pre-hadron was formed inside the nucleus, like in the bottom sketch of Fig. 1.7 (Left).237

The di�erence between the red lines and the red square symbols would provide the first238

direct information on when the meson is formed. Unlike the suppression expected for pion239

production at all z, the ratio of heavy meson production could be larger than the unity240

due to very di�erent hadronization properties of heavy mesons. The discovery of such a241

dramatic di�erence in multiplicity ratios between light and heavy mesons at the EIC would242

shed light on the hadronization process and what governs the transition from quarks to243

hadrons.244

The Distribution of Quarks and Gluons in the Nucleus:245

The EMC experiment at CERN and experiments in the following two decades clearly re-246

vealed that the distribution of quarks in a fast-moving nucleus is not a simple superposition247

of their distributions within nucleons. Instead, the ratio of nuclear over nucleon structure248

functions follows a non-trivial function of Bjorken xB, deviating significantly from unity,249

with a suppression (often referred to as nuclear shadowing) as xB decreases. Amazingly,250

there is as of yet no knowledge whether the same holds true for gluons. With its much251

wider kinematic reach in both x and Q, the EIC could measure the suppression of the252

structure functions to a much lower value of x, approaching the region of gluon saturation.253

In addition, the EIC could for the first time reliably quantify the nuclear gluon distribution254

over a wide range of momentum fraction x. With its unprecedented luminosity, the EIC255
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Figure 3.23: Left: Fragmentation function as function of z: from the charm quark to the
D0 meson (solid) [188] and from up quark to ⇥0 meson (dashed) [34]. Right: Ratio of semi-
inclusive cross sections for producing a single pion (red square symbols) and a single D0 (blue
circle symbols) in electron-lead collisions to the same produced in electron-deuteron collisions
as a function of z at the EIC with two di�erent photon energies � = 35 GeV at Q2 = 10 GeV2

(solid symbols) and � = 145 GeV at Q2 = 35 GeV2 (open symbols) (pT of the hadron is
integrated). The solid lines are predictions of pure energy loss calculations for pion production
(see the text).

inclusive DIS cross sections for producing a single pion (red lines and square symbols) and2576

a single D0 (blue line and circle symbols) in electron-Lead collisions to the same produced2577

in the electron-deuteron as function of z at the EIC with two di�erent photon energy � =2578

35 GeV at Q2 = 10 GeV2 (solid line and square symbols) and � = 145 GeV at Q2 = 35 GeV2
2579

(dashed line and open symbols). The pT of the observed hadrons is integrated. The ratio2580

for pions (red square symbols) was taken from the calculation of [185], extended to lower2581

z, and extrapolated from a Copper nucleus to a Lead nucleus using the prescription of2582

[186]. In this model approach, pions are suppressed in electron-nuclei collisions due to a2583

combination of the attenuation of pre-hadrons as well as medium-induced energy loss. In2584

this figure, the solid lines (red - � = 145 GeV, and blue - � = 35 GeV) are predictions2585

of pure energy loss calculations using the energy loss parameters of Ref. [189]. The large2586

di�erences in the suppression between the square symbols and solid lines are immediately2587

consequences of the characteristic time scale for the color neutralization and the details of2588

the attenuation of pre-hadrons, as well as the model for energy loss. With the size of the2589

systematic errors shown by the yellow bar on the left of the unity ratio, the multiplicity2590

ratio of pion productions at the EIC will provide an excellent and unique opportunity to2591

study hadronization by using the nucleus as a femtometer detector.2592

The dramatic di�erence between the multiplicity ratios of D0 meson production and2593

that of pions, as shown in Fig. 3.23 (Right) is an immediate consequence of the di�erence2594

in the fragmentation functions shown in Fig. 3.23 (Left). The enhancement of the ratio is2595

92

π

D0

Access to very strong, unique light quark energy loss signature via D0 
heavy meson. Compare to s and c quark energy loss in Ds+

Definitive comparisons of 
light quark and heavy quark 

energy loss

EIC



NEW THEORY DEVELOPMENT

• T. Liou, A.H. Mueller, B. Wu: Nuclear Physics A 916 
(2013) 102–125, arXiv:1304.7677

• Old: multiple scattering → gluon emission, = energy 
loss

54

→ predicts a non-linear relationship between pT broadening and L.
we can look for this at EIC! 

• New: this energy loss creates more pT broadening

�p2T =
↵sNc

8⇡
q̂ L ln2L

2

l20
+ ....

�dE

dx
=

↵sNc

4
�p2T / q̂ L



QUARK KT BROADENING

55

Jörg Raufeisen (Physics Letters B 557 (2003) 184–191) =
Dolejsi, Hüfner, Kopeliovich, Johnson, Tarasov, Baier, Dokshitzer, Mueller, Peigne, Schiff, Zakharov, Guo2, 
Luo, Qiu, Sterman, Majumder, Wang2, Zhang, Kang, Zing, Song, Gao, Liang, Bodwin, Brodsky, Lepage, 

Michael, Wilk….color dipole, BDMPS-Z, higher-twist, etc.

Nonlinear 
enhancement

At EIC, can access high z ~ quark broadening



meson production in Fig. 3.27 at the EIC
would shed light on the hadronization pro-

cess and on what governs the transition from
quarks and gluons to hadrons.

3.3.3 Spatial Fluctuation of Parton Density Inside a Large Nucleus

The transverse flow of particles is a
key piece of evidence for the formation of
a strongly interacting QGP in relativistic
heavy-ion collision. It was recognized that
fluctuations in the geometry of the over-
lap zone of heavy-ion collisions lead to some
unexpected azimuthal � modulations vn of
particle multiplicity with respect to the re-
action plane. In particular, v3 leads to very
interesting features of two particle correla-

tions. The initial-state density fluctuations
seem to influence the formation and expan-
sion of the QGP. An independent measure-
ment of the spatial fluctuations of quark and
gluon densities inside a large nucleus is hence
critically important for understanding both,
the formation of QGP in heavy-ion collisions
and nuclear structure in terms of quarks and
gluons.

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

2 2.5 3 3.5 4 4.5 5 5.5 6 6.5

Tr
an

sv
er

se
 m

om
en

tu
m

 b
ro

ad
en

ing
 (G

eV
2 )

Nuclear size (fm)

EIC PREDICTION: Raufeisen+Mueller effect, W~25 GeV
CLAS preliminary - W ~ 3 GeV, 0.4 < z < 0.5
HERMES - W ~ 6 GeV, 0.2 < z < 1.0, < z > = 0.41
Raufeisen model - W ~ 25 GeV, scaled to z= 0.41
Raufeisen - W ~ 10 GeV, scaled to z = 0.41

Figure 3.28: Transverse momentum broadening as a function of nuclear size in e+A collisions
as defined in Eq. (3.14). See the text for the details.

Multiple scattering between the pro-
duced parton and the nuclear medium in
semi-inclusive e+A collisions can broaden
the transverse momentum spectrum of the
produced hadron in comparison with that in
corresponding e+p collisions. The nuclear

modification to the transverse momentum
spectrum could be quantified by defining the
transverse momentum broadening in terms
of the azimuthal angle dependent broaden-
ing,
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Direct measurement of quark energy loss
Collaboration: Miguel Arratia, 

Cristian Peña, Hayk 
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Unlike transverse momentum in collider kinematics, the transverse direction

here is defined as being perpendicular to the virtual photon direction, not to195

the beam axis. This observable is sensitive to the parton-level multiple scatter-

ing discussed above. This experimental observable is related to the quark-level

broadening, �k2T , which is not directly observable, but which by heuristic geo-

metrical arguments is approximately given by:

�p2T ⇡ �k2T · z2h (6)

In pQCD-based dipole models at high energy[Mueller ref, others],�k2T is propor-200

tional to the quark path length L in the medium, with logarithmic corrections:

�k2T = q̂ · L · (1 + ↵sNc

8⇡
ln2(

L2

l20
) + ...) (7)

In Eq. 7, ↵s is the strong coupling constant, Nc is the number of QCD colors,

and l0 characterizes the distance between scatters in the medium. Neglecting

the logarithmic corrections, �k2T is proportional to the total radiative energy

loss of a quark passing through a medium:205

��Eq =
↵s

4
�k2T · L =

↵s

4
q̂ · L2 (8)

In the latter equation we have used the relation:

�k2T = q̂ · L (9)

The above equation solely concerns quantities related to the quark. However,

for convenience we also define an analogous quantity, q̂h, that mixes the hadron

10



How to directly measure quark energy loss?

shift

Pion energy

• Energy loss: independent of energy for thin medium 

• “Thin enough” depends on quark energy 

• If energy loss is independent of energy, it will 
produce a shift of the energy spectrum, for higher 
energies. 

• We can look for a shift of the Pb energy spectrum 
compared to that of the deuterium energy spectrum
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Figure 2: The pion energy spectra for deuterium superimposed on the pion energy spec-

trum from heavy nuclei (C in top panel, Fe in middle panel, and Pb in bottom panel)

which has been shifted horizontally along the axis to simulate an average energy loss. The

data are normalized to unity for comparison. Error bar represents statistical error only.
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Figure 2: The pion energy spectra for deuterium superimposed on the pion energy spec-

trum from heavy nuclei (C in top panel, Fe in middle panel, and Pb in bottom panel)

which has been shifted horizontally along the axis to simulate an average energy loss. The

data are normalized to unity for comparison. Error bar represents statistical error only.
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5Energy spectrum of π+ produced 
in C,  Fe, Pb compared to that of 
deuterium, normalized to unity, 

with energy shifted by ∆E.
Acceptance corrected

Cut on XF >0.1 is applied
Consistent with simple energy 

shift + unchanged fragmentation

Carbon, ΔE=15 MeV

Iron, ΔE=40 MeV

Lead, ΔE=50 MeV

CLAS preliminary

CLAS preliminary CLAS preliminary



. The data is also selected in ⌫ intervals, from 2.4 to 4.2 GeV in 0.2 GeV47

steps. The motivations for this is that (insert motivation!). The energy48

interval for the comparison is restricted to E < 2.5 GeV, to avoid (insert49

motivation!).50

4. Corrections51

(space for description of acceptance, and radiation corrections).52

5. Results53

. The negative logarithm of the p-values obtained from the K-S test are54

presented as a function of�E in Figure 1. This correspond to the the interval55

3.8 < ⌫ < 4 GeV. Data for the three heavy nuclei studied are presented as56

well as a constant line representing the value p = 0.05. The majority of57

the �E values yield a p value smaller than 0.05 (larger -log(p)), and thus58

are rejected at 95% confidence level. All three curves have a well defined59

minimum which is taken as the nominal energy loss. These minimums are60

observed to be ordered, it takes the lowest value for Carbon data and the61

largest value for the Lead data. The shape of these curves is also driven by62

the statistics of the sample, which is the smallest for the Lead data.
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Figure 1: Logarithm of p-values of Kolmogorov-Smirnov test as a function of energy shift

�E, for three heavy nuclei data. The null hypothesis is that the energy spectrum of

deuterium data and the shifted energy spectrum of heavy nuclei are the same. The black

dashed line corresponds to a p-value = 0.05 (95 percent confidence level).

63

3

Log of p-values of Kolmogorov-Smirnov test as a 
function of energy shift ∆E: carbon, iron, lead. 

Dashed line corresponds to 95% confidence level



Table 1: Range of possible energy-loss (in MeV) obtained by Kolmogorov-Smirnov com-

patibility test between deuterium spectrum and shifted heavy nuclei spsctrum. The results

are presented in ⌫ intervals and di↵erent nuclei. In some cases no allowed range is found.

⌫/GeV Carbon Iron Lead
2.4–2.6 — — —
2.6–2.8 — — —
2.8–3.0 — — —
3.0–3.2 — — —
3.2–3.4 20–35 — 75
3.4–3.6 10–25 50 70–85
3.6–3.8 10–25 55 50–70
3.8–4.0 5–25 40 45–65
4.0–4.2 5–10 35-40 50–65
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Figure 4: Energy loss as a function of ⌫. Error bands cover the range of possible values

of energy loss obtained with the Kolmogorov-Smirnov compatibility test described in the

text.

. The ⌫-dependent results are averaged and presented as a function of the82

average nuclear density for the three heavy nuclei data in Figure 5. This83

average nuclear density was calculated according to []. A roughly linear84

dependence is observed, and a linear fit is superimposed.85

6. Systematic uncertainties86

(under construction).87

7

CLAS

Range of possible energy shift in MeV obtained by Kolmogorov-Smirnov test in ν intervals
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Figure 5: ⌫-averaged energy loss as a average nuclear density. The result of a linear fit is

superimposed. Error bar represents statistical error only.

. The low end of the energy spectrum is a↵ected by the xF requirement. The88

sensitivity of the analysis results to this requirement is gauged by varying xF89

to 0.2 and 0.3.90

7. Conclusions91

The proposed method to search for evidence of energy loss in the pion92

energy spectrum o↵ nuclei gives positive results. The Kolmogorov-Smirnov93

test of compatibility show that the shape of deuterium spectrum is compati-94

ble with heavy nuclei spectrum is the latter is shifted by a constant amount.95

This shift is attributed to energy loss and it is around 20 MeV for the carbon96

data, 45 MeV for the iron data, and 60 for the lead data. Higher values97

of energy loss are rejected at 95 percent confidence level. As expected, the98

measured energy loss is larger for the heavier nuclei. The energy loss is ob-99

served to depend roughly linearly on the average nuclear density. A weak ⌫100

dependence is observed.101

Appendix A. Results for all ⌫ intervals102

. The results for the ⌫ intervals that allow at least one value of �E are103

presented in Figure ??.104

8

CLAS

Approximately proportional to density, as expected.
(fixed pathlength)

Supports the premise that what we measure is ~energy loss!

With 20 MeV 
Coulomb correction



Direct Measurement of Quark 
Energy Loss in CLAS: Conclusions

• It is small in magnitude. Why? 
• Best explanation: short production time 
• >500 MeV vs. 50 MeV in Pb 

• It increases with nuclear size. Why? 
• Best explanation: average nuclear density 

increases.  
• Rate of change of virtuality nearly the same in 

all nuclei, therefore:  
• Path length is short, ~independent of nuclear 

size 
• Nuclear medium has little effect - simple to 

extrapolate to the vacuum case



Direct Measurement of Quark Energy Loss in CLAS: 
Extraction using a Dynamical Model 

Oscar Aravena, Hayk Hakobyan, S. Peigne, WB

(fm) (GeV/fm2) /dof
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λ = mean free path for multiple scattering


