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PARTON PROPAGATION AND FRAGMENTATION IN QCD MATTER 7

Fig. 2. – Quark propagation inside a target nucleus (“cold QCDmatter”) in lepton-nucleus (left) and hadron-

nucleus → Drell-Yan (centre) collisions. Right: Hard scattered parton traveling through the “hot QCD

matter” produced in a nucleus-nucleus collision.

transverse momentum hadron production in A+A compared to proton-proton (p+ p) and hadron-

nucleus h + A collisions at RHIC [25-28] (see Sect. 5), is also indicative of a breakdown of the

universality of the fragmentation process. The standard explanation is that the observed sup-

pression is due to parton energy loss in the strongly interacting matter. This assumes of course

that the quenched light-quarks and gluons are long-lived enough to traverse the medium before

hadronising, which can be expected at large enough pT because of the Lorentz boost of the hadro-

nisation time scales. However, dynamical effects may alter this argument (see, e.g., Ref. [29]),

with hadronisation starting at the nuclear radius scale or before. In this case, in-medium hadron

interactions should also be accounted for, possibly leading to a different suppression pattern.

Such mechanisms may be especially important in the case of heavy (charm, bottom) quarks

which – being slower than light-quarks or gluons – can fragment into D or B mesons still inside

the plasma [30].

In summary, a precise knowledge of parton propagation and hadronisation mechanisms can

be obtained from nDIS and DY data, allowing one to test the hadronisation mechanism and

colour confinement dynamics. In addition, such cold QCD matter data are essential for testing

and calibrating our theoretical tools, and to determine the (thermo)dynamical properties of the

QGP produced in high-energy nuclear interactions.

1
.
3. Hadronisation and colour confinement. –

While not having a direct bearing on the traditional topics of confinement such as the hadron

spectrum, the hadronisation process nonetheless contains elements that are central to the heart

of colour confinement, as already emphasised 30 years ago by Bjorken [6]. For instance, in the

DIS process, a quark is briefly liberated from being associated with any specific hadron while

traveling as a “free” particle, and it is the mechanisms involved in hadron formation that en-

forces the colour charge neutrality and confinement into the final state hadron. The dynamic

mechanism leading to colour neutralisation, which is only implicitly assumed in the traditional

treatments of confinement based on potential models [31] or lattice QCD [32], can be studied

quantitatively using the theoretical and experimental techniques discussed in this review. As an

example, the lifetime of the freely propagating quark may be inferred experimentally from the

nuclear modification of hadron production on cold nuclei, which act as “detectors” of the hadro-
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Physical picture of hadronization in DIS
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Production time τp  - effective lifetime of the quasi-free quark .

Formation time hτf 
 - time required to form full sized hadron.

 τp
hτf
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4 Chapter 2. Nuclear SIDIS and DVCS
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Figure 2.1: Schematic drawing of a deep-inelastic event. An incoming lepton with 4-vector
k(E,p) scatters off a nucleon.

by a virtual Z-boson. However, at HERMES, the energy of the lepton beam (27.6 GeV) is well
below the Z-mass, so the weak interaction can be neglected. The spatial resolution (Q2) of
the probe is defined as:

Q2 = −q2 lab≈ 4EE ′ sin2

(

θ

2

)

, (2.3)

with θ the polar scattering angle of the lepton, and E and E ′ are the energy of the incoming
and scattered lepton, respectively. Q2 is called the spatial resolution because in the Breit
frame (see section 2.1.3) it sets the spatial resolution with which structures can be studied, this
is illustrated in figure 2.2. Q2 above 1 GeV2 provides a the resolution that is able to probe
substructures the target. The squared center-of-mass energy (s) is:

s = (P + k)2, (2.4)
where P is the 4-momentum of the target before the interaction. The energy transfer to the
target ν is defined as:

ν =
P · q
M

lab
= E − E ′. (2.5)

The squared invariant mass of the photon-nucleon system (W 2) is a Lorentz-invariant variable
(also ν, s, and Q2 are):

W 2 = (P + q)2 lab
= M2 + 2Mν − Q2, (2.6)

The HERMES recoil photon detector and pt-broadening at HERMES

Q2 = -q2          four-momentum transferred by the electron;

ν= E-E‘          energy transferred by the electron,  = Initial energy of struck quark;

z= Eh/ν            fraction of the struck quark’s initial energy that is carried by hadron; 

pT                              hadron momentum transverse to virtual photon direction;

SIDIS
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that measures the ratio of the energy transfered to the hadronic system to the total leptonic

energy available in the target rest frame. Invariant mass of the recoiled hadronic system is

related to ν and Q2 as:

W = (p + q)2 = M 2 + 2M ν −Q2 (5)

If in addition to the scattered lepton one of the produced hadrons is identified such process

is called semi-inclusive (SIDIS). The hadron which carriesfour-momentum P ′ = (Eh, p′)

is described by the fraction of the initial struck quark energy it carried away z = ν
Eh

, its

momentum transfer relative to the virtual photon direction pT , and well as the angle φ

between lepton scattering plane and the virtual photon-hadron plane.

1.3 Experimental observables

In lepton-nucleus DIS the experimental observables are presented in terms of the hadronic

multiplicity ratio Rh
A and transverse momentum broadening ∆p2

T . When considering hadroniza-

tion in the nuclear medium, the rate of gluon emission due to multiple parton scattering is

expected to be greater than that which occurs in vacuum. This causes an increase of the

width of the transverse momentum distribution of the final state hadron. The transverse

momentum broadening for the observed final state hadron with respect to the direction of

the virtual photon direction is defined as [5]:

∆p2
T =< p2

T >A − < p2
T >D (6)

where < p2
T >A is an average hadron momentum squared produced on a nuclear target A:

< p2
T >A=

∑

pT ,z ,ν,Q2

p2
T · Nh

(
pT , z , ν,Q2

)

∑

pT ,z ,ν,Q2

Nh

(
pT , z , ν,Q2

)

∣∣∣∣∣∣∣∣∣
A

(7)

and < p2
T >D is the same quantity for Deuterium target. Since the hadron < p2

T > is mainly

accumulated by elastic scattering due to quark propagation and gluon emission, it is supposed

to be a sensitive probe to the quark lifetime, i.e. production time, as well as medium-

stimulated energy losses. Hadron multiplicity ratio or attenuation ratio represents the ratio

Figure 1: Quark propagation inside a target nucleus (“cold QCD matter”) in lepton-nucleus (left) and the Drell-Yan

process (center) in hadron-nucleus collisions. Right: Hard scattered parton traveling through the “hot QCD matter”

produced in a nucleus-nucleus collision. Taken from Ref. [1].

hadron annihilates with an antiquark from the nucleus, forming a photon which subsequently

materializes as a dilepton pair. This pair carries information about the incident quark’s passage

through the nuclear medium. The diagram on the right illustrates a heavy-ion collision in which

a scattered parton from the collision propagates over a distance within the hot dense medium,

then evolves into a prehadron and a hadron at later times. At a superficial level, all three pictures

contain a propagating quark within a strongly interacting medium, and two contain the process

of a hadron forming, thus, there may be strong connections between the three that could be

explored. In more detail, there are some differences: initial state and final state interactions

enter differently, and several characteristics of the hot and cold media are different. Nonetheless,

the fundamental process by which the quark interacts with the medium is gluon exchange in

all cases, the formation of the hadron must proceed through a color singlet state that ultimately

fulfills the requirements of confinement, and each step has its own characteristic time scale. The

next steps in understanding these processes in cold matter include determination of characteristic

time scales for the quasi-free quark lifetime and for the hadron formation, as well as parameters

such as the transport coefficient q̂ that characterize the quark’s interaction with the medium.

These goals require a deeper understanding of the mechanisms of hadron formation, including

the roles of coherence and quantum interference.

2. Transverse Momentum Broadening

An observable that is common to the DIS and D-Y processes is transverse momentum broad-

ening. It is defined as the increase in the square of the momentum component transverse to the

nominal initial direction of the quark after it has passed through a strongly interacting medium.

This observable is expected to be a good measure of partonic multiple scattering and potentially

its associated medium-stimulated gluon bremsstrahlung. This can be discussed in terms of the

quark transverse momentum change ∆k2
T
or as that of the observed final state hadron, such as a

pion, ∆p2
T
. To a very good approximation these are related by

∆p2T = z
2
h∆k

2
T (1)

2
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An observable that is common to the DIS and D-Y processes is transverse momentum broad-
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2

 τp  from the shape and magnitude of ΔpT2  vs A
How long a quark can remain deconfined?
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of the number of hadrons of type h produced per DIS event on a nuclear target of mass A

to that from a deuterium target:

Rh
A

(
ν,Q2 , z , pT , φ

)
=

Nh (ν,Q2 ,z ,pT ,φ)
Ne(ν,Q2 )|DIS

∣∣∣
A

Nh (ν,Q2 ,z ,pT ,φ)
Ne(ν,Q2 )|DIS

∣∣∣
D

(8)

where Nh is the yield of semi-inclusive hadrons in (ν,Q2 , z , pT , φ) bin and Ne is the number

of inclusive DIS events in the (ν,Q2 ) bin. The ν and z dependence of the multiplicity ratio

Rh
A can be used to estimate hadron formation time scale.

1.4 Previous experimental measurements

Electroproduction of the hadron from various nuclei was studied first in the earlier 70’s in

SLAC [6]. The ratio of single inclusive hadrons per g per cm2 per incident electron as a

function of z , pT , and A was measured. The attenuation Rh
A of forward hadrons (at high

z ) was observed for the first time in semi-inclusive cross section ratio. The experimental

results have shown evidence of hadron attenuation increasing with the atomic number A.

It was observed that the nuclear absorption of the detected hadrons decreases at higher z ,

that they are carrying. One of the first measurements with muon beam was conducted in

FNAL and further studied by EMC Collaboration with ultra-high energy muons [7]. Nuclear

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

cancelled most of the systematic uncertainties in the multiplicity ratio. Rh
A was measured

for the range of 20 < ν < 220 GeV in two Q2 bins, and as a function of pT in two ν

bins. The ratio rises above unity at high pT , which is consistent with earlier reported

Cronin effect [8] in hadron-nucleus collisions. In conclusion to the earlier measurements,

the results from SLAC (electron beams) and CERN (muons) experiments have shown that

multiplicity ratio mainly depends on the variables ν and z . This has been confirmed by the

Fermilab E665 experiment. The performed measurements have also shown that the optimal

transfer energy ν for studying nuclear effects on the multiplicity ratio ranges from a few

GeV to few tens of GeV [5]. The latest generation of experiments conducted in HERMES

at DESY and CLAS in Jefferson Lab rose a new wave of interest to the extensive studies of

Hadronic multiplicity ratio

Observable (2)
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hτf via Rh(Q2, υ, pT, zh) 

How long it takes to form full hadronic wave function? 

Observable (2)
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CLAS EG2
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5 GeV electron beam
D C/Fe/Pb

Two targets in the beam simultaneously:

Experiment 

CLAS EG2
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Comparison of CLAS/JLab and HERMES/DESY

- Beam energy 5.0 (JLab)  vs  27.6 GeV (DESY) 
  ν>2 GeV  vs ν > 7 GeV  
  particle identification  0.3<P<5  vs 2.5<P<15 GeV
  HERMES can detect more particles species 

 -Solid target in CLAS vs gas targets in HERMES
 Heaviest target  207Pb vs 131Xe 

 -Luminosity in CLAS is 100 times greater than HERMES
  Access to 3(4) differential binning vs 1(2) .
  CLAS has good statistics at high Q2 and pT2 , access to more particle species

 
 Results from HERMES and JLAB agree and compliment each other. 
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CLAS EG2 statistics 
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∑events ≈ 5B  ⇒ ∑e- ≈130M 

π+ 6.60M

π- 2.85M

π0 2.05M

Ks0 32K

η 300K

Sufficient statistics to analyze more channels..
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Transverse momentum broadening
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Transverse momentum broadening(1)
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Transverse momentum broadening(2)
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Figure 2: Transverse momentum broadening measurements from the Drell-Yan process in proton-nucleus scattering and

from semi-inclusive DIS measurements. The target masses shown are 12, 40, 56, 184 (D-Y); 20, 84, 131 (HERMES);

and 12, 56, 207 (CLAS).

as noted in [3]. In this paper this will be referred to as z-scaling.

In Fig. 2 is plotted the transverse momentum broadening seen in recent DIS and D-Y experi-

ments on nuclei. The plot shows data from the E772 and E866 D-Y experiments at Fermilab, the

preliminary HERMES data [4] from DESY, and the preliminary CLAS data [5, 6] from Jefferson

Lab. The data from HERMES and CLAS have been shifted toward the right of the correct mass

number so that the small error bars can be seen. Each of the 81 CLAS points shown is in a bin

in ν, Q2, and zh for π
+ for carbon, iron and lead targets, while the HERMES points are for π+,

π−, and K+ for neon, krypton, and xenon targets. The four solid lines correspond to a function

proportional to the mass number to the 1/3 power, that is, proportional to the average nuclear

diameter. While the precision of the D-Y data is somewhat limited, the high precision of the

new DIS data is clearly impressive. The difference between the CLAS data and the HERMES

data can be explained by the z-scaling mentioned above, since the two data sets are measured at

different average values of zh.

One feature of the CLAS data is especially noteworthy. The points for the heaviest target

fall systematically below the line, indicating a saturation behavior. This would be expected in

the case that the quasi-free quark evolves into a prehadron within the medium for the largest

nucleus; since transverse momentum broadening ceases at the point of color neutralization, the

broadening is no longer proportional to the nuclear diameter in the larger nuclei. If this picture

is correct, then at these lower energies there is experimental sensitivity to measure the effective

lifetime of the quasi-free quark, usually referred to as the production time τp. At higher energies,

the broadening is expected to be simply proportional to the medium thickness, and this sensitivity

is lost. This effect is illustrated in the left panel of Fig. 3, which shows the effect of geometry on

data of this kind using a geometricMonte Carlo model with realistic nuclear density distributions.

3

W.Brooks, H.Hakobyan arxiv.0907.4606

π+
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Fig. 21. – Mass number dependence of hadron pT -broadening in nuclear DIS. Left: HERMES data for π±

and K+ production with Ne, Kr and Xe targets. The inner error bars represent the statistical uncertainties,

the total bars represent the statistical and systematic uncertainties. Right: CLAS preliminary data for π+ for
C, Fe and Pb targets threefold differential in Q2, ν, and zh as shown in the legend. The errors shown are

statistical only.

kaons were also measured in the π+π− channel, all over the full momentum range, but requiring
a background subtraction. This very large data set is currently under analysis, and preliminary

results are only available for positive pions and for neutral kaons at the present. The kinematical

range of the data was for ν = 2 − 4 GeV, Q2 = 1 − 4 GeV2; the full range of zh and p2
T
was

available for analysis. Analysis cuts include y = ν/νmax < 0.85, W2 > 4.0 GeV2, and target
vertex cuts. While the CLAS/JLab data have a much more limited range in ν, they offer two
orders of magnitude more integrated luminosity than the HERMES data. This feature provides

access to three-fold dimensional binning for at least positive pions, and should provide a first look

at hadron formation in some previously unmeasured hadrons, such as η, Λ, and K0. Because of

the limited range in W2 ≈ 4 − 10 GeV2, the initial analysis is being focused on the region
zh = 0.4−0.7. All the (preliminary) data shown hereafter have not been corrected for acceptance
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For the HERMES data the inner error bars represent the statistical uncertainties, the total bars represent the
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Fig. 56. – Colour dipole model [29] (dashed: absorption only, solid: absorption and induced energy loss)

compared to HERMES hadron multiplicity ratios on N and Kr targets [22]. Left: zh distribution. Right: pT
distributions.

computed as

∆E(t, zh,Q
2) =

∫ Q2

Λ2
QCD

dk2T

∫ 1

1−zh
dzαν

dNg

dk2
T
dz
Θ (t − tc) ,(75)

where dNg/dk2Tdz = αs(k
2
T
)/(3π) 1/(zk2

T
) is the Gunion-Bertsch spectrum of radiated gluons [69].

The upper limit is imposed by the fact that gluons with kT > Q should be considered part of the
struck quark [11]. Next, the gluon (with momentum kT ) splits into a qq̄ pair. In the large-Nc
approximation, the antiquark and the struck quark form a colourless dipole, which is identified

as a prehadron. The prehadron production time is identified with the coherence time of the

gluon (rather than with the qq̄ splitting time) and hadron formation is computed by the overlap

of the qq̄ dipole with the hadron light-cone wave function Ψh. Assuming that the q and the q̄

in the pair share the same amount of gluon energy and transverse momentum, one can compute

the probability distribution W(t, zh,Q2, ν) that the prehadron is formed at a time t after the γ∗q
interaction:

W(t, zh,Q
2, ν) =N

∫ 1

0

dα

α

∫ Q2

Λ2
QCD

dk2
T

k2
T

δ

[

zh −
(

1 −
α

2

) Eq(t)

ν

]

exp(−t/tc)
tc

×

∣

∣

∣

∣

∣

∣

Ψh

(

α

2 − α
,
3

4
kT

)
∣

∣

∣

∣

∣

∣

2

exp
(

−Ñg(zh, t,Q2, ν)
)

,

(76)

where, Eq(t) = ν−∆E(t), Ψh is the hadron light-cone hadron wave function, Ñg is the number of
gluons radiated within a time t, and N is a normalisation factor. Numerical results are presented

in Fig. 11. IntegratingW over t one obtains the vacuum fragmentation function for the leading

hadron which compares favourably with global fit FF from Refs. [324, 325] in the range zh =

0.5 − 0.9 and Q2 = 2 − 10 GeV2.
The qq̄ dipole, which is assumed to be formed with a Gaussian transverse size around an

average 〈R2
l
〉 ∝ 1/Q2, propagates through the nucleus and fluctuates in size. According to colour

transparency, see Sect. 7
.
5, it interacts with the nucleus with a cross section σq̄q = C(Eh)r

2.

All effects of fluctuations and nuclear interactions are computed in a path-integral formalism for

π+
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EIC offers Elab= 100-2000 GeV, 10<ν<1600 GeV 

.long parton live time -> high dpt
hadron formation outside of nuclear medium
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Future in EIC

∆pT  observables (1)

-Quark energy loss 
attenuation is suppressed, pure energy loss
heavy quark energy loss (D,B)

- Quark-gluon correlation function
X.Guo, J.Qiu Phys Rev D vol61 096003 

D!!n ,zmin""D0!n ,zmin"#D0!n ,zmin""D"!n ,zmin",
!29"

for all n. This identity is useful for the following discussions

on the general features of the transverse momentum broad-

ening. From Eq. !26", the transverse momentum broadening,
#$lT

2%1/3(lmin), depends on the second moments D (i)(2,zmin),

which are plotted in Fig. 5.

Given the quark-to-pion fragmentation functions, we de-

rive the following general relations between the transverse

momentum broadening of &!, &", and &0 particles:

#$lT
2%1/3

&!
"#$lT

2%1/3
&0##$lT

2%1/3
&0"#$lT

2%1/3
&"

!30a"

and

#$lT
2%1/3

&!
$#$lT

2%1/3
&0$#$lT

2%1/3
&"
, !30b"

independent of the details of the correlation functions TqF
A .

Equation !30a" is a result of the isospin symmetry of the
fragmentation functions given in Eq. !27" and the identity
given in Eq. !29". The inequality given in Eq. !30b" results
from the fact that the contribution of each quark flavor is

weighted by the square of the quark’s fractional charge eq
2

and the relation D!(z)$D0(z)$D"(z).

Since the correlation functions TqF
A are not known, in or-

der to obtain numerical estimates of the transverse momen-

tum broadening of pions, we adopt the following model for

quark-gluon correlation functions '5,10(:

TqF
A !x ,Q2"#)2A1/3qA!x ,Q2", !31"

where qA(x) is the effective twist-2 quark distribution of a

nucleus normalized by the atomic weight A, and ) is a free

parameter to be fixed by experimental data. This model was

proposed after comparing the operator definitions of the

four-parton correlation functions and the definitions of the

normal twist-2 parton distributions '5(. For example, com-
paring the quark-gluon correlation function TqF

A (x ,Q2), de-

fined in Eq. !1", and the normal quark distribution
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If these two gluon field strength F’s are close together in a

color singlet nucleon in the nuclear target, which limits the
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") to a nucleon size, the extra integration

.dy2
" !or .dy1

") can be extended to the nuclear size, which

gives the A1/3 in Eq. !31". Therefore, the proportional con-
stant )2 in Eq. !31" is proportional to averaged gluon field
strength square in position space in a nuclear target. Substi-

tuting Eq. !31" into Eq. !26", we have
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From Eq. !33", we can deduce a very simple formula for
the transverse momentum broadening of &0 by using the
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In deriving Eq. !34", we neglected the strange quark contri-
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that #$lT
2%1/3

&0 has a scaling behavior as xB varies. The ap-

proximate xB-scaling behavior of #$lT
2%1/3

&0 is a direct conse-

quence of the model for TqF
A (x), given in Eq. !31". If the

future experimental data on the transverse momentum broad-

ening of &0 shows a strong violation of the xB scaling, the

model for the quark-gluon correlation function TqF
A (xB),

given in Eq. !31", will have to be modified. In addition, Eq.

!34" also shows that Q2 dependence of #$lT
2%1/3

&0 is mainly

from the Q2 dependence of -s(Q
2). Since the Q2 depen-

dence of -s(Q
2) is already known, we can learn the Q2

dependence of the correlation function TqF
A (xB ,Q

2) by mea-

suring the Q2 dependence of #$lT
2%1/3

&0 . If the measured Q2

dependence of #$lT
2%1/3

&0 is consistent with the Q2 dependence

of -s(Q
2), it means the correlation function TqF

A (xB ,Q
2) has

a similar scale dependence as a normal parton distribution.

By examining the xB-scaling property and Q
2 dependence of

#$lT
2%1/3

&0 , we can test whether the model for TqF
A (xB ,Q

2),

given in Eq. !31", is reasonable.
It should be emphasized that our general conclusions

given in last paragraph, as well as numerical estimates given
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-  Quark and gluon saturation
B.Z Kopeliovich arxiv.1001.4281v1

II. HOW TO MEASURE THE SATURATION
MOMENTUM

The rise of total cross sections with energy, discovered
back in 1973, was the first manifestation of an increasing
population of partons towards smaller x. As the parton
density increases, the inverse process of parton fusion
becomes important, and eventually the parton density
is expected [7] to saturate. The related phenomenon,
called nowadays color glass condensate, is an increase of
the mean transverse momentum of the partons up to a
characteristic value QA, called saturation momentum.
In the nuclear rest frame the same phenomenon looks

like Glauber shadowing and color filtering for a dipole
(quark-antiquark, or glue-glue) of transverse separation
rT and energy E propagating through a nuclear matter
[8]. The partial elastic dipole-nucleus amplitude at im-
pact parameter b reads [9],

fA
q̄q(b) = 1− e−

1

2
σN
q̄q(rT ,E)TA(b), (1)

where TA(b) =
∫∞

−∞
dz ρA(b, z) is the nuclear thickness

function, integral of nuclear density along the trajectory
of the projectile at impact parameter b. We assume here
that the Lorentz delated length (coherence length) of the
dipole size fluctuations is much longer than the nucleus.
The q̄q dipole cross section on a nucleon should vanish at
small transverse separation σq̄q(rT → 0, E) ∝ r2T . The
energy dependence is discussed below. For large TA(b)
only small-rT part of the cross section contributes, so
one can use the r2T -approximation,

σN
q̄q(rT , E) ≈ Cq(E, rT ) r

2
T , (2)

where Cq(E, rT ) is logarithmically divergent at small rT
[9]. In this limit the factor Cq can be related to the gluon
distribution [10],

Cq(E, rT ) =
π2

3
αs(1/r

2
T )xG(x, 1/r2T ), (3)

where 1/x = 2mNE r2T .
One can introduce the quark saturation momentum

QqA presenting Eqs. (1)-(2) as,

fA
q̄q(b) = 1− exp

[

−
r2T Q2

qA(b, E)

4

]

, (4)

where

Q2
qA(b, E) = 2Cq(E, rT = 1/QqA)TA(b). (5)

Here we fixed the dipole separation at the typical value
rt ∼ 1/QqA relying on the weak, logarithmic, rT -
dependence of C(E, rT ).
The same value as in Eq. (5) controls broadening of

transverse momentum of a single parton propagating
through a nucleus [11, 12],

∆p2T = 2TA(b)
dσN

q̄q(rT )

dr2T

∣∣∣∣∣
rT=0

= 2TA(b)Cq(E, rT = 0).

(6)

Thus, we arrive at a divergent result, since C(E, rT ) ∝
ln(1/rT ) at rT → 0 [9]. This is not a surprise, as the
mean transverse momentum squared 〈p2T 〉 is ultra-violet
divergent. Moreover, this divergency is not cancelled in
broadening ∆p2T = 〈p2T 〉A − 〈p2T 〉N [13, 14]. To settle the
problem one should fix rT at a characteristic value for
the process under consideration, i.e. at r2T ∼ 1/∆p2T .
Thus, broadening and the saturation momentum are

equal,

Q2
qA(b, E) = ∆p2T (b, E), (7)

so one has a direct access to the saturation scale by mea-
suring broadening.
Notice that the approximation we used in Eqs. (5) and

(6), neglecting the weak rT dependence of Cq(E, rT ),
is well justified by data. Indeed, the parametrization
of the dipole-proton cross section [15], which has finite
Cq(E, rT = 0), describes reasonably well the small-x DIS
data up to very high virtualities, Q2 ∼ 100GeV2, which
is much larger than the saturation scale. Of course, in-
troduction of an additional rT dependence via gluon den-
sity like in (3) improves agreement with data. However,
it leaves broadening divergent. In what follows we will
neglect the dependence of C(E) on rT , employing the
parametrizations presented in Refs. [15, 18].

A. Quark broadening

Broadening is predominantly a soft interaction pro-
cess, and the transverse momentum increases as a re-
sult of many soft rescatterings. Even if Q2

qA is large,
it is not correct to use an unintegrated gluon density
of the nucleus at this scale. Broadening is a result of
multiple soft gluon exchanges, rather than a single scat-
tering, with a distribution given by the nuclear uninte-
grated gluon density. Although a parton-nucleon differ-
ential cross section is infra-red divergent, the result of
broadening is finite(see the Molière theory of multiple
interactions in [12]). Therefore, to evaluate the factor
Cq(E) = ∂σq̄q(rT , E)/∂r2T

∣∣
rT=0

in (2), one has to know
the dipole cross section fitted to soft processes, rather
than to DIS. Correspondingly, this cross section should
depend on energy, rather than on Bjorken x. Such a cross
section, parametrized in the saturated form,

σN
q̄q(rT , E) = σ0(E)

[
1− e−r2T Q2

qN (E)/4
]
, (8)

and fitted to data for the πN total cross section, photo-
production of vector mesons and DIS data for not high
Q2 < 10GeV2, results in the following parameters,

QqN (E) = 0.19GeV×
(

E

1GeV

)0.14

(9)

σ0(E) = σπp
tot(E)

[

1 +
3

2Q2
qN(E) 〈r2ch〉π

]

(10)
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broadening is finite(see the Molière theory of multiple
interactions in [12]). Therefore, to evaluate the factor
Cq(E) = ∂σq̄q(rT , E)/∂r2T

∣∣
rT=0

in (2), one has to know
the dipole cross section fitted to soft processes, rather
than to DIS. Correspondingly, this cross section should
depend on energy, rather than on Bjorken x. Such a cross
section, parametrized in the saturated form,

σN
q̄q(rT , E) = σ0(E)

[
1− e−r2T Q2

qN (E)/4
]
, (8)

and fitted to data for the πN total cross section, photo-
production of vector mesons and DIS data for not high
Q2 < 10GeV2, results in the following parameters,

QqN (E) = 0.19GeV×
(

E

1GeV

)0.14

(9)

σ0(E) = σπp
tot(E)

[

1 +
3

2Q2
qN(E) 〈r2ch〉π

]

(10)
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Summary

Extraction of ΔpT2 (Q2, υ, A) and Rh(Q2, υ, pT, zh)  from JLab data 
provides an  access to the characteristic time scales of fragmentation 
and hadronization distances.    

Prospectives in the EIC can encompass study of pure partonic energy 
loss, quark gluon saturation, nuclear modification function, quark 
gluon correlation, and many more ...
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Multiplicities,
saturation?

Hadronization inside medium,
particle species dependence

Hadronization outside medium,
partonic dynamics inside,
tomography?

N.Armesto hard probes summer school Torino 2005
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Future in EIC

Multiplicity ratio observables:

- broadening in R for mesons vs baryons
(nuclear modification of baryons vs mesons)
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CLAS 

Preli
minary

Transverse momentum broadening

0<pT2<7.0  GeV 0<pT2<1.7  GeV
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z-scaling of ΔpT2

KT|P|
/z

PT

Figure 1: Quark propagation inside a target nucleus (“cold QCD matter”) in lepton-nucleus (left) and the Drell-Yan

process (center) in hadron-nucleus collisions. Right: Hard scattered parton traveling through the “hot QCD matter”

produced in a nucleus-nucleus collision. Taken from Ref. [1].

hadron annihilates with an antiquark from the nucleus, forming a photon which subsequently

materializes as a dilepton pair. This pair carries information about the incident quark’s passage

through the nuclear medium. The diagram on the right illustrates a heavy-ion collision in which

a scattered parton from the collision propagates over a distance within the hot dense medium,

then evolves into a prehadron and a hadron at later times. At a superficial level, all three pictures

contain a propagating quark within a strongly interacting medium, and two contain the process

of a hadron forming, thus, there may be strong connections between the three that could be

explored. In more detail, there are some differences: initial state and final state interactions

enter differently, and several characteristics of the hot and cold media are different. Nonetheless,

the fundamental process by which the quark interacts with the medium is gluon exchange in

all cases, the formation of the hadron must proceed through a color singlet state that ultimately

fulfills the requirements of confinement, and each step has its own characteristic time scale. The

next steps in understanding these processes in cold matter include determination of characteristic

time scales for the quasi-free quark lifetime and for the hadron formation, as well as parameters

such as the transport coefficient q̂ that characterize the quark’s interaction with the medium.

These goals require a deeper understanding of the mechanisms of hadron formation, including

the roles of coherence and quantum interference.

2. Transverse Momentum Broadening

An observable that is common to the DIS and D-Y processes is transverse momentum broad-

ening. It is defined as the increase in the square of the momentum component transverse to the

nominal initial direction of the quark after it has passed through a strongly interacting medium.

This observable is expected to be a good measure of partonic multiple scattering and potentially

its associated medium-stimulated gluon bremsstrahlung. This can be discussed in terms of the

quark transverse momentum change ∆k2
T
or as that of the observed final state hadron, such as a

pion, ∆p2
T
. To a very good approximation these are related by

∆p2T = z
2
h∆k

2
T (1)

2
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