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Quarks in nuclei: experimental data
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Figure 3: The ratio σC(N)/σD as a function of x from HERMES [29], SLAC-E139 [25], and
JLAB-E03103 [32]. Open squares denote W2 below 2 GeV2, where W is the invariant mass of
the photon-nucleon system.

• the ’shadowing’ region (0 < x < x1 ! 0.06), where the structure function ratio is smaller
than unity and decreases with decreasing x down to the value measured in photoproduction.
Here, the dominant contribution to the cross section is due to sea quarks. The essential
longitudinal distances ∆z probed in the deep-inelastic interaction (see section 5.1) are
∆z > 3 fm, much bigger than the size of a nucleon;

• the ’anti-shadowing’ region (x1 < x < x2 ! 0.3, 3 fm > ∆z > 0.7 fm), where the ratio
shows a small increase of a few percent over unity;

• the region (x2 < x < x3 ! 0.8, ∆z < 0.7 fm), where the ratio is smaller than unity with
a minimum near x ≈ 0.7. Here, the sea-quark distribution is essentially negligible and the
ratio reflects the behavior of the valence-quark distributions;

• the region (x3 < x < 1), where the ratio increases rapidly with increasing x. This behavior
is dominantly a kinematic effect since the free-nucleon cross section vanishes for x → 1. It
is partly also due to the Fermi motion of the bound nucleons in the nucleus.

4.3 Low-x data

In deep-inelastic scattering from stationary targets, the kinematic region of very low x can only
be accessed with muon beams, since those can be produced with much higher energies than
electron beams. The first of such measurements was performed by EMC-NA28, using a muon
detection system at small scattering angles down to 2 mrad and nuclear targets of C and Ca [12].
This experiment demonstrated that shadowing persist also at high values of Q2. The low-x
region was then explored in detail by NMC with nominal incident muon energies of 90–200
GeV [14, 15, 16, 17, 19, 20, 21] and at even lower values of x by E665 at FNAL with a mean
incident muon energy of 470 GeV.

NMC had the main objective to study the nuclear modification of the structure function
F2 with high precision. Cross section ratios were measured for nine nuclear species. In one
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EMC effect -  observation that structure functions are modified in nuclei  
                      over ~1000 papers published in the past 35 years!  
                      NO CONSENSUS AS OF ITS ORIGIN

✔
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“Present status of EMC effect” Klaus Rith arXiv:1402.5000v1 (2014) 
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  Correlation between EMC effect and SRC      
         high virtuality nucleons in nuclei?

Higinbotham, Miller, Hen, and Rith. CERN Cour. 53N4, 35 (2013)

EMC effect -  observation that structure functions are modified in nuclei  
                      over ~1000 papers published in the past 35 years!  
                      NO CONSENSUS AS OF ITS ORIGIN

✔

Short Range Correlations - short distance structure of nuclei, correlated nucleons. ✔

Quarks in nuclei: experimental data
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Quarks in nuclei: experimental data

EMC effect -  observation that structure functions are modified in nuclei  
                      over ~1000 papers published in the past 35 years!  
                      NO CONSENSUS AS OF ITS ORIGIN

✔

Short Range Correlations - short distance structure of nuclei, correlated nucleons. ✔

Taisiya Mineeva  “Pion Multiplicities from CLAS at Jefferson Lab”  Hadron2017    

Quarks in nuclei: EMC data

42 Chapter 3. Overview and Interpretation of Existing Data

Figure 3.5: Multiplicity ratios as a function of z from EMC [Ashman 1991].

Figure 3.6: Multiplicity ratios as a function of n from EMC [Ashman 1991].

picture where, instead of an attenuation, there is an enhancement, which is flat
or increases with z. This is difficult to understand otherwise than to be an ef-
fect from the protons and the diffractive processes. However, the contamination
from protons should be concentrated in the target fragmentation region and,
therefore, lead to a stronger decreasing slope, as we observe in the low n bin.
Also, the EMC collaboration provides measurements of the number of proton
and anti-proton compared to other charged hadrons. It appears that their num-
ber does not increase with A, making even more difficult to interpret these data
this way. The diffractive processes contribution might be the key to understand
these data, but it is difficult to make a quantitative statement. In conclusion, the
lack of precision, especially in the particle identification, and the strange behav-
ior of the distributions, compared to other measurements, does not allow a clear
interpretation.

The EMC collaboration took more data using various muon energies, from
100 to 280 GeV, and various nuclear targets: deuterium, carbon, copper and tin.
With much more statistics and deuterium as basis, these results [Ashman 1991]
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3.2. Early Results 43

Figure 3.7: Multiplicity ratios as a function of p2
? from EMC [Ashman 1991].

are easier to interpret. The z dependence of the multiplicity ratio, shown in
figure 3.5, is much more coherent with the previous SLAC results, but many
new features emerge. A dependence of the multiplicity ratio was found as a
function of n (figure 3.6); the attenuation is stronger at low n and it even tends
to disappear at the highest n. No significant dependence is found in either
xBj or Q2, therefore, n seem to be the only inclusive variable with a nuclear
effect dependence. This behavior is interpreted by most of the models as a
simple Lorentz boost compressing the size of the target nucleus. For hadron
absorption models, this leads to a prehadron production time pushed outside of
the nucleus and, therefore, less interaction. For parton energy loss or modified
fragmentation models, the reduced interaction is due to the shorter time spent
in the nuclei, leaving less time for gluons to be exchanged with the medium.

The p2
? effect was also studied in [Ashman 1991], they observed (see fig-

ure 3.7) a fast increase of the multiplicity ratio at high p2
?. This was not seen in

SLAC data, however the change begins to appear here around p2
? = 1 GeV2/c2,

the limit of the SLAC measurement. This increase is due to the very small cross
section at high p2

?, which leads to a relatively more important effect. This is often
referred as Cronin effect, which is, originally, a heavy ion collision effect named
after James Cronin. Using another observable, hp2

?iA/hp2
?iD, EMC data seems

also to lead to a suppression of p2
? effect at high n. This feature is contradic-

tory with most of the models using parton energy loss3, but the size of the error
bars is important and the choice of observable not optimal. No strong conclu-
sion can be made from this result and more precise data are needed to interpret
the p2

? behavior. In most models the extra p2
? is generated from multiple soft

scattering in the nucleus; these scatterings occur at the partonic level. However,
p2
? can be studied in more details using the variable Dhp2

?i, which was used in
more recent experiments and has the advantage of a simpler interpretation.

Finally, the EMC collaboration studied the dependence of the attenuation in

3Other models do not describe that kind of p2
? effects.

Hadronization data from the EMC
 
Muon beam: 100 to 280 GeV
Targets: D, C, Cu, Sn

J. Ashman et al. Comparison of forward hadrons produced in muon
 interactions on nuclear targets and deuterium. Z.Phys., vol. C52 (1991) 

• Increase of multiplicity ratio at high pT2
• Attenuation at high z

6/21

J. Ashman et al. Z.Phys., vol. C52 (1991) 

EMC data: μ beam on Cu and D 5
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Fig. 2. Dependence of Rh
A on z for positively and negatively charged hadrons for three slices in ⌫ as indicated in the legend.

Uncertainties are shown as in Fig. 1.

Fig. 3. Dependence of Rh
A on p2t for positively charged hadrons

for three slices in z as indicated in the legend. Uncertainties
are shown as in Fig. 1.

Rh
A with z was already observed in Fig. 2. This depen-

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

of p2t , an e↵ect that is emphasised at larger target mass.
At high z, the dependence on p2t disappears for ⇡+, ⇡�,
and K+, as has already been seen in Figure 3. This lack
of nuclear broadening of the pt distribution in the limit
of instantaneous hadronization, i.e. before the struck par-
ton has lost any energy, has been interpreted in terms of
broadening arising from partonic processes. For protons,
a similar, but much stronger dependence of the slope on
p2t was observed, with Rp

A increasing far above unity at
low z. This has been discussed in relation to Fig. 2 as be-
ing an indication of final-state interactions. The fact that
the values of Rh

A for K+ are in between those for pions
and protons suggests that, in addition to fragmentation,
again final-state interactions play a role here. The large
uncertainties of Rh

A for K� and antiprotons preclude any
particular conclusion in those cases.

4 Conclusions

Two-dimensional kinematic dependences have been pre-
sented for the multiplicity ratio Rh

A for identified ⇡+,
⇡�, K+, K�, protons and antiprotons, measured in
semi-inclusive deep-inelastic scattering of electrons and
positrons on three nuclear targets (neon, krypton and
xenon) relative to deuterium. These two-dimensional dis-
tributions provide detailed information, which in some
cases is not accessible in the one-dimensional distributions
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again final-state interactions play a role here. The large
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HERMES data: e+ beam on Ne, Kr, Xe and D

 HERMES collaboration, Eur. Phys. J. A (2011)

Hadronization - neutralization of color charge in colorless hadrons in nuclei ✔
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Hadronization - neutralization of color charge in colorless hadrons in nuclei ✔

Quarks in nuclei: experimental data

EMC effect -  observation that structure functions are modified in nuclei  
                      over ~1000 papers published in the past 35 years!  
                      NO CONSENSUS AS OF ITS ORIGIN

✔

Short Range Correlations - short distance structure of nuclei, correlated nucleons. ✔

CLAS EXPERIMENT 

17 

L. El Fassi et al. PLB 2012 

FMS (Glauber Model): Frankfurt, Miller & Strikman, PRC 78, 015208 (2008) 
GKM (Transport Model): Gallmeister, Kaskulov & Mosel, PRC 83, 015201 (2011) 
KNS (LC QCD Model): Kopeliovich, Nemchik & Schmidt, PRC 76, 015205 (2007) 

0.56

0.605

0.65

0.695

0.74

0.8 1.2 1.6 2 2.4

Four-momentum transfer (GeV/c)
2

N
u

cl
ea

r 
T

ra
n

sp
a
re

n
cy

12
C

56
Fe GKM Model (No CT)

GKM Model (CT)

0.35

0.4

0.45

0.5

0.55

0.8 1.2 1.6 2 2.4

Four-momentum transfer (GeV/c)
2

FMS Model (CT)

FMS Model (No CT)

L. El Fassi et al. PLB 2012 

tantly, its interaction as a function of its color field. CT51

is a key property of QCD. It offers a unique probe of52

“color”, a defining feature of QCD, yet totally invisi-53

ble in the observed structure of ordinary nuclear mat-54

ter. Establishing the kinematic conditions for the onset55

of CT is also critical to the future program of proton56

structure studies based on deep exclusive meson pro-57

cesses where the CT property of QCD is routinely used58

in the proof of QCD factorization theorem [11]. Re-59

cently, CT was proposed [12] as the possible cause of60

the anomalous increase with centrality in the ratio of61

protons-to-pions produced at large transverse momenta62

in gold-gold collisions at the relativistic heavy ion col-63

lider in Brookhaven National Lab [13].64

Searches for CT with proton knock-out have all been65

negative [14, 15, 16, 17, 18] or inconclusive [19, 20, 21],66

while results for meson production [22, 23, 24, 25] have67

been more promising. The reason could be that the cre-68

ation of a SSC is more probable for a meson than for69

a baryon since only two quarks have to be localized to70

form the SSC. The first hint of CT at moderate ener-71

gies was obtained in pion photoproduction off 4He [22]72

with photon energies up to 4.5 GeV, but the experiment73

needed greater statistical precision to achieve conclu-74

sive findings. Another experiment [23] studied pion75

electroproduction off 12C, 27Al, 64Cu and 197Au over a76

range of Q2 = 1.1 - 4.7 GeV2. The nuclear transparen-77

cies of all targets relative to deuterium showed an in-78

crease with increasing Q2. The most statistically signif-79

icant result corresponds to the nuclear transparency for80

197Au, which when fitted with a linear Q2 dependence81

resulted in a slope of 0.012 ± 0.004 GeV−2. The authors82

concluded that measurements at still higher momentum83

transfer would be needed to firmly establish the onset of84

CT.85

Exclusive diffractive electroproduction of ρ0 mesons86

provides a tool of choice to study color transparency.87

The advantage of using ρ0 mesons is that they have the88

same quantum numbers as photons and so can be pro-89

duced by a simple diffractive interaction, which selects90

small size initial state [26]. In this process, illustrated in91

Fig. 1, the incident electron exchanges a virtual pho-92

ton with the nucleus. The photon can then fluctuate93

into a virtual qq̄ pair [27] of small transverse separa-94

tion [28] proportional to 1/Q, which can propagate over95

a distance lc = 2ν/(Q2 + M2
qq̄), known as the coherence96

length, where ν is the energy of the virtual photon and97

Mqq̄ is the invariant mass of the qq̄ pair. The virtual qq̄98

pair can then scatter diffractively off a bound nucleon99

and becomes an on mass shell SSC. While expanding in100

size, the SSC travels through the nucleus and ultimately101

evolves to a fully formed ρ0, which, in the final state,102

e

e’
q

q

0ρ
+π

-π

N’N

*γ

)ν,q=(µq

cl

SSC

Figure 1: An illustration of the creation of a SSC and its evolution to
a fully formed ρ0 (see the text for a full description).

decays into a (π+, π−) pair. By increasing Q2, the size103

of the selected SSC can be reduced and consequently104

the nuclear transparency for the ρ0 should increase.105

The nuclear transparency, TA, is taken to be the ra-106

tio of the observed ρ0 mesons per nucleon produced107

on a nucleus (A) relative to those produced from deu-108

terium, where no significant absorption is expected. CT109

should yield an increase of TA with Q2, but measure-110

ments by the HERMES [29] collaboration show that TA111

also varies with lc, which can also lead to a Q2 depen-112

dence. Thus, to unambiguously identify CT, lc should113

be held constant or, alternatively, kept small compared114

to the nuclear radius to minimize the interactions of the115

qq̄ pair prior to the diffractive production of the SSC.116

Fermilab experiment E665 [24] and the HERMES ex-117

periment [25] at DESY used exclusive diffractive ρ0 lep-118

toproduction to search for CT. However, both measure-119

ments lacked the necessary statistical precision. HER-120

MES measured the Q2 dependence of the nuclear trans-121

parency for several fixed lc values. A simultaneous fit of122

the Q2 dependence over all lc bins resulted in a slope of123

0.089 ± 0.046 GeV−2. The unique combination of high124

beam intensities available at the Thomas Jefferson Na-125

tional Accelerator Facility know as JLab and the wide126

kinematical coverage provided by the Hall B large ac-127

ceptance spectrometer [30] (CLAS) was key to the suc-128

cess of the measurements reported here.129

The experiment ran during the winter of 2004. An130

electron beam with 5.014 GeV energy was incident si-131

multaneously on a 2 cm liquid deuterium target and a 3132

mm diameter solid target (C or Fe). The nuclear targets133

were chosen to optimize two competing requirements;134

provide sufficient nuclear path length compared to the135

SSC expansion length while minimizing the probability136

of ρ0 decay inside the nucleus. A new double-target sys-137

tem [31] was developed to reduce systematic uncertain-138

ties and allow high precision measurements of the trans-139

parency ratios between heavy targets and deuterium.140

The cryogenic and solid targets were located 4 cm apart141

3

Color transparency -  decreased interaction in nuclei of small sized object✔

UGM 06/2018 - Taisiya Mineeva
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Hadronization - neutralization of color charge in colorless hadrons in nuclei ✔

Quarks in nuclei: experimental data

EMC effect -  observation that structure functions are modified in nuclei  
                      over ~1000 papers published in the past 35 years!  
                      NO CONSENSUS AS OF ITS ORIGIN

✔

Short Range Correlations - short distance structure of nuclei, correlated nucleons. ✔

M.Hattaway, N.Baltzell, R.Dupré  et al., “First exclusive measurement of DVCS off 4He” Phys. Rev. Lett. 2017
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FIG. 4: ALU as a function of azimuthal angle �. Results are
presented for di↵erent Q2 bins (top panel), xB bins (middle
panel), and t bins (bottom panel). The error bars represent
the statistical uncertainties. The grey bands represent the
systematic uncertainties, including the normalization uncer-
tainties. The red curves are the results of fits with Eq. (5).

at leading-twist as

ALU (�) =

↵0(�)=m(HA)

↵1(�) + ↵2(�)<e(HA) + ↵3(�)
�
<e(HA)2 + =m(HA)2

� .

(5)

Explicit expressions of the kinematic factors ↵i are de-
rived from expressions in Ref. [49] and are functions of
Fourier harmonics in the azimuthal angle �, the nuclear
form factor FA(t) and kinematical factors. Using the
di↵erent sin(�) and cos(�) contributions, both the imag-
inary and real parts of HA can be extracted unambigu-
ously by fitting the ALU (�) distribution.

We present in Fig. 4 ALU as a function of azimuthal
angle � and the kinematical variables Q

2, xB , and t.
Due to limited statistics, these latter variables are studied
separately with a two-dimensional data binning. The
curves on the plots are fits using the function presented
in Eq. (5), where the real and imaginary parts of the CFF
HA are the only free parameters.

Studies of systematic uncertainties showed that the
main contributions come from the choice of DVCS ex-
clusivity cuts (8% systematic uncertainty) and the large
binning size (5.1%). These values are relative and quoted
for ALU at � = 90�. Added quadratically, the total sys-
tematic uncertainty is about 10% at 90� (or 0.03, abso-
lute), which is significantly smaller than the statistical
uncertainties at all kinematical bins.

In Fig. 5, the Q
2, xB , and t-dependencies of the fitted

ALU at � = 90� are shown. The comparison to HERMES

data shows that we obtain the same sign, but the size of
the error bars and the di↵erence of kinematics do not
permit to say much more. The xB and t-dependencies
are also compared to theoretical calculations by S. Liuti
and K. Taneja [50]. The model accounts for the e↵ect
of the nucleon virtuality (o↵-shellness) on the quark dis-
tribution. The calculations are at slightly di↵erent kine-
matics than the data but still allow us to draw some
conclusions. The model appear to predict smaller asym-
metries than observed. The di↵erence may arise from the
theoretical uncertainty in the determination of the cross-
ing point where the parton nuclear distribution becomes
larger than the nucleon one, and reverses the sign of the
nuclear e↵ect.
The Q

2, xB , and t dependencies of the 4He CFF HA

extracted from the fit to the azimuthal dependence of
ALU are shown in Fig. 6. The curves on the graphs
are model calculations, labelled convolution and o↵-shell.
In the convolution model [51], the nucleus is assumed
to be composed of non-relativistic nucleons, each inter-
acting independently with the probe. The Convolution-
Dual model is based on nucleon GPDs from the dual
parametrization [52], where the Convolution-VGG uses
nucleon GPDs from the VGG model and is based on the
double distributions ansatz [54]. The o↵-shell model is
the same as in Fig. 5 using a more recent GPD model for
the nucleon [55].
The results in Fig. 6 show that the extraction of the

CFF from the ALU is possible without model-dependent
assumptions beyond leading-twist and leading-order
dominance. The amplitude and the dependencies ob-
served as a function of Q2, xB , and t are in agreement
with the theoretical expectations. One can see a di↵er-
ence between the precision of the extracted imaginary
and real parts, which is is due to ↵2 being much smaller
than ↵1 in Eq. (5). While the precision of this measure-
ment is not at a su�cient level to discriminate between
the models, these results demonstrate the possibility of
extracting the CFF of a spin-0 target directly from a ALU

measurement.
In summary, we have presented the first measurement

of the beam-spin asymmetry of exclusive coherent DVCS
o↵ 4He using the CLAS spectrometer supplemented with
a RTPC. This setup allowed detection of the low-energy
4He recoils in order to ensure an exclusive measurement
of the coherent DVCS process. The azimuthal depen-
dence of the measured ALU has been used to extract,
in a model-independent way, the real and the imaginary
parts of the 4He CFF, HA. The extracted CFF is in
agreement with predictions of the available models. This
first fully exclusive experiment opens new perspectives
for studying nuclear structure with the GPD framework
and paves the way for future measurements at JLab using
12 GeV CEBAF and upgraded equipment.

The authors thank the sta↵ of the Accelerator and
Physics Divisions at the Thomas Je↵erson National Ac-

Color transparency -  decreased interaction in nuclei of small sized object✔

✔ Nuclear DVCS: 3D tomography of partonic structure of nuclei 
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In the eA context I will discuss: 

 • Color propagation - fundamental process of QCD 

 • Experimental realization: CLAS (E-02-104) at 5 GeV  

 •  Continuation at CLAS12 (E-12-06-117)  

 •  Future measurements at the EIC 
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Color propagation - why is it interesting?

threshold matching at the heavy quark pole masses Mc = 1.5 GeV and Mb = 4.7 GeV. Results from
data in ranges of energies are only given for Q = MZ0 . Where available, the table also contains the
contributions of experimental and theoretical uncertainties to the total errors in αs(MZ0).

Finally, in the last two columns of table 1, the underlying theoretical calculation for each mea-
surement and a reference to this result are given, where NLO stands for next-to-leading order, NNLO
for next-next-to-leading-order of perturbation theory, “resum” stands for resummend NLO calculations
which include NLO plus resummation of all leading und next-to-leading logarithms to all orders (see
[39] and [32]), and “LGT” indicates lattice gauge theory.

Figure 17: . Summary of measurements of αs(Q) as a function of the respective energy scale Q, from
table 1. Open symbols indicate (resummed) NLO, and filled symbols NNLO QCD calculations used in
the respective analysis. The curves are the QCD predictions for the combined world average value of
αs(MZ0), in 4-loop approximation and using 3-loop threshold matching at the heavy quark pole masses
Mc = 1.5 GeV and Mb = 4.7 GeV.

In figure 17, all results of αs(Q) given in table 1 are graphically displayed, as a function of the
energy scale Q. Those results obtained in ranges of Q and given, in table 1, as αs(MZ0) only, are not
included in this figure - with one exception: the results from jet production in deep inelastic scattering
are represented in table 1 by one line, averaging over a range in Q from 6 to 100 GeV, while in figure 17
combined results for fixed values of Q as presented in [67] are displayed.

28

from S.Bethke Prog.Part.Nucl.Phys.58 (2007)

Confinement

Asymptotic freedom

Propagation of color relies on key property of QCD as color gauge theory - asymptotic freedom 
Restoration of color neutrality from QCD vacuum is dynamical enforcement of confinement

 Hadronization describes the transition between colored d.o.f  to composite colorless objects

Short distances l<<1fm
q and g in QCD vacuum

Long distances 
color charge anti-screening
color flux tube between qq

Visualization of QCD from D.Leinweber

10

Color propagation is a fundamental QCD process
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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-

DIS
(DESY,  Jefferson Lab)

Drell-Yan
(Fermilab, CERN)

Heavy-Ion
(RHIC, LHC)

Color propagation in DIS, DY and HI

Accardi, Arleo, Brooks, d'Enterria, Muccifora Riv.Nuovo Cim.032:439553,2010 [arXiv:0907.3534]
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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
.
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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-

DIS
(DESY,  Jefferson Lab)

Drell-Yan
(Fermilab, CERN)

Heavy-Ion
(RHIC, LHC)

Color propagation in DIS, DY and HI

IN l+A NUCLEAR DIS WE LOOK DIRECTLY 
 AT QUARK STRUCTURE OF NUCLEI

Accardi, Arleo, Brooks, d'Enterria, Muccifora Riv.Nuovo Cim.032:439553,2010 [arXiv:0907.3534]
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Space-time view of eA in DIS regime
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Production length Lp  relates to ‘color lifetime’ of quark following hard collision;
 it is the length required for colored system to neutralize its color 

Formation length Lf  is a distance over which a color neutral object pre-hadron
 evolves into observed hadron 

Partonic elastic scattering 

Gluon bremsstrahlung, vacuum and medium 

Color neutralization 

Hadron formation 
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Fundamental QCD processes: 
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Methodology
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visualization from W. Brooks 15

e A : nuclei of increasing size act as space-time analyzer
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Transverse Momentum Broadening

Hadronic Multiplicity Ratio

2

higher virtuality to lower virtuality. This process occurs in the vacuum as well35

as in the medium. The medium e↵ect is primarily to provide scattering centers36

with which the parton undergoes elastic scattering, resulting in energy loss of the37

parton through scattering recoil and stimulated gluon bremsstrahlung. Ultimately38

the parton becomes a constituent of a hadron that can be observed directly or39

indirectly. By comparing properties of final states produced on nuclei of varying40

sizes we can infer space-time properties of hadronization.41

1.0.1 Observables42

The multiplicity ratio for hadron h is defined as the normalized production yield43

ratio of that hadron in semi-inclusive deep inelastic scattering from a heavy target44

A relative to a light target, e.g., deuterium:45

Rh
A

�
⌫,Q2 , z , pT

�
=

Nh (⌫,Q2 ,z ,pT )
Ne(⌫,Q2 )|DIS

���
A

Nh (⌫,Q2 ,z ,pT )
Ne(⌫,Q2 )|DIS

���
D

(1.0.1)

where Nh is the yield of semi-inclusive hadrons in a (⌫, Q2 , z , pT ) bin and Ne is46

the number of inclusive DIS events in the (⌫,Q2 ) bin. Generally, multiplicity ratio47

is a function of four kinematic variables, chosen here as the 4-momentum transfer48

Q2, energy transfer ⌫, fractional hadron energy z = Eh/⌫, the component of the49

hadron momentum transverse to the virtual photon direction pT . The hadronic50

multiplicity ratio Rh
A quantifies the extent to which hadrons are attenuated at a51

given value of the kinematic variables; in the studies described here, this atten-52

uation can take place because of hadron or pre-hadron inelastic scattering [2,3],53

or because of energy loss of the quark contained in the hadron that occurred54

during the partonic phase, prior to the hadron formation [4,5], or because of the55

interference of the partonic and hadronic phases [6].56

1.1 Overview of existing data57

A wealth of data was collected in the past four decades on hadron collisions and58

leptoproduction experiments. Electroproduction of the hadrons was first investi-59

gated by Osborne et.al in the earlier 1970’s at SLAC [7] using 20.5 GeV electron60

beam incident on number of targets: 2D, 9Be, 12C, 64Cu, and 119Tn. The atten-61

uation Rh
A of hadrons was observed for the first time in SIDIS kinematics, and62

clearly showed that attenuation increases with the size of target nucleus A in case63

of the forward hadrons (higher z ). One of the first pioneering measurements with64

ultra-high energy muon beam was conducted in FNAL [8], and further studied, at65

higher luminosities at CERN, by the European Muon Collaboration [68]. Nuclear66

targets (12C, 63Cu, 119Sn) and 2D were measured for the first time simultaneously67
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Transverse momentum broadening

Multiplicity ratio  
or hadron attenuation

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

�hp2Ti = hp2TiA � hp2Tip

Simultaneous 
description of both 

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

In parton model, assuming factorization, Multiplicity Ratio is expressed in terms of the ratios of PDF and FF 
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 Connects to color lifetime Lp , quark kT, transport coefficient qhat and quark energy losses

Particle yield N = σ L , where L is luminosity    
For a double target system with same L,
Multiplicity Ratio is the ratio of cross sections 

Connects to hadron formation phase Lf
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Extraction of color lifetime: Brooks - Lopez model

0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

hz

2

4

6

8

10

12 [f
m

]
pL zν - 22)ν1+(Q/1+ν+pM

κ2
1 = pL

/dof = 1.092χ 0.09 GeV/fm, ± = 0.98 κ

 = 13.1 GeVν, 2 = 2.4 GeV2Q

J.Lopez, W.Brooks DIS2018

 DIS 2018 – Jorge López

HERMES Data – Observables

�4

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

]2
 [G

eV
〉 2 t

 p〈 
Δ

0.03−

0.02−

0.01−

0
0.01
0.02
0.03
0.04 HERMES Collaboration, Physics Letters B 684 (2010) 114-118

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0.03−
0.02−
0.01−

0
0.01
0.02
0.03
0.04

He data

z0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

mR

0.4

0.5

0.6

0.7

0.8

0.9

1

Ne data
Kr data
Xe data
Ne fit for data interpolation
Kr fit for data interpolation
Xe fit for data interpolation

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

Transverse momentum broadening

Multiplicity ratio  
or hadron attenuation

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

�hp2Ti = hp2TiA � hp2Tip

Simultaneous 
description of both 

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

First measurement of color lifetime Lp from based on simultaneous fits to 
HERMES data on pT broadening and hadron attenuation as a function of z
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Fig. 2. Dependence of Rh
A on z for positively and negatively charged hadrons for three slices in � as indicated in the legend.

Uncertainties are shown as in Fig. 1.

Fig. 3. Dependence of Rh
A on p2t for positively charged hadrons

for three slices in z as indicated in the legend. Uncertainties
are shown as in Fig. 1.

Rh
A with z was already observed in Fig. 2. This depen-

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

of p2t , an e�ect that is emphasised at larger target mass.
At high z, the dependence on p2t disappears for �+, ��,
and K+, as has already been seen in Figure 3. This lack
of nuclear broadening of the pt distribution in the limit
of instantaneous hadronization, i.e. before the struck par-
ton has lost any energy, has been interpreted in terms of
broadening arising from partonic processes. For protons,
a similar, but much stronger dependence of the slope on
p2t was observed, with Rp

A increasing far above unity at
low z. This has been discussed in relation to Fig. 2 as be-
ing an indication of final-state interactions. The fact that
the values of Rh

A for K+ are in between those for pions
and protons suggests that, in addition to fragmentation,
again final-state interactions play a role here. The large
uncertainties of Rh

A for K� and antiprotons preclude any
particular conclusion in those cases.

4 Conclusions

Two-dimensional kinematic dependences have been pre-
sented for the multiplicity ratio Rh

A for identified �+,
��, K+, K�, protons and antiprotons, measured in
semi-inclusive deep-inelastic scattering of electrons and
positrons on three nuclear targets (neon, krypton and
xenon) relative to deuterium. These two-dimensional dis-
tributions provide detailed information, which in some
cases is not accessible in the one-dimensional distributions

 HERMES collaboration, Eur. Phys. J. A (2011)

 HERMES

 multiplicities R(z, pT2)
 integrated over ν, Q2  

- Flavor separation: π+/-, K+/- and p/p

2D distributions for charged hadrons 
1D extraction of multiplicities for π0 
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Fig. 5. Values of Rh
A for neutral pions as a function of ν, z, Q2, and p2

t . The data
as a function of z are shown for z > 0.1. Error bars as in Fig. 2.

attenuation decreases (the value of Rh
A increases) with increasing values of

ν. (For He this behaviour presumably is present as well, but small compared
to the uncertainties in the data points.) In the absorption-type models this
is explained as being due to an increase of the formation length in the rest
frame of the nucleus at higher ν due to Lorentz dilatation, resulting in a larger
fraction of the hadronization taking place outside the nucleus. In partonic
models the quark energy loss leads effectively to a shift ∆z in the argument
of the fragmentation function, and thus an attenuation that is proportional to
ϵ/ν, with ϵ the quark energy loss.

For protons Rh
A increases at higher values of ν to well above unity for Kr and

Xe. Here the following should be realized. The value of ⟨z⟩ is correlated with ν,
e.g., the value of ⟨z⟩ for the lowest ν-bin is about 0.57, whereas for the highest
ν-bin it is 0.35. Since the value of Rh

A strongly increases with decreasing value
of z (see the next subsection), a large fraction of the strong increase at high
ν is in fact due to the dependence of Rh

A on z. Such an effect may play a role
for other particles, e.g., for K+, too.

5.1.2 z-dependence

As can be seen from the second column in Figs. 2, 3, and 5 for all hadron types
Rh

A is largely constant with z for He, while it decreases with increasing z for Ne
and especially for Xe and Kr. In parton energy-loss models this results from
the strong decrease of the fragmentation function at large z in combination
with the ∆z resulting from the energy loss. In absorption-type models the
overall decrease of Rh

A with increasing z is assumed to be due to a decrease
in the formation length in combination with (pre)hadronic absorption. The
increase of Rh

A at large z calculated in Ref. [22] is not observed in the data.
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are shown as in Fig. 1.
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A with z was already observed in Fig. 2. This depen-

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

of p2t , an e�ect that is emphasised at larger target mass.
At high z, the dependence on p2t disappears for �+, ��,
and K+, as has already been seen in Figure 3. This lack
of nuclear broadening of the pt distribution in the limit
of instantaneous hadronization, i.e. before the struck par-
ton has lost any energy, has been interpreted in terms of
broadening arising from partonic processes. For protons,
a similar, but much stronger dependence of the slope on
p2t was observed, with Rp

A increasing far above unity at
low z. This has been discussed in relation to Fig. 2 as be-
ing an indication of final-state interactions. The fact that
the values of Rh

A for K+ are in between those for pions
and protons suggests that, in addition to fragmentation,
again final-state interactions play a role here. The large
uncertainties of Rh

A for K� and antiprotons preclude any
particular conclusion in those cases.

4 Conclusions

Two-dimensional kinematic dependences have been pre-
sented for the multiplicity ratio Rh

A for identified �+,
��, K+, K�, protons and antiprotons, measured in
semi-inclusive deep-inelastic scattering of electrons and
positrons on three nuclear targets (neon, krypton and
xenon) relative to deuterium. These two-dimensional dis-
tributions provide detailed information, which in some
cases is not accessible in the one-dimensional distributions
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attenuation decreases (the value of Rh
A increases) with increasing values of

ν. (For He this behaviour presumably is present as well, but small compared
to the uncertainties in the data points.) In the absorption-type models this
is explained as being due to an increase of the formation length in the rest
frame of the nucleus at higher ν due to Lorentz dilatation, resulting in a larger
fraction of the hadronization taking place outside the nucleus. In partonic
models the quark energy loss leads effectively to a shift ∆z in the argument
of the fragmentation function, and thus an attenuation that is proportional to
ϵ/ν, with ϵ the quark energy loss.

For protons Rh
A increases at higher values of ν to well above unity for Kr and

Xe. Here the following should be realized. The value of ⟨z⟩ is correlated with ν,
e.g., the value of ⟨z⟩ for the lowest ν-bin is about 0.57, whereas for the highest
ν-bin it is 0.35. Since the value of Rh

A strongly increases with decreasing value
of z (see the next subsection), a large fraction of the strong increase at high
ν is in fact due to the dependence of Rh

A on z. Such an effect may play a role
for other particles, e.g., for K+, too.

5.1.2 z-dependence

As can be seen from the second column in Figs. 2, 3, and 5 for all hadron types
Rh

A is largely constant with z for He, while it decreases with increasing z for Ne
and especially for Xe and Kr. In parton energy-loss models this results from
the strong decrease of the fragmentation function at large z in combination
with the ∆z resulting from the energy loss. In absorption-type models the
overall decrease of Rh

A with increasing z is assumed to be due to a decrease
in the formation length in combination with (pre)hadronic absorption. The
increase of Rh

A at large z calculated in Ref. [22] is not observed in the data.
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HERMES Collaboration, A.Airapetian et. al.,  Nucl. Phys. B 780 (2007)  
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Need multidimensional data to distinguish between proposed mechanisms: 
pure quark energy loss vs pure absorption vs dipole approach!



Experimental realization:  
CLAS at 5 GeV 

21



Two targets in the beam simultaneously!

CLAS EG2 experimental conditions:

• Electron beam 5.014 GeV
• Targets 2H, 12C, 56Fe, 207Pb (Al, Sn)
• 2H separated from solid targets by 4cm
• Instant luminosity 2·1034  1/(s·cm2)

CLAS 
EG2 

Targets

CLAS EG2
Targets

• Two targets in the beam 
simultaneously

• 2 cm LD2, upstream

• Solid target downstream

• Six solid targets: 

-Carbon

-Aluminum (2 thicknesses)

-Iron

-Tin

-Lead Al +
empty
target

H. Hakobyan et al., Nucl. 
Instr. Meth. A 592 (2008) 218

EG2 experiment @ 5 GEV

22UGM 06/2018 - Taisiya Mineeva
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3D  π0  Multiplicities Rπ0 (Q2 ,ν, z ) on 12C,56Fe,207Pb to D

Multiplicity ratios: data from EG2

CLAS   PRELIMINARY

Taisiya Mineeva
Analysis under review

■ Attenuation depends on nuclear size 
■ Hadron attenuation at high z 
■ Quantitative behavior compatible with Hermes 

UGM 06/2018 - Taisiya Mineeva

Results corrected for acceptance, RC and CC on e-. Average systematics does not exceed 6%. 



24

 Rπ0  in ( ν, z, pT2 ) integrated over Q2

CL
AS
  
 P
RE
LI
MI
NA
RY

Taisiya Mineeva
Analysis under review

UGM 06/2018 - Taisiya Mineeva

Multiplicity ratios: data from EG2

3D  π0  Multiplicities Rπ0(ν, z, pT2) on 12C,56Fe,207Pb to D

Results corrected for acceptance, RC and CC on e-. Average systematics does not exceed 7%. 
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Hayk Hakobyan, 
Sebastian Moran

Multiplicity ratios: data from EG2

UGM 06/2018 - Taisiya Mineeva

3D  π+  and π- Multiplicities Rπ (Q2 ,ν, z )

9 x  50 bins in z x (Q2 ,ν )

9 x  40 bins in z x (Q2 ,ν )

Results corrected for acceptance. 



CLAS12  
Approved experiment 

E-12-06-117 
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32

Full Assembly

Foam 
Scattering 
Chamber

Solidtarget 
Ribbon 
Track

Cryotarget 
Cell

Track 
Holder

Solidtarget 
Position 
Control

Piezo 
Motor 
Holder

Target Cell 
Distribution 
Tube

Solidtarget 
samples in 
Ribbon

Beamline H.Hakobyan DIS2018

Solid target assembly for CLAS12

Extreme conditions @CLAS12

● High vacuum (6x10E-6 mbar)
 Magnetic field (5 Tesla)

Cryotarget at 30 °K

Radiation hardness

Reduced space 

●

●

●

●

New targets types will include: 4He, C, O, Ar, Pb and others. Unfortunately no Fe. 

UGM 06/2018 - Taisiya Mineeva
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DIS channels: stable hadrons, accessible with 11 GeV
JLab future experiment PR12-06-117

currently accessible at CLAS 5 GeV data measured by HERMES

meson cτ mass, GeV flavor content

π0 25 nm 0.13 ud

π+, 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

K0 27 mm 0.5 ds

K+, K- 3.7 m 0.49 us

W. Brooks INT 2017UGM 06/2018 - Taisiya Mineeva
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eA kinematics: past & near future

⎷s = 3.2 GeVCLAS at 5 GeV

⎷s = 7.2 GeV *HERMES at 27 GeV

⎷s = 4.6 GeV *CLAS12 at 11 GeV

Note, available kinematical phase space at CLAS 12 vs HERMES is not that far apart due to y-cut 

JLEIC ⎷s = 12-140 GeV

eA EIC projected kinematics

small x, large ν, large Q2 reach

UGM 06/2018 - Taisiya Mineeva
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The Physics Program of an EIC 
 

I) Map the spin and spatial structure of quarks and gluons in nucleons 
 Sea quark and gluon polarization 
 Transverse spatial distributions 
 Orbital motion of quarks/gluons 
 Parton correlations: beyond one-body densities 
   (show the nucleon structure picture of the day…) 
 
II) Discover the collective effects of gluons in atomic nuclei 
 Color transparency: Small-size configurations 
 Nuclear gluons: EMC effect, shadowing 
 Strong color fields: Unitarity limit, saturation 
 Fluctuations: Diffraction 
   (without gluons there are no protons, no neutrons, no atomic nuclei) 
 
III) Understand the emergence of hadronic matter from color charge 
 Materialization of color: Fragmentation, hadron breakup, color correlations 
 Parton propagation in matter: Radiation, energy loss 
   (how does M = E/c2 work to create pions and nucleons?) 
 

Needs high luminosity 
and range of energies 

+ some developing ideas for fundamental symmetry tests from Rolf Ent QNP2012UGM 06/2018 - Taisiya Mineeva
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The Physics Program of an EIC 
 

I) Map the spin and spatial structure of quarks and gluons in nucleons 
 Sea quark and gluon polarization 
 Transverse spatial distributions 
 Orbital motion of quarks/gluons 
 Parton correlations: beyond one-body densities 
   (show the nucleon structure picture of the day…) 
 
II) Discover the collective effects of gluons in atomic nuclei 
 Color transparency: Small-size configurations 
 Nuclear gluons: EMC effect, shadowing 
 Strong color fields: Unitarity limit, saturation 
 Fluctuations: Diffraction 
   (without gluons there are no protons, no neutrons, no atomic nuclei) 
 
III) Understand the emergence of hadronic matter from color charge 
 Materialization of color: Fragmentation, hadron breakup, color correlations 
 Parton propagation in matter: Radiation, energy loss 
   (how does M = E/c2 work to create pions and nucleons?) 
 

Needs high luminosity 
and range of energies 

+ some developing ideas for fundamental symmetry tests from Rolf Ent QNP2012UGM 06/2018 - Taisiya Mineeva
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measurement of the saturation scale

access to quark energy loss 

mechanisms of hadronization

Parton propagation studies in eA @ EIC

UGM 06/2018 - Taisiya Mineeva



Saturation scale
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● From HERA, RHIC and LHC data we know that the PDFs of sea quarks and gluons grow at low x

splitting recombination

Figure 3.5: The non-linear small-x evolution of a hadronic or nuclear wave functions. All partons
(quarks and gluons) are denoted by straight solid lines for simplicity.

We see that something has to modify the
BFKL evolution at high energy to prevent
it from becoming unphysically large. The
modification is illustrated on the far right of
Fig. 3.5. At very high energies (leading to
high gluon densities), partons may start to

recombine with each other on top of the split-
ting. The recombination of two partons into
one is proportional to the number of pairs
of partons, which in turn scales as N

2. We
end up with the following non-linear evolu-
tion equation:

@N(x, rT )

@ ln(1/x)
= ↵sKBFKL ⌦ N(x, rT )� ↵s [N(x, rT )]

2
. (3.3)

This is the Balitsky-Kovchegov (BK) evolu-
tion equation [147, 148, 149], which is valid
for QCD in the limit of the large number
of colors Nc.3 A generalization of Eq. (3.3)
beyond the large-Nc limit is accomplished
by the Jalilian-Marian–Iancu–McLerran–
Weigert–Leonidov–Kovner (JIMWLK) [143,
152, 153, 154, 155] evolution equation, which
is a functional di↵erential equation.

The physical impact of the quadratic
term on the right of Eq. (3.3) is clear: it

slows down the small-x evolution, leading to
parton saturation, when the number density
of partons stops growing with decreasing x.
The corresponding total cross-sections sat-
isfy the black disk limit of Eq. (3.2). The
e↵ect of gluon mergers becomes important
when the quadratic term in Eq. (3.3) be-
comes comparable to the linear term on the
right-hand-side. This gives rise to the satu-
ration scale Qs, which grows as Q2

s ⇠ (1/x)�

with decreasing x [150, 156, 157].

Classical Gluon Fields and the Nuclear “Oomph” Factor

We have argued above that parton satu-
ration is a universal phenomenon, valid both
for scattering on a proton or a nucleus. Here
we demonstrate that nuclei provide an extra
enhancement of the saturation phenomenon,
making it easier to observe and study exper-
imentally.

Imagine a large nucleus (a heavy ion),
which was boosted to some ultra-relativistic

velocity, as shown in Fig. 3.6. We are inter-
ested in the dynamics of small-x gluons in
the wave-function of this relativistic nucleus.
One can show that due to the Heisenberg
uncertainty principle, the small-x gluons in-
teract with the whole nucleus coherently in
the longitudinal (beam) direction, Therefore,
only the transverse plane distribution of nu-
cleons is important for the small-x wave-

3An equation of this type was originally suggested by Gribov, Levin and Ryskin in [150] and by Mueller
and Qiu in [151], though at the time it was assumed that the quadratic term was only the first non-linear
correction with higher order terms expected to be present as well. In [147, 148], the exact form of the
equation was found, and it was shown that in the large-Nc limit Eq. (3.3) does not have any higher-order
terms in N .
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● No bound on number densities of q and g at low x;  but, due 
to unitarity, non-linear recombination limits the density growth

Geometric
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Figure 3.8: The map of high energy QCD in the (Q2
, Y = ln 1/x) plane.

One has

Q
2
s(x) ⇠

✓
A

x

◆1/3

. (3.6)

From the pocket formula (3.6), we see that
the saturation scale of the gold nucleus (A =
197) is as large as that for a proton at the
197-times smaller value of x! Since lower
values of x can only be achieved by increas-
ing the center-of-mass energy, which could
be prohibitively expensive, we conclude that
at the energies available at the modern-day
colliders one is more likely to complete the
discovery of saturation/CGC physics started
at HERA, RHIC, and the LHC by perform-
ing DIS experiments on nuclei.

This point is further illustrated in
Fig. 3.9, which shows our expectations for
the saturation scale as a function of x coming
from the saturation-inspired Model-I [172]
and from the prediction of the BK evo-
lution equation (with higher order pertur-
bative corrections included in its kernel)
dubbed Model-II [163, 164]. One can clearly
see from the left panel that the saturation
scale for Au is larger than the saturation
scale for Ca, which, in turn, is much larger
than the saturation scale for the proton: the

“oomph” factor of large nuclei is seen to be
quite significant.

As we argued above, the saturation scale
squared is proportional to the thickness of
the nucleus at a given impact parameter b.
Therefore, the saturation scale depends on
the impact parameter, becoming larger for
small b ⇡ 0 (for scattering through the cen-
ter of the nucleus, see Fig. 3.6) and smaller
for large b ⇡ R (for scattering on the nuclear
periphery, see Fig. 3.6). This can be seen in
the left panel of Fig. 3.9 where most values
of Qs are plotted for median b by solid lines,
while, for comparison, the Qs of gold is also
plotted for b = 0 by the dashed line: one
can see that the saturation scale at b = 0 is
larger than at median b. The curves in the
right panel of Fig. 3.9 are plotted for b = 0:
this is why they give higher values of Qs than
the median-b curves shown in the left panel
for the same nuclei.

This A-dependence of the saturation
scale, including a realistic impact parame-
ter dependence, is the raison d’être for an
electron-ion collider. Collisions with nuclei
probe the same universal physics as seen with
protons at values of x at least two orders
of magnitude lower (or equivalently an or-
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QCD evolution equations

Saturation of parton densities, particularly for gluons●

●Color Glass Condensate - high energy effective theory 
describing universal properties of saturated gluons

Gluon transverse momentum kT characterizes degree to which saturation is occurring: Qs ~ kT●

The CGC: F. Gelis, E. Iancu, J. Jalilian-Marian, R. Venugopalan Ann.Rev.Nucl.Part.Sci.60:463-489,2010

Electron-Ion Collider:  The next QCD frontier,  
A.  Accardi et al, EPJ A (2016)

What is saturation?
Saturation scale

UGM 06/2018 - Taisiya Mineeva
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Unique window at the EIC

verse momentum “kicks” acquired from in-
teractions with the partons in all the nucle-
ons at a given impact parameter. Neglect-
ing the correlations between nucleons, which
is justified for a large nucleus in the leading
power of A approximation, once can think
of the “kicks” as being random. Just like
in the random walk problem, after A1/3 ran-
dom kicks the typical transverse momentum
— and hence the saturation scale — becomes
Qs ⇠

p

A1/3, such that Q
2
s,⇠ A

1/3. We

see that the saturation scale for heavy ions,
Q

A
s is much larger than the saturation scale

of the proton, Q
p
s, (at the same x), since

(QA
s )

2
⇡ A

1/3 (Qp
s)2 [150, 151, 158, 161].

This enhancement factor A1/3 of the satura-
tion scale squared is often referred to as the
nuclear “oomph” factor, since it reflects the
enhancement of saturation e↵ects in the nu-
cleus as compared to the proton. For the gold
nucleus with A = 197, the nuclear “oomph”
factor is A1/3

⇡ 6.

Map of High Energy QCD and the Saturation Scale

We summarize our theoretical knowl-
edge of high energy QCD discussed above in
Fig. 3.8, in which di↵erent regimes are plot-
ted in the (Q2

, Y = ln 1/x) plane. On the left
of Fig. 3.8 we see the region with Q

2
 ⇤2

QCD
in which the strong coupling is large, ↵s ⇠ 1,
and small-coupling approaches do not work
(⇤QCD is the QCD confinement scale). In
the perturbative region, Q2

� ⇤2
QCD, where

the coupling is small, ↵s ⌧ 1, we see the
standard DGLAP evolution and the linear
small-x BFKL evolution, denoted by the hor-
izontal and vertical arrows correspondingly.
The BFKL equation evolves the gluon dis-
tribution towards small-x, where the parton
density becomes large and parton saturation
sets in. The transition to saturation is de-
scribed by the non-linear BK and JIMWLK
evolution equations. Most importantly, this
transition happens at Q2

s � ⇤2
QCD where the

small-coupling approach is valid.
Saturation/CGC physics provides a new

way of tackling the problem of calculat-
ing hadronic and nuclear scattering cross-
sections. It is based on the theoretical ob-
servation that small-x hadronic and nuclear
wave-functions — and, therefore, the scatter-
ing cross-sections — are described by an in-
ternal momentum scale, the saturation scale
Qs [150]. As we argued above, the satura-
tion scale grows with decreasing x (and, con-
versely, with the increasing center-of-mass
energy

p
s) and with the increasing mass

number of a nucleus A (in the case of a nu-
clear wave function) approximately as

Q
2
s(x) ⇠ A

1/3

✓
1

x

◆�

(3.4)

where the best current theoretical estimates
of � give � = 0.2 – 0.3 [162], in agree-
ment with the experimental data collected
at HERA [163, 164, 165, 166] and at RHIC
[162]. Therefore, for hadronic collisions at
high energy and/or for collisions of large
ultra-relativistic nuclei, the saturation scale
becomes large, Q2

s � ⇤2
QCD. For the total

(and particle production) cross-sections, Qs

is usually the largest momentum scale in the
problem. We therefore expect it to be the
scale determining the value of the running
QCD coupling constant, making it small,

↵s(Q
2
s) ⌧ 1, (3.5)

and allowing for first-principles calculations
of total hadronic and nuclear cross-sections,
along with extending our ability to calculate
particle production and to describe di↵rac-
tion in a small-coupling framework. For de-
tailed descriptions of the physics of parton
saturation and the CGC, we refer the reader
to the review articles [167, 168, 169, 170] and
to an upcoming book [171].

Eq. (3.4) can be written in the following
simple pocket formula if one puts � = 1/3,
which is close to the range of � quoted above.
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eA @ EIC can probe saturation scale at far lower energies than 
ep since saturation scale is enhanced by the nuclear diameter!

Saturation scale

UGM 06/2018 - Taisiya Mineeva
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How to access it experimentally?
Saturation scale
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How to access it experimentally? (1)
Saturation scale

UGM 06/2018 - Taisiya Mineeva

probes matter coherently over a character-
istic length proportional to 1/x, which can
exceed the diameter of a Lorentz-contracted
nucleus. Then, all gluons at the same im-
pact parameter of the nucleus, enhanced by
the nuclear diameter proportional to A1/3

with the atomic weight A, contribute to the

probed density, reaching saturation at far
lower energies than would be needed in elec-
tron+proton collisions. While HERA, RHIC
and the LHC have only found hints of sat-
urated gluonic matter, the EIC would be in
a position to seal the case, completing the
process started at those facilities.
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  J/ψ saturation (bSat)

Experimental Cuts:
|η(Vdecay products)| < 4
p(Vdecay products) > 1 GeV/c
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stage-II,  ∫Ldt = 10 fb-1/A

x < 0.01
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Figure 1.6 : Left: The ratio of diffractive over total cross-section for DIS on gold normalized
to DIS on proton plotted for different values of M2

X, the mass squared of hadrons produced in
the collisions for models assuming saturation and non-saturation. The grey bars are projected
systematic uncertainties. Right: The ratio of the coherent diffractive cross-section in e+Au
to e+p collisions normalized by A4/3 and plotted as a function of Q2 for both saturation and
non-saturation models. The 1/Q is effectively the initial size of the quark-antiquark systems (φ
and J/Ψ) produced in the medium.

Figure 1.6 illustrates some of the dra-
matic predicted effects of gluon density
saturation in electron+nucleus vs. elec-
tron+proton collisions at an EIC. The left
frame considers coherent diffractive pro-
cesses, defined to include all events in which
the beam nucleus remains intact and there is
a rapidity gap containing no produced par-
ticles. As shown in the figure, gluon satura-
tion greatly enhances the fraction of the total
cross-section accounted for by such diffrac-
tive events. An early measurement of co-
herent diffraction in e + A collisions at the
EIC would provide the first unambiguous ev-

idence for gluon saturation.
Figure 1.6 (Right) shows that gluon satu-

ration is predicted to suppress vector meson
production in e + A relative to e + p colli-
sions at the EIC. The vector mesons result
from quark-antiquark pair fluctuations of the
virtual photon, which hadronize upon the ex-
change of gluons with the beam proton or nu-
cleus. The magnitude of the suppression de-
pends on the size (or color dipole moment) of
the quark-antiquark pair, being significantly
larger for produced φ (red points) than for
J/Ψ (blue) mesons. An EIC measurement of
the processes in Fig. 1.6 (Right) will provide

8

Ratio of diffractive over total DIS events
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Saturation scale

 42

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 is a boost-invariant way of sampling the                  

(transverse) gluon density distribution  

pT broadening is proportional

●

to the gluon density  
●

UGM 06/2018 - Taisiya Mineeva

Observable: transverse momentum broadening ΔpT 

How to access it experimentally? (2)
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Saturation Scale
dipole model view of pT broadening

Final result: saturation momentum in infinite 
momentum frame found to be equal to pT 
broadening in target rest frame:

B. Z. Kopeliovich, I. K. Potashnikova, Ivan Schmidt, arXiv:1001.4281v1 [hep-ph], Phys. Rev. C 81, 035204 (2010)

UV divergence: 
C(E, rT ) / ln(1/rT ) at rT ! 0

To repair divergence, choose:

r2T ⇠ 1/�p2T

Q̃2
gA.

With such an LP suppression factor and the same un-
integrated gluon density Eq. (30) we arrive at a new equa-
tion for gluon shadowing, alternative to Eq. (33),

Rg =
1

1 + neff

[
1 + neff (1 +Rgn0) e

−Rgn0

]
(38)

The results for Rg as function of nuclear thickness TA

at different energies is plotted in Fig. 2 by dashed
curves. The strength of suppression is rather similar to
what is presented by solid curves corresponding to the
parametrization Eq. (28), demonstrating a weak depen-
dence on the way of interpolating between saturated and
Bethe-Heitler regimes.

IV. SATURATION SCALE FROM DATA

Broadening of partons in nuclear matter has been stud-
ied in several experiments with different processes at dif-
ferent energies [25–30, 32, 33]. Here we overview the
results of these measurements.

A. Drell-Yan reaction

Radiation of prompt photons and dileptons should be
a sensitive probe for broadening of projectile quarks, as
was stressed in Sect. II B. While broadening of direct
photons is difficult to measure, since the small pT region
is overwhelmed by radiative hadronic decays, data for
heavy dileptons are available. Figure 4 shows the results
of the E772 and E866 fix target experiments at Fermilab
for broadening in Drell-Yan reaction at 800GeV.

To calculate broadening of heavy dileptons we used the
results of Sect. II B. The mean value of the fractional
light-cone momentum of detected dileptons in the E772
experiment was ⟨x1⟩ = 0.26 [34]. Accordingly, the coher-
ence length is sufficiently short to rely on the equation
(17).

Broadening for a Drell-Yan pair is factor z2 smaller
than that for the projectile quark which radiated the
heavy dilepton, where z is the fraction of the quark mo-
mentum carried by the dilepton. We use here the mean
value ⟨z⟩ = 0.9, as was evaluated in [35]. We calculated
the factor C(E) at the energy E = ⟨x1⟩s/2mN⟨z⟩.
The results for Drell-Yan reaction are shown in Fig. 4

by the bottom curve. Notice that our result for Drell-Yan
reaction is close to broadening calculated in [12], which
was about twice as big as the broadening previously ob-
served in the E772 experiment (closed squares in Fig. 4).
However, data from the E866 experiment (open squares
in Fig. 4) published later confirmed the predictions made
in [12].
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FIG. 4: Broadening in Drell-Yan reaction on different nuclei
as measured in the E772 (closed squares) [27] and E866 (open
squares) [28] experiments respectively. Broadening for J/Ψ
and Υ [25, 27] is shown by circles and triangles respectively.
The dashed and solid curves correspond to the predictions
without and with the corrections for gluon shadowing respec-
tively.

B. Heavy quarkonium production

We assume that the energy of the projectile gluon is
equal to the energy of the heavy quarkonium it produces,
i.e. Eg = x1 s/2mN , where x1 is the fractional light-cone
momentum of the quarkonium. Indeed, the fraction of
the gluon momentum carried by the quarkonium is model
dependent, and is either equal [36] or very close to one
[37].

Since broadening was measured for a large sample of
events, we rely on the mean values of x1, which were
in the E772 experiment, ⟨x1⟩ = 0.29 and 0.23 for J/Ψ
and Υ respectively [34]. At such energy of the gluon,
E = ⟨x1⟩s/2mN , gluon radiation occurs coherently, i.e.
the lifetime of the projectile gluon is sufficienly long to
propagate through the whole nucleus. However the co-
herence time for heavy quarkonium production is short,
i.e. the projectile gluon converts into the quarkonium
almost instantaneously. Therefore, we should rely on
Eq. (18), but using about half of the nuclear thickness,
like in the Drell-Yan case. However, heavy quarkonia
have a nonzero absorption cross section. This makes the
path length available for broadening a bit longer. Broad-
ening is proportional to the amount of nuclear matter
passed by the projectile gluon prior production of a heavy
quarkonium at the point with longitudinal coordinate z,

7

Agreement with high energy data is good 
(solid lines include gluon 
shadowing correction)

Q2
sat(b, E) = �p2T (b, E)
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Saturation Scale
pQCD view of pT broadening
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Transverse Momentum Dependent (TMD) quark distribution function in nucleus:

Zuo-tang Liang, Xin-Nian Wang, Jian Zhou, arXiv:0801.0434v2 [hep-ph], Phys. Rev. D77:125010, 2008
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Various approximations, and last step invokes dipole model, see paper

from Will Brooks  EIC meeting at CUA 2010UGM 06/2018 - Taisiya Mineeva



Quark energy loss

41



42

Energy loss in pQCD
General BDMPS version

High importance in HI data; jet quenching is manifestation of quark energy loss●

Energy losses  due to gluon radiation are greater than collisional  energy 
losses from parton elastic scattering (light particles)

● Vacuum energy losses are greater than medium-induced (cold matter)

●

Energy loss is proportional to the gluon and parton density of the medium!!●

UGM 06/2018 - Taisiya Mineeva

R. Baier, Y. L. Dokshitzer, A. H. Mueller, S. Peigne and D. Schiff, Nucl. Phys. B484 (1997)

R. Baier, Y.L. Dokshitzer, A.H. Muller, D. Schiff, Nucl. Phys.B531 (1998)  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Energy loss in pQCD
(BDMPS version)
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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
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) + ...) (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
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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

Partonic energy loss in pQCD depends

on critical system length Lc and critical Ec

LPM regime

R. Baier, Y. L. Dokshitzer, A. H. Mueller, S. Peigne and D. Schiff, Nucl. Phys. B484 (1997)

R. Baier, Y.L. Dokshitzer, A.H. Muller, D. Schiff, Nucl. Phys.B531 (1998)  

● Linear vs quadratic behavior in L

● LMP effect suppresses gluon bremsstrahlung
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HERMES data: qhat=0.075 GeV2/fm
                      LXe = 4fm 
        Ecrit ~ 6GeV, and Ecrit << ν

UGM 06/2018 - Taisiya Mineeva
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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.
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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,

�hp
2
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pQCD description of quark energy loss on pT broadening
Can be inferred indirectly via●
measurement of pT broadening 
and extracted from pQCD theory

Quark energy loss at EIC

UGM 06/2018 - Taisiya Mineeva
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Emergence of  Hadrons from quarks & gluons 

⌫ =
Q2

2mx

! Apply to heavy-ion collisions: 

Mass dependence of  hadronization 

Control of  � and  
medium length! 

Need the collider energy of  EIC 
and its control on parton kinematics 

π 

D0 

!  Femtometer sized detector: 

from Jianwei Qui DIS2018UGM 06/2018 - Taisiya Mineeva
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Extrapolation of Lp from HERMES  to EIC

Using the prescription γ = ν/Q, β = pγ*/ν, we can extrapolate:

Q2 nu beta*gamma lp,/z=0.32 lp,/z=0.53 lp,/z=0.75 lp,/z=0.94 Experiment x
2.40 14.50 9.31 8.57 HERMES 0.09
2.40 13.10 8.40 6.39 HERMES 0.10
2.40 12.40 7.94 4.63 HERMES 0.10
2.30 10.80 7.05 2.40 HERMES 0.11
3.00 4.00 2.08 1.92 1.58 1.21 0.71 CLAS 0.40
7.00 7.00 2.45 2.26 1.86 1.43 0.83 CLAS12 0.53
1.00 4.00 3.87 3.57 2.95 2.26 1.32 CLAS 0.13
2.00 9.00 6.28 5.79 4.78 3.66 2.14 CLAS12 0.12
12.00 32.50 9.33 8.59 7.10 5.44 3.18 EIC 0.20
8.00 37.50 13.22 12.17 10.06 7.71 4.50 EIC 0.11
45.00 140.00 20.85 19.20 15.86 12.15 7.10 EIC 0.17
27.00 150.00 28.85 26.57 21.96 16.82 9.82 EIC 0.10

W. Brooks INT 2017

At the EIC we can study a wide range of production lengths!

UGM 06/2018 - Taisiya Mineeva
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● pT broadening observables 
saturation scale !!●

pQCD energy loss 
effective quark lifetime 

●

●

transport coefficient●

Multiplicity ratio observable●

● hadronization mechanisms
hadron formation length●

+ azimuthal φ-modulation of produced hadrons 

Conclusion
Measurements that color propagation physics can access in EIC:

UGM 06/2018 - Taisiya Mineeva
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● pT broadening observables 
saturation scale !!●

pQCD energy loss 
effective quark lifetime 

●

●

transport coefficient●

Multiplicity ratio observable●

● hadronization mechanisms
hadron formation length●

Conclusion

EIC can access all of this physics!

UGM 06/2018 - Taisiya Mineeva

Measurements that color propagation physics can access in EIC:

+ azimuthal φ-modulation of produced hadrons 
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Additional slides
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Measurements of pT broadening and hadron attenuation ratios as a 
function of nuclear size A allow to calculate the length of color 
propagation and hadron formation processes at the femtometer scale 

 DIS 2018 – Jorge López

Methodology

�3

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 AC Fe Pb

UGM 06/2018 - Taisiya Mineeva



Back-of-the envelope τp 

Energy conservation: if hadron carried 
away energy Eh = zν,  string only has ν-Eh

BACK-OF-ENVELOPE - tp

If take, e.g., z = Ehadron/n = 0.6, n = 5 GeV, then  tp ~ 2  fm/c

)1( h

vacuum

p z

dx

dE
t !=

" Energy 
conservation, 
time dialation

fmGeV
dx

dE
vacuum /1!! "String model

BACK-OF-ENVELOPE - tp

If take, e.g., z = Ehadron/n = 0.6, n = 5 GeV, then  tp ~ 2  fm/c

)1( h

vacuum

p z

dx

dE
t !=

" Energy 
conservation, 
time dialation

fmGeV
dx

dE
vacuum /1!! "String model

If take, e.g., z = Eh/ν = 0.6,  ν = 5 GeV, then
 τp ~ 2 fm/c

BACK-OF-ENVELOPE - htf

hf R
m

E
t !

Given hadron of size Rh, can build 

color field of hadron in its rest 

frame in time no less than t0 ~Rh/c. 

In lab frame this is boosted: 

Back-of-the envelope τf 

Given hadron of size Rh, can build color 
field of hadron in its rest frame in time
no less than t0 ~Rh/c. In lab frame this is 
boosted.

If take, e.g., the pion mass, radius 0.66 fm, 
E = 4 GeV, then τf ~ 20 fm/c  
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Comparison of CLAS and HERMES  e+A

ν (GeV)  Q2 (GeV2) z pT2 (GeV2)
CLAS 2.2 - 4.2 1.0 - 4.1 0,3 - 1,0 0 - 1.5

HERMES 7 -  23 1.0 - 10 0.2 - 1.0 0 - 1.1

- Beam energy:  5.0 GeV at JLab  vs  27.6 GeV at DESY 

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

 -Luminosity in CLAS is 100 times greater than HERMES
  Access to 3D binning in CLAS vs 1-2D binning in HERMES .
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Quark energy loss or Hadron absorption?

Pure quark energy loss models:  ● a la BDMPS (Arleo;  Accardi)

Higher twist FF (Wang; Majumder)

Pure hadron absorption models: ● prehadron survival from transport model (Accardi)

GiBUU transport Monte Carlo (Falter)

78 ALBERTOACCARDI ETC.

Fig. 55. – Lund string model based absorption model [64, 321] (solid) and energy-loss model [43, 321]
(dashed) compared to HERMES data on π+ production [23]. The prehadron cross section is σpreh = 0.8σh
and the transport coefficient is q̂ = 0.6 GeV2/fm. Experimental statistical and systematic errors have been
added in quadrature.

A different variation of the two-scale model has been proposed in Refs. [358, 359]. The
authors argue that in 3+1 dimensions, the yo-yo time is ill-defined because the end quarks of a
string snippet never really meet together, and propose instead that the hadron is formed after a
proper time for quark recombination, τr, following string breaking at a time tstr taken from the
PYTHIA generator. Then, the hadron formation time is simply set to th = (tpreh + τr)vstrγstr,
and boosted according to the string velocity vstr and Lorentz factor γstr. The system does not
interact in the nucleus until hadron formation, at which time it starts interacting with the full
hadron-nucleus cross section analogously to the AGMP approach. The model does a fair job in
describing pion and kaon attenuation on N and Kr [21, 22] at zh ! 0.4, with a flavour-dependent
recombination proper time τr(π) = 0.8 fm and τr(K−) = 0.4 fm. It is interesting to note that
the fitted values are such that τr(h) ≈ 1/mh. However, this model overestimates the recently
measured suppression on Xe targets [23], and no comparison to EMC data is provided.
Extensions of the two-scale model based on Eqs. (69)-(70) have been considered in Refs. [78,

357], and more recently compared to double hadron attenuation at HERMES [24] in Refs. [94,
95, 360].

7.3. The colour dipole model. –

In Ref. [29] the formation of a leading hadron (zh ! 0.5) is described in a pQCD-inspired
approach based on Refs. [66-68], see also Section 2.4: a hard gluon radiated at the interaction
point splits into a qq̄ pair, and the q̄ recombines with the struck q to form the leading prehadron,
which evolves into the observed hadron. The time development of hadronisation is included in
this picture by observing that the radiated gluon can be physically distinguished from the struck
quark only after a coherence time tc = 2Eα(1−α)/k2T , where kT and α = Eg/ν are the transverse
momentum and fractional energy of the emitted gluon. If the leading hadron is produced at large
zh and contains the struck quark, none of the radiated gluons can be emitted with α > 1 − zh
by energy conservation. The time-dependence of the energy radiated into the emitted gluons is

Accardi, Arleo, Brooks, d'Enterria, Muccifora
 Riv.Nuovo Cim.032:439553,2010 [arXiv:0907.3534]
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production time. EMC hadron attenuation could be well reproduced both as a function of ν and
of zh. It leads to a slightly larger hadron suppression at ν ! 20 GeV and zh " 0.5 compared to
the independent fragmentation model using the constituent length, otherwise giving comparable
results. In Ref. [356], the colour exchange cross section was identified with the constituent-quark
cross section in the additive quark model: σce ≈ σq = 0.5σπN ≈ 10 mb. The smaller σce leads to
an intermediate model between the independent string fragmentation and pure string-flip model.
However, computations turn out to underestimate the suppression in the EMC kinematics.
Finally, we should mention that extensions of string models to address double hadron attenu-

ation have also been discussed [78, 357].

7.2.Modern string-based absorption models. –

Modern string-based absorption models build upon the early models discussed in the pre-
vious Section, exploring different possibilities for the effective cross section σeff and/or for the
hadron survival probability (69). Their computations have also been compared to the more recent
HERMES data on e− + A collisions at Ee = 12 − 27 GeV [21-23, 44].
The AGMP model [61, 64] is based on the Lund string model estimate of the formation

times discussed in Section 2.4, and neglects the interactions of the struck quark (σq = 0 mb)
in agreement with fits to EMC data [45]. In the HERMES kinematics one typically finds a
production time ⟨tpreh⟩ ≈ 4 fm < RA and a hadron formation time ⟨th⟩ ≈ 6 − 10 fm " RA:
the hadron is typically formed at the periphery or outside the nucleus so that its interaction
with the medium is negligible. On the contrary, after its formation, the prehadron is allowed to
interact with the surrounding nucleons with a cross section σpreh(ν) = 0.80σh(ν) proportional
to the experimental hadron-nucleon cross section σh (taking e.g. π+ production data on a Kr
target [23]). The probability S Af ,h(z, ν) that the (pre)hadron – produced from the fragmentation of
a quark scattered at point (b, y) – does not interact, can be computed using transport differential
equations [61]:

S Af ,h(z, ν) =
∫

db2 dy ρA(b, y)

×

∞
∫

y

dx′
x′

∫

y

dx
e
− x−y
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〈
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〉 e
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x′
∫

x
dsAρA(b,s) e−
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e
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∞
∫

x′
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(73)

where ∆l = lh − lpreh, and ρA is the nuclear density. The hadron multiplicity is computed, at
leading order in pQCD, as

1
NDIS
A

dNh
A(z)
dz

=
1
σℓ A

∫

exp. cuts

dx dν
∑

f

e2f q f (x,Q
2)
dσℓ f
dxdν

S Af ,h(z, ν)D
h
f (z,Q

2) .(74)

Here σℓ f and σℓ A are the lepton-quark and lepton-nucleus cross sections, q f is the f -quark
distribution function, and Dh

f its fragmentation function. The model is applicable for 0.4 ! z !
0.9, where it describes EMC [64] and HERMES [61, 64] experimental data on a wide range
of hadron flavours and targets, see Fig. 55. As it stands, the pure-absorption AGMP model
does not predict a dependence of the attenuation ratio RM on Q2, because neither the prehadron
production time tpreh derived in the Lund model, nor its assumed cross section σpreh depend on
it. This assumption does not contradict the slightly rising RM(Q2) measured at HERMES [23],
see Section 3.2.

Modern Lund string model: abs. or en. loss (A.Accardi) 

Both pure quark energy loss and pure hadron absorption
models describe attenuation Rh as a fnc of z for HERMES

UGM 06/2018 - Taisiya Mineeva
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Quark energy loss or Hadron absorption?

Color dipole model (z>0.5): quark energy loss + prehadron absorption (B.Kopeliovich)   ●

Pure quark energy loss models:  ● a la BDMPS (Arleo;  Accardi)

Higher twist FF (Wang; Majumder)

Pure hadron absorption models: ● prehadron survival from transport model (Accardi)

GiBuu transport Monte Carlo (Falter)

PARTON PROPAGATION AND FRAGMENTATION IN QCD MATTER 79

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,Q2) =
∫ Q2

Λ2QCD

dk2T
∫ 1

1−zh
dzαν

dNg
dk2Tdz

Θ (t − tc) ,(75)

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

2
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:
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−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. Integrating W 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 ⟨R2l ⟩ ∝ 1/Q
2, 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)r2.
All effects of fluctuations and nuclear interactions are computed in a path-integral formalism for

Kopeliovich et al., NPA 740(04)211

dashed line: absorption of color dipole qqbar
solid line: absorption and induced energy loss 

Dipole model which includes both quark energy loss 
and hadron absorption also ~ describes HERMES data 

UGM 06/2018 - Taisiya Mineeva
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• one of 9 similar plots

• saturation for Pb at low 
z always undershoots

• model too primitive? or

• more interesting 
explanation....
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Transverse momentum broadening 
of quarks ΔkT can be expressed in 

terms of gluon density C

UGM 06/2018 - Taisiya Mineeva

M. B. Johnson, B. Z. Kopeliovich, and A.V.Tarasov, Phys. Rev. C 63, 035203 (2001) 

Transverse momentum broadening π+ 
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Assume: Single-photon exchange, no quark-pair production

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.

Space-time characteristics of struck quark

Lp  ~  γ β tp 
Extrapolation to EIC kinematics!

Test of time dilation  in CLAS/CLAS12!

                        “JLab” example: Q2 = 3 GeV2, ν = 3 GeV. (xBj~0.5) yields  γ = 1.73, β = 0.82 
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Energy loss in pQCD
(BDMP version)

Quark Energy Loss
Characteristics in pQCD

• quadratic vs linear

• LPM (quadratic region)

• critical length, ~square root of E

• JLab/CLAS data suggest: ν~3 GeV,  LCritical = ~4-5 fm, < RPb
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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
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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
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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
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Partonic energy loss in pQCD depends

on critical system length Lc and critical Ec

For E > Ec, energy loss depends on path L: 
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A.Festani “Measurement of the D0 meson production in PbPb and pPb” 
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Figure 3.22: Left: A cartoon for the interactions of the parton moving through cold nuclear
matter when the produced hadron is formed outside (upper) and inside (lower) the nucleus.
Right: Fragmentation functions as a function of z: from the charm quark to the D0 meson
(solid) [193] and from up quark to π0meson (dashed) [40].

medium. It was evident from hadron pro-
duction in e− + e+collisions that the frag-
mentation functions for light mesons, such as
pions, have a very different functional form
with z from that of heavy mesons, such as
D-mesons. As shown in Fig. 3.22 (Right),
the heavy D0-meson fragmentation function
has a peak while the pion fragmentation
function is a monotonically decreasing func-
tion of z. The fact that the energy loss
matches the active parton to the fragmen-
tation function at a larger value of z leads to
two dramatically different phenomena in the
semi-inclusive production of light and heavy
mesons at the EIC, as shown in Fig. 3.23
[200]. The ratio of light meson (π) produc-
tion in e+Pb collisions over that in e+d col-
lisions (red square symbols) is always below
unity, while the ratio of heavy meson (D0)
production can be less than as well as larger
than unity due to the difference in hadroniza-
tion.

In Fig. 3.23, simulation results were plot-
ted for the multiplicity ratio of semi-inclusive
DIS cross-sections for producing a single pion

(Left) and a single D0 (Right) in e+Pb colli-
sions to the same produced in the e+d as
a function of z at the EIC with two dif-
ferent photon energies: ν = 35 GeV at
Q2 = 10 GeV2 (solid line and square sym-
bols) and ν = 145 GeV at Q2 = 35 GeV2

(dashed line and open symbols). The pT of
the observed hadrons is integrated. The ra-
tio for pions (red square symbols) was taken
from the calculation of [194], extended to
lower z, and extrapolated from a copper nu-
cleus to a lead nucleus using the prescription
of [195]. In this model approach, pions are
suppressed in e+Acollisions due to a combi-
nation of the attenuation of pre-hadrons as
well as medium-induced energy loss. In this
figure, the solid lines (red - ν = 145 GeV, and
blue - ν = 35 GeV) are predictions of pure
energy loss calculations using the energy loss
parameters of [201]. The large differences in
the suppression between the square symbols
and solid lines are immediate consequences
of the characteristic time scale for the color
neutralization and the details of the atten-
uation of pre-hadrons, as well as the model

92

FF for light and heavy mesons
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Complication: Quark Pair Production

Two types of problems: 

• Have qq̄ pair instead of single propagating quark of 
known energy�

• Measure both jets, or else have an error in 
calculation of z

• Pair can fluctuate into existence before entering the 
nucleus, or within the nucleus

• “Ioffe time” ~ 1/(xBj Mp) (up to 100+ fm for EIC)

• ��Path length in nucleus varies
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• 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

How to directly measure quark energy loss?

shift

Pion energy

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
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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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pQCD description of quark energy loss on pT broadening

● Can be measured directly via 
observed particle energy shift

Can be inferred indirectly via●
measurement of pT broadening 
and extracted from pQCD theory

Quark energy loss

UGM 06/2018 - Taisiya Mineeva

for direct energy losses: sensitivity mostly at low energies! 
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