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Measured effects from nuclear medium

EMC effect:   modification of quark distributions functions in nuclei

Short-range correlations:  short distance structure, correlated nucleons

Nuclear  DVCS:  3D tomography of partonic structure of nuclei

N.Fomin talk “EMC: past, present, future”  

A.Schmidt talk on Short-Range Correlations 
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Measured effects from nuclear medium

 M.Hattaway 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 Q

2 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).
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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 F

A

(t) and kinematical factors. Using the
di↵erent sin(�) and cos(�) contributions, both the imag-
inary and real parts of H

A

can be extracted unambigu-
ously by fitting the A

LU

(�) distribution.
We present in Fig. 4 A

LU

as a function of azimuthal
angle � and the kinematical variables Q2, x

B

, 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
H

A

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 A

LU

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 Q2, x
B

, and t-dependencies of the fitted
A

LU

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 x

B

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 Q2, x

B

, and t dependencies of the 4He CFF H
A

extracted from the fit to the azimuthal dependence of
A

LU

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 A
LU

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, x

B

, 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 A

LU

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 A

LU

has been used to extract,
in a model-independent way, the real and the imaginary
parts of the 4He CFF, H

A

. 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-
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Measured effects from nuclear medium

EMC effect:   modification of quark distributions functions in nuclei

Short-range correlations:  short distance structure, correlated nucleons

Nuclear  DVCS:  3D tomography of partonic structure of nuclei

N.Fomin talk “EMC: past, present, future”  

A.Schmidt talk on Short-Range Correlations 
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Color transparency: decreased interaction of small size configuration

Hadronization:  color propagation and hadron formation in medium

✔

✔
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Why is it interesting?

Color propagation and creation of color neutral object  -  Hadronization

Evolution of small size color field configuration - Color Transparency (CT)

Relies on key properties of QCD as a color gauge theory

Neutralization of color charge in hard processes is
 dynamical enforcement of confinement

Color Transparency and hadronization

Factorization separates long and short distance behavior
relies on asymptotic freedom

2/23
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Color Transparency
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Color Transparency (CT)

D.Dutta et al. “Color transparency: past, present and future” Progress in Particle and Nucl.Phys. 69 (2013)

If small size object is created, it can experience reduced interaction with 
nuclear medium (in exclusive processes at high momentum transfer)

✔

Color field of the color neutral object vanishes with decreasing size  
   of the object (similar to the charge screening of small dipole in QED)  

✔

Transverse size of produced system in electroproduction: r⏊ ~ 1 / Q ✔

✔ Creation of small size object. Its interaction cross section 
 is smaller than that of hadron: σSSC ~ σh • (r⏊ /Rh )2

Onset of CT is related to onset of factorization required for access to 
GPDs in deep exclusive (q,q-bar) production  

✔
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Observable: Nuclear Transparency
      Overview of Color Transparency Measurements        Lamiaa El Fassi    

CIPANP 12 May 29, 2012 
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The signature of Color Transparency is the increase of the medium 
“nuclear” Transparency TA as a function of the momentum transfer 

A  is the nuclear cross section  

N  is the free (nucleon) cross section  

Introduction 
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Signature of CT:  increase of medium ‘nuclear’ transparency as a function of momentum transfer Q2  

4/23



Taisiya Mineeva “Hadron formation and propagation in nuclear medium” HEP2018

DIS ρ0 production on nuclei

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

Focus on ρ0  production: 
 
• Exclusive (z>0.9) 
• Incoherent diffractive (-0.4<t<-0.1 GeV2) 
• Non-resonant (W>2GeV)

coherence length for
q-qbar propagation:
lc = 2ν/(Μρ2 + Q2)

    Small size ρ0  pre-hadron is directly produced from the virtual photon  
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DIS ρ0 production on nuclei

tantly, its interaction as a function of its color field. CT51
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ter. Establishing the kinematic conditions for the onset55
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structure studies based on deep exclusive meson pro-57
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in the proof of QCD factorization theorem [11]. Re-59
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the anomalous increase with centrality in the ratio of61

protons-to-pions produced at large transverse momenta62
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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
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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
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The advantage of using ρ0 mesons is that they have the88
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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

coherence length for
q-qbar propagation:
lc = 2ν/(Μρ2 + Q2)

    Small size ρ0  pre-hadron is directly produced from the virtual photon  
 

To exclude effects of coherence length that can mimic CT,
    the Q2 dependence of TA must be measured at small or fixed lc.       
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Color Transparency Experiments
      Overview of Color Transparency Measurements        Lamiaa El Fassi    

CIPANP 12 May 29, 2012 

 

 A(p, 2p) BNL 

 A(e, e’p) SLAC & JLab 

 
 

A(π,di-jet ) FNAL 

A(γ, πp) JLab  

A(e, e’π) Jlab 

A(P, P’ρ) FNAL 

 A(e, e’ρ) DESY & JLab 
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CEBAF and CLAS @ 6 GEVCEBAF Accelerator 
Up to 5 passes for a max of ~ 6 
GeV

Dipole magnets of different 
strength to maintain constant 
curvature in arcs.

All halls may run at max energy. No 
two halls may run at same lower 
energy.Hall B is  the best!

499 MHz laser pulse at injector 
produces electron bunches

1497 MHz RF acceleration gradient 
allows each hall to have its own 
beam specifications .

Hall B CLAS
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!Charged particle angles 8° - 144° 
!Neutral particle angles 8° - 70° 
! Momentum resolution ~0.5% (charged) 
!Angular resolution ~0.5 mr (charged) 
! Identification of p, π+/π-, K+/K-, e-/e+ 

CEBAF Large Acceptance Spectrometer
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CLAS 
EG2 

Targets

• 2H is liquid target 2 cm long 
• 12C, 56Fe, 207Pb are 
    0.014, 0.04, 0.17 cm thick
•  Separation is 4 cm

Two targets in the beam simultaneously!

CLAS EG2 experimental conditions:
• Electron beam 5.014 GeV
• Targets 2H, 12C, 56Fe, 207Pb (Al, Sn)
• Luminosity 2·1034  1/(s·cm2)

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 @ CLAS
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Color Transparency Result from CLAS

11 ± 2.3% (12.5 ± 4.1%) decrease in the absorption of ρ in iron (carbon) 
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Color Transparency Result from CLAS

The transparency does not depend on coherence length in the region lc < 0.9 fm

L. El Fassi et al. PLB 2012 

      Overview of Color Transparency Measurements        Lamiaa El Fassi    

CIPANP 12 May 29, 2012 

Hermes 

Coherence Length 
lc = 2Q/(M2 + Q2 ) 

Nuclear Transparency 
 

  TU
A = NU

A / N
U
D u (UD x  tD) / (UA  x tA)  

    
 UD and UA are the target densities 

 
 tA is a solid target thickness 
 
 tD= 2 cm is the liquid target length 

L. El Fassi et al. PLB 712, 2012 

29 

Nuclear size: RC = 2.7 fm RFe = 4.6 fm
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Airapetian et al. PRL 90 (2003) 
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Hadronization

          How all the color of parton is neutralized into colorless hadrons? 
                        >> Dynamical enforcement of confinement <<

✔

Study dynamics of parton propagation in QCD  
Explore hadron formation mechanisms  
Characteristic timescales of these processes

✔

✔

✔

Testing calibrating theoretical tools used to determine 
the properties of Quark Gluon Plasma

✔

Reduction of systematic uncertainties in ν experiments
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Perturbative QCD

Holographic QCD

(asymptotic freedom)

Q0

Non−perturbative

0

0.2

0.4

0.6

0.8

1

10
-1

1 10

Q (GeV)

α
g

1
(Q

)/
π

Transition scale Q0

Perturbative QCD
(Asymptotic Freedom)

↵s
g1

(Q2)
⇡

Nonperturbative QCD 
(Quark Confinement)

All-Scale QCD Coupling

e�
Q2

42

Deur, de Tèramond, sjbm⇢ =
p

2
mp = 2

� ⌘ 2

 = 0.513± 0.007 GeV
Fit to Bj + DHG Sum Rules:

Q0 = 0.87± 0.08 GeV

MS schemeReverse Dimensional Transmutation!

Use Q0 for starting 
DGLAP  and ERBL 

Evolution

Experiment:

⇤MS = 0.332± 0.017 GeV

5-Loop � Prediction:

⇤MS = 0.339± 0.019 GeV

from Stan Brodsky
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Hadronization

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)

Accardi, Arleo, Brooks, d'Enterria, Muccifora Riv.Nuovo Cim.032:439553,2010 [arXiv:0907.3534]
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Fundamental QCD proceses in DIS
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Fundamental QCD proceses in DIS

 τp hτf

Formation time hτf  is the time or distance required for a colored system        
      to evolve into a color singlet system

Production time τp  is the color lifetime or lifetime of highly virtual        
         quark following hard processes

14/23

Partonic elastic scattering
in medium Color neutralization Hadron formation

Gluon bremsstrahlung
in vacuum and in medium



from Will Brooks

Deep inelastic scattering in nuclear medium
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Observables: pT broadening

 Connects to color propagation phase: 
■ how long color object propagates? 
■ quark energy loss

 ➤  see talk of J.Lopez

Transverse momentum broadening

Page 4

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

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

related to � and Q2 as:

W = (p + q)2 = M 2 + 2M � �Q2 (5)

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

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

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

, its

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

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

1.3 Experimental observables

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

multiplicity ratio Rh
A and transverse momentum broadening �p2

T . When considering hadroniza-

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

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

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

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

the virtual photon direction is defined as [5]:

�p2
T =< p2

T >A � < p2
T >D (6)

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

< p2
T >A=

⌅

pT ,z ,�,Q2

p2
T · Nh

�
pT , z , �,Q2

⇥

⌅

pT ,z ,�,Q2

Nh

�
pT , z , �,Q2

⇥

⇤⇤⇤⇤⇤⇤⇤⇤⇤
A

(7)

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

T > is mainly

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

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

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

 τp hτf
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Observables: multiplicity ratio

 Connects to hadronic phase: 
■ how long it takes to form full hadron? 
■ space-time description of hadronization

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 , p
T

�
=

N

h

(⌫,Q

2

,z ,p

T

)

N

e

(⌫,Q

2

)|DIS

���
A

N

h

(⌫,Q

2

,z ,p

T

)

N

e

(⌫,Q

2

)|DIS

���
D

(1.0.1)

where N
h

is the yield of semi-inclusive hadrons in a (⌫, Q2

, z , p
T

) bin and N
e

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

Q

2, energy transfer ⌫, fractional hadron energy z = E
h

/⌫, the component of the49

hadron momentum transverse to the virtual photon direction p

T

. The hadronic50

multiplicity ratio R

h

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 R

h

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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Multiplicity ratios: data from EG2

 Taisiya Mineeva              Overview of JLab hadronization data. DIS11 

JLab/CLAS data for C, Fe, Pb 
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■ Attenuation depends on nuclear size 
■ Increase of hadrons at low z, attenuation at high z 
■ Bears resemblance to Cronin effect at high pT2

■ Quantitative behavior compatible with Hermes 

Hayk Hakobyan

 Rπ+ in(Q2 ,ν, z ) integrated over pT2  Rπ+ in(Q2 , ν, pT2 ) integrated over z 

3D  π+  Multiplicities on 12C,56Fe,207Pb to D
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Multiplicity ratios: data from EG2

 Rπ- in(z , pT2) integrated over ν , Q2  

Analysis under reviewFigure 37: Positive pions multiplicity ratios as a function of p2? (GeV2/c2) for di↵erent
z bins (left), and di↵erent ⌫ (GeV) bins (right). Normalization uncertainties are not
shown.

Figure 38: Multiplicity ratios as a function of ⌫ (GeV) for both charged pions. Left:
The usual multiplicity ratio results. Right: Lead results normalized to carbon. Nor-
malization uncertainties are not shown.

45

Raphael Dupré

CLAS   P
RELIM

INARY

2D  π-  Multiplicities on 12C,56Fe,207Pb to D
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Multiplicity ratios: data from EG2

CLAS   PRELIMINARY
CLAS   PRELIMINARY

Results are acceptance corrected only. Statistical uncertainties included. Systematics: 3-6%.

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

Taisiya Mineeva
Analysis under review

3D  π0  Multiplicities on 12C,56Fe,207Pb to D

20/23



Taisiya Mineeva “Hadron formation and propagation in nuclear medium” HEP2018

Multiplicity ratios: data from EG2

3D  π0  Multiplicities on 12C,56Fe,207Pb to D

Results are acceptance corrected only. Statistical uncertainties included. Systematics: 4-6%.

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

Taisiya Mineeva
Analysis under review
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CLAS12 Science Program

▪ Quark confinement and the role of the glue in hadron spectroscopy

▪ Unraveling confinement forces in the proton. Studying the multi-
dimensional structure of the nucleon – from form factors and PDFs to 
GPDs and TMDs

▪ The strong interaction in nuclei – evolution of quark 
hadronization, nuclear transparency of hadrons

▪ Search for science beyond the Standard Model – precision and 
intensity frontiers 

Taisiya Mineeva “Hadron formation and propagation in nuclear medium” HEP2018

from L.Elouadrhiri
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Conclusion: Color Transparency

At intermediate energies, CT provides unique probe of the space‐time 
 evolution  of special configurations of the hadron wave function  

✔

  Strong evidence for the onset of Color Transparency using ρ0 electroproduction  
    off C and Fe at JLab (11 ± 2.3% (12.5 ± 4.1%) decrease in the absorption of ρ) 
✔

Future experiment at CLAS 12 will help to disentangle different CT effects 
(SSC creation, its formation and interaction with the nuclear medium) 

✔

The transparency does not depend on coherence length in region lc<0.9 ✔

Taisiya Mineeva “Hadron formation and propagation in nuclear medium” HEP2018 23/23

Future Electron Ion Collider (EIC)✔



Conclusion: Hadronization

✔ Hadronization is a fundamental process of QCD      
• Link between perturbative and non-perturbative domains 
• A way to probe nuclear media, either cold or hot

✔ Past results gave the global picture of hadronization in medium      
• CLAS high luminosity data on 2H, 12C, 56Fe, 207Pb 
• Extraction of multidimensional  multiplicities and momentum broadening
• Analysis under review

✔ Multi-dimensional analysis is crucial to constrain existing models 
• CLAS12 experiment (E-12-06-117) will provide high statistics data 
   and access to 4D multiplicities in meson and baryon channels

Future Electron Ion Collider (EIC)✔
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