
Suppression of π0 
electroproduction in eA from CLAS

Taisiya Mineeva 

International workshop on CLAS12 physics and  
future perspectives at JLab  

23 March, 2023



CLAS committee approved paper draft
(F. Bossu, Z. Meziani, L. Weinstein)

T.Mineeva, CLAS12 workshop 2023  



CLAS committee approved paper draft
(F. Bossu, Z. Meziani, L. Weinstein)

T.Mineeva, CLAS12 workshop 2023  

   Important contribution to Hadronization programm @ CLAS and CLAS12                        



Why suppression in eA?
Color propagation and hadronization
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Color propagation and hadron formation

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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Access to microscopic information at the fm scale



Space-time view of hadronization in DIS
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* B.Z. Kopeliovich, J.Nemchik, I.Schmidt, Nucl. Phys A 782 (2007) 

In vacuum
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Hadronization in vacuum
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Figure 1. Left: high pT hadron
production in a heavy ion col-
lision. The parton propagates
through the created medium
which modifies its hadronization.
Right: leading hadron production
in DIS on a nucleus. The nuclear
density and the kinematics of the
reaction are under control.

h

q

q

q

l lfp

q

γ∗ + +
+ +

Figure 2. Two-step process of leading hadron
production. On the production length lp the
quark is hadronizing experiencing multiple in-
teractions broadening its transverse momentum
and inducing an extra energy loss. Eventu-
ally the quark color is neutralized by picking
up an antiquark. The produced color dipole
(pre-hadron) is attenuating in the medium and
developing the hadron wave function over the
formation path length lf .

In this case the density and geometry of the medium, the kinematics are known. More-
over, the parton virtuality Q2 and its energy ν are not correlated allowing diverse tests.

2. Jet quenching in DIS

In this case the fraction zh = Eh/Eq of the jet energy taken by the hadron is measured,
and we are interested in leading hadron production zh ∼> 0.5. The space-time development
of the hadronization process which ends up with production of the leading hadron should
have a two-step structure as is illustrated in Fig. 2 [6].

Since the produced pre-hadron strongly (exponentially) attenuates in the nuclear medium,
the position of the color neutralization point is crucial for the resulting nuclear suppres-
sion. In the energy loss scenario the color neutralization is assumed to happen always
outside the nucleus, lp > RA, so that the pre-hadron has no chance to interact.

However, if a large fraction, zh → 1, of the initial quark energy is taken by the produced
hadron, the process of color neutralization cannot last long because of energy conservation.
Indeed, while the quark is propagating and radiating gluons either in vacuum, or in a
medium, it keeps losing energy and once the quark energy comes below than zhEq, there
is no chance any more to produce a hadron with fractional energy zh. Thus, energy
conservation imposes a restriction on the color neutralization time [3],

lp ≤
Eq

〈dE/dz〉 (1 − zh) , (1)

which must vanish at zh → 1.
All the consideration hereafter is held in the rest frame of the target. For the estimate we

use here the mean rate of energy loss per unit of length, z, although its dime dependence

B.Z. Kopeliovich et al. / Nuclear Physics A 782 (2007) 224c–233c 225c

Time Evolution of Jets and perturbative color neutralization  B.Z.Kopeliovich, J.Nemchik, I,Schmidt Nucl. Phys A 782 (2007)

■Access to characteristic timescales of parton propagation and hadronization:

   how long quark remains deconfined ? -> production time τp
   how long it takes to form full hadronic wave function? -> formation time τf 
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Division of the process into partonic and hadronic stages

6

Path of (struck) quark is divided into 
“partonic phase” and “hadronic phase”

partonic hadronic
Lc, q̂, ∆Eq

pT broadening
σinel

Multiplicity ratio

The partonic phase persists for a distance Lc, over which 
pT broadening via q̂, and partonic energy loss ∆Eq, occur

The hadronic phase follows the partonic phase, passing through 
the remainder of the medium, and causing attenuation of 
hadrons by an inelastic interaction cross section σinel



T.Mineeva, CLAS12 workshop 2023  

Lp
<latexit sha1_base64="KRwBn0VqSaj6263zkQ53/0yqtPE="></latexit><latexit sha1_base64="KRwBn0VqSaj6263zkQ53/0yqtPE="></latexit><latexit sha1_base64="KRwBn0VqSaj6263zkQ53/0yqtPE="></latexit><latexit sha1_base64="KRwBn0VqSaj6263zkQ53/0yqtPE="></latexit>

Lf
<latexit sha1_base64="cKHwAUgxme0BdaD3tAvSgoGJWO4="></latexit><latexit sha1_base64="cKHwAUgxme0BdaD3tAvSgoGJWO4="></latexit><latexit sha1_base64="cKHwAUgxme0BdaD3tAvSgoGJWO4="></latexit><latexit sha1_base64="cKHwAUgxme0BdaD3tAvSgoGJWO4="></latexit>

x
<latexit sha1_base64="vxXe7A9nhjV7IKjNvAQsP8TImyY="></latexit><latexit sha1_base64="vxXe7A9nhjV7IKjNvAQsP8TImyY="></latexit><latexit sha1_base64="vxXe7A9nhjV7IKjNvAQsP8TImyY="></latexit><latexit sha1_base64="vxXe7A9nhjV7IKjNvAQsP8TImyY="></latexit>

y
<latexit sha1_base64="rke7l/1NicCiW+3QSlNO7q0DJqM="></latexit><latexit sha1_base64="rke7l/1NicCiW+3QSlNO7q0DJqM="></latexit><latexit sha1_base64="rke7l/1NicCiW+3QSlNO7q0DJqM="></latexit><latexit sha1_base64="rke7l/1NicCiW+3QSlNO7q0DJqM="></latexit>

z
<latexit sha1_base64="gOpDejW+iMU8pyqXMD/4zFS6vZc="></latexit><latexit sha1_base64="gOpDejW+iMU8pyqXMD/4zFS6vZc="></latexit><latexit sha1_base64="gOpDejW+iMU8pyqXMD/4zFS6vZc="></latexit><latexit sha1_base64="gOpDejW+iMU8pyqXMD/4zFS6vZc="></latexit>

�⇤
<latexit sha1_base64="HMpKcHDvcI69Yb+KqfqY3YtylCo="></latexit><latexit sha1_base64="HMpKcHDvcI69Yb+KqfqY3YtylCo="></latexit><latexit sha1_base64="HMpKcHDvcI69Yb+KqfqY3YtylCo="></latexit><latexit sha1_base64="HMpKcHDvcI69Yb+KqfqY3YtylCo="></latexit>

q
<latexit sha1_base64="HpvfzPU+ZqTcsgGzTV/fHfLJ+Ko="></latexit><latexit sha1_base64="HpvfzPU+ZqTcsgGzTV/fHfLJ+Ko="></latexit><latexit sha1_base64="HpvfzPU+ZqTcsgGzTV/fHfLJ+Ko="></latexit><latexit sha1_base64="HpvfzPU+ZqTcsgGzTV/fHfLJ+Ko="></latexit>

h
<latexit sha1_base64="4vwHFw0ea7QHbFj8OpFrxCdbllM="></latexit><latexit sha1_base64="4vwHFw0ea7QHbFj8OpFrxCdbllM="></latexit><latexit sha1_base64="4vwHFw0ea7QHbFj8OpFrxCdbllM="></latexit><latexit sha1_base64="4vwHFw0ea7QHbFj8OpFrxCdbllM="></latexit>

(x0, y0, z0)
<latexit sha1_base64="RyRS/XsZMxNvfI01udL51TLJloo="></latexit><latexit sha1_base64="RyRS/XsZMxNvfI01udL51TLJloo="></latexit><latexit sha1_base64="RyRS/XsZMxNvfI01udL51TLJloo="></latexit><latexit sha1_base64="RyRS/XsZMxNvfI01udL51TLJloo="></latexit>

(x0, y0, z0 + Lp)
<latexit sha1_base64="uBNySTwhrkMvWsz1rZ6JyVMaXZE="></latexit><latexit sha1_base64="uBNySTwhrkMvWsz1rZ6JyVMaXZE="></latexit><latexit sha1_base64="uBNySTwhrkMvWsz1rZ6JyVMaXZE="></latexit><latexit sha1_base64="uBNySTwhrkMvWsz1rZ6JyVMaXZE="></latexit>

Division of the process into partonic and hadronic stages
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Path of (struck) quark is divided into 
“partonic phase” and “hadronic phase”

partonic hadronic
Lc, q̂, ∆Eq

pT broadening
σinel

Multiplicity ratio

The partonic phase persists for a distance Lc, over which 
pT broadening via q̂, and partonic energy loss ∆Eq, occur

The hadronic phase follows the partonic phase, passing through 
the remainder of the medium, and causing attenuation of 
hadrons by an inelastic interaction cross section σinel

Partonic energy losses  
Increase of transverse momentum 

Hadron  inelastic scattering  
Decrease of the number of 

observed hadrons
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Hadronization in vacuum
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Figure 1. Left: high pT hadron
production in a heavy ion col-
lision. The parton propagates
through the created medium
which modifies its hadronization.
Right: leading hadron production
in DIS on a nucleus. The nuclear
density and the kinematics of the
reaction are under control.
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Figure 2. Two-step process of leading hadron
production. On the production length lp the
quark is hadronizing experiencing multiple in-
teractions broadening its transverse momentum
and inducing an extra energy loss. Eventu-
ally the quark color is neutralized by picking
up an antiquark. The produced color dipole
(pre-hadron) is attenuating in the medium and
developing the hadron wave function over the
formation path length lf .

In this case the density and geometry of the medium, the kinematics are known. More-
over, the parton virtuality Q2 and its energy ν are not correlated allowing diverse tests.

2. Jet quenching in DIS

In this case the fraction zh = Eh/Eq of the jet energy taken by the hadron is measured,
and we are interested in leading hadron production zh ∼> 0.5. The space-time development
of the hadronization process which ends up with production of the leading hadron should
have a two-step structure as is illustrated in Fig. 2 [6].

Since the produced pre-hadron strongly (exponentially) attenuates in the nuclear medium,
the position of the color neutralization point is crucial for the resulting nuclear suppres-
sion. In the energy loss scenario the color neutralization is assumed to happen always
outside the nucleus, lp > RA, so that the pre-hadron has no chance to interact.

However, if a large fraction, zh → 1, of the initial quark energy is taken by the produced
hadron, the process of color neutralization cannot last long because of energy conservation.
Indeed, while the quark is propagating and radiating gluons either in vacuum, or in a
medium, it keeps losing energy and once the quark energy comes below than zhEq, there
is no chance any more to produce a hadron with fractional energy zh. Thus, energy
conservation imposes a restriction on the color neutralization time [3],

lp ≤
Eq

〈dE/dz〉 (1 − zh) , (1)

which must vanish at zh → 1.
All the consideration hereafter is held in the rest frame of the target. For the estimate we

use here the mean rate of energy loss per unit of length, z, although its dime dependence

B.Z. Kopeliovich et al. / Nuclear Physics A 782 (2007) 224c–233c 225c

Time Evolution of Jets and perturbative color neutralization  B.Z.Kopeliovich, J.Nemchik, I,Schmidt Nucl. Phys A 782 (2007)

■Access to characteristic timescales of parton propagation and hadronization:

   how long quark remains deconfined ? -> production time τp
   how long it takes to form full hadronic wave function? -> formation time τf 

*
In medium A

Space-time view of hadronization in DIS



visualization from W. Brooks

• We infer  hadronization mechanisms  from 
modification of kinematic distributions in 
A(e, e’h)X in nuclear medium of variable size



Observables

 DIS 2018 – Jorge López

HERMES Data – Observables
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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

 Connects to color lifetime τp , quark kT, 
 transport coefficient qhat and quark Eloss

Transverse momentum broadening

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

Connects to hadron formation phase 
In-medium interaction of forming hadron

Hadronic Multiplicity ratio

T.Mineeva, CLAS12 workshop 2023  



Extraction of color lifetime Brooks-Lopez model

https://arxiv.org/abs/2004.07236

https://arxiv.org/abs/2004.07236

Struck quark moves a distance  as a 
colored object, then becomes a hadron. 
If the hadron forms inside the medium, it 
can interact with hadronic cross section. 

The color lifetime of the struck quark is 
distributed stochastically as a decaying 
exponential.

Lc

W. K. Brooks, Baryons 2022

      

•The color lifetime was estimated using two 
observables in the HERMES data with a space-time 
model that is consistent with, but independent of, 
Lund string fragmentation.  

•The answer depends on the kinematics and ranges 
from 2 to 8 fm/c. 

Simultaneous fit to two observables, ΔpT2 and R  for charged pions

The values of the color length Lc resulting 
from simultaneous fit to  pT2 and R

T.Mineeva, CLAS12 workshop 2023  



EG2 experiment running conditions 

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

CLAS 
EG2 

Targets

“A double-target system for precision measurements of nuclear 

medium effects,” H. Hakobyan et al.  NIM A 592 (2008) 218– 223 

By using dual target approach, EG2 experiment 
makes a precise comparison of observables in a 

large nucleus A with respect to a small D  

EG2 experiment @ 5 GEV

T.Mineeva, CLAS12 workshop 2023  



Interpreting Nuclear DIS Data: π0  multiplicity ratios 

T.Mineeva et al.

3D  Multiplicities Rπ0 (Q2 ,ν, z ) on 12C, 56Fe, 207Pb to D

T.Mineeva, CLAS12 workshop 2023  



Interpreting Nuclear DIS Data: π0  multiplicity ratios 

T.Mineeva et al.

3D  Multiplicities Rπ0 (Q2 ,ν, z ) on 12C, 56Fe, 207Pb to D

In the absence of any nuclear effects this observable is equal to unity  

T.Mineeva, CLAS12 workshop 2023  



Interpreting Nuclear DIS Data: π0  multiplicity ratios 

• Attenuation depends on nuclear size A  

• Maximally suppressed for leading hadrons: 
     from 25% on C to 75% on Pb 

•   No dependence on Q2 and ν  observed 

• Quantitative behavior compatible with Hermes 

T.Mineeva et al.

3D  Multiplicities Rπ0 (Q2 ,ν, z ) on 12C, 56Fe, 207Pb to D

T.Mineeva, CLAS12 workshop 2023  



Interpreting Nuclear DIS Data: π0  multiplicity ratios 

T.Mineeva et al.

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

T.Mineeva, CLAS12 workshop 2023  



Interpreting Nuclear DIS Data: π0  multiplicity ratios 

T.Mineeva et al.

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

• Enhancement of Rπ0 at low z 
and high on pT2 

• Largest enhancement at hight 
pT2 for C, lowest - for Pb 

• Opposite to CLAS and HERMES 
data on charged pions

T.Mineeva, CLAS12 workshop 2023  



Interpreting Nuclear DIS Data: π+ and π- multiplicity ratios 

High-precision three-dimensional data is compared to 
the model predictions; GiBUU and Guiot-Kopeliovich 

models find semi-qualitative agreement 
 

T.Mineeva, CLAS12 workshop 2023  



Results from EG2: Λ and p multiplicities

• At low-z there is a “pile up” of 
events 7 times more than for pion! 
Underpredicted by GiBUU.

• At high-z there is little attenuation 
compared to that on the pion. 
Agrees with GiBUU.

“First Measurement of Λ Electroproduction off Nuclei in the Current and Target Fragmentation Regions” 

T. Chetry, L. El Fassi, W.K. Brooks, R. Dupré, A. El Alaoui, K. Hafidi et al (CLAS Collaboration)  https://doi.org/10.48550/arXiv.2210.13691 

• The multiplicity ratio for the 
lambda and the proton have the 
same magnitude and the same 
pattern of ordering  

M.Wood

T.Mineeva, CLAS12 workshop 2023  

https://arxiv.org/search/nucl-ex?searchtype=author&query=Chetry%2C+T
https://arxiv.org/search/nucl-ex?searchtype=author&query=Fassi%2C+L+E
https://arxiv.org/search/nucl-ex?searchtype=author&query=Brooks%2C+W
https://arxiv.org/search/nucl-ex?searchtype=author&query=Dupr%C3%A9%2C+R
https://arxiv.org/search/nucl-ex?searchtype=author&query=Alaoui%2C+A+E
https://arxiv.org/search/nucl-ex?searchtype=author&query=Hafidi%2C+K
https://doi.org/10.48550/arXiv.2210.13691


Results from EG2 

 DIS 2018 – Jorge López

HERMES Data – Observables
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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

Maximum for Λ is 0.3 GeV2  

T. Chetry et al.

Λ

Maximum for pions of 0.03 GeV2

• GiBUU cannot predict this observable. We apparently do not have 
the correct physical picture in the case of baryon hadronization

E.Molina Thesis

https://repositorio.usm.cl/handle/11673/53373

CLAS PRELIMINARY

T.Mineeva, CLAS12 workshop 2023  
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Quark Propagation and Hadronization at CLAS12

PAC rating of the experiment = A-, reaffirmed at Jeopardy Review in PAC 48 

Number of PAC days granted = 60 PAC days, reaffirmed at JR in PAC 48.  

Approved experiment Run Group E (E-12-06-117) to start in Jan, 2024

see H.Hakobyan talk on RG-E update

T.Mineeva, CLAS12 workshop 2023  



Quark Propagation and Hadron Formation with 11 GeV Beam

Dependency of observables (and thus derived quantities, such as production 
time, formation times, transport coefficient, in-medium cross section, etc.) on 

mass, flavor, and number of valence quarks

hadron cτ mass flavor 
content

limiting error 
(60 PAC days)

π0 25 nm 0.13 uu ̅̅dd ̅̅ 5.7% (sys)

π+, π- 7.8 m 0.14 ud,̅̅ du̅ ̅ 3.2% (sys)

η 170 pm 0.55 uu̅ ̅dd̅ ̅ss̅̅ 6.2% (sys)

ω 23 fm 0.78 uu̅ ̅dd̅ ̅ss̅̅ 6.7% (sys)

η’ 0.98 
pm 0.96 uu̅ ̅dd̅ ̅ss̅̅ 8.5% (sys)

φ 44 fm 1 uu̅ ̅dd̅ ̅ss̅̅ 5.0% (stat)*

f1 8 fm 1.3 uu̅ ̅dd̅ ̅ss̅̅ -

K0 27 mm 0.5 ds̅̅ 4.7% (sys)

K+, K- 3.7 m 0.49 us̅̅, u̅ ̅s 4.4% (sys)

p stable 0.94 ud 3.2% (sys)
p̄ stable 0.94 u ̅̅d ̅̅ 5.9% (stat)**

Λ 79 mm 1.1 uds 4.1% (sys)

Λ(1520) 13 fm 1.5 uds 8.8% (sys)

Σ+ 24 mm 1.2 us 6.6% (sys)

Σ- 44 mm 1.2 ds 7.9% (sys)

Σ0 22 pm 1.2 uds 6.9% (sys)

Ξ0 87 mm 1.3 us 16% (stat)*

Ξ- 49 mm 1.3 ds 7.8% (stat)*

*in a bin in z from 0.7-0.8, integrated over all ν, pT, φpq, and Q2>5 GeV2

**in a bin in z from 0.6-0.7, integrated over all ν, pT, φpq, and Q2>5 GeV2

zh zh

u

u

u

d

s

s

More Luminosity More Acceptance Better Particle ID

First look at GeV-scale meson formation!
Measurements of baryon formation!

Baryon
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eA kinematics: past & future

CLAS @ 5 GeV:   ⎷s = 3.2 GeV 

CLAS @11 GeV:   ⎷s = 4.6 GeV 

 CLAS @ 22 GeV:  ⎷s = 6.4 GeV 

 EIC eRHIC:   ⎷s = 20 - 140 GeV 

     HERMES @27 GeV:    ⎷s = 7.2 GeV 
    

T.Mineeva, CLAS12 workshop 2023  



Summary
 The microscopic information on space-time dynamics of hadronization   
 can be accessed in DIS using nuclear medium A of increasing size  
   
Transverse momentum broadening and hadronic multiplicity ratio observables provide 
insight on the lifetime of ‘free’ quark and formation of hadrons 

Extraction of ‘free’ quark lifetime in Brooks-Lopez geometrical model based on 
simultaneous fit to multiplicity ratios and ΔpT2 to HERMES data 

CLAS at 6 GeV high luminosity data on 2H, 12C, 56Fe, 207Pb:  
-  CLAS committee approved paper on three-dimensional  π 0 multiplicity ratios 
- Published results on multi-dimensional π + and π - multiplicities (S.Morán et al.) 
- Published results on Λ multiplicity ratios and ΔpT2 (T.Chetry et al.) 
- In process: proton multiplicities (M.Wood), ΔpT2 for π + (E.Molina), ΔpT2 for double 

pion production (M.Barria), π + azimuthal dependencies (C. San Martin), ω and η 
multiplicities (A.Borguez, O.Soto), Bose-Einstein correlations (A.Radic) 

CLAS at 11 GeV: approved CLAS12 experiment (E12-06-117) will provide higher statistics 
and enable extraction of 4D multiplicities for a large spectrum of hadrons. 

●

●

●

●

●

T.Mineeva, CLAS12 workshop 2023  



Merci !
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Interpreting Nuclear DIS Data

5

0.2

0.4

0.6

0.8

1

1.2

0 0.5 1

0.2

0.4

0.6

0.8

1

1.2

0 0.5 1

0.2

0.4

0.6

0.8

1

1.2

0 0.5 1

0.5

1

1.5

0 0.5 1

0.5

1

1.5

0 0.5 1

0.5

1

1.5

0 0.5 1

0.5

1

1.5

0 0.5 1

0.5

1

1.5

0 0.5 1

ν = 4-12 GeV
ν = 12-17 GeV
ν = 17-23.5 GeV

0.4

0.6

1.0

0.8

RA
h

Ne Kr

π-

Xe

1.5

0.5

1.0

K-

0.5

1.0

1.5

0.5 1 0.5 1 10.5

p
–

z

0.5

1

1.5

0 0.5 1

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)
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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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HERMES Collaboration, A.Airapetian et. al.,  Nucl. Phys. B 780 (2007)  

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

2D distributions for charged hadrons 

1D extraction of multiplicities for π0 

HERMES published results 

 multiplicities R(z, pT2) 
 integrated over ν, Q2 
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Interpreting Nuclear DIS Data

Maximum for pions of 0.03 GeV2

HERMES published results 

 DIS 2018 – Jorge López

HERMES Data – Observables
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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


