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visualization from W. Brooks 3

SIDIS on nuclear targets: from the modification of 
kinematic observables in A(e, e’h)X scattering, we 

can infer hadronization mechanisms for h 



Questions highlighted in the 2023 Long Range Plan for 
Nuclear Science
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• In-medium color propagation and hadronization

• Light and heavy hadron formation and attenuation

• Bose-Einstein Correlations, di-hadron correlations

• Diquark search

• eA Monte-Carlo generators

• Physics in future facilities

 Color Propagation and Hadron formation 

T. Mineeva, SQCD VI 2024 5



Important kinematic variables

• Four-momentum transfer squared Q2 

• Energy transfer ν (=E-E’ in the laboratory frame) 

• Momentum transverse to the γ*  direction: pT 

• Energy transferred from the γ* to the hadron: z = Eh / ν 

Note: if the virtual photon is absorbed by a light 
object like a single quark then z ≤ 1, but if it is 
absorbed by a heavy object, it can be greater than 1.0

T. Mineeva, SQCD VI 2024 6
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Experimental Observables
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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

�
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A
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���
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

Hadronic Multiplicity ratio

Transverse momentum 
broadening

HERMES Collaboration, A.Airapetian et. al.,  Nucl. Phys. B 780 (2007) 1–27 
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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 number of obs. hadrons

T.Mineeva  ´Pion electroproduction at CLAS and other JLab measurements’, NuFact12

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 

*

 eA: in medium Color Propagation and Hadron formation 

T. Mineeva, SQCD VI 2024 8



Extraction of color lifetime Brooks-Lopez model

Phys. Let. B 816 (2021) 136171
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 simultaneous 
fit to two observables in the HERMES data with 3-
parameter space-time model 

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

• Independent determination of the string  
    constant of the LSM!  

• Measurement of transport coefficient 

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

T. Mineeva, SQCD VI 2024 

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

z
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EG2 experiment @ 5 GEV

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 D  

CLAS experiment at Hall B 
with 5 GeV electron beam

T. Mineeva, SQCD VI 2024 

CEBAF Accelerator 
Up to 5 passes for a max of ~ 6 
GeV

Dipole magnets of di!erent 
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 .

10
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Light and heavy hadrons
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Light hadrons: results from EG2

T. Mineeva, SQCD VI 2024 

π -π +
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High-precision three-dimensional data is compared to the model predictions; 
GiBUU and Guiot-Kopeliovich models find semi-qualitative agreement

 

π +
π -

Light hadrons: results from EG2

T. Mineeva, SQCD VI 2024 13



T.Mineeva et al. CLAS approved paper.

π 0

3D

• Attenuation depends on nuclear size A 

• Suppression for leading hadrons: 25% on C to 75% on Pb

•  No dependence on Q2 and ν  observed
• Quantitative behavior compatible with Hermes 

• 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

Light hadrons: results from EG2

T. Mineeva, SQCD VI 2024 14



Light hadrons: η and ω preliminary results 
η

ω
CLAS Preliminary

Andrés Bóquez Master Thesis

T. Mineeva, SQCD VI 2024 15



• 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.

Heavy hadrons: Λ multiplicities 

T. Mineeva, SQCD VI 2024 16



The multiplicity ratio for the lambda and the proton have similar 
magnitude and the same pattern of ordering at low and high z

Results from EG2: comparing Λ and p multiplicities

T. Chetry et al. M.Wood

T. Mineeva, SQCD VI 2024 17
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Results from EG2: Λ and π+ pT broadening

Maximum for Λ is 0.3 GeV2  Maximum for pions of 0.03 GeV2

GiBUU cannot predict pT-broadening observable. We apparently do not 
have the correct physical picture in the case of baryon hadronization. 

T. Mineeva, SQCD VI 2024 

Λ

E.Molina Thesis
https://repositorio.usm.cl/handle/11673/53373

CLAS 
PRELIMINARY

Maximum for Λ is 0.3 GeV2 Maximum for π+ of 0.03 GeV2

18
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pT broadening for multiple π+ events

Maximum for Λ is 0.3 GeV2  Maximum for pions of 0.03 GeV2

M.Barría Thesis 
https://repositorio.usm.cl/handle/11673/56688

The pT broadening is larger for two pion events for Zh > 0.3 
and this difference increases with Zh  

T. Mineeva, SQCD VI 2024 19



Bose Einstein correlations (π +π +)
What are the properties of produced particles in the collision, such as their source size and lifetime?

Db(p1, p2) - background distribution from 
uncorrelated pion pairs that behave as D(p1), D(p2) 

Experimentally constructed BEC correlation

Antonio Radic

Double ratio correction: correct experimental systematic 
biases found in the correlation function R(p1,p2)

T. Mineeva, SQCD VI 2024 

https://www.jlab.org/Hall-B/general/thesis/ARadic_thesis.pdf
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Dihadron correlations
How various hadrons produced in scattering event are correlated with each other?

      Δφ is the difference in azimuth  

          Neh is the number of events with scattered e and a “leading h” (z>0.5)  

          Nehh is the number of “subleading hadrons” in those events  

         C0 is the normalization factor

S.J Paul et al, in CLAS ad-hoc review

T. Mineeva, SQCD VI 2024 

Conditional suppression factor, R2h, as a function of  sub-leading hadron z:

21



Diquarks search
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Diquarks: recent comprehensive review

https://doi.org/10.1016/j.ppnp.2020.103835 
https://arxiv.org/pdf/2008.07630.pdf

Diquark correlations seem to exist in QCD. They date back to the foundations 
of quark model and are an important ingredient in hadron structure. 

But how to consistently describe it through experiment? 

T. Mineeva, SQCD VI 2024 

Diquark properties from full QCD lattice simulations: https://link.springer.com/article/10.1007/JHEP05(2022)062 

Diquark mass differences from unquenched lattice QCD: https://iopscience.iop.org/article/10.1088/1674-1137/40/7/073106/pdf 
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Diquarks: mesons vs baryon behavior
Baryon nDIS data from HERMES and CLAS behave qualitatively differently 
from mesons, in multiplicity ratios and in transverse momentum broadening 

arXiv:1107.3496v3 [hep-ex] 13 Sep 2011 
Eur. Phys. J. A47:113, 2011 

Proton and antiproton are totally different! 

HERMES

HERMES

Ordering seen for mesons at high pT disappears for baryons, 
strong interaction occurs for all values of z

T. Mineeva, SQCD VI 2024 24



T. Mineeva, SQCD VI 2024 

Enhancement of Λ events at low 
z is huge compared to pion 
production: 7 vs. ~1.0  

Less attenuation at high z ΔpT2 on Λ is huge compared 
to pion: 0.3 vs 0.03 GeV2 

Diquarks: mesons vs baryon behavior

The object passing through the medium in case of  Λ is ‘large’ and disruptive!

25



Could it be possible that a virtual photon is absorbed by a diquark?

T. Mineeva, SQCD VI 2024 

W. Brooks, Baryons 2022 

Traditional picture

Alternative: direct diquark scattering

26



Could it be possible that a virtual photon is absorbed by a diquark?

T. Mineeva, SQCD VI 2024 

W. Brooks, Baryons 2022 

Traditional picture

Alternative: direct diquark scattering

27



Could it be possible that a virtual photon is absorbed by a diquark?

More theoretical work is needed to determine the feasibility of this interpretation and 
distinguish it from other hadronization mechanisms (e.g, color recombination)

T. Mineeva, SQCD VI 2024 

 Phys. Rev. D 100, 034008 (2019) 

This can be soon testes tested on CLAS and CLAS12 data.

Protons, neutrons and Λ can be easily formed by the scattering
off diquark; they must then behave similarly

28



eA Monte Carlo generators

T. Mineeva, SQCD VI 2024 

• NEW! CLAS, HERMES, EMC, predictions for EIC

• Parton medium interaction ~ gluon TMD

• Lund string fragmentation is applied to the colorless system

https://arxiv.org/abs/2304.10779

Event Heavy-Ion Jet 
Interaction Generator

BeAGLE
• CLAS dihadron data, E665, predictions for EIC

• Hybrid, multistep model

• Hard interaction, jet fragmentation (Pythia6)

• Parton energy loss (PyQM)

• Intranuclear cascade, nuclear geometry (DPMJet)

• Nuclear response (DPMJet/FLUKA) 

• Nuclear parton distribution functions (LHAPDF5)

https://arxiv.org/abs/2204.11998

eHIJING

Benchmark  eA Generator 
for  LEptoproductionGiBUU

• EMC, HERMES, CLAS data

• Describes the time evolution of the reaction based on 
the transport theory

• LUND string fragmentation (Pythia)

• Hadron absorption cross sections

• Final-state interactions

• Color transparency

• Nuclear shadowing

• Particle tracking 

gibuu.hepforge.org 
https://arxiv.org/pdf/2202.12804.pdf

Giessen Boltzmann-Uehling-
Uhlenbeck (equation)

29



Jefferson Lab @ 12 GeV era

30



RG-E experiment @ 10.5 GEV

T. Mineeva, SQCD VI 2024 

RG-E experimental conditions
• Electron beam 10.5 GeV
• Targets 2H, 12C, 27Al, 63Cu, 118Sn, 208Pb 
• Integrated Luminosity ~ 1041  1/(s·cm2)

• Extreme conditions: high vacuum and high
    magnetic field, low temperatures, radiation 
    hardness, reduced space Highlights of double target are in JLUO weekly: https://mailchi.mp/

89a150f4d755/jlab-weekly-for-scientific-users-april-3-2024?e=a8d43a7cbe

Approved experiment Run Group E (E-12-06-117)
PAC assigned 66 calendar days (33 PAC days)

Taking RG-E data with CLAS12 since March, 2024

31



T. Mineeva, APS 2024 

Quark Propagation and Hadronization at CLAS12
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

Can study rare and complex cases of hadrons probing 
mass, strangeness and rank dependence of hadron 

formation and color propagation

New baryon structure information to reveal 
diquark degrees of freedom for n, p and Λ  

32
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eA kinematics past, present & future

HERMES @27 GeV:    ⎷s = 7.2 GeV 

CLAS @ 5 GeV:   ⎷s = 3.2 GeV 

CLAS @11 GeV:   ⎷s = 4.6 GeV 

CLAS @ 22 GeV:  ⎷s = 6.4 GeV 

EicC: ⎷s = 11.9 - 16.7 GeV 

EIC eRHIC:   ⎷s = 20 - 140 GeV 

   



T. Mineeva, SQCD VI 2024 

EicC 

34

EicC white paper: https://doi.org/10.1007/s11467-021-1062-0 

At EicC we can disentangle two mechanisms: 
parton energy loss (Lp ~> Rpb ) vs

hadron absorption (GiBUU)

Ranges of color lifetime lp in HERMES, CLAS and extrapolation to EIC

W. Brooks INT 2017

https://doi.org/10.1007/s11467-021-1062-0


T. Mineeva, SQCD VI 2024 

Which measurements can be accessed at the EIC
with hadronization observables?

• pT broadening observables
     Saturation scale
   

pT broadening is a boost-invariant way of sampling 
the transverse gluon density distribution; 

proportional to the gluon density

 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:

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

35



T. Mineeva, SQCD VI 2024 

pQCD prescription of quark energy loss• pT broadening observables
     Saturation scale
        pQCD energy loss

Which measurements can be accessed at the EIC
with hadronization observables?

36
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     pQCD energy loss

• pT broadening observables
     Saturation scale
   

 Effective quark lifetime 
 Transport coefficient

37

Which measurements can be accessed at the EIC
with hadronization observables?
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     pQCD energy loss

• pT broadening observables
     Saturation scale
   

 Effective quark lifetime 
 Transport coefficient

• Multiplicity ratio observables
     Mass dependence of hadronization 
     Hadron formation length 

38

Which measurements can be accessed at the EIC
with hadronization observables?



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 insights on 
the lifetime of ‘free’ quark, formation of hadrons and Eloss

• Baryon data from HERMES and CLAS behave qualitatively different from meson. Pion data is well 
described by GiBUU, while baryon data needs more understanding

• The hypothesis of diquarks may be one of the mechanisms in baryon formation 

• CLAS at 6 GeV high luminosity data on 2H, 12C, 56Fe, 207Pb:  
  - Published results on multi-dimensional π + and π - multiplicities (S.Morán et al.); CLAS approved     
    paper on the multi-dimensional π 0 multiplicity ratios (T.Mineeva et al.)
  - Published results on Λ multiplicity ratios and ΔpT2 (T.Chetry et al.)
  - Published results on di-hadron production (S.Paul el al.)
  - In process: p multiplicities (M.Wood), ΔpT2 for π + (E.Molina), ΔpT2 for double pion production   
(M.Barria), π + azimuthal dependencies (C. San Martin), Bose-Einstein correlations (A.Radic), ω and η 
multiplicities (A.Borguez, O.Soto)

• Running CLAS12 experiment (E12-06-117) at 11 GeV. 4D multiplicities, large spectrum of hadrons
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