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Hadronization Studies

Hadronization Studies

Evolution of a colored bare
quark into a fully dressed
hadrons – Hadronization.
Hadronization timescales:
Production time τp and
Formation time τf
A direct probe of QCD
confinement.
Use semi-inclusive deep
inelastic scattering (SIDIS)
to gain access to
physics observables.
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Hadronization with JLab 6/12 GeV                   FIU Feb 2016                        L. EL Fassi 9

Understand the QCD dynamics in terms of colored objects,
A study of hard interactions in nuclei via
 * Creation and evolution of small size                 * Evolution of a colored bare quark into a  
    configuration – color transparency:                     fully dressed hadrons – Hadronization  
    K. Hafidi talk
  

      

    is a direct probe of the QCD confinement,

A study of hard interactions in nuclei explores also:
 * Nuclear modification of quark distributions – EMC           
 * Nuclear modification of GPDs and TMDs       

Brief introduction
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Hadronization Timescales

Production time p Formation time f

Use semi-inclusive deep inelastic scattering (SIDIS) to access:

  Production time p: Time spent by a de-confined quark to neutralize its color charge. 

  Formation time f: Time required to form a regular hadron (h), like a pion. 

How do we experimentally access these characteristic timescales?



Hadronization Studies

Hadronization Studies

Multiplicity ratio:

Transverse momentum broadening:
∆P2
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occurs in the vacuum as well as in the medium. The medium effect is pri-37

marily to provide scattering centers with which the parton undergoes elastic38

scattering, resulting in energy loss of the parton through scattering recoil39

and stimulated gluon bremsstrahlung. Ultimately the parton becomes a con-40

stituent of a hadron that can be observed directly or indirectly. By compar-41

ing properties of final states produced on nuclei of varying sizes we can infer42

space-time properties of hadronization.43

1.0.1 Observables44

The multiplicity ratio for hadron h is defined as the normalized production45

yield ratio of that hadron in semi-inclusive deep inelastic scattering from a46

heavy target A relative to a light target, e.g., deuterium:47

Rh
A

(
ν,Q2 , z , pT , φ

)
=

Nh (ν,Q2 ,z ,pT ,φ)
Ne(ν,Q2 )|DIS

∣∣∣
A

Nh (ν,Q2 ,z ,pT ,φ)
Ne(ν,Q2 )|DIS

∣∣∣
D

(1.1)

where Nh is the yield of semi-inclusive hadrons in a (ν, Q2 , z , pT , φ) bin48

and Ne is the number of inclusive DIS events in the (ν,Q2 ) bin. Generally,49

multiplicity ratio is a function of five kinematic variables, chosen here as50

the 4-momentum transfer Q2, energy transfer ν, fractional hadron energy z51

= Eh/ν, the component of the hadron momentum transverse to the virtual52

photon direction pT , and the angle between the electron plane and hadron53

plane, φ. The hadronic multiplicity ratio Rh
A quantifies the extent to which54

hadrons are attenuated at a given value of the kinematic variables; in the55

studies described here, this attenuation can take place because of hadron or56

pre-hadron inelastic scattering [2, 3] , or because of energy loss of the quark57

contained in the hadron that occurred during the partonic phase, prior to58

the hadron formation [4, 5], or because of the interference of the partonic59

and hadronic phases [6].60

1.1. Overview of existing data61

A wealth of data was collected in the past four decades on hadron collisions62

and leptoproduction experiments. Electroproduction of the hadrons was first63

investigated by Osborne et.al in the earlier 1970’s at SLAC [7] using 20.564

GeV electron beam incident on number of targets: 2D, 9Be, 12C, 64Cu, and65

5



Lambda Hadronization From EG2

Lambda Hadronization From EG2

PID: e-, π−, proton
Vertex correction
Data Quality: Normalized Yield
SIDIS Cut
Lambda Identification
Background subtracted Lambda
Correction for detector efficiencies and background
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Year: 1996 1997
Target Types: H,D,3He H,D,N
Number of DIS: 5.4×106 4.5×106

Number of Lambdas: 3960 4711
With DIS Cuts: 2695 2609

Table 1: Summary of HERMES statistics collected during unpolarized target
running.

e-
e-

Λ0

π-

p

p
→

Λ

v1 v2

Figure 1: A simplified diagram of a Λ event, showing how the different
vertices are defined.

hadron tracks. In addition, deep inelastic scattering (DIS) cuts are made on
the data: negative four-momentum transfer of the lepton Q2 > 1.0 GeV2,
invariant mass of the hadronic system W 2 > 4.0 GeV2, fractional energy
transfer of the lepton y < 0.85, and the momentum fraction of the struck
quark 0.02 < xBj < 0.8 [9].

After all these requirements, however, there still remains a substantial
background. This can be significantly reduced by requiring a set of tighter
cuts which take into account the properties of Λ decays. These include: the
direction of Λ momentum (~pΛ) should be close to direction (~v) defined by
primary e+ (v1) and secondary pπ (v2) vertices:

xvp =
(~v, ~pΛ)

|~v| · |~pΛ|
> 0.9995,

the separation of tracks d2 at the secondary Λ vertex v2 should be small:

d2 < 1.5cm,

4

e + A→ e′ + Λ + X



Experimental Setup

Experimental Setup

Hadronization with JLab 6/12 GeV                   FIU Feb 2016                        L. EL Fassi 21

JLab/CLAS6 EG2 Experiment:
5 GeV Run 

CLAS6

Hall-B
Hall-A Hall-C

     D2

EG2 target's 
setup

Nuclear target
Beam
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Setup for Analysis

Setup for Analysis
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Proton Identification

Proton Identification
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Vertex Correction

Vertex Correction

Electron vertex [cm]
40− 38− 36− 34− 32− 30− 28− 26− 24− 22− 20−

C
ou

nt
s

0

500

1000

1500

2000

2500

e- vertex all sectors

 Sector 1

 Sector 2

 Sector 3

 Sector 4

 Sector 5

 Sector 6

Uncorrected electron vertex

 [cm]vertexCorrected e z
32− 30− 28− 26− 24− 22− 20−

N
or

m
al

iz
ed

 c
ou

nt
s

0

0.001

0.002

0.003

0.004

0.005

 vertex from all sectors
 Sector 1 (for e)
 Sector 2 (for e)
 Sector 3 (for e)
 Sector 4 (for e)
 Sector 5 (for e)
 Sector 6 (for e)

Corrected e vertex from D2FeA

Latiful Kabir (MSU) Hadronization from CLAS6 and CLAS12 July 13, 2018 9 / 30



Vertex Correction

Vertex Correction

 [deg]
e

φ 
0 50 100 150 200 250 300 350

 [c
m

]
e

 z

33−

32−

31−

30−

29−

28−

27−

26−

25−

24−

23−

1

10

210

 (D2FeA)
e

φ vs vertexz

 [deg]eθ 
0 10 20 30 40 50 60 70 80 90

 [c
m

]
ve

rt
ex

 z

34−

32−

30−

28−

26−

24−

22−

20−

0

200

400

600

800

1000

 for D2FeA targeteθ Vs vertexz

Latiful Kabir (MSU) Hadronization from CLAS6 and CLAS12 July 13, 2018 10 / 30



Vertex Correction

Vertex Correction
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Kinematic Cuts to Select SIDIS Events

Kinematic Cuts to Select SIDIS Events
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Lambda Identification

Lambda Identification
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Data Quality

Data Quality
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Background Subtraction

Background Subtraction
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Ongoing Work

Ongoing Work

Calculate multiplicity ratios for each data-set.
Correct for radiative effects
Correct for detector acceptance
Finish systematic error budget
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Readiness for CLAS12

Readiness for CLAS12

In addition to hadronization, we are also interested in CT in 12 GeV

3/9/18 45Lamiaa El FassiCLAS Collaboration Meeting

Virtual 
photon

CLAS12 ρ0 CT measurements in C, Fe and Sn

Will use Copper (
29

63Cu) instead of 
56

26
Fe as Fe can't be used with the 

high solenoid field!
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Target Status

Target Status

Dual nuclear target for CLAS12
under construction in Chile
Target types: C, Cu, Sn, Pb
and others
5T Magnetic field
Cryotarget at 30 0K
Radiation hardness

27

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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Target Status

Dedicated Analysis Tool: The Architecture
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ROOT based analysis tool on top of HIPO without requiring to convert to root files.
Tailored to take full advantage of the batch farm resources.
Data quality check, detector performance etc are intrinsic in the tool.
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Data Quality

Data Quality
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Data Quality

Data Quality
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Data Quality

Data Quality
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Data Quality

Data Quality
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Data Quality

Data Quality
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Let’s Look At Some Reaction Channels

Let’s Look At Some Reaction Channels

e + p → e′ + π0 + X
e + p → e′ + ρ0 + X
e + p → e′ + Λ + X
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Reaction Channel: π0 (e + p → e′ + π0 + X ) 6.4 GeV Run, Old Cooking

Reaction Channel: π0 (e + p → e′ + π0 + X ) 6.4 GeV Run, Old Cooking
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Reaction Channel: π0 (e + p → e′ + π0 + X ) 6.4 GeV Run, Old Cooking

Reaction Channel: π0 (e + p → e′ + π0 + X ) 6.4 GeV Run, Old Cooking
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Reaction Channel: ρ0 (e + p → e′ + ρ0 + X ) 10.6 GeV Run (3971), Old Cooking

Reaction Channel: ρ0 (e + p → e′ + ρ0 + X ) 10.6 GeV Run (3971), Old Cooking
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CLAS EG2 Data (CT Analysis Note) at 5 GeV
CLAS12 Data at 10.6 GeV



Reaction Channel: Λ (e + p → e′ + Λ + X ) 10.6 GeV Run (3971), Old Cooking

Reaction Channel: Λ (e + p → e′ + Λ + X ) 10.6 GeV Run (3971), Old Cooking
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Summary

Summary

Lambda hadronization analysis from EG2 data is in advanced stage.
6 GeV hadronization and color transparency physics programs are on track to be
extended to 12 GeV as well.
Dedicated analysis tools and manpower are in place to extract the physics.
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