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Hadronization - why is it interesting?

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

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

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

In figure 17, all results of αs(Q) given in table 1 are graphically displayed, as a function of the
energy scale Q. Those results obtained in ranges of Q and given, in table 1, as αs(MZ0) only, are not
included in this figure - with one exception: the results from jet production in deep inelastic scattering
are represented in table 1 by one line, averaging over a range in Q from 6 to 100 GeV, while in figure 17
combined results for fixed values of Q as presented in [67] are displayed.
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from S.Bethke Prog.Part.Nucl.Phys.58 (2007)

Confinement

Asymptotic freedom

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

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

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

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

Visualization of QCD from D.Leinweber

Color propagation is a fundamental QCD process

•
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Color propagation in eA (x >0.1)
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Production length Lp  relates to ‘color lifetime’ of quark following hard collision;
 it is the length required for colored system to neutralize its color 

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

Partonic elastic scattering 

Gluon bremsstrahlung, vacuum and medium 

Color neutralization 

Hadron formation 

Final State Interactions

●

●

●
●

●

Fundamental QCD processes: 
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visualization from W. Brooks  4

e A : nuclei of increasing size act as space-time analyzer
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Two targets in the beam simultaneously!

CLAS EG2 (E-02-104) conditions:

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

CLAS 
EG2 

Targets

CLAS EG2
Targets

• Two targets in the beam 
simultaneously

• 2 cm LD2, upstream

• Solid target downstream

• Six solid targets: 

-Carbon

-Aluminum (2 thicknesses)

-Iron

-Tin

-Lead Al +
empty
target

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

EG2 experiment @ 5 GEV
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Transverse Momentum Broadening

Hadronic Multiplicity Ratio

2

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

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

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

parton through scattering recoil and stimulated gluon bremsstrahlung. Ultimately38

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

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

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

1.0.1 Observables42

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

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

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

Rh
A

�
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(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

 DIS 2018 – Jorge López

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

Transverse momentum broadening

Multiplicity ratio  
or hadron attenuation

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

�hp2Ti = hp2TiA � hp2Tip

Simultaneous 
description of both 

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

 Connects to color lifetime Lp , quark kT, transport coefficient qhat and quark energy losses

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

Connects to hadron formation phase Lf
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Analysis note web page:  

https://www.jlab.org/Hall-B/secure/eg2/taya/review.html 

https://www.jlab.org/Hall-B/secure/eg2/taya/review.html


Analysis note: what changed

● Extended kinematical range 

6/11

pT2 = 0., 0.1, 0.25, 0.4, 0.55, 0.75, 1.5
z = 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 1.0

pT2 = 0., 0.1, 0.25, 0.4, 0.55, 0.75, 0.9
z = 0.3, 0.4, 0.5, 0.6, 0.7, 0.8

Before Now



Analysis note: what changed

● Extended kinematical range 

● Improved two-photon invariant mass fitting procedure 

● Electron radiative corrections were reevaluated and are 
now based on EXTERNALS code. Include inclusive and 
Coulomb correction on nuclei (Pb, Fe, C, D).

● SIDIS radiative corrections for π0 are currently revisited: 
    structure functions on nuclei are now parametrized     
    only in terms of φ moments extracted from data

● Systematical uncertainties due to DC fiducial cuts, 
    electron RC, π0 SIDIS RC were calculated

● ….

7/11



Color band - total systematical uncertainties 
Error bars - statistical uncertainties 

Multiplicities in (Q2,ν, z) bins

8/11
Data corrected for Acc, and RC effects on e. No SIDIS pi0 RC corrections here (few %)
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6.8 Recapitulation of systematic uncertainties1408

The systematic uncertainties associated with the shape of the ⇡0 peak and the1409

background under the peak are attributed on a bin-by-bin basis and depend on the1410

target type. The uncertainties due to model dependence of acceptance correction1411

are independent on the target multiplicities, and are applied also on the bin-by-bin1412

basis. All other systematic uncertainties are the same for all the bins and targets,1413

and therefore enter as normalization scale uncertainty to the multiplicity ratio.1414

Below we summarize the total systematic uncertainty for the identified sources.1415

1416

Systematic uncertainty �C
RMS(%) �Fe

RMS (%) �Pb
RMS (%)

Normalization type
Target vertex cut 0.3 0.3 0.3
Target leakage 0.9 0.9 0.9
Sampling fraction cut 0.5 0.5 0.5
Photon energy cuto↵ 1.2 1.2 2.7
EC time (beta) cut 0.8 0.8 0.8
DC fiducial cuts 0.9 0.9 0.9
Electron radiative corrections 3.3 3.3 3.3
SIDIS radiative corrections 1.5 1.5 1.5
Total normalization 4.1 4.1 4.8

Bin-by-bin basis
Background shape 0.6 0.9 1.4
Signal shape 3.1 1.9 5.1
Acceptance in finite bin width 1.1 1.1 1.1

Average Systematics (Q2, ⌫, z) 4.8 4.6 6.0
Average Statistics (Q2, ⌫, z) 3.4 2.8 4.9
Total average Error (Q2, ⌫, z) 5.9 5.4 7.8

Table 6.1: Summary of systematic uncertainties for C, Fe and Pb multiplicities in
(Q2, ⌫, z). The upper part of the table corresponds to the uncertainties
applied as an averaged number to the entire bin set (normalization type).
The bottom part corresponds to the uncertainties applied on the bin-by-
bin basis with an averaged uncertainty listed for visualization. Values are
given in percentage from the multiplicity ratio.

Total errors in (Q2,ν, z) bins
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Multiplicities in (ν, z, pT2) bins

10/11Data corrected for Acc, and RC effects on e. No SIDIS pi0 RC corrections here (few %)
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Systematic uncertainty �C
RMS(%) �Fe

RMS (%) �Pb
RMS (%)

Normalization type
Target vertex cut 0.5 0.5 0.5
Target leakage 0.9 0.9 0.9
Sampling fraction cut 0.4 0.4 0.4
Photon energy cuto↵ 2.1 2.1 2.2
EC time (beta) cut 0.6 0.6 0.6
DC fiducial cuts 1.3 1.3 1.3
Electron radiative corrections 3.3 3.3 3.3
SIDIS radiative corrections 1.5 1.5 1.5
Total normalization 4.6 4.6 4.6

Bin-by-bin basis
Background shape 0.6 0.5 0.8
Signal shape 2.1 2.1 4.5
Acceptance in finite bin width 2.8 2.8 2.8

Average Systematics (⌫, z, p2T ) 6.4 6.6 7.2
Average Statistics (⌫, z, p2T ) 6.0 4.7 9.4
Total Error (⌫, z, p2T ) 8.7 8.1 11.8

Table 6.2: Summary of systematic uncertainties for C, Fe and Pb multiplicities in
(⌫, z, p2T ) bins. The upper part of the table corresponds to the uncertainties
applied as an averaged number to the entire bin set (normalization type).
The bottom part corresponds to the uncertainties applied on the bin-by-
bin basis with an averaged uncertainty listed for visualization. Values are
given in percentage from the multiplicity ratio.

Total erros in (ν, z, pT2) bins
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