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Hadronization 
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Hadronization: vacuum 

Hadronization is the process by which energetic q and g evolve into hadrons

● Quark propagation: 

• Hadron formation:

in hard hadronic processes, energetic partons can be 
temporarily liberated from hadrons; distribution of the 
color charge over an extended volume. 

color charge is neutralized into color singlet hadrons.
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Hadronization: in-medium 
Nuclear medium of variable size acts as a ruler that provides 

space-time information on hadronization process

• partonic multiple scattering  
• medium-stimulated gluon emission 
• additional prehadron interaction 
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Observables
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SIDIS

Q2 = -q2 four-momentum transferred by the electron;
ν = E-E‘  (lab) energy transferred by the electron;
z = Eh/ν  fraction of initial quark energy carried by hadron; 

pT          hadron momentum transverse to γ* direction;

φ           angle between leptonic and hadronic planes

 Taisiya Mineeva              Overview of JLab hadronization data. DIS11 

PARTON PROPAGATION AND FRAGMENTATION IN QCD MATTER 11
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Fig. 4. – Kinematic planes for hadron production in semi-inclusive deep-inelastic scattering and definitions

of the relevant lepton and hadron variables. The quantities k (k′) and E (E′) are the 4-momentum and the

energy of the incident (scattered) lepton; ph is the 4-momentum of the produced hadron, and its transverse

component relative to the lepton plane is denoted by p⃗T .

the polar angle θ∗ between the particle trajectory and the beam axis in the centre-of-mass frame
is easier. This justifies the definition of the particle pseudorapidity,

η = − log tan(θ∗/2) ,(8)

such that | p⃗| = pT cosh η and p3 = pT sinh η. For massless particles it coincides with the rapidity:
η = y; for massive particles, they are approximately equal if | p⃗| ≫ m (and θ not too small).
Differential particle distributions in y and η are related by

dN

dydp2
T

=
dN

dηdp2
T

√

1 −
m2

m2
T
cosh2 y

=
dN

dηdp2
T

E

mT

.(9)

In order to compare collider and fixed-target experiments, and different beam energies, it is useful

to consider the rapidity in the c.m.f.:

yc.m. f . = y − ycm .(10)

The backward rapidity region (target hemisphere) corresponds to yc.m. f . < 0, and the forward
rapidity region (projectile hemisphere) to yc.m. f . > 0.
At LO, the 4-momenta of the two produced partons can be expressed in terms of their final

state rapidities yi and transverse momentum pT (see Table II for definitions)

f1 =

(

pT√
2
ey1 ,

pT√
2
e−y1 ,−p⃗T

)

f2 =

(

pT√
2
ey2 ,

pT√
2
e−y2 , p⃗T

)

,(11)

and their fractional momenta are

x1 =
pT√
s
(ey1 + ey2) x2 =

pT√
s

(

e−y1 + e−y2
)

.(12)

Tuesday, July 12, 2011

Kinematical variables of SIDIS
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Reaction of interest: SIDIS  π0  

5 GeV e- beam

e′ (e′)

γ1 (γ1)
γ2 (γ2)

 X

π0D A

e D → e′ π0 X 
e A → e′ π0 X

DIS regime:  Q2  > 1 (GeV/c)2  and W > 2 GeV/c
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Connects to partonic phase 
■ in-medium scattering 
■ quark energy loss 
■ access to production time τp  

Observables 

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
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Observables 

Hadronic multiplicity ratio

            Connects to hadronic phase 
 hadron formation space-time mechanisms

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
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2
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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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Analysis note
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Analysis note

● Particle identification   
    - electron ID 
    - photon ID 
    - π0  reconstruction 
    - binning 

● Corrections 
   - electron vertex 
   - photon energy  
   - e- and π0 acceptance 
   - radiative corrections 

● Systematic studies 
    > DC fiducial cuts 
    > radiative corrections 

✔

✔
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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

Phase-space of the analysis was expanded 

 Entire analysis is binned in 2 sets of 3D bins: (ν, z, pT2) and (Q2,ν, z)
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Purity-based bin exclusion in (ν, z, pT2)  

174

bin size and its correlation with the resolution in the multidimensional variables

we further look at the bin purity.

4.4.2 Purity

Purity is one of the measures of the bin migration e↵ect, arising dominantly

from the resolution. Bin migration refers to a situation when an event is generated

in one bin and reconstructed in another. Purity of the bin is studied using MC

events, and is typically defined as:

Purity =
N rec

gen

N rec

(4.4.3)

where N rec is the total number of events reconstructed in a given bin, and N rec

gen

is

the number of the events that were both reconstructed and generated in that bin.

In practice, we construct purity using a transfer matrix of the number of gener-

ated and reconstructed events in each bin of the (Q2, ⌫, z, p2

T

) grid. To calculate

purity in the above 4D bins, we require that in the numerator the generated bin

is equal to the reconstructed bin of the denominator in all four variables simulta-

neously (resulting 4D purities are illustrated in Fig. 4.25). The reconstructed ⇡0

candidates are selected using an angular matching criteria with generated events.

Starting with the 4D grid of generated and reconstructs events per bin, there are

two ways to go down in the number of dimensions in which purity is measured.

Considering an example of 3D binning in (Q2, ⌫, z), one can either sum al-

ready calculated 4D purities in (Q2, ⌫, z, p2

T

) over p2

T

, or construct a new purity

Exclude bins for which  Purity < (1σ)3   

which amounts to Purity below 30%

Purity in (Q2,ν, z) set of bins exceeds 30% for all the bins
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Multiplicity ratios in (ν, z, pT2)
Results are corrected for acceptance and radiative effects. Statistical uncertainties only.
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Multiplicity ratios in (Q2,ν, z)

Results are corrected for acceptance and radiative effects. Statistical uncertainties only.
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Systematic uncertainties for C, Fe and Pb multiplicities in (ν, z, p2
T ) bins. Systematic uncertainties for C, Fe and Pb multiplicities in (Q2, ν, z). 

76

6.6 Recapitulation of systematic uncertainties1250

The systematic uncertainties associated with the shape of the ⇡

0 peak and the1251

background under the peak are attributed on a bin-by-bin basis and depend on the1252

target type. The uncertainties due to model dependence of acceptance correction1253

are independent on the target multiplicities, and are applied also on the bin-by-bin1254

basis. All other systematic uncertainties are the same for all the bins and targets,1255

and therefore enter as normalization scale uncertainty to the multiplicity ratio.1256

Below we summarize the total systematic uncertainty for the identified sources.1257

1258

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
Radiative corrections

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

Total in (Q2, ⌫, z) 3.9 3.1 6.3

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.
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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
Radiative corrections

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

Total in (⌫, z, p2
T

) 4.0 4.0 5.7

Table 6.2: Summary of systematic uncertainties for C, Fe and Pb multiplicities in
(⌫, z, p2

T

) 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.

Status summary of systematic uncertainties 

Work in progress: estimation of systematic uncertainties for the radiative corrections
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Orlando Soto

Independent cross checks of analysis: π0 multiplicities  
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Independent cross checks of analysis: π+ multiplicities  

+π hZ
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 10
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Multiplity Ratio Comparison for Zh, Acc.

Sebastián Moran
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Independent cross checks of analysis: π+ acceptance  

+π hZ
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Sebastián Moran
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Summary
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• The phase space of the analysis was expanded up to z=1 and pT2=1.5 GeV2 

      Multiplicity ratios in two sets of bins, acceptance corrections, radiative effects and    
    systematic uncertainties were reevaluated correspondingly 

• The systematic uncertainties on the multiplicity ratio, w/o uncertainty on radiative 
corrections, are 3 - 6 % depending on the bin set and target type 

• What remains: systematics on radiative corrections  

• We plan to submit answers to the review committee within the next several months
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Backup slides
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Missing mass curves as a function of (pT2, z) 



 SIDIS contribution to RC factors for D, Fe and Fe/D ratio in set of (Q2 , ν, z )

 Radiative Corrections in (Q2 , ν, z ):  SIDIS



 SIDIS + Exclusive contribution to RC factors for D, Fe and Fe/D ratio in set of (Q2 , ν, z )

 Radiative Corrections in (Q2 , ν, z ):  SIDIS + Exclusive



 Radiative Corrections in (ν, z, pT2):  SIDIS



 Radiative corrections C in (ν, z, pT2):  SIDIS + Exclusive
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Multiplicity ratios 
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Multiplicity ratios in (ν, z, pT2)
Corrected for ACCEPTANCE ONLY 

P.S. low purity bins not excluded
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Multiplicity ratios in (ν, z, pT2)
Corrected for ACCEPTANCE + Radiative corrections 
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Corrected for ACCEPTANCE ONLY 

Multiplicity ratios in (Q2,ν, z)
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Corrected for ACCEPTANCE + Radiative Corrections 

Multiplicity ratios in (Q2,ν, z)
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