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Motivation :  Hadronization via 𝒓𝒄

Data analysis

Abstract : A momentum charge correlation ratio observable 𝑟𝑐, generalized from the balance function [1], is measured using data recorded with the H1
experiment at HERA during 2003 to 2007. This variable distinguishes between same-sign and opposite-sign charged particle pairs[2] in a jet. The average 𝑟𝑐
is studied for two configurations (prongs) of the leading particles in the jet, defined with the help of declustering in a recursive soft drop technique. When
resolved as as a function of other kimenatic variables, such as the formation time, this probes the transition from non-perturbative to perturbative aspects of
QCD. This sets the path for a novel way of studying jet substructure and the evolution of partons in a jet. The data of 𝑟𝑐 at different prongs reveal differences
between the first and subsequent splits. Data are confronted with predictions from various event generators.

Result and Conclusion: Formation Time 

Event and Jet Selection
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Observable : charge-momentum correlation, rc
Ø Correlations in momentum, charge and flavor
Ø Leading(L)  and next-to-leading (NL) 

momentum particles in a jet
Ø h1 and h2 are charged hadrons only

next-to
-leading – h 2

Leading – h 1

𝒓𝒄 ≡
!## " !#$#
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A few notes on momentum-charge correlations

• Consider jets in which the leading particle (L) and next-to-leading (NL)
are both pions.

• If the charges of these pions are random (or if L is fixed and NL is
random) then for those events where both L and NL pions are charged,

N random
CC = N random

CC =
N random

2
(1)

where CC indicates opposite charges, CC, same charge.

• Now consider an “alternating” picture: perturbative shower gives qL
followed by q̄

0
NL, which form pions by sharing a soft pair:

qL + q̄NL ! qL + (q̄s + qs) + q̄
0

NL ! ⇡(qL, q̄s) + ⇡(qs, q̄
0

NL) (2)

Then we get

Nalternating

CC
= Nalternating ,

Nalternating
CC = 0 , (3)

and all pairs of L and NL charged pions have opposite charges.

• Suppose every event results from one of these two processes, with no
interference. If a is the percentage of “alternating” events and 1� a of
“random” events

rasy ⌘ NCC � NCC

NCC + NCC

=
1� a

2
�

✓
1� a

2
+ a

◆
= �a . (4)

In this (classical) picture a measurement of rasy is a measurement
of the fraction of hadronizations that are “string-like”, alternating be-
tween quark and antiquark. This is surely too simple, but this mea-
surement has information.

• Measurements of r can be made di↵erentially in fractions zL and zNL in
a jet, and in terms of a variety of “transverse” kinematic variables: rel-
ative transverse momentum, pair invariant mass, pair formation time,
etc, including polarization where applicable. These can serve as bench-
marks for a future theory of hadronization.
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: h1, h2 have same sign charges 

: h1, h2 have opposite sign charges

Partonic final state                    : 𝒖 and $𝒖
Combine charge-neutral pair  :    $𝒅 and  𝒅

“alternating” picture : 

A few notes on momentum-charge correlations

• Consider jets in which the leading particle (L) and next-to-leading (NL)
are both pions.

• If the charges of these pions are random (or if L is fixed and NL is
random) then for those events where both L and NL pions are charged,

N random
CC = N random

CC =
N random

2
(1)

where CC indicates opposite charges, CC, same charge.

• Now consider an “alternating” picture: perturbative shower gives qL
followed by q̄

0
NL, which form pions by sharing a soft pair:

qL + q̄NL ! qL + (q̄s + qs) + q̄
0

NL ! ⇡(qL, q̄s) + ⇡(qs, q̄
0

NL) (2)

Then we get

Nalternating

CC
= Nalternating ,

Nalternating
CC = 0 , (3)

and all pairs of L and NL charged pions have opposite charges.

• Suppose every event results from one of these two processes, with no
interference. If a is the percentage of “alternating” events and 1� a of
“random” events

rasy ⌘ NCC � NCC

NCC + NCC

=
1� a

2
�

✓
1� a

2
+ a

◆
= �a . (4)

In this (classical) picture a measurement of rasy is a measurement
of the fraction of hadronizations that are “string-like”, alternating be-
tween quark and antiquark. This is surely too simple, but this mea-
surement has information.

• Measurements of r can be made di↵erentially in fractions zL and zNL in
a jet, and in terms of a variety of “transverse” kinematic variables: rel-
ative transverse momentum, pair invariant mass, pair formation time,
etc, including polarization where applicable. These can serve as bench-
marks for a future theory of hadronization.

1

= 0

$𝒖

𝒖 $𝒅
𝒅

𝞹+

𝞹-

Charge
neutral
pair

string

h1

h1

h2

n=1

n=2n=1
h1, h2 get resolved in first prong (nR = 1)

h1, h2 get resolved in the second prong 
(nR = 2)

h2

𝒓𝒄 𝐟𝐨r Subjets : Partonic Proxies 
Using Recursive soft drop (JHEP06(2018)093)

rc = -1

rc is a measure of the fraction of “string-like hadronization”

“random” picture :
no charge correlation 
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Liquid Ar Calorimeter
𝛔/E ≈11%/√Ee. ⊕ 1% (electromagnetic)
𝛔/E ≈50%/√Eh ⊕ 3% (hadronic)
CTD: Single Track resolution 
σpT /pT = 0.2% pT/GeV ⊕ 1.5%
𝛔𝜃 = 1 mr
(magnetic field = 1.16 T)
Data :  2004-2007 

√s =319 GeV, ℒ = 361 pb-1

Significance of  𝒓𝒄
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1
üDensity of leading pairs in small formation time 

is much large in the 1st split compared to that of later splits.
üLarge decorrelations is seen in rc at small formation time (< 1 fm)
üAt large formation time rc is stronger for 2nd+ splits compared to that of 1st split
üRapgap and Djangoh values are comparable to data

P total momentm, z momentum fraction of h2
Kperp

2 = relative transverse momentum
Formation time, t form = [2z(1-z) P] / kperp2

üSmall k⊥ belong mostly in 
nonperturbative domain and rc
is large. Large k⊥ are related 
mostly to early gluon splits and 
rc is approaching to zero

üMC shows extraordinary 
scaling except 1st Prong

üData shows decorrelations in 
rc with jet transverse 
momentum

rc with pT,jetrc with kT
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