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Jets and access to the dynamics of hadroniza5on
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Parton shower evolu.on +
nonperturba.ve gluon spli4ng

𝝿 + 

𝝿 -

𝝿0 

𝛾

Jets are collimated streams of 
particles 

Dynamics of hadronization can 
be studied through correlations 
among particles in a jet

Leading and next-to-leading 
particles – nonperturbative in 
originHadroniza)on 
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New charge-energy correla5on

Observable : charge-energy correla:on, rc
Ø CorrelaDons in momentum, charge and flavor
Ø Leading(L)  and next-to-leading (NL) 

momentum parDcles in a jet next-to
-leading – H 2Jet
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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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: # Jets where L and NL par.cles   
with same sign charges

: # Jets where L and NL par.cles
with opposite sign charges

𝒓𝒄 ≡
!!! " !!"!
!!! # !!"!
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Significance of

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

“alterna:ng” picture : 
“random” picture :

no charge correlaDon 
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= 0

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

(𝒖

𝒖 (𝒅
𝒅

𝞹+

𝞹-

Charge-neutral pair
rasy =  -1

CPHI-2022-Mriganka M Mondal

rc = 0

rc = -1 string

𝒓𝒄 ≡
!!! " !!"!
!!! # !!"!
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Correlations using PYTHIA and Herwig
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PYTHIA 6.428
Herwig 7.1.5
Q2 > 50 GeV2

anD-kT R = 1.0
pT,jet > 5 GeV/c
-2.8 <𝝶jet <2.8

pT,part > 0.2 GeV/c
-3.5 <𝝶part <3.5

Jets : 

Event Genera:on :
EIC : ep@18x275
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Leading and Next to leading particle kinematics
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2

enhanced emissions of soft and collinear partons. While
many jet properties at short distance can be accu-
rately described by perturbative tools with moderate
hadronization corrections, we focus on identifying specific
jet substructures that are predominantly determined by
hadronization. With a fundamental mismatch between
their quantum numbers, multiple partons and hadrons
are necessarily involved during hadronization, even in
the simplest kinematic configuration. The Pythia Lund
string model [37] and the Herwig cluster model [38] are
two successful examples of hadronization prescriptions
implemented in MC simulations. Each requires pre-
hadronization partons to connect with strings or form in-
dividual clusters, which then turn into multiple hadrons.
Certainly, the large partonic phase space spanned in a
high energy collision will result in a complicated string
or cluster configuration, which will be reflected in the
details of the hadronic final states, including jets and
soft particles. The leading dihadrons are a special sub-
set of jet particles, which can illuminate some intrinsic
dynamics of hadronization.

On the theory side, hadronic momentum distributions
can be organized systematically using generalized multi-
hadron fragmentation functions [39–41]. We can extend
the fragmentation formalism to leading and next-leading
hadrons in jets [41–47]. Such distributions would receive
contributions from the perturbative emission of partons,
and from their subsequent fragmentation. Relative to
single-particle distributions, however, the distributions of
leading dihadrons have enhanced sensitivity to their non-
perturbative origin. For example, hadronization through
string dynamics conserves electric charge locally, i.e.,
string breaking creates an electric charge neutral quark
and anti-quark pair. This pattern implies strong con-
straints on the flavor and charge content of the dihadrons,
with a preference for them to carry oppositely charged
valence quarks.

We focus on kinematic regions which include both
relatively low- and high-energy jets. The next generation
Electron Ion Collider (EIC), with polarized beams and
tunable beam energies, will provide us an ideal laboratory
for such studies. It is planned to operate and start taking
data by 2030, with collider and detector designs currently
under active discussion. We study the benchmark highest
achievable EIC energies of 18 GeV electron beam and
275 GeV proton beam. The studies are performed based
on Monte Carlo simulations of Deep Inelastic Scatter-
ing (DIS) events using PYTHIA 6.428 [48] and Herwig
7.1.5 [49] event generators. An event selection with DIS
kinematics Q

2
> 50 GeV2 is imposed so that jets have

moderately high transverse momenta, and we analyze 10
million such events, which corresponds to approximately
one percent of the expected integrated luminosity at the
EIC.

Jets are reconstructed using the anti-kt algorithm [50]
with R = 1.0 using FastJet 3 [51]. We include particles

with transverse momenta above 0.2 GeV and pseudo ra-
pidity within the range �1.5  ⌘  3.5. We consider jets
with transverse momenta p

jet
T

> 5 GeV and with leading
and next-to-leading particles both charged. We assume
that these leading particles can be identified and will
discuss detector requirements. In realistic measurements
at the EIC, one needs to consider detector acceptance,
tracking e�ciency and momentum resolution factors.
The EIC fast simulation package [16] has been developed
for simulating the quality of a measurement. For the
flavor correlation studies, one needs high momentum
resolution for the two leading tracks, with precise charge
determination and particle identification of charged pions
and kaons. The proton collision data at RHIC (STAR
[52] and future sPHENIX [53]) and the LHC [54–56],
as well as archived DIS data at HERA (H1 [57]) and
e
+
e� collision data at LEP [58–61] are also available.

However, they are lack of precise ⇡/K separation at
high momentum, which makes the EIC unique for such
measurements.
We will examine the dependence of rc within the

relative kinematic phase space of the leading and next-
leading hadrons. The formation time [62] tform = z(1 �
z)p/k2? observed in the laboratory frame gives informa-
tion about the spacetime picture of leading dihadron
production. Here, the p = p

H1 + p
H2 is the total leading

dihadron momentum, z = p
H2/p is the longitudinal

momentum fraction of the softer hadron, and k? is the
relative transverse momentum between the two leading
particles. We sum over initial and final states with dif-
ferent polarizations, and leave the study of hadronization
for polarized states for future work.
FIG. 1 shows the inclusive distributions in z and k?.
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FIG. 1. Leading dihadron z (left panel) and k? (right panel)
distributions for ⇡
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± (red) and pp̄ (blue) from

PYTHIA (solid circles) and Herwig (open circles) simulated
jets..
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FIG. 2. Leading dihadron formation time tform distributions for ⇡
± (black), K± (red) and pp̄ (blue) from PYTHIA (solid

circles) and Herwig (open circles) simulated jets. Panel (a) shows the distributions for H
+
1 H

+
2 or H

�
1 H

�
2 with the same-sign

electric charge, while panel (b) shows the ones for H�
1 H

+
2 or H+

1 H
�
2 with opposite-sign electric charges. The distributions for

K
± and pp̄ are scaled up by a factor of 3. Panel (c) shows the charge correlation rc as a function of tform.

They are clearly nonperturbative in origin, with the
curve in z rising sharply away from z = 0, and k?
falling exponentially. If the two leading hadrons originate
from an intrinsically nonperturbative process in their rest
frame, their relative transverse momentum should be at
a nonperturbative energy scale while the formation time
would be Lorentz dilated. Also, the Lorentz boost e↵ect
implies that the two hadrons may tend to carry compara-
ble momenta so that z is of the order of 1/2, while their
relative k? would remain at a nonperturbative scale. In
contrast, z ⇡ 1/2 is disfavored if the next-to-leading
hadron comes from the fragmentation of perturbative,
soft emission.

FIG. 2 shows on a logarithmic scale the distributions
of the leading dihadron formation time tform for ⇡

±,
K

± and pp̄, with their electric charges of the same sign
(H+

1 H
+
2 or H�

1 H
�
2 , panel (a)) or opposite signs (H�

1 H
+
2

or H+
1 H

�
2 , panel (b)). The K

± and pp̄ distributions are
scaled up by a factor of 3 for readability on the same plot.
In comparing the two left panels, we can already see the
dominance of opposite-charged pairs over same charges.

The distributions in FIG. 2 peak between 1 and 10
fm and decrease at large (& 10 fm) and small (. 1 fm)
formation time. Panel (c) shows the charge correlation
ratio rc as a function of tform. With the sign convention,
we see that rc is mostly negative, with significant di↵er-
ences in the correlations among the hadron species. It is
highly unlikely to produce same sign pp or p̄p̄ compared
to pp̄. Also, it is much more likely to observe two leading
kaons with opposite signs due to strangeness conservation
in the production of ss̄ quark pair. If an energetic sea

s (or s̄) quark is struck out of the proton3, its flavor
correlation with another ss̄ pair which contributes to
producing the other energetic kaon within the jet should
be weak perturbatively. The strong K

± correlation in-
dicates either strong nonperturbative flavor constraints,
or that the two leading kaons are produced by a single
ss̄ pair from gluon splitting or string breaking. There
is a weaker tendency to produce opposite-sign leading
pions. For large formation time where the dynamics is
dominated by non-perturbative physics, the strength of
the correlation is stronger and flat. This region typi-
cally corresponds to energetic, collinear dihadrons with
k? . 200 MeV. On the other hand, correlations are
weaker at small formation time, hinting at early time
de-correlations for wide-angle, perturbative emissions.
The intermediate transition region is then sensitive to
the variation of charge correlation strength. Note that
Herwig and PYTHIA show distinct features for pions and
kaons at tform . 10 fm.

The correlations we discuss here are clearly nonpertur-
bative in origin, although in general charge correlations
are not always nonperturbative. At large enough k?, per-
turbative charge correlations between leading dihadrons
would depend on universal fragmentation within di↵erent
jets or subjets. For such dihadrons, charge correlations
can be inherited from the partons that initiate the jets
or subjets, analogously to the case of spin correlations
[63–67], but we anticipate these correlations to be much

3 The other s̄ (or s) goes along the beam direction and escapes jet
reconstruction.

t form  is Lorentz dilated and observed in lab frame 

Small forma(on (me :
Small z : perturba)ve region – so> emission

Large forma(on (me :
z =1/2 : nonperturba)ve dominated
k ⊥ < 200 MeV : 
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FIG. 2. Leading dihadron formation time tform distributions for ⇡
± (black), K± (red) and pp̄ (blue) from PYTHIA (solid

circles) and Herwig (open circles) simulated jets. Panel (a) shows the distributions for H
+
1 H

+
2 or H

�
1 H

�
2 with the same-sign

electric charge, while panel (b) shows the ones for H�
1 H

+
2 or H+

1 H
�
2 with opposite-sign electric charges. The distributions for

K
± and pp̄ are scaled up by a factor of 3. Panel (c) shows the charge correlation rc as a function of tform.

They are clearly nonperturbative in origin, with the
curve in z rising sharply away from z = 0, and k?
falling exponentially. If the two leading hadrons originate
from an intrinsically nonperturbative process in their rest
frame, their relative transverse momentum should be at
a nonperturbative energy scale while the formation time
would be Lorentz dilated. Also, the Lorentz boost e↵ect
implies that the two hadrons may tend to carry compara-
ble momenta so that z is of the order of 1/2, while their
relative k? would remain at a nonperturbative scale. In
contrast, z ⇡ 1/2 is disfavored if the next-to-leading
hadron comes from the fragmentation of perturbative,
soft emission.

FIG. 2 shows on a logarithmic scale the distributions
of the leading dihadron formation time tform for ⇡

±,
K

± and pp̄, with their electric charges of the same sign
(H+

1 H
+
2 or H�

1 H
�
2 , panel (a)) or opposite signs (H�

1 H
+
2

or H+
1 H

�
2 , panel (b)). The K

± and pp̄ distributions are
scaled up by a factor of 3 for readability on the same plot.
In comparing the two left panels, we can already see the
dominance of opposite-charged pairs over same charges.

The distributions in FIG. 2 peak between 1 and 10
fm and decrease at large (& 10 fm) and small (. 1 fm)
formation time. Panel (c) shows the charge correlation
ratio rc as a function of tform. With the sign convention,
we see that rc is mostly negative, with significant di↵er-
ences in the correlations among the hadron species. It is
highly unlikely to produce same sign pp or p̄p̄ compared
to pp̄. Also, it is much more likely to observe two leading
kaons with opposite signs due to strangeness conservation
in the production of ss̄ quark pair. If an energetic sea

s (or s̄) quark is struck out of the proton3, its flavor
correlation with another ss̄ pair which contributes to
producing the other energetic kaon within the jet should
be weak perturbatively. The strong K

± correlation in-
dicates either strong nonperturbative flavor constraints,
or that the two leading kaons are produced by a single
ss̄ pair from gluon splitting or string breaking. There
is a weaker tendency to produce opposite-sign leading
pions. For large formation time where the dynamics is
dominated by non-perturbative physics, the strength of
the correlation is stronger and flat. This region typi-
cally corresponds to energetic, collinear dihadrons with
k? . 200 MeV. On the other hand, correlations are
weaker at small formation time, hinting at early time
de-correlations for wide-angle, perturbative emissions.
The intermediate transition region is then sensitive to
the variation of charge correlation strength. Note that
Herwig and PYTHIA show distinct features for pions and
kaons at tform . 10 fm.

The correlations we discuss here are clearly nonpertur-
bative in origin, although in general charge correlations
are not always nonperturbative. At large enough k?, per-
turbative charge correlations between leading dihadrons
would depend on universal fragmentation within di↵erent
jets or subjets. For such dihadrons, charge correlations
can be inherited from the partons that initiate the jets
or subjets, analogously to the case of spin correlations
[63–67], but we anticipate these correlations to be much

3 The other s̄ (or s) goes along the beam direction and escapes jet
reconstruction.
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• At early .me de-correla.ons for wide-angle, 
perturba.ve emissions. 

• There is strong flavor dependence in rc
• highly unlikely to produce same sign pp 

or p ̄p ̄ compared to pp ̄
• more likely to observe two leading kaons 

with opposite signs due to strangeness 
conserva.on 

• Herwig and PYTHIA show dis.nct features 
for pions and kaons at tform < 10 fm
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FIG. 3. Charge correlation ratio rc for identified leading
dihadrons ⇡± (black), K± (red) and pp̄ (blue) as a function of
relative k? in PYTHIA (left panel) and Herwig (right panel)
simulated jets.

smaller than the ones we observe here. This reflects the
previous observation that rc decreases in size as tform

vanishes (FIG.2).

We also examine rc as a function of k?, as shown in
FIG. 3. The correlation decreases in absolute value as
k? increases on the scale of 1-2 GeV. The description
of rc over this k? range will require both perturbative
and nonperturbative inputs. Detailed comparisons of
data and event generator output will help clarify the
degrees of freedom necessary to provide a full picture
of hadronization throughout this region.

We show in FIG. 4 the charge correlation ratio rc

versus two hard scales of the process, Q
2 (left panel)

and p
jet
T

(right panel). Each shows an extraordinary
scaling of rc with these variables. This behavior of the
event generators may reflect a built-in boost invariance
of the hadonization process. In data, whether from
the EIC or previous DIS experiments, we might expect
a more noticeable evolution with Q

2 or p
jet
T
. This is

an appealing example, where the high statistics of EIC
experiments may provide new tests of the hadronization
models built into event generators, and their interface
with perturbative showers.

In the case that the struck quark of the DIS process is
a valence u or d, producing a leading pion, we can study
the implications of flavor in hadronization concretely, by
requiring a leading, mixed-flavor ⇡K correlation. Here,
we use string model inspired reasoning. Panel (a) in FIG.
5 illustrates the dominant partonic channel for producing
a leading ⇡

�(dū) and a next-to-leading K
+(us̄). A gluon

splits to ss̄, either perturbatively or nonperturbatively,
and a single string can be formed connecting the struck
valence d quark and the s̄ quark. The string breaking
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FIG. 4. Charge correlation ratio rc for identified leading
dihadrons ⇡± (black), K± (red) and pp̄ (blue) as a function of
hard scales, the DIS Q

2 (left panel) and jet pjetT (right panel)
in PYTHIA (solid circle) and Herwig (open circle) simulated
jets.

can result in the production of ⇡�
K

+ 4. Other hadron
species combinations of ⇡

�
K

� and ⇡
+
K

± need more
complicated string configurations and breaking which
are phase space and energy disfavored. Therefore rc is
expected to be stronger for ⇡

�
K

± compared to ⇡
+
K

±.
This expectation is borne out in panel (c) in FIG. 5,
where the charge correlation indeed is stronger in ⇡

�
K

±

compared to ⇡
+
K

± in PYTHIA simulations. On the
other hand, Herwig does not show a similar hierarchy.
In the low p

jet
T

region the correlation strength of ⇡+
K

±

is even stronger than ⇡
�
K

± for Herwig, which is an
opposite trend compared to PYTHIA.

Viewing this qualitative discrepancy, we examine the
capability of the EIC with realistic detector simulations,
to see if future experimental uncertainty will allow us
to distinguish the ⇡K correlations. As shown in Panel
(c), the PYTHIA EIC smear results are in excellent
agreement with the true distributions. The critical part
of particle identification at the EIC is at midrapidity
where the goal is set to identify ⇡/K with 3� separation
up to 10 GeV in momentum. Depending on the proton
beam energies at the EIC, high-energy jets may be most
common at forward rapidity, which may promote ⇡/K

separation at relatively high momentum. The EIC is
expected to meet such a goal, and possible detector
development and R&D is discussed in the yellow report
[16]. Future measurements at the EIC will thus be able

4 In comparison, a struck u quark and a d̄d pair from string
breaking will form ⇡�K0 which is not included in our current
discussion.
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• The correla.on decreases as K⊥
increases on the scale of 1-2 GeV. 

• The descrip.on  require both 
perturba.ve and nonperturba.ve 
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• Detailed comparison of data and 
event generator output will help 
clarify the degrees of freedom 
necessary to provide a sa.sfying 
picture of hadroniza.on
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FIG. 3. Charge correlation ratio rc for identified leading
dihadrons ⇡± (black), K± (red) and pp̄ (blue) as a function of
relative k? in PYTHIA (left panel) and Herwig (right panel)
simulated jets.

smaller than the ones we observe here. This reflects the
previous observation that rc decreases in size as tform

vanishes (FIG.2).

We also examine rc as a function of k?, as shown in
FIG. 3. The correlation decreases in absolute value as
k? increases on the scale of 1-2 GeV. The description
of rc over this k? range will require both perturbative
and nonperturbative inputs. Detailed comparisons of
data and event generator output will help clarify the
degrees of freedom necessary to provide a full picture
of hadronization throughout this region.

We show in FIG. 4 the charge correlation ratio rc

versus two hard scales of the process, Q
2 (left panel)

and p
jet
T

(right panel). Each shows an extraordinary
scaling of rc with these variables. This behavior of the
event generators may reflect a built-in boost invariance
of the hadonization process. In data, whether from
the EIC or previous DIS experiments, we might expect
a more noticeable evolution with Q

2 or p
jet
T
. This is

an appealing example, where the high statistics of EIC
experiments may provide new tests of the hadronization
models built into event generators, and their interface
with perturbative showers.

In the case that the struck quark of the DIS process is
a valence u or d, producing a leading pion, we can study
the implications of flavor in hadronization concretely, by
requiring a leading, mixed-flavor ⇡K correlation. Here,
we use string model inspired reasoning. Panel (a) in FIG.
5 illustrates the dominant partonic channel for producing
a leading ⇡

�(dū) and a next-to-leading K
+(us̄). A gluon

splits to ss̄, either perturbatively or nonperturbatively,
and a single string can be formed connecting the struck
valence d quark and the s̄ quark. The string breaking
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FIG. 4. Charge correlation ratio rc for identified leading
dihadrons ⇡± (black), K± (red) and pp̄ (blue) as a function of
hard scales, the DIS Q

2 (left panel) and jet pjetT (right panel)
in PYTHIA (solid circle) and Herwig (open circle) simulated
jets.

can result in the production of ⇡�
K

+ 4. Other hadron
species combinations of ⇡

�
K

� and ⇡
+
K

± need more
complicated string configurations and breaking which
are phase space and energy disfavored. Therefore rc is
expected to be stronger for ⇡

�
K

± compared to ⇡
+
K

±.
This expectation is borne out in panel (c) in FIG. 5,
where the charge correlation indeed is stronger in ⇡

�
K

±

compared to ⇡
+
K

± in PYTHIA simulations. On the
other hand, Herwig does not show a similar hierarchy.
In the low p

jet
T

region the correlation strength of ⇡+
K

±

is even stronger than ⇡
�
K

± for Herwig, which is an
opposite trend compared to PYTHIA.

Viewing this qualitative discrepancy, we examine the
capability of the EIC with realistic detector simulations,
to see if future experimental uncertainty will allow us
to distinguish the ⇡K correlations. As shown in Panel
(c), the PYTHIA EIC smear results are in excellent
agreement with the true distributions. The critical part
of particle identification at the EIC is at midrapidity
where the goal is set to identify ⇡/K with 3� separation
up to 10 GeV in momentum. Depending on the proton
beam energies at the EIC, high-energy jets may be most
common at forward rapidity, which may promote ⇡/K

separation at relatively high momentum. The EIC is
expected to meet such a goal, and possible detector
development and R&D is discussed in the yellow report
[16]. Future measurements at the EIC will thus be able

4 In comparison, a struck u quark and a d̄d pair from string
breaking will form ⇡�K0 which is not included in our current
discussion.
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Charge-energy correla5on with hard scales

11

Extraordinary scaling with  
hard scales of the process, Q2  

and the jet transverse 
momentum pT.
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FIG. 3. Charge correlation ratio rc for identified leading
dihadrons ⇡± (black), K± (red) and pp̄ (blue) as a function of
relative k? in PYTHIA (left panel) and Herwig (right panel)
simulated jets.

smaller than the ones we observe here. This reflects the
previous observation that rc decreases in size as tform

vanishes (FIG.2).

We also examine rc as a function of k?, as shown in
FIG. 3. The correlation decreases in absolute value as
k? increases on the scale of 1-2 GeV. The description
of rc over this k? range will require both perturbative
and nonperturbative inputs. Detailed comparisons of
data and event generator output will help clarify the
degrees of freedom necessary to provide a full picture
of hadronization throughout this region.

We show in FIG. 4 the charge correlation ratio rc

versus two hard scales of the process, Q
2 (left panel)

and p
jet
T

(right panel). Each shows an extraordinary
scaling of rc with these variables. This behavior of the
event generators may reflect a built-in boost invariance
of the hadonization process. In data, whether from
the EIC or previous DIS experiments, we might expect
a more noticeable evolution with Q

2 or p
jet
T
. This is

an appealing example, where the high statistics of EIC
experiments may provide new tests of the hadronization
models built into event generators, and their interface
with perturbative showers.

In the case that the struck quark of the DIS process is
a valence u or d, producing a leading pion, we can study
the implications of flavor in hadronization concretely, by
requiring a leading, mixed-flavor ⇡K correlation. Here,
we use string model inspired reasoning. Panel (a) in FIG.
5 illustrates the dominant partonic channel for producing
a leading ⇡

�(dū) and a next-to-leading K
+(us̄). A gluon

splits to ss̄, either perturbatively or nonperturbatively,
and a single string can be formed connecting the struck
valence d quark and the s̄ quark. The string breaking
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FIG. 4. Charge correlation ratio rc for identified leading
dihadrons ⇡± (black), K± (red) and pp̄ (blue) as a function of
hard scales, the DIS Q

2 (left panel) and jet pjetT (right panel)
in PYTHIA (solid circle) and Herwig (open circle) simulated
jets.

can result in the production of ⇡�
K

+ 4. Other hadron
species combinations of ⇡

�
K

� and ⇡
+
K

± need more
complicated string configurations and breaking which
are phase space and energy disfavored. Therefore rc is
expected to be stronger for ⇡

�
K

± compared to ⇡
+
K

±.
This expectation is borne out in panel (c) in FIG. 5,
where the charge correlation indeed is stronger in ⇡

�
K

±

compared to ⇡
+
K

± in PYTHIA simulations. On the
other hand, Herwig does not show a similar hierarchy.
In the low p

jet
T

region the correlation strength of ⇡+
K

±

is even stronger than ⇡
�
K

± for Herwig, which is an
opposite trend compared to PYTHIA.

Viewing this qualitative discrepancy, we examine the
capability of the EIC with realistic detector simulations,
to see if future experimental uncertainty will allow us
to distinguish the ⇡K correlations. As shown in Panel
(c), the PYTHIA EIC smear results are in excellent
agreement with the true distributions. The critical part
of particle identification at the EIC is at midrapidity
where the goal is set to identify ⇡/K with 3� separation
up to 10 GeV in momentum. Depending on the proton
beam energies at the EIC, high-energy jets may be most
common at forward rapidity, which may promote ⇡/K

separation at relatively high momentum. The EIC is
expected to meet such a goal, and possible detector
development and R&D is discussed in the yellow report
[16]. Future measurements at the EIC will thus be able

4 In comparison, a struck u quark and a d̄d pair from string
breaking will form ⇡�K0 which is not included in our current
discussion.
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Case-I   (L : 𝜋 - NL : K ±)
Case-II  (L : 𝜋 +     NL : K ±)

In general, rc shows strong flavor dependence and we explore 
further the utility of strange flavor tagging : 

Charge-energy correla5on with flavor tagging

Strange Jet Tagging
Yuichiro Nakai, David Shih, Sco7 Thomas 
arXiv:2003.09517 
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Flavor correla5ons

With struck valance quark, L(𝝿 -) NL(K +) is preferable for the simplest 
string breaking between L and NL particles 
ØFrom this naive picture one expects rc for 𝜋 - K ± to be stronger than  

that of 𝜋 + K ±
CPHI-2022-Mriganka M Mondal 13

𝒓𝒄 ≡ !!! " !!"!
!!! # !!"!

Struck 
valance 
quark

𝝿 -(d,𝑢)

d
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Struck 
valance 
quark

𝝿 -(d,𝑢) K +(u𝑠̅)

d

s
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quark
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quark
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s

K -(𝑢s)
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Difference in flavor combinations

CPHI-2022-Mriganka M Mondal

• CorrelaDons are much stronger for  𝜋–K± than for  𝜋+K± in PYTHIA
• As pT increases 𝜋+K± correlaDons weakens whereas 𝜋–K± strengthens
• Significant difference between PYTHIA and Herwig
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FIG. 3. Panel (a): Illustration of the dominant partonic channel for producing a leading ⇡
� and a next-to-leading K

+. The
struck valance d quark (green) emits a gluon which splits into an ss̄ pair. The string connecting d and s̄ breaks and creates a
ūu pair which then forms ⇡

�
K

+. Panel (b): Charge correlation ratio rc as a function of pjetT for leading ⇡
+
K

± (black) and
⇡
�
K

± (red) in Herwig simulations. Panel (c): Charge correlation ratio rc as a function of pjetT for leading ⇡
+
K

± (black) and
⇡
�
K

± (red) in PYTHIA simulations (solid circles) and with EIC detector simulations (open circles).

Q
2
> 50 GeV2 is imposed so that jets have moderately

high transverse momenta, and we analyze 10 million
such events which correspond to approximately 1% of
the expected integrated luminosity at the EIC.

Jets are reconstructed using the anti-kt algorithm with
R = 1.0. We include particles with transverse momenta
above 0.2 GeV and pseudo rapidity within the range
�1.5  ⌘  3.5. We consider jets with p

jet
T

> 5 GeV and
that the leading and next-to-leading particles are both
charged. We assume that the leading particles can be
identified and will discuss the detector requirement. In
realistic measurements at the EIC one needs to consider
detector acceptance, tracking e�ciency and momentum
resolution factors. The EIC fast simulation package [23]
has been developed for simulating the quality of a mea-
surement. For the flavor correlation studies one needs
high momentum resolution of the two leading tracks, with
precise charge determination and particle identification
of charged pions and kaons. DIS data at HERA-H1 [24],
proton collision data at RHIC-STAR-sPHENIX [25, 26],
LHC [27–29] and e

+
e� collision data at LEP [30–33] are

also valuable for such measurements. However, they are
lack of precise ⇡/K separation at high momentum, which
makes the EIC unique for such measurements.

FIG. 1 shows on a logarithmic scale the distributions
of leading dihadron formation time tform for ⇡±, K± and
pp̄, with their electric charges of the same sign (H+

1 H
+
2 or

H
�
1 H

�
2 , panel (a)) or opposite signs (H+

1 H
�
2 or H�

1 H
+
2 ,

panel (b)). The K
± and pp̄ distributions are scaled

up by a factor of 3 to be put in the same plot. The
distributions peak between 1 and 10 fm and go down
to zero at large (& 10 fm) and small (. 1 fm) formation
time regions. Panel (c) shows the charge correlation ratio
rc as a function of tform. With the sign convention we

see that rc is mostly negative, with significant di↵erences
in the correlations among various hadron species. It is
highly unlikely to produce same sign pp or p̄p̄ compared
to pp̄. Also, it is much more likely to observe two leading
kaons with opposite signs due to strangeness conservation
in the production of ss̄ quark pair. If an energetic sea
s (or s̄) quark is struck out of the proton3, its flavor
correlation with another ss̄ pair which contributes to
producing the other energetic kaon within jet should
be weak perturbatively. The strong K

± correlation
indicates the strong nonperturbative flavor constraints,
or that the two leading kaons are produced by a single ss̄
pair from either gluon splitting or string breaking. There
is a weaker tendency to produce opposite-sign leading
pions. With large formation time where the dynamics
is dominated by non-perturbative physics, the strength
of the correlation is stronger and flat. This region
typically corresponds to energetic, collinear dihadrons
with k? . 200 MeV. On the other hand, correlations
are weaker at small formation time, hinting at early time
de-correlations for wide-angle, perturbative emissions.
The intermediate transition region is then sensitive to
the variation of charge correlation strength. Note that
Herwig and PYTHIA show distinct features for pions and
kaons at tform . 10 fm.

The correlations we discuss here are clearly nonpertur-
bative in origin, although in general charge correlations
are not always nonperturbative. At large enough k?, per-
turbative charge correlations between leading dihadrons
would depend on universal fragmentation within di↵erent

3 The other s̄ (or s) goes along the beam direction and escapes jet
reconstruction.
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FIG. 3. Panel (a): Illustration of the dominant partonic channel for producing a leading ⇡
� and a next-to-leading K

+. The
struck valance d quark (green) emits a gluon which splits into an ss̄ pair. The string connecting d and s̄ breaks and creates a
ūu pair which then forms ⇡

�
K

+. Panel (b): Charge correlation ratio rc as a function of pjetT for leading ⇡
+
K

± (black) and
⇡
�
K

± (red) in Herwig simulations. Panel (c): Charge correlation ratio rc as a function of pjetT for leading ⇡
+
K

± (black) and
⇡
�
K

± (red) in PYTHIA simulations (solid circles) and with EIC detector simulations (open circles).

Q
2
> 50 GeV2 is imposed so that jets have moderately

high transverse momenta, and we analyze 10 million
such events which correspond to approximately 1% of
the expected integrated luminosity at the EIC.

Jets are reconstructed using the anti-kt algorithm with
R = 1.0. We include particles with transverse momenta
above 0.2 GeV and pseudo rapidity within the range
�1.5  ⌘  3.5. We consider jets with p

jet
T

> 5 GeV and
that the leading and next-to-leading particles are both
charged. We assume that the leading particles can be
identified and will discuss the detector requirement. In
realistic measurements at the EIC one needs to consider
detector acceptance, tracking e�ciency and momentum
resolution factors. The EIC fast simulation package [23]
has been developed for simulating the quality of a mea-
surement. For the flavor correlation studies one needs
high momentum resolution of the two leading tracks, with
precise charge determination and particle identification
of charged pions and kaons. DIS data at HERA-H1 [24],
proton collision data at RHIC-STAR-sPHENIX [25, 26],
LHC [27–29] and e

+
e� collision data at LEP [30–33] are

also valuable for such measurements. However, they are
lack of precise ⇡/K separation at high momentum, which
makes the EIC unique for such measurements.

FIG. 1 shows on a logarithmic scale the distributions
of leading dihadron formation time tform for ⇡±, K± and
pp̄, with their electric charges of the same sign (H+

1 H
+
2 or

H
�
1 H

�
2 , panel (a)) or opposite signs (H+

1 H
�
2 or H�

1 H
+
2 ,

panel (b)). The K
± and pp̄ distributions are scaled

up by a factor of 3 to be put in the same plot. The
distributions peak between 1 and 10 fm and go down
to zero at large (& 10 fm) and small (. 1 fm) formation
time regions. Panel (c) shows the charge correlation ratio
rc as a function of tform. With the sign convention we

see that rc is mostly negative, with significant di↵erences
in the correlations among various hadron species. It is
highly unlikely to produce same sign pp or p̄p̄ compared
to pp̄. Also, it is much more likely to observe two leading
kaons with opposite signs due to strangeness conservation
in the production of ss̄ quark pair. If an energetic sea
s (or s̄) quark is struck out of the proton3, its flavor
correlation with another ss̄ pair which contributes to
producing the other energetic kaon within jet should
be weak perturbatively. The strong K

± correlation
indicates the strong nonperturbative flavor constraints,
or that the two leading kaons are produced by a single ss̄
pair from either gluon splitting or string breaking. There
is a weaker tendency to produce opposite-sign leading
pions. With large formation time where the dynamics
is dominated by non-perturbative physics, the strength
of the correlation is stronger and flat. This region
typically corresponds to energetic, collinear dihadrons
with k? . 200 MeV. On the other hand, correlations
are weaker at small formation time, hinting at early time
de-correlations for wide-angle, perturbative emissions.
The intermediate transition region is then sensitive to
the variation of charge correlation strength. Note that
Herwig and PYTHIA show distinct features for pions and
kaons at tform . 10 fm.

The correlations we discuss here are clearly nonpertur-
bative in origin, although in general charge correlations
are not always nonperturbative. At large enough k?, per-
turbative charge correlations between leading dihadrons
would depend on universal fragmentation within di↵erent

3 The other s̄ (or s) goes along the beam direction and escapes jet
reconstruction.
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FIG. 3. Panel (a): Illustration of the dominant partonic channel for producing a leading ⇡
� and a next-to-leading K

+. The
struck valance d quark (green) emits a gluon which splits into an ss̄ pair. The string connecting d and s̄ breaks and creates a
ūu pair which then forms ⇡

�
K

+. Panel (b): Charge correlation ratio rc as a function of pjetT for leading ⇡
+
K

± (black) and
⇡
�
K

± (red) in Herwig simulations. Panel (c): Charge correlation ratio rc as a function of pjetT for leading ⇡
+
K

± (black) and
⇡
�
K

± (red) in PYTHIA simulations (solid circles) and with EIC detector simulations (open circles).

Q
2
> 50 GeV2 is imposed so that jets have moderately

high transverse momenta, and we analyze 10 million
such events which correspond to approximately 1% of
the expected integrated luminosity at the EIC.

Jets are reconstructed using the anti-kt algorithm with
R = 1.0. We include particles with transverse momenta
above 0.2 GeV and pseudo rapidity within the range
�1.5  ⌘  3.5. We consider jets with p

jet
T

> 5 GeV and
that the leading and next-to-leading particles are both
charged. We assume that the leading particles can be
identified and will discuss the detector requirement. In
realistic measurements at the EIC one needs to consider
detector acceptance, tracking e�ciency and momentum
resolution factors. The EIC fast simulation package [23]
has been developed for simulating the quality of a mea-
surement. For the flavor correlation studies one needs
high momentum resolution of the two leading tracks, with
precise charge determination and particle identification
of charged pions and kaons. DIS data at HERA-H1 [24],
proton collision data at RHIC-STAR-sPHENIX [25, 26],
LHC [27–29] and e

+
e� collision data at LEP [30–33] are

also valuable for such measurements. However, they are
lack of precise ⇡/K separation at high momentum, which
makes the EIC unique for such measurements.

FIG. 1 shows on a logarithmic scale the distributions
of leading dihadron formation time tform for ⇡±, K± and
pp̄, with their electric charges of the same sign (H+

1 H
+
2 or

H
�
1 H

�
2 , panel (a)) or opposite signs (H+

1 H
�
2 or H�

1 H
+
2 ,

panel (b)). The K
± and pp̄ distributions are scaled

up by a factor of 3 to be put in the same plot. The
distributions peak between 1 and 10 fm and go down
to zero at large (& 10 fm) and small (. 1 fm) formation
time regions. Panel (c) shows the charge correlation ratio
rc as a function of tform. With the sign convention we

see that rc is mostly negative, with significant di↵erences
in the correlations among various hadron species. It is
highly unlikely to produce same sign pp or p̄p̄ compared
to pp̄. Also, it is much more likely to observe two leading
kaons with opposite signs due to strangeness conservation
in the production of ss̄ quark pair. If an energetic sea
s (or s̄) quark is struck out of the proton3, its flavor
correlation with another ss̄ pair which contributes to
producing the other energetic kaon within jet should
be weak perturbatively. The strong K

± correlation
indicates the strong nonperturbative flavor constraints,
or that the two leading kaons are produced by a single ss̄
pair from either gluon splitting or string breaking. There
is a weaker tendency to produce opposite-sign leading
pions. With large formation time where the dynamics
is dominated by non-perturbative physics, the strength
of the correlation is stronger and flat. This region
typically corresponds to energetic, collinear dihadrons
with k? . 200 MeV. On the other hand, correlations
are weaker at small formation time, hinting at early time
de-correlations for wide-angle, perturbative emissions.
The intermediate transition region is then sensitive to
the variation of charge correlation strength. Note that
Herwig and PYTHIA show distinct features for pions and
kaons at tform . 10 fm.

The correlations we discuss here are clearly nonpertur-
bative in origin, although in general charge correlations
are not always nonperturbative. At large enough k?, per-
turbative charge correlations between leading dihadrons
would depend on universal fragmentation within di↵erent

3 The other s̄ (or s) goes along the beam direction and escapes jet
reconstruction.
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struck valance d quark (green) emits a gluon which splits into an ss̄ pair. The string connecting d and s̄ breaks and creates a
ūu pair which then forms ⇡

�
K

+. Panel (b): Charge correlation ratio rc as a function of pjetT for leading ⇡
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± (black) and
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± (red) in Herwig simulations. Panel (c): Charge correlation ratio rc as a function of pjetT for leading ⇡
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to provide experimental constraints on the hadronization
models valid for the ⇡K and other correlations.

We close with a few comments on how the studies here
can be extended. Adapting these analyses to archived
data from past experiments should be possible, and may
already lead to new insights, for example in testing the
tight scaling of MC output in Q

2 and jet p
jet
T

(see FIG.
4).

Generalizations of rc to observables that include mul-
tiple subleading particles and perhaps to form N -particle
charge correlations, may be guided by the distributions
of events in the relative momentum space. The study
of leading dihadron correlations with respect to the full
kinematic distribution [68] and the relation to perturba-
tive jet showers through jet declustering and grooming
[69–71] is ongoing. Promoting our hadronic studies to
subjet charge correlation among leading subjets is also a
promising direction.

More generally, understanding the flow of flavor within
jets will require high-precision observations in momen-
tum space, like those we have discussed above, supple-
mented by strong capabilities in particle identification.
We believe that this is a promising approach toward a
deeper understanding of the transition from partonic to
hadronic degrees of freedom in Quantum Chromodynam-
ics.
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PYTHIA-ep@18x275
(1% of 10 fb-1)
Q2 > 50 GeV2

, anti-kT R=1.0

(EIC)

• An early impac)ul measurement at EIC :  
Ø Detector smearing does not affect this 
observable in a significant way

• Unique Opportunity at EIC : 
Ø RHIC and HERA has limita.ons to iden.fy 
𝜋 and K at high momentum

Ø Par.cle iden.fica.on requirement 
(~10 GeV/c for 𝜋/K in central region) 

Measurement of rc
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Belle can measure flavor correla5ons

• Belle tform peak appear early
• Belle might be mostly lie in nonperturbative region 
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Subjet structure

CPHI-2022-Mriganka M Mondal

L(or NL)

L(or NL)

NL(or L)

n=1

n=2n=1

L and NL par)cle get resolved in first prong (n =1)

L and NL par)cle get resolved in the second 
prong (n=2)

NL(or L)

• Confron.ng the nonperturba.ve origin of L 
NL par.cles with perturba.ve spli4ngs

• L, NL par.cles are strongly correlated with 
the hardest patron in Pythia and Herwig

• Prong structure represent the partonic proxy

Using Recursive soft drop

� defining how much collinear radiation is removed by the grooming procedure. It is also

convenient to introduce a reference angular scale R0 (absorbable into the definition of zcut),

which is typically set to the initial jet clustering radius R. We denote by pt,i the transverse

momentum of the i-th subjet, and by �Rij the rapidity-azimuth distance between the i-th

and j-th subjets.

The SD algorithm proceeds as follows:

1. Undo the last C/A clustering step of the jet j and label the two parent subjets as j1
and j2.

2. If these subjets pass the SD condition,

z12 > zcut

✓
�R12

R0

◆�

, z12 ⌘
min(pt,1, pt,2)

pt,1 + pt,2
, (2.1)

then the procedure stops and the SD jet j is returned.

3. Otherwise, the softer subjet (by pt) is removed and the algorithm iterates on the new

jet j defined by the harder subjet.

4. If j has no further subjets, either terminate without returning a jet (tagging mode)

or define j to be the SD jet (grooming mode).

As explained in Ref. [42], this algorithm is infrared and collinear (IRC) safe for � > 0 in

grooming mode, though it remains Sudakov safe [115, 116] for � ! 0.1 The limits zcut ! 0

or � ! 1 return an ungroomed jet. Finally, the limit � ! 0 corresponds to mMDT [28].

2.2 Introducing Recursive Soft Drop

As depicted in Fig. 2, RSDN grooms a jet by applying N layers of SD declustering, iterating

through the full jet clustering tree. This is achieved by ordering all branches by the �Rij

separation of their constituents, and iterating through the tree structure by taking the

branch with the most widely-separated constituents at each step.

More explicitly, starting from a C/A-reclustered jet:

1. Set the list of branches to a single element: the initial jet.

2. Take the remaining branch whose two parent subjets have the widest separation in

�R, and label these j1 and j2.2 Remove that branch from the list of branches.

3. If the two subjets pass the SD condition in Eq. (2.1), keep both subjets as new

branches; otherwise, remove the softer of the two subjets and keep the hardest as a

new branch.
1
In tagging mode, SD is IRC safe for � < 0. If a non-trivial mass cut is applied, SD is also IRC safe in

tagging mode for � = 0.
2
During the first iteration, this step is of course trivial, since there is only one branch to the C/A tree.

– 4 –

- An.-kt R=1.0 and C/A de-clustering tree
- following hardest branch
- dynamic radius
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Recursive subjet
: !=1, zcut= 0.2
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Resolved prong (nR) and rC – with 𝜏F

• L & NL particle
• prong n=1 (L & NL resolved) 
• prong n=2 (L & NL resolved) 

𝛽=1, zcut= 0.2

rc

18

• The correc.on can be measured within
jet sub-structure framework.

• Possible predic.on from perturba.ve 
calcula.on in some kinema.c region

• Medium included  modifica.ons in 
hadroniza.on : 
o rc – eA (cold nuclear mader)
o rc – AA   (hot nuclear mader)

3/9/22



Summary

• A charge-energy correla/on observable, rc is introduced to study
hadroniza/on using two leading par/cles in jet
• Significant differences in rc observed for various flavor combina/ons
• Flavor-tagged data would have significant impact on the knowledge on 

string fragmenta/on inspired models

• rc for different flavors can be measured at EIC very precisely and 
measurement is being made in some current experiment like H1 

• It requires the measurement  rc in different collision systems and 
environment for beKer understanding of hadroniza/on dynamics.
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Thank you for your attention



Forma&on &me

Forma&on &me = [2z(1-z) P] / kperp2

𝜏form < 1fm  : L and NL par.cles seem to separate a_er a very 
short .me, which might decorrelate their hadroniza.on.

𝜏form > 10 fm (Kperp< 200 MeV) : nonperturba.ve transverse 
momenta in the jet, and we don't think that going to longer 
𝜏form or smaller kperp leads to new dynamics

Important region to study in data 𝜏form = "a few 
fermi" and "a few dozen fermi",  kperp= “a few 
GeV” to “several hundred MeV”
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PL
PNL

kperp
kperp

𝑃𝐿
𝜃

𝑃𝑁𝐿
𝑃⃗

z = PNL/(PNL+PL)
PL = (1-z)P
PNL = zP
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Event acceptance in x-Q2
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510275´Pythia-6.428:eP@18
; 0.0 < y < 1.02 > 50 GeV2Q

 > 5.0 GeV
T,jet

antkt R=1.0; p
 < 2.5h > 0.2 GeV/c; -1.5 < 

T
particle : p
L, NL particles : charged

Pythia 6.428
Herwig 7.1.5
Q2 > 50 GeV
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𝜃 Angle between L,NL
z = PNL/(PNL+PL)

anX-kt R = 1.0
Jet pT > 5GeV/c
Jet |eta| < 2.8

particle pT > 0.2GeV/c
particle |eta| < 3.5

Jets : Event Genera-on :
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Jets at Belle and LEP
BELLE ini)aliza)on at Upsilon mass.
pythia.readString("Beams:idA =  11");
pythia.seIngs.parm("Beams:eA", 7);
pythia.readString("Beams:idB = -11");
pythia.seIngs.parm("Beams:eB", 4);
double mZ = pythia.par(cleData.m0(553);
pythia.seCngs.parm("Beams:eCM", 10.52);

LEP  initialization at Z0 mass.
pythia.readString("Beams:idA =  11");
pythia.settings.parm("Beams:eA", 45);
pythia.readString("Beams:idB = -11");
pythia.settings.parm("Beams:eB", 45);
double mZ = pythia.particleData.m0(23);
pythia.settings.parm("Beams:eCM", 91.0);

Par.cles : -3 < 𝝶 < 3 && pT > 0.2GeV/c
R = 0.8
fastjet::JetDefini.on
jet_def(fastjet::ee_genkt_algorithm, 0.8, -1);

23

Using PYTHIA-8

Distance set with angle : 

3/9/22 CPHI-2022-Mriganka M Mondal



rc can be studied for fragmenta5ons in other systems 

• Modification in cold nuclear matter(eA, pA) and hot nuclear matter (AA) – sPHENIX & STAR

• Measurement at BELLE and LEP
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Kinema5c region for various resolved prongs
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Recursive subjet : 𝛽=1, zcut= 0.1

n=1 : wide angle sol radia.ons
n=2 and higher are rela.vely harder spli4ng and narrower in angle

zcut= 0.1

n=1 n=2Inclusive

(PYTHIA-6.428)  ep@ 18x275, Q2 > 50 GeV/c, anti-kt R=1.0, pT,Jet > 5 GeV/c
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Resolved prong (nR) and rC

26

𝛽=1, zcut= 0.1

• For 𝛽=1, zcut= 0.1  ~20%  of CC and 20% of C%C pairs get resolved in the first prong
• The average rc changes changes sightly depending on prong numbers where it get 

resolved  

rc

1     2    3     4     5    6     7     8     9 1     2    3     4     5    6     7     8     9 1     2    3     4     5    6     7     8     9 
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