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Probing hadronization with flavor correlations of leading particles in jets
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We study nonperturbative flavor correlations between pairs of leading and next-to-leading charged
hadrons within jets at the Electron-Ion Collider (EIC). We introduce a charge correlation ratio observable r..
that distinguishes same- and opposite-sign charged pairs. Using Monte Carlo simulations with different
event generators, r. is examined as a function of various kinematic variables for different combinations of
hadron species, and the feasibility of such measurements at the EIC is demonstrated. The precision
hadronization study we propose will provide new tests of hadronization models and hopefully lead to
improved quantitative, and perhaps eventually analytic, understanding of nonperturbative QCD dynamics.
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The analysis of high energy collisions requires the
treatment of both perturbative and nonperturbative aspects
of the strong interactions. Many observable processes,
especially those involving jet production and energy flow
substructure are fundamentally perturbative [1]. The uni-
versality of nonperturbative jet evolution reflected in
single-particle inclusive data requires a description that
combines perturbative coefficients with nonperturbative
fragmentation functions [2]. At the other extreme, the
prediction of fully exclusive final states, involving multiple
identified particles, requires the full technology of event
generators including models of hadronization [3-7].
Accurate and systematically improvable perturbative cal-
culations and parton shower Monte Carlo (MC) simulations
[8-11] are also essential for describing partonic distribu-
tions before hadronization." In this paper, we point out that
the tagging of particle flavor and momenta within jets can
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'While lattice quantum chromodynamics (QCD) methods have
made great strides in calculating hadronic properties such as mass
spectra, QCD phase diagram, parton distribution functions
(PDFs), and other relevant QCD matrix elements [12], the
application of these methods to hadronization remains for the
future.
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provide robust sets of observables that are dependent on the
dynamics of hadronization. Such observables can test
existing models and perhaps lead to new insights.

In order to extract localized hadronization features, we
focus in this study exclusively on the leading and next-to-
leading energy hadrons within jets and examine their origin
from a boosted, intrinsically nonperturbative system surro-
unding high energy partons.2 Given the identified leading
hadron H; and next-to-leading hadron H,, the two-particle
correlation spans a kinematic phase space [15], encoding
the conditional probability of observing H, in the presence
of H,. We define a charge correlation ratio, r., from the
differential cross sections doy 7, /dX to quantify flavor and
kinematic dependence of hadronization in the production of
H, = h, and H, = h, or h, (the antiparticle of h,),

. dahlhz/dX - dahlh—z/dX
~ doy,,,/dX +do), - /dX

(1)

re(

We will explore the dependence of r. on a variety of
kinematic variables, X. In the definition, Eq. (1), H; and H,
can in principle be arbitrary hadron species, including
charged and neutral hadrons.

We first focus on the correlations among charged
hadrons, since they can be identified using efficient
tracking [16], with significant progress in the phenomeno-
logy and in theoretical frameworks for track-based

“In contrast, the abundant soft particles may collectively come
from all possible soft event activities, whose specific perturbative
or nonperturbative origins are challenging to identify individually
[13,14].
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observables [17-24]. In this case, the ratio r, is constructed
with the convention that the electric charges of 4, and h,
have the same sign. Note that the ratio satisfies —1 <
r. <1, and that it approaches —1 when do), ;,/dX <
dah]h—2 /dX, i.e., when the cross section with opposite-sign

leading dihadrons is dominant. The ratio is expected to be
negative on combinatoric grounds, because of charge
conservation. This is typically the case, although the effects
we find are much larger than simple combinatorics would
suggest. A similar charge density ratio was introduced by
the TASSO experiment long ago [25], as well as in the
studies of Refs. [26-35], for inclusive particle correlations,
typically in relative rapidity. Also, a closely-related “bal-
ance function” was employed in heavy ion studies [36,37]
to investigate the different hadronization environment
in those experiments. In contrast to these studies, we
model high statistics experiments at the EIC, to compute
our ratio, r. specifically for flavor- and energy-tagged
hadrons in a variety of kinematic variables in their relative
momenta.

As the collision energy increases, jets emerge from
enhanced emissions of soft and collinear partons. While
many jet properties at short distance can be accurately
described by perturbative tools with moderate hadroniza-
tion corrections, we focus on identifying specific jet
substructures that are predominantly determined by hadro-
nization. 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 [38] and the Herwig cluster model [39] are two
successful examples of hadronization prescriptions imple-
mented in MC simulations. Each requires prehadronization
partons to connect with strings or form individual 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 subset 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 [40-46]. We can extend the
fragmentation formalism to leading and next-leading
hadrons in jets [42,47-52]. 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 antiquark pair. This pattern implies strong constraints
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 scattering (DIS)
events using PYTHIA 6.428 [53] and HERWIG 7.1.5 [54] event
generators. An event selection with DIS kinematics Q> >
50 GeV? 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-k, algorithm [55]
with R = 1.0 using FASTJET 3 [56]. We include particles
with transverse momenta above 0.2 GeV® and pseudor-
apidity within the range —1.5 < < 3.5. We consider jets
with transverse momenta pr > 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 effi-
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 [57] and future
SsPHENIX [58]) and the LHC [59-61], as well as archived
DIS data at HERA (H1 [62]) and e"e— collision data at
LEP [63-606] are also available. However, they lack precise
7/ K separation and high momentum, which makes the EIC
unique for such measurements.

We will examine the dependence of r,. within the relative
kinematic phase space of the leading and next-leading
hadrons. The formation time [67] fgm, = z(1 —z)p/k2
observed in the laboratory frame gives information about
the spacetime picture of leading dihadron production. Here,
the p = p' + pf> is the total leading dihadron longi-
tudinal momentum, z = p2/p is the longitudinal momen-
tum 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 different

*Particles with transverse momenta below 0.2 GeV are very
collinear to the beam direction therefore cannot be reconstructed
using the current designs of inner tracking. Leading hadrons and
jet reconstruction are also insensitive to this selection.
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FIG. 1. Leading dihadron z (left panel) and k, (right panel)

distributions for z* (black), K* (red) and pp (blue) from PYTHIA
(solid circles) and HERWIG (open circles) simulated jets.

polarizations, and leave the study of hadronization for
polarized states for future work.

Figure 1 shows the inclusive distributions in z and k.
They are clearly nonperturbative in origin, with the curve in
z rising sharply away from z = 0, and k, falling exponen-
tially. If the two leading hadrons originate from an intrinsi-
cally nonperturbative process in their rest frame, their
relative transverse momentum should be at a nonperturba-
tive energy scale while the formation time would be
Lorentz dilated. Also, the Lorentz boost effect implies that
the two hadrons may tend to carry comparable 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.

Figure 2 shows on a logarithmic scale the distributions of
the leading dihadron formation time #,,,, for #*, K* and pp,
with their electric charges of the same sign [H| H3 or Hy H5,
panel (a)] or opposite signs [H7 H; or H{ H;, panel (b)]. 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 (210 fm) and small (<1 fm) formation
time. Panel (c) shows the charge correlation ratio r, as a
function of #¢,,,,. With the sign convention, we see that r,. is
mostly negative, with significant differences in the corre-
lations among the hadron species. It is highly unlikely to
produce same sign pp or p p compared to pp. Also, it is
much more likely to observe two leading kaons with
opposite signs due to strangeness conservation in the
production of s5 quark pair. If an energetic sea s (or )
quark is struck out of the proton,4 its flavor correlation with

“The other 5 (or s) goes along the beam direction and escapes
jet reconstruction.

another s§ pair which contributes to producing the other
energetic kaon within the jet should be weak perturbatively.
The strong K* correlation indicates either strong non-
perturbative flavor constraints, or that the two leading
kaons are produced by a single s5 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 nonperturbative
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, corre-
lations 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
tiorm < 10 fm. The observed discrepancy largely reflects
the different transition behaviors between perturbative and
nonperturbative limits implemented in simulations.

The correlations we discuss here are clearly nonpertur-
bative in origin, although in general charge correlations are
not always nonperturbative. At large enough k|, perturba-
tive charge correlations between leading dihadrons would
depend on universal fragmentation within different 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 [68—72], but we
anticipate these correlations to be much smaller than the
ones we observe here. This reflects the previous observa-
tion that r. decreases in size as fg,,, vanishes (Fig. 2).

We also examine r, 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 r,
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 r,. versus

two hard scales of the process, Q? (left panel) and p’' (right
panel). Each shows an extraordinary scaling of r. with
these variables. This behavior of the event generators may
reflect a built-in boost invariance of the hadronization
process. In data, whether from the EIC or previous DIS
experiments, we might expect a more noticeable evolution

with Q% or p'. 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 7K correlation. Here,
we use string model inspired reasoning. Panel (a) in Fig. 5
illustrates the dominant partonic channel for producing a
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FIG. 2. Leading dihadron formation time g, distributions for z* (black), K* (red) and pp (blue) from PyYTHIA (solid circles) and
HERWIG (open circles) simulated jets. Panel (a) shows the distributions for H{ Hi or Hy H5 with the same-sign electric charge, while
panel (b) shows the ones for Hy H5 or H{ H; with opposite-sign electric charges. Panel (c) shows the charge correlation r.. as a function
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FIG. 3. Charge correlation ratio r. for identified leading
dihadrons z* (black), K* (red) and pp (blue) as a function of

relative k; in PYTHIA (left panel) and HERWIG (right panel)
simulated jets.

leading 7~ (dit) and a next-to-leading K*(u5). A gluon
splits to s§, either perturbatively or nonperturbatively, and a
single string can be formed connecting the struck valence d
quark and the § quark. The string breaking can result in the
production of z~K*.> Other hadron species combinations

°In comparison, a struck u quark and a dd pair from string
breaking will form z~K° which is not included in our current
discussion.
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FIG. 4. Charge correlation ratio r. for identified leading
dihadrons 7% (black), K* (red) and pp (blue) as a function of
hard scales, the DIS Q2 (left panel) and jet p]Tet (right panel) in
PYTHIA (solid circle) and HERWIG (open circle) simulated jets.

of 77K~ and #*K* need more complicated string con-
figurations and breaking which are phase space and energy
disfavored. Therefore r. is expected to be stronger for
n~ K* compared to zt K*. This expectation is borne out in
panel (c) in Fig. 5, where the charge correlation indeed is
stronger in 7z~ K* compared to z7K* in PYTHIA simula-
tions. On the other hand, HERWIG does not show a similar

hierarchy. In the low pJTet region the correlation strength of
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Panel (a): Illustration of the dominant partonic channel for producing a leading z~ and a next-to-leading K. The struck

valance d quark (green) emits a gluon which splits into an s5 pair. The string connecting d and § breaks and creates a iiu pair which then
forms 7z~ K. Panel (b): Charge correlation ratio r, as a function of pJTEt for leading zt K* (black) and z~ K* (red) in HERWIG simulations.

jet

Panel (c): Charge correlation ratio r.. as a function of py. for leading z*K * (black) and #~ K* (red) in PYTHIA simulations (solid circles)

and with EIC detector simulations (open circles).

a7 K¥ is even stronger than 7~ 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 zK correlations. As shown in Panel (c), the
PYTHIA EIC smear results are in excellent agreement with
the true distributions. The critical part of particle identi-
fication at the EIC is at midrapidity where the goal is set to
identify z/K with 3¢ separation up to 10 GeV in momen-
tum. Depending on the proton beam energies at the EIC,
high-energy jets may be most common at forward rapidity,
which may promote z/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 to provide experimental constraints on
the hadronization models valid for the zK 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 Q2 and jet p)' (see Fig. 4).

Generalizations of r,. to observables that include multiple
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 [73] and the relation to perturbative jet showers
through jet declustering and grooming [74-76] 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 momentum
space, like those we have discussed above, supplemented
by strong capabilities in particle identification. We believe
that this is a promising approach toward a deeper under-
standing of the transition from partonic to hadronic degrees
of freedom in quantum chromodynamics.
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