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Hard-scattered partons ejected from high-energy proton-proton collisions undergo parton shower and
hadronization, resulting in collimated collections of particles that are clustered into jets. A substructure
observable that highlights the transition between the perturbative and nonperturbative regimes of jet
evolution in terms of the angle between two particles is the two-point energy correlator (EEC). In this
Letter, the first measurement of the EEC at RHIC is presented, using data taken from 200 GeV p + p
collisions by the STAR experiment. The EEC is measured both for all the pairs of particles in jets and
separately for pairs with like and opposite electric charges. These measurements demonstrate that the
transition between perturbative and nonperturbative effects occurs within an angular region that is
consistent with expectations of a universal hadronization regime that scales with jet momentum for a given
initiator flavor. Additionally, a deviation from Monte Carlo predictions at small angles in the charge-
selected sample could result from mechanics of hadronization not fully captured by current models.

DOI: 10.1103/wv2t-dkgn

During a high-energy collision of protons, such as those
at the Relativistic Heavy-Ion Collider (RHIC) and Large
Hadron Collider (LHC), hard scatterings between partons
within the protons can occur, resulting in large transfers of
momentum. This results in partons leaving the collision
with high transverse momenta (pr) and virtualities. In
vacuum, this virtuality is shed via splitting [1], with the
initial splittings able to be described well by perturbative
quantum chromodynamics (pQCD). Later splittings
become less perturbative and split particles are separated
by increasingly small angles. This process is referred to as a
parton shower and terminates in confinement of the partons
into hadrons (hadronization). The final-state hadrons can be
clustered into objects called jets using jet-finding algo-
rithms both experimentally and theoretically [2,3].

Jet substructure observables derived from jet constituents
provide access to information related to the parton shower
and hadronization [4,5]. Because of the inapplicability of
perturbative calculations in the low-energy regime, the
exact mechanics of hadronization are less understood than
the perturbative part of jet evolution [6] and many observ-
ables have been defined in such a way as to limit the impact
of nonperturbative effects [7-9]. In contrast, one way to
study hadronization is through substructure observables
that can isolate nonperturbative and perturbative regimes as
well as the transition between them to separate angular
regions. As the parton shower is angular ordered and well
described by DGLAP evolution equations [10-12], the

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP’.

angular scale at which a perturbative framework ceases to
fully describe the parton shower is identifiable. One such
observable is the N-point energy correlator, which
describes energy flow among N particles as a function
of an angular scale, R; . This scale is defined as the largest
distance in angular space between any two of the N

particles involved in the correlation, R, = \/Ay> + A¢?,
where 7 is the pseudorapidity and ¢ is the azimuthal angle.

The simplest case, the two-point energy correlator (EEC)
describes the energy flow within a jet in terms of 1 — 2
splittings. The EEC distribution is expected to be separated
into three regimes: (i) the free diffusion of hadrons at small
angles, (ii) the perturbative evolution of the parton shower
at large angles, and (iii) the transition region between them.
This results in the EEC distribution scaling linearly with R
at small angles and o 1/R, '~72 at large angles, where 7, is
the anomalous dimension governing the EEC, in this case
the third moment of the splitting function [13]. The
transition regime, where neither nonperturbative nor per-
turbative effects completely dominate, occurs around the
peak of the EEC distribution.

The transition in the EEC is also expected to occur at
smaller angles o Aqcp/ prjer [13,14] for jets with higher
transverse momenta (pr ), for a given initiator flavor, i.e.,
a quark or gluon that initiates the jet [15]. As highly virtual
gluons typically fragment wider than quarks, this transition
region will emerge at larger angles for a gluon-initiated jet
than for a quark-initiated jet. This leads to a dependence on
Xt = 2Prjer/ \/s, which correlates strongly with the ini-
tiator sample [16,17]. Because of the lower center-of-mass
energies at RHIC relative to the LHC, EEC measurement at
RHIC energies is able to capture low-momentum jets while
maintaining a high fraction of (light) quark-initiated jets
[18]. Comparison to measurements of jets with similar
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quark-initiated fractions but different momenta, such as
those at CMS and ALICE [19,20], allows for a verification
of universality for a fixed initiator flavor.

Details of the hadronization process are further probed
via measuring the EEC in terms of hadron pairs that have
like or opposite electric charge to inform how charge
correlations are carried through the hadronization process
[21,22]. The data can then be compared with Monte Carlo
generators using differing models of hadronization, such as
string breaking in PYTHIAS [23] and cluster hadronization in
HERWIG7 [24]. String breaking hadronization models are
expected to enhance correlations of opposite-sign pairs at
small angles, as a broken string forms an opposite-charge
pair at a small separation. In this Letter, we will first outline
the experimental methods and definitions used to perform
jet substructure measurements. Next, we will describe the
correction procedure designed to remove detector effects
from the measurement. Finally, we report the first exper-
imental measurement of the EEC at RHIC in proton-proton
(p + p) collisions for several jet momentum and pair
charge selections.

The data used in this analysis were collected by STAR
[25] in 2012, from p + p collisions at the center-of-mass
energy /s = 200 GeV using an online trigger designed to
create a jet-enriched sample, which resulted in an integrated
luminosity of 22.9 pb~!. This trigger requires an energy
deposit of 7.3 GeV in at least one of 18 overlapping barrel
electromagnetic calorimeter (BEMC) patches spanning
1x1 in #—¢ space. The BEMC, consisting of 4800
towers each having a size of 0.05 x 0.05 in # — ¢ space, can
measure electromagnetic energy deposits, such as those
from photons and electrons [26]. Additionally, STAR can
reconstruct both angular and momentum information of
charged particles with its time projection chamber (TPC)
[27]. When calculating charged particle energy, the charged
pion mass is assumed [28]. The BEMC tower energy is set
equal to the energy deposited in the tower and subtracted by
100% of the transverse momenta of all TPC tracks
projected to hit that tower. Towers with negative resulting
energies are discarded. This subtraction process is referred
to as hadronic correction. Energy deposits in the BEMC are
treated as contributions from neutral particles with zero
mass for the purpose of jet finding. Both the TPC and
BEMC allow for a pseudorapidity acceptance of || < 1
and full azimuthal coverage. For this analysis, we require
both tracks and towers with 0.2 < pr < 30 GeV/c. Other
event-level and track-level selections are the same as
previous STAR jet substructure analyses [8,9].

Jets are reconstructed using the anti-kp algorithm [2]
with a radius of Rj; = 0.6 and with both charged tracks and
neutral energy deposits as inputs. Additionally, results for
jets reconstructed using a radius of Ry, = 0.4 are shown in
the Appendix. The angular resolution provided by tracking
in the TPC is superior to that provided by energy deposits in
the BEMC. Consequently, while jets are reconstructed

using both charged tracks and BEMC deposits, only
charged tracks are examined for determination of the
EEC. Found jets are restricted to a pseudorapidity space
of [17ie] < 1 = Rje to avoid partially reconstructed jets. This
analysis is only presented for jets with prj > 15 GeV/c
in order to minimize the bias towards jets with an enhanced
neutral energy fraction resulting from the trigger.
Additionally, no attempt is made to remove the underlying
event from the analysis, as it is expected to be negligible for
the selected jet sample.

Experimentally, the EEC is defined in Eq. (1). The
energy weighting of each pair is defined as the energy
product of the involved tracks divided by the square of jet
transverse momentum, E;E;/ p%’jet, with i and j represent-
ing two distinct tracks within a jet and R; being their
angular separation.

Normalized EEC

EE,
1 d <Zjets Zi;&j (m) )

B EE, dR;
Zjets Zi;ﬁj (,,2—/>
T.jet

(1)

The integral of this distribution is normalized to unity in
order to highlight shape changes across kinematic
selections.

Correction for detector effects uses p + p events gen-
erated at /s =200 GeV via the pyTHIA6 STAR-tuned
event generator, referred to as the particle-level sample
[23]. These events are then used to create a detector-level
sample by propagating particles through a GEANT-3 [29]
simulation of the STAR detector and embedding them
within events that are collected by triggering randomly
during beam crossings. These events are then analyzed
identically to data, including the enforcement of the
requirement on BEMC patch energy derived from simu-
lated tower energy deposits. Comparisons of this detector-
level simulation with uncorrected data show reasonable
agreement, which provides justification for using PYTHIA to
inform corrections. Particle-level and detector-level jets are
considered to be matched if their axes are within one jet

radius of each other, i.e., \/ (Anier)* + (Agjer)* < Ry If

multiple candidates for matching are available at the
detector level, the one closer in momentum to the
particle-level jet is taken. Tracks within the jets are
then matched on a similar basis, with

V (Agac)? + (Adgack)® < 0.01. Both jets and tracks
can be missed in the detector-level sample for various
reasons, including inefficiencies in trigger selection and
track reconstruction. If either track involved in a correlation
is not reconstructed in the detector-level sample, it is
determined to be missed. Likewise, correlations that are
only reconstructed at detector level are determined to be
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fake. Fully matched, missed, and fake correlations are
corrected and accounted for via an iterative Bayesian
unfolding procedure [30]. The RooUnfold software package
[31] is used to create a multidimensional response matrix
mapping particle-level jets to detector-level jets. Because of
the excellent R; resolution, its correction is expected to be
negligible, leaving the largest correction as that due to p j
smearing, which biases jets towards lower momenta. The
energy weighting is also directly dependent on the jet
momentum and behaves differently for different R;. For
this reason, a Bayesian unfolding [6] is performed in three
dimensions: prje, Ry, and the energy weight E;E;/ l’%,jer
Bayesian unfolding iteratively infers the particle-level
distribution that would generate the measured detector-
level data based on the response matrix. This procedure is
then carried out to a nominal 4 iterations and validated by a
split-sample closure test, where the response matrix is built
using one statistically independent half of the embedding
and used to unfold the other half. Several sources of
systematic uncertainty are estimated by varying parameters
used in the generation of the detector-level sample used for
unfolding. This includes varying the BEMC tower energy
by its uncertainty of 3.8% as well as the tracking efficiency
of the TPC by its uncertainty of 4%. The hadronic
correction is varied between 100% and 50% of matched
track pr. The uncertainty associated with the unfolding
process itself is estimated by varying the number of
unfolding iterations and the prior, the later of which is
achieved by re-weighting the PYTHIA+GEANT3 embedding
sample according to HERWIG [8,9].

The EEC for two ranges of jet transverse momentum,
Prje €[15,20] and [30,50] GeV/c (scaled by 0.1 for
visual clarity), using R;,; = 0.6 are shown in Fig. 1, with
systematic uncertainties represented by the shaded area
surrounding the data points. Moving from smaller to larger
angles, the behavior of each distribution can be described in
terms of a nonperturbative free hadron region, a transition
region, and a perturbative region, as predicted in Ref. [14].
Particle pairs at angles smaller than the transition region
likely correspond to two particles that are correlated post
hadronization, where energy freely diffuses in a hadron gas.
Therefore, the hadronic region is observed to increase
linearly as a function of R;, corresponding to a uniform
distribution of energy. The scaling within this region
compares well to a toy model that distributes hadrons,
generated from an exponentially falling pr spectrum,
uniformly in angle on a sphere. This represents the
simplistic case of energy being uniformly distributed with
no correlation. At large angles, next-to-leading-logarith-
mic-pQCD calculations (NLL pQCD) [32] can directly be
compared to data and are shown as checkered bands
alongside the data in Fig. 1. These predictions are calcu-
lated for ranges between (3 GeV/c)/priow < Ry < Riers
where pr oy 18 the lower bound of a given pr e, selection.
Correlations farther than the jet radius fall off due to

10 : “ ; —
£ STAR anti-k;, R_ =0.6,[n_| <0.4 J
- jet jet -
PP, \s = 200 GeV : ]
O

L 1 —
L E 3
— o ]
o C ]
N B T
C_U - .

E 1
o 107 3
z F —— Random Hadron Model e
[ 77 NLLpQCD ]
| —— PYTHIA 8 @®15< P, ..< 20 GeV/c |

— - HERWIG 7 ®w30<p. " <50GeV/cx0.1
102 . R | Tt
102 107" 1
R.
FIG. 1. Corrected distributions of the normalized EEC differ-

ential in R; for Rj, = 0.6, with jet transverse momentum
selections 15 < prjee <20 GeV/c  and 30 < prj <
50 GeV/c (scaled for comparison). Random hadron scaling at
small angles and next-to-leading-logarithmic-pQCD (NLL
pQCD) [32] calculations at large angles are presented alongside
Monte Carlo predictions [24,33].

geometric effects, as many correlations at this distance are
cut out of the sample due to the imposition of a jet radius.
As the distribution agrees well both with the theoretical
predictions of the perturbative regime and the random
hadron model in the nonperturbative region, the start and
end of the transition regime can be defined as where the
distribution breaks from these scalings on either side. This
is motivated by the expectation that the transition region
encompasses the shift from the perturbative to the non-
perturbative regime in the parton shower. As pr . increases
from [15, 20] to [30,50] GeV/c, this transition region
moves to smaller angles, i.e., later in jet evolution.
Additionally, comparisons with both the PYTHIAS Detroit
Tune [33] and the HERWIG7.2 default tune [24], shown as
solid curves, are presented, and they both describe the data
well within systematics in the [30,50] GeV/c bin.
However, PYTHIA predicts a transition region at a larger
angle than is seen in data for the [15,20] GeV/c bin,
resulting in a slightly underpredicted hadronic region,
while HERWIG shows deviation in the leftmost two bins.

The movement of the transition region as a function of jet
momentum can be examined more closely in Fig. 2, where
the EEC distribution is scaled by average pr e to create a
distribution differential in (prje)R;. (Prjer) is the average
jet momentum in a given momentum range, as determined
via PYTHIA 6: 16.7, 22.7, and 33.5 GeV/c for the [15, 20],
[20, 30], and [30, 50] GeV/c intervals, respectively. Scaled
as such, the peak position, characterizing the transition
region, exhibits a universal scale independent of jet
momentum. In order to characterize this scale, a fit to
the transition region using Eq. (2) [34] is performed:
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FIG. 2. Corrected distributions of the normalized EEC within
jets, differential in (prj )R, at Rj = 0.6 for several prje
selections. Each distribution is normalized to integrate to one
in R; and fitted with the function described in Eq. (2) prior to
shifting. The resulting fit is also shifted and compared with data
within the range 1 < (prje )R, < 6 GeV/c.

Ry

FR)=C-———15,
( L) (R%—'—T)S/z

(2)

where C and T are free parameters. This function describes
a smooth crossover between a linear scaling at R; << T and
~R; 7% scaling at R, > T. Assuming that this function
accurately describes the underlying physics, the location of
the transition region is determined only by the dimension-
less parameter 7. Therefore, this parameter can be used to
quantify the change in the transition region as a function of
jet momentum. Writing the function in terms of (prje) Ry,
one can expect the dimensionful parameter ( pT,jet>2T to be
constant regardless of jet momentum. The resulting fits are
shown in Fig. 2 with corresponding (pr e )T values of
16.3+0.7, 15.6+0.8, and 15.0+ 1.0 (GeV/c)?> for
prje € [15, 201, [20, 30], and [30,50] GeV/c, respec-
tively. The peak of the distribution is located at

(P1je)Re = /(Prjer)*T/2. The observed invariance

within uncertainties of (pr)?7 is consistent with the
theoretical prediction for a fixed initiator flavor: a universal
energy scale governing the transition regime. While a small
variation in (prje)*T is expected due to the increasing
fraction of quark-initiated jets with larger pr e [16,17], this
variation is not resolved within uncertainties.

As EECs are sensitive to hadronization, a possible
extension is to examine the correlations between pairs of
charged hadrons with selections on their relative charges.
Although the inclusive EEC shows results in the hadroni-
zation regime consistent with randomly diffusing hadrons,
correlations can be introduced in the charge of these
hadrons which can probe how charge conservation is
enforced at hadronization. The ratio of cross-sections of

like- and opposite-charge pairs is demonstrated to depend
on the hadronization model [21]. While the general EEC
distribution is observed to be captured well by PYTHIA and
HERWIG, it is important to test an observable with additional
sensitivity to hadronization to further elucidate the validity
of hadronization models used by Monte Carlo generators.
This is examined by constructing the EEC as previous, but
including the charge product in the energy weighting [22].
This is experimentally defined in Eq. (3):

EiQE;Q;
d(Zjets Zi;&j ,,%_j; />
dR,
= EEClike - EECopposite' (3)

Charge-weighted EEC =

In the case of the two-point correlator, this separates the
distribution into two components: one constructed using
only like-charge pairs and one using only opposite-charge
pairs. For this analysis, the like-charge and opposite-charge
EECs are corrected separately and normalized relative to
the inclusive distribution. Both distributions are displayed
alongside the inclusive EEC in the top panel of Fig. 3. Both
PYTHIA and HERWIG underpredict the relative contribution
of like-charge correlations for angles smaller than
the transition region for 20 < prj, < 30 GeV/c.
Additionally, both models predict that the peak of the
distribution will shift to larger angles for like-charge
correlations and smaller angles for opposite-charge corre-
lations, a trend that is not observed in data, where both
subsamples have a peak consistent with the inclusive
sample.

In order to provide a more quantitative description of the
charge correlations, subtracting these two distributions
forms the charge-weighted distribution in Eq. (3). This
can then be divided by the inclusive EEC to form a ratio
describing the magnitude of charge correlation on a scale
from —1 to 1. A value of O would be expected for an infinite
thermal bath with equal probability to form a like-charge or
opposite-charge correlation. In this scheme, changes in the
shape of the ratio can highlight increased correlations with
respect to certain angular distances, with a more negative
value corresponding to increased correlation of opposite-
charge pairs. This ratio is shown in the bottom panel of
Fig. 3. While opposite-charge correlations are overall more
prevalent than like-charge correlations due to charge
conservation, their relative abundance varies across the
R; range. At angles larger than the transition region, the
slope is positive against R;, showing that charge becomes
de-correlated at larger angles. This can be caused by more
opposite-sign correlations being formed as the shower
progresses. This trend is correctly described by both
Monte Carlo models, although it is captured more accu-
rately by PYTHIA. At angles below the transition regime, the
slope begins to reverse, and the ratio moves closer to zero,
which reflects a charge de-correlation that is not predicted
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FIG. 3. Corrected distributions of the charge-selected EEC
compared with the inclusive case (top panel) and charged ratio
(bottom panel) for Rj = 0.6 with a jet transverse momentum
selection of 20 < prj < 30 GeV/c. Comparisons with the
PYTHIAS Detroit Tune [33] and the default tune of HERWIG7
are given [24].

by Monte-Carlo models. This points to a charge-dependent
aspect of hadronization that is not fully captured by current
Monte-Carlo models, providing opportunity for further
model development.

In this Letter, the first measurement of the two-point
energy correlator (EEC) at RHIC has been presented using
STAR data from p + p collisions at /s = 200 GeV which
can be interpreted in terms of a free hadron regime, a
perturbative regime associated with quarks and gluons, and
the transition between the two. Agreement is observed with
theoretical predictions in the region dominated by pertur-
bative effects as well as with scaling expectations of the free
hadron regime, allowing for identification of the transition
regime. When scaled by jet momentum, the peak of the
transition region can be characterized by a scale indepen-
dent of jet momentum within uncertainties. This is in line
with the expectation: a universal hadronization scale for a
fixed initiator flavor that causes higher energy jets to
hadronize at later times. However, variation in initiator
flavor across the momentum ranges studied is not resolved
within uncertainties. Comparisons with other experiments,

such as the studies performed by CMS and ALICE, will
allow for comparisons with jet samples that have a similar
fraction of quark-initiated jets as this measurement,
allowing for direct confirmation of universality.
Additional studies with identified initiating parton flavor,
such as photon-jet measurements or heavy flavor tagging,
can be further used to test the universality of the transition
scale within one experiment and study the impact of the
initiator flavor. Furthermore, separating the track pairs with
like-charge and opposite-charge correlations allows for
increased sensitivity to hadronization. At angles below
the transition regime, predictions from both PYTHIA and
HERWIG fail to fully describe the charge-weighted EEC.
This provides an opportunity for further development of
Monte-Carlo generators in modeling the hadronization
process. Since the EEC allows for timescale separation
in jets, it could prove useful in probing the modifications of
jet evolution in the quark gluon plasma created in heavy-
ion collisions [35-38]. This study, therefore, could serve as
a baseline in future measurements of the EEC in heavy-ion
collisions at RHIC.
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End Matter

Appendix—While jets are reconstructed using only a
radius of Rj, = 0.6 in the main body of the Letter, the
analysis is repeated for jets reconstructed with Ry = 0.4
using the same analysis procedure, as in the main text.
In vacuum, performing jet finding with larger radii
allows wider-fragmenting gluon jets to recover more of
their energies and pass pr selections more easily. This
increases the fraction of gluon-initiated jets in the
resulting sample, which could potentially cause the
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transition region to emerge at smaller angles for Rj =
0.4 jets relative to Rj; = 0.6 jets. The EEC is shown for
R = 0.4 for two selections of jet transverse momentum
in Fig. 4. The distribution is separated into a
nonperturbative free hadron region, a transition region,
and a perturbative region, similar to that shown in
Fig. 1. The transition region is also observed to move to
a smaller angle as jet momentum increases.

As is demonstrated in Fig. 2, presenting the EEC
differential in (pr )R, collapses the transition region to
a consistent scale. This is shown for the R; = 0.4 case in
Fig. 5. Determined (prj) values are 16.8, 22.7, and
33.6 GeV/c, for prj€[15,20], [20, 30], and
[30,50] GeV/c, respectively.

To characterize the transition region, the data are fit using
Eq. (2), with resulting (prj)*T values of 13.8+0.7,
13.6 0.6, and 13.7 £ 1.1 (GeV/c)? for pr e € [15,20],
[20, 30], and [30,50] GeV/c, respectively. These values
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are given [24].
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are consistent with each other within errors, as well as  would result in a larger value of (pr e )T for R, = 0.6

within 1 — 26 of those determined for the R; = 0.6 case. jets [15].

Averaging the three values from each radius selection Lastly, the charge separated analysis shown in Fig. 3 is
results in a mean value of 13.72 4 0.48(GeV/c)? for Rje =  repeated for R = 0.4 in Fig. 6. As in the Rj,; = 0.6 case,
0.4 and 15.63 +0.48 (GeV/ 0)2 for Rj, = 0.6, with a an excess of like-sign correlations are seen relative to
separation of 2.8¢ between the two average values. This ~ Monte Carlo predictions at angles below the transition
is in line with an increased fraction of gluon-initiated jets ~ region, implying hadronization effects not fully captured by
within a given pr . range for jets of larger radius, which ~ current Monte Carlo models.
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