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ABSTRACT: We present the analysis of two-particle angular correlations using coordinate
systems defined with the conventional beam axis and the event thrust axis. We propose
the latter as a good representation for the correlation structure interpretation in the e™e™
collision system. The eTe™ collisions to hadronic final states at center-of-mass energies of
/s = 10.52 GeV and 10.58 GeV are recorded by the Belle detector at KEKB. In this paper,
results on the first dataset are supplementary to the previous Belle publication [1]. At the
same time, the latter is the first two-particle correlation measurement at collision energy
on the 7°(4S5) resonance and is sensitive to its decay products. Measurements are reported
as a function of the charged-particle multiplicity. Finally, a qualitative understanding of
the correlation structure is discussed using a combination of Monte Carlo simulations and
experimental data.
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1 Introduction

In nucleon-nucleon and heavy-ion collision experiments, two-particle angular correlations [2-
7] are extracted for the study of the Quark-Gluon Plasma (QGP) [8], color reconnection [9],
color rope interaction [10] and the search for initial-state correlation effects such as the
Color Glass Condensate [11]. In these measurements, a long-range angular correlation, the
ridge-like structure [3, 4], has been observed in various collision systems and at various
collision energies. Since the beginning of the LHC operation, a ridge structure in the near-
side (A¢ ~ 0 between particles) has been observed also in high-multiplicity proton-proton
collisions by the CMS collaboration [12] and confirmed by experiments at LHC and RHIC
using smaller collision systems such as proton-ion [13, 14] collisions. The studies have later
been extended to the away-side (A¢ ~ ) in proton-proton [15], proton-ion [16, 17] and
deuteron-ion [18] collisions. In heavy-ion collisions, the ridge structure is associated with
the hydrodynamic expansion of a strongly interacting and expanding system [19] produced
from collisions at different impact parameters and the fluctuating initial state [20]. However,
the physical origin of the ridge structure in small systems is still under debate [21-24].
Recently, there has been growing interest in measuring two-particle correlations in even
smaller collision systems of ep [25] and eTe™ [1, 26, 27], as they serve as counterparts
complementary to the results in large collision systems and can be used to find the minimal



conditions for collective behavior [26]. The use of an electron beam removes complications
such as multiple parton interactions and initial-state correlations. Those measurements
have provided additional insights on the ridge signal [10, 28-30)].

In this work, two-particle correlations calculated using a coordinate system with the
beam pipe direction assigned as the z axis are reported in full detail. However, as pointed
out in the study of ALEPH e*e™ collisions via hadronic Z decay data [27], this conventional
coordinate system might not be the optimal configuration in the ete™ collision system. In
the eTe™ system, back-to-back dijets fragmenting from the gq pair production dominate the
event topology, and the directions of such fragmentation are not fixed but emitted with a
1 + cos? § angular distribution relative to the beam pipe. Thus, pair-wise correlations of the
global dijet topology contribute differently to the two-particle angular correlation functions
from one event to another, depending on the orientation of the dijet in each event. Such
smearing effects can degrade the detection sensitivity of the anomalous particle collectivity
originating from the possibly thermalized medium, which is, if any, intuitively assumed to
take place between the two out-going quarks. In the eTe™ collision system, without the
complexity of parton distribution functions and large underlying events, one can mitigate
the smearing effect to allow for an understanding of finer correlation structures by defining
the angular correlations relative to the event thrust axis, which is a well-defined surrogate
of the hard process quark-pair direction using final-state particles. On the other hand, it is
hard to conclude the overall direction of the parton-level interaction with a single axis in
hadron-hadron collision.

In this paper, we present a detailed description of the analysis methodology and results
for the thrust-axis two-particle correlation function measurement. Measurement with the
thrust axis analysis provides a different view from the conventional beam axis analysis. For
the eTe™ annihilation process, the thrust axis analysis is less descriptive of the leading dijet
correlation while more sensitive to higher-order soft emissions.

We report on the measurement of two-particle angular correlation functions in high-
multiplicity ete™ annihilation events at /s = 10.52GeV and 10.58 GeV data taken by
the Belle experiment. The center-of-mass energy of the second dataset is set on the
T(4S5) resonance, with about one-fourth the events decaying from 7(4S5) states into BB
mesons. The two-particle correlation of the latter dataset is studied for the first time.
This measurement is sensitive to anisotropic correlations in the azimuthal angle due to the
resonance decays in the dataset, which we further discuss aided by Monte Carlo simulations.
The other dataset is 60 MeV below the resonance, and mostly composed of quark pairs
fragmentating into hadrons. Those are tests of the existence of ridge-like signals without
the complications from initial states. This study could also provide significant new input
to the phenomenological fragmentation models at the low-energy regime of the Belle data.
Taking advantage of the high statistics of the data, an extreme charged-particle multiplicity
reach of around 14 particles may be achieved, corresponding to 0.04% of all hadronic
eTe™ annihilation events and being about twice the average multiplicity. In addition, we
use simulations to better understand the correlation structure and a comparison of the
expectations from different event generators, offering insights to the fragmentation models
and a deeper look into the explanation of two-particle correlation.



The results are partially reported in ref. [1]; this paper puts more emphasis on intro-
ducing the thrust-axis two-particle correlations analysis methodology and understanding
the measured results by means of simulations. The presentation is organized as follows:
The data sample and corresponding event thrust distributions are reported in section 2.
Descriptions of the thrust-axis two-particle correlation function and the corrections applied
are given in sections 3 and 4. Two-particle correlations and the projected azimuthal differ-
ential associated yields are shown in section 5, as well as an estimate of the ridge-signal
upper limits. With Monte Carlo (MC) event generators, we compare and study correlation
functions in order to further understand the eTe™ collision at the low-energy regime in
section 6.

2 Experimental setup, data sample and the event thrust

We perform two-particle correlation measurements with Belle eTe™ collision data. Two
datasets, one at /s = 10.52 GeV and the other at 10.58 GeV are analyzed, corresponding to
about 89.5 fb™! and 332.2 fb! of integrated luminosity, respectively. The /s = 10.58 GeV
collision data is targeted at the 1°(4S) resonance and referred to as the “on-resonance
data”, while the other is called “off-resonance data”. Partial results for the off-resonance
dataset are released [1] with the intention of providing a complementary understanding of
two-particle correlations measured in hadron collisions with results from high-energy ete™
collision. The full measurement and the analysis details are documented in this paper.

The Belle experiment is configured with asymmetric 8 GeV electron and 3.5 GeV positron
beams, customized to study the decay-time-dependent C'P violation in B decays. Data are
collected with the Belle detector [31, 32], which is a large-solid-angle magnetic spectrometer
consisting of a silicon vertex detector (SVD), a 50-layer central drift chamber (CDC), an
array of aerogel threshold Cherenkov counters (ACC), a barrel-like arrangement of time-of-
flight scintillation counters (TOF), and an electromagnetic calorimeter (ECL) comprising
CsI(T1) crystals, all located inside a superconducting solenoid coil that provides a 1.5 T
magnetic field. An iron flux-return surrounding the coil is instrumented to detect Kg
mesons and muons (KLM).

The EVTGEN [33]- and PYTHIAG [34]- based Belle MC sample is used as the simulation
of ete™ annihilation events, including hadronic ¢q (¢ = u,d, s and c) fragmentation, 7(45)
decays, radiative Bhabha events, low multiplicity ete™ — {11~ (I = e or u) and two-photon
processes. This MC dataset is used to study reconstruction inefficiencies and thereby
deriving efficiency correction factors for the data. In the following, results with the Belle
MC sample are also provided accompanying data results.

Primary charged particles (table 1) in hadronic events [35] are used for the two-particle
correlation study. We require those particles to be within the detector’s angular coverage,
and apply a loose requirement on the track’s distance with respect to the interaction point
to ensure the selected tracks are from collisions. We focus on high-momentum tracks with
the transverse momentum pr > 0.2 GeV/c. Reconstruction effects such as duplicate low-pp
tracks and electron-positron pairs from photon conversions are also studied, with specific
removal treatments listed in table 1. After all selections, the subsequent reconstructed-track



Charged particles

Primary tracks o [reconstructed] decay promptly or from the long-lifetime
particle whose decay vertex from the interaction point is
less than 1 cm in the transverse plane

Long-lifetime particle candidates:

o KY (0.480-0.516 GeV/c?)

o A9/A° (1.111-1.121 GeV/c?)
o [MC-truth] decay promptly or from particles with proper
lifetime 7 < 1 cm/c

Acceptance particles’ polar angle (defined with respect to the opposite
direction of the e™ beam): 17° < 0 < 150°

High quality tracks pr > 0.2GeV/c

Impact parameter (tracks’ radial and z- distance from the interaction point)

|Ar| <2 cm, |Az| <5 cm
Duplicate track removal | veto the softer track of a low-momentum pair (pr < 0.4 GeV/c)
travelling with a small opening angle 4:

1. same-sign charges with cosd > 0.95

2. opposite-sign charges with cosd < —0.95
Photon conversion veto | veto track pairs which can form common vertices (V9 objects)
with

1. z distance between two tracks < 10 cm

2. reconstructed V9’s mass < 0.25 GeV/c?

3. decay-vertex radius > 1.5 cm

Neutral particles (for thrust calculation)

Cluster selection No association from tracks’ extrapolations

Acceptance particles’ polar angle (defined with respect to the opposite
direction of the e beam): 17° < 0 < 150°

Energy requirement Forward endcap: FE > 0.10 GeV
Backward endcap: E > 0.15 GeV
Barrel: E > 0.05GeV

Table 1. Summary table for particle selections. Track selections have been elucidated in ref. [1].
Neutral particles are selected mainly for the event thrust calculation.

multiplicity (N{%) is used for studying the correlation function’s multiplicity dependence.

Considering the computational cost, events with N{7F < 12 are analyzed with 11.5 fh!
and 11.7 fb~! partial samples for the off-resonance and on-resonance dataset, respectively,
whereas the full datasets are used for analyzing the rarer high-multiplicity events. Figure 1
shows the reconstructed-track multiplicity for the off-resonance and on-resonance datasets.
The multiplicity classes used in this study, their corresponding fraction of data, and

the mapping of average reconstructed multiplicities (Ni7f) to average multiplicities after

efficiency correction (N{g") are listed in table 2. The efficiency correction procedure is later

introduced in section 4.1.
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Figure 1. The reconstructed-track multiplicity (NiSy) distributions for (a) off-resonance and (b)
on-resonance samples. The corresponding integrated luminosity used for plotting is about 1.3 fb~!
for each. Results of the data (black dots) and the PYTHIA6G-based Belle MC (histograms) are overlaid.
The colored bins in gold, blue, red, brown and gray are the events with Nis° in [0,6), [6,10), [10,12),
[12,14) and [14, co) intervals.

NI in- Off-resonance On-resonance
terval [ Fraction (%) (N (Nem) | Fraction (%) (N (Ner)
[6,10) 44.33 6.98 7.05 48.80 7.06 7.18
[10,12) 2.65 10.26 10.12 3.93 10.29 10.20
[12,14) 0.29 12.20 11.90 0.53 12.23 11.99
[14, 00) 0.02 14.22 14.24 0.04 14.26 13.93

Table 2. Average multiplicities and corrected multiplicities with high-quality tracks for different
Niik intervals for the off-resonance and on-resonance datasets. These tracks pass requirements in
table 1: pp > 0.2GeV/c and 17° < 0 < 150°, hence the high efficiency.

Since the electron and positron beam energies delivered by KEK-B are different, events

are analyzed after being boosted to the eTe™ collision center-of-mass frame. The event

thrust axis 7 [36] is obtained through maximizing the sum of the projected particle momenta
on itself in the center-of-mass frame, formulated as

T ngx ZZ |Z)’L_‘)’n|7 (21)
> |Pil

where T is the resulting thrust value and p; is the momentum of the i-th particle, with the
sum extending over charged, neutral particles and the missing momentum. Neutral particles
are ECL clusters without an association from tracks’ extrapolations. Requirements on
the ECL acceptance and a cluster energy greater than 50-150 MeV depending on detector
regions are also applied. Detailed selections are summarized in table 1. The invisible objects,
such as neutrinos, and non-reconstructed particles at the reconstruction level are taken into



accounts as the missing momentum in the calculation of the event thrust, given by

PMET = — ) P. (2.2)

neu,chg * "

Figure 2 shows the event thrust distributions for the off-resonance and on-resonance dataset
in bins of N{7}, with the comparisons to the MC. The differences between data and MC are

addressed by reweighting studies which are discussed in section 4.2.

3 Two-particle correlation function in the thrust axis coordinate

To measure two-particle correlation functions, we first perform a boost back into the ete™
center-of-mass frame. Two-particle correlations are then calculated by using methods
previously employed in heavy ion collision and hadron collision measurements, which have
been introduced in ref. [1] and formulated as

1 dNRE S(An, Ag)

_ -~ pall i S A 3.1
Neor dandag P00 X Bian Ag) (3.1)

where N{Y™ denotes the number of tracks and NI the pairing yield, after efficiency
correction in the event. The correlation is analyzed in terms of the track-pair’s pseudorapidity
difference: An = £(n; —n;) and azimuthal angle difference: A¢ = +(¢; — ¢;). We count
four entries of angular differences per track pair by assuming that the correlation function is
symmetric about the origin (An, A¢) = (0,0). The right-hand side of the equation indicates
that the correlation is obtained by factoring out the baseline background correlation function
B(An, A¢) from the signal correlation function S(An, A¢), and scaled by the B(0,0) factor.

The signal and background correlation, formulated as

1 d2Nsame
S(AN,AP) = <o T
B(An, Ag) = S\ ‘
’ NS dAndAG’

count the per-trigger-particle! pairing yields within the same event and with the “mixed
event” [5, 13, 37-39]. A mixed event in this analysis is formed by pairing events with similar

trk- In the analysis, trigger particles from a signal event are matched with associated
tracks from three other events separately, in order to increase the statistical accuracy of the
mixed event sample. The pairing yield in the background correlation function (N™) is
obtained by counting the number of associated tracks in the mixed event for each trigger
particle in the signal event. Since the associated track and the trigger track come from
different events, the pair is totally uncorrelated. The scale factor B(0,0) is the bin value at
the origin of the background correlation function, accounting for the normalization of the

artificially constructed background function.

'To describe the pairing between two particles i-th and j-th, this paper uses the term “trigger particle”

for the i-th particle and the “associated particle” for the j-th one for convenience. In other two-particle
correlation analyses, there can be different selection criteria for trigger and associated particles, but in this
paper, both are from the same collection if not further specified.
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Figure 2. The thrust distributions for (a) off-resonance and (b) on-resonance samples using the
same partial samples as figure 1. Results of the data (points) and the PYTHIAG-based Belle MC
(hatched areas) are overlaid. The multi-panel histograms show the inclusive distributions and events
with Ni& in [0,6), [6,10), [10,12), [12,14) and [14, 00) intervals in black, gold, blue, red, brown and
gray, respectively.



In this work, we label the reference coordinate system of this classic two-particle
correlation formulation, referring to the beam pipe as its z-axis for the calculation of tracks’
n and ¢ coordinates, as the “beam axis coordinates.” However, the dominant energy flow
of the eTe™ collision events follow the directions of the out-going quark and anti-quark
produced in the electron-position annihilation, which differ event-by-event. Consequently,
in the fixed beam axis coordinate system, such dominant dijet-like topology can be smeared
out, affecting the observation of any smaller correlation structure. More specifically, the
leading and the subleading jets, which make up the main back-to-back correlation feature
in eTe™ collision data, will contribute with arbitrary pseudorapidity differences (i.e., not
necessarily at large An) depending on the outgoing dijet direction.

In addition to the conventional beam axis analysis construction, this paper documents
the methodology of novel two-particle correlations measured in the “thrust axis coordinates.”
This analysis method is devised initially by ref. [27] for eTe™ collision data, taking the
event thrust axis, which approximates the outgoing direction of e*e™ collision events at the
parton level, as the reference z-axis. The difference in the thrust axis analysis is that tracks’
coordinates (1, ¢) are recalculated with respect to the new reference z-axis, the thrust axis
fi. The reference axis for ¢ = 0 (or new reference x-axis) is assigned with 7 x (7 x 2),
where 71 and 2 are the unit vectors of the event thrust and the beam direction. This defines
a new set of coordinate values in the thrust axis reference frame (97, ¢r), which can be
used to calculate the angle separations and to form the signal and background correlation
distributions in eq. (3.1).

For the background correlation function calculation, we use the same event-mixing
method as the typical beam axis analysis by combining different events to form a mixed
event, which is then used to account for the random pairing baseline correlation in the thrust
axis analysis. However, since the thrust axis of each paired event is randomly orientated, a
thrust-mixing reweighting correction on particles’ thrust-referenced angular distribution
(nr, ¢r) is adopted. Such a correction is needed since the variation of the thrust axis
direction causes detector acceptance in the thrust coordinates to vary on an event-by-event
basis. The reweighting factor is obtained from a histogram division of the physical spectrum
by the mixed-event spectrum, written out as

dQNphys dQNmix
dinrldér” dinrldér | e
trk

reC) _

m(|nr|, o1, Nijk (3.3)
which can force the mixed-event single-particle angular distribution to mimic the physical
one. The reweighting factor is further applied as track weights on the background two-
particle correlation function B(An, A¢). This ensures that the event topology of mixed
events conform to that of physical events, and leaves the pairing of the trigger particle with
tracks from the mixed event uncorrelated at the same time.

Since the particle’s pseudorapidity evolves non-linearly towards divergence when getting
close to the reference axis, the two-particle correlation function observable defined on
the An-A¢ plane monitors mainly final states traveling in the transverse direction to the
reference axis. In other words, particle pairs with very large n values are beyond the scope
of interest for the An window. Thus, when measuring with the correlation defined with



respect to the beam axis for heavy ion collisions, one is looking at the mid-rapidity region
where final states expand from a possible QGP, while backgrounds from beam remnants
in the extreme forward and backward regions are out of the pseudorapidity coverage of
the observable defined. For the thrust axis coordinates, the mid-rapidity region probes the
physics of soft emission while the leading-order quark-initiated jet correlations with large
pseudorapidity differences are omitted.

A projection of correlations to the particle pairs’ azimuthal angle difference A¢ is also
studied, given by integrating and averaging two-dimensional correlation functions over An
from ANmin t0 ANmax,

A"']rnax
1  dNCoT 1 1 dQNcoyr
Y(A¢) = pall — / — P _gAn. 3.4
(89 N dA¢ Ammax — Afmin Neow dAndAg " (3.4)
Tmin

We explore this azimuthal differential associated yield for the full range of A¢ and in three
An regions: short range (0 < |An| < 1), middle range (1 < |An| < 1.5) and long range
(1.5 < |An| < 3.0). The long-range azimuthal differential associated yield is denoted as
Yi(A¢) in the following content.

4 Corrections

4.1 Tracking efficiency correction

With the Belle MC sample as introduced in section 2, we study the reconstruction effects
of nonuniform detection efficiency and misreconstruction bias. A reweighting factor is
applied to the reconstructed tracks by the inverse of the tracking efficiency, bringing the
reconstructed-track spectra closer to reflecting the geometrical acceptance of the detector.
The efficiency is given by

d3Nreco dSNgen

) 4.1
€ (pTJ 9 ¢7 trk) ded0d¢ / deded) Nrec ’ ( )
trk

where N8 denotes the number of primary charged particles (as defined in table 1) counted
at the generator level, and N denotes those at the reconstruction level. The tracking
efficiency correction addresses reconstruction effects such as the inclusion of secondary
particles and detector effects.

4.2 MC reweighting

There are potential differences between data and simulation: for instance, some processes
are not taken into account, or the proportion of each process is not estimated accurately,
etc. The MC sample used to model the reconstruction effects is thus reweighted to correct
for the imperfection in MC simulation. A “MC reweighting factor »” is applied as the event
weight to adjust the discrepancy. This factor is obtained by a histogram ratio,

d2 Ndata d2 NM C
iNowdT! INdT

r(Nwk, T') = ( (4.2)



where the numerator and the denominator are the data and MC event multiplicity (N¢x)
and thrust (7") distributions normalized by number of events, respectively. For events with
the number of tracks less than 12, the ratios are close to 1 (0.98-1.08), while the ratios are
larger in high-multiplicity events, shooting up to 1.14-1.34.

The MC reweighting factor r is incorporated into the calculation of the efficiency
correction factor (see eq. (4.1)) to derive the new factor &', given by

d3[r (N, T)N'e°]  d3[r (N, T)NED]
dprdfdg dprdfds

6,(pT, 9’ ¢)? if}i) = (43)

rec
Ntrk

4.3 Bin-size effect correction — B(0, 0) normalization extrapolation and long-
range correlations scaling

In the calculation of two-particle correlations (see eq. (3.1)), we account for the normalization
factor B(0,0) by extrapolation. This procedure is used to resolve any artificial bin-width
effect? in the conventional method, where B(0,0) is given by the yield in the zeroth bin.
The effects introduced by using finite-bin histogramming to approximate the correlation
function are studied independently for An and A¢. The impact of the variation of the A¢
bin width is checked to have a small effect on the B(0,0) value compared to that caused by
the variation of the An bin width. Therefore, we focus only on the correction of the An bin
choice dependency on the raw B(0,0) value, leaving the uncertainty regarding the A¢ bin
choice as one of the sources of systematic uncertainty.

The trend of the B(0,0) value as a function of the An bin-width configuration is
modeled with a second-order polynomial asymptotically approaching a constant as the An
bin width goes to zero. We use as the extrapolation of B(0,0), the value at the zero An
bin width.

For the beam axis analysis, a residual bin-size effect on the normalization of the long-
range azimuthal differential yield Y;(A¢) is found. Hence, we calibrate the long-range

correlation magnitude by the same approach as that to correct the B(0,0) value. The final
[ Yi(Ap)dAP]exs
S Yi(20)dAG st
is the total associated yield in the long-range region using a second-order-polynomial

beam-axis Y;(A¢) is multiplied by a scaling factor , where the numerator

extrapolation, and the denominator is the raw histogram value.

4.4 Residual MC correction

After the above corrections, remaining possible reconstruction effects are handled with the

bin-by-bin correction method [40]. The correction factor is derived from the ratio of MC
Y(A¢)gerl,ig

Y(A¢)1'eco,ir
indices i, and 4, are N7}’ bins counted at the generator and reconstruction level, respectively.

correlation functions at the reconstruction and generator level as C(A¢) = , where

The factors correct 2-5% discrepancies between the reconstruction and generator level. Final

2The correlation function taken as the number of pairing yields per An(Ag) is an expression of the
density function (d*N/(bin width)?), hence there is no trivial bin-width dependency. However, different
An(A¢) window sizes also affect the pairing yields average; this second-order bin size effect is estimated in
this work.

~10 -



Belle e'e’, beam axis
¥s=10.52 GeV

corr
pair

&N
N GAndA0

N e
'S N Wb
N s

1

corr
pair
corr
pair

N
NET dAndAd
N

RE™ dAndAG

N
NET dAndAd
-~ N
o Q1N U1 W

L
L

6 <N <10 10 <N < 12 12 <N < 14 [0 > 14

Figure 3. Beam-axis two-particle correlation functions for the off-resonance (top) and on-resonance
(bottom) data versus the reconstructed-track multiplicity N} in [0, 6), [6, 10), [10,12) and [14, c0)
intervals from left to right.

data correlation results are obtained from the multiplication of the original correlation
function with the bin-by-bin correction factor.

5 Results

Partial results of the two-particle correlations measured using the off-resonance dataset are
published in ref. [1]. In figure 3, beam-axis two-particle correlations for the off-resonance
and on-resonance data are shown as a function of Niy. The correlation structure in view of
the beam axis analysis can be understood in the following decomposition. The near-side
peak correlation, residing near (An, A¢) = (0,0), has contributions mainly from track pairs
that originate in the same jet. The away-side correlation, elongated along A¢ = , results
from back-to-back momentum balancing. This correlation in e™e™ annihilation has a feature
that tilts upwards to large An. Since the annihilation products of the eTe™ collision do
not happen to align with the direction of the beamline, this increases the probability of
finding back-to-back emitted final states at larger pseudorapidity difference. The typical
ridge correlation is the structure with A¢ =~ 0 and persisting over a wide range of An [16].
This is not visually observed in the Belle data.

Zoom-in displays of beam-axis correlation functions in different An ranges are shown by
azimuthal differential associated yield distributions in figures 4 and 5 with the off-resonance
and on-resonance data, respectively. Results for data (black points with error bars) and MC
(blue curves with error bars) are overlaid in the short range (left), middle range (middle)
and long range (right) region for comparison. Plot labels indicate the correlated systematic
uncertainties over A¢ bins; uncorrelated systematic uncertainties depending on the A¢ value

- 11 -
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Figure 4. Beam-axis azimuthal differential associated yields as a function of the reconstructed-
rec

track multiplicity Ni¢ for the off-resonance sample in the short-range (0 < |An| < 1), middle-range
(1 <]An| < 1.5) and long-range (1.5 < |An| < 3.0) regions in columns from left to right, respectively.

are plotted with gray boxes. There are some discrepancies in the near-side (A¢ ~ 0) and
the away-side (A¢ =~ m) peak values between the on-resonance data and MC results, while
for the eTe™ — ¢ off-resonance sample, the MC provides a better match with the data.
In figure 6, thrust-axis two-particle correlations for the off-resonance and on-resonance
data are shown as a function of the reconstructed-track multiplicity. The magnitude of
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(bottom) data versus the reconstructed-track multiplicity N} in [0, 6), [6, 10), [10,12) and [14, c0)
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correlations decreases significantly compared with that of the beam axis analysis, due to the
exclusion of the dominant back-to-back correlation at the extreme pseudorapidity difference.
The main correlation structure is the bump at the away-side region; compared with the
ete™ collisions at the Z-pole energy [27], a sizable near-side peak correlation is lacking.
We investigate this latter effect in section 6 by simulations, finding that the near-side
peak correlation of eTe™ annihilation depends strongly on the collision energy. In general,
qualitatively similar results are observed for the off-resonance and on-resonance data.

Figures 7 and 8 show details of the data and MC comparison for thrust-axis coordinate
azimuthal differential associated yields with the off-resonance and on-resonance data,
respectively. In the small An region, there are mild-level magnitude differences between
data and MC correlation. In the long range region, a qualitatively better agreement in
correlation function shapes between the data and MC is observed for off-resonance results;
however, there is up to a 5% larger discrepancy seen in the correlation function magnitude
for the on-resonance sample. For the search of the ridge signal, the ete™ — ¢q off-resonance
dataset reveals no evidence of special enhancement, as reported by the measurement with
ALEPH data [27] and the recent Belle Letter [1]. For the on-resonance data, it is worth
noting that there is an enhanced long-range near-side correlation. The enhancement is
visible for events with multiplicity greater than 10 in the rightmost columns of figure 8.
However, it doesn’t resemble the typical ridge structure observed widely in the large collision
systems, which is an enhanced correlation region over a broad range of An with small Ag.
We also observe a similar enhancement with MC, and provide further investigation of the
enhancement using MC in section 6.
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Figure 7. Thrust-axis azimuthal differential associated yields as a function of the reconstructed-
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track multiplicity NS for the off-resonance sample in the short-range (0 < |An| < 1), middle-range
(1 <|An| < 1.5) and long-range (1.5 < |An| < 3.0) regions in columns from left to right, respectively.
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e Prlr:.ai“y Tracking Event A¢ bin Bt((), 0)_ Long- M,Cht_
trk par I_C ¢ efficiency  selection width o r.a PO rang ¢ revxfelg
selection lation scaling ing

off-resonance

[6,10) 0.42 0.35 0.38 0.01 0.01 0.01 0.01

[10,12) 0.30 0.35 <0.01 <0.01 0.03 0.04 0.03

[12,14) 0.39 0.35 <0.01 0.02 0.04 0.08 0.04

[14, 00) 6.27 0.35 <0.01 0.02 0.14 0.30 0.20
on-resonance

[6,10) 0.25 0.35 0.25 0.02 0.01 0.01 0.02

[10,12) 0.02 0.35 <0.01 <0.01 0.02 0.03 <0.01

[12,14) 0.04 0.35 <0.01 0.03 0.01 0.01 0.04

[14, c0) 1.02 0.35 <0.01 0.02 0.02 0.05 0.08

Table 3. Beam axis analysis systematic uncertainties for the off-resonance and on-resonance data
as a function of the reconstructed-track multiplicity Nicc. All values are reported as percentages of
the long-range differential associated yield.

The systematic uncertainties due to selection and correction operations are calculated
with respect to the long-range associated yield Y;(A¢), and listed as percentages in tables 3
and 4 for the beam-axis and thrust-axis analyses, respectively. In the tables, correlated
systematic uncertainties for all A¢ bins are reported. The associated yield variation from
each systematic source discussed below is observed in general to be uniform along A¢, while
a mild level of non-uniform systematic uncertainty on the associated yield is observed in
the variation of the thrust mixing reweighting factor parametrization (see eq. (3.3)). The
effect is estimated to be of order 0.01%. The uncorrelated uncertainties depending on A¢
values are shown in the azimuthal differential associated yield plots (figures 4, 5, 7 and 8).

The primary particle selection systematic uncertainty is estimated by changing the
generator definition of the proper lifetime requirement 7 < 1 cm/c to the vertex requirement
V, < 1 cm. This variation of different truth-level definitions enters in the correction factor
calculation for the tracking efficiency. A 0.35% uncertainty on the reconstruction efficiency
for high-momentum tracks with pr > 200 MeV/c [41] propagates directly to the calculation
of the per-trigger-particle associated yield magnitude. The sample in this analysis passes
hadronic event selections [35], which requires the energy sum (Fgum) in the ECL to be greater
than 0.18y/s. We examine the systematic effect of hadronic event selection by tightening it
to 0.234/s. The variation of the event selection has an impact in the low-multiplicity region
primarily, while the effect is not significant for high multiplicity events.

We correct for the histogramming bin-size effect of the two-particle correlation function
by extrapolating to the zero An bin width discussed in section 4.3 and consider the A¢
bin choice as a source of systematic uncertainties. The nominal A¢ bin width is 0.157; we
recalculate with an alternative bin choice, corresponding to a bin width of 0.174. Either
are enough to describe the correlation function with perfect granularity. The resulting
difference is quoted as one of the systematics. We only use this alternative configuration
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Thrust
Pri B M
rec rany Tracking Event A¢ bin (0,0) C mixing
Nive particle . . . extrapo-  reweight- .
) efficiency  selection width ) . reweight-
selection lation ing .
ing
off-resonance
[6,10) 0.15 0.35 0.04 0.05 0.02 <0.01 0.16
[10,12) 0.01 0.35 0.26 0.06 0.04 0.02 0.03
[12,14) 0.71 0.35 1.32 0.03 0.06 0.02 0.09
[14, 00) 3.81 0.35 0.15 0.23 0.21 0.12 0.25
on-resonance
[6,10) 0.03 0.35 0.07 0.04 0.01 0.03 <0.01
[10,12) 0.27 0.35 0.06 0.05 0.03 0.01 0.04
[12,14) 0.47 0.35 0.02 0.02 0.01 0.03 0.02
[14, c0) 0.12 0.35 1.13 0.01 0.03 0.06 0.45

Table 4. Thrust axis analysis systematic uncertainties for the off-resonance and on-resonance data

as a function of the reconstructed-track multiplicity Nicc. All values are reported as percentages of

the long-range differential associated yield.

to evaluate the A¢ bin-width systematics, and assume similar changes in the case for
decreasing bin-width, given that the size of this uncertainty is roughly of order 0.01% and
therefore small in comparison to the dominating uncertainties. For the B(0,0) normalization
factor, we calibrate the bin-size effect by extrapolation with a second-order fitting curve.
The fitting error is propagated to the Y;(A¢) and is considered as one of the systematic
uncertainties. The uncertainty on the scaling factor of the long-range correlation magnitude
is also given by the propagation of the fitting error.

The systematic uncertainties of reweighting factors are studied by changing their
parametrization. For the MC reweighting factor (see eq. (4.2)), we change the dependence
from the event multiplicity and thrust to multiplicity only; for the thrust mixing reweighting
factor (see eq. (3.3)), we change the dependence from (|n|, ¢) to |n| only. The corresponding
difference on the correlation observable is quoted as the systematic uncertainty. The
systematic uncertainties on the residual MC correction factors are assessed by changing
the correction factors’ parametrization to two dimensions (An, A¢); hence, the alternative
correction factors are determined using the ratio of two-dimensional correlation functions.
Uncertainties in the correction factors are found to be no greater than 0(0.01%), which is
a negligible effect compared with other sources of systematics.

Systematic uncertainties from selections (including primary particles, tracks and the
hadronic events), totalling from approximately 0.4%-6.3%, contribute as dominant system-
atic uncertainties in this measurement. Larger uncertainties appear in high-multiplicity
bins, which are due to the limitation in statistics to acquire the precise track efficiency
correction factor, the MC reweighting factor and the thrust-mixing reweighting factor. In
the beam axis analysis, the variation of the event selection criteria has little effect on the
change of associated yields in events with multiplicity greater than 10, while in the thrust
axis analysis, since an additional operation of the thrust-mixing reweighting is applied, the
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uncertainties are greater. Other uncertainties are comparably small, contributing from
0.01% up to 0.5% in the difference of long-range associated yields.

A common measure for the structure of the associated yield function uses the “zero
yield at minimum” (ZYAM) method [42]. The minimum of the Y (A¢) associated yield is
shifted to the zero yield after a flat correlation contribution, denoted as a constant Cyzyawm,
is subtracted off. Since correlation functions are symmetric about A¢ = 0, we consider
three even-function fit templates

3
vo+2 Y vy cos(nAg),
=1

F(A) = ag + af(qub)z + ag cos(2A¢), (5.1)
ao + a1(A¢)? + az(Ad)*,

for the determination of the constant C'zyan correlation and the x coordinate of the minimum
(A¢pmin). Thereafter, the ridge yields are quantified by integrating ZYAM-subtracted
azimuthal differential associated yields over the long-range near-side (0 < A¢ < Admin)

region,
A¢min
Yiidge = / [Yi(A¢) — Czyam]dAg. (5.2)
0
For the measurement shows no obvious ridge-like structure, the ridge yield upper limit
is reported using the bootstrap method [43]. The measured azimuthal differential associated
yields are varied according to their statistical and systematic uncertainties and re-evaluated
with the ZYAM method to obtain an alternative ridge yield. The procedure is repeated two
million times to form the bootstrapped ridge yield datasets using the three fit templates
(see eq. (5.1)), where the most conservative 95% upper limits are reported. We report
95% upper limits of the ridge yield or the confidence level of ridge-signal exclusion at 10~7
as a function of the averaged corrected multiplicity (N{G:"). With the large Belle data
size, strong 5o ridge-signal exclusions at 10~7 are set in the beam axis analysis in most
multiplicity ranges for both the off-resonance and on-resonance data, except the highest
multiplicity bin (N{3" > 14) with the least statistics in the off-resonance sample, a 97%
confidence level of 1077 exclusion is set. The upper limit results of the thrust axis analysis
are summarized in figure 9. The off-resonance upper limits are less than O(1073) level for
the majority of events. The smallness of on-resonance long-range near-side enhancement,
as pointed out in figure 8, is quantified at about O(1073) to O(10~2). Upper limits are also
provided considering the quantitative significance level of the measured central values.
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6 Studies with event generators

Complementary to ref. [1], we provide the off-resonance and on-resonance results in full Ni&

analysis ranges comparing data with PYTHIAG-based Belle MC, PYTHIA 8.240 [44], HERWIG
7.2.2 [45] and SHERPA 2.2.5 [46] event generators for long-range azimuthal differential
associated yields after performing the ZYAM method. In this sub-section, we will call the
PYTHIAG-based Belle MC by its version number PYTHIAG, in comparison with other event
generators. Figure 10 displays the results.

Generators (PYTHIA8, HERWIG and SHERPA) compared here are configured based on
their default settings. More specifically, in PYTHIAS8 event generation, the Monash 2013
tune [47] (ete™ collision’s default tune) is used. The eTe™ — ¢g annihilation process
is simulated with the full interference between photon and Z-boson propagators (option
WeakSingleBoson:ffbar2gmZ), and the on-resonance production is generated by decaying
the 7°(4S) particle evenly into charged and neutral B-meson pairs, where the mass and
decay width of 7°(4S) are set to the corresponding world-average values [48].

In the HERWIG event generation, we require the order of electroweak coupling to be 2
(OrderInAlphaEW=2) and the order of strong coupling to be 0 (OrderInAlphaS=0) in the
hard process simulation. For the 7°(4S) resonance production, the built-in matrix element
for eTe™ colliding into a spin-1 vector meson (MEee2VectorMeson) is used. Decays of B
mesons are further done by the EVTGEN/PYTHIAS interface.

The SHERPA MC samples are generated with ag(Myz) = 0.1188, and a two-loop
correction of the running of g (ORDER_ALPHAS=1) is specified. Full mass effects of charm
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and beauty quarks are considered. For the 7°(45) resonance production, charged and neutral
B-meson pairs are generated with the same probabilities.

In general, there is no significant indication of multiplicity-dependent trends in the
comparisons of data and MC long-range correlations, while minor inconsistencies across
different multiplicity ranges could come from imperfections of the simulated multiplicity
distributions. As pointed out in ref. [1] using high-multiplicity results, PYTHIAG shows
good agreements with data in the off-resonance results (figure 10(a)). HERWIG and SHERPA
generators are also capable of describing the data correlations in the near-side region, but
have discrepancies in the away-side correlation magnitudes. In the thrust-axis analysis,
there are differences in data and MC correlation distribution shapes. MCs have flatter
correlations in the near-side region, while their away-side peaks are steeper than that of
data. Besides this general behavior, a notable feature is that HERWIG overshoots data as
A¢ < 1 and A¢ ~ m; SHERPA shows similar but smaller deviations.

Similarly, disagreements in the away-side correlation magnitude also appear in the
on-resonance beam-axis results for PYTHIA8, HERWIG, and SHERPA generators in figure 10(b).
But unlike the off-resonance case, there are over-predictions in the beam-axis away-side
magnitude from PYTHIAG. There is mild near-side enhancement in the on-resonance thrust-
axis correlations. This feature is also found in generator results, with PYTHIAG, HERWIG,
and SHERPA overshooting the data points, while PYTHIAS undershoots them.
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Figure 10. Comparison of the ZYAM-subtracted Y (A¢) in the range 1.5 < |An| < 3.0 for beam
(top) and thrust (bottom) axis analyses as a function of the charged-particle multiplicity. The
colored bands show simulation predictions from PYTHIA 6 (green), PYTHIA8 (yellow), HERWIG (blue)
and SHERPA (violet). Reconstruction effects on data (data points) are corrected, with error bars
representing associated statistical uncertainties, and the gray boxes the systematic uncertainties.
For visual purposes, the minimal statistical uncertainties of the MC correlation colored bands are
set to be 0.4% of the plotting ranges, and residual panels have minimum thresholds of 3% of the
plotting ranges.
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6.1 The thrust-axis origin-peak jet correlations with simulation

As pointed out in section 5, the result with Belle data in the thrust axis analysis lacks a
significant origin-peak correlation. We study this behavior with the SHERPA event generator,
simulating eTe™ annihilation events with collision energies ranging from 10.52 GeV up to
the Z-pole energy. The corresponding results are shown in figure 11. Initial state radiation is
turned off in this simulation. For different collision energies, radiation photons’ momentum
kicks have different levels of recoil effects on ¢g fragmentation events, which is an additional
unwanted complex factor for the correlation trend study as a function of fragmenting quarks’
energy. However, a consistent evolving trend of the magnitude of the origin-peak correlation
is seen with increasing collision energy for every multiplicity interval. Under the picture in
the thrust axis analysis, the main contribution to the origin-peak correlation is contributed
from jets fragmenting in the transverse direction of the event thrust axis. Increasing the
collision energy can also make these jets more energetic.

6.2 The thrust-axis long-range near-side enhancement of on-resonance data

We observe an enhancement of long-range near-side correlations with the on-resonance data,
as reported in section 5. MC simulation also reproduces a similar order of long-range near-
side excess; hence, we study this effect with the on-resonance Belle MC sample to further
understand the impact on two-particle correlation functions arising from B-decay events.

We show for consistency the two-particle correlations and ZYAM-subtracted associated
yields with separated B-decay and qq fragmenting processes in figure 12, based on the truth
level MC. As per expectation, the excess is mainly originated from B-decay. However, as
mentioned in section 5, the enhanced structures seen for these B-decay events (or for that
matter the on-resonance sample) have an intrinsic difference in shape from those reported
with heavy ions collisions. Recall for the latter, the typical ridge structure is an elongated
feature spanning a wide pseudorapidity range, but the enhancement seen in the B-decay
event sample are lumps only located at the long range regions. On the other hand, an
anisotropy in azimuthal angle for charged particle distributions is also not anticipated in
the B decay system, which is believed to be well described by the decay relations and
energy-momentum conservation. To understand the long-range near-side enhancement in
the B-decay events under the thrust axis analysis, a decomposition study of the correlation
contribution among two B mesons is performed. In the following, we examine the correlation
function with track pairs selected specifically from:

1. Single B meson decay products:
The associated particle and the trigger particle should be descendent from the same
B meson.

2. Different B meson decay products:
The associated particle and the trigger particle should be descendant from opposite
B mesons.

In figure 13, distinct patterns in the two-particle correlation functions and the long-
range ZYAM-subtracted yields are observed under these two circumstances. The sizable
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Figure 11. Thrust-axis two-particle correlation functions and the short-range (0 < |An| < 1)
associated yield projections (left two columns) for eTe™ annihilation simulated by SHERPA for
different collision energies. The increasing trend of origin-peak correlations relative to the collision

energy is observed regardless of the event multiplicity, and NS € [6, 10) is shown as representative
here. For comparison, beam-axis two-particle correlations under each energy benchmark are shown
in the right two columns.
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Figure 12. Two-particle correlation functions and long-range (1.5 < |An| < 3.0) ZYAM-subtracted
azimuthal differential associated yields for separated MC sources with the Belle MC. Panels (1a)-(1d)
are results with B-meson decays and panels (2a)-(2d) are those from ¢q fragmentation, in which
(a) and (b) show the lower multiplicity results with 6 < Ny < 10; (¢) and (d) show the higher
multiplicity ones with Ny, > 12. The long-range near-side enhancements are seen specifically in the
B decays MC sample in both the low- and high-multiplicity cases.

enhancement in the long-range near-side region is seen exclusively in the correlation function
calculated by track pairs from different B mesons. A complementary exercise with a toy
sample is checked in figure 13(3a)-13(3b). The toy sample is blended with two B mesons
picked up from uncorrelated events, and the event thrust axis is recalculated with the new
mixture of constituents. The calculation of the correlation function with track pairs from
different B mesons’ decay products using this toy sample dataset guarantees that there is no
special physical correlation across these two B meson’s decay products. The only correlation
in the blended toy sample is the momentum balance for the individual B mesons’ decays.
Therefore, the result concerns only the decay topology and the alignment of the thrust axis
with respect to two B decay systems. The blended toy sample replicates the correlation
function structure seen in crossing contribution in physical B-decay events (figure 13(2a)-
13(2b)). We provide a schematic explanation of enhanced near-side correlations under such
B-meson-pair-decay events in figure 14. The derived event thrust axis for the two- B-decay
event has a large probability to lie in the plane formed by two B mesons’ main decay
directions. The special circumstances further makes most of the constituents sit on either ¢
or m + ¢, yielding aggregated correlation at A¢ =~ 0 or A¢ =~ w. It is concluded that the
sculpted ridge signal in the B-decay events (or the on-resonance sample) is a consequence
of the special event topology and thrust axis alignment in two B meson decay systems.
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Figure 13. Two-particle correlation functions and long-range (1.5 < |An| < 3.0) ZYAM-subtracted
azimuthal differential associated yields for tracks (1) from the same or (2) across different B mesons
for every 1'(4S) — BB event with the Belle MC. Panel (3) shows the pairing yields counted from
different B mesons from the toy sample mixed from uncorrelated events.

7 Conclusions

This paper details the methodology and results of the two-particle correlations analysis
in thrust axis coordinates. The method has been first utilized in the measurement with
ALEPH data [27] and subsequently adopted in the Belle measurement [1]. To express
particle correlations for a randomly oriented event topology, such as arising in the eTe™
collision system, we suggest that this thrust axis analysis is the more appropriate coordinate
system compared to conventional fixed beam axis coordinates. The thrust axis provides an
estimate of the eTe™ — ¢ direction in the hard process. Constructed upon the thrust-axis,
two-particle correlations for eTe™ — ¢¢ events are an observable sensitive to higher-order
soft emission transverse to the leading dijet axis.

In a broader view, we report full results of two-particle correlations in both the beam
and thrust axis coordinate systems performed on datasets of eTe™ to hadronic final states
at /s = 10.52 GeV and /s =10.58 GeV. This amplifies the preceding Belle publication [1],
which focuses on the pure eTe™ — ¢ fragmentation dataset at /s = 10.52 GeV. As already
pointed out in that Letter, the thrust-axis correlation function distribution is different
from measurements in hadron collisions and high-energy e*e™ collisions in its shape, with
the significant near-side peak structure, interpreted as intra-jet correlation, not being
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Figure 14. A schematic diagram indicating how a special arrangement of two B decay system can
have a long-range near-side correlation. The orange cones represent the decay products from one of
the B mesons, and the blue cones are from the other B decay. Two B decay directions are expressed
with notations ég 1, €p 2. The event thrust direction # is prone to lie on the plane spanned by ég 1,
€B,2, hence dividing the decay products into two parts, aggregating at azimuthal coordinates around
¢ or m + ¢, respectively. In this configuration, the decay products from the opposite B mesons (the
orange and blue cones) easily contribute to the long-range near-side correlation.

seen. In this paper, we research qualitatively the correlation structure taking advantage of
simulations. By studying with the SHERPA event generator, we characterize the evolution
of the near-side-peak correlation magnitude from low-energy collisions towards the high
collision energies.

The two-particle correlation measurement with the 7°(4S) on-resonance dataset is
presented for the first time. A low-scaled long-range near-side enhancement is observed in
data for the thrust-axis two-particle correlations. However, this enhancement is different
from the more familiar elongated ridge structure over a broad An range as reported in pp
collisions and heavy ion experiments. Monte Carlo simulations are able to qualitatively
replicate these new features of the on-resonance correlation data. It is concluded that such
a special topological arrangement within a decay system can give rise to such correlations.
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