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Abstract: We present a measurement of the integrated luminosity of e*e™ collision data collected by the BESIII
detector at the BEPCII collider at a center-of-mass energy of E., = 3.773 GeV. The integrated luminosities of the
datasets taken from December 2021 to June 2022, from November 2022 to June 2023, and from October 2023 to
February 2024 were determined to be 4.995+0.019 fb~!, 8.157+0.031 fb~!, and 4.191+0.016 fb~!, respectively,
by analyzing large angle Bhabha scattering events. The uncertainties are dominated by systematic effects, and the

statistical uncertainties are negligible. Our results provide essential input for future analyses and precision measure-

ments.

Keywords: Bhabha scattering events, integrated luminosity, cross-section

DOI: 10.1088/1674-1137/ad70a0

I. INTRODUCTION

Luminosity plays a crucial role in quantifying the size
of a dataset and is a fundamental parameter for measur-
ing various physics processes, particularly cross-sections.
The number of events for process e*e™ — X (where X de-
notes any possible final state) in e*e” collision data can
be expressed as

Ne"’e‘—)X = -E X Ue*e‘—)X(Ecm)a (1)

where £ denotes the integrated luminosity of the dataset,
Oy 18 the cross-section for process e*e” — X, and
E.n is the center-of-mass energy. In principle, any pro-
cess with a known cross-section can be used to determ-
ine luminosity. However, quantum electrodynamics
(QED) processes are advantageous owing to their high
production rates, simple final state topologies, and cross-
sections that are known with high theoretical precision.
Datasets at E., =3.773 GeV were collected by the
BESIII detector at the BEPCII collider from December
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2021 to June 2022 (DATA I), from November 2022 to
June 2023 (DATA II), and from October 2023 to Febru-
ary 2024 (DATA III) for systematically investigating the
properties of (3770) and D meson production and de-
cays. Accurately determining the luminosity of this data-
set is important for various purposes. It is essential for
measuring the cross-section of e*e” — ¥(3770) — DD,
calculating the normalization factors in strong-phase
measurements of D° decays [1, 2], and reducing the sys-
tematic uncertainty of analyses using the single tag meth-
od [3]. Additionally, this luminosity is used to normalize
the Monte Carlo (MC) sample size and to estimate the
continuous background in the (3686) dataset [4, 5]. This
paper presents a measurement of the integrated luminos-
ity of DATA I, DATA 1II, and DATA III using large angle
Bhabha scattering events. This dataset is currently the
world's largest collection of e*e™ collision data at the
¥(3770) resonance peak.

II. BESIII DETECTOR AND MONTE CARLO
SIMULATION

The BESIII detector [6] records energy-symmetric
e*e” collisions provided by the BEPCII storage ring [7] at
E.., ranging from 2.0 to 4.95 GeV, with a peak luminos-
ity of 1.1x10% cm™s7! achieved at E.,, = 3.773 GeV in
2023. BESIII has collected large data samples in this en-
ergy region [8—10]. The cylindrical core of the BESIII
detector covers 93% of the full solid angle and consists of
a helium-based multilayer drift chamber (MDC), plastic
scintillator time-of-flight system (TOF), and CsI(TI) elec-
tromagnetic calorimeter (EMC), which are all enclosed in
a superconducting solenoidal magnet providing a 1.0 T
magnetic field. The solenoid is supported by an octagon-
al flux-return yoke with resistive plate counter muon
identification modules interleaved with steel. The charged-
particle momentum resolution at 1 GeV/c is 0.5%, and
the dE/dx resolution is 6% for electrons from Bhabha
scattering. The EMC measures photon energies with a
resolution of 2.5% (5%) at 1 GeV in the barrel (end cap)
region. The time resolution in the TOF barrel region is 68
ps, while that in the end cap region is 60 ps [11-13].

Simulated data samples produced with a GEANT4-
based [14] Monte Carlo (MC) package, which includes
the geometric description of the BESIII detector and the
detector response, were used to determine detection effi-
ciencies and estimate backgrounds. The QED processes
were simulated with the Babayaga@NLO generator
[15—18]. The width of ¥(3770), beam energy spread, ini-
tial state radiation (ISR), and final state radiation (FSR)
were considered in the simulation. The configuration
parameters of the Bhabha signal MC (e*e™ — (y)e*e™) are
listed in Table 1. Regarding other processes, the simula-
tion modeled the beam energy spread and ISR in the e*e”
annihilations with the KKMC generator [19, 20]. The in-

clusive MC sample was used to simulate all possible pro-
cesses of e*e collision, including the production of DD
pairs (with quantum coherence for the neutral D chan-
nels), the non-DD decays of y(3770), ISR production of
the J/y and ¢(3686) states, and continuum processes in-
corporated in KKMC [19, 20].

All particle decays were modeled with EVTGEN [21,
22] using branching fractions either taken from the
Particle Data Group [23], when available, or otherwise
estimated with LUNDCHARM [24]. FSR from charged
final state particles was incorporated using the PHOTOS
package [25].

In the simulation above, the run-by-run based calibra-
tion was applied, considering the beam energy fluctu-
ations and other time-dependent effects. The duration of
each run was typically one hour. The calibration of E.,,
which takes advantage of the small uncertainty in known
D mass mp [23] and the excellent resolution of the MDC
and EMC, was carried out using the following equation:

Eem =2Ep,E3 = E3 + (mpc?)? — (MBLc?)%. )

Here, E, is the uncalibrated beam energy, i.e., 3.773
GeV, and Ml denotes the fitted peak of the beam-con-
strained mass of the D mesons. This is calculated using
Mi.c* = \/E} - p3c?, where pp is the momentum of D
measured in the center-of-mass system of the e*e™ colli-
sion using decays D°— K n*, D°— K a*n*n~, and
D* — K~ n*n*. Essentially, Eq. (2) is equivalent to E2 =
p*+mc*. The distributions of Mgc, instead of pp, are
used because My offers better resolution, and the fit to
Mpc is more easily controlled. According to the above
analysis, calibrated E., varies by 2—3 MeV around the
expected 3.773 GeV with an uncertainty of approxim-
ately 0.02 MeV. Details of the fit and particle reconstruc-
tion are introduced in Ref. [26].

II1. METHOD

The integrated luminosity of data is usually measured
with three QED processes: e*e™ — (y)ete™, ete” — (y)yy,
and e*e” — (y)utu . Symbol "(y)" represents the possible
presence of photon(s) resulting from ISR or FSR. Given
that the uncertainties associated with reconstructing elec-

Table 1.
used to simulate Bhabha events.

Configuration of the Babayaga@NLO generator

Parameter Value

Center-of-mass energy Calibrated E¢py

Beam energy spread 0.97 MeV
Minimum cos 6 -0.83
Maximum cos 6 0.83
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trons are smaller than those of photons and muons, and
the statistical uncertainty of Bhabha events is almost neg-
ligible, only Bhabha events were used to measure lumin-
osity. Furthermore, Bhabha events at small angles, i.e., in
the direction of the e*e” beam, predominantly interact
with the end cap region of the detector. This region ex-
hibits more gaps and worse resolution compared to the
barrel region. The generator simulation at small angles is
also less precise. Given that large angle Bhabha events
provide a negligible statistical uncertainty, we exclus-
ively used them to measure the integrated luminosity of
the dataset. The large angle region is defined as
|cos8| < 0.83, where 6 is the polar angle of the final state
electron (positron) relative to the beam direction.
The integrated luminosity of data is determined by

obs _
L= ZN x(d=m) 3)

o X € Xene

In this equation, index i indicates different runs, and
the integrated luminosity of the dataset is obtained by
summing over these runs. Variables N°*, o, €, 7, and
€"¢ represent the number of observed Bhabha-event can-
didates, the production cross-section of the Bhabha pro-
cess, detection efficiency, contamination rate, and trigger
efficiency for collecting events in the on-line data acquis-
ition system, respectively. The Babayaga@NLO generat-
or [15—18] was employed, with E,, calibrated on a run-
by-run basis, to calculate the cross-section, generate sig-
nal MC events for process e*e” — (y)e*e”, and estimate
the detection efficiency.

IV. LUMINOSITY MEASUREMENT

A. Event selection

Candidate Bhabha events were required to have ex-
actly two oppositely charged tracks detected in the MDC.
Each track was required to satisfy a distance of closest
approach to the interaction point of less than 10 cm along
the z axis (the symmetry axis of the MDC) and less than 1
cm in the transverse plane. Additionally, each candidate
track was required to lie within polar angle region
|cosf| < 0.8 to ensure interaction with the barrel of the
EMC.

To suppress the e*e™ — (y)u*u~ background, depos-
ited energy Egyc in the EMC by each track, shown in
Fig. 1, was required to fall within the 1.0 < Egyc <
2.5 GeV range. Furthermore, the sum of the momenta of
both tracks, shown in Fig. 2, was required to be larger
than 09X E,, to suppress background events, which
mainly arise from processes involving J/¢ in the final
state, e.g., ee” = (VJ/Y, ee” = (YW (3686) = (V)J/YX,
and ete” — Y (3770) — (y)J/yX. To eliminate the back-

L B B R S B DY

-20

S pat L O
0 0.5 1 1.5 2

EMC (GeV)

. . e+ e
(color online) Distribution of Ef. versus Efy .

Fig. 1.
from a subset of the data sample. The cluster concentrated at
the upper right corner is the Bhabha signal, whereas the small
cluster at the lower left corner is the ete™ — (y)u*u~ back-
ground. The horizontal and vertical bands are caused by ISR

and FSR in the Bhabha and e*e™ — (y)u™u~ events.

ground from energetic cosmic rays, the momentum of
each track was required to be less than E.,/2 +0.30 GeV.

The two oppositely charged tracks in the candidate
Bhabha scattering events are produced to be back to back.
However, owing to the presence of a magnetic field, their
trajectories are bent, resulting in their corresponding
shower clusters in the xy-plane of the EMC not being
back to back. To quantify this angular difference, vari-
able 6¢ is defined as |¢; — ¢,| — 180°, where ¢, and ¢, are
the azimuthal angles of the two clusters in the EMC. The
distribution of §¢ is shown in Fig. 3; it was imposed that
5° < |6¢| < 40°. This constraint effectively eliminates the
background from the e*e™ — (y)yy process.

B. Background estimation

Residual background events stem from various
sources, such as the ISR production of J/iy and (3686),
ete” — (y)yy, ete” - y(3770) —» DD, e*e” — ¢(3770) —
non-DD, and e*e” — continuum processes. These back-
ground contributions are estimated by analyzing the cor-
responding background MC events. The contamination
rate for the candidate Bhabha events is calculated as

Ny /(Nyis +Nie), where Ny and Nyc are the num-
bers of Bhabha and background MC events that satisfy
the selection criteria, respectively. These numbers are
normalized according to the individual cross-sections.
The resulting contamination rate is n =3 x 107*.

C. Detection efficiency and cross-section
To estimate the detection efficiency for the Bhabha
events, an e*e” — (y)e*e” signal MC sample was gener-
ated for each run wusing calibrated E., and the
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Fig. 2. (color online) Distribution of p.+ + p,- from a subset

of the data sample. The background is not visible owing to the
very low contamination rate of 7 = 3x 107, The pink arrow in-
dicates the > 0.9 x E.,, requirement.
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Fig. 3.
ted e* and e~ tracks from a subset of the data sample. The
background is not visible owing to the very low contamina-
tion rate of n=3x10"*. The pink arrows indicate the

5° < |6¢| < 40° contraint.

Babayaga@NLO generator [15—18]. The MC samples
were generated within the range of |cos6| < 0.83, where 6
represents the polar angle of final states e* and ¢~. By ap-
plying the same selection criteria as those used in the data
analysis to these MC samples, the efficiency was calcu-
lated as the ratio of the number of selected signal MC
events to the generated number of events. The cross-sec-
tion for each run was also estimated using Babayaga@
NLO, taking into account the calibrated E., of each run.
A total of 2 billion signal MC events were generated,
which corresponds to approximately the same size as that
of the data. This large sample size allows neglecting the
uncertainty arising from the statistics of the signal MC
sample. The detection efficiency and cross-section with-
in |cosf <0.83 at 3.773 GeV were determined to be
61.09% and 147.47 nb, respectively, with fluctuations on
the order of 0.1% for different runs due to variations in
E.n.

D. Integrated luminosities

The number of observed Bhabha events for each run
N was determined by counting the events that satisfy
the selection criteria outlined in Sec. IV.A. In total,
450.97 x 10°, 736.88x10°%, and 379.45x 10° events were
obtained for DATA I, DATA 1I, and DATA III, respect-
ively. The trigger efficiency e for collecting e*e™ —
(y)ete™ events was measured to be 100% with a statistic-
al uncertainty of less than 0.1% [27].

Inserting the number of observed Bhabha events, the
trigger efficiency, contamination rate (Sec. IV.B), detec-
tion efficiency, and cross-sections within |cos6| < 0.83
(Sec. IV.C) into Eq. (3), the integrated luminosities were
determined to be 4.995+0.019 fb~! for DATA I, 8.157+
0.031 fb~! for DATA II, and 4.191+0.016 fb~! for
DATA III, with negligible statistical uncertainties. Sys-
tematic uncertainties are discussed in the next subsection.

E. Systematic uncertainty

The systematic uncertainty arising from the MDC in-
formation, which includes the MDC tracking efficiency
and momentum requirement, was determined to be 0.29%
by comparing the integrated luminosities measured with
and without MDC information. The distribution of &¢
without MDC information applied is shown in Fig. 4; the
efficiency increases by approximately 5%. The dominant
background is e*e™ — (y)yy, which is at the 0.15% level.
The systematic uncertainty associated with the Egyc re-
quirements was estimated by varying the requirement
from 1.0 to 0.9 or 1.1 GeV. This variation resulted in a
change of 0.16% in the luminosity for both tracks. To es-
timate the systematic uncertainty caused by the cos@ re-
quirement, the integrated luminosity was determined with
|cosf] < 0.75 or 0.70, and the difference from the stand-
ard selection of |cosé| < 0.80 was found to be 0.13% for
both tracks, which is assigned as the corresponding sys-

(o)
=
S

x10°

Events / (0.1 degree)
N
S

2% =20 o
oo (degree)

Fig. 4. (color online) Distribution of 5¢ between the selec-
ted ™ and e~ tracks without MDC information from a subset
of the data sample. The peak at ¢ =0 is the ete™ — (y)yy
background.

20 40
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Table 2. Relative systematic uncertainties in the luminosity determination.
Source Uncertainty (%)

MDC information 0.29

Egenmc 0.16

cosf 0.13

66 0.02

Trigger 0.10

Generator 0.10

Total 0.38

Table 3.

Numerical results for DATA 1, DATA 11, and DATA III along with the data collected from 2010 to 2011 (DATA 2010)

[27], number of observed events (Nops ), integrated luminosity (£), and numbers of D°D® (Npoz0) and D*D™ (Np+p-).

Sample Nops (100) L /fb! Npopo (10%) Np+p- (10)
DATATI 450.97 4.995+0.019 18.06 +0.21 14.14+0.16
DATA IT 736.88 8.157 +0.031 29.49+0.34 23.08 +0.25
DATA III 379.45 4.191+£0.016 15.15+0.18 11.86+£0.13
DATA 2010 [27] 283.95 2.932+0.014 10.60+0.13 8.30+0.09
TOTAL 1851.25 20.275+0.077 73.29+0.84 57.38+0.61

tematic uncertainty. The uncertainty due to the d¢ signal
region selection was estimated to be 0.02% by compar-
ing the integrated luminosities obtained by changing the
lower limit from 5° to 0°, or the higher limit from 40° to
20° or 30°. The uncertainty arising from the trigger effi-
ciency [27] and the theoretically calculated cross-section
using the Babayaga@NLO generator [17, 28] are both
0.1%. The uncertainties from the MC statistics and the
contamination rate are negligible.

All contributions to the systematic uncertainty are
summarized in Table 2. The total systematic uncertainty
was obtained by adding all individual contributions in
quadrature.

V. SUMMARY

By analyzing large angle Bhabha scattering events,
we measured the integrated luminosity of the e*e™ colli-
sion data collected at E.,, = 3.773 GeV from 2021 to 2024

with the BESIII detector at the BEPCII collider. These
are crucial normalization factors for experimental studies
of the production and decays of the ¢(3770) and D
mesons. Using the cross-sections of o(e*e” — D°D°) =
(3.615+0.0104, £0.038,,) nb and o(ete” > D*D")=
(2.830+0.0114, £0.026,,5) nb [29], one can obtain the
numbers of D°D® and D*D~ pairs in data. All numerical
results are summarized in Table 3. Along with the
(2.932+0.014) fb~! data collected from 2010 to 2011 [30,
31], BESIII has accumulated data sets with a total integ-
rated luminosity of (20.275+0.077) fb~! at E., =3.773
GeV. These results offer fundamental inputs for physics
analyses based on these data samples [32, 33].
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