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Based on electron-positron collision data collected with the BESIII detector operating at the
BEPCII storage rings, the value of R = o(e*e™ — hadrons)/o(ete™ — pu™) is measured at 14
center-of-mass energies from 2.2324 to 3.6710 GeV. The resulting uncertainties are less than 3.0%,

and are dominated by systematic uncertainties.

The lowest-order cross section of ete~ — hadrons,
known as the R value in units of the cross section
of the QED process ete™ — utp~, is one of
the most important quantities in particle physics [1].
Precision measurements of the R value at lower energies
contribute to the Standard Model (SM) prediction of
the muon anomalous magnetic moment [2]. The latest
direct measurement from Fermilab, after combining with
the previous measurements, increases the discrepancy
between experiment and SM theory to 4.2 standard
deviations [3]. In addition, the R value also contributes
to the determination of «(M%), the QED running
coupling constant evaluated at the Z pole, which provides
another precision test for the SM and is essential to
perform electroweak precision physics at future colliders.
Many experiments have measured the R value at
low energies (below 5 GeV) [4-17], and the latest
measurement with the KEDR detector has achieved a
precision of better than 3.0% above 3.1 GeV [17].

In this work, the R value is measured at 14 center-of-
mass (c.m.) energies (v/s) from 2.2324 to 3.6710 GeV,
where the data sets are collected with the BESIII
detector [18] at BEPCII. The detector has a geometrical

acceptance of 93% of the 4w solid angle. It contains a
small-celled, helium-based main drift chamber (MDC), a
time-of-flight system (TOF) based on plastic scintillators,
an electromagnetic calorimeter (EMC) made of CsI(T1)
crystals, a muon system (MUC) made of resistive plate
chambers, and a superconducting solenoid magnet.
Experimentally, the R value is determined with

obs
Niaa — N bkg

b
Uguﬁintstrigghad (1 + 5)

R= (1)

where N¢b5 is the number of hadronic events directly
counted from data, Npke is the number of remaining
background events, of, = 4mwa?(0)/(3s) is the leading
order cross section of ete”™ — ptu™, Ly is the
integrated luminosity of the data sample, ez is the
trigger efficiency for hadronic events, ep,q is the detection
efficiency for inclusive hadronic events, and (1+ ) is the
initial state radiation (ISR) correction factor.

As afirst step, eTe™ — eTe™ oreTe™ — v events are
identified and then rejected by requiring: (i) at least two
showers in the EMC; (ii) the angular difference |Af| =
|61 + 62 — 180°| less than 10°, where 6, 2 are the polar
angles of the two most energetic showers; (iii) the energy



deposition of the second most energetic shower of the
event larger than 0.65FEyeam, where Fyeam represents the
mean energy of the colliding beams.

For the remaining events, good charged hadronic
tracks, which are referred to as prongs hereafter, are
selected by imposing the following requirements: (i) the
distance of the closest approach of these tracks to the
interaction point (V,, V) is required to be within 5 cm
along and 0.5 cm perpendicular to the symmetry axis of
the MDC; (ii) the charged tracks must lie in the accep-
tance region of the MDC, i.e. |cosf| < 0.93, where 6 is
the polar angle of the tracks; (iii) charged tracks which
are not originated from the electron-positron collision,
such as deuterons, are removed by x, < 10 with x, =
(dE/dx — dE/dz,)/0p, where dE/dx is the average
energy loss directly measured in the MDC and dE/dz,
is the corresponding value expected for protons with a
predicted uncertainty o,; (iv) momenta of these charged
tracks should be smaller than 0.94ppeam, where Ppeam
denotes the mean momentum of the colliding beams; (v)
charged tracks with both E/(pc) > 0.8 and p > 0.65pbeam
are removed, where F is the deposited energy in the EMC
and p the momentum measured by the MDC; (vi) any
two oppositely-charged tracks both with E/(pc) > 0.8
will be regarded as arising from the gamma-conversion
process [19] and excluded as long as their invariant mass
is less than 0.1 GeV/c? and their opening angle is less
than 15°.

To select hadronic events, at least two good charged
tracks are required. For two-prong events, the two
charged tracks should not be back-to-back, and the corre-
sponding number of isolated photons (N ") should be
larger than one. Two charged tracks are regarded to be
back-to-back as long as both |Af| = |01 +602—180°] < 10°
and |A¢| = ||¢1 — d2| — 180°| < 15° are satisfied, where 0
and ¢ are the polar and azimuthal angles of the charged
tracks, respectively. An isolated photon is selected from
showers in the EMC by requiring the deposited energy to
be larger than 100 MeV, the opening angle to the closest
charged track larger than 20°, and the timing of the
shower within 700 ns from the start time of the event. For
three-prong events, the two charged tracks with highest
and second highest momentum must not be back-to-back,
and the number of charged tracks with E/(pc) > 0.8
should be less than two. In addition, the number of
charged tracks with rpp > 0.25 must be less than two,
where rpip = P(e)/ >, P(i), with ¢ = e, m, K, p and
where P(i) is the particle identification (PID) proba-
bility calculated by combing MDC and TOF information.
Events with more than three prongs are directly counted
as hadronic events without any additional requirement.

Although the above inclusive hadronic selection
criteria are applied, there are still residual background
events contributing to Nﬁg} coming from lepton pair
production, two-photon processes, and beam-associated
processes. Simulated data samples produced with a
GEANT4-based [20] Monte Carlo (MC) package, which
includes the geometric description of the BESIII detector

and the detector response, are used to estimate the
background yields. The ete™ — eTe™, vy, and ptpu~
processes are generated by BABAYAGA 3.5 [21], while the
ete™ — 7777 process is simulated by KkMC [22] with
the subsequent decays of 7 modeled by EVTGEN [23].
The two-photon processes ete™ — ete™ X with X =
ete , utu=,m, n,7tn, and K™K~ [24] are simulated
using the generators DIAG36 [25], EKHARA [26] and
GALUGA 2.0 [27].

Beam-associated background events, which originate
from beam-gas interactions and Touschek scatterings,
could be misidentified as signal events [18]. An event
vertex along the beam direction V2V, defined as the
average of V, of all the good charged tracks, and another
one VY . taking into account also those tracks not
satisfyfng the V, requirement, are used to estimate the
number of the beam-associated events. In the [V)7 (|
distribution, (0,5) cm is taken as the signal region and
(5,10) cm the sideband. The number of events in this
sideband region is taken as that of beam-associated
events. Alternatively, the V' distribution is fitted
with a double Gaussian as signal and a background
shape obtained from separated-beam data. The two
methods give consistent results, which are also confirmed
at /s = 2.4000 and 3.4000 GeV by directly analyzing the
separated-beam data and scaling according to the corre-
sponding data-taking time.

The integrated luminosity is determined by analyzing
large-angle Bhabha events at each c.m. energy [28]. The
trigger efficiency for hadronic events is nearly 100% [29].

To estimate the hadronic detection efficiency, the
LUARLW model, developed to simulate the inclusive
hadronic events [30, 31], is used. After the ISR
process, resonance and continuum processes are produced
according to the respective cross sections at the effective
c.m. energy (v/s'). All allowed 1~ resonances, including
p(770), w(782), ¢(1020), J/¢ and their excited states
are implemented in the LUARLW generator with corre-
sponding resonance parameters taken from the PDG [32].
In the LUARLW generator, the conventional resonances
decay according to the branching fractions listed by
the PDG, while the hadronic as well as some radiative
decays of J/v¢ meson and the production of continuum
process at any s/ are modeled by the Lund Area
Law [31]. In this Area Law, a group of param-
eters controlling the sampling of flavors, multiplicities
and kinematic quantities of generated initial hadrons,
are tuned according to extensive comparisons between
simulation and data in a large number of variables.
The agreement after tuning is demonstrated in Fig. 1,
where the signal MC sample is compared with data in
some of the critical distributions at /s = 3.4000 GeV
after subtracting the QED-related and beam-associated
background contributions. Further comparisons show
that the tuned LUARLW MC generator can reasonably
reproduce inclusive hadronic events in experimental data
at all the c.m. energies utilized in this work.

The Feynman diagram (FD) scheme is used to simulate
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FIG. 1. Comparisons between data (black dots) and LUARLW
MC generator (red histograms) at /s = 3.4000 GeV, where
Nprg is the number of prongs, and NZ2P™ is the number of
isolated photons in 2-prong events. Track-level variables 6, FE
and p stand for the polar angle, deposited energy in EMC
and MDC measured momentum of each prong. The MC
simulation distribution is normalized to that in data by the
ratio of the corresponding number of total events or tracks.
The blue dots denote the relative differences.

the ISR process in the LUARLW generator and calculate
the correction factors (1+0) after formalizing the contri-
bution of the vacuum polarization (VP) correction with
the complex expression 1/|1 — II(s)|? instead of the four
real terms used in Ref. [9]:

F(JI, S) Ugad(s/) dz. (2)

145 Overt +/zm
L=TI(s)[*  Jo 1 —TI(s)[* op,4(s)

Here, x = 1— /s and x,, = 1 —4m?2 /s is the maximum
allowed energy fraction of the ISR photon in the process
eTe™ — 7, and yer accounts for the contribution of
the initial state vertex correction and F'(z, s) denotes the
radiator function of the FD scheme [9]. Contributions
of leptons and narrow resonances to the VP operator
II(s) are calculated analytically [33, 34], while that of
the remaining hadronic processes is determined via the
dispersion relation [9] and optical theorem [15]. Since
o .q(s), which parameterizes the lowest order hadronic
cross section from both the continuum and resonance
processes, is used as input to II(s) and (1+4), an iterative
procedure is performed based on oy, = Ro), and the
final R value is obtained when the iteration converges.
The systematic uncertainties on the R values are
addressed according to the inputs in Eq. (1). All
selection criteria are varied around their nominal values
to estimate corresponding changes in Nﬁgj, Npke, and
€had- The resulting deviations of the R values, which
are found to be less than 0.8% for all c.m. energies, are
regarded as the systematic uncertainties of the event
selection. For the uncertainties of the QED-related
background estimation, cross checks are performed by
using the BABAYAGA NLO [35] package for ete™ — ete™
as well as vy processes, and the PHOKHARA [36] generator
for utp~ events. For the ete™ — 777~ process, the

uncertainty of the KKMC program is negligible, due to
the accuracy of the simulation and the small fraction of
this background. In addition, the missing two-photon
channels like eTe™ — ete 70 and the observed contri-
butions from some intermediate states such as the p(770)
and f(1270) in process ete™ — ete w7, which are
not included in the current two-photon MC samples,
are also considered as systematic uncertainties. The
total uncertainty of the R values due to QED-related
background processes is less than 0.5% due to the small
fraction of QED-related events in Nﬁgg. The difference
in the number of the beam-associated background events
estimated by the sideband and fit methods, which is
found to be less than 0.7%, is taken as the systematic
uncertainty. The uncertainty of 02 can be neglected
since it can be exactly calculated in QED [33]. The
uncertainties of the integrated luminosity and the trigger
efficiency are obtained to be 0.8% [28] and 0.1% [29],
respectively.

The most crucial sources of systematic uncertainties
in this work originate from the simulation of the
inclusive hadronic events and the calculation of the
ISR correction factors. To estimate the corresponding
uncertainties, a composite generator, referred to here
as Hybrid, has been developed and investigated inten-
sively [37].  The Hybrid generator integrates the
CONEXC [38], PHOKHARA and LUARLW models. CONEXC
simulates a total of 47 exclusive processes according to
a homogeneous and isotropic phase-space population,
but reproducing the measured line shapes of the
absolute cross section. PHOKHARA generates ten
well-parameterized and established exclusive channels,
including ete™ — at7n~, 7atr 7% atr 7" and
nta~wtr~ [36]. The remaining unknown decays of the
virtual photon are modeled by LUARLW. To implement
as much experimental knowledge as currently available,
processes containing intermediate states such as K*(892),
w(782), ¢$(1020) and n are implemented in the CONEXC
component after subtracting their contributions to
related inclusive processes to avoid double counting [39].
In addition, a veto procedure has been implemented
in the Hybrid generator to avoid LUARLW reproducing
exclusive processes which are already generated with
CONEXC or PHOKHARA. Finally, a set of chosen param-
eters in the LUARLW component are iteratively tuned
and a good consistency between the Hybrid simulation
and data is achieved. The resulting deviations in
€had between the nominal LUARLW generator and the
Hybrid generator are less than 1.3%. In Hybrid, the
structure function scheme [37, 40] is used to simulate the
ISR process and calculate the corresponding correction
factors, where the vacuum polarization operator II(s)
is parameterized in Ref. [41]. The maximum difference
of the calculated (1 + ¢) factor between the Hybrid
and LUARLW simulations is 1.4%, which is mainly due
to the different parameterization schemes of the ISR
process. Since the hadronic detection efficiency is corre-
lated with the ISR correction, the deviations of the



TABLE I. Summary of systematic uncertainties (in percent) at each c.m. energy, where the total uncertainty is the sum of the

individual ones in quadrature.

Event QED Beam Trigger Signal ISR
Vs (GeV) selection background background Luminosity efficiency model correction Total
2.2324 0.41 0.23 0.28 0.80 0.10 0.60 1.15 1.62
2.4000 0.55 0.27 0.15 0.80 0.10 1.11 1.10 1.87
2.8000 0.58 0.28 0.34 0.80 0.10 1.97 1.06 2.48
3.0500 0.61 0.33 0.41 0.80 0.10 1.76 1.01 2.33
3.0600 0.60 0.34 0.48 0.80 0.10 1.84 1.00 2.39
3.0800 0.61 0.35 0.35 0.80 0.10 1.31 1.05 2.02
3.4000 0.65 0.33 0.16 0.80 0.10 1.86 1.24 2.49
3.5000 0.60 0.35 0.62 0.80 0.10 2.05 1.16 2.66
3.5424 0.61 0.37 0.01 0.80 0.10 2.05 1.14 2.58
3.5538 0.66 0.31 0.39 0.80 0.10 2.22 1.13 2.74
3.5611 0.74 0.34 0.34 0.80 0.10 2.28 1.12 2.81
3.6002 0.66 0.33 0.38 0.80 0.10 2.27 1.09 2.77
3.6500 0.53 0.35 0.69 0.80 0.10 2.28 1.13 2.83
3.6710 0.61 0.42 0.63 0.80 0.10 2.23 1.04 2.77

resulting R values between these two simulation schemes,
which are less than 2.3% after implementing the same
ogad line-shape, are regarded as systematic uncertainties.
In addition to the different calculation schemes, the
accuracy of the FD scheme and the uncertainty of the
o}, q line-shape are considered as uncertainties of the ISR
correction factors; the maximum value is less than 1.3%
for all the c.m. energies. The systematic uncertainties at
each c.m. energy are summarized in Table I.

Table II lists the primary quantities mentioned in
Eq. (1) for each energy; the total uncertainty is less than
3.0% and is dominated by systematic effects.

Some additional efforts are made to check the relia-
bility of the R values obtained in this work. Dedicated
selection criteria are developed to include 1-prong events,
and the resulting deviation from the nominal R value
is at most 0.8%. On the other hand, the exclusion of
2-prong events changes the R value by a maximum of
2.2%. To quantitatively verify the LUARLW generator,
some exclusive processes are investigated. Production
fractions and efficiencies with the nominal inclusive
hadronic event selection of the processes ete™ — 7z~
and 7+t7~ 70 are compared between that of LUARLW and
Hybrid simulations, respectively. A hypothetical model
is constructed by replacing the production fraction and
inclusive efficiency of the exclusive process of interest
in LUARLW with that of Hybrid, which gives a better
reproduction of this process due to the inclusion of
corresponding experimental knowledge. Differences of
resulting enaq from the hypothetical and the nominal
LUARLW models are less than 2.1% and 0.6% for 77—
and 7t7r~ 7Y processes, respectively. Similarly, the
processes ete” — 2(rt7r7) and 7Tw 27% are also
studied but with production fractions extracted directly
from data. The maximum deviations of ep,q using
these corresponding hypothetical models are found to be

1.1% and 0.6%, respectively. Furthermore, €p,q changes
by 0.2% at /s = 3.4000 GeV if the decays of J/v
mesons produced in LUARLW are modeled by the Hybrid
generator, in which a comparably accurate description
of the data is observed. The ISR correction factors
are also calculated by the structure function scheme
mentioned in Ref. [42], and the maximum deviation to
the nominally applied FD scheme is 1.3%. The quantity
€had (0)(1 4 dobs) used in a different R value measurement
method in Ref. [10-12] is also calculated, which differs
from epag(l + &) used in this work by 0.8% at most.
The deviations observed in these checks are not taken as
additional contributions to the systematic uncertainties
since they are already covered by the previous systematic

uncertainties.
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FIG. 2. Comparison of R values in the c.m. energy region from
2.2 to 3.7 GeV, where the red dots denote that of BESIII,
green dots stand for that of BES [10-14], rectangles show
KEDR measurements [15-17], orange crosses are R values
from 72 collaboration [5], cyan stars are that of MARK-
I [7], brown diamonds the PLUTO results [8], and R value of
CrystalBall collaboration is shown in magenta triangle [9].

Figure 2 shows the R values obtained in this analysis,
together with the previous measurements [5, 7-17]. A
theoretical expectation of R obtained by combining the



TABLE II. Summary of primary quantities mentioned in Eq. (1) and the measured R value for each c.m. energy, where the
uncertainties are statistical and systematic respectively.

Vs (GeV) NEbs Nbig oh, (nb) Lins (pb™7) Chad (%) 1+46 R
2.2324 83227 2041 17.427 2.645 64.45 1.195 2.286 £ 0.008 £ 0.037
2.4000 96627 2331 15.079 3.415 67.29 1.204 2.260 + 0.008 + 0.042
2.8000 83802 2075 11.078 3.753 72.25 1.219 2.233 +0.008 + 0.055
3.0500 283822 7719 9.337 14.89 73.91 1.193 2.252 4 0.004 + 0.052
3.0600 282467 7683 9.276 15.04 73.88 1.183 2.255 + 0.004 + 0.054
3.0800 552435 15433 9.156 31.02 73.98 1.123 2.277 4 0.003 + 0.046
3.4000 32202 843 7.513 1.733 74.81 1.382 2.330 + 0.014 + 0.058
3.5000 62670 1691 7.090 3.633 75.32 1.351 2.327 4 0.010 + 0.062
3.5424 145303 3872 6.921 8.693 75.58 1.341 2.319 + 0.006 + 0.060
3.5538 92996 2469 6.877 5.562 75.50 1.338 2.342 + 0.008 + 0.064
3.5611 64650 2477 6.849 3.847 75.50 1.337 2.338 £ 0.010 + 0.066
3.6002 159644 9817 6.701 9.502 75.73 1.328 2.339 + 0.006 + 0.065
3.6500 78730 6168 6.519 4.760 76.00 1.308 2.352 + 0.009 + 0.067
3.6710 75253 6461 6.445 4.628 76.11 1.260 2.405 + 0.010 + 0.067

perturbative QCD prediction [43] and the contributions
from involved narrow resonances is also illustrated with
the dashed curve in Fig. 2. The R values from BESIII
have an accuracy of better than 2.6% below 3.1 GeV and
3.0% above, and the average R value in the c.m. energy
range 3.4 ~ 3.6 GeV obtained by BESIII differs from the
corresponding theoretical expectation by 2.7 standard
deviations (accounting for 100% correlated systematics
from the last four of the seven contributions in Table I).
Further precision measurements are desired and will help
to improve the accuracy of the SM predictions of a (M%)
as well as the muon magnetic anomaly, and to verify the
QCD sum rules at lower energies [43].
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