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R value measurements at BESIII
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The 𝑅 value is defined as the ratio of the leading-order cross-section of hadron muon pair
production in electron-positron annihilation. It is crucial for the precise determination of several
quantities in the Standard Model (SM), including the QED running coupling constant evaluated
at the Z-boson pole and the muon magnetic moment (𝑎𝜇), where the current uncertainties are
dominated by hadronic vacuum polarization, that cannot be calculated using perturbative theory
at low energy regions. This paper presents a discussion of the current status of 𝑅 measurements
at BESIII based on 𝑒+𝑒− annihilations detected at the BESIII detector within an energy range of
2.23 to 3.67 GeV.
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1. Introduction

The 𝑅 value is defined as the ratio of the leading-order cross-section of hadron and muon pair
production in positron-electron annihilation

𝑅 =
𝜎0(𝑒+𝑒− → hadrons)
𝜎0(𝑒+𝑒− → 𝜇+𝜇−) = 𝑁𝐶

∑︁
𝑓

𝑄2
𝑓 . (1)

While the born cross-section of 𝑒+𝑒− → 𝜇+𝜇− can be calculated in quantum electrodynamics
(QED), the hadronic cross-section cannot be calculated reliably in the low-energy region due to
the asymptotic freedom of the strong interaction allowing perturbative quantum chromodynamics
(QCD) only for high energies where quarks and gluons are the degrees of freedom. To determine the
hadronic cross-section for lower energies, one has to rely on lattice QCD or direct measurements.
The 𝑅 value is directly related to the number of flavors and colors of quarks at a given energy. Thus,
it serves as a fundamental observable to test QCD and is used as input to current high-precision
tests of the Standard Model (SM).

The running of the fine structure constant at the Z-boson mass Δ𝛼em(𝑀2
𝑍
) is one of the three

essential observables for electroweak precision physics. Three parts contribute to the calculation
of this quantity, the leptonic part, the hadronic vacuum polarisation (HVP) part, and the top quark
part. Here, the HVP dominates the uncertainty as it cannot be calculated perturbatively. Instead,
a dispersive approach exploits the optical theorem, relating the HVP contribution directly to the 𝑅

value [ 1, 2]. To further narrow down the uncertainty of Δ𝛼em(𝑀2
𝑍
), the 𝑅 value has to be measured

over a wide center-of-mass energy.
The anomalous magnetic moment of the muon (𝑎𝜇) also depends on measurements of the

𝑅 value. While 𝑎𝜇 is one of the most precisely studied quantities in the SM, recent results from
Fermilab [3] have pushed the discrepancy between experimental measurements and SM predictions
[4] beyond five standard deviations. The theoretical precision of 𝑎𝜇 is primarily limited by hadronic
contributions. Advances such as improved lattice QCD calculations [5] and updated hadronic cross-
section data [ 6, 7] have revealed tensions in the dispersive evaluation of the HVP contribution.
Resolving these discrepancies requires new, high precision measurements. For the leading-order
HVP contribution to 𝑎𝜇, the dispersion integral employs a kernel function that enhances the impact
of low-energy 𝑅 data [ 8, 9], particularly for

√
𝑠 < 1 GeV. In this energy range, the restricted number

of possible final states makes it more practical to focus on exclusive reaction channels, whereas
inclusive 𝑅 measurements are more common at higher energies

To enhance the measurement of the 𝑅 value, BESIII performed an inclusive measurement at
an energy range of 2.2324 to 3.6710 GeV adding up to ∼ 100 pb−1 [10].

2. R measurement at BESIII

The BESIII detector [11] records symmetric 𝑒+𝑒− collisions provided by the BEPCII storage
ring [12] in the center-of-mass energy range from 1.84 to 4.95 GeV, with a peak luminosity of
1.1 × 1033 cm−2s−1 achieved at

√
𝑠 = 3.773 GeV. BESIII has collected large data samples in this

energy region [13]. The cylindrical core of the BESIII detector covers 93% of the full solid angle
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and consists of a helium-based multilayer drift chamber (MDC), a time-of-flight system (TOF),
and a CsI(Tl) electromagnetic calorimeter (EMC), which are all enclosed in a superconducting
solenoidal magnet providing a 1.0 T magnetic field. The solenoid is supported by an octagonal
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 plastic scintillator TOF
barrel region is 68 ps, while that in the end cap region was 110 ps. In the experiment, the 𝑅 value
is determined by

𝑅 =
𝑁obs

had − 𝑁bkg

𝜎0
𝜇𝜇 · Lint · 𝜖trig · 𝜖had · (1 + 𝛿)

, (2)

where 𝑁obs
had is the number of observed hadronic events, 𝑁bkg is the number of background events,

𝜎0
𝜇𝜇 is the leading order cross-section of 𝑒+𝑒− → 𝜇+𝜇− events calculated from QED, Lint is the

integrated luminosity, 𝜖trig is the trigger efficiency for hadronic events of close to 100% [14], 𝜖had

is the detection efficiency, and (1 + 𝛿) are radiative corrections.
There are two different contributions to the number of background events, beam related con-

tribution from data and QED background processes. The beam related background events include
beam-gas and beam-wall interactions. They are estimated using the sideband method, which relies
on the average event vertex in 𝑧-direction. Background events from QED processes like Bhabha
and di-gamma events are estimated with Monte Carlo (MC) samples scaled with the luminosity of
experimental data.

The integrated luminosity Lint is determined by exploiting the well-known large angle Bhabha
scattering 𝑒+𝑒− → (𝛾)𝑒+𝑒− and diphoton process 𝑒+𝑒− → (𝛾)𝛾𝛾 and simulated using the Babayaga
v3.5 generator. The uncertainty of the measured (simulated) luminosity is about 0.7% (0.5%) and
1.1% (1.0%) for Bhabha scattering and diphoton process, respectively [ 15, 16].

To determine the 𝑅 value, it is necessary to apply corrections for higher-order Feynman
diagrams, as the leading order hadronic cross-section is required, rather than the total hadronic
cross-section. The radiative correction factor (1 + 𝛿) is calculated using the Feynman diagram and
the structure function scheme [17], both being consistent within 1.2%.

The analysis strategy of counting the total number of observed hadronic events 𝑁obs
had is shown

in Figure 1. In the first step, a large fraction of Bhabha and di-gamma events are rejected using
information from the electromagnetic calorimeter (EMC) only. At the second stage, good charged
hadronic tracks referred to as prongs, and isolated photon candidates are selected by adding track-
based requirements. In the third step, the analysis strategy differs depending on the number of
prongs in one event. In the case of only one identified prong, the events are discarded due to the
high QED background contributions and only used for tuning the generator. If two prongs are
reconstructed, the tracks are required not to be back-to-back to suppress lepton pair production
events and more than one reconstructed isolated photon candidate. Events with three tracks are
accepted, provided that the two tracks with the highest momenta are not back-to-back and that no
more than one of the tracks is identified as an electron. As soon as four or more prongs are identified
in one event, the event is considered a hadronic event without further requirements.
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R scan data

Reject Bhabha and
Di-gamma events

Select good charged
and photon candidates

1-prong events 2-prong events 3-prong events ≥ 4-prong events

1-prong
hadronic events

2-prong
hadronic events

3-prong
hadronic events

Hadronic events

Figure 1: Flow chart indicating the analysis strategy, where prong refers to the number of identified good
charged tracks in one event.

The most crucial source for uncertainties of the 𝑅 value is the detection efficiency for hadronic
events 𝜖had. To evaluate this efficiency, two conceptually different event generators Lund area law
(LUARLW) [18] and a Hybrid generator [19] are developed.

LUARLW is a self-consistent inclusive generator. Compared to the well-known generator
JETSET on which LUARLW is based, LUARLW simulates few body production processes of
hadronic events in 𝑒+𝑒− annihilations and decays of resonant and continuous hadronic states from
2m𝜋 up to 5 GeV. The model’s phenomenological parameters are adjusted by aligning simulated
kinematical distributions, such as multiplicities and angular distributions, with experimental data.
The simulation of generic hadronic events and the calculation of the ISR correction represent the
major source of systematic uncertainty. Therefore, an alternative hybrid generator is developed
which contains as much experimental information as possible and consists of a combination of
three generators. PHOKHARA [ 20, 21] generates events of 10 exclusive channels with hadronic
models, that are tuned to data. CONEXC [ 22, 23] generates events of more than 50 channels with
cross-sections determined in experiments. The remaining unknown processes are again generated
by LUARLW. Double counting in the cross sections is avoided by removing duplicate channels and
prioritizing experimental data. The results obtained from both generators are in good agreement
with each other and with the data.

Figure 2 depicts the resulting values of 𝑅 derived from the 14 data points between 2.2324 to
3.6710 GeV. The results demonstrate an accuracy of better than 2.6% below the 𝐽/𝜓 mass, which
exceeds the precision of previous KEDR measurements in this energy region [24]. At higher
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discrepancy between the direct measurement and the SM prediction [3] has been increased to
more than five standard deviations with the new measurements from Fermilab [4]. The SM
prediction is completely limited by the hadronic contributions, where the recent advent of
competitive lattice QCD calculations [5] and new hadronic cross section measurements [6, 7]
clearly point at tensions in the dispersive evaluation of the HVP contribution. New high
precision measurements are called for to settle the situation. In contrast to ∆αem(M2

Z), the
dispersion integral to determine the leading order HVP contribution to aµ is weighted with a
kernel function, emphasizing the impact of R measured at low energies [8, 9], especially at√

s < 1 GeV. Due to the limited number of final states it is more common to measure exclu-
sive reaction channels in this energy region, compared to inclusive R measurements at larger
energies.

The BESIII collaboration has performed a new inclusive measurement of R at
√

s between
2.2324 GeV and 3.6710 GeV [10].

2 R measurement at BESIII

The BESIII detector is operated at the BEPCII e+e− collider in Beijing, China, allowing the
investigation of the τ-charm energy region at 2 ≤ √s [GeV] ≤ 5. Accelerator and detector
are described in detail in Ref. [11]. The BESIII detector consist of a drift chamber, which
surrounds the interaction region, a time-of-flight measurement system, an electro-magnetic
calorimeter, a superconducting solenoid, and a muon counter, made of resistive plate cham-
bers, which are implemented in the flux return yoke of the solenoid. The setup allows to
measure momenta of charged particles with a resolution of 0.5% at 1 GeV/c, and photon
energies with a resolution of 2.5% at 1 GeV. The BEPCII collider has exceeded its design
luminosity of 1033 cm−2s−1, and BESIII has now obtained the world’s largest data set of e+e−

collisions in the τ-charm energy region.
In a first measurement of R, data has been collected at 14 energies between

√
s =

2.2324 GeV and 3.6710 GeV. The values of R are determined from the number of hadronic
events Nobs

had observed in data. A detailed description of all selection requirements is provided
in [10]. In a first step, based only on the calorimeter information, background events from
the dominant QED processes of Bhabha scattering and di-gamma production are rejected.
The remaining events are separated according to the number of detected tracks in the drift
chamber to identify hadronic events. If only a a single track is found, the events are dis-
carded due to the overwhelming residual background from QED processes. In case of two
reconstructed tracks, these tracks are required not to be back-to-back, in order to suppress
lepton pair production events, and in addition two photon candidates with at least 100 MeV
energy deposit must be registered in the calorimeter. Events with three tracks are accepted,
if the two tracks with highest momenta are not back-to-back and if at most one of the tracks
is identified as electron. Only in the case of four or more reconstructed charged tracks is the
event immediately considered a hadronic event.

Using Nobs
had, R is determined according to

R =
1
σ0
µµ

Nobs
had − Nbkg

L · εtrig · εhad · (1 + δ)
. (2)

From the observed number of hadronic events, the number of residual background events
Nbkg is subtracted. The number is estimated from Monte Carlo simulations of lepton pair
production and two-photon processes for e+e− reactions and directly from data in the case of
beam-associated background contributions. The integrated luminosity L is determined using
large angle Bhabha scattering events with an uncertainty of 0.8%. The event yield needs to

 (GeV)s
2.5 3 3.5

2

3

BESIII
KEDR

BES
MARK-I

2γγ
PLUTO

Crystal Ball
'ψ and ψpQCD+J/

R

Figure 1. Comparison of R, measured by different experiments at 2.2 ≤ √s [GeV] ≤ 3.7. The results of
the work reported here are shown in red. Previous high precision results by the KEDR collaboration [17,
18] are shown with squares. The black dashed line illustrates the prediction of perturbative QCD,
including the charmonium resonances. The references for the other experimental information shown
here can be found in Ref. [10], where this figure is taken from.

be corrected for trigger efficiency εtrig, which is close to 100% for hadronic events with an
uncertainty of 0.1%, the hadronic detection efficiency εhad, and radiative effects. The latter are
considered using the Feynman diagram approach as well as the structure function approach,
which agree on a level of better than 1.3%.

The most crucial aspect in the evaluation of the systematic uncertainties is the hadronic
efficiency εhad. It is evaluated using the LUARLW event generator [12], which is a self-
consistent generator based on the Lund string fragmentation model. The phenomenological
parameters of the model are tuned to data by comparing various kinematical distributions
including multiplicities and angular distributions from simulation and experiment. The un-
certainty of εhad determined from the LUARLW generated events is assessed by comparing
it to results obtained with another generator, which is developed to be conceptually different.
In contrast to the purely theoretical LUARLW, it should contain as much information from
experiment as available. To achieve this, three event generators are combined. The Phokhara
generator [13, 14] is able to generate events of 10 exclusive channels according to models,
which are tuned to existing measurements to also describe intermediate states. The ConExc
generator [15, 16] is a phase space generator for multi-particle final states, which reproduces
the measured cross sections of more than 50 hadronic processes. The remaining fraction of
events is again generated using LUARLW, tuning it to data. Double counting in the cross
sections has been excluded by filtering out reappearing channels, giving priority to the exper-
imental information. Both event generators agree well with each other and with data. The
deviations in εhad are considered as the systematic uncertainty, which is below 2.3% at all
energies.

The resulting values of R are presented in Fig. 1. The accuracy of the measurements is
better than 2.6% at

√
s < 3.1 GeV, also exceeding the accuracy of previous measurements

for example KEDR [18], shown with squares in Fig. 1. It is still better than 3% at higher
energies and is competitive with the recent KEDR measurements [17]. The absolute val-
ues of the BESIII result are consistently larger, not only compared to the previous results of
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Figure 2: R-values in the center-of-mass region range from 2.2 to 3.7 GeV. The recent BESIII measurements
discussed in this paper are represented by red, while data from other earlier experiments are depicted using
various colors and symbols, as indicated in the legend.

energies, an accuracy of better than 3% is achieved, which is competitive with the recent KEDR
measurements [25]. While the absolute values of the BESIII measurements are consistently larger
than those of KEDR and the predictions of perturbative QCD, the new measurements, in particular,
exceed the theory prediction at energies between 3.4 and 3.6 GeV by 2.7 standard deviations. To
gain further insight into these discrepancies, additional data measured at BESIII can be subjected
to further analysis.

3. Summary and Outlook

The 𝑅 value measurements using 14 𝑒+𝑒− collision data samples collected by BESIII at
center-of-mass energies ranging from 2.2324 to 3.6710 GeV exceed the theory prediction and latest
KEDR measurements and show very good accuracy. The dominant uncertainties in the 𝑅 value
calculations arise from the hadron production model and are determined using two conceptually
different generators that are in agreement.

In addition to the 14 energy points adding up to ∼ 100 pb−1 discussed in this paper, BESIII
collected 21 more data points between 2.00 and 3.08 GeV of∼ 550 pb−1 and 104 data points between
3.85 and 4.59 GeV of ∼ 800 pb−1, each consisting of more than 105 hadrons. High-precision 𝑅

measurements are being developed using this data in both the continuum and open-charm regions.
Moreover, an alternative analysis is currently being conducted, where data can be analyzed

using the ISR method [26]. For this purpose, a large charmonium data set from BESIII can
be employed. Due to the ISR kinematics, a more effective detection efficiency can be achieved.
Furthermore, tensions in the transition region of exclusive measurements below 2 GeV and inclusive
measurements above 2 GeV can be analyzed, as the effective energy after radiation of ISR photons
allows for inclusive measurements of R below 2 GeV.
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