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A deviation of 4.20, between the experimental measurement and the
theoretical determination of the anomalous magnetic moment of the muon
a, = (9—2),/2, has been observed. With increased experimental precision
expected in the near future, the theoretical prediction within the Standard
Model also needs to be improved. Its total uncertainty is limited by the
two hadronic contributions, namely the hadronic vacuum polarization and
the hadronic light-by-light contribution. The BESIII experiment at the
BEPCII accelerator offers the largest datasets in the 7-charm energy re-
gion and is, therefore, perfectly suited to provide cross section and form
factor measurements in et e~ collisions for data-driven improvements of the
Standard Model prediction.
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1. The anomalous magnetic moment of the muon

The anomalous magnetic moment of the muon represents a precision test
of the Standard Model of particle physics. The a, = (¢ — 2),/2 anomaly is
defined as the relative deviation from the value predicted in the Dirac the-
ory |1]. The experimental measurement has a long history and its precision
has been increased by several orders of magnitude to this day. The latest
measurements are from BNL [2] and FNAL [3], which both agree well within
their uncertainties. However, the average value deviates by 4.2¢ from the
Standard Model prediction of the Muon (g — 2) Theory Initiative [4].

In the future, FNAL will use larger datasets to reduce the statistical
uncertainty and the Muon (¢ — 2)/EDM experiment at J-PARC [5] will
provide a complementary measurement, relying on a different approach, to
even further improve the results.
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1.1. Standard Model prediction

The Standard Model prediction can be divided into four separate con-
tributions: Quantum Electrodynamics (QED), weak interactions, hadronic
vacuum polarization (HVP), and hadronic light-by-light scattering (HLbL).
As listed in Table 1, the QED contribution is leading the total value of a,
by several orders of magnitude, while having the smallest contribution to
the overall uncertainty [6, 7]. Also, the electroweak contribution is known
to a good precision |8, 9]. However, due to the non-perturbative nature of
Quantum Chromodynamics (QCD), the two hadronic contributions cannot
be treated perturbatively and are dominating the total uncertainty.

Table 1. Contributions to the Standard Model prediction of a,, [4].

Contribution ay X 101t Ref.
QED 116584 718.931 + 0.104 [6, 7]
Electroweak 153.6 £+ 1.0 8, 9]
HVP 6845  +£40 [10-16]
HLbL 92  +18 [17-31]
Total 116 591 810 + 43

1.1.1. Hadronic vacuum polarization

The dominating hadronic contribution is HVP. With a dispersive ap-
proach, the leading-order contribution aEVP’LO can be directly related to the
hadronic cross sections op,q(s) measured in ete™ annihilations and a known

kernel function K(s), where s is the squared center-of-mass energy [10-16]

1 [ee]
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Since both the hadronic cross section and the kernel function scale with
1/s, the total value of aI:VP’LO is dominated by very low energies. This
can also be seen in Table 2 (a), where the lowest multiplicity state 77~

contributes by an order of magnitude more than the next higher multiplicity.

1.1.2. Hadronic light-by-light scattering

Recently, data-driven dispersive approaches have also been proposed for
the most important sub-graphs of HLbL [19, 24, 32, 33]. However, the rela-
tion is not as straightforward. The coupling of four photons to (virtual)
hadronic intermediate states can be divided into different contributions.
HLbL contributions are also dominated by low momentum transfers Q2
[17-31].
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As listed in Table 2(b), the dominating contributions are the pseu-
doscalar meson poles (7%, 7, i), due to their strong coupling to two photons.
Smaller contributions arise from scalar, vector, and tensor poles as well as
hadron and quark loops.

Table 2. Hadronic contributions to the Standard Model prediction of a,,.

(a) HVP (leading order) [15]. (b) HLbL [17-31].

Contribution aHVP*LO x 1011 Contribution ap Pl 1011

atma~ 5042.3 + 19.0 79, m,n'-poles 93.8 + 4.0

atan— a0 466.3 £ 9.4 7, K-loops/boxes  —16.4 £ 0.2

ata 7070 181.5 + 7.4 S-wave w7 -8 +1

atr—ntn~ 1399 £ 1.9 rescattering

KtK~- 230.0 £ 2.2

KOKO 1304 + 1.9 Scalars & tensors —-1+3

7rOS L 45'8 n 1'0 Axial vectors 6+ 6
7 : : u, d, s-loops / 15 + 10

1.8-3.7 GeV 344.5 + 5.6 short distance

(without c¢)

T/, (25) 78.4 + 1.9 c-loop 3+1

> 3.7 GeV 169.5 + 1.9 Total 92 £ 19

Total 6928 + 24

2. The BESIII experiment

The BESIII experiment [34] is located at the BEPCII accelerator, which
is a symmetric eTe” collider in Beijing, China. The center-of-mass en-
ergy /s ranges from 2GeV to 5GeV, and in 2016 its design luminosity of
1033 cm ™2 57! has been reached. The BESIII detector is a 47 detector, which
covers 93% of the solid angle. It contains a drift chamber in an axial 1T
magnetic field, a time-of-flight system, an electromagnetic calorimeter, and
a muon counter.

BESIII offers world-leading data sets in the 7-charm energy region with
over 1019 .J/1 events and other large data sets collected at further charmo-
nium resonances and in the mass range of charmonium-like XY Z particles.
Additionally, there are over 130 energy scan points in the range from 2.0 GeV
to 4.6 GeV with at least 10° hadronic events each.

3. HVP measurements

As mentioned before, aEVP is dominated by processes at energies below

1GeV. Since these energies are out of reach for the BEPCII accelerator,
at BESIII, the measurements of the hadronic cross section in the relevant
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energy region rely on the initial-state radiation (ISR) technique. Here, one
of the initial e* emits a photon and, therefore, lowers the effective center-
of-mass energy v/s’. Since the emission of an ISR photon is a higher-order
QED process, very large statistics are required to perform a high-precision
measurement.

3.1.ete - ntn—

The eTe™ — 777w~ channel has by far the largest contribution to aleVP

(see Table 2 (a)). Therefore, it is of utmost importance to measure the cross
section with high precision, especially in the region of the p(770)° and w(782)
resonances from 0.6 GeV to 0.9 GeV. This region alone makes up 50% of the
leading order contribution of aEVP.

The world leading measurements from BaBar [39] and KLOE [41], with
0.7% and 0.6% precision, respectively, are in tension with each other (see
Fig. 1(b)). Based on the 2.9fb~! data set at 3.773 GeV, BESIII [35] has

measured the cross section using the ISR technique with 1.0% precision (see

Fig. 1(a)). Currently, BESIII is carrying out new analyses, which aim at
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Fig.1. (a) Cross-section measurement of ete™ — 7tn~

ar™LO(600 — 900 MeV) [10~1]

in the p(770)%-w(782)

region from BESIII [35] and (b) a comparison of a;™ evaluations in the range from
0.6 GeV to 0.9 GeV using different cross-section measurements [35—41].
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a precision of 0.5%. This will be achieved using 20fb~! of data, which are
going to be collected in the upcoming data taking period, at 3.773 GeV, a
normalization to the muon yield, and an improved 7—u separation. Addi-
tionally, a good understanding of the radiative corrections [42| is necessary
to achieve such high precisions.

3.2. etem — mta—n0(xY)

The 777~ 70 and 77~ 7% channels give rise to the next largest con-
tributions to aEVP and also their uncertainties. BESIII [43, 44|, and also
BaBar [45, 46|, have measured the cross section of both channels using the
ISR technique. This technique offers the coverage of the whole mass range
with unprecedented precision compared to scan measurements (see Fig. 2).
The 37 measurement at BESIII has reached 1% precision [43] and the 47
measurement reached 3% [44]. Both measurements are limited by the sta-
tistical uncertainty and will be improved with the upcoming data set of
20fb~! at 3.773 GeV. The main background for both channels is due to an
additional 7% and thus the analyses share large synergies.
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Fig. 2. Cross-section measurements of the respective channels.

3.3. eTe~ — hadrons

BESIII is also carrying out an inclusive measurement of the cross section
ete” — hadrons. For this, currently, 14 scan points between 2.2 GeV and
3.7GeV are used with at least 10° hadronic events each. The result is relying
on precise Monte Carlo generators to evaluate backgrounds events and the
tagging efficiency of hadronic events. The measurement is aiming at 3%
precision [59], surpassing the measurement from BES (6%) [60].
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4. HLbL measurements

Two-photon interactions can be probed at e™e™ colliders using the et e™ —
ete ()4 5 ete~ X reaction. The cross section of the process is directly
proportional to the transition form factor (TFF) }.7: x(¢3,43) 2, where ¢, g3
are the momentum transfers of the (virtual) photons, and to the center-of-
mass energy /s

o(efe” »ete  X) o« |Fx (qf,43) ’2 a?In?\/s. (2)

Similar to ISR, two-photon physics has very forward-peaked kinematics,
favoring small scattering angles of the e*. This leads to three different anal-
ysis strategies: the untagged measurement assumes ¢ = ¢3 ~ 0 and does
not detect any of the scattered leptons, the single-tag measurement detects
one scattered lepton (q% #0, q% ~ 0), and the double-tag measurement both

(3,495 #0).

4.1 yv* = 7%,

The 7% single-virtual space-like TFF F.0(Q?,0), depending on Q* =
—¢?, has been measured by CELLO [61], CLEO [62], BaBar [63], and
Belle [64]. BESIII offers the opportunity to perform a single-tag measure-
ment with unprecedented precision in the most relevant Q? region for aELbL
using 2.9 fb~! of data at 3.773 GeV. As depicted in Fig. 3 (a), preliminary re-
sults from BESIII [65] are in good agreement with dispersive calculations [66]
and lattice QCD simulations [21] of the TFF. Additionally to the 7°, BESIII
also performs the analysis of the n and ’ TFF.
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Fig.3. (a) Comparison of the single-virtual space-like 7° TFF measurements [61,
62, 65] with the dispersive reconstruction [66] and lattice QCD simulations [21] and
(b) simulations of the measurement of ete™ — ete 77~ at 4.23 GeV with signal
and background contributions [67].
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4.2 yy* =t

The measurement of ete™ — ete nt7~ offers input for the contribu-
tions of m-loops and boxes, S-wave w7 rescattering, and scalar and tensor
states (see Table 2 (b)).

The single-tag analysis is dominated by reducible background from e*e™
— eTe"puTp~, which can be removed with precise knowledge of all ampli-
tudes and their interferences and a refined m-p separation using machine
learning tools. Radiative Bhabha scattering, where the emitted photon
couples to a p(770)° meson, is an irreducible background. Also here, the
knowledge of all amplitudes and their interferences is very important [68].
The measurement at BESIII provides a coverage of the mass range from the
threshold to 2 GeV (see Fig. 3 (b)), of the momentum transfer from 0.2 GeV?
to 2GeV?, and of the full helicity angle [67].

4.3. Higher meson multiplicities

To help the understanding of the contributions from axial vector and
tensor mesons, BESIII is carrying out analyses of the processes like vy* —
atn= 70 yy* = 7tr Ty, y9* — KKr, and yy* — f1(1285).

A single-tag measurement of vy* — 797Y 7% will produce results in a
complementary Q? range to Belle [69], and the first double-tag measurement
of the 7 TFF with v*y* — =¥ is foreseen for the full future data set.

5. Summary

The uncertainty of the Standard Model prediction of the anomalous mag-
netic moment of the muon is dominated by hadronic contributions. With its
large datasets in the 7-charm energy region, BESIII offers the opportunity
to perform precision measurements, which serve as input for the dispersive
evaluations of HVP and HLbL.

For aEVP, BESIII uses the ISR technique to measure the 7+t7~, 7770,
and 77~ 7070 cross sections in the relevant mass region. Additionally, the
inclusive hadronic cross section is scanned from 2.2 GeV to 3.7 GeV.

Two-photon cross section measurements of yv* — 7%, n, 0/, vv* — nt7~,
and higher meson multiplicities are used for a“PL.

All measurements discussed here will benefit from the new larger data
sets at BESIII, especially from the 20 fb~! at 3.773 GeV, which will be col-
lected in the next two years of BESIII.
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