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Muon (g-2): SM and Experiment 

• New result from FNAL confirms tension with SM (4.2σ!)

• Improvement of SM prediction highly desirable

• Uncertainty dominated by HVP and HLbL

• BESIII can provide important inputs to reduce the uncertainty!
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Bk and Bq.—Two fast transients induced by the dynam-
ics of charging the ESQ system and firing the SR kicker
magnet slightly influence the actual average field seen by
the beam compared to its NMR-measured value as
described above and in Ref. [61]. An eddy current induced
locally in the vacuum chamber structures by the kicker
system produces a transient magnetic field in the storage
volume. A Faraday magnetometer installed between the
kicker plates measured the rotation of polarized light in a
terbium-gallium-garnet crystal from the transient field to
determine the correction Bk.

The second transient arises from charging the ESQs,
where the Lorentz forces induce mechanical vibrations in
the plates that generate magnetic perturbations. The ampli-
tudes and sign of the perturbations vary over the two
sequences of eight distinct fills that occur in each 1.4 s
accelerator supercycle. Customized NMR probes measured
these transient fields at several positions within one ESQ
and at the center of each of the other ESQs to determine
the average field throughout the quadrupole volumes.
Weighting the temporal behavior of the transient fields
by the muon decay rate, and correcting for the azimuthal
fractions of the ring coverage, 8.5% and 43% respectively,
each transient provides final corrections Bk and Bq to aμ as
listed in Table II.

V. COMPUTING aμ AND CONCLUSIONS

Table I lists the individual measurements of ωa and ω̃0
p,

inclusive of all correction terms in Eq. (4), for the four run
groups, as well as their ratios, R0

μ (the latter multiplied by
1000). The measurements are largely uncorrelated because
the run-group uncertainties are dominated by the statistical
uncertainty on ωa. However, most systematic uncertainties
for both ωa and ω̃0

p measurements, and hence for the ratios
R0

μ, are fully correlated across run groups. The net computed
uncertainties (and corrections) are listed in Table II. The fit
of the four run-group results has a χ2=n:d:f: ¼ 6.8=3,
corresponding to Pðχ2Þ ¼ 7.8%; we consider the Pðχ2Þ to
be a plausible statistical outcome and not indicative of
incorrectly estimated uncertainties. The weighted-average
value isR0

μ ¼ 0.003 707 300 3ð16Þð6Þ, where the first error
is statistical and the second is systematic [82]. From Eq. (2),
we arrive at a determination of the muon anomaly

aμðFNALÞ ¼ 116 592 040ð54Þ × 10−11 ð0.46 ppmÞ;

where the statistical, systematic, and fundamental constant
uncertainties that are listed in Table II are combined in
quadrature. Our result differs from the SMvalue by 3.3σ and
agrees with the BNL E821 result. The combined exper-
imental (Exp) average [83] is

aμðExpÞ ¼ 116 592 061ð41Þ × 10−11 ð0.35 ppmÞ:

The difference, aμðExpÞ − aμðSMÞ ¼ ð251$ 59Þ × 10−11,
has a significance of 4.2σ. These results are displayed
in Fig. 4.
In summary, the findings here confirm the BNL exper-

imental result and the corresponding experimental average
increases the significance of the discrepancy between the
measured and SM predicted aμ to 4.2σ. This result will
further motivate the development of SM extensions,
including those having new couplings to leptons.
Following the Run-1 measurements, improvements to

the temperature in the experimental hall have led to greater

TABLE II. Values and uncertainties of the R0
μ correction terms

in Eq. (4), and uncertainties due to the constants in Eq. (2) for aμ.
Positive Ci increase aμ and positive Bi decrease aμ.

Quantity
Correction
terms (ppb)

Uncertainty
(ppb)

ωm
a (statistical) % % % 434

ωm
a (systematic) % % % 56

Ce 489 53
Cp 180 13
Cml −11 5
Cpa −158 75

fcalibhωpðx; y;ϕÞ ×Mðx; y;ϕÞi % % % 56
Bk −27 37
Bq −17 92

μ0pð34.7°Þ=μe % % % 10
mμ=me % % % 22
ge=2 % % % 0

Total systematic % % % 157
Total fundamental factors % % % 25
Totals 544 462

FIG. 4. From top to bottom: experimental values of aμ from
BNL E821, this measurement, and the combined average. The
inner tick marks indicate the statistical contribution to the total
uncertainties. The Muon g − 2 Theory Initiative recommended
value [13] for the standard model is also shown.
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[ Data from:  Phys.Rep 887 (2020) 1-166 ] 
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π+π-π+π-,π0𝛾, 
KSKL, K+K-: …

E > 1.8 GeV: 7%

σ2(HVP)𝑒!𝑒" → ℎ𝑎𝑑

𝛾(∗)𝛾(∗) → ℎ𝑎𝑑𝑟𝑜𝑛𝑠
[  Phys.Rev.Lett. 126 (2021) 141801 ] 



The BESIII Experiment (1)
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[ NIM A614 (2010) 345 ]BEPCII

BESIII

• Located at the BEPCII collider 
(Beijing, China)

• Symmetric e+e- beams

• ECM between 2-5 GeV 

• Maximum luminosity: 1 nb-1/s

• 93% coverage of the solid angle



The BESIII Experiment (2)

• World largest τ-charm dataset in e+e- annihilation

• Detailed studies in:
• Charmonium spectroscopy and charm physics
• Light hadron dynamics
• τ-physics 
• R-scan
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1010

events

3x109

events
2.9/fb

-> 20/fb 
(2022)

0.5/fb 3.2/fb 1.9/fb 1.1/fb

5.6/fb 
at 10 points

4.6 ≤ √s < 5.0 GeV

130 points 
2 ≤ √s ≤ 4.6 GeV
>105 had. events 



Initial State Radiation: Scan at Fixed Energy

• Dominated by low energy region

• Not accessible in scan mode

• Initial State Radiation (ISR)
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• Effectively reduces √s 

• Emission suppressed by !
"

• Radiator function relates ISR 
to non-radiative process 

[ Brodsky, de Rafael, 1988 ]
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Initial State Radiation: Analysis Strategy

In the following results from 2.93 fb-1 at 3.773 GeV
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ISR photon undetected
• High statistics
• Only high masses accessible (>900 MeV)
• Small background

Detect full hadronic system

ISR photon detected

• Access to had. threshold region

• Large background at high 
masses



The Golden Channel: e+e-→ π+π-

• Tagged analysis

• Background only from µµ(𝛾) events

• π/µ separation based on neural network (ANN)
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the inset of the upper panel of Fig. 1. The theoret-
ical uncertainty of the MC generator Phokhara is
below 0.5% [16], while the systematic uncertainty of
our measurement is 0.9%. The latter is dominated
by the luminosity measurement, which is needed
for the normalization of the data set. We consider
the good agreement between the µ

+
µ
�
� QED pre-

diction and data as a validation of the accuracy
of our e�ciency corrections. As a further cross
check, we have applied the e�ciency corrections
also to a statistically independent µ

+
µ
�
� sample,

resulting in a di↵erence between data and MC of
(0.7 ± 0.2)% over the full mass range, where the
error is statistical only.
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Figure 1: Invariant µ
+
µ
� mass spectrum of data

and µ
+
µ
�
� MC after using the ANN as muon se-

lector and applying the e�ciency corrections. The
upper panel presents the absolute comparison of the
number of events found in data and MC. The inset
shows the zoom for invariant masses between 0.6
and 0.9 GeV/c2. The MC sample is scaled to the
luminosity of the data set. The lower plot shows the
ratio of these two histograms. A linear fit is per-
formed to quantify the data-MC di↵erence, which
gives a di↵erence of (1.0 ± 0.3 ± 0.9)%. A di↵er-
ence in the mass resolution between data and MC
is visible around the narrow J/ resonance.

6. Extraction of �(e+e� ! ⇡+⇡�) and |F 2
⇡ |

6.1. Methods

We finally extract �⇡⇡ = �(e+e� ! ⇡
+
⇡
�) ac-

cording to two independent normalization schemes.

In the first method, we obtain the bare cross sec-
tion, i.e., the cross section corrected for vacuum
polarization e↵ects, according to the following for-
mula:

�
bare

⇡⇡(�FSR)
=

N⇡⇡� · (1 + �
⇡⇡
FSR

)

L · ✏
⇡⇡�
global

·H(s) · �vac
, (1)

where N⇡⇡� is the number of signal events found
in data after applying all selection requirements de-
scribed above and an unfolding procedure to correct
for the mass resolution, L the luminosity of the data
set, and H the radiator function. The global e�-
ciency ✏⇡⇡�

global
is determined based on the signal MC

by dividing the measured number of events after all
selection requirements N true

measured
by that of all gen-

erated events N
true

generated
. The true MC sample is

used, with the full ✓� range, applying the e�ciency
corrections mentioned in Section 3.3 but without
taking into account the detector resolution in the
invariant mass m:

✏global(m) =
N

true

measured
(m)

N
true

generated
(m)

. (2)

The e�ciency is found to depend slightly on m⇡⇡

and ranges from 2.8% to 3.0% from lowest to high-
est m⇡⇡. An unfolding procedure, which eliminates
the e↵ect of the detector resolution, is described in
Sect. 6.2 and is applied before dividing by the global
e�ciency. The radiator function H is described in
Sect. 6.4. As input for aµ the bare cross section is
needed. It can be obtained by dividing the cross
section by the vacuum polarization correction �vac,
which is also described in Sect. 6.4. As pointed out
in Ref. [11], in order to consider radiative e↵ects
in the dispersion integral for aµ, an FSR correction
has to be performed. The determination of the cor-
rection factor (1 + �

⇡⇡
FSR

) is described in Sect. 6.3.
In the second method, we use a di↵erent nor-

malization than in the first method and normalize
N⇡⇡� to the measured number of µ

+
µ
�
� events,

Nµµ� . Since L, H, and �vac cancel in this normal-
ization, one finds the following formula:

�
bare

⇡⇡(�FSR)
=

N⇡⇡�

Nµµ�
·
✏
µµ�
global

✏
⇡⇡�
global

·
1 + �

µµ
FSR

1 + �
⇡⇡
FSR

· �
bare

µµ , (3)

where ✏µµ�
global

is the global e�ciency of the dimuon
selection, already described in Sect. 5, �µµ

FSR
is the

FSR correction factor to the µ
+
µ
� final state,

which can be obtained using the Phokhara event
generator, �bare

µµ is the exact QED prediction of the

7

• Selecting muons using ANN

• Perfect agreement with QED prediction

• Measurement of J/ψ electronic width

[ Phys.Lett.B753 (2016) 629 ]

[ Phys.Lett.B753 (2016) 629 ]



The Golden Channel: e+e-→ π+π-
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• Tagged analysis

• Background only from µµ(𝛾) events

• π/µ separation based on neural network (ANN)

• Careful evaluation of systematics

• Form factor evaluation for 0.6 ≤ mππ ≤ 0.9 GeV
• 70% of total 2π contribution
• 50% of aµ

HVP contribution
• Fit with Gounaris-Sakurai parameterization

[ Phys.Lett.B753 (2016) 629 ]



The golden channel: e+e-→ π+π-
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• Tagged analysis

• Background only from µµ(𝛾) events

• π/µ separation based on neural network (ANN)

• Careful evaluation of systematics

• Systematic shifts wrt previous (best) measurements
• Below ρ/ω interference wrt BaBar

• Above ρ/ω interference wrt KLOE

[ Phys.Lett.B753 (2016) 629 ]



The Golden Channel: e+e-→ π+π-

• Precision competitive with current best results: 
• BESIII: 1.0%

• BaBar: 0.7%

• KLOE:  0.6%

• Evaluation of covariance matrix corrected [ Phys.Lett.B812 (2021) 135982 ]

• Lower statistical uncertainty

• Work on going to resolve the “KLOE-BaBar puzzle”
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BESIII Collaboration Physics Letters B 812 (2021) 135982

Fig. 3. Comparison of the updated calculation of the leading-order (LO) hadronic 
vacuum polarization contribution to (g −2)µ due to π+π− in the energy range 600 
- 900 MeV from BESIII and the corresponding results from CMD-2 [13,14], SND [15], 
BaBar [11], BESIII 16 [1], CLEO [16], and KLOE [17]. The respective values are taken 
from the white paper of the Muon g-2 Theory Initiative [2,3,18–22]. The yellow band 
indicates the 1σ range of the updated BESIII result.

aππ ,LO
µ (600 − 900 MeV)

= 1
4π3

(900 MeV)2∫

(600 MeV)2

ds′ K (s′)σ bare(e+e− → π+π−(γFSR)) , (5)

where K (s′) is a kernel function.
With the systematical uncertainty remaining at 0.9% [1], the 

BESIII result on the hadronic vacuum polarization now reads as 
aππ ,LO
µ (600 − 900 MeV) = (368.2 ± 1.5stat ± 3.3syst) × 10−10. 

Fig. 3 shows the results of the calculation compared to previous 
measurements. The statistical uncertainty is reduced by 40% com-
pared to the original work. The result lines up well with the KLOE 
results, while the 1.7σ discrepancy between the BESIII and BaBar 
results remains.
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The golden channel: e+e-→ π+π-

Aim to reach 0.5% precision with new  analysis:
• 20 fb-1 of data at 3.773 GeV (before only 2.9 fb-1)
• Normalization to µµ (𝛾) events
• Improved π/µ/e separation
• 2 independent analyses (Tagged and Untagged)

• Full mππ coverage up to 3 GeV
• Successful DFG funding request
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0.2

0.5

Luminosity/R-ratio -1 
= (0.35 ± 1.68)%
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e+e-→ π+π-π0

• Reconstructing events with π+π- 2𝛾 + 𝛾ISR

• Kinematic Fit + constrain m𝛾𝛾 = mπ0

• Both tagged and untagged configurations considered 
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February 13, 2018 C.F. Redmer - BESIII data for hVP               Workshop on hVP contributions to (g-2)µ 11

 Measure                                     to correct background description

Tagged

π0 veto
• Check combination of 𝛾ISR

with any other photon
February 13, 2018 C.F. Redmer - BESIII data for hVP               Workshop on hVP contributions to (g-2)µ 11

 Measure                                     to correct background description

Untagged

𝛾ISR  polar angle
• Strong reduction of  background

• Measure e+e- → π+π-π0π0 to correct background description 

[arXiv:1912.11208]



e+e-→ π+π-π0
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[arXiv:1912.11208]

• Extraction of 3π contribution to aµ in 0.7 to 3 GeV:
• Precision comparable to latest calculations
• Paper to be published soon
• Statistics limited
• Improvement foreseen with the upcoming dataset at 3.773 GeV!
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Fig. 4. The J/ψ mass spectra in data are shown as black dots with error bars, and the π0 side bands and other backgrounds
estimated with MC are shown as dashed lines.
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Fig. 5. Cross sections obtained with the two methods. The left plot is for Data I, and the right is for Data II. The top plots
are cross sections for both the tagged and untagged results, while the bottom plots are the ratios of the two.
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Fig. 6. Born cross sections and the comparisons with SND, CMD-2, and BABAR . From left to right, they are for the mass
regions of ω, φ, and above φ.

[Phys. Rev. D101, (2020) 014029]
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e+e-→ π+π-π0π0

• Selection similar to e+e- → π+π-π0

• Events with π+π- 4𝛾 + 𝛾ISR
• Kinematic Fit + constrain m𝛾𝛾 = mπ0

28/6/2021 Experimental inputs to HVP and HLbL at the BESIII experiment 14

June 4, 2017 C.F. Redmer - BESIII data for hVP               (g-2)µ Theory Initiative Workshop 14

 Strategy similar to                            analysis:
 Tagged photon:

 Kinematic fit (6C)
 Veto     with ISR photons

 Untagged photon:
 Kinematic fit (3C)
 require

 Measure                                        to correct background description

June 4, 2017 C.F. Redmer - BESIII data for hVP               (g-2)µ Theory Initiative Workshop 14

 Strategy similar to                            analysis:
 Tagged photon:

 Kinematic fit (6C)
 Veto     with ISR photons

 Untagged photon:
 Kinematic fit (3C)
 require

 Measure                                        to correct background description
Tagged: π0 veto Untagged: Polar angle 𝛾ISR

Ø Measure e+e- → π+π-π0π0π0 to correct background description 



e+e-→ π+π-π0π0

• Result from error weighted mean of tagged and untagged

• Strong improvement in precision

• aµ compatible with BaBar result

• Room for improvement!
February 13, 2018 C.F. Redmer - BESIII data for hVP               Workshop on hVP contributions to (g-2)µ 18

 Error weighted mean of tagged and untagged results

 Good agreement with previous measurements   –   also with BaBar

 Improved precision

Phys. Rev. D96 (2017) 092009

February 13, 2018 C.F. Redmer - BESIII data for hVP               Workshop on hVP contributions to (g-2)µ 18

 Error weighted mean of tagged and untagged results

 Good agreement with previous measurements   –   also with BaBar

 Improved precision

Phys. Rev. D96 (2017) 092009
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R Measurement 
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Luminosity
Large angle Bhabha 

Radiative corrections
• Two schemes tested

• Feynman diagram
• Structure functions

• Agreement within 1.2%

Background contributions
• Evaluated with MC:

• Babayaga, Phokhara, KKMC 
(ee,µµ,gg,tt)

• BdkRC, Diag36, Galuga, Ekhara
(ee -> ee + X)

• Beam related background

Efficiency
Ratio of generated and reconstructed events

• Fully inclusive generator
• Lund Area Law
• Low energy hadronisation
• Continuum, ISR, JPC=1–- resonances
• Tuned to data

• Hybrid generator
• Phokhara (10 excl. processes)

• ConExc (60 excl. proc. measured)

• Lund Area Law (unknown)

Ø Aiming at < 3% uncertainty (BES measurement 6% )

[hep-ph/9910285]

[JHEP 1402 (2014) 114]

[Chin.Phys. C40 (2016) 113002]

14 points 
2.2 ≤ √s ≤ 3.7 GeV
>105 had. events 



Inputs to Hadronic 
Light by Light
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HVP
83%

HLbL
17%



Two-Photon Collisions

• Direct connection between HLbL and 𝛾𝛾-collision events

• 𝜎 ∝ 𝛼! ln! 𝐸 and 𝜎 ∝ 𝐹! 𝑄"!, 𝑄!! (transition form factor)

• Forward peaking kinematics: experimentally challenging
• Untagged measurement: quasi-real photons

• Single-tagged measurement: one photon offshell

• Double-tagged measurement: both photons offshell

28/6/2021 Experimental inputs to HVP and HLbL at the BESIII experiment 18

HVP
83%

HLbL
17%

Data driven approachp0, h(¢), pp, ...
g*

g(*)

e-
e-

e+e+

𝑭(𝑸𝟏𝟐, 𝑸𝟐𝟐)
−𝑸𝟏𝟐

−𝑸𝟐𝟐

now

future



• Largest contribution to aµHLbL

• Based on 2.9 fb-1 at 3.773 GeV

• Selecting event with:
• Only 1 lepton (e+/e-)

• At least 2 photons

• Missing momentum in beam pipe

• Clear signals of π0 and η

September 9, 2019 C.F. Redmer - Two-Photon Physics at BESIII              Hadronic Contributions to (g-2)µ 6

Spacelike π0 Transition Form Factor

 Based on 2.9 fb ¹ at 3.773 GeV⁻

 Select:
 Exactly one lepton
 At least two photons

 Apply:
 Single-tag condition
 Helicity angle of photons



 Clear signals of     and

 Incomplete MC description
 Data-driven background subtraction

 Divide out point-like cross section 
using MC distributions

Spacelike π0,η, and η’ Transition Form Factor

28/6/2021 Experimental inputs to HVP and HLbL at the BESIII experiment 19



Spacelike π0,η, and η’ Transition Form Factor

• Good agreement with previous results

• Unprecedented precision (Q2<2 GeV2)

• Data in the most relevant region for aµ

• Paper draft in preparation

• Advanced analysis stage also for η and 

η’ TFF

• Possibility to extend Q2 range down to 

0.1 GeV2 

28/6/2021 Experimental inputs to HVP and HLbL at the BESIII experiment 20

π0

[Prog.Part.Nucl.Phys. 107 (2019) 20-68]



𝛾𝛾* → π+π-

• 7.5 fb-1 from 3.773 to 4.6 GeV

• Selecting events with:

• 1 lepton (e+/e-)

• 2 tracks (opposite charge) with π-ID

• Main backgrounds: 

• e+e-→ e+e-µ+µ- (PID)

• e+e-→ e+e-π+π- (parameterization)

• Machine learning for π/µ separation

• Full helicity angle coverage

• On the way to publication

28/6/2021 Experimental inputs to HVP and HLbL at the BESIII experiment 21

September 9, 2019 C.F. Redmer - Two-Photon Physics at BESIII              Hadronic Contributions to (g-2)µ 12

Based on 7.5 fb-1 from 3.773 GeV to 4.6 GeV

Event selection:

 Two oppositely charged tracks, identified as

 One charged track identified as      by

 Missing momentum:



Dominating background contributions



 π/μ separation using machine learning techniques



 Subtract with parametrization or MC distributions

Single-tagged Measurement of π+π-

e+ e+

e- e-

π+

π-

ρ

Full simulation of 1 fb-1 at 4.23 GeV

First single-tagged measurement!

π+ (µ+)

π- (µ-)
e e

e e

𝛾*



𝛾(*)𝛾*-Physics Outlook 

Many promising studies currently on going:

• 𝛾𝛾* → π0π0 and 𝛾𝛾* → π0η: will complement Belle results

• 𝛾𝛾* → π+π-π0(η), 𝛾𝛾* → π+π- π+π- : axial and tensor vector 

mesons (f1(1285) )

• 𝛾*𝛾* → π0: first double-tagged measurement! 

Great improvement with upcoming 20fb-1 at 3.773 GeV
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Conclusion

• SM uncertainty of aµ dominated by hadronic processes

• BESIII plays an important role in the most important channels:
• e+e-→ π+π-

• Measurement with 1% uncertainty [ Phys.Lett. B753 (2016) 629, B812 (2021) 135982 ]

• Funding for new measurement granted

• Aim to reach 0.5% precision → Resolution of the KLOE-BaBar puzzle!

• e+e-→ π+π-π0

• Evaluation of aµ with O(1%) precision achieved [arXiv:1912.11208]

• Paper to be published soon

• e+e-→ π+π-π0π0

• Preliminary results with O(3%) precision in final review stage

• R measurement:
• Aim for precision < 3%

• Energy range 2.2 – 3.7 GeV

• Draft paper under internal review 
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Conclusion

• Dispersive approach to HLbL evaluation: 𝛾(*)𝛾*-collisions

• Unique opportunity for BESIII:
• Access to relevant Q2 range (0.1 – 3 GeV2)

• Complementary to KLOE and B-factory

• Unprecedented precision

• 𝛾𝛾* → π0,η,η’
• First coverage for Q2<0.5 GeV2

• Good agreement with latest theoretical evaluation
• Draft in preparation (η and η’ results next in line!)

• 𝛾𝛾* → π+π-

• First measurement of single-tagged process

• Final stage of internal review → Paper draft in preparation

• Production of axial and tensor vector mesons
• 𝛾𝛾* → π+π-π0, π+π-η, π+π-π+π-, …

• Several analyses ongoing

• First studies for double-tagged measurement (𝛾*𝛾* → π0)

Great boost with upcoming 20fb-1 of data at 3.773 GeV
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