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Muon (g-2): SM and Experiment 

• Tension Experiment - SM (WP 2020) has now reached 5σ!

• Puzzling discrepancies in HVP evaluation:
• Dispersive – Lattice QCD
• KLOE – BaBar in e+e- → π+π- 
• New CMD-3 measurement vs ALL the others in e+e- → π+π- 

• Better understanding strictly needed!
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The BESIII Experiment (1)

8/11/23 MPP2023 - BESIII Inputs to HVP 2

[ NIM A614 (2010) 345 ]BEPCII

BESIII

• Located at the BEPCII collider 
(Beijing, China)

• Symmetric e+e- beams

• ECM between 2-5 GeV 

• Maximum luminosity: 1.1 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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R Measurements and HVP 
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5 52. Plots of Cross Sections and Related Quantities
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Figure 52.2: World data on the total cross section of e+e≠ æ hadrons and the ratio R(s) = ‡(e+e≠ æ
hadrons, s)/‡(e+e≠ æ µ+µ≠, s). ‡(e+e≠ æ hadrons, s) is the experimental cross section corrected for initial state
radiation and electron-positron vertex loops, ‡(e+e≠ æ µ+µ≠, s) = 4fi–2(s)/3s. Data errors are total below 2 GeV
and statistical above 2 GeV. The curves are an educative guide: the broken one (green) is a naive quark-parton model
prediction, and the solid one (red) is 3-loop pQCD prediction (see “Quantum Chromodynamics” section of this
Review, Eq. (9.7) or, for more details [99], Breit-Wigner parameterizations of J/Â, Â(2S), and Ã (nS), n = 1, 2, 3, 4
are also shown. The full list of references to the original data and the details of the R ratio extraction from them can
be found in [100]. Corresponding computer-readable data files are available at http://pdg.lbl.gov/current/xsect/.
(Courtesy of the COMPAS (Protvino) and HEPDATA (Durham) Groups, August 2019. Corrections by P. Janot
(CERN) and M. Schmitt (Northwestern U.))

21st May, 2020 7:49pm

InclusiveExclusive

~90% aµHVP 

[ Brodsky, de Rafael, 1988 ]

𝑅 =
𝜎(𝑒!𝑒" → had)
𝜎(𝑒!𝑒" → 𝜇!𝜇")
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Analysis StategyInclusive R Measurement at BESIII
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[Phys. Rev. Lett. 128 (2022) 062004] 



Inclusive R Measurement at BESIII
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Dataset
14 energy points 

2.2 ≤ √s ≤ 3.7 GeV
>105 had. events 

Background contributions
• Evaluated with MC:

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

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

• Beam related background

Radiative corrections
• Two schemes tested

• Feynman diagram
• Structure functions

• Agreement better 1.4%
Luminosity

Large angle Bhabha 

Normalization
σµµ(s) = 86.85 nb/s

[Phys. Rev. Lett. 128 (2022) 062004] 



Inclusive R Measurement at BESIII
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Efficiency  
Ratio of generated and reconstructed events

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

Hybrid generator
• Phokhara (10 excl. processes)
• ConExc (60 excl. proc. measured)
• Lund Area Law (unknown)

7
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Comparison of the two Generators

Comparison with data:
■ Nprg ,θ : Number and polar angle of selected charged tracks
■ E/(pc) : Ratio of deposited energy and measured momentum per track
■           : Number of isolated clusters in 2-prong events

Good agreement of both generator models and data

[Phys. Rev. Lett. 128 (2022) 062004] 
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Comparison of the two Generators

■ Effective energy spectrum of simulated ISR processes

■ Consistent spectra from two different generators (different ISR schemes)

8

[Phys. Rev. Lett. 128 (2022) 062004] 



Inclusive R Measurement at BESIII

8/11/23 MPP2023 - BESIII Inputs to HVP

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. [43], and the maximum deviation to the nominally
applied FD scheme is 1.3%. The quantity εhadð0Þð1þ δobsÞ
used in a different R value measurement method in
Refs. [11–13] is also calculated, which differs from
εhadð1þ δÞ used in this Letter 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 previously discussed
systematic uncertainties.
Figure 2 shows the R value obtained in this analysis,

together with previous measurements [6,8–18]. A theo-
retical expectation of R obtained by combining the
perturbative QCD prediction [44] 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. The average R value in the c.m. energy range
3.4–3.6 GeV obtained by BESIII is larger than the
corresponding KEDR result and theoretical expectation
by 1.9 and 2.7 standard deviations (accounting for 100%
correlated systematics from the last four of the seven
contributions in Table I), respectively. Further precision
measurements are desired and will help to improve the
accuracy of the SM predictions of αðM2

ZÞ, as well as the
muon magnetic anomaly, and to verify the QCD sum rules
at lower energies [44].

The BESIII Collaboration thanks the staff of BEPCII,
the IHEP computing center, and the supercomputing
center of USTC for their strong support. This work is
supported in part by National Key R&D Program of
China under Contracts No. 2020YFA0406400,
No. 2020YFA0406300; National Natural Science Foun-
dation of China (NSFC) under Contracts No. 11335008, No.
11625523, No. 11635010, No. 11735014, No. 11822506,
No. 11835012, No. 11935015, No. 11935016, No. 11935
018, No. 11961141012, No. 12022510, No. 120255
02, No. 12035009, No. 12035013, No. 12175244, No.
12061131003, No. 11705192, No. 11875115, No. 11875
262, No. 11950410506; the Chinese Academy of Sciences
(CAS) Large-Scale Scientific Facility Program; Joint Large-
Scale Scientific Facility Funds of the NSFC and CAS under
Contracts No. U1732263, No. U1832207, No. U1832103,
No.U2032105,No.U2032111;CASKeyResearch Program
of Frontier Sciences under Contract No. QYZDJ-SSW-
SLH040; 100 Talents Program of CAS; INPAC and
Shanghai Key Laboratory for Particle Physics and
Cosmology; ERC under Contract No. 758462; European
Union Horizon 2020 Research and Innovation Programme
under Marie Sklodowska-Curie Grant Agreement No.
894790; German Research Foundation DFG under

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.

ffiffiffi
s

p
(GeV) Nobs

had Nbkg σ0μμ (nb) Lint (pb−1) εhad (%) 1þ δ R

2.2324 83 227 2041 17.427 2.645 64.45 1.195 2.286$ 0.008$ 0.037
2.4000 96 627 2331 15.079 3.415 67.29 1.204 2.260$ 0.008$ 0.042
2.8000 83 802 2075 11.078 3.753 72.25 1.219 2.233$ 0.008$ 0.055
3.0500 283 822 7719 9.337 14.89 73.91 1.193 2.252$ 0.004$ 0.052
3.0600 282 467 7683 9.276 15.04 73.88 1.183 2.255$ 0.004$ 0.054
3.0800 552 435 15 433 9.156 31.02 73.98 1.123 2.277$ 0.003$ 0.046
3.4000 32 202 843 7.513 1.733 74.81 1.382 2.330$ 0.014$ 0.058
3.5000 62 670 1691 7.090 3.633 75.32 1.351 2.327$ 0.010$ 0.062
3.5424 145 303 3872 6.921 8.693 75.58 1.341 2.319$ 0.006$ 0.060
3.5538 92 996 2469 6.877 5.562 75.50 1.338 2.342$ 0.008$ 0.064
3.5611 64 650 2477 6.849 3.847 75.50 1.337 2.338$ 0.010$ 0.066
3.6002 159 644 9817 6.701 9.502 75.73 1.328 2.339$ 0.006$ 0.065
3.6500 78 730 6168 6.519 4.760 76.00 1.308 2.352$ 0.009$ 0.067
3.6710 75 253 6461 6.445 4.628 76.11 1.260 2.405$ 0.010$ 0.067

 (GeV)s
2.5 3 3.5

2

3

BESIII (this Letter)
KEDR

BES
MARK-I

2γγ
PLUTO

Crystal Ball
'ψ and ψpQCD+J/

R

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 [11–15], rectangles show KEDR
measurements [16–18], orange crosses are R values from the γγ2
Collaboration [6], cyan stars are that of MARK-I [8], brown
diamonds are PLUTO results [9], and the R value of the Crystal
Ball Collaboration is shown as a magenta triangle [10].

PHYSICAL REVIEW LETTERS 128, 062004 (2022)

062004-7

• Accuracy better than 2.6% below 3.1 GeV and better than 3% above  

• Exceeding pQCD predictions (2.7σ above 3.4 GeV) 

• More to come in near future:
• Result with just 14 energy points out of 130
• Feasibility studies for low energy (<2 GeV) measurement via ISR

[Phys. Rev. Lett. 128 (2022) 062004] 
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Figure 52.2: World data on the total cross section of e+e≠ æ hadrons and the ratio R(s) = ‡(e+e≠ æ
hadrons, s)/‡(e+e≠ æ µ+µ≠, s). ‡(e+e≠ æ hadrons, s) is the experimental cross section corrected for initial state
radiation and electron-positron vertex loops, ‡(e+e≠ æ µ+µ≠, s) = 4fi–2(s)/3s. Data errors are total below 2 GeV
and statistical above 2 GeV. The curves are an educative guide: the broken one (green) is a naive quark-parton model
prediction, and the solid one (red) is 3-loop pQCD prediction (see “Quantum Chromodynamics” section of this
Review, Eq. (9.7) or, for more details [99], Breit-Wigner parameterizations of J/Â, Â(2S), and Ã (nS), n = 1, 2, 3, 4
are also shown. The full list of references to the original data and the details of the R ratio extraction from them can
be found in [100]. Corresponding computer-readable data files are available at http://pdg.lbl.gov/current/xsect/.
(Courtesy of the COMPAS (Protvino) and HEPDATA (Durham) Groups, August 2019. Corrections by P. Janot
(CERN) and M. Schmitt (Northwestern U.))

21st May, 2020 7:49pm

InclusiveExclusive

~90% aµHVP 

[ Brodsky, de Rafael, 1988 ]
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𝜎(𝑒!𝑒" → had)
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Pion Form Factor at BESIII

• Tagged analysis

• Background only from µµ(𝛾) events

• π/µ separation based on neural network (ANN)
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• Cross check with muons:
• Selecting muons using ANN

• Perfect agreement with QED prediction

• Measurement of J/ψ electronic width

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
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[ Phys.Lett.B753 (2016) 629 ]

[ Phys.Lett.B753 (2016) 629 ]

• 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



Pion Form Factor at BESIII

• 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 reach O(0.5%) accuracy
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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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Pion Form Factor: Perspectives

New measurements foreseen:
• O(0.7%) accuracy

• Data sets at √s = 3.77 and 4.18 GeV

• Integrated luminosity ~6 fb-1 

• Normalization to luminosity

• Different selection strategies

• Investigation of NNLO effects

• Partial blinding 

• O(0.5%) accuracy
• New data at √s = 3.77 

• Integrated luminosity ~17 fb-1

• Normalization to di-muon events

• Blind analysis
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Turning the Table: Inclusive below 2 GeV

• New concept: Determine hadronic mass from ISR photon only

• Simple selection criteria:
• 1 high energetic photon (E > 1.2 GeV)

• At (very) large angle (37º-143º)

• At least 1 charged particle

• Extremely high efficiency
• Limited reliance on generators 

• Main backgrounds
• QED (Bhabha) 

• Non-ISR hadronic events
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New Inclusive Approach using ISR: Efficiency
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! ISR boost confines particles into narrow cone 
" Very high detection efficiency

! Less reliant on description of hadronic MC
" ISR description in MC under control

! Single measurement down to threshold (does not need scan)
! Measurement fully inclusive for Final State Radiation (FSR) and 

higher order corrections of ISR
! In principle able to measure fully neutral channels

Event selection:
! Select 1 high-energetic photon > 1.2 GeV ≡ ISR photon

at large polar angle <=>?%&' < A. C
" Restricts hadronic mass spectrum < 2.7 GeV

! Require (for time being) 1 charged track in the event
" Does currently not include fully neutral states ( e.g. ,!," → .#/ )



Turning the Table: Inclusive below 2 GeV

• New concept: Determine hadronic mass from ISR photon only

• Simple selection criteria:
• 1 high energetic photon (E > 1.2 GeV)

• At (very) large angle (37º-143º)

• At least 1 charged particle 

• Extremely high efficiency
• Limited reliance on generators 

• Main backgrounds
• QED (Bhabha,…) 

• Non-ISR hadronic events
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Challenge 1: Subtraction of QED Background
! Apply dedicated PID cuts, e.g. EEMC / |T⃗|
! Subtract remaining QED events using MC simulation " High precision QED MC needed

# BabaYaga@NLO ~0.1%:
# Phokhara ~0.5%:
# KKMC:

+"+# → +"+# - , -- -
+"+# → /"/# -

+"+# → D"D# -

29

Bhabha background

ISR hadronic

Dramatic reduction of Bhabha background
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Turning the Table: Inclusive below 2 GeV

• Large smearing introduced by detector resolution

• Apply unfolding technique to recover the “true” spectrum

• Quantifying (eventual) bias introduced by unfolding 
ü First results suggest negligible impact on aµ

Aiming for few percent accuracy
8/11/23 MPP2023 - BESIII Inputs to HVP 18
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Challenge 3: Unfolding from Detector Mass Resolution
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Summary

• Puzzling picture in the HVP contribution to aµ 

• Tension dispersive – lattice QCD

• KLOE – BaBar – CMD-3 pion FF inconsistencies

• New experimental input are of utmost importance

• BESIII is providing important inputs
• Most precise inclusive R measurement above 2 GeV
• Pion FF measurement with 1% accuracy

• But the best is still to come:
• R measurement above 2 GeV (still >100 energy points to be analyzed)

• Pion FF measurements (1% →  0.7% → 0.5%)

• World first inclusive R measurement below 2 GeV 
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