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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



Published measurements:

• Time-like Pion Form Factor – 600 to 900 MeV – Phys.Lett.B753 (2016) 629

• R Measurement – 2 to 3.7 GeV – Phys. Rev. Lett. 128 (2022) 062004

• Several exclusive channels between 2 and 3 GeV                                                            
(π+π-π0, KsKLπ0, Φππ, η’ππ, …) 

Preliminary results:

• ISR e+e- -> π+ π- π0  – 0.7 to 3 GeV – arXiv:1912.11208

• ISR  e+e- -> π+ π- π0 π0  –  0.9 to 3.3 GeV  

On going and future measurements:

• ISR e+e- -> π+ π-  –   0.3 to 1 GeV (tagged) and > 1 GeV (untagged)

• ISR e+e- -> K K  –   1 to 3.3 GeV  (tagged and untagged)

• ISR R measurement  –   0.3 to 2 GeV  

• R measurement –  1.8 to 2 GeV (future)

BESIII Contributions to HVP
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World largest τ-charm dataset in e+e- annihilation …
and still growing
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World largest τ-charm dataset in e+e- annihilation …
... and still growing
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Pion Form Factor at BESIII
Tagged ISR analysis

4C Kinematic Fit (ππ𝛾 hypothesis)

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

[Phys.Lett.B753 (2016) 629]



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

22/04/2024 HVP AT BESIII

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 at BESIII
• Do Phokhara shortcomings in (N)NLO ISR affect the analysis significantly?  
• Check Data-MC kinematic fit χ2 to spot eventual (large) systematic effects!

• Excellent agreement for χ2> 40 (cut < 60): 
 No sign of overlooked systematics in kinematic fit

ANN
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Pion Form Factor at BESIII
New analysis on going!
Staged approach:

First result with O(0.7%) accuracy (beg. 2025):
◦ Data sets at √s = 3.77 and 4.18 GeV
◦ Integrated luminosity ~6 fb-1 
◦ Different selection strategies                      

(1C and 4C Kinematic Fits)
◦ Investigation of NLO effects (?)
◦ Partial blinding
◦ Normalization to luminosity

Cross check of:
◦ Previous measurement (same data set)
◦ Different CM energies (3.77 vs 4.18 GeV)
◦ Radiative effect (1C vs 4C kinematic fits)

0.7

0.3
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Pion Form Factor at BESIII
New analysis on going!
Staged approach:

Final accuracy O(0.5%) (≈ 2028):
◦ New data sets at √s = 3.77
◦ Integrated luminosity ~17 fb-1 
◦ Different selection strategies                      

(1C, 4C, full PID, Helicity Angle Fit)
◦ Investigation of NLO effects
◦ Blind analysis
◦ Normalization to muons

Plenty of internal consistency checks:
◦ 1C vs 4C Kinematic Fit
◦ PID vs Helicity Angle
◦ Luminosity vs Muon
◦ Data taking periods

0.2

0.5
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Studies of NLO Effects
• Investigation of events with two radiative photons started few years ago

• Observed effect similar to BaBar:
Ø Phokhara works at LO on 2-photon events, thus no surprise!
Ø Need to quantify the impact on the selection
Ø KKMC best candidate (complete LL) … 

1 Introduction

The aim of this contribution is to compare whatever the best we have at hand for evalua-
tion of the initial state radiation (ISR) effect in the process e−e+ → µ−µ+γ using KKMC
[1, 2] and PHOKHARA [3, 4, 5] Monte Carlo programs. The above investigation will be
partly extended to the process e−e+ → π−π+γ.
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Figure 1: Mu-pair mass (square) spectrum in case of ISR only.
√
s = 1.01942GeV.

2 ISR in muon pair production

Both KKMC and PHOKHARA programs are full scale MC event generators, which can
provide for any experimentally observable distribution. We concentrate however, on the
distribution of the squared mass spectrum Q2 = s′ of the muon pair, because this distri-
bution is relevant for the radiative return measurements of R(s), and also because this
particular distribution we may compare with the classical semi-analytical calculations.
Here we shall also exploit the analytical formulas of ref. [6] (see also [7]), which imple-
ment analytical second order ISR calculation of ref. [8] and third order leading-logarithmic
(LL) ISR calculation of refs. [9, 10]. The ISR formula of ref. [6] is provided by the KKsem
facility of KKMC. In the actual KKsem implementation we use version of the formula
where numerically negligible (at least at LEP energies, see ref. [6]) second order NNLL
terms are neglected.

1

[Acta Phys.Polon. B36 (2005) 2387]
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Figure 1: Mu-pair mass (square) spectrum in case of ISR only.
√
s = 1.01942GeV.

2 ISR in muon pair production

Both KKMC and PHOKHARA programs are full scale MC event generators, which can
provide for any experimentally observable distribution. We concentrate however, on the
distribution of the squared mass spectrum Q2 = s′ of the muon pair, because this distri-
bution is relevant for the radiative return measurements of R(s), and also because this
particular distribution we may compare with the classical semi-analytical calculations.
Here we shall also exploit the analytical formulas of ref. [6] (see also [7]), which imple-
ment analytical second order ISR calculation of ref. [8] and third order leading-logarithmic
(LL) ISR calculation of refs. [9, 10]. The ISR formula of ref. [6] is provided by the KKsem
facility of KKMC. In the actual KKsem implementation we use version of the formula
where numerically negligible (at least at LEP energies, see ref. [6]) second order NNLL
terms are neglected.
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KKMC 5.0 / Phokhara

KKMC 5.0 / Phokhara

• Investigation of events with two radiative photons started few years ago

• Observed effect similar to BaBar:
Ø Phokhara works at LO on 2-photon events, thus no surprise!
Ø Need to quantify the impact on the selection
Ø KKMC best candidate (complete LL) … but

[Acta Phys.Polon. B36 (2005) 2387]

22/04/2024 HVP AT BESIII 13



Studies of NLO Effects
1 Introduction

The aim of this contribution is to compare whatever the best we have at hand for evalua-
tion of the initial state radiation (ISR) effect in the process e−e+ → µ−µ+γ using KKMC
[1, 2] and PHOKHARA [3, 4, 5] Monte Carlo programs. The above investigation will be
partly extended to the process e−e+ → π−π+γ.
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distribution of the squared mass spectrum Q2 = s′ of the muon pair, because this distri-
bution is relevant for the radiative return measurements of R(s), and also because this
particular distribution we may compare with the classical semi-analytical calculations.
Here we shall also exploit the analytical formulas of ref. [6] (see also [7]), which imple-
ment analytical second order ISR calculation of ref. [8] and third order leading-logarithmic
(LL) ISR calculation of refs. [9, 10]. The ISR formula of ref. [6] is provided by the KKsem
facility of KKMC. In the actual KKsem implementation we use version of the formula
where numerically negligible (at least at LEP energies, see ref. [6]) second order NNLL
terms are neglected.
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[Acta Phys.Polon. B36 (2005) 2387]Publicly available version of KKMC does not 
match the semi-analytic parameterization of 

the cross section from Jadach
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Studies of NLO Effects
• Phokhara – KKMC comparison in Acta 
Phys.Polon. B36 (2005) 2387 performed with 
private version of KKMC

• Public versions of KKMC do implement ISR (FSR) 
form factors (f0) in the approximation of Q2 >> ml 

• Mass corrections were evaluated and published 
in Phys. Rev. D65, 073030
• ISR: Eq 2.21
• FSR: Eq 2.39

• Confirmed by S. A. Jost, who was performing the 
comparison

• Original code seems to have been lost (data 
corruption)

• Trying to implement the corrections in the new 
version of KKMC

1 Introduction

The aim of this contribution is to compare whatever the best we have at hand for evalua-
tion of the initial state radiation (ISR) effect in the process e−e+ → µ−µ+γ using KKMC
[1, 2] and PHOKHARA [3, 4, 5] Monte Carlo programs. The above investigation will be
partly extended to the process e−e+ → π−π+γ.
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2 ISR in muon pair production

Both KKMC and PHOKHARA programs are full scale MC event generators, which can
provide for any experimentally observable distribution. We concentrate however, on the
distribution of the squared mass spectrum Q2 = s′ of the muon pair, because this distri-
bution is relevant for the radiative return measurements of R(s), and also because this
particular distribution we may compare with the classical semi-analytical calculations.
Here we shall also exploit the analytical formulas of ref. [6] (see also [7]), which imple-
ment analytical second order ISR calculation of ref. [8] and third order leading-logarithmic
(LL) ISR calculation of refs. [9, 10]. The ISR formula of ref. [6] is provided by the KKsem
facility of KKMC. In the actual KKsem implementation we use version of the formula
where numerically negligible (at least at LEP energies, see ref. [6]) second order NNLL
terms are neglected.
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ISR R Measurement 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,di-muon) 
◦ Non-ISR hadronic events
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Achim Denig Inclusive R measurements at BESIII

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. ,!," → .#/ )

Achim Denig Inclusive R measurements at BESIII

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

After PID



ISR R Measurement 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
22/04/2024 HVP AT BESIII 18

Achim Denig Inclusive R measurements at BESIII

Challenge 3: Unfolding from Detector Mass Resolution
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Achim Denig Inclusive R measurements at BESIII

Challenge 3: Unfolding from Detector Mass Resolution
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Summary
• BESIII strongly engaged in providing experimental inputs to HVP
• Published: 
• Pion FF measurement with sub-percent precision
•Most precise R measurement between 2 and 3.7 GeV

• Checks on 2π measurement:
•No sign of overseen systematics in kinematic fit
• Found missing corrections in distributed KKMC versions 

• The best is still to come:
• Pion FF with O(0.7%) precision next year
• R measurement below 2 GeV via ISR next year
• Kaon FFs via ISR (on going)
• Pion FF with O(0.5%) already planned (time scale ≈4 years)
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