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Results post-Fermilab

Tensions on a picture
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Muon (g-2): SM and Experiment 

• FNAL confirms tension with (dispersive) SM (4.2σ!)

• Uncertainty dominated by HVP and HLbL

• Tension also between Lattice and Dispersive HVP

• Better understanding strictly needed!
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σ2(aµ)

[ Data from:  Phys.Rep 887 (2020) 1-166 ] 
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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: Scan at Fixed Energy

HVP evaluation <2 GeV mostly determined by ISR:

• π+π- (80%): KLOE (0.6%) & BaBar (0.7%) | CMD2(0.8%) & SND (1%)

• π+π-π0 (7%): BaBar (1.3%) | SND (4%)

• K+K- (3%): BaBar (1.2%) | CMD3 (2%), SND (7%)
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! Access to threshold region

! Normalization fixed over full 
range 

! Consistent data-taking 
conditions

! Limited energy resolution

! Knowledge of radiator function

! FSR contributions
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Initial State Radiation: Scan at Fixed Energy

HVP evaluation <2 GeV mostly determined by ISR:

• π+π- (80%): KLOE (0.6%) & BaBar (0.7%) | CMD2(0.8%) & SND (1%)

• π+π-π0 (7%): BaBar (1.3%) | SND (4%)

• K+K- (3%): BaBar (1.2%) | CMD3 (2%), SND (7%)
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BABAR: multi-pion channels

! Access to threshold region

! Normalization fixed over full 
range 

! Consistent data-taking 
conditions

! Limited energy resolution

! Knowledge of radiator function

! FSR contributions
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Initial State Radiation: Analysis Strategy

Untagged analysis energy thresholds 

KLOE ~350 MeV  BESIII ~800 MeV  BaBar ~3 GeV
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ISR photon undetected
• High statistics, small background
• No FSR
• Only higher masses accessible

Detect full hadronic system

ISR photon detected

• Access to had. threshold region

• Background at high masses



e+e- ! π+π- : The Golden Channel

• Largest contributor to both HVP and σHVP

• KLOE, BaBar, and BESIII ISR measurement (! a! /a! ≤1%)

• Long standing KLOE-BaBar discrepancy

• ISR technique, but different analysis strategy
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! +! -: 65%

! +! -! 0:   
16%

! +! -! 0! 0:  10%

! +! -! +! -, ! 0! , 
KSKL, K+K-: É

E > 1.8 GeV : 7%

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 ! + ! ! 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 [2,3,18Ð22]. The yellow  band 
indicates  the 1" range of the updated  BESIII result.

a! ! ,LO
µ (600 ! 900 MeV)

=
1

4! 3

(900 MeV)2!

(600 MeV)2

ds" K(s") " bare(e+ e! # ! + ! ! (#FSR)) , (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 
a!! ,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 1.7" discrepancy  between  the BESIII and BaBar 
results  remains.
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Figure 23: Left: Rescaling factor accounting for inconsistencies among experiments versus
!

s. Right: Relative averaging weights per experiment
versus

!
s (see text). Reprinted from Ref. [6].
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Figure 24: Cross section fore+e" # ! +! " annihilation measured by the di! erent experiments for the entire energy range. The error bars contain
both statistical and systematic errors, added in quadrature. The shaded (green) band represents the average of all the measurements obtained by
HVPTools, which is used for the numerical integration following the procedure discussed in Sec.2.3.1. Reprinted from Ref. [6].

older data with incomplete radiative corrections. Their weights are small throughout the entire energy domain.
The evaluation of the completeaHVP, LO

µ [!! ] integral for the! +! " contribution from threshold to 1.8 GeV, using a
Þt up to 0.6 GeV (see Sec.2.3.4) and the HVPTools data combination above, gives 507.0(1.9)$ 10" 10. The correlation
among the uncertainties of these two contributions of 62% evaluated using pseudo-experiments is taken into account.
Removing BABAR or KLOE from the data set gives 505.1(2.1) $ 10" 10 and 510.6(2.2) $ 10" 10, respectively, with
an absolute di! erence of 5.5 $ 10" 10 that is signiÞcantly larger than the individual uncertainties. In light of this
discrepancy, which is not fully captured by the local uncertainty rescaling procedure, half of the full di! erence between
the complete integrals without BABAR and KLOE, respectively, is included as additional systematic uncertainty in
the DHMZ study. The central value of theaHVP, LO

µ [!! ] contribution is placed half-way between the two results. To
avoid double counting, the local uncertainty rescaling between BABAR and KLOE is not applied, but that between
these and the other! +! " data sets is kept. This procedure results in a total! +! " contribution ofaHVP, LO

µ [!! ] =
507.9(0.8)(3.2) $ 10" 10, where the Þrst uncertainty is statistical and the second systematic (dominated by the new
uncertainty of 2.8 $ 10" 10) [6].

Common sources of systematic uncertainties also occur between measurements of di! erent Þnal-state channels
and must be taken into account when summing up the exclusive contributions. Such correlations mostly arise from
luminosity uncertainties, if the data stem from the same experimental facility, and from radiative corrections. In
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e+e- ! π+π- : KLOE

Several measurements, result as combination:
! Untagged analysis of 140 pb -1 @ mΦ (KLOE05)

! Untagged analysis of 240 pb -1 @ mΦ (KLOE08)

! Tagged analysis of  250 pb -1 @ 1 GeV (KLOE10)

! KLOE08 with normalization to e+e- " ! +! - (KLOE12)
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Figure 3: The KLOE data sets one+e! " ! + ! ! in the" region obtained in the three experimental conÞgurations described in the text [58, 61, 65].
Adapted from Ref. [65].

The KLOE [58] and BABAR [60, 64] ISR analyses are initially very di! erent. First, the CM energy is close
to the studied energy in the case of KLOE (soft ISR photons), while it is very far in the BABAR case (hard
ISR photons). In KLOE-2008 and KLOE-2012 the ISR photon is not detected and reconstructed kinematically,
assuming no extra photon. Since the cross section strongly peaks along the beams, a large statistics of ISR
events is obtained. Pion pairs are separated from muon pairs with kinematical constraints. In BABAR, the ISR
photon is detected at large angle (about 10% e" ciency) so that the full event is observed, and an additional
photon can be incorporated in the kinematical Þt (undetected forward additional ISR or detected ISR/FSR
photon). Another big di! erence concerns the ISR luminosity: in the KLOE-2008 and KLOE-2010 analyses
it is computed using the NLO PHOKHARA generator [148], while in BABAR both pion and muon pairs are
measured and the ratio!! (#)/µµ(#) directly provides the!! (#) cross section. The small-angle ISR photon
provides a suppression of the sizeable LO|FSR|2 contribution in KLOE, and the remaining part is computed
from PHOKHARA. In BABAR, the|FSR|2 contribution is negligible because of the large value ofs. The KLOE
method with small-angle undetected ISR photons also reduces the range of!! masses on the low side because
of the limited angular acceptance of the detector. To overcome this problem, the analysis of KLOE-2010 was
performed with large-angle ISR [61]. Finally, the KLOE-2012 measurement [65] was obtained using the same
ratio method as BABAR (Fig.3), but with undetected small-angle ISR photons. This ratio is taken in small
mass bins (typically 6 MeV) for KLOE, while for BABAR larger intervals (50 MeV) are used in order to reduce
statistical ßuctuations on the individual cross section values, taking into account the expected variation of the
µµ(#) cross section within each interval and the bin-to-bin correlations in the covariance matrix.

The three KLOE measurements have been recently combined taking into account the correlations between the
di! erent data sets [82]. The combination method was aimed at providing a coherent KLOE data set with a fully
consistent treatment of uncertainties between the three analyses.

In order to reduce systematic uncertainties, the BABAR method involves the simultaneous measurement of the
processe+e! " µ+µ! , which by itself can be checked against the QED prediction using thee+e! luminosity.
The comparison of the BABAR data with NLO QED shows a good agreement from threshold to 3 GeV within
a total uncertainty of 1.1%, dominated by the luminosity uncertainty (Fig.4).

More recently results with the ISR method in the charm region and large-angle ISR tagging have been obtained
by BESIII [73] and a group using the data from CLEO-c [84]. Both have a larger statistical uncertainty. Their
data is shown in Fig.5.
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[KLOE Collaboration Phys.Lett.B 670 (2009)]

[KLOE Collaboration Phys.Lett.B 700 (2011)]

[KLOE Collaboration Phys.Lett.B 720 (2013)]

3. FORWARD-BACKWARD ASYMME-
TRY

The interference in the amplitudes for ISR and
FSR is odd under the exchange! + ! ! ! . This
gives rise to a non-vanishing asymmetry of the
distributions in the polar angle " for the pions [7].
A common way to express this is theforward-
backwardasymmetry A FB :

A FB (M 2
!! ) =

N! + (" > 90" ) " N! + (" < 90" )
N! + (" > 90" ) + N! + (" < 90" )

. (7)

This quantity is an ideal tool to test the valid-
ity of models used in Monte Carlo to describe
the pionic Þnal state radiation. In a similar
way, radiative decays of the# meson into scalars
decaying into ! + ! ! contribute to the asymme-
try [24,25]. As can be seen in Fig. 5 and Fig. 6,
this has a large e! ect on the asymmetry going
from data taken at

#
s $ 1 GeV to data taken

at
#

s = M " , especially in the energy region be-
low the $-meson mass. Outside the#-resonance,
the asymmetry is almost completely dominated
by the pionic Þnal state radiation, while on the
peak of the resonance, the decays of the#-meson
to f 0% and also $! contribute signiÞcantly. A
comparison with a Monte Carlo prediction us-
ing the PHOKHARA event generator [29] with
a model for #-decays and parameters from [30],
together with a pointlike-pion description for the
pionic Þnal state radiation, shows a good agree-
ment with the data for both sets of data. Qualita-
tively, the theoretical descriptions used to model
the di! erent contributions in the simulation agree
well with the data, although at low M 2

!! the data
statistics becomes poor and the data asymmetry
points have large errors. In particular, the o! -
peak data in Fig. 5 shows very good agreement
above 0.35 GeV2 with the pointlike-pion descrip-
tion for FSR.

4. CONCLUSIONS AND OUTLOOK

The KLOE experiment has performed a new
measurement of the pion form factor|F! |2 in the
M 2

!! range between 0.1 and 0.85 GeV2. The re-
sult is in very good agreement with the previous
KLOE result, and extends it down to the two-
pion threshold. Reasonable agreement was found
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Figure 5. Preliminary forward-backward asym-
metry for KLOE10 data taken at

#
s $ 1 GeV,

and the corresponding Monte Carlo prediction us-
ing the PHOKHARA event generator with model
and parameters from [30].
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Figure 6. Preliminary forward-backward asym-
metry for KLOE08 data taken at

#
s = M " , and

the corresponding Monte Carlo prediction using
the PHOKHARA event generator with model and
parameters from [30].
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Several measurements, result as combination:
! Untagged analysis of 140 pb -1 @ mΦ (KLOE05)

! Untagged analysis of 240 pb -1 @ mΦ (KLOE08)

! Tagged analysis of  250 pb -1 @ 1 GeV (KLOE10)

! KLOE08 with normalization to e+e- " ! +! - (KLOE12)
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Fig. 5. Top. Comparison of data and MC results for d! µµ ! / dsµ. Bottom. Ratio of
the two spectra. The green band shows the systematic error.

4.2 Determination of ! (e+ e! ! " + " ! (#)) from the " + " ! #/ µ+ µ! # ratio.

From the bin-by-bin ratio of our published [16]" + " ! # and the µ+ µ! # di! er-
ential cross sections described above, we obtain the bare cross section ! 0

"" (! )
(inclusive of FSR, with VP e! ects removed) which is used in the dispersion in-
tegral for computing" "" aµ . Figure 6 shows the" + " ! # and µ+ µ! # event spec-
tra after background subtraction and data/MC corrections. Figure 7 shows the
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Fig. 6. Square invariant mass distributions of" + " ! # (blue) and µ+ µ! # (red) events
after background subtraction and data/MC corrections.

bare cross section! 0
"" (! ) . The pion form factor |F" |2 is then obtained using

Eq. 4.

Table 4 gives our results for the bare cross section and the pion form factor.
Only statistical errors are shown. Systematic uncertainties on! 0

"" (! ) and |F" |2

are given in Ref. 26. Most of them are smaller than the individual uncertainties
on ""# and µµ# due to correlation between the two measurements [26].
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Systematic uncertainties:

! Experimental: 0.7% 
(Background)

! Theory: 0.5% ! 0.2% 
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Figure 3: The KLOE data sets one+e! " ! + ! ! in the" region obtained in the three experimental conÞgurations described in the text [58, 61, 65].
Adapted from Ref. [65].

The KLOE [58] and BABAR [60, 64] ISR analyses are initially very di! erent. First, the CM energy is close
to the studied energy in the case of KLOE (soft ISR photons), while it is very far in the BABAR case (hard
ISR photons). In KLOE-2008 and KLOE-2012 the ISR photon is not detected and reconstructed kinematically,
assuming no extra photon. Since the cross section strongly peaks along the beams, a large statistics of ISR
events is obtained. Pion pairs are separated from muon pairs with kinematical constraints. In BABAR, the ISR
photon is detected at large angle (about 10% e" ciency) so that the full event is observed, and an additional
photon can be incorporated in the kinematical Þt (undetected forward additional ISR or detected ISR/FSR
photon). Another big di! erence concerns the ISR luminosity: in the KLOE-2008 and KLOE-2010 analyses
it is computed using the NLO PHOKHARA generator [148], while in BABAR both pion and muon pairs are
measured and the ratio!! (#)/µµ(#) directly provides the!! (#) cross section. The small-angle ISR photon
provides a suppression of the sizeable LO|FSR|2 contribution in KLOE, and the remaining part is computed
from PHOKHARA. In BABAR, the|FSR|2 contribution is negligible because of the large value ofs. The KLOE
method with small-angle undetected ISR photons also reduces the range of!! masses on the low side because
of the limited angular acceptance of the detector. To overcome this problem, the analysis of KLOE-2010 was
performed with large-angle ISR [61]. Finally, the KLOE-2012 measurement [65] was obtained using the same
ratio method as BABAR (Fig.3), but with undetected small-angle ISR photons. This ratio is taken in small
mass bins (typically 6 MeV) for KLOE, while for BABAR larger intervals (50 MeV) are used in order to reduce
statistical ßuctuations on the individual cross section values, taking into account the expected variation of the
µµ(#) cross section within each interval and the bin-to-bin correlations in the covariance matrix.

The three KLOE measurements have been recently combined taking into account the correlations between the
di! erent data sets [82]. The combination method was aimed at providing a coherent KLOE data set with a fully
consistent treatment of uncertainties between the three analyses.

In order to reduce systematic uncertainties, the BABAR method involves the simultaneous measurement of the
processe+e! " µ+µ! , which by itself can be checked against the QED prediction using thee+e! luminosity.
The comparison of the BABAR data with NLO QED shows a good agreement from threshold to 3 GeV within
a total uncertainty of 1.1%, dominated by the luminosity uncertainty (Fig.4).

More recently results with the ISR method in the charm region and large-angle ISR tagging have been obtained
by BESIII [73] and a group using the data from CLEO-c [84]. Both have a larger statistical uncertainty. Their
data is shown in Fig.5.
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trum, after the latter is corrected using data for all known
detector and reconstruction di! erences. The generator is
also corrected for its known NLO deÞciencies using the
comparison to PHOKHARA . The ratio is consistent with
unity from threshold to 3 GeV/c 2, (Fig. 1 (a)). A Þt to a
constant value yields (! 2/n df = 55.4/ 54; ndf =number of
degrees of freedom)

" data
µµ ! ( ! )

" NLO QED
µµ ! ( ! )

! 1 = (40 ± 20± 55± 94) " 10! 4 , (2)

where the errors are statistical, systematic from this anal-
ysis, and systematic fromL ee, respectively. The QED
test is thus satisÞed within an overall accuracy of 1.1%.

To correct for resolution and FSR e! ects, an unfold-
ing of the background-subtracted and e" ciency-corrected
m"" distribution is performed. A separate mass-transfer
matrix is created using simulation for the # central and
tail regions; this provides the probability that an event
generated in a

#
s" interval i is reconstructed in a m""

interval j . The matrix is corrected using data to account
for the larger rate of events with poorer mass resolution.
Performance and robustness of the unfolding method [17]
have been assessed using test models. For the 2-MeV
intervals, the signiÞcant elements of the resulting covari-
ance matrix lie near the diagonal over a typical range of
6 ! 8 MeV, which corresponds to the energy resolution.

The results for the e+ e! $ $+ $! (%) bare cross sec-
tion [18] including FSR, " 0

"" ( ! ) (
#

s"), are given in Fig. 1
(b). Prominent features are the dominant # resonance,
the abrupt drop at 0.78 GeV due to# ! & interference, a
clear dip at 1.6 GeV resulting from higher # state inter-
ference, and additional structure near 2.2 GeV. System-
atic uncertainties are estimated from the precision of the
data-MC comparisons and from the measurement proce-
dures used for the various e" ciencies. They are reported

TABLE I: Relative systematic uncertainties (in 10 ! 3) on the
e+ e! ! ! + ! ! (" ) cross section by

"
s" intervals (in GeV) up

to 1.2 GeV. The statistical part of the e ! ciency uncertainties
is included in the total statistical uncertainty in each int erval.

Source of CM Energy Interval (GeV)
Uncertainty 0.3-0.4 0.4-0.5 0.5-0.6 0.6-0.9 0.9-1.2

trigger/ Þlter 5.3 2.7 1.9 1.0 0.5
tracking 3.8 2.1 2.1 1.1 1.7

! -ID 10.1 2.5 6.2 2.4 4.2
background 3.5 4.3 5.2 1.0 3.0
acceptance 1.6 1.6 1.0 1.0 1.6

kinematic Þt ( #2) 0.9 0.9 0.3 0.3 0.9
correlated µµ ID loss 3.0 2.0 3.0 1.3 2.0

!! /µµ non-cancel. 2.7 1.4 1.6 1.1 1.3
unfolding 1.0 2.7 2.7 1.0 1.3

ISR luminosity ( µµ) 3.4 3.4 3.4 3.4 3.4
total uncertainty 13.8 8.1 10.2 5.0 6.5
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FIG. 1: (a) The ratio of the measured cross section for
e+ e! ! µ+ µ! " (" ) to the NLO QED prediction. The
band represents Eq. (2). (b) The measured cross section for
e+ e! ! ! + ! ! (" ) from 0.3 to 3 GeV. (c) Enlarged view of the
$ region in energy intervals of 2 MeV. The errors are from the
combined diagonal elements of the statistical and systematic
covariance matrices.

in Table I for 0 .3 <
#

s" < 1.2 GeV. Although larger
outside this range, the systematic uncertainties do not
exceed statistical errors over the full spectrum for the
chosen energy intervals.

The lowest-order contribution of the $$(%) intermedi-
ate state to the muon magnetic anomaly is given by

a"" ( ! ) ,LO
µ =

1
4$3

#!

4m 2
!

ds" K (s") " 0
"" ( ! ) (s

") , (3)

whereK (s") is a known kernel [19]. The integration uses
the measured cross section and the errors are computed
using the full statistical and systematic covariance ma-
trices. The systematic uncertainties for each source are
taken to be fully correlated over all mass regions. The
integrated result from threshold to 1.8 GeV is

a"" ( ! ) ,LO
µ = (514.1 ± 2.2 ± 3.1) " 10! 10 , (4)

where the errors are statistical and systematic. This
value is larger than that from a combination of previ-
ouse+ e! data [5] (503.5± 3.5), but is in good agreement
with the updated value from ' decay [5] (515.2 ± 3.4).

In summary, the cross section for the processe+ e! $
$+ $! (%) has been measured in the energy range from 0.3
to 3 GeV, using the ISR method. The result for the $$
hadronic contribution to aµ has a precision comparable
to that of the combined value from existing e+ e! experi-
ments. However, theBABAR central value is larger, which
reduces the deviation of the directaµ measurement from
the Standard Model prediction.

We are grateful for the excellent luminosity and ma-
chine conditions provided by our PEP-II colleagues, and
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Performance and robustness of the unfolding method [17]
have been assessed using test models. For the 2-MeV
intervals, the signiÞcant elements of the resulting covari-
ance matrix lie near the diagonal over a typical range of
6 ! 8 MeV, which corresponds to the energy resolution.

The results for the e+ e! $ $+ $! (%) bare cross sec-
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FIG. 1: (a) The ratio of the measured cross section for
e+ e! ! µ+ µ! " (" ) to the NLO QED prediction. The
band represents Eq. (2). (b) The measured cross section for
e+ e! ! ! + ! ! (" ) from 0.3 to 3 GeV. (c) Enlarged view of the
$ region in energy intervals of 2 MeV. The errors are from the
combined diagonal elements of the statistical and systematic
covariance matrices.

in Table I for 0 .3 <
#

s" < 1.2 GeV. Although larger
outside this range, the systematic uncertainties do not
exceed statistical errors over the full spectrum for the
chosen energy intervals.

The lowest-order contribution of the $$(%) intermedi-
ate state to the muon magnetic anomaly is given by

a"" ( ! ) ,LO
µ =

1
4$3
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4m 2
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ds" K (s") " 0
"" ( ! ) (s

") , (3)

whereK (s") is a known kernel [19]. The integration uses
the measured cross section and the errors are computed
using the full statistical and systematic covariance ma-
trices. The systematic uncertainties for each source are
taken to be fully correlated over all mass regions. The
integrated result from threshold to 1.8 GeV is

a"" ( ! ) ,LO
µ = (514.1 ± 2.2 ± 3.1) " 10! 10 , (4)

where the errors are statistical and systematic. This
value is larger than that from a combination of previ-
ouse+ e! data [5] (503.5± 3.5), but is in good agreement
with the updated value from ' decay [5] (515.2 ± 3.4).

In summary, the cross section for the processe+ e! $
$+ $! (%) has been measured in the energy range from 0.3
to 3 GeV, using the ISR method. The result for the $$
hadronic contribution to aµ has a precision comparable
to that of the combined value from existing e+ e! experi-
ments. However, theBABAR central value is larger, which
reduces the deviation of the directaµ measurement from
the Standard Model prediction.

We are grateful for the excellent luminosity and ma-
chine conditions provided by our PEP-II colleagues, and
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FIG. 24: The charge asymmetry slopes for e+ e! ! ! + ! ! " using MC samples with and without reweighting, and Þt to the
model after reweighting (see text); (top left) for | cos#" | < 1/

"
3; (top right) for | cos#" | > 1/

"
3; (bottom) for the full | cos#" |

range; the blue band represents the model-2 prediction using the averagec0,2 values after reweighting. The light-blue part
corresponds to the extrapolation of the model beyond the Þtted range.

section, for the values ofm!! , cos! !
" , cos! ! and cos" !

for the event. The di! erential cross sections are given by
the model used to Þt the data (Eqs. (8-10)). The FSR
model is made quantitative by using the Þtted values for
c0,2. The studies have been performed separately for the
regions below and above 1/

!
3.

The Þtted values ofc0 and c2 are stable after two iter-
ations. A third iteration is performed in order to check
the stability of the results. The di ! erence between the
last two iterations is taken as a systematic uncertainty.

The Þnal A0 values are given in Fig. 24, together with

the FSR model prediction using the Þttedc0,2 values de-
termined by the iterative process. The extrapolation of
the model beyond the Þt region 0.3-1.4 GeV/c 2 is shown
(light-blue band). Although the statistical uncertainty
of the data is large, there is evidence that the model
becomes inadequate above 1.8 GeV/c 2. This is not sur-
prising since a constant S-wave amplitude and thef 2
resonance are likely to be insu" cient to describe this
region, where many high mass resonances contribute to
the #+ #" Þnal state. However, based on the change
of asymmetry at the 10" 3 level induced at lower mass,
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FIG. 29: The FSR fraction in the BABAR measurement [6] of
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obtained in this analysis using FSR model 2 with c0,2 pa-
rameters Þtted to data (blue band). The light-blue part cor-
responds to the extrapolation of the model beyond the Þtted
range. The FSR fraction is compared to the systematic er-
ror of the BABAR cross section measurement (green dashed
histogram) and its total error (black histogram).

LO FSR.
The present measurement of the charge asymmetry

allows one to validate this assumption in a quantitative
way. Using the FSR fraction shown in Fig. 29, the con-
tribution to aµ from the LO FSR falsely attributed to
the ISR cross section is found to be, in the same energy
range up to 1.8 GeV

! a!!
µ (FSR) = (0 .26± 0.12) ! 10! 10. (17)

This reduces the value ofa!!
µ by (5.1± 2.3)! 10! 4 relative

to the BABAR determination. The correction is small
compared to the total BABAR relative uncertainty of 7.4!
10! 3, which justiÞes its earlier neglect.

VIII. CONCLUSIONS

The radiative processe+ e! " X ! , where X = µ+ µ!

and " + " ! are considered in this analysis, involves con-
tributions from both LO ISR and FSR. Because charge
parities of the Þnal state pair are opposite for ISR and
FSR, the interference between ISR and FSR changes
sign with the charge interchange of the two muons (pi-
ons). As a consequence, investigation of the charge
asymmetry of the process gives a way to study the in-
terference between ISR and FSR, which is sensitive to
the relative contribution of LO FSR.

From QED for µ+ µ! ! , and from FSR models for
" + " ! ! , we Þnd that the charge asymmetry A has a
strong dependence on the angle#" between the µ! µ!

(" + " ! ) plane and the e+ e! ! plane in the e+ e! c.m.
system, which can be simply represented by a linear
function A = A0 cos#" . The slope A0 quantiÞes the
magnitude of the interference between ISR and FSR.

The acceptance e" ects on the measured charge asym-
metry are studied with the full simulation of e+ e! "
µ+ µ! ! and e+ e! " " + " ! ! events. We Þnd that the
detector and event selection, including trigger, tracking,
PID, and kinematic Þtting, induce nonlinear patterns
on the cos#" dependence of the charge asymmetry, but
have a small impact on the determined slopeA0. Kine-
matic acceptance Ñ namely the angular acceptance, and
energy or momentum requirements on the Þnal state
particles Ñ changes the slope of the observed charge
asymmetry signiÞcantly, although the kinematic require-
ments are charge-symmetric. This is due to a cross ef-
fect between acceptance and true interference that pro-
duces a bias in the measured asymmetry if the physical
asymmetry di" ers between data and MC. This bias is
corrected through an iterative procedure in the " + " ! !
analysis, as in that case the charge asymmetry is null in
the generator.

After background subtraction and correction for the
overall acceptance, which are obtained from the full sim-
ulation with corrections for data/MC di " erences, we
measured the slopeA0 of the charge asymmetry as a
function of mµµ (m!! ). The QED test, namely the com-
parison between the charge asymmetry measured in the
µ+ µ! ! data and predicted by the simulation, in which
the LO ISR-FSR interference is implemented, shows an
overall good consistency. However, some absolute de-
viation amounting to ! A0 = Adata

0 # AMC
0 $ 0.03 in

the 3 GeV/c 2 region is observed and cannot be fully ex-
plained by known systematic e" ects, either in the data
or in the MC generators, which are estimated to be less
than 0.014.

The measured slopeA0 of charge asymmetry in the
e+ e! " " + " ! ! data is about # 1% and ßat around
the $ mass. Outside of the$ peak, the data exhibits
the pattern expected from the interference between
e+ e! " ! ISR " + " ! and e+ e! " ! FSR f 2(1270)(" + " ! ).
The data shows a good consistency with the predictions
of a model of FSR from quarks with contributions of
a scalar widespread mass distribution and thef 2(1270)
tensor resonance. In the$ region the results are not
consistent with a model based on FSR from point-like
pions (scalar QED), in contrast with the observations at
low energies [4].

These results are Þrst measurements of the charge
asymmetry in the e+ e! " µ+ µ! ! process, and for
e+ e! " " + " ! ! at high energy (

%
s & 10.58 GeV). The

FSR contribution to e+ e! " " + " ! ! derived from this
analysis is small and this conÞrms that it is negligible in
the measurement of the cross section obtained byBABAR
assuming pure ISR [6]. Accordingly this FSR bias trans-
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The results for the e+ e! $ $+ $! (%) bare cross sec-
tion [18] including FSR, " 0

"" ( ! ) (
#

s"), are given in Fig. 1
(b). Prominent features are the dominant # resonance,
the abrupt drop at 0.78 GeV due to# ! & interference, a
clear dip at 1.6 GeV resulting from higher # state inter-
ference, and additional structure near 2.2 GeV. System-
atic uncertainties are estimated from the precision of the
data-MC comparisons and from the measurement proce-
dures used for the various e" ciencies. They are reported

TABLE I: Relative systematic uncertainties (in 10 ! 3) on the
e+ e! ! ! + ! ! (" ) cross section by

"
s" intervals (in GeV) up

to 1.2 GeV. The statistical part of the e ! ciency uncertainties
is included in the total statistical uncertainty in each int erval.

Source of CM Energy Interval (GeV)
Uncertainty 0.3-0.4 0.4-0.5 0.5-0.6 0.6-0.9 0.9-1.2

trigger/ Þlter 5.3 2.7 1.9 1.0 0.5
tracking 3.8 2.1 2.1 1.1 1.7

! -ID 10.1 2.5 6.2 2.4 4.2
background 3.5 4.3 5.2 1.0 3.0
acceptance 1.6 1.6 1.0 1.0 1.6

kinematic Þt ( #2) 0.9 0.9 0.3 0.3 0.9
correlated µµ ID loss 3.0 2.0 3.0 1.3 2.0

!! /µµ non-cancel. 2.7 1.4 1.6 1.1 1.3
unfolding 1.0 2.7 2.7 1.0 1.3

ISR luminosity ( µµ) 3.4 3.4 3.4 3.4 3.4
total uncertainty 13.8 8.1 10.2 5.0 6.5
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FIG. 1: (a) The ratio of the measured cross section for
e+ e! ! µ+ µ! " (" ) to the NLO QED prediction. The
band represents Eq. (2). (b) The measured cross section for
e+ e! ! ! + ! ! (" ) from 0.3 to 3 GeV. (c) Enlarged view of the
$ region in energy intervals of 2 MeV. The errors are from the
combined diagonal elements of the statistical and systematic
covariance matrices.

in Table I for 0 .3 <
#

s" < 1.2 GeV. Although larger
outside this range, the systematic uncertainties do not
exceed statistical errors over the full spectrum for the
chosen energy intervals.

The lowest-order contribution of the $$(%) intermedi-
ate state to the muon magnetic anomaly is given by

a"" ( ! ) ,LO
µ =

1
4$3

#!

4m 2
!

ds" K (s") " 0
"" ( ! ) (s

") , (3)

whereK (s") is a known kernel [19]. The integration uses
the measured cross section and the errors are computed
using the full statistical and systematic covariance ma-
trices. The systematic uncertainties for each source are
taken to be fully correlated over all mass regions. The
integrated result from threshold to 1.8 GeV is

a"" ( ! ) ,LO
µ = (514.1 ± 2.2 ± 3.1) " 10! 10 , (4)

where the errors are statistical and systematic. This
value is larger than that from a combination of previ-
ouse+ e! data [5] (503.5± 3.5), but is in good agreement
with the updated value from ' decay [5] (515.2 ± 3.4).

In summary, the cross section for the processe+ e! $
$+ $! (%) has been measured in the energy range from 0.3
to 3 GeV, using the ISR method. The result for the $$
hadronic contribution to aµ has a precision comparable
to that of the combined value from existing e+ e! experi-
ments. However, theBABAR central value is larger, which
reduces the deviation of the directaµ measurement from
the Standard Model prediction.

We are grateful for the excellent luminosity and ma-
chine conditions provided by our PEP-II colleagues, and

BaBar[BaBar Collaboration Phys. Rev. Lett. 103 (2009)]

[BaBar Collaboration Phys. Rev. D 92 (2015)]
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[BESIII Collaboration Phys. Lett. B 753 (2016)]

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 theµ+ 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 Þt 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 Þnally extract #!! = #(e+ e! ! $+ $! ) ac-
cording to two independent normalization schemes.

In the Þrst 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!!" á(1 + %!!
FSR )

L á&!!"
global áH (s) á%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 requirementsN true

measured by that of all gen-
erated eventsN 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 onm!!

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 Þrst method and normalize
N!!" to the measured number ofµ+ µ! ! events,
Nµµ " . SinceL , H , and %vac cancel in this normal-
ization, one Þnds the following formula:

#bare
!! ( " FSR ) =

N!!"

Nµµ "
á

&µµ "
global

&!!"
global

á
1 + %µµ

FSR

1 + %!!
FSR

á#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! Þnal state,
which can be obtained using the Phokhara event
generator, #bare

µµ is the exact QED prediction of the

7

! Cross check QED prediction (" +" -)

! Measurement of #ee for J/ "

! Measurement statistically limited

! Systematics dominated by radiator 
function (+ luminosity)
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Figure 13: The! +! ! cross section from the KLOE combination compared to the BABAR, CMD-2, SND, and BESIII data points in the 0.6Ð0.9 GeV
range [82]. The KLOE combination is represented by the yellow band. The uncertainties shown are the diagonal statistical and systematic
uncertainties summed in quadrature. Reprinted from Ref. [82].

are apparent: (1) the normalization at the peak is generally higher than KLOE, (2) there is a trend for a linear increase
of the ratio with mass, and (3) a clear disagreement is seen in the narrow" Ð# interference region. Due to the higher
precision of the BABAR data, these features are most clearly visible there, but they are also present for the other
experiments. While there is reasonable agreement below 0.70Ð0.75 GeV, the KLOE data appears noticeably lower on
the" peak and above by a factor rising to a few percent.

The ratios in the" Ð# interference region display a common oscillatory pattern. Since in Ref. [82] the ratio of a
given experiment is computed with respect to the linearly interpolated value between adjacent KLOE points, one could
expect some bias, especially in the interference region with its fast-varying cross section. Indeed, such oscillation is
not present for the ratio KLOE to BABAR [64], where a Þt to the BABAR data is used as reference in order to avoid
such e! ects. As seen in Fig.14, the interference pattern is more washed out in KLOE, most probably due to the choice
of wide mass bins. A vertical o! set is clearly seen in the plot on the" peak. It should be noted that the e! ect of the
" Ð# interference pattern is largely canceled when integrating over the mass spectrum. Thus di! erences in this region
between the experiments are not expected to produce large biases for the integral values.

The most signiÞcant discrepancy between the KLOE and BABAR data points to one or several systematic e! ects
not properly covered by the estimated systematic uncertainties. Here one might hope to appeal to other experiments to
resolve this discrepancy. Unfortunately, their results are insu" ciently precise at present, lying between those of KLOE
and BABAR, and overlapping reasonably with both. This can been seen in Fig.15which shows the contributions to the
dispersion integral from the region between 0.6 and 0.9 GeV for each of the experimental data sets. One-parameter Þts
yield $2/ do f values of 4.5/4 and 3.6/4 for Þts including all experiments but BABAR and all experiments but KLOE,
respectively. Thus CMD-2/SND/BESIII/CLEO are compatible with either KLOE or BABAR.

In the combination procedures used by DHMZ (see Sec.2.3.1) and KNT (see Sec.2.3.2), local tensions are dealt
with by introducing scaling factors for the uncertainties. Global tension is also accounted for in the DHMZ analysis.

Some tension also occurs in the combination of the results from the three KLOE measurements [82]. The ratios
of the cross section values between KLOE-2012 and KLOE-2008, as well as KLOE-2010 and KLOE-2008, were

25
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Figure 13: The! +! ! cross section from the KLOE combination compared to the BABAR, CMD-2, SND, and BESIII data points in the 0.6Ð0.9 GeV
range [82]. The KLOE combination is represented by the yellow band. The uncertainties shown are the diagonal statistical and systematic
uncertainties summed in quadrature. Reprinted from Ref. [82].

are apparent: (1) the normalization at the peak is generally higher than KLOE, (2) there is a trend for a linear increase
of the ratio with mass, and (3) a clear disagreement is seen in the narrow" Ð# interference region. Due to the higher
precision of the BABAR data, these features are most clearly visible there, but they are also present for the other
experiments. While there is reasonable agreement below 0.70Ð0.75 GeV, the KLOE data appears noticeably lower on
the" peak and above by a factor rising to a few percent.

The ratios in the" Ð# interference region display a common oscillatory pattern. Since in Ref. [82] the ratio of a
given experiment is computed with respect to the linearly interpolated value between adjacent KLOE points, one could
expect some bias, especially in the interference region with its fast-varying cross section. Indeed, such oscillation is
not present for the ratio KLOE to BABAR [64], where a Þt to the BABAR data is used as reference in order to avoid
such e! ects. As seen in Fig.14, the interference pattern is more washed out in KLOE, most probably due to the choice
of wide mass bins. A vertical o! set is clearly seen in the plot on the" peak. It should be noted that the e! ect of the
" Ð# interference pattern is largely canceled when integrating over the mass spectrum. Thus di! erences in this region
between the experiments are not expected to produce large biases for the integral values.

The most signiÞcant discrepancy between the KLOE and BABAR data points to one or several systematic e! ects
not properly covered by the estimated systematic uncertainties. Here one might hope to appeal to other experiments to
resolve this discrepancy. Unfortunately, their results are insu" ciently precise at present, lying between those of KLOE
and BABAR, and overlapping reasonably with both. This can been seen in Fig.15which shows the contributions to the
dispersion integral from the region between 0.6 and 0.9 GeV for each of the experimental data sets. One-parameter Þts
yield $2/ do f values of 4.5/4 and 3.6/4 for Þts including all experiments but BABAR and all experiments but KLOE,
respectively. Thus CMD-2/SND/BESIII/CLEO are compatible with either KLOE or BABAR.

In the combination procedures used by DHMZ (see Sec.2.3.1) and KNT (see Sec.2.3.2), local tensions are dealt
with by introducing scaling factors for the uncertainties. Global tension is also accounted for in the DHMZ analysis.

Some tension also occurs in the combination of the results from the three KLOE measurements [82]. The ratios
of the cross section values between KLOE-2012 and KLOE-2008, as well as KLOE-2010 and KLOE-2008, were
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KLOE BaBar BESIII

Final result Combination Single measurement

Analysis type Tag+Untag Tagged

π/µ separation Track mass (kin) PID

Kinematic fit No " +" - 𝛾(𝛾) " +" - 𝛾
Accuracy 0.6% 0.7% 1%

[ Phys.Rep 887 (2020) 1-166 ] 
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E > 1.8 GeV : 7%

• Reanalysis of full dataset (2x)

• New approach to µµ/ππ/KK separation:
! Minimal PID conditions (negligible systematics)
! Fit angular distribution ( $*) in !! rest frame

• Larger angular and momentum acceptance (8x)

• Results expected in 2023
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KSKL, K+K-: É

E > 1.8 GeV : 7%

• Plan to achieve 0.5% accuracy

• New analysis on going:
! Several strategies under test

! Detailed study of  2 " events (ISR@NLO & ISR+FSR)

! First results in 1-1.5 years

• Data taking @ ψ(3770): 2.9 → 20 fb-1 (2024)

Agreement at 0.3% level
Statistics limited!
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• Full dataset (5x wrt. 2004)

• Fit to VMD model → B(ρ→3π) = (0.88 ± 0.38) x 10-4

• Up to 10% disagreement with SND/CMD2 results

• Strong reduction of uncertainty to a!
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a3!
µ (E < 2 GeV) = (45.86± 0.14± 0.58)



Summary

! Muon (g-2) is still a compelling subject

! Intriguing tensions: 
! Experiment ÐSM dispersive (e+e- data): 4.2%

! Lattice QCD ÐSM dispersive: 2.1%

! Crucial contribution from ISR measurement
! Latest BaBar 3! measurement 

! Investigation of possibly overseen source of uncertainties  

! New ISR results on 2π channel to come from
! Reanalysis of ÒoldÓ data BaBar (2023), BESIII , KLOE?

! New data BESIII (20 fb-1@ 3.77 GeV by 2024), Belle II
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Experiments Comparison
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Figure 1. Schematic view of the KLOE detector
with selection regions.

mesons. As DA! NE was designed to operate
at a Þxed energy aroundM ! , the di" erential
cross section d! (e+ e! ! " + " ! + #ISR )/ dM 2

""
is measured, and the total cross section! "" "
! e+ e! " " + " ! is evaluated using the formula [7]:

s á
d! ""# ISR

dM 2
""

= ! "" (M 2
"" ) H (M 2

"" , s) , (1)

in which s is the squared e+ e! center of mass
energy, and H is a radiator function obtained
from theory describing the photon emission in
the initial state. Final State Radiation (FSR)
terms are neglected in Eq. 1, but are taken into
account properly in the analysis. The KLOE
detector (Fig. 1) consists of a high resolution
drift chamber ( ! p/p # 0.4%) [11] and an electro-
magnetic calorimeter with excellent time (! t $
54 ps/

!
E [GeV] %100 ps) and good energy

(! E /E $ 5.7%/
!

E [GeV]) resolution [12].

2.1. Event selection
The previous KLOE analyses [9,10] used selec-

tion cuts in which photons are emitted within

a cone of $# < 15# around the beamline (nar-
row cones in Fig. 1) and the two charged pion
tracks have 50# < $" < 130# (wide cones in
Fig. 1). In this conÞguration, the photon is not
explicitly detected, its direction is reconstructed
from the tracksÕ momenta by closing kinemat-
ics: %p# & %pmiss = ' (%p" + + %p" ! ). While these
cuts guarantee a high statistics for ISR signal
events, and a reduced contamination from the
resonant processe+ e! ! & ! " + " ! " 0 in which
the " 0 mimics the missing momentum of the pho-
ton(s) and from the Þnal state radiation process
e+ e! ! " + " ! #FSR , a highly energetic photon
emitted at small angle forces the pions also to
be at small angles (and thus outside the selection
cuts), resulting in a kinematical suppression of
events with M 2

"" < 0.35 GeV2. To access the two
pion threshold, a new analysis is performed re-
quiring events that are selected to have a photon
at large polar angles between 50# < $# < 130#

(wide cones in Fig. 1), in the same angular re-
gion as the pions to be included. The draw-
back using such acceptance cuts is a reduction
in statistics of about a factor 5, as well as an
increase of events with Þnal state radiation and
from & radiative decays compared to the small an-
gle photon acceptance criterion. The uncertainty
on the model dependence of the& radiative de-
cays to the scalarsf 0(980) and f 0(600) together
with & ! '" ! ("# )" has a strong impact on the
measurement [13]. As an obvious way out of this
dilemma, the present analysis uses the data taken
by the KLOE experiment in 2006 at a value of(

s = 1 GeV, about 5 #! outside the narrow peak
of the & resonance. This reduces the e" ect due to
contributions from f 0# and (" decays of the&-
meson to within ± 1%. Contaminations from the
processes& ! " + " ! " 0 and e+ e! ! µ+ µ! # are
rejected by cuts in the kinematical variablestrack
mass2 and $ 3 (see Fig. 2 and Fig. 3). A parti-
cle ID estimator based on calorimeter information
and time-of-ßight is used to e%ciently suppress

2The track mass is deÞned using conservation of 4-
momentum under the hypothesis that the Þnal state con-
sists of two charged particles with equal mass M trk and
one photon.
3 ! is the three-dimensional angle between the direction of
the selected photon and the missing momentum.
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KLOE @ DAFNE BESIII @ BEPC II BaBar @ PEP II

! Experiments at colliders with different energy ranges

! ~1 GeV (KLOE), 2-5 GeV (BESIII),  ~10.5 GeV (BaBar)

! Symmetric vs asymmetric beam collisions

! Large drift chamber in KLOE " No need for unfolding!

! Impact of FSR (at lower masses) proportional to beam energy


