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Abstract

The discrepancy on the muon anomalous magnetic moment values obtained via a direct measurement
and via a data-driven theory determination that uses the experimentally measured hadronic cross section,
is among the long standing and most significant deviations from the Standard Model predictions. The
recently presented final result of the direct measurement performed at the experiment at Fermilab, with an
impressive accuracy of 127 parts-per-billion, further stresses the need for a theory estimate of comparable
accuracy. The eTe™ hadronic cross section is the experimental input to the dispersive integral for the
calculation of the hadronic contribution to the g — 2, which is largely dominated by the ete™ — 7t 7~
channel. Precise measurements of the eTe™ — 777~ cross section with a sub-percent accuracy, in the
energy region of the p-resonance peak, have been performed by several experiments, but the results differ
way more than the published accuracies limiting the comparison with the Fermilab direct measurement.
New results are expected to become available in the near future from KLOE, CMD-3, SND and BESIII
experiments, while a new measurement from the BABAR collaboration is presented today and its impact
on the present situation is discussed. This measurement makes use of the entire BABAR data set and
adopts a different analysis strategy, with results (still preliminary) largely independent of the results
published in the 2009 BABAR publication.

1Presented at the 32nd International Symposium on Lepton Photon Interactions at High Energies, Madison, Wisconsin,
USA, August 25-29, 2025



1 Introduction

For a charged lepton ¢ with charge gy and mass my, its magnetic moment iy is connected to its spin 5@ by a

ge factor as iy = gy (Q%K) gg. The value of the g, factor predicted by Dirac about a century ago has a value

of 2 [1]. Quantum corrections of the standard model (SM) from all three sectors modify the value of g, by
2 per mil. The magnetic anomaly a, was introduced to quantify the deviation from 2:

ge—2
—e— (1)
The muon magnetic anomaly, a,, is one of the most precisely predicted and measured observables in particle
physics.

In the SM, a, receives contributions from the QED, strong and electroweak (EW) sectors:
QSED + aﬁad + aEW. The QED contribution is by far the largest one |2, |3]. Its value is predicted to such
an extremely high precision that it is often shown in units of 10~!! or 10~'°. The EW contribution is the
smallest one and also well known. The hadronic contribution from the strong sector is between the two and
has the largest uncertainty. This is why it has been the focus of the studies since decades. The relative
contributions of the QED, strong and EW predictions and their uncertainties are shown in Figure [l Two
versions of the hadronic contribution are shown, one is based on e*e™ data from white paper (WP) 2020 (2] of
the muon ¢g—2 theory initiative and the other is based on lattice calculations from WP 2025 [3]. The hadronic
contribution can be further decomposed into leading order (LO) hadronic vacuum polarization (HVP), higher
order (HO) HVP and hadronic light-by-light (HLbL) one as: azad = aEVP LO 4 aEVP HO angL. The LO
HVP contribution in turn has the largest value and uncertainty, as shown in Table [T}
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Figure 1: Relative contributions of the QED, hadronic (had) and EW predictions (blue bars) and their uncertainties
(red bars) in comparison with the current measurement precision (dashed vertical line).

Table 1: Predictions for three components of the hadronic contributions and their uncertainties.

had HVP LO HVP HO HLbL
a,[1071] (uncertainty)
WP2020 | 6931 (40) —85.9(0.7) 92 (18)
WP2025 | 7132 (61) —87.2(1.3) 115.5 (9.9)

Depending on which SM prediction one uses to compare with the direct measurement, dominated by the
Fermilab measurement [4], the conclusion is very different. The eTe™ data-based prediction from WP2020



shows a discrepancy of more than 5 standard deviations with the measurement which could have been a
first indication of new physics. Unfortunately, with the new CMD3 measurement [5 6], the discrepancy
among different measurements becomes so large that a new e e~ data-based prediction becomes impossible.
Therefore for WP2025, the lattice-based calculation, though with larger uncertainty, was used for the SM
prediction which agrees with the measurement.

In Section |2, I shall show how the eTe™ data-based HVP calculation is performed and what the issues
are with the eTe™ data. The new analysis and the corresponding preliminary result from the BABAR
Collaboration are then presented in Section [3] followed by a summary in Section [

2 Review of the current e e~ data-based HVP predictions

The LO HVP contribution involves light quark loops which cannot be calculated at low energies from first
principles. Instead, based on the analyticity and unitarity argument, it can be calculated using ete™ —
hadrons cross sections in terms of ratio R(s) of the hadronic cross sections over the point like ete™ — uTp~

cross section in the following dispersion relation:
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where « is the QED coupling constant and K (s) is a QED kernel that has an energy dependence close to
1/s such that the low energy processes are highly weighted. Therefore, the precision of the ete™ data-based
HVP calculation is driven by that of the eTe™ to hadron cross-section measurements. Note that the hadronic
cross section has to be bare without vacuum polarization contribution to avoid double counting with the
HO corrections, namely ¢°(s)[ete™ — hadrons(ypsr)] = o(s)[eTe™ — hadrons(yesr)] ((0)/a(s))?. The
running QED coupling constant «(s) itself receives both leptonic and hadronic contributions as: «(s) =

1—Aa1ep(i§(J—)Aahad(s)’ with Aapaq(s) = f% f;’;i ds'%. Therefore, the HVP contribution is also

relevant for the running QED coupling, except that the QED kernel has a different energy dependence, so
that the higher energy part receives relatively larger weights. Improving the HVP precision is also important
here since it is currently a limiting factor for stringent SM consistency tests.

The energy dependence of the R(s) ratio below 5GeV is shown in Figure [2| (left). Between threshold
and 1.8 GeV, there are over 30 exclusive contributing channels. The missing unmeasured channels are now
negligible 7]. Between 1.8 and 3.7 GeV, the measurements are in good agreement with perturbative QCD
(pQCD) predictionﬂ Between 3.7 and 5 GeV, there are rich structures, the combined data are directly used.
Above 5GeV, the pQCD prediction is again used. The main exclusive channels below about 1.8 GeV are
shown explicitly in logarithmic y scale in Figure [2] (right). The dominant process is the two-pion channel,
which gives about 73% to the LO HVP contribution. It also gives the largest contribution to the uncertainty
budget. Therefore, let us concentrate on the two-pion channel for the moment.

A compilation of all the measurements of the two-pion channel is presented in Table The top block
concerns the measurements performed using the beam scan method, while the bottom one lists the measure-
ments performed with the radiative return method. A few comments are in order. The old measurements
before 2000 were no longer competitive in precision. Some of the measurements, in particular the old one,
need corrections when the measurements were not the bare cross sections. Only few measurements were
performed in ratio 7m/up allowing the cancellation of some of the systematic uncertainties and avoiding
dependence on ete™ luminosity measurement. Even fewer measurements were performed in blinded ways.
New measurements have increasing precision but show, however, already large discrepancy between BABAR
(2009) [11} [12] and KLOE (2008-2012) |13H15] for WP2020. Since WP2020, three new measurements, SND
(2020) [16], CMD3 (2023) and BABAR (2025), are available. The new CMD3 results are larger than all
other measurements, including CMD2. The new BABAR (2025) measurement is essentially independent of
BABAR (2009), see below.

2Some tension with the recent BESITI measurement [8] is observed and needs to be better understood.



R(s)

aaaaaaaaaaaaaaa

flaescu-Zhang, 2019

@

IS

N

w
L L L B L L B I

N

B e'e - hadrons data
(HVPTools compiation)

{BES
1KEDR

— pQCD (massless)
L

0.001

0.0001 -

Ll 1e-05

o

4

5

Vs [GeV]

0.4

0.6 0.8 1

Vs [GeV]

1.2

Figure 2: Left: the total hadronic eTe™ annihilation rate R(s) as a function of center-of-mass energy +/s. Inclusive
measurements from BES and KEDR are shown as data points, while the narrow blue bands correspond to the sum
of exclusive channels, obtained using HVPTools ﬂgﬂ Also shown for the purpose of illustration is the prediction from
massless perturbative QCD (solid red line). Figure taken from Ref. [7]. Right: Contributions to the total hadronic
R-ratio from different final states at low energies. The full R-ratio is shown in light blue. Each final state is included
as a new layer on top in decreasing order of the size of its contribution to affvp LO Figure taken from Ref. .

Table 2: A compilation of all measurements of the two-pion channel showing the number of measurement points,
energy coverage and the corresponding uncertainties.

Experiment | Naata | Energy range [GeV] | S(stat.) [%] | O(syst.) [%]
Beam energy scan
DM1 (1978) 16 0.483 — 1.096 6.6 — 40 2.2
TOF (1981) 4 0.400 — 0.460 14 — 20 5
OLYA (1979, 1985) | 2+ 77 0.400 — 1.397 23-35 4
CMD (1985) 24 0.360 — 0.820 4.1-10.8 2
DM2 (1989) 17 1.350 — 2.215 17.6 — 100 12
CMD2 (2003) 43 0.611 — 0.962 1.8 -14.1 0.6
SND (2006) 45 0.390 — 0.970 0.5—-21 1.2-338
CMD2y,, (2006) 10 0.370 — 0.520 45—-17 0.7
CMD2,y, (2006) 29 0.600 — 0.970 0.5—4.1 0.8
CMD2p;gn (2006) 36 0.980 — 1.380 4.5-184 1.2-42
SND (2020) 36 0.525 — 0.883 0.4 —6.0 0.8—1.2
CMD3 (2023) 151 0.32-1.2 0.2—-6.8 0.7—-2.0
ISR (initial state radiation) photon / radiative return
KLOE (2008) 60 0.592 — 0.975 0.3-1.2 0.9
BABAR (2009) 337 0.3-3.0 0.9 —10.5 (<14cevy | 0.5 — 1.4 (< 14Gev)
KLOE (2010) 75 0.316 — 0.922 0.6 —17.6 1.3-10
KLOE (2012) 60 0.592 — 0.975 1.8-2.6 0.9
BESIII (2015) 60 0.6 — 0.9 2.0—4.3 0.9
CLEO (2017) 35 0.3-1.0 2-20 1.5
BABAR (2025) 311 028—-14 down to 0.5 down to 0.3




In Figure|3| the recent CMD3 measurement is compared on the left as a function of energy with the other
energy scan measurements from CMD2 and SND at the same collider and on the right with the radiative
return measurements. There is a fairly good agreement with CMD2 above 1GeV and with BABAR above
0.9 GeV. The agreement with BABAR and KLOE at low energy is also fairly good. Elsewhere, CMD3 tends
to be higher than all other measurements. The measurements density versus energy and energy coverage are
very different between different experiments.
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Figure 3: Relative differences in terms of pion form factors between CMD3 and previous scan-based measurements
(left) and ISR photon-based measurements (right). The green band corresponds to the systematic uncertainty of the
CMD-3 measurement. Figures taken from Ref. |17].

A different way to compare different measurements is to look at their contributions to the LO HVP in
the common energy range between 0.6 and 0.88 GeV both graphically and numerically as shown in Figure [4]
The discrepancy is clearly seen between KLOE and BABAR and becomes worse between KLOE and CMD3.
This prevents a new combination for the eTe™ data-based HVP prediction for WP2025.
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Figure 4: The 7 (y) contribution to the LO HVP from the energy range 0.6 < /s < 0.88 GeV obtained from the
CMD3 data and the results of the other experiments. Figure (Table) taken (adapted) from Ref. [17].

In addition to the two-pion channel, there are many other channels contributing to the HVP calculations.
The BABAR experiment have measured essentially all of them. Since WP2020, several new measurements
have been performed in either the existing channels or new ones [18-21], such that the relative contributions
to a, from the unmeasured channels have been reduced from 0.9% in 2003 to a negligible level nowadays.

The tension among the different measurements in the dominant two-pion channel is not the only one.
There are in fact tensions also in other channels. For instance, in the three-point channel, the new mea-



surement from Belle II shows tension with BABAR, SND and CMD2, in the dominant omega resonance
region. This channel contributes by about 10% to the HVP calculation and is the 2nd largest channel next
to the two-pion channel. The situation is similar in the K K channel, which contributes by about 3.3% to
the HVP calculation and is the 3rd most important channel. There are again tensions between different
measurements.

3 New BABAR analysis and result

Given the current confusing situation, it is extremely important to perform precise and independent measure-
ments. Here, we present for the first time a brand new measurement of the two-pion cross section from the
BABAR experiment. The new analysis uses the full data sample corresponding to an integrated luminosity
of 460 fb~—! which is about a factor of 2 larger than the previous one in 2009. The new analysis also exploits
different angular distributions to separate the 7w and pp final states, in contrast with particle identification
used in the previous analysis.

Using the full data sample, BABAR has recently also carried out a unique HO radiation study with
up to three hard radiation photons at small and large angles in the initial and final states in the two-pion
and dimuon channels [22]. Two key observations are: (1) the fraction of events with next-to-next-leading
radiation (i.e. three hard photons) in data is observed to be about 3.5%, which is absent in the current
next-to-leading order event generator PHOKHARA; (2) PHOKHARA predicts about 25% too high rate for hard
next-to-leading order ISR photons at small angles. The consequences of the observations were studied in
Refs. |22} [23] and it turned out the 2009 BABAR measurement is unaffected given that the event selections
were inclusive for the high-order radiations and the efficiency corrections were evaluated with data. The
other measurements relying heavily on PHOKHARA predictions may be affected and need to be checked by
the relevant experiments.

The key analysis steps of the new BABAR measurement include: (1) the background suppression using
similar selections as the 2009 analysis; (2) evaluate data-MC differences and their uncertainties affecting the
angular (template) and mass distributions in terms of trigger, tracking and event selections; and (3) perform
kinematic (template) fits to separate the two-pion and dimuon final states. The analysis is performed in
blinded ways with three different blinding factors for the trigger and tracking efficiency corrections as well as
the normalization of the fitted two-pion/dimuon mass spectra for each of the two-pion and dimuon processes.

The fit strategy is optimized to minimize the uncertainties of the uu and 77 processes. The fit procedure
for a given mass interval (typically 2MeV/c? between 0.5 and 1GeV/c? and 10 MeV/c? elsewhere) is the
following: (1) an initial fit in the large | cos8*| tail 0.9-1 is performed to fix the normalization of the eey
background using a mass dependent eey template obtained from data; (2) a new fit is performed in the region
| cos 0| < 0.9 to separate up and 7 processes (also KK for low m,,) after having subtracted the small
residual eey contribution (the other small background from all other processes has already been subtracted
from the data distribution); and (3) the fitted pp and mr event yields are then extrapolated to the full | cos 6*|
0-1 range. The pp and 77 templates used in the fits and extrapolation are obtained from the PHOKHARA
simulation but corrected for any data/MC differences. The data distribution and the different signal and
background components for two mass intervals are shown in Figure [5] to illustrate the fit.

When all the studies have been finalized, the dimuon channel was first unblinded to compare the dimuon
event yields as a function of mass with the QED prediction. The result is shown in Figure [6] and the
corresponding ratio is R, = 0.9955 £ 0.00354ta¢ & 0.0030syst &= 0.0033 1sr £ 0.00331umi ee- This is a non-
trivial test as each data/MC correction affects not only the 77 /up separation but also the pu mass spectrum.
The unblinded pp mass spectrum is then unfolded to get the pu spectrum as a function of v/s’, where
s’ = s(1 — 2E2/+/s) with s being the ete™ center-of-mass energy squared. Using the unfolded juu energy
spectrum together with the acceptance and the bare cross section of the uu process, the effective luminosity
of the ISR process as a function of Vs is derived.

With the successful QED test for the pu channel, the 7w channel was then unblinded. The 77 cross
section is obtained using the unfolded 77 energy spectrum, its acceptance correction and the derived ISR
effective luminosity. The result is shown in Figure |z| (left) and compared with the corresponding one from
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Figure 5: Illustration of the kinematic (template) fit for the signals (77 or pp) and background (KK and eey)
separation for two selected mass intervals at 0.30 < mqr < 0.31GeV/c? (left) and 0.770 < My, < 0.772 GreV/c2
(right).
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Figure 6: The ratio of the unblinded pp mass spectrum over the corrected PHOKHARA (QED) prediction. The
full horizontal line represents a constant fit to the points. The gray band shows the total systematic uncertainty
(including contributions from the ISR photon data/MC efficiency and the eTe™ luminosity).



2009 (right). The new measurement, which is more precise in the rho peak region, is in excellent agreement
with the previous one, which has better precision in the low and high energy regions. The different precisions
in different energy regions reflect the complementarity nature of the two methods. In term of its contribution
to a,,, the preliminary 2025-2009 combination gives a,[27,1.8 GeV] = 514.4(0.49%) x 10! providing the
most precise measurement in this channel.
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Figure 7: The measured preliminary cross section for et e™ — 777~ () over the full energy range (left) and the
ratio of the new measurement and the previous one in 2009, from 0.3 to 1.4 GeV (right).

4 Summary

The eTe™ data-based LO HVP calculation is mainly contributed by the two-pion channel. There is, however,
large discrepancies among different measurements which prevent a new data-driven prediction for WP2025.
Therefore, the new SM WP2025 prediction is based on LO HVP lattice calculations. The new BABAR
measurement in the two-pion channel performed in fully blinded ways confirms the previous measurement
in 2009. The preliminary BABAR 2009-2025 combination provides the most precise measurement in the
two-pion channel. The current status of the comparison between either the data-driven predictions or
lattice-based predictions and the direct measurement is summarized in Figure[§] An alternative data-driven
prediction [3] using tau data proposed in Ref. [24] is also shown.

We need better event generators and more precise and independent measurements from other experiments
to clarify the situation. The difference between the eTe™ data-based HVP calculation and the lattice-based
one also needs to be understood before a firm conclusion whether there is or not any new physics in the
muon g — 2 observable can be drawn.
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