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Summary. — I will present the status and the prospects of the leading-order
hadronic contribution to the muon g − 2, with particular emphasis on the recent
achievements on the hadronic cross section measurements at low energy.

PACS 13.40.Gp – Electromagnetic form factors.
PACS 13.60.Hb – Total and inclusive cross sections (including deep-inelastic pro-
cesses).
PACS 13.66.De – Lepton production in e−e+ interactions.
PACS 13.66.Jn – Precision measurements in e−e+ interactions.

1. – The muon anomaly as a precision test of the Standard Model

The muon anomaly aμ = (g − 2)/2 is a low-energy observable, which can be both
measured and computed to high precision [1]. Therefore it provides an important test of
the Standard Model (SM) and allows a sensitive search for new physics [2]. Since the first
precision measurement of aμ from the E821 experiment at BNL in 2001 [3], there has been
a discrepancy between its experimental value and the SM prediction. This discrepancy
has been slowly growing due to recent impressive theory and experiment achievements.
Figure 1 (from ref. [4]) shows an up-to-date comparison of the SM predictions by different
groups and the BNL measurement for aμ. Evaluations of different groups are in very good
agreement, showing a persisting 3σ discrepancy (as, for example, 26.1±8.0×10−10 [4]). It
should be noted that both theoretical and experimental uncertainties have been reduced
by more than a factor of two in the last ten years(1).

The accuracy of the theoretical prediction (δaSM
μ , between 5 and 6×10−10) is limited

by the strong interaction effects which cannot be computed perturbatively at low energies.
Table I shows their contribution to the error for three recent estimates [6, 7, 4](2).

(∗) E-mail: graziano.venanzoni@lnf.infn.it
(1) In 2001 this discrepancy was (23.1 ± 16.9) × 10−10 [5].
(2) Reference [6] uses a more conservative error analysis.
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Fig. 1. – Standard Model predictions of aμ by several groups compared to the measurement
from BNL (from ref. [4]).

The leading-order hadronic vacuum polarization contribution, aHLO
μ , gives the main

uncertainty (between 4 and 5 × 10−10). It can be related by dispersion integral to the
measured hadronic cross sections, and it is known with a fractional accuracy of 0.7%,
i.e. to about 0.4 ppm. The O(α3) hadronic Light-by-Light contribution, aHLbL

μ , is the
second dominant error in the theoretical evaluation. It cannot at present be determined
from data, and relies on specific models. Although its value is almost one order of
magnitude smaller than aHLO

μ , it is much worse known (with a fractional error of the
order of 30%) and therefore it still gives a significant contribution to δaSM

μ (between

Table I. – Estimated uncertainties δaμ in units of 10−10 according to refs. [6, 7, 4] and (last
column) prospects in case of improved precision in the e+e− hadronic cross section measurement
(the prospect on δaHLbL

μ is an educated guess). Last row: Uncertainty on Δaμ assuming the
present experimental error of 6.3 from BNL-E821 [8] (first two columns) and of 1.6 (last column)
as planned by the future (g − 2) experiments [9, 10].

Error [6] [7] [4] Prospect

δaSM
μ 6.5 4.9 4.9 3.5

δaHLO
μ 5.3 4.2 4.3 2.6

δaHLbL
μ 3.9 2.6 2.6 2.5

δ(aSM
μ − aEXP

μ ) 8.8 8.0 8.0 4.0
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2.5 and 4 × 10−10). From the experimental side, the error achieved by the BNL E821
experiment is δaEXP

μ = 6.3 × 10−10 (0.54 ppm) [8]. This impressive result is still limited
by the statistical error, and experiments to measure the muon g − 2 with a fourfold
improvement in accuracy have been approved at Fermilab [9] and J-PARC [10].

2. – Recent progress on the hadronic contribution to aμ

Differently from the QED and Electroweak contributions to aμ, which can be calcu-
lated using perturbation theory, and therefore are well under control, the hadronic ones
(LO VP and HLbL) cannot be computed reliably using perturbative QCD. The lowest
order hadronic contribution aHLO

μ can be computed from hadronic e+e− annihilation data
via a dispersion relation, and therefore its uncertainty strongly depends on the accuracy
of the experimental data. For the hadronic Light-by-Light contribution aHLbL

μ there is
no direct connection with data and therefore only model-dependent estimates exist. As
the hadronic sector dominates the uncertainty on the theoretical prediction aSM

μ , con-
siderable effort has been put on it by experimental and theoretical groups, reaching the
following main results:

– A precise determination of the hadronic cross sections at the e+e− colliders (VEPP-
2M, DAΦNE, BEPC, PEP-II and KEKB) which allowed a determination of aHLO

μ

with a fractional error below 1%. These efforts led to the development of dedicated
high precision theoretical tools, like the inclusion of high-order Radiative Correc-
tions (RC) and the non-perturbative hadronic contribution to the running of α (i.e.
the vacuum polarisation, VP) in Monte Carlo (MC) programs used for the analysis
of the data [11];

– Use of Initial State Radiation (ISR) [12-14] which opened a new way to precisely
obtain the electron-positron annihilation cross sections into hadrons at particle
factories operating at fixed beam-energies [15,16];

– A dedicate effort on the evaluation of the Hadronic Light-by-Light contribution,
where two different groups [17, 6] found agreement on the size of the contribution
(with slightly different errors), and therefore strengthening our confidence in the
reliability of these estimates;

– An impressive progress on QCD calculation on the lattice, where an accuracy better
than 3% was reached on the two-flavor QCD correction to aHLO

μ [18];

– Better agreement between the e+e− and the τ based evaluation of aHLO
μ , thanks to

improved isospin corrections [7]. These two sets of data are eventually in agreement
(with τ data moving towards e+e− data) after including vector meson and ρ − γ
mixing [19,20].

3. – σhad measurements at low energy

In the last few years, big efforts on e+e− data in the energy range below a few GeV
led to a substantial reduction in the hadronic uncertainty on aHLO

μ . Figure 2 shows an
up-to-date compilation of these data. The main improvements have been achieved in
the region below 5 GeV: between 2 and 5 GeV (where the data are now closer to the
prediction of pQCD), the BESII collaboration reduced the error to ∼ 7% [21] (before
it was ∼ 15%); between 1 and 4.5 GeV BaBar measured various final states with more
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Fig. 2. – An updated compilation of R measurements. In the bottom line the overall uncertainties
of the different regions are reported (courtesy of Fred Jegerlehner).

than two hadrons with a systematic accuracy between 3% and 15%, and the K+K− cross
section with a systematic uncertainty below 1% at the φ peak [22]; below 1 GeV, the
CMD-2 [23-25] and SND [26] collaborations at Novosibirsk, KLOE [27-29] at Frascati
and BaBar [30] at Stanford measured the pion form factor in the energy range around
the ρ peak with a systematic error of 0.8%, 1.3%, 0.9%, and 0.5%, respectively.

The CMD-2 and SND collaborations at Novosibirsk and BESII in Beijing were per-
forming the hadronic cross section measurements in a traditional way, i.e., by varying
the e+e− beam energies. KLOE, BaBar, and more recently Belle used ISR (also called
radiative return) as reviewed in refs. [11,15,16]. Figure 2 shows that, despite the recent
progress, the region between 1 and 2 GeV is still poorly known, with a fractional accuracy
of ∼ 6%. Since about 50% of the error squared, δ2aHLO

μ comes from this region, it is
evident how desirable an improvement on the hadronic cross section of this region is.

4. – Prospects on aHLO
μ

Much of the prospects on the hadronic contribution to aμ is based on the improvement
of the hadronic cross section measurements.

4.1. Novosibirsk . – The VEPP2M machine has been upgraded to VEPP-2000. The
maximum energy has been increased from

√
s = 1.4 GeV to 2.0 GeV. Additionally, the

SND detector has been upgraded and the CMD2 detector was replaced by the much-
improved CMD3 detector. The cross section will be measured from threshold to 2.0 GeV
using an energy scan, filling in the energy region between 1.4 GeV, where the previous
scan ended, up to 2.0 GeV, the lowest energy point reached by the BES collaboration
in their measurements. Engineering runs began in 2009, and data collection started in
2011. So far two independent energy scans between 1.0 and 2.0 GeV were performed
in 2011 and 2012. The peak luminosity of 3 × 1031 cm−2 s−1 was achieved, which was
limited by the positron production rate. The new injection facility, scheduled to be
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commissioned during the 2013–2014 upgrade, should permit the luminosity to reach
1032 cm−2 s−1. Data collection resumed in late 2012 with a new energy scan over energies
below 1.0 GeV. The goal of experiments at VEPP-2000 is to achieve a systematic error
0.3–0.5% in the π+π− channel, with negligible statistical error in the integral. The high
statistics, expected at VEPP-2000, should allow a detailed comparison of the measured
cross-sections with ISR results at BaBar and DAΦNE. After the upgrade, experiments at
VEPP-2000 plan to take a large amount of data at 1.8–2 GeV, around the NN̄ threshold.
This will permit ISR data with the beam energy of 2 GeV, which is between the PEP2
energy at the Υ(4S) and the 1 GeV φ energy at the DAΦNE facility in Frascati. The
dual ISR and scan approach will provide an important cross check on the two central
methods used to determine the HVP.

4.2. The BESIII Experiment . – The BESIII experiment at the Beijing tau-charm fac-
tory BEPC-II has already collected several femtobarns of integrated luminosity at various
centre-of-mass energies in the range 3–4.5 GeV. The ISR program includes cross section
measurements of: e+e− → π+π−, e+e− → π+π−π0, e+e− → π+π−π0π0 — the final
states most relevant to (g − 2)μ. Presently, a data sample of 2.9 fb−1 at

√
s = 3.77 GeV

is being analyzed, but new data at
√

s > 4 GeV can be used for ISR physics as well and
will double the statistics. Using these data, hadronic invariant masses from threshold up
to approximately 3.5 GeV can be accessed at BESIII. Although the integrated luminosi-
ties are orders of magnitude lower compared to the B-factory experiments BaBar and
BELLE, the ISR method at BESIII still provides competitive statistics. BESIII is aiming
for a precision measurement of the ISR R-ratio RISR = N(ππγ)/N(μμγ) with a preci-
sion of about 1%. This requires an excellent pion-muon separation, which is achieved
by training a multi-variate neural network. As a preliminary result, an absolute cross
section measurement of the reaction e+e− → μ+μ−γ has been achieved, which agrees
with the QED prediction within 1% precision [31].

Moreover, at BESIII a new energy scan campaign is planned to measure the inclusive
R ratio in the energy range between 2.0 and 4.6 GeV. Thanks to the good performance
of the BEPC-II accelerator and the BESIII detector a significant improvement upon the
existing BESII measurement can be expected. The goal is to arrive at an inclusive R
ratio measurement with about 1% statistical and 3% systematic precision per scan point.

4.3. Energy upgrade of DAΦNE . – With a specific luminosity of 1032 cm−2 s−1,
DAΦNE upgraded in energy, could perform a scan in the region from 1 to 2.5 GeV,
collecting an integrated luminosity of 20 pb−1 per point corresponding to few days of
data taking for each energy bin [32]. By assuming an energy step of 25 MeV, the whole
region would be scanned in one year of data taking. The statistical yield would be one
order of magnitude higher than what would have been achieved with 1 ab−1 at BaBar,
and better than what is to be expected at BESIII with 10 fb−1 at 3 GeV.

5. – Prospects on aμ

With the new experiments planned at Fermilab and J-PARC the uncertainty of the
difference Δaμ between the experimental and the theoretical value of aμ will be dom-
inated by the uncertainty of the hadronic cross sections at low energies, unless new
experimental efforts at low energy are undertaken. The last column of table I shows a
future scenario based on realistic improvements in the e+e− → hadrons cross sections
measurements. Such improvements could be obtained by reducing the uncertainties of
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Table II. – Overall uncertainty of the cross-section measurement required to get the reduction
of uncertainty on aHLO

μ in units 10−10 for three regions of
√

s (from ref. [33]).

δ(σ)/σ present δaHLO
μ present δ(σ)/σ prospect δaHLO

μ prospect

√
s < 1 GeV 0.7% 3.3 0.4% 1.9

1 <
√

s < 2GeV 6% 3.9 2% 1.3
√

s > 2 GeV 1.2 1.2

total 5.3 2.6

the hadronic cross sections from 0.7% to 0.4% in the region below 1 GeV and from 6%
to 2% in the region between 1 and 2 GeV as shown in table II.

In this scenario the overall uncertainty on Δaμ could be reduced by a factor 2. In
case the central value would remain the same, the statistical significance would become
7–8 standard deviations, as it can be seen in fig. 3.

The effort needed to reduce the uncertainties of the e+e− → hadrons cross-sections
according to table II is challenging but possible, and certainly well motivated by the
excellent opportunity the muon g-2 is providing us to unveil (or constrain) “new-physics”
effects.
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Fig. 3. – Comparison between aSM
μ and aEXP

μ . “JN09” is the current evaluation of aSM
μ using

ref. [6]; “SMXX” is the same central value with a reduced error as expected by the improvement
on the hadronic cross section measurement (see text); “BNL-E821 04 ave.” is the current
experimental value of aμ; “New (g-2) exp.” is the same central value with a fourfold improved
accuracy as planned by the future (g-2) experiments [9, 10].
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