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Abstract. We discuss various experiments on e+ e− annihilation into hadrons relevant to the problem of the
muon anomalous magnetic moment. They include a status of the ISR measurements of the e+ e− → π+ π− as
well as studies of numerous hadronic ﬁnal states in experiments with the CMD-3 and SND detectors at the
VEPP-2000 e+ e− collider.

1 Introduction
The anomalous magnetic moment of the muon is one of
the most precisely known physical quantities. In 2006
the BNL E821 Collaboration published the ﬁnal results
of their measurement of the muon aμ ≡ (gμ − 2)/2 [1].
Various calculations show that the Standard Model (SM)
prediction is about 3.5 standard deviations below the experimental value [2, 3]. At the moment two new measurements of aμ , each aimed at four-fold increase of accuracy, are planned at Fermilab and J-PARC. If the central
value of the experimental result is conﬁrmed, the deviation between experiment and theory will reach 8-10 standard deviations unambiguously pointing to eﬀects of New
Physics.
The theoretical prediction accuracy is currently limited
by the uncertainties of the hadronic vacuum polarization
extracted from the cross sections of e+ e− annihilation into
hadrons measured by a scan method at CMD-2 and SND
detectors at the VEPP-2M and initial-state radiation (ISR)
at BaBar (Fig. 1), see the review of e+ e− experiments in
Ref. [4].

As it is absolutely necessary to improve experimental accuracy, experiments on low-energy e+ e− annihilation
into hadrons are currently in progress in various centers.
In addition to the low-energy measurements, other energy ranges are still of interest for aμ and particularly for
the α(MZ2 ) determination. Recently a new measurement of
R was performed between 3.12 and 3.72 GeV in Novosibirsk using the KEDR detector [5]. The achieved systematic uncertainty is 2.1% with a total uncertainty of 3.3%.
The results are shown in Fig. 2. Analysis of the KEDR
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Figure 2. R measurement at KEDR [5]
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Figure 1. Current status of exclusive measurements [4]
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scan between 1.9 GeV and J/ψ [6] is in progress while
R measurements from 2 to 4.6 GeV with BESIII and further studies of the charmonium region with KEDR are also
planned. Improvement to about 2% in total can be expected from joint eﬀorts of BESIII and KEDR.
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2 ISR measurements of e+ e− → π+ π−
+ −

started with two detectors, CMD-3 and SND. An integrated luminosity of ∼ 60 fb−1 was collected by each in
2011 - 2013 in the center-of-mass (c.m.) energy range
320 - 2000 MeV. Figure 5 illustrates accumulation of luminosity in various energy ranges. Lately analysis has been
mainly focused on the c.m. energies above the φ meson.
In particular, both groups made an attempt to improve the
precision of various cross sections important for the muon
anomaly problem [16].

+ −

The process e e → π π is known to give the largest
contribution to the leading-order hadronic term aLO,had
,
μ
about 73%. Recent ISR measurements of this process substantially improved the accuracy of its cross section. The
BaBar Collaboration used a data sample collected at the
peak of the Υ(4S ) resonance to achieve the record precision of about 0.5% near the ρ meson peak [7, 8].
KLOE was using ISR running at the φ meson peak and
gradually increased the precision of their measurements to
0.7% [9–11]. However, the results of KLOE and BaBar
diﬀer with the discrepancy reaching 5% in some energy
regions, far beyond the declared precision.
A very recent precise measurement has been performed by the BES Collaboration running at the ψ(3770)
peak [12]. Their ISR measurement reached precision of
about 0.9%, see the cross section in Fig. 3.
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Figure 5. Luminosity collected at VEPP-2000

Figure 3. Cross section of e+ e− → π+ π− (γ) at BESIII [12]

Measurements of an integrated luminosity at CMD-3
use two processes, e+ e− → e+ e− and e+ e− → γγ, allowing
a precision of ∼ 1% [17]. At SND, events of large-angle
Bhabha scattering are used to determine an integrated luminosity with a systematic accuracy of 2% [18].
CMD-3 declares an aggressive goal of reaching 0.35%
accuracy in the measurement of the pion form factor, see
their prelimiary results in Fig. 6 [19]. Up to to the c.m.

Comparison between the results of BESIII and those
from other groups – SND [13], CMD-2 [14], BaBar and
KLOE shows that there are local discrepancies between
the data of BaBar, KLOE and BESIII. This can be seen
from Figure 4, which illustrates how the results obtained
by ISR look like in terms of the hadronic contribution to
muon anomaly after integration. The BESIII result lies between those of BaBar and KLOE being somewhat closer to
the latter. Obviously, new measurements with comparable
or even better precision are needed.

Figure 6. CMD-3 results on the pion form factor
Figure 4. Comparison of BESIII results on aμ [12]

energy of 700 MeV they can separate pions from muons by
two independent methods - from the information from the
drift chamber and from the electromagnetic calorimeters,
the latter being used in the whole energy range.
Both detectors have continued analysis of the collected
data samples and are reporting measurements of cross sections for various processes with pions and η mesons. SND

3 Experiments at VEPP-2000
In 2010 a new low-energy e+ e− collider, VEPP-2000, was
commissioned in Novosibirsk [15]. In 2011 data taking
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Figure 7. Recent results on hadronic cross sections from SND: (left) e+ e− → π+ π− π0 [20], (right) e+ e− → π+ π− η [18]
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published their ﬁnal results on e+ e− → π+ π− π0 [20], Fig. 7
(left). and e+ e− → π+ π− η [18], Fig. 7 (right).
The cross section of the process e+ e− → π+ π− π0
clearly shows two excitations of the ω(783) meson –
ω(1420) and ω(1650). On the contrary, the energy dependence of the process e+ e− → π+ π− η is dominated by
the ρ(770) recurrencies – ρ(1450) and ρ(1700). In both
cases the SND data from VEPP-2000 are consistent with
the results from VEPP-2M and BaBar and have comparable precision. CMD-3 has also measured the cross sections
of these processes with comparable precision, not shown
here.
CMD-3 and SND studied all three possible charge
combinations of the six-pion production. The cross section in Fig. 8. shows the case when all pions are charged
with the obvious dip around the N N̄ threshold [21].
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Figure 9. Cross section of e+ e− → 2π+ 2π− 2π0 at CMD-3

and rich dynamics which analysis should be performed simultaneously for all three ﬁnal states. For example, the
ρ f0 (1370) intermediate mechanism can result in all three
possible charge combinations of the six-pion state (the
fully neutral 6π0 state can not be produced in one-photon
annihilation because of C-parity violation). There are also
mechanisms which do not give all charged ﬁnal states,
e.g., ω3π or η3π. An additional problem is that such ﬁnal
states can have negative G-parity whereas normally sixpion states should have positive G-parity.
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Figure 8. Cross section of e+ e− → 3π+ 3π− at CMD-3 [21]

Such behavior of the cross section has been observed
before at BaBar [22] as well as in much earlier e+ e−
and photoproduction measurements, therefore suggesting
a probable threshold eﬀect due to the opening of the N N̄
channel [23]. Near the N N̄ threshold the behavior of the
cross section for the 2π+ 2π− 2π0 ﬁnal state (see Fig. 9)
is also irregular, but somewhat diﬀers from that in the
3π+ 3π− case [24].
Finally, SND has measured for the ﬁrst time ever the
cross section of e+ e− → π+ π− 4π0 , where the size of the
data sample does not allow any conclusions about the
N N̄ threshold, Fig. 10. These ﬁnal states have interesting

Figure 10. Visible cross section of e+ e− → π+ π− 4π0 at SND
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Figure 11. Cross section of e+ e− → K + K − : (left) near the φ meson at CMD-3, (right) from 1 to 2 GeV at SND
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Figure 13. Cross section of e+ e− → K + K − η at CMD-3 [27]
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CMD-3 continued studies of various processes with
kaons in the ﬁnal state using good K/π separation based
on measuring dE/dx in the drift chamber. In Fig. 11 we
show the cross section of the process e+ e− → K + K − near
the φ meson at CMD-3 (left) and in the whole energy range
at SND (right) [25].
The CMD-3 group has also reported results on the
cross section and dynamics of the K + K − π+ π− ﬁnal state,
see Fig. 12. While the energy dependence of the cross section is clear and obviously shows the φ(1680) state, there
is still a lot to be done about the dynamics.
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Figure 12. Cross section of e+ e− → K + K − π+ π− at CMD-3 [27].
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Using the missing mass method, CMD-3 has also measured the cross section of the process e+ e− → K + K − η,
Fig. 13. Work is in progress on the process e+ e− →
K + K − π0 .
SND has already published their measurements of the
processes with only neutral particles in the ﬁnal state –
e+ e− → π0 π0 γ [26] and e+ e− → ηγ [27]. The latter is
of particular interest since for the ﬁrst time events of the
process have been found above 1.4 GeV, see Fig. 14.
A study of the nucleon form factors near threshold was
continued. SND signiﬁcantly improved the precision of
σ(e+ e− → nn̄) [28] compared to the previous results from
FENICE [29], see Fig. 15.
CMD-3 measured the cross section of the process
e+ e− → p p̄ and made an attempt to extract the ratio of

Figure 14. Cross section of e+ e− → ηγ at SND [27].

the electric and magnetic form factors based on the angular distribution of the ﬁnal nucleons [30], see Fig. 16.
Both detectors used an original method of Ref. [31] to
measure the partial width of a strongly suppressed η →
e+ e− decay using the inverse process. CMD-3 reported
an upper limit of Γ(η → e+ e− ) < 0.0024 eV at 90% CL
based on 2.69 pb−1 and one mode of η decay [32]. SND
used 2.9 pb−1 and ﬁve modes of η decay to improve it to
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