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QED 11658471.895 £ 0.008
LO hadronic vacuum polarization 693.1 +34
NLO+NNLO hadronic vacuum polarization —8.63 +£0.09
Hadronic light-by-light 105 £26
Electroweak 154 +£0.1
Theory 11659182.3 +4.3
Experiment (E§821 @ BNL) 11659209.1 +6.3
Experiment — Theory 268 £7.6

Table 1: Contributions to the SM prediction for ay (10~19) [4] and comparison with experiment [1].

1. Introduction

The magnetic moment of a particle is expressed in terms of the g-factor:

. eh -

2mc
where e, m, and S are the particle charge, mass, and spin. The Dirac equation predicts g = 2 for
point-like fermions. Higher order radiative corrections lead to deviation from 2. The anomalous
magnetic moment for muon is defined as a, = (g, —2)/2. The examples of diagrams describing
pure QED, hadronic, and week contributions into the anomalous magnetic moment are shown in
Fig. 1. Since all possible particles can contribute to a; via loops, its value is sensitive to new
physics beyond the Standard Model (SM).

Figure 1: Examples of diagrams describing QED (left), hadronic (middle), and week (right) contributions
into the anomalous magnetic moment.

The anomalous magnetic moment of the muon was measured in the Brookhaven’s E-821 ex-
periment with accuracy of about 0.5 ppm [1]. Two new experiments are planned, at Fermilab [2]
and J-PARC [3], which will improve accuracy by a factor of at least 4.

The ay, value is precisely predicted theoretically within the framework of the Standard Model.
The different SM contributions to a, taken from Ref. [4] are listed in Table 1. The largest contri-
bution comes from QED. The next largest is a leading order (LO) hadronic vacuum polarization
contribution (aﬁad’ LO), which determines more than 50% of the error of the a, SM prediction.
Currently, about 3.5¢ difference is observed between experiment and the SM calculation (see also
Ref. [5], where the this difference is found to be 4.10).

The leading-order hadronic contribution coming from hadron loops (Fig. 1 (middle)) cannot be
calculated accurately from theory alone. It is calculated using dispersion relation from experimental

measurements of the total cross section e e~ annihilation into hadrons. Low energies, below 2
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GeV, give dominant contribution into alﬁad’ LO 1n this energy region the total hadronic cross section

is calculated as a sum of exclusive hadronic cross sections.

Two experimental techniques are used to measure hadronic cross sections. The conventional
method is the energy scan. Currently operating machines using this method are VEPP-2000 below
2 GeV, and VEPP-4M and BEPCII above. The initial state radiation (ISR) technique for measure-
ment of exclusive cross sections is used in the KLOE, BESIII, and BABAR experiments.

In next sections we will discuss recent results on measurements of exclusive hadronic cross
sections at low energies.
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Figure 2: The ete™ — w7~ cross section measured in the BESIII (left) and CMD-3 (right) experiments.

The main contribution into the hadronic part of a, and its error comes from e*e~ — 7~
process. The many experiments measured this cross section especially in the p meson energy
region. Most precise and complete scan measurement is performed by CMD-2 at VEPP-2M [6] in
the energy region from 0.37 to 1.38 GeV. During the last decade, large progress was reached in ISR
measurements, in the KLOE [7], BABAR [8], and BESIII [9] experiments. The CMD-2, KLOE,
BABAR, and BESIII claim systematic uncertainties at a sub-percent level. The ete™ — 771~
cross section measured by BESIII [9] is shown in Fig. 2 (left).

Currently the accuracy of the 77 contribution into ay is estimated to be about 0.5% [4] and
dominated by systematic uncertainty. The problem of the 777~ measurements is that the system-
atic differences between cross-section data from different experiments (see Ref. [9]) reach 5% and
significantly exceed claimed systematic uncertainties (<1%).

te~ — 't~ measurements have large statistical errors. The VEPP-2000

The existing scan e
collider allows to significantly increase statistics and made scan measurements comparable in ac-
curacy with ISR data. In Fig. 2 (right) the preliminary result of the CMD-3 experiment based on
data collected at VEPP-2000 in 2013 is shown. Two methods of e¢/7/u separation, by momentum
and by energy deposition in the calorimeter, are used to estimate systematic uncertainty due to
particle identification. The statistical accuracy of this measurement matches or better the current

world-best. For 2013 data, CMD-3 expects to reach a systematic uncertainty of below 1%.

3. ete - ntn a7

The ete™ — ntn~ 770 cross section is one of the least known cross section important for
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Figure 3: The e*e™ — ntn 27" cross section measured by BABAR in comparison with previous mea-
surements. The quoted errors are statistical.

(&§—2)u-

The preliminary BABAR result on the e*e™ — 7777 27° cross section in comparison with
previous measurements is shown in Fig. 3, The BABAR measurements are most precise, especially
above 1.4 GeV, and covers a wider energy region. Their systematic uncertainty is 3.1% in the
energy region between 1.2 and 2.7 GeV.

The obtained cross section data are used to calculate the e*e™ — 7727 contribution to
aﬁad’ LO " For the energy region below 1.8 GeV it is equal to (17.9 £ 0.1 £ 0.64y5) X 10710,
This result can be compared with the previous calculation [10] based on the preliminary BABAR
data on eTe” — w270 from 2007 [11]: (18.0 £ 0.14a £ 1.24y5) x 1071, The new BABAR
measurement improves accuracy of this contribution by a factor of 2.

4. ete” — 'y

The e*e™ — n¥y cross section is the third largest cross section (after ete™ — 1t~ and
ntn~ 70 below 1 GeV. From analysis of the eTe™ — 7%y data in the vector meson dominance
(VMD) model, the widths of vector-meson radiative decays are extracted, which are widely used
in phenomenological models.

The precise measurement of the e* e~ — 107 cross section was recently performed by the SND
detector using the full data set collected at the VEPP-2M e'e™ collider in 1997-2000 [12]. The
result of this measurement is shown in Fig. 4 in five energy regions in comparison with previous
measurements. The systematic uncertainty in the cross section maximum at @ peak is 1.4%. In the
highest energy region, the preliminary SND result based on VEPP-2000 data is shown.

5. efe - KK

The largest contribution to (g —2), from the e*e™ — KK process comes from ¢-meson energy
region. The CMD-3 collaboration has studied both charge modes of this reaction, KsK; and KT K.
The measured e™e~ — KgK; cross section [13] is shown in Fig. 5 (left). From the fit to the
cross section, the product of ¢-meson parameters is extracted to be B(¢ — KsK.)T'(¢ — eTe™) =
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Figure 4: The ete~ — 1%y cross section measured by SND using the full VEPP-2M data sample in compar-
ison with the previous most accurate measurements. The curve is the result of the VMD fit. Only statistical
errors are shown. The systematic errors are 3.2%, 3%, and 6% for SND (2000), SND (2003), and CMD-2
(2005) data, respectively. The systematic uncertainty of the current measurement at the @ and ¢ peaks is
1.4%. In the highest energy region the preliminary SND result based on VEPP2000 data is shown.
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Figure 5: Left panel: The eTe™ — KgK cross section measured by CMD-3. Right panel:The ete™ —
K™K~ cross section measured by CMD-3. In both plots the dotted curves are the results of the fit with
the vector-meson dominance model including p, @, ¢ and their excitations. The curves onr represent

the contributions to the cross sections corresponding interference between the ¢-meson amplitude and the
amplitudes of other vector mesons.
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428 +£9 eV, which is in good agreement with the current PDG value 430+ 6 eV [14]. The prelim-
inary CMD-3 result on the ete™ — K"K~ cross section is presented in Fig. 5 (right). From the
fit to the cross section the product B(¢ — K"K~ )I'(¢ — eTe™) = 671420 eV is obtained, which
is about 10% larger than the PDG2014 value 608 & 14 eV based on the CMD-2 measurement at
VEPP-2M and about 5% (1.70) larger than the recent BABAR result 634 + 8 [15]. It should be
noted that the CMD-3 ratio of decay constants for ¢ — KgK; and ¢ — K"K~ decays corrected
for the Coulomb K™K~ final state interaction (0.990 +0.017) is close to unity expected from the
isospin relations.

Figure 6 (left) represents the SND measurement of the ete™ — K"K~ cross section in the
energy range 1.05-2.00 GeV [16] in comparison with the most precise previous measurement by
BABAR [15]. The SND results agree with BABAR data and have comparable or better accuracy.
The right plot in Fig. 6 shows the ratio of the BABAR data to the fit to the SND data. The bands
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Figure 6: Left panel: The e"e™ — K™K~ cross section measured by SND at VEPP2000 and in the BABAR
experiment. Right panel: The relative difference between the ete™ — K™K~ cross sections measured by
BABAR and the fit to the SND data. The SND and BABAR systematic uncertainties are shown by the light
and dark shaded bands, respectively.

represent systematic uncertainties.

6. ete” > KKrandete  — KKnarx

The exclusive data are incomplete in the region 1.6 < E < 2.0 GeV. There is no experimental
information on the final states 777~ 70, x*n nn, xt 1 7%7%72°, 7T 7~ 7°2%n etc. The impor-
tant experimental task is to measure all significant exclusive channels below 2 GeV, and perform
comparison of the sum of exclusive channels with inclusive measurements and pQCD prediction.
In this and the next two sections we discuss previously unmeasured processes giving sizable con-
tribution into the total cross section between 1.6 and 2 GeV.

The reactions ete™ — KgK; n° is measured by BABAR for the first time [17]. The obtained
cross section is shown in Fig. 7(left). Only statistical errors are shown. The systematic uncertainty
is 10% near the cross-section peak and increases up to 30% at 3.0 GeV. The dominant intermediate
state (more than 95% events) in this reaction is K*(892)K. The K3 (1430)K and ¢x° intermediate
states are also seen.

Two other charge combinations of the eTe~™ — KK reaction were measured by BABAR
previously [18]. So, we can calculate the total e e~ — KK cross section without any assumptions
about isospin relations between charge modes. The red points in Fig. 7(right) represent e™e™ —
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Figure 7: Left panel: The e*e~ — KsK;7° cross section measured by BABAR. Right panel:The total

ete™ — KK cross section obtained as a sum of the cross sections measured in three charge modes:

o(Kskyn’) + o(KTK~ 1) +20(KsK*nT). The red points represent K*K~x° cross section. The blue
points are the sum of K™K~ and KsK; 7 final states.

KK~ n° cross section, the blue points are the sum of the cross sections for KK~ n° and KsK; 7°,
and the black points are the sum of all three charge modes. The e"e™ — KK cross section in the
maximum is about 12% of the total hadronic cross section.

The process ete™ — KKnm contains six charge combinations. Four of them, KTK~ w7,
KtK~ 770, KsK;ntn~, and KsKsntn~, were measured by BABAR previously [19, 20]. In
Fig. 8 the first measurements of the cross sections for two last charge modes, KsK; 7°7° [17] and
KsK*n7r¥ [21], performed by BABAR are presented. Only statistical errors are shown. The
KsK; n°7n° cross section is found to be relatively small and measured with a 25% uncertainty in
the peak. The dominant intermediate state for this process is K*K7. The correlated production of
two K*’s is observed to be small. The KsK* 7~ x” cross section is measured with 6-7% incertainty
below 3 GeV. The dominant intermediate states for this reaction are K*K7 and KsK*p¥. The
correlated K*K* production is small, less than 15%, and dominated by the charged mode, K*TK*~.
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Figure 8: The ete™ — KsK; %70 (left) and ete™ — KsK*nTnl (right) cross sections measured by
BABAR.

Figure 9 shows the cross sections for the six charge modes summed cumulatively. The black



(g —2)u status and related e e~ measurements V. P. Druzhinin

—~ T
E KxKl_ﬂ"x" + H
S0 +++ + K'Kz'n +
= + £ 07
g KK+ ++ +++ } 2xKKmn
2 t
”
frs | h
o) L
tt ”m+ +++
5 } t + t 4
R t
by 41t
+ "
25 J! "h‘.
o [} " bey
*2‘ ‘,0'0.000" .."0..‘
'..
o gt sl HEHH:
1.5 1.75 2 225 25

E (GeV)

Figure 9: The cross sections for the six charge modes of the ete™ — KK77 process summed cumulatively.
The black points represent the total cross section.

points represent the total cross section. Largest contributions come from the K"K~ 77w~ and

KKt~ 7% modes. The ete™ — KKnm cross section is about 25% of the total hadronic cross
section near 2 GeV.

7. ete” — wn'n

The process ee™ — 7°79n7 was studied by the SND detector in the seven-photon final
state [22]. Events of the et~ — 797917 process are selected. The analysis of their 77y invariant-
mass distribution shows the dominance of the @z intermediate state. The measured ete™ —
7’7 cross section is shown in Fig. 10 (left). Figure 10 (right) shows the 791 mass distribution
for selected @n’n events, which is well described by the model of the wa((980) intermediate state.

Cross section (nb)

1600 1800 2000 600 800 1000 1200
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Figure 10: Left panel: The e*e~ — wna® cross section measured by SND. The solid (dashed) curve shows
the result of the fit in the model of ®ap(980) intermediate state with (without) a resonance contribution.
Right panel: The nx° invariant mass spectrum for selected e~ — @nn° events. The solid histogram rep-
resents et e™ — @ap(980) simulation, while the dashed histogram represents wnz° phase-space simulation.

This previously unmeasured cross section is found to be relatively large, about 5% of the total
hadronic cross section.
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8. ete” — w77

The SND detector also has studied the eTe™ — 7~ n%n process. It has complex internal
structure. There are at least four mechanisms for this reaction: ®n, ¢1n, ap(980)p, and structureless
nt 7~ 7%7. The known wn and ¢ contributions explain about 50-60% of the cross section below
1.8 GeV. Above 1.8 GeV the dominant mechanism is app. The preliminary result on the e*e™ —
nt 7N cross section is shown in Fig. 11 (left). The cross section for the subprocess e*e™ —
o1 is measured separately [23] and shown in Fig. 11 (right) in comparison with the BABAR
measurement [24]. The SND results have better accuracy and disagree with the BABAR data at
E > 1.6 GeV.
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Figure 11: Left panel: The ete™ — nt 7~ 797 cross section measured by SND. Right panel: The ete™ —
w1 cross section measured by SND in comparison with BABAR data [24]. The curve is the result of the
VMD fit.

9. Summary

The precise low-energy e e~ cross section data are needed to obtain an accurate SM prediction
for the muon anomalous magnetic moment.

Recent results on ete™ — ntn—, 71 7°7°, KK, KK, KK 7 cross sections from BES 111,
BABAR, SND, CMD-2 and R measurement from KEDR [25, 26] are already taken into account in
the recent calculations of aﬂad’ Lo [4] and reduce its uncertainty.

Several previously unmeasured processes (ete™ — KsK; 10, KsK; n°7°, KsK*nF 70, it n—nn,
and ®@7°n) contributed to the total hadronic cross section below 2 GeV have been studied.

New results are expected from BESIII, BABAR, SND, CMD-3.
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