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The hadronic contribution to the vacuum polarization in the nonperturbative regime of QCD
is a crucial issue for the interpretation of the recent measurements of the anomalous magnetic
moment of positive and negative muons in Brookhaven to allow for a precision test of the
standard model. The present status of the hadronic contribution is reviewed with particular
emphasis on recent results with the general purpose detector KLOE at the electron positron
collider DAΦNE in Frascati.

PACS: 13.66.Bc, 13.66.Jn, 14.60.Ef

1 Introduction

In recent years the Muon (g-2) Collaboration at Brookhaven National Laboratory has measured
the anomalous magnetic moment aµ of positive and negative muons with an unprecedented pre-
cision of 0.7 ppm [1, 2]. The measurement of aµ has a long and extremely successful history
starting with experiments at CERN in the sixties, continuing at CERN in the seventies and cul-
minating in the Brookhaven experiment E821 [3] (Table 1). Major findings have been precision
tests of QED to higher and higher orders, the evidence for the contribution of hadronic vacuum
polarization (Fig. 1) and finally for the weak contribution (Fig. 2, left). Recently also a sign
error in the calculation of light-by-light scattering (Fig. 2, right) has been revealed triggered by
the Brookhaven experiment [4].

The result of January 2004 representing also the present world average is

aµ =
1

2
(gµ − 2) = (11 659 208± 6) × 10−10. (1)

The Standard model predicts (in units of 10−10) (using either e+e− data or τ decay data
according to τ± →W±ντ → q1q̄2ντ → π+πoντ ) (Fig. 3):

aSM
µ = aQED

µ + ahad
µ + aLBL

µ + aweak
µ
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Tab. 1. History of g-2 measurements of the muon.

Experiment year ref. value aµ (error) ppm theory
Dirac particle µ± 0.000 000 Dirac

CERN cyclotron µ+ 1961 [12] 0.001 145 (22) QED test
CERN cyclotron µ+ 1962 [13] 0.001 165 (5) 4300 heavy electron

1st CERN µ− 1966 [14] 0.001 165 (3) point like
storage ring particle

1st CERN µ± 1968 [15, 16] 0.001 166 16 (31) 270 ( α
π
)3,

storage ring lept. LBL
2nd CERN µ± 1977 [17] 0.001 166 923 (8) 7.0 hadr. vac. pol.,

storage ring QED test
BNL E821 µ+ 2000 [18] 0.001 166 919 1 (59) 5.0
BNL E821 µ+ 2001 [19] 0.001 165 920 2 (15) 1.3
BNL E821 µ+ 2002 [1] 0.001 165 920 4 (9) 0.7 weak interact.
BNL E821 µ− 2004 [2] 0.001 165 921 4 (9) 0.7

combined weighted 2004 0.001 165 920 8 (6) 0.5 standard model
average µ±

ae+e−

µ = 11 659 180.9± 7.2had ± 3.5LBL ± 0.4ew [5, 6]
ae+e−

µ = 11 659 179.4± 8.6had ± 3.5LBL ± 0.4ew [7]
ae+e−

µ = 11 659 176.3± 7.4had ± 3.5LBL ± 0.4ew [8]
aτ

µ = 11 659 195.6± 5.8had ± 3.5LBL ± 0.4ew [5, 9].

The errors account for the hadronic contribution to lowest and higher orders (had), hadronic
light by light scattering (LBL) and electroweak (ew) contributions.

The hadronic contribution to the vacuum polarization in the nonperturbative regime of QCD
is the crucial number for the interpretation of the recent Brookhaven measurements to allow for a
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Fig. 1. Hadronic vacuum polarization due to qq̄ pairs.
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Fig. 2. Example of weak interaction contribution (left) and of light by light scattering (right) to the vacuum
polarization.
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Fig. 3. Two pion final state arising from τ−decay and from e+e−annihilation, CVC connects both pro-
cesses.

precision test of the standard model because the lowest order (LO) hadronic vacuum polarization
contribution has the largest error being of the order of the present experimental accuracy:

ahad,LO,e+e−

µ = 696.3± 6.2exp ± 3.6rad [5, 6]
ahad,LO,e+e−

µ = 694.8± 8.6exp [7]
ahad,LO,e+e−

µ = 692.4± 5.9exp ± 2.4rad [8]
ahad,LO,τ

µ = 711.0± 5.0exp ± 0.8rad ± 2.8SU(2) [9],

where the errors indicate those of the experiments, radiative corrections in the e+e− data and
isospin breaking effects for τ decays. The deviations from the measurement of Brookhaven are
found to be (30.0 ± 11.0) × 10−10 (2.7 σ) and (12.0 ± 11.0) × 10−10 (1.0 σ) for the e+e−

and τ based estimates, respectively. The errors of the last numbers are those of the experimental
data used for the hadronic contribution, the LBL contribution and from the Brookhaven experi-
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Fig. 4. The Brookhaven measurements for µ+, µ− and their average compared with calculations by the
Standard model using τ−decay and e+e−annihilation data. The characters D, J, H denote the analyses of
Davier et al. [5,6], Jegerlehner [7], Hagiwara et al. [8], respectively and τ denotes the analysis of Davier et
al. [9].

ment, taken in quadrature2 (Fig. 4). The most recent results to determine the hadronic vacuum
polarization can be found in the Proceedings of the Workshop on Hadronic Cross Section at Low
Energy (October 2003), in the following quoted as SIGHAD03 [11].

The various final states contributing to the hadronic contribution to the vacuum polarization
which result in the numbers given above are given in Table 2 and the available measurements
of the ratio R(s) = σ(e+e−→hadrons)

σ(e+e−→µ+µ−) are shown in Fig. 5 including the new measurements of
BES [22].

The following figures show as examples recent data from ALEPH [9], CLEO [23] and
BELLE [24] on τ−decays for the low energy region (Figs. 6 and 7 (left)) and from BaBar
for the reaction e+e− → π+ π−π+ π− in Fig. 7 (right) [25].

The measurement of the hadronic vacuum polarization has also an important impact onto the
determination of the running coupling constant α(m2

Z) (Fig. 8) in order to constrain the Higgs
mass by means of quantum fluctuation calculations [26, 27].

2 The e
−

e
− collider DAΦNE and the general purpose detector KLOE

The symmetric collider DAΦNE [28] accelerates and stores electrons and positrons of 510 MeV
to produce φ-mesons with the mass 1020 MeV/c2 and the quantum numbers JPC = 1−− via the
reaction e+e− → γ∗ → φ.

The luminosity L ∼ 0.5 . . . 1.28×1032 cm−2s−1 so far achieved is below the design value
of L ∼ 5 × 1032cm−2s−1 = 5 × 102µb−1s−1 but room for further improvements beyond the

2Recently Kinoshita and Nio [20] increased the QED contribution a
QED
µ by 1.3 × 10

−10, and Melnikov and Vain-
shtein [21] the contribution a

LBL
µ by 5 × 10

−10 which would reduce the difference between measurements and the
standard model accordingly.
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Tab. 2. The various hadronic final states contributing to the hadronic vacuum polarization ahad
µ in units of

10−10 [6, 9, 10].

modes energy range e+e− data τ decays
[GeV ]

low s expansion 2mπ − 0.5 58.0± 1.7 ± 1.1rad 56.0± 1.6± 0.3SU(2)

π+π− 2mπ − 1.8 450.2± 4.9 ± 1.6rad 464.0± 3.2 ± 2.3SU(2)

(incl. KLOE) 448.3± 4.1 ± 1.6rad

π+π−πoπo 2mπ − 1.8 16.8± 1.3 ± 0.2rad 21.4± 1.4± 0.6SU(2)

π+π−π+π− 2mπ − 1.8 14.2± 0.9 ± 0.2rad 12.3± 1.0± 0.4SU(2)

ω(782) 0.3− 0.81 38.0± 1.0 ± 0.3rad

φ(1020) 1.0− 1.055 35.7± 0.8 ± 0.2rad

other exclusive 2mπ − 2.0 32.2± 1.6 ± 0.3rad

J/ψ, ψ(2S) 3.08− 3.11 7.4 ± 0.4± 0.0rad

R[data] 2.0 − 5.0 33.9± 1.7exp ± 0.0rad

R[QCD] 5.0−∞ 9.9 ± 0.2theor

sum 2mπ −∞ 696.3± 6.2 ± 3.6rad 711.0± 5.0 ± 0.8rad

±2.8SU(2)
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Fig. 6. Pion form factor (right) as measured by means of τ−decays with ALEPH [9].
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Fig. 7. Pion form factor as measured by means of τ−decays with CLEO [23] and Belle [24] (left) and the
cross section for the reaction e+e− → π+ π−π+ π− obtained from ISR at BaBar in comparison with all
existing e+e− data [25] (right).

important progress made in 2002 and 2003 (with roughly 175 pb−1 in 2001 and 300 pb−1 in
2002) and 800 pb−1 until the end of December 2004 should still be possible.
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Fig. 8. The running electromagnetic coupling constant αe.m. [26].

DAΦNE has two interaction regions. In one of them KLOE [29] has been installed in 1998.
In the second one FINUDA [30] is located having replaced DEAR [31] in 2003. KLOE (K LOng
Experiment) is a general purpose detector consisting of a large drift chamber and an electromag-
netic calorimeter immersed in a 0.53 T magnetic field [32, 33] to study K,φ, ρ, η, η ′ decays. In
the original proposal for DAΦNE tests of discrete symmetries (CP−, CPT −, T − invariance)
exploiting the unique possibility of quantum interferometry have been highlighted [34]. In the
meantime it turned out that also the lower than anticipated luminosity allows to pursue inter-
esting physics by measuring most of all rare but not too rare KS decays (with branching ratios
down to ∼ 10−7), radiative φ decays into the scalar mesons ao, fo [35] and the cross section
e+e− → γ γ? → γ π+ π−.

3 Cross section measurement of the reaction e
+

e
−

→ π
+

π
− with KLOE

The cross section e+e− → π+π− at energies between 0.3 and 1.0 GeV contributes almost 70 %
of the hadronic vacuum polarization to the anomalous magnetic moment of the muon aµ. How
much this channel contributes to the accuracy of the running electromagnetic coupling constant at
theZo resonanceα(m2

Z) is still being debated depending on the energy above which calculations
of perturbative QCD can be regarded as reliable [36].

To measure this cross section with KLOE while DAΦNE is operated at the fixed energy of
the φ(1020) the idea of the so called ’radiative return’ is exploited [38–40]. Real photons emitted
in the initial state (Initial State Radiation ISR, Fig. 9) by electrons or positrons reduce the centre-
of-mass energy of the hadronic system s = Q2 = m2

φ − 2 Eγ mφ produced by virtual photons.
Not only the ρ and ω resonances are excited e+e− → γ γ? → γ ρ(ω) → γ π+π− but in fact the
full energy range from the two pion threshold up to the φ-resonance is covered in this way.

KLOE does not only aim at an independent and complementary determination of the hadronic
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Fig. 9. Initial State Radiation ISR in the reaction e+e− → π+π−γ.

vacuum polarization with systematic errors, different from those of the data of the Novosibirsk
group [37] who pioneered those measurements at low energies, but also at an extension of the
energy region to values significantly below the ρ resonance, eventually down to the two pion
threshold.

Both methods to measure the energy dependence of the hadronic cross section (radiative re-
turn) as used by KLOE and the beam energy scan by the CMD-2 collaboration) are complemen-
tary due to different systematic errors. The ISR method has the advantage that the errors of the
measured luminosity and of the energy of the electrons and positrons enter the photon spectrum
and consequently the hadronic spectrum only once. As a consequence the overall normalization
error is the same for all energies of the hadronic system.

In the present analysis the cross section has been measured between 0.6 and 1.0 GeV with
a statistical error of less than 0.2 % and a systematical error of 1.3 % [41–48]. The analysis
depends sensitively on the correct treatment of radiative corrections as well in the initial as in
the final state. In the last years Monte Carlo generators (EVA and PHOKHARA) for radiative
corrections have been developed by the theory group of Kühn and Czyż [38, 49–52]. The code
PHOKHARA implements in its latest versions second order (real and virtual) ISR and lowest
order FSR (modelled for point like pions). These codes have been included into the KLOE
Monte Carlo software [39–48].

During the last two years 140 pb−1 of the data taken in 2000 and 2001 have been analyzed
requesting only the 2 pions detected in the drift chamber in the angular interval 50◦ < θπ <
130◦ with the additional condition of photon angles θγ = θ(|~p(π−)+~p(π+)|) < 15◦, θγ > 165◦,
respectively [41–48]. As a consequence of this restricted phase space only theQ2 region between
0.3 and 1.0 GeV2 is populated. Fig. 10(left) shows the number of events per Q2 interval. An
excellent energy resolution of the photon spectrum is obtained due to the precise measurements
of the momenta of the charged pions in the KLOE drift chamber: Eγ = |~p(π−) + ~p(π+)| · c.

In order to determine the cross section σππ(sπ) for the reaction e+e− → π+π− the normal-
ized data of Fig. 10 (left) have been divided by the radiation function H(sπ) calculated with the
code PHOKHARA (with higher order ISR and FSR for point like pions) using

sπ ·
dσππγ

dsπ

= σππ(sπ) ·H(sπ)

and the detector acceptance has been obtained using Monte Carlo calculations to cover the full
angular region from 0◦ to 180◦. The photon angular interval is still restricted to θγ < 15◦ and
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Fig. 10. The reaction e+e− → π+π−γ. The number of events for an integrated luminosity of 170 pb−1

(left). The acceptance cuts are: 50◦ < θπ < 130◦ and θγ < 15◦, θγ > 165◦ and the cross section for
the reaction e+e− → π+π− (right). The cross section has been obtained by dividing the normalised cross
section by the radiator function H(sπ) obtained with PHOKHARA [38, 49–52].

θγ > 165◦. The result is shown in Fig. 10 (right). The results of Fig. 10 represent only 1/10
of the data taken with KLOE, but correspond already to 20 times of the data taken by CMD-2 in
its total operation time and hence to a correspondingly improved, eventually negligible statistical
error.

The hadronic correction to the vacuum polarization for aµ obtained in the interval 0.37 <
Q2

ππ < 0.93 GeV2 is aππ
µ = (375.6±0.8stat±4.8syst.+theor)×10−10. Our total systematic error

of aππ
µ of 1.3% includes an experimental systematic error of 0.9% and a theoretical systematical

error of also 0.9 % taken in quadrature. To arrive at this result the vacuum polarization for
the virtual photon (Fig. 11) has been taken out according to σbare(s) = σdressed(α(0)

α(s) )
2 with

α(s) = αo

1−∆αlept(s)−∆αhad(s) to obtain the bare cross section [5, 53] and a correction for FSR
(Fig. 12) has been applied. Details of this procedure can be found in Refs. [47, 48]. A direct
measurement of the ratio R to avoid the correction for the vacuum polarization of the virtual
photons is an alternative which needs, however, better statistics and better identification of the
muons. The higher luminosity of DAΦNE in 2004 will facilitate this possibility.

The pion form factor obtained is in good agreement with that of CMD-2 (Fig. 13). Corre-
spondingly our value agrees with that of CMD-2 being aππ

µ = (378.6±2.7stat±2.3syst.+theor)×
10−10 in the interval 0.37 < Q2

ππ < 0.93 GeV2 [37] and confirms the present discrepancy of
the hadronic correction using data of electron-positron annihilation on the one hand and τ decay
data on the other (Fig. 14).

The luminosity has been determined by the detection of large angle events of electron-
positron (Bhabha) scattering (into an angular interval between 55◦ and 125◦) and by comparison
of the data with various Monte Carlo generators [54–56]. The theoretical and the experimental
uncertainties are of the order of 0.5 %. Details can be found in Refs. [47, 48].

For the future the measurement of the pion form factor will be extended down to the two pion
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Fig. 12. Correction of Final State Radiation FSR.

threshold [57]. The energy interval below the ρ−resonance covers the important contribution
of roughly 100 × 10−10 to the hadronic vacuum polarization of aµ. This requires not only
the detection of the charged pions but also of photons emitted at angles larger than 15◦, where
the contribution of FSR and the background from the decay φ → π+π−πo will be significant.
Consequently a more realistic treatment of FSR [58] as well as experimental tests of the used
scalar model of FSR will turn out to be of great importance. A first preliminary large angle
spectrum is shown in Fig. 15 (left) where pions as well as photons have been detected in the
angular interval 50◦ < θπ,γ < 130◦. The spectrum extends clearly down to the 2−pion threshold
with some background still to be identified and subtracted.

The model dependence of the FSR (point like pions) can be checked by observing the charge
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Fig. 13. Comparison of the pion form factor as determined by CMD-2 and KLOE. The data points of KLOE
have negligible statistical errors. Both data sets are in fair agreement.

Fig. 14. Comparison of τ−decay data and of data of the reaction e+e− → π+π−. The τ−decay data
are higher above the ρ−resonance (s = 0.6 GeV2) [5, 10]. According to Höcker [10] mass and width
corrections for charged and neutral ρ−mesons ∆mρ±,o and ∆Γρ±,o do not reduce the differences between
the e+e− and from τ data significantly, in particular not above 0.7 GeV2 (full curve).
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asymmetry (right) A(θπ) =
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i
(θπ)−Nπ−

i
(θπ)

Nπ+

i
(θπ)+Nπ−

i
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of charged pions as a function of their polar angle. The

asymmetry arises from the interference of FSR and ISR and depends almost linearly on the polar angle.

asymmetry as a function of the polar angle of the charged pions emitted in the final state:

A(θπ) =
Nπ+

i (θπ)−Nπ−

i (θπ)

Nπ+

i
(θπ)+Nπ−

i
(θπ)

. The charge asymmetry arises from the interference of ISR and

FSR and depends linearly on the polar angle θπ [38]. First results (Fig. 15 (right)) show devia-
tions from the point like model of less than 7 % depending on Q2

ππ. The contribution of FSR in
the phase space region analyzed so far is of maximal 1 % such that the error of the FSR contri-
bution is smaller than 0.1 %.

4 Conclusion

The difference between the hadronic vacuum polarization obtained from e+e− and from τ data
persists with the new data from KLOE. Davier [6] and Jegerlehner et al. [59] see a possible
explanation in different masses for charged and neutral ρ−mesons. According to Höcker [10]
mass and width corrections for charged and neutral ρ−mesons ∆mρ±,o and ∆Γρ±,o do, however,
not reduce significantly the differences between the e+e− and from τ data, in particular not above
0.7 GeV2 (full curve in Fig. 14).
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5 DAΦNE-2

An upgrade of DAΦNE to reach a luminosity of up to 5 × 1034 cm−2s−1 (and lower machine
background) corresponding to 5×1011KS [y−1] or an increase of the energy up to 2 GeV [60–62]
would allow to pursue a very sound physics program [63,64]. The measurement of hadronic cross
sections could be extended up to 2 GeV yielding in particular the important contribution from
the 4 π final state e+e− → π+π−π+π− and e+e− → π+π−πoπo realized by an energy scan as
well as via the radiative return method.
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[50] G. Rodrigo, H. Czyż, J. H. Kühn, M. Szopa: Eur. Phys. J. C 24 (2002) 71
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