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Precision measurement of σ(e+e− → π+π−γ )/σ (e+e− → μ+μ−γ )

and determination of the π+π− contribution to the muon anomaly
with the KLOE detector
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a Dipartimento di Fisica dell’Università di Bari, Bari, Italy
b INFN Sezione Bari, Bari, Italy
c Dipartimento di Fisica dell’Università della Calabria, Cosenza, Italy
d INFN Gruppo collegato di Cosenza, Cosenza, Italy
e Centro Siciliano di Fisica Nucleare e Struttura della Materia, Catania, Italy
f INFN Sezione Catania, Catania, Italy
g Institute of Physics, Jagiellonian University, Cracow, Poland
h Laboratori Nazionali di Frascati dell’INFN, Frascati, Italy
i Institut für Experimentelle Kernphysik, Universität Karlsruhe, Germany
j Dipartimento di Fisica e Scienze della Terra dell’Università di Messina, Messina, Italy
k Institute for Theoretical and Experimental Physics (ITEP), Moscow, Russia
l Dipartimento di Fisica dell’Università “Federico II”, Napoli, Italy
m INFN Sezione Napoli, Napoli, Italy
n Dipartimento di Scienze di Base ed Applicate per l’Ingegneria dell’Università “Sapienza”, Roma, Italy
o Dipartimento di Scienze e Tecnologie applicate, Università “Guglielmo Marconi”, Roma, Italy
p Dipartimento di Fisica dell’Università “Sapienza”, Roma, Italy
q INFN Sezione Roma, Roma, Italy
r Dipartimento di Fisica dell’Università “Tor Vergata”, Roma, Italy
s INFN Sezione Roma Tor Vergata, Roma, Italy
t Dipartimento di Fisica dell’Università “Roma Tre”, Roma, Italy
u INFN Sezione Roma Tre, Roma, Italy
v Physics Department, State University of New York at Stony Brook, USA
w Department of Physics and Astronomy, Uppsala University, Uppsala, Sweden
x National Centre for Nuclear Research, Warsaw, Poland

* Corresponding authors.
E-mail addresses: federico.nguyen@cern.ch (F. Nguyen), graziano.venanzoni@lnf.infn.it (G. Venanzoni).

1 Present address: CERN, CH-1211 Geneva 23, Switzerland.
2 Present address: KVI, 9747 AA Groningen, The Netherlands.
3 Present address: Laboratório de Instrumentação e Física Experimental de Partículas, Lisbon, Portugal.
4 Present address: Budker Institute of Nuclear Physics, 630090 Novosibirsk, Russia.

0370-2693/$ – see front matter © 2013 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.physletb.2013.02.029

http://dx.doi.org/10.1016/j.physletb.2013.02.029
http://www.ScienceDirect.com/
http://www.elsevier.com/locate/physletb
mailto:federico.nguyen@cern.ch
mailto:graziano.venanzoni@lnf.infn.it
http://dx.doi.org/10.1016/j.physletb.2013.02.029


KLOE and KLOE-2 Collaborations / Physics Letters B 720 (2013) 336–343 337

a r t i c l e i n f o a b s t r a c t

Article history:
Received 18 December 2012
Received in revised form 14 February 2013
Accepted 16 February 2013
Available online 19 February 2013
Editor: M. Doser

Keywords:
e+e− collisions
Initial state radiation
Pion form factor
Muon anomaly

We have measured the ratio σ(e+e− → π+π−γ )/σ (e+e− → μ+μ−γ ), with the KLOE detector at
DAΦNE for a total integrated luminosity of ∼240 pb−1. From this ratio we obtain the cross section
σ(e+e− → π+π−). From the cross section we determine the pion form factor |Fπ |2 and the two-
pion contribution to the muon anomaly aμ for 0.592 < Mππ < 0.975 GeV, �ππaμ = (385.1 ± 1.1stat ±
2.7sys+theo)×10−10. This result confirms the current discrepancy between the Standard Model calculation
and the experimental measurement of the muon anomaly.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Measurements of the muon magnetic anomaly aμ = (gμ − 2)/2
performed at the Brookhaven Laboratory have reached an accuracy
of 0.54 ppm: aμ = (11 659 208.9 ± 6.3) × 10−10 [1,2]. The quoted
value differs from Standard Model estimates by 3.2–3.6 standard
deviations [3–6].5 The difference between measurement and calcu-
lations is of great interest since it could be a signal of New Physics.
The authors of Ref. [8] have proposed an interpretation in terms of
Supersymmetry, which can be probed at the Large Hadron Collider.
Another proposal suggests the existence of a light vector boson in
the Dark Matter sector, coupled with ordinary fermions through
photon exchange, which is not excluded by present low energy
tests of the Standard Model [9,10]. A new round of measurements
of aμ is expected at Fermilab [11] and J-PARC [12], with the aim
of considerably reducing the experimental error. To fully exploit
the significance of improved measurements of aμ it is important
to confirm the present estimate of the hadronic corrections (see
below) and possibly to decrease the corresponding error.

The main source of uncertainty in the Standard Model estimates
of aμ [3,4] is due to hadronic loop contributions which are not
calculable in perturbative QCD. To lowest order, the hadronic con-
tribution, �h,loaμ , can be obtained from a dispersion integral [13,
14] over the “bare” cross section σ 0(e+e− → hadrons(γ )). σ 0 is
obtained from the physical cross section, inclusive of final state
radiation, removing vacuum polarization, VP, effects and contribu-
tions due to additional photon emission in the initial state. The
leading-order hadronic contribution is ∼690 × 10−10, the precise
value depending on the authors’ different averaging procedures,
as discussed in Refs. [3–6]. The e+e− → π+π−(γ ) process con-
tributes approximately 75% of the �h,loaμ value and accounts for
about 40% of its uncertainty.

In the following, we discuss the measurement of the cross sec-
tions as a function of the μ+μ− and π+π− invariant masses Mμμ

and Mππ :

dσ(e+e− → μ+μ−γ )

dsμ
and

dσ(e+e− → π+π−γ )

dsπ

with sμ = M2
μμ , sπ = M2

ππ , to be used for the determination of

σ 0(e+e− → π+π−). From the latter we obtain the two-pion con-
tribution to the anomaly, �h,loaμ and the pion form factor |Fπ |2
for comparison to other results.

5 A recent evaluation [7] finds a difference between 4.7 and 4.9 standard devia-
tions.

Fig. 1. Simplified amplitudes for γ ∗ → π+π− , e+e− → π+π−γ (ISR) and e+e− →
π+π−γ (FSR).

2. Measurement of σ(π+π−) at DAΦNE

The KLOE detector operates at DAΦNE, the Frascati φ-factory,
an e+e− collider running at fixed energy, W = √

s ∼ 1020 MeV,
the φ meson mass. Initial state radiation (ISR) provides a means
to produce π+π− pairs of variable sπ . Counting π+π−γ events
leads to a measurement of dσ(e+e− → π+π−γ )/dsπ if the in-
tegrated luminosity is known, from which σ(e+e− → π+π−) can
be extracted. We have published three measurements [15–17] of
σ(e+e− → π+π−) for 0.1 < M2

ππ < 0.95 GeV2, with results con-
sistent within errors and a combined fractional uncertainty of
about 1%. The luminosity was obtained by counting Bhabha scat-
tering events and using the QED value of the corresponding cross
section. To lowest order, the pion form factor is defined by:

〈
π+π−∣∣ J em

μ (π)|0〉
= (pπ+ − pπ−)μ × Fπ

(
sπ = (pπ+ + pπ−)2), (1)

where pπ+ , pπ− are the momenta of π+ and π− . The differen-
tial cross section for e+e− → π+π−γ due to the ISR amplitude
of Fig. 1 is related to the dipion cross section σππ ≡ σ(e+e− →
π+π−γ ) [18]:

s
dσ(π+π−γ )

dsπ

∣∣∣∣
ISR

= σππ (sπ )H(sπ , s), (2)

where the radiator function H is computed from QED with com-
plete NLO corrections [19–23] and depends on the e+e− center-
of-mass energy squared s. σππ obtained from Eq. (2) requires ac-
counting for final state radiation (FSR in Fig. 1). In the following
we only use events where the photon is emitted at small an-
gles, as discussed in detail in Refs. [16,17]. The cross section for
e+e− → π+π−γ is proportional to the two-photon e+e− annihi-
lation cross section, which diverges, at lowest order, for the photon
angle going to zero. This is not the case for the FSR contribution.
Our choice results in a large enhancement of the ISR with respect
to the FSR contribution.

Eq. (2) is also valid for e+e− → μ+μ−γ and e+e− → μ+μ−
with the same radiator function H . We can therefore determine
σππ from the ratio of the π+π−γ and μ+μ−γ differential cross
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