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Abstract Investigation at a φ-factory can shed light on sev-
eral debated issues in particle physics. We discuss: (i) re-
cent theoretical development and experimental progress in
kaon physics relevant for the Standard Model tests in the fla-
vor sector, (ii) the sensitivity we can reach in probing CPT
and Quantum Mechanics from time evolution of entangled-
kaon states, (iii) the interest for improving on the present
measurements of non-leptonic and radiative decays of kaons
and η/η′ mesons, (iv) the contribution to understand the na-
ture of light scalar mesons, and (v) the opportunity to search
for narrow di-lepton resonances suggested by recent mod-
els proposing a hidden dark-matter sector. We also report
on the e+e− physics in the continuum with the measure-
ments of (multi)hadronic cross sections and the study of γ γ

processes.
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1 Introduction

This report results from discussion started at the workshop
held at the Frascati Laboratory of INFN to review the major
topics of interest for investigation at the upgraded φ-factory
DA&NE. The scientific program with a high-performance
detector such as KLOE covers several fields in particle
physics: from measurements of interest for the development
of the Effective Field Theory (EFT) in quark-confinement
regime to fundamental tests of Quantum Mechanics (QM)
and CPT invariance. It includes precision measurements
to probe lepton universality, CKM unitarity and settle the
hadronic vacuum polarization contribution to the anomalous
magnetic moment of the muon and to the fine-structure con-
stant at the MZ scale.

During year 2008 the Accelerator Division of the Fra-
scati Laboratory has tested a new interaction scheme on the
DA&NE φ-factory collider, with the goal of reaching a peak
luminosity of 5 × 1032 cm−2 s−1, a factor of three larger
than what previously obtained. The test has been success-
ful and presently DA&NE is delivering up to 15 pb−1/day,
with solid hopes to reach soon 20 pb−1/day [1, 2]. Following
these achievements, the data-taking campaign of the KLOE
detector on the improved machine that was proposed in 2006
[3], will start in 2010.

KLOE is a multipurpose detector, mainly consisting of
a large cylindrical drift chamber with an internal radius of
25 cm and an external one of 2 m, surrounded by a lead-
scintillating fibers electromagnetic calorimeter. Both are im-
mersed in the 0.52 T field of a superconducting solenoid.
Peculiar to KLOE is the spherical, 10 cm radius, beam pipe
which allows all of the K0

S mesons produced in φ decays
to move in vacuum before decaying. Details of the detec-
tor can be found in Refs. [4–8]. From 2000 to 2006, KLOE
has acquired 2.5 fb−1 of data at the φ(1020) peak, plus ad-
ditional 250 pb−1 at energies slightly higher or lower than
that. The φ meson predominantly decays into charged and
neutral kaons, thus allowing KLOE to make precision stud-
ies in the fields of flavor physics and low-energy QCD. The
latter can also be addressed using φ radiative decays into
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scalar or pseudoscalar particles. Test of discrete symme-
tries conservation can be performed using several different
methods. Most notably, CPT conservation can be tested via
quantum interferometry measurements with neutral kaons, a
technique which exploits the quantum correlation between
the K0

L and the K0
S produced in φ decays. A collection of

the main physics results of KLOE can be found in Ref. [9].
For the forthcoming run [10], upgrades have also been

proposed for the detector. In a first phase, two different de-
vices (LET and HET) will be installed along the beam line
to detect the scattered electrons/positrons from γ γ interac-
tions. In a second phase, a light-material internal tracker (IT)
will be installed in the region between the beam pipe and the
drift chamber to improve charged vertex reconstruction and
to increase the acceptance for low pT tracks [11]. Crystal
calorimeters (CCALT) will cover the low θ region, aiming
at increasing acceptance for very forward electrons/photons
down to 8◦. A new tile calorimeter (QCALT) will be used to
instrument the DA&NE focusing system for the detection of
photons coming from KL decays in the drift chamber. Im-
plementation of the second phase is planned for late 2011.
The integrated luminosity for the two phases, from here on
dubbed as step-0 and step-1, will be 5 fb−1 and 20 fb−1,
respectively.

DA&NE can run in a range of ±20 MeV from the φ peak
without loss of luminosity, with the same magnetic configu-
ration. Minor modifications, i.e., a new final particle focus-
ing system, are needed to extend the range to ±100 MeV
while a major upgrade of the machine is required to ex-
tend it above this limit. The improved KLOE detector is
perfectly suited for taking data also at energies away from
the φ mass. Therefore a proposal to perform the challenging
and needed precision measurements of (multi)hadronic and
γ γ cross sections at energies up to 2.5 GeV has also been
put forward.

We will refer to the entire plan of the run as the KLOE-2
project.

The present paper is organized into sections, devoted to
the main physics topics of the experiment, where we briefly
review the present-day situation for the theoretical and ex-
perimental achievements and the improvements expected for
the next few years, paying particular attention to the dis-
cussion of the KLOE-2 contribution in the field. We be-
gin in Sect. 2 with precision measurements of CKM uni-
tarity and lepton universality. Section 3 is devoted to the
tests of QM and CPT invariance and particularly to the study
of the entangled-kaon states. Issues on low-energy QCD of
interest for Chiral Perturbation Theory (ChPT) and for the
modelization of underlying quark dynamics are addressed
in Sect. 4, while the two following sections, Sects. 5–6, dis-
cuss the physics in the continuum, with the measurements
of (multi)hadronic cross sections and γ γ processes. Sec-
tion 7 presents the program for searches in the hidden par-
ticle sector proposed by recent papers on the Dark Matter

(DM) quest. Finally, in Sect. 8 we summarize our proposal
of physics reach at the upgraded DA&NE.

2 CKM unitarity and lepton universality

Purely leptonic and semileptonic decays of K mesons (K →
ℓν,K → πℓν, ℓ = e,µ) are mediated in the Standard Model
(SM) by tree-level W-boson exchange. Gauge coupling
universality and three-generation quark mixing imply that
semileptonic processes such as di → ujℓν are governed by
the effective Fermi constant Gij = Gµ Vij , where: (i) Gµ

is the muon decay constant; (ii) Vij are the elements of the
unitary Cabibbo–Kobayashi–Maskawa (CKM) matrix. This
fact has simple but deep consequences, that go under the
name of universality relations:

– In the SM the effective semileptonic constant Gij does
not depend on the lepton flavor (lepton universality).

– If one extracts Vij from different semileptonic transitions
assuming quark–lepton gauge universality (i.e. normaliz-
ing the decay rates with Gµ), the CKM unitarity condition∑

j |Vij |2 = 1 should be verified.

Beyond the SM, these universality relations can be violated
by new contributions to the low-energy V -A four-fermion
operators, as well as new non V -A structures. Therefore,
precision tests of the universality relations probe physics
beyond the SM and are sensitive to several SM exten-
sions [12–15]. A simple dimensional analysis argument re-
veals that deviations from the universality relations scale as
∆ ∼ M2

W/Λ2, where Λ is the scale associated with new
physics (NP). Therefore, testing the universality relations
at the 0.1% level allows us to put non-trivial constraints
on physics scenarios at the TeV scale that will be directly
probed at the LHC. Kaon physics currently plays a promi-
nent role in testing both quark–lepton universality, through
the Vus entry in the CKM unitarity relation |Vud |2 +|Vus |2 +
|Vub|2 = 1, and lepton universality, through the measure-
ment of |Vus | × f+(0) and the helicity-suppressed ratio
Γ (K → eν(γ ))/Γ (K → µν(γ )). In the case of the latter,
theoretical prediction, at the 0.04% level, is extremely clean
[16, 17] (it is only affected by hadronic structure dependence
to two loops in the chiral effective theory).

The experimental precision was at the 6% level [18] be-
fore the recently-published KLOE measurement [19] which
has improved the sensitivity to 1%. New results from the
NA62 collaboration at CERN are expected to reduce in near-
term the error to the 0.5% level. This helicity-suppressed ra-
tio is very promising in terms of uncovering physics beyond
the SM [20], including tests of Higgs-induced lepton-flavor
violation in supersymmetry [21]. Improvements on the ex-
perimental side are highly motivated.



622 Eur. Phys. J. C (2010) 68: 619–681

A large amount of data have been collected on the semi-
leptonic modes K → πℓν by several experiments, BNL-
E865, KLOE, KTeV, ISTRA+, and NA48 in the last few
years. These data have stimulated a substantial progress on
the theoretical inputs, so that most of the theory-domina-
ted errors associated to radiative corrections [22–25] and
hadronic form factors [20] have been reduced below 1%.
Presently, the unitarity test

|Vud |2 + |Vus |2 + |Vub|2 = 1 + ∆CKM (1)

implies that ∆CKM is consistent with zero at the level of 6 ×
10−4. Vus from K → πℓν decays contributes about half of
this uncertainty, mostly coming from the hadronic matrix
element. Both experimental and theoretical progress in Kℓ3
decays will be needed in order to improve the accuracy on
∆CKM in the future.

The kaon semileptonic decay rate is given by:

Γ (Kl3) = C2
KG2

F M5
K

192π3 SEW|Vus |2|f+(0)|2

× IK,l(λ)
(
1 + 2∆

SU(2)
K + 2∆EM

K,l

)
, (2)

where K = K0,K±, l = e,µ and CK is a Clebsch–Gordan
coefficient, equal to 1/2 and 1 for K± and K0, respectively.
The decay width Γ (Kl3) is experimentally determined by
measuring the kaon lifetime and the semileptonic branching
fractions (BRs) totally inclusive of radiation. The theoreti-
cal inputs are: the universal short-distance electroweak cor-
rection SEW = 1.0232, the SU(2)-breaking ∆

SU(2)
K and the

long-distance electromagnetic corrections ∆EM
K,l which de-

pend on the kaon charge and on the lepton flavor, and the
form factor f+(0) ≡ f K0π−

+ (0) parameterizing the hadronic
matrix element of the K → π transition, evaluated at zero-
momentum transfer and for neutral kaons. The form-factor
dependence on the momentum transfer is needed for the cal-
culation of the phase-space integral IK,l(λ). It can be de-
scribed by one or more slope parameters λ measured from
the decay spectra.

Complementary to Kℓ3 decays, the kaon (pion) leptonic
radiation-inclusive decays K(π) → µν̄µ(γ ) provide a pre-
cise determination of |Vus |/|Vud |. The ratio of these decay
rates is:

Γ (K+
µ2)

Γ (π+
µ2)

=
mK

(
1 − m2

µ

m2
K

)2

mπ

(
1 − m2

µ

m2
π

)2

f 2
K |Vus |2

f 2
π |Vud |2

1 + α
π CK

1 + α
π Cπ

, (3)

where fK and fπ are, respectively, the kaon and the pion
decay constants; Cπ and CK parametrize the radiation-
inclusive electroweak corrections accounting for bremsstra-
hlung emission of real photons and virtual-photon loop con-
tributions.

It has been shown that presently semileptonic processes
and the related universality tests provide constraints on NP
that cannot be obtained from other electroweak precision
tests and/or direct measurements at the colliders [15].

In the following subsections, an overview of the present
scenario and possible improvements on results from kaon
physics will be given on both theoretical and experimental
sides.

2.1 Determination of f+(0) and fK/fπ

The vector form factor at zero-momentum transfer, f+(0), is
the key hadronic quantity required for the extraction of the
CKM matrix element |Vus | from semileptonic Kℓ3 decays
as in (2). Within SU(3) ChPT one can perform a systematic
expansion of f+(0) of the type

f+(0) = 1 + f2 + f4 + · · · , (4)

where fn = O[Mn
K,π/(4πfπ )n] and the first term is equal to

one due to the vector current conservation in the SU(3) limit.
Because of the Ademollo–Gatto (AG) theorem [26], the first
non-trivial term f2 does not receive contributions from the
local operators of the effective theory and can be unambigu-
ously computed in terms of the kaon and pion masses (mK

and mπ ) and the pion decay constant fπ . At the physical
point the value is f2 = −0.023 [27]. Thus the problem is
reduced to the evaluation of ∆f , defined as

∆f ≡ f4 + f6 + · · · = f+(0) − (1 + f2), (5)

which depends on the low-energy constants (LECs) of
the effective theory and cannot be deduced from other
processes. The original estimate made by Leutwyler and
Roos (LR) [27] was based on the quark model yield-
ing ∆f = −0.016(8). More recently other analytical ap-
proaches have been devised to obtain the next-to-next-to-
leading (NNLO) order term f4 by writing it as:

f4 = L4(µ) + f loc
4 (µ), (6)

where µ is the renormalization scale, L4(µ) is the loop con-
tribution computed in Ref. [28] and f loc

4 (µ) is the O(p6)

local contribution. For the latter, various models have been
adopted obtaining values compatible with zero within uncer-
tainty leading to f+(0) values significantly larger than the
LR estimate (cf. Table 1) and to the prediction of smaller
SU(3)-breaking effects. Even if in principle the NNLO term
f4 could be obtained from the measurement of the slope (λ′

0)
and the curvature (λ′′

0) of the scalar form factor f0(q
2), this

is experimentally impossible. Even in the case of a perfect
knowledge of λ′

+ and λ′′
+, with one million of Kµ3 events,

the error δλ′′
0 would be about four times the expected value

of λ′′
0. Thus, one has to rely on dispersion relations which

allow the calculation of the curvature from the measurement
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of only one parameter and then to perform a matching with
ChPT [29]. At present, the precision reached is not sufficient
for an accurate determination of f+(0).

A precise evaluation of f+(0), or equivalently ∆f , re-
quires the use of non-perturbative methods based on the
fundamental theory of the strong interaction, such as lattice
QCD simulations. Such precision determinations began re-
cently with the quenched simulations of Ref. [30], where
it was shown that f+(0) can be determined at the physical
point with ≃1% accuracy. The findings of Ref. [30] trig-
gered various unquenched calculations of f+(0), with both
Nf = 2 and Nf = 2+1 dynamical flavors. The error associ-
ated with the chiral extrapolation was significantly reduced
thanks to the lighter pion masses (the minimal value of the
simulated pion mass is 260 MeV). The results for f+(0)

are summarized in Table 1. It can be seen that all lattice re-
sults are in agreement with the LR estimate, while the an-
alytical approaches of Refs. [28, 31, 32] are systematically
higher. Since simulations of lattice QCD are carried out in a
finite volume, the momentum transfer q2 for the convention-
ally used periodic fermion boundary conditions takes values
corresponding to the Fourier modes of the kaon or pion. Us-
ing a phenomenological ansatz for the q2-dependence of the
form factor one interpolates to q2 = 0 where f+(0) is ex-
tracted, thereby introducing a major systematic uncertainty.
A new method, based on the use of partially twisted bound-
ary conditions, has been developed [39] which allows this
uncertainty to be entirely removed by simulating directly at
the desired kinematical point q2 = 0. A systematic study of
the scaling behavior of f+(0), using partially twisted bound-
ary conditions and the extension of the simulations to lighter
pion masses in order to improve the chiral extrapolation are
priorities for the upcoming lattice studies of Kℓ3 decays.

In contrast to f+(0), the pseudoscalar decay constants
fK and fπ are not protected by the AG theorem [26] against
linear corrections in the SU(3) breaking. Moreover the first

Table 1 Summary of model and lattice results for f+(0). The lattice
errors include both statistical and systematic uncertainties, unless oth-
erwise indicated

Ref. Model/Lattice f+(0)

[27] LR 0.961 (8)

[28] ChPT + LR 0.978 (10)

[31] ChPT + disp. 0.974 (11)

[32] ChPT + 1/Nc 0.984 (12)

[33] ChPT + 1/Nc 0.986 (7)

[30] SPQcdR 0.960 (9)

[34] JLQCD 0.967 (6)

[35] RBC 0.968 (12)

[36] QCDSF 0.965 (2stat)

[37] ETMC 0.957 (8)

[38] RBC + UKQCD 0.964 (5)

non-trivial term in the chiral expansion of fK/fπ , of order
O(p4), depends on the LECs and therefore it cannot be un-
ambiguously predicted within ChPT. This is the reason why
the most precise determinations of fK/fπ come from lattice
QCD simulations.

In recent years various collaborations have provided new
results for fK/fπ using unquenched gauge configurations
with both Nf = 2 and Nf = 2 + 1 dynamical flavors. They
are summarized in Table 2. At the current level of precision,
the comparison of Nf = 2 and Nf = 2 + 1 results indicate a
rather small contribution of the strange sea quarks to the ra-
tio of the decay constants. Table 2 deserves few comments:
(i) the convergence of the SU(3) chiral expansion for fK/fπ

is quite questionable, mainly because large next-to-leading
order (NLO) corrections are already required to account for
the large difference between the experimental value of fπ

and the value of this decay constant in the massless SU(3)
limit. Instead, the convergence of the SU(2) chiral expansion
is much better and, thanks to the light pion masses reached
in recent lattice calculations, the uncertainty related to chi-
ral extrapolation to the physical point is kept at the percent
level [47]; (ii) little is known about the details of the chiral
and continuum extrapolation in Ref. [42] (HPQCD) which
is currently the most precise lattice prediction for fK/fπ ;
(iii) there is also some concern about the staggered fermion
formulation used by MILC [40, 41], HPQCD [42], Aubin
et al. [45] and NPLQCD [46]. These results would have to
be confirmed by conceptually clean fermion formulations.

Therefore it is not obvious to decide which is the value to
be used for f+(0) and fK/fπ . A dedicated working group,
the FLAVIAnet lattice averaging group (FLAG), has just
started to compile and publish lattice QCD results for SM
observables and parameters. They have identified those pub-
lished results demonstrating good control over systematic
uncertainties. A first status report is given in Ref. [49].

2.2 Experimental results from kaon decays

In the last years, many efforts have been dedicated to the
correct averaging of the rich harvest of recent results in kaon

Table 2 Summary of lattice results for fK/fπ . The errors include both
statistical and systematic uncertainties

Ref. Collaboration fK/fπ

[40, 41] MILC 1.197+ 7
−13

[42] HPQCD 1.189 (7)

[43] BMW 1.192 (9)

[44] ETMC 1.210 (18)

[45] Aubin et al. 1.191 (23)

[46] NPLQCD 1.218+11
−24

[47] RBC/UKQCD 1.205 (65)

[48] PACS − CS 1.189 (20)
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physics. The FLAVIAnet kaon working group has published
a comprehensive review [20] where a detailed description of
the averaging procedure can be found. In this paper we will
focus on the contribution from KLOE, with both the present
data set (2.5 fb−1) and the 5 fb−1 planned for KLOE-2/step-
0 (cf. Sect. 1).

After four years of data analysis, KLOE has produced
the most comprehensive set of results from a single experi-
ment, measuring the main BRs of KL [50], K± [51–53] and
KS [54, 55] (unique to KLOE), including semileptonic and
two-body decays; lifetime measurements for KL [56] and
K± [57]; form-factor slopes from the analysis of KLe3 [58]
and KLµ3 [59, 60]. The value of |Vus | × f+(0) has been
obtained [61] using the KS lifetime from PDG [18] as the
only non-KLOE input. These data, together with the value
of |Vus |/|Vud | from the measurement of the K± → µ±ν(γ )

branching ratio [52] and the extraction of |Vud | from super-
allowed nuclear β decays, provide the basis for testing the
unitarity of the quark-flavor mixing matrix. A test of lepton
universality and improvements of the bounds on NP scenar-
ios have also been obtained from the measurements of |Vus |
from leptonic and semileptonic decays.

2.2.1 Branching ratios

KLOE has measured all of the main branching ratios of KL,
KS , and K± decays using for the KL the whole data set
and only one fifth of the entire sample for KS and K±. A
summary of the results on KL, KS , and K± is shown in
Table 3. The measurement of the absolute BR of the K±

semileptonic decays on the basis of the entire data sample
of 2.5 fb−1 has just started. The analysis of the subdomi-
nant KSe3 modes will be improved at KLOE-2 also with
the upgrade of the tracking system through the installation
of the inner chamber (cf. Sect. 1). Preliminary studies have
shown that the upgrade will increase (i) the acceptance for
low-momentum tracks and (ii) the vertex resolution for de-
cays close to the beam interaction point by a factor of three.

2.2.2 Kaon lifetimes

KLOE has measured the KL [50, 56] and the K± lifetimes
[57] using approximately one fifth of the collected data set.
Two independent measurements of the KL lifetime have
been obtained, yielding an overall fractional accuracy of 1%:

(a) τL = (50.92 ± 0.17 ± 0.25) ns,
(b) τL = (50.72 ± 0.11 ± 0.35) ns.

(7)

The first measurement uses the fit to the proper-time dis-
tribution of the KL → π0π0π0 decay channel and is cur-
rently being repeated with the complete data set. From the
preliminary result, τL = (50.56 ± 0.14 ± 0.21) ns [68], a

Table 3 Summary of KLOE results on KL, KS , and K± branching
ratios

KL → πeν 0.4008 ± 0.0015 [50]

KL → πµν 0.2699 ± 0.0014 [50]

KL → 3π0 0.1996 ± 0.0020 [50]

KL → π+π−π0 0.1261 ± 0.0011 [50]

KL → π+π− (1.963 ± 0.21) × 10−3 [62]

KL → γ γ (5.569 ± 0.077) × 10−4 [63]

KS → π+π− 0.60196 ± 0.00051 [55]

KS → π0π0 0.30687 ± 0.00051 [55]

KS → πeν (7.05 ± 0.09) × 10−4 [54]

KS → γ γ (2.26 ± 0.13) × 10−6 [64]

KS → 3π0 <1.2 × 10−7 at 90% C.L. [65]

KS → e+e−(γ ) <9 × 10−9 at 90% C.L. [66]

K+ → µ+ν(γ ) 0.6366 ± 0.0017 [52]

K+ → π+π0(γ ) 0.2067 ± 0.0012 [53]

K+ → π0e+ν(γ ) 0.04972 ± 0.00053 [51]

K+ → π0µ+ν(γ ) 0.03237 ± 0.00039 [51]

K+ → π+π0π0 0.01763 ± 0.00034 [67]

fractional error of 0.38% is expected on the final measure-
ment. Adding the 5 fb−1 from the first year of data taking
with KLOE-2, the fractional accuracy is reduced to 0.27%.
Furthermore, the insertion of new quadrupole instrumenta-
tion [69] as planned in 2011 will improve the photon re-
construction allowing better control of the systematics and
leading to an error ∆τL/τL < 0.2%.

The second τL measurement was obtained from the si-
multaneous measurements of the main KL branching ratios,
imposing the constraint on their sum,

∑
BRi = 1. This tech-

nique yielded a result of remarkable precision, but severely
dominated by systematics.

With the available sample at KLOE-2 and the improved
tracking performance from the installation of the IT, it is
possible to exploit the measurement of the proper-time dis-
tribution of all of the charged modes to further improve on
τL. Critical point of this approach is the control of small
variations in the tag efficiency of different decay channels.
Succeeding in the latter, the result combined with the mea-
surement obtained from the neutral channel would reduce
the relative error on τL to 0.1%.

The K± lifetime has been determined by KLOE with two
independent techniques [57]: the measurement of the decay
length by reconstructing the K± track, and of the decay time
with a time-of-flight technique using modes with one π0 in
the final state (K± → π0X). Their combination yields a rel-
ative error of 0.25%.

decay length τ± = (12.364 ± 0.031 ± 0.031) ns,
decay time τ± = (12.337 ± 0.030 ± 0.020) ns.

(8)

For both methods there is still room for improving both
statistical and systematic errors by increasing the analyzed
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sample. Making use of the KLOE and 5 fb−1 of the KLOE-2
data sample, the τ± relative error can be reduced to the 0.1%
level. Moreover, the decay length technique would become
much more accurate with the inner tracker allowing the de-
tection of K± tracks closer to the interaction point. This is
the step-1 scenario, aiming to improve by a factor of two
∆τ±/τ±.

Finally, a new promising technique is currently being de-
veloped at KLOE to measure the KS lifetime. This con-
sists in an event-by-event determination of the φ and the
KS decay-point positions by a kinematic fit. With the full
KLOE statistics the preliminary result τS = (89.56±0.03±
0.07) ps [68] has been obtained, with the aim of reaching
∼0.03 ps final systematic uncertainty. A relative error of
0.03% on τS is expected scaling this result to the KLOE-
2/step-0 data sample.

2.2.3 Kaon form factors

To compute the phase-space integrals appearing in the SM
photon-inclusive Kℓ3 decay rates as in (2), we need ex-
perimental or theoretical inputs about the t-dependence of
f+,0(t). In principle, ChPT and Lattice QCD are useful
to set theoretical constraints. In practice, at present the t-
dependence of the form factors (FFs) is better determined
by measurements and by combining measurements with dis-
persion relations.

A complete description of the experimental situation on
FFs can be found in Ref. [20]. KLOE-2 can contribute to im-
prove present knowledge of FF. Besides, precise measure-
ments of the FF properties impose stringent test on quan-
tities which can be obtained only from theory. In particu-
lar, the theoretical determination of f+(0) (from Lattice and
ChPT), and the ratio of the kaon and pion decay constants
defined in the mu = md and αem → 0 limit, fK/fπ (from
Lattice only).

In the physical region, m2
ℓ < t < (mK − mπ )2, a very

good approximation of the FFs is given by a Taylor expan-
sion up to t2 terms

f̃+,0(t) ≡ f+,0(t)

f+(0)

= 1 + λ′
+,0

t

m2
π

+ 1
2

λ′′
+,0

(
t

m2
π

)2

+ · · · . (9)

For the vector form factor f̃+, the experimental information
from both Ke3 and Kµ3 data is quite accurate and so far
superior to theoretical predictions. For the scalar form fac-
tor, f̃0(t), the situation is more complicated: (i) first of all
f̃0(t) is accessible from Kµ3 data only; (ii) the correlation
between λ′

+,0 and λ′′
+,0 is close to −1 so that a fit will trade

λ′
+,0 for λ′′

+,0 and consequently enlarge the errors, on the
other hand, ignoring the t2 term would increase the value of

λ′
+,0 by ∼3.5 λ′′

+,0; (iii) it is not fully justified to fit with two
parameters related by the simple relation λ′′

+,0 = 2λ′2
+,0 from

the pole parametrization. Indeed, if for the vector FF the
K∗(892) resonance dominates, for the scalar FF there is not
such an obvious pole dominance. Instead, a suitable single-
parameter function could be introduced for f̃+,0(t) using a
dispersive approach as emphasized in Refs. [20, 70, 71]. A
dispersive parametrization for f̃+ has been built in Ref. [71],
with good analytical and unitarity properties and a correct
threshold behavior. For the scalar FF, particularly appealing
is an improved dispersion relation proposed in Ref. [71, 72]
where two subtractions are performed, at t = 0 (where by
definition, f̃0(0) ≡ 1), and at the so-called Callan–Treiman
point tCT ≡ (m2

K − m2
π ). At this second point, the Callan–

Treiman theorem [73, 74] implies

f̃0(tCT) = fK

fπ

1
f+(0)

+ ∆CT, (10)

where ∆CT ∼ O(mu,d/4πFπ ) is a small quantity which can
be estimated from theory (ChPT at NLO in the isospin limit
estimates ∆CT = (−3.5 ± 8) × 10−3) [75].

Using ∼500 pb−1 of integrated luminosity KLOE has
obtained the vector FF in KLe3 decays [58] and the vec-
tor and scalar FF in KLµ3 decays [59]. For scalar and vec-
tor FFs measured in KLµ3 events, KLOE has also pre-
sented the preliminary result based on an integrated lumi-
nosity of about 1.5 fb−1 [60]. The statistical error on FF
should improve by a factor of three with respect to the
KLOE published measurements with the analysis of KLOE-
2/step-0 data. Since in KLOE the systematic errors are par-
tially statistical in nature (efficiencies are measured with se-
lected control samples and downscaled samples are com-
monly used) also these contributions to the total uncertainty
decrease approximately by a comparable amount.

For K± semileptonic FF the situation is different: the
analyses of the KLOE data sample has just started. The main
difference with respect to the KL analysis is the absence of
the ambiguity on the lepton charge assignment due to the
unique charge of the K± decay product. Moreover, due to
the π0 presence, for K±µ3 there is not the π − µ ambigu-
ity which is a limiting systematic factor on the KLµ3 FF
measurement. All new FF measurements will use dispersive
approaches to fit the data.

The Callan–Treiman relation fixes the value of scalar
form factor at tCT to be equal to the (fK/fπ )/f+(0) ra-
tio as in (10). The dispersive parametrization for the scalar
form factor proposed in Ref. [72] allows a precise determi-
nation of fK/fπ/f+(0) from the available measurements of
the scalar form factor. This experimental evaluation is com-
pletely independent from lattice estimates. Figure 1 shows
the experimental results on f+(0) from the scalar FF dis-
persive measurements, using Callan–Treiman relation and
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Fig. 1 Values of f+(0) determined from experimental measurement
of the scalar FF slope compared with the lattice calculations from the
UKQCD/RBC collaboration

fK/fπ = 1.189(7). The value of f+(0) = 0.964(5) from lat-
tice UKQCD/RBC is also shown for comparison. The NA48
result is difficult to accommodate and it violates the theo-
retical bound f+(0) < 1 pointing to the presence of right-
handed currents from physics beyond the SM. The fit prob-
ability of the world f̃0(t) data (excluding NA48) is 39% and
the average is in good agreement with lattice calculations.
Improvements on the experimental determination of the ra-
tio fK/fπ/f+(0) can be very effective in constraining right-
handed currents [72] and also for the validation of more
precise lattice calculations.

2.2.4 Kaon form factors from τ decays

To complete the discussion on the determination of kaon
semileptonic FFs we present the status of the analysis of
τ → Kπντ decays. The recent precise results by BaBar [76]
and Belle [77] provide complementary, higher-energy mea-
surements of the kaon form factors. Indeed, the differential
decay distribution,

dΓKπ

d
√

s
= G2

F |Vus |2m3
τ

32π3s
SEW

(
1 − s

m2
τ

)2

×
[(

1 + 2
s

m2
τ

)
q3
Kπ

∣∣f+(s)
∣∣2

+ 3∆2
Kπ

4s
qKπ

∣∣f0(s)
∣∣2

]
, (11)

is expressed in terms of f+(s), with s = (pK + pπ )2, the
Kπ vector form factor, and f0(s), the scalar FF. SEW is an
electroweak correction factor, ∆Kπ = m2

K − m2
π , and qKπ

is the absolute value of the momentum in the Kπ center-of-

mass reference frame,

qKπ (s) = 1
2
√

s

√(
s − (mK + mπ )2

)(
s − (mK − mπ )2

)

× θ
(
s − (mK + mπ )2). (12)

A fit to the measured decay distribution is performed
to determine the FFs. Several FF parameterizations have
been proposed [78–81]. The form factors are obtained in
the framework of chiral theory with resonances imposing
additional constraints from dispersion relations [79–81],
whereas in Ref. [78] a coupled channel analysis has been
performed taking into account, through analyticity require-
ments, the experimental information on elastic and inelastic
Kπ scattering from the LASS collaboration [82].

The parameterizations relying on dispersion relations
guarantee that the form factors fulfil the analyticity and uni-
tarity properties. In this framework, a vector FF descrip-
tion as model independent as possible through a three-times-
subtracted dispersive parametrization has been proposed in
Ref. [81],

f̃+(s) = exp

⎡

⎣a1
s

m2
π−

+ a2

(
s

m2
π−

)2

+ a3(s)

⎤

⎦ (13)

with

a1 = λ′
+, a2 = 1

2

(
λ′′

+ − λ′2
+
)
,

and

a3(s) = s3

π

∫ ∞

(mK+mπ )2
ds′ δKπ

1 (s′)
(s′)3(s′ − s − iϵ)

.

Slope and curvature of the form factor, λ′
+ and λ′′

+, are ob-
tained from a fit. The phase, δKπ

1 , considered elastic and
therefore equal to the P -wave elastic I = 1/2 Kπ scatter-
ing phase shift, is determined by a model relying on the in-
clusion of two resonances, K*(892) and K*(1410) whose
parameters are also fitted from data. Due to the presence of
the K*(892) resonance which dominates the decay distri-
bution between 0.8 and 1.2 GeV, the vector FF dominates
this decay except for the threshold region where the scalar
form factor plays an important role. With the present accu-
racy the scalar FF cannot be determined from data and is
thus taken as an input to the analysis. The values of λ′

+ and
λ′′

+ in Table 4 have been obtained in Ref. [81] from a fit
to the Belle data. These are compared with the results from
others parametrizations [78–80] and the measurements from
Ke3 analyses [20, 83]. The different precision results on λ′

+
are in good agreement. The curvature λ′′

+ from the average
of recent Ke3 measurements [20], using a quadratic Taylor
parametrization has 25% uncertainty reduced to 8% by the
dispersive parametrization of the FF [83].
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Table 4 Recent results on the slope λ′
+ and the curvature λ′′

+ of the
vector form factor in units of 10−3 from the analysis of τ → Kπντ

[78–81] and Ke3 decays [20, 83]

Ref. λ′
+ [10−3] λ′′

+ [10−3]

[81] 24.66 ± 0.77 1.199 ± 0.020

[78] 26.05+0.21
−0.58 1.29+0.01

−0.04

[79, 80] 25.20 ± 0.33 1.285 ± 0.031

[20] 25.2 ± 0.9 1.6 ± 0.4

[83] 25.17 ± 0.58 1.22 ± 0.10

The knowledge of the t-dependence of vector FF and thus
the Ke3 phase-space integral in (2) can be improved by com-
bining τ and Ke3 results. The potentiality of such a com-
bined analysis has been presented in Ref. [84] leading to the
following results:

λ′
+ = (25.10 ± 0.44) × 10−3,

(14)
λ′′

+ = (1.213 ± 0.021) × 10−3.

The uncertainty on λ′
+ is mainly driven by statistics thus of-

fering good prospects for more accurate results and a better
determination of the phase-space integral. The correlation
between slope and curvature imposed by the dispersion re-
lation [71] used in the Kℓ3 dispersive analyses [59, 83, 85]
will also be tested.

Moreover, the combination of τ , Ke3 and Kµ3 measure-
ments using the dispersive representation as in (13) and
a double-subtracted dispersion relation for the normalized
scalar form factor [70, 71], could also lead to an improve-
ment in the scalar form-factor description. In particular,
a more precise determination of the free parameter lnC,
where C = f̄0(∆Kπ ), is of interest for testing the SM and
the presence of right-handed quark or scalar currents [20,
70, 71].

2.2.5 Unitarity and universality

To extract |Vus |×f+(0) we use (2) together with the SU(2)-
breaking [22–25] and long-distance EM corrections to the
radiation-inclusive decay rate [22–25, 86]. The measured
values of |Vus | × f+(0) from KLOE are shown in Table 5.
The five decay modes agree well within the errors and av-
erage to |Vus | × f+(0) = 0.2157±0.0006, with χ2/ndf =
7.0/4 (Prob = 13%). The 0.28% accuracy of this result
has to be compared with the 0.23% of the world average
|Vus | × f+(0) = 0.2166 ± 0.0005 [61]. Significant lepton-
universality tests are provided by the comparison of the
results from different leptonic channels. Defining the ra-
tio rµe = |Vus | × f+(0)2

µ3/|Vus | × f+(0)2
e3 and using (2),

we have rµe = g2
µ/g2

e , with gℓ the coupling strength at
the W → ℓν vertex. Lepton universality can be then tested

Table 5 Values of |Vus | × f+(0) extracted from Kl3 decay rates

KLe3 KLµ3 KSe3 K±e3 K±µ3

0.2155(7) 0.2167(9) 0.2153(14) 0.2152(13) 0.2132(15)

comparing the measured value of rµe with the SM predic-
tion rSM

µe = 1. Averaging charged- and neutral-kaon modes,
we obtain rµe = 1.000(8), to be compared with the results
from leptonic pion decays, (rµe)π = 1.0042(33) [87], and
from leptonic τ decays (rµe)τ = 1.0005(41) [88]. Using the
world average of all kaon measurements, rµe = 1.004(4)

[20] has the same precision than τ decays.
Using the determination of |Vus | × f+(0) from Kl3 de-

cays and the value f+(0) = 0.964(5) from [38], we get
|Vus | = 0.2237(13).

Furthermore, a measurement of |Vus |/|Vud | can be ob-
tained from the comparison of the radiation-inclusive de-
cay rates of K± → µ±ν(γ ) and π± → µ±ν(γ ), combined
with lattice calculation of fK/fπ [89]. Using BR(K± →
µ±ν) = 0.6366(17) from KLOE [52] and the lattice re-
sult fK/fπ = 1.189(7) from the HP/UKQCD ’07 [42], we
get |Vus |/|Vud | = 0.2323(15). This value can be used in a
fit together with the measurements of |Vus | from Kl3 de-
cays and |Vud | = 0.97418(26) [90] from superallowed nu-
clear β decays. The result of this fit is |Vud | = 0.97417(26)

and |Vus | = 0.2249(10), with χ2/ndf = 2.34/1 (Prob =
13%), from which we get 1 − (|Vud |2 + |Vus |2 + |Vub|2) =
4(7) × 10−4 compatible with unitarity at 0.6σ level. Using
these results, we evaluate GCKM = GF(|Vud |2 + |Vus |2 +
|Vub|2)1/2 = (1.16614 ± 0.00040) × 10−5 GeV−2 which is
in perfect agreement with the measurement from the muon
lifetime GF = (1.166371 ± 0.000006) × 10−5 GeV−2 [91].
At present, the sensitivity of the quark–lepton universality
test through the GCKM measurement is competitive and even
better than the measurements from τ decays and the elec-
troweak precision tests [92]. Thus unitarity can also be in-
terpreted as a test of the universality of lepton and quark
weak couplings to the W boson, allowing bounds to be set
on extensions of the SM leading to some kind of univer-
sality breaking. For instance, the existence of additional Z′

gauge bosons, giving different loop contributions to muon
and semileptonic decays, can break gauge universality [12].
The measurement of GCKM can set constraints on the Z′

mass which are competitive with direct search at the col-
liders. When considering supersymmetric extensions, differ-
ences between muon and semileptonic decays can arise in
the loop contributions from SUSY particles [13, 14]. The
slepton–squark mass difference could be investigated im-
proving present accuracy on the unitarity relation by a factor
of ∼2–3.
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2.2.6 Kℓ2 and Kℓ3 beyond the SM

The ratio of the |Vus | values obtained from helicity-sup-
pressed and helicity-allowed kaon modes,

Rℓ23 = |Vus |(Kℓ2)

|Vus |(Kℓ3)
× Vud(0+ → 0+)

Vud(πµ2)
(15)

is equal to unity in the SM. The presence of a scalar current
due to a charged Higgs H+ exchange is expected to lower
the value of Rℓ23 [93]:

Rℓ23 =
∣∣∣∣∣1 − m2

K+

m2
H+

(

1 −
m2

π+

m2
K+

)
tan2 β

1 + 0.01 tanβ

∣∣∣∣∣ , (16)

with tanβ the ratio of the two Higgs vacuum expectation
values in the Minimal Supersymmetric Standard Model,
MSSM. The experimental data on Kµ2 and Kℓ3 decays are
fit in order to evaluate Rℓ23, using as external inputs the most
recent lattice determinations of f+(0) [38] and fK/fπ [42],
the value of |Vud | from [90], and |Vud |2 + |Vus(Kl3)|2 = 1
as a constraint. The result obtained with KLOE data is
Rℓ23 = 1.008 ± 0.008 [61]. From this measurement bounds
can be set on the values of the charged Higgs mass and tanβ

in a region not reachable with the present measurements of
the BR(B → τν) [94]. Figure 2 shows the region excluded
at 95% CL in the charged Higgs mass mH± and tanβ plane
together with the bounds from BR(B → τν). The measure-
ment of Rℓ23 compatible with the SM prediction gives strin-
gent bounds on the presence of charged right-handed cur-
rents appearing for instance in some Higgsless low-energy
effective theories [71].

Fig. 2 Excluded region in the mH± − tanβ plane from the Rℓ23 as
measured by KLOE. The region excluded by B → τν is indicated with
cross-hatching

2.2.7 Test of lepton-flavor conservation: RK

KLOE performed a comprehensive study of the process
Γ (K → eν(γ )) based on the complete data set [19].
The ratio of Γ (K → eν(γ )) and Γ (K → µν(γ )) decay
widths has been measured for photon energies smaller than
10 MeV, without photon detection requirement, R10 =
(2.333 ± 0.024stat ± 0.019stat) × 10−5. The systematic frac-
tional error of ∼0.8%, to be compared with the statisti-
cal accuracy of 1%, is dominated by the statistics of the
control-sample used (0.6% contribution) thus making possi-
ble the improvement of the results with larger data samples.
The radiation-inclusive ratio RK = (2.493 ± 0.025stat ±
0.019syst) × 10−5 has been derived, in excellent agreement
with the SM prediction. This result improves the accuracy
on RK by a factor of five with respect to the previous world
average, putting severe constraints on new physics contri-
butions from MSSM with lepton-flavor violating couplings.
The excluded region in the tanβ–mH± plane as a function of
the 1–3 slepton-mass matrix element ∆13 is shown in Fig. 3.
Recently, the NA62 collaboration presented a preliminary
result [95], RK = (2.500 ± 0.012stat ± 0.011syst) × 10−5,
obtained with 40% of the sample collected with two dedi-
cated runs at CERN in 2007 and 2008.

The new world average is RK = (2.498±0.014)×10−5,
with an accuracy of 0.6%.

KLOE-2 with 25 fb−1 of integrated luminosity can reach
0.4% accuracy on RK , a noticeable step forward for the
lepton-flavor conservation test.

In the mid-term, the best sensitivity on RK would be met
by the NA62 experiment with the analysis and a severe con-
trol over the systematics of the run dedicated to the measure-
ment of the BR(K± → π±νν̄).

2.3 KLOE-2 prospects on |Vus | × f+(0)

KLOE-2 can significantly improve the accuracy on the mea-
surement of KL, K± lifetimes and KSe3 branching ratio

Fig. 3 Excluded region at 95% C.L. in the mH± –tanβ plane from the
RK as measured by KLOE, for ∆13 = 10−3, 0.5 × 10−3, 10−4
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Table 6 KLOE-2/step-0 prospects on |Vus | × f+(0) extracted from
Kl3 decay rates; the fractional accuracy on partial contributions from
BR (B), lifetime (τ ), SU(2) and EM corrections (δ), and phase–space
integral (IKl ) are also shown

Mode δ|Vus | × f+(0) (%) B τ δ IKl

KLe3 0.21 0.09 0.13 0.11 0.09

KLµ3 0.25 0.10 0.13 0.11 0.15

KSe3 0.33 0.30 0.03 0.11 0.09

K±e3 0.37 0.25 0.05 0.25 0.09

K±µ3 0.40 0.27 0.05 0.25 0.15

with respect to present world average [20] with data from
the first year of data taking, at KLOE-2/step-0. The present
0.23% fractional uncertainty on |Vus | × f+(0) can be re-
duced to 0.14% using KLOE present data set together with
the KLOE-2/step-0 statistics. The world-average uncertain-
ties on phase-space integrals and KL semileptonic BRs [20]
have been used in Table 6 to summarize the expected ac-
curacy on |Vus | × f+(0) for each decay mode and with the
contributions from branching ratio, lifetime, SU(2)-breaking
and long-distance EM corrections, and phase-space integral.
Statistical uncertainties on the measurement of BRs and
lifetimes have been obtained scaling to the total sample of
7.5 fb−1 of integrated luminosity available at the comple-
tion of KLOE-2/step-0. The estimate of systematic errors is
rather conservative, being based on KLOE published analy-
ses without including any improvement from the detector
upgrade.

Lattice QCD simulations have made tremendous progress
in the last few years and in near-term the accuracy on f+(0)

could reach the 0.1% level thus allowing |Vus | to be deter-
mined from Table 6 with 0.17% relative error. At this level
of precision the accuracy on |Vud | presently at 0.026% [96]
and dominated by the uncertainty on radiative corrections,
becomes the limiting factor in testing CKM unitarity. With
0.02% accuracy on |Vud | and with |Vus | measured at 0.17%,
the sensitivity on the unitarity relation would improve by a
factor of two reaching the level of a few 10−4: a significant
opportunity to investigate beyond-SM models with gauge
universality breaking [12–15].

3 CPT symmetry and quantum mechanics

The CPT theorem [97–100] proves the invariance of
physics under combination of the discrete transformations,
C (charge conjugation), P (parity), and T (time reversal).
The theorem holds for any quantum field theory formulated
on flat space-time assuming (i) Lorentz invariance, (ii) lo-
cality, and (iii) unitarity (conservation of probability).

Experimental tests of CPT invariance therefore probe
the most fundamental assumptions of our present under-
standing of particles and their interactions.

The sensitivity of the neutral-kaon system to a variety of
CPT -violating effects makes it one of the best candidates
for probing CPT invariance.

A unique feature of the φ-factory is the production of
neutral-kaon pairs in a pure quantum state so that we can
study quantum interference effects and tag pure monochro-
matic KS and KL beams. The neutral-kaon doublet is one
of the most intriguing systems in nature. During its time
evolution a neutral kaon oscillates to-and-fro between par-
ticle and antiparticle states with a beat frequency ∆m ≈
5.3 × 109 s−1, where ∆m is the mass difference between
KL and KS . The observation of a rich variety of interfer-
ence phenomena in the time evolution and decay of neutral
kaons is then possible thanks to the special circumstance of
a ∆m value that is half of the KS decay width.

The CPT violation could manifest for instance in con-
junction with tiny modifications of the initial correlation of
the kaon doublet, with decoherence effects or Lorentz sym-
metry violations, which in turn might be justified in the con-
text of a quantum theory of gravity.

At KLOE-2 the sensitivity to some observables can
meet the level of the Planck scale, O(m2

K/MPlanck) ∼ 2 ×
10−20 GeV, unreachable in other similar systems, such as B
mesons. As a figure of merit, the fractional mass difference
(mK0 − mK̄0)/mK0 can be measured to O(10−18) while in
the neutral B system experimental accuracy is of the order
of 10−14, and the proton–antiproton mass difference provide
a limit at the 10−9 level [18].

Besides measurements of most of the kaon parameters,
the entangled neutral kaons at the φ-factory are also suit-
able to perform several tests of the foundations of QM, such
as state coherence over macroscopic distances, Bohr’s com-
plementarity principle, and quantum-erasure and quantum-
marking concepts, as explained in Sects. 3.2, 3.7–3.7.1.

3.1 The neutral-kaon system at the φ factory

A pure two-kaon state is produced from φ decays:

∣∣ψ−(t)
〉
= 1√

2

{∣∣K0〉 ⊗
∣∣K̄0〉 −

∣∣K̄0〉 ⊗
∣∣K0〉}

= NSL√
2

{
|KS⟩ ⊗ |KL⟩ − |KS⟩ ⊗ |KL⟩

}
, (17)

with NSL =
√

(1 + |ϵS |2)(1 + |ϵL|2)/(1 − ϵSϵL) ≃ 1 and
ϵS = ϵ + δ, ϵL = ϵ − δ, where ϵ and δ denote the CP - and
CPT -violation parameters in the mixing. The state of (17)
is antisymmetric with respect to permutations of kaons, and
exhibits maximal entanglement.

The maximal entanglement of kaon pairs as in (17) has
been observed in the φ → KSKL → π+π−π+π− [101] by
the KLOE collaboration in year 2005. Since then, more data
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(a total of 1.7 fb−1) and improvements in the analysis pro-
cedure have brought to the results on several decoherence
and CPT -violating parameters [102] that will be presented
in this section.

The selection of the signal requires two vertices, each
with two opposite-curvature tracks inside the drift chamber,
with an invariant mass and total momentum compatible with
the two neutral-kaon decays. The resolution on ∆t , the ab-
solute value of the time difference of the two π+π− decays,
benefits of the precision momentum measurements and of
the kinematic closure of the events. The ∆t distribution can
be fitted with the function:

I (π+π−,π+π−;∆t) ∝ e−ΓL∆t + e−ΓS∆t

− 2e− (ΓS+ΓL)
2 ∆t cos(∆m∆t), (18)

evaluated from QM, vanishing at ∆t = 0 [103] for the
complete antisymmetry of the state of (17). The fit of the
∆t distribution is performed taking into account resolu-
tion and detection efficiency, the background from coher-
ent and incoherent KS -regeneration on the beam pipe wall,
and the small contamination from the non-resonant e+e− →
π+π−π+π− channel. The result obtained fixing ∆m, ΓS

and ΓL to the Particle Data Group (PDG) values [18], is
shown in Fig. 4.

Different hypotheses on decoherence and CPT -violating
phenomena are expressed by different modifications of the
function of (18). The modified expressions have been then
used to obtain the best values of the QM- and CPT -
violating parameters (ζKSKL , ζK0K̄0 , γ , Reω, Imω, ∆aX ,
∆aY , ∆aZ) presented in the following subsections.

Fig. 4 Number of events as a function of the difference in the decay
time of the two π+π− vertices, in τS units. Bin width is 1. The mea-
sured I (π+π−,π+π−;∆t) distribution is fitted: black points with er-
rors are data and the fit result is shown by the histogram

3.2 Test of quantum coherence

The kaon states evolve exponentially in time according
to the Wigner–Weisskopf approximation with an effec-
tive Hamiltonian consisting of the Hermitean and anti-
Hermitean components. Time evolution can be also de-
scribed using a Hermitean Hamiltonian and the master equa-
tion in the Kossakowski–Lindblad form of Ref. [104].

Due to conservation of the quantum numbers, it is safe to
assume that the initial state is indeed the maximally entan-
gled state given by (17). However, it is by no means proven
that the assumed quantum mechanical time evolution (the
Wigner–Weisskopf approximation) is the correct one. It may
well be that the kaon pair undergoes decoherence effects,
i.e., the initially pure state would become mixed for t > 0.

Decoherence may result from fundamental modifications
of QM and may be traced back to the influence of quantum
gravity [105, 106] —quantum fluctuations in the space-time
structure on the Planck mass scale—or to dynamical state
reductions [107, 108].

Thus from the experimental study of the decoherence we
can answer to these questions:

– How accurately is the QM interference term verified by
the experimental data?

– Is the purity of the two-kaon state maintained for times
t > 0?

The general formalism of open quantum systems, that
means a master equation of type Lindblad [109] and Gorini–
Kossakowski–Sudarshan [110], derived under rather general
assumptions, allows the study of different scenarios of deco-
herence without modeling the environment explicitly. Such
scenarios have been proposed and, interestingly, a direct re-
lation between the decoherence parameter and the loss of
entanglement has been established [103]. The decoherence
parameter depends on the basis used to describe time evolu-
tion of the kaon doublet.

A simpler but very effective approach to treat deco-
herence is based on an idea of Schrödinger [111] and
Furry [112], proposed already in 1935. They raised the ques-
tion whether an initially entangled state can spontaneously
factorize into product states, with a basis-dependent sponta-
neous factorization. We can quantify the effect by multiply-
ing the QM interference term by a factor (1 − ζ ), where ζ

represents the decoherence parameter [113, 114] and varies
between 0 ≤ ζ ≤ 1, the limits of QM and spontaneous fac-
torization.

KLOE has provided the first experimental evidence for
quantum interference in the CP -suppressed process φ −→
KSKL −→ π+π−π+π− obtaining for the decoherence pa-
rameter ζ in KSKL and K0K̄0 bases [101, 102]:

ζKSKL = 0.003 ± 0.018stat ± 0.006sys, (19)

ζ
K0K̄0 = (1.4 ± 9.5stat ± 3.8sys) · 10−7. (20)
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Since decoherence in the K0K̄0 basis would result in the
CP -allowed KSKS → π+π−π+π− decays, the sensitivity
for the parameter ζ

K0K̄0 is naturally much larger than for
ζKSKL . The KLOE results represent a large improvement
with respect to the analysis published in year 1998 [114],
based on the results of the CPLEAR experiment [115]:
ζKSKL = 0.13 ± 0.16, ζ

K0K̄0 = 0.4 ± 0.7.
The upper limits can be definitely improved with KLOE-

2, meeting the scale of quantum gravity and dynamical state
reduction. The decoherence parameter ζ is a time-integrated
value and in the framework of open quantum systems we
have the following relation [103]:

ζ
(
min{tl , tr}

)
= 1 − e−λmin{tl ,tr }, (21)

where λ is a constant representing the strength of the inter-
action with the environment. Since we are interested in the
decoherence (or entanglement loss) of the two-kaon system,
we consider time evolution of the total state up to the mini-
mum of the two times tl , tr , when the measurements are per-
formed on the left- and right-hand side. After the first mea-
surement, the two-kaon state collapses and the remaining
one-kaon state evolves according to QM until it is measured
too.

The parameter λ is considered to be the fundamental one.
A comparison with other meson systems is of great interest
to understand how universal λ is, how does it depend on the
kind of environment and how does it typically scale with the
mass of the system.

The Belle collaboration, at the KEK B-factory in Japan,
has analyzed data from the two-B-meson system obtaining,
in the flavor basis [116], ζB0,B̄0 = 0.029 ± 0.057.

A precision measurement of the decoherence parameter
can provide stringent upper bounds that in turn can rule
out several sources of decoherence, using data from neu-
tral mesons and also from photon, neutron, and molecular
systems.

3.3 CPT violation from quantization of space-time

The study of CPT symmetry at KLOE-2 can contribute to
the research program of Quantum Gravity Phenomenology
[117].

The CPT and Lorentz symmetry are to be placed un-
der scrutiny whenever quantization of the space-time is
adopted. The simplest line of reasoning that supports this
thesis takes as starting point the duality relation between
the (smooth, classical, Riemannian) light-cone structure of
Minkowski space-time and the (classical, Lie-algebra) struc-
ture of Poincaré symmetries. This duality between space and
its symmetry algebra is rather rigid and very sensitive to the
introduction of new elements in the structure of the space.
Galilei space-time and the Galilei algebra are linked by
an analogous duality relation, and in going from Galilei to

Minkowski space-time, thus adding the light-cone structure,
one must replace the Galilei symmetries with the Poincaré
ones. Similarly, we found that the additional space-time el-
ements introduced by different proposals of the space-time
quantization typically affect also the description of the sym-
metries. And indeed over the last decade or so the scenarios
with broken Poincaré symmetries [118–121] or those alter-
natively introducing the novel concept of deformed Poincaré
symmetries [122–124], have experienced a fast-growing
popularity in the quantum-gravity studies.

These studies on Poincaré transformations have often im-
plications on the CPT symmetry, producing scenarios with
broken CPT invariance [125] or alternatively with a de-
formed concept of CPT at the Planck scale [126, 127].

Several tests of quantum-space-time-inspired scenarios
with broken or deformed Poincaré symmetries have been
proposed and are being performed by astrophysics experi-
ments [118, 120, 121, 128–130].

The sensitivity reach of these studies is very promising
although the control on possible competitive phenomena is
typically rather limited. As a result of our lack of knowledge,
the experimental bounds on the parameters of interest are
often conditional [117] and rely on some assumptions on the
properties of the astrophysical systems. For this reason the
quantum gravity community still looks with great interest at
the results from controlled laboratory experiments such as
KLOE-2.

A key characteristic of the effects expected from space-
time quantization at the Planck scale is the peculiar depen-
dence of the effects on energy. For example, the most stud-
ied effects of violation of classical Poincaré symmetry are
propagation effects, often codified with modifications of the
dispersion relation:

m2 ≃ E2 − p2 + ηp2 En

En
p

+ · · · , (22)

where Ep denotes the Planck scale, the parameter η sets the
magnitude of the effect, and the integer n (usually n = 1 or
n = 2) fixes the dependence on energy (and the Planck scale)
of the leading Planck-scale effect.

The possibility to formulate these effects within effec-
tive field theories is not always viable. Some aspects of the
space-time noncommutativity introduce non-analytic fea-
tures that must be handled with care when attempting to
reformulate quantum space-time properties effectively as
novel properties of an ordinary field theory in a classical
space-time. In cases where an effective-field-theory formu-
lation appears to be viable these effects end up requiring the
introduction of non-renormalizable terms in the Lagrangian
density, such as dimension-5 and dimension-6 operators (in
the case of theories formulated in 4 space-time dimensions).

Since the whole quantum gravity problem is plagued by
objective difficulties at the level of perturbative renormaliz-
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ability, the quantum-gravity motivation for this type of stud-
ies of space-time quantization conceptually renders formal-
ization in terms of non-renormalizable field theories rather
natural.

On the other hand, this non-renormalizability still repre-
sents a serious challenge for the efforts on the phenomenol-
ogy side. A study of the implications for KLOE-2 of these
specific effects is presently under way.

The prospects to investigate with KLOE-2 some scenar-
ios for CPT symmetry emerging from quantum space-time
studies are even more interesting. While experimental tests
of the Poincaré or Lorentz symmetry in astrophysics are
rather powerful, the controlled, laboratory experiments are
essential for the CPT tests.

Since space-time quantization is expected to imply non-
trivial effects on the coherence of multiparticle states, the
tests of CPT invariance at KLOE-2 based on the coherent
neutral-kaon system from φ decay, are particularly signifi-
cant from a quantum space-time perspective.

In our current (pre-quantum-gravity) theories one obtains
multiparticle states from single-particle states by a standard
use of the trivial tensor product of Hilbert spaces, but there is
theoretical evidence that this recipe might not be applicable
in a quantum-space-time environment.

A valuable phenomenological formulation of this intu-
ition has been recently proposed in Ref. [131] and is pre-
sented in Sect. 3.4.

A robust derivation of the properties of multiparticle
states within specific quantum space-time proposals is still
obscured by the mathematical complexity of the theoretical
framework. Nevertheless, recent preliminary results [127]
on theories formulated in noncommutative space-time are
promising for providing in not-too-far future a valuable the-
ory of the multiparticle systems to be tested with KLOE-2.

3.4 CPT violation and decoherence

In this and following subsections we shall concentrate on the
possible breakdown of the CPT symmetry and in testing it
with the entangled states of neutral kaons at the φ-factory.
In general, there are two ways by which CPT breakdown is
encountered in a quantum gravity model.

The first is through the non-commutativity of a well-
defined quantum mechanical CPT operator with the Hamil-
tonian of the system. This is the breakdown of CPT sym-
metry dealt with in standard Lorentz-symmetry-violating
Extensions of the Standard Model (SME) [132–134].

In the second way, the CPT operator is ill-defined as
a quantum mechanical operator, but in a perturbative sense
to be described below. This ill-defined operator is a conse-
quence of the foamy structure [135] of space-time, whereby
the quantum metric fluctuations at Planck scales induce

quantum decoherence of matter. The particle field theoret-
ical system is an open quantum mechanical system inter-
acting with the environment of quantum gravity. The reason
for ill-defined CPT operator in such cases is of more funda-
mental nature than the mere non-commutativity of this op-
erator with the local effective Hamiltonian of the matter sys-
tem in Lorentz-symmetry violating SME models. Quantum-
gravity induced decoherence is in operation and the very
concept of a local effective Lagrangian may itself break
down. R. Wald [136] has elegantly argued, based on elemen-
tary quantum mechanical analysis of open systems, that the
CPT operator is ill-defined for systems which exhibit quan-
tum decoherence, that is they are characterized by an evolu-
tion of initially pure quantum mechanical states to mixed
ones. This was interpreted as a microscopic time arrow in
quantum gravitational media which induce such decoher-
ence. Hence such open systems are characterized by intrin-
sic CPT violation, a terminology we shall use from now
in order to describe this particular type of CPT symmetry
breakdown.

Lindblad Parametrizations of Decoherent Evolution in
Quantum Gravity: in the past [137, 138], quantum grav-
ity decoherence has been parameterized in the neutral-
kaon system by means of a Lindblad-type evolution of the
reduced density matrix for kaons, which satisfies energy
conservation on average, positivity of the density matrix
and probability conservation. In its simplest form, taking
into account additional constraints relevant for neutral-kaon
physics (such as ∆S = ∆Q rule), the relevant evolution op-
erator for the density matrices of a single neutral-kaon state
is given by [137, 138]:

∂tρ = i[ρ,H ] + δH/ ρ,

where

Hαβ =

⎛

⎜⎜⎜⎜⎝

−Γ − 1
2δΓ −ImΓ12 −ReΓ12

− 1
2δΓ −Γ −2ReM12 −2ImM12

−ImΓ12 2ReM12 −Γ −δM

−ReΓ12 −2ImM12 δM −Γ

⎞

⎟⎟⎟⎟⎠
,

and

δH/ αβ =

⎛

⎜⎜⎝

0 0 0 0
0 0 0 0
0 0 −2α −2β

0 0 −2β −2γ

⎞

⎟⎟⎠ .

Positivity of ρ requires: α,γ > 0, αγ > β2. Notice that
α,β,γ violate both CPT , due to their decohering na-
ture [136], and CP symmetry.

However, as pointed out in Ref. [139], although the above
parametrization guarantees a positive-definite density ma-
trix for single kaon states, this is not true for entangled-
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kaon states, as those produced at the φ-factory. For en-
tangled states, the requirement of complete positivity im-
plies different parametrizations for the foam effects. For in-
stance, if one chooses the above-mentioned parametrization
of Refs. [137, 138], for consistency with the requirement of
universal action of quantum gravity on both single-particle
and entangled states, then in the latter case, complete pos-
itivity is guaranteed only if the further conditions α = γ

and β = 0 are imposed. The latest measurement of γ from
KLOE yields the result [101, 102]:

γ = (0.7 ± 1.2stat ± 0.3syst) × 10−21 GeV, (23)

consistent with zero. Nevertheless, the experiment can mea-
sure all three decoherence parameters α,β,γ and hence
one can continue using the full set [140] when discussing
neutral-kaon effects at the φ-factory. In this way one can
provide a formalism for testing experimentally the assump-
tion of complete positivity, which notably may not be a prop-
erty of quantum gravity.

Decoherence, Ill-defined CPT Operator and the ω-effect
in Entangled States: in addition to the decoherence evo-
lution parameters α,β,γ , in entangled states one may
have [131, 141] some other effects associated with the ill-
defined nature of the CPT operator in decoherent models of
quantum gravity. As a result of the weak nature of quantum
gravitational interactions, this ill-defined nature of CPT op-
erator is perturbative in the sense that the antiparticle state
still exists, but its properties, which under normal circum-
stances would be connected by the action of this operator,
are modified [131, 141]. The modifications can be perceived
[142, 143] as a result of the dressing of the (anti-)particle
states by perturbative interactions expressing the effects of
the medium.
As argued in Refs. [131, 141], the perturbatively ill-defined
nature of the CPT operator implies modified Einstein–
Podolsky–Rosen (EPR) correlation among the entangled
states in meson factories, which are uniquely associated with
this effect, termed as ω-effect.

Experimental Signatures of the ω-effect in kaons at the
φ-factory: if CPT is intrinsically violated, in the sense of
being not well-defined due to decoherence [136], the neutral
mesons K0 and K

0
should no longer be treated as particle–

antiparticle states. As a consequence [131, 141], the initial
entangled state at the φ-factory assumes the form:

|ψ⟩ = N
{{∣∣K0〉

k ⊗
∣∣K̄0〉

−k −
∣∣K̄0〉

−k ⊗
∣∣K0〉

k

}

+ ω
{∣∣K0〉

k ⊗
∣∣K̄0〉

−k +
∣∣K̄0〉

−k ⊗
∣∣K0〉

k

}}
, (24)

where ω = |ω|eiΩ is a complex parameter, related to the
intrinsic CPT -violating modifications of the EPR correla-
tions. The ω parameter controls perturbatively the amount

of contamination of the right-symmetry state by the wrong-
symmetry state. The appropriate observable (Fig. 5) is the
intensity [131, 141]:

I (∆t) =
∫ ∞

∆t≡|t1−t2|

∣∣A(X,Y )
∣∣2

,

with A(X,Y ) the decay amplitude of the state ψ , where one
kaon decays to the final state X at t1 and the other to Y at
time t2.

At the φ-factory there is a particularly good channel,
with π+π− as final decay products for both kaons, which
enhances the sensitivity to the ω-effect by three orders of
magnitude. This is due to the fact that this channel is CP -
forbidden for the right symmetry, whereas is CP -allowed
for the wrong symmetry. Then, the relevant terms [131,
141] in the intensity I (∆t) (Fig. 5) contain the combina-
tion ω/|η+−|, where η+− is the CP -violating amplitude for
the π+π− states, which is of the order 10−3. The KLOE
experiment has obtained the first measurement of the ω pa-
rameter [101, 102]:

Re(ω) =
(
−1.6+3.0

−2.1stat ± 0.4syst
)
× 10−4 (25)

Im(ω) =
(
−1.7+3.3

−3.0stat ± 1.2syst
)
× 10−4, (26)

that is |ω| < 1.0 × 10−3 at 95% C.L. At least one order of
magnitude improvement is expected with KLOE-2 at the up-
graded DA&NE [101, 102].

This sensitivity is not far from certain models of space-
time foam leading to ω-like effects [142, 143]. Indeed, in
such models, inspired by string theory, the ω-effect is the
result of local distortions of space-time in the neighbor-
hood of space-time defects, which interact—via topologi-
cally non-trivial interactions (string capture/splitting)—only
with electrically neutral matter string states, due to electric
charge conservation. The recoil of the Planck-mass defect
results in metric deformations along the direction of mo-
tion of the string state, g0i ∼ ∆ki/MP = ζki/MP , where
∆ki = ζki denotes the momentum transfer of the matter

Fig. 5 The intensity I (∆t) in arbitrary units as a function of
the time in τS units, with ω = |ω|eiΩ = 0 (solid line) and
ω = |η+−|ei(φ+−−0.16π) (dashed line) used [131, 141]
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state. On average, ⟨ζki⟩ = 0, so Lorentz invariance holds
macroscopically, but one has non-trivial quantum fluctu-
ations ⟨ζ 2kikj ⟩ ∝ δij ζ

2|k|2. It can be shown [142, 143]
that as a result of such stochastic effects of the space-time
foam, neutral entangled states—such as the ones in meson
factories—exhibit ω-like effects, with the order of magni-

tude estimate: |ω|2 ∼ |k|4ζ 2

M2
P (m1−m2)2 , where mi , i = 1,2 are

the masses of the (near degenerate) mass eigenstates. At
the DA&NE energy, for instance, |ω| ∼ 10−4|ζ |, which lies
within the sensitivity of the facility for values of the average
momentum transfer ζ > 10−2 (which may be expected on
account of naturalness), although this is actually a number
that depends on the microscopic quantum theory of grav-
ity, and hence is still elusive. Nevertheless, in some concrete
string-theory-inspired foam models examined in Ref. [143],

this parameter is of the order |ζ | ∼ m2
1+m2

2
k2 , and hence such

models are in principle falsifiable at KLOE-2.
We close by mentioning that the ω-effect can be disen-

tangled [131, 141] experimentally from both, the C (even)
background—by means of different interference with the C

(odd) resonant contributions—and the decoherent evolution
effects of space-time foam [137, 138], due to different struc-
tures in the relevant evolution equations of the reduced den-
sity matrices.

3.5 CPT violation and Lorentz-symmetry breaking

This subsection addresses the prospects of searching for a
different type of CPT violation at KLOE-2: as opposed
to the situation described in Sect. 3.4, observable systems
are taken to be governed by the standard laws of quan-
tum mechanics including unitary time evolution. It is fur-
ther assumed that possible CPT -violating effects beyond
the Standard Model (SM) and General Relativity (GR) can
be described at low energies within the framework of effec-
tive field theory (EFT).1 This starting point together with
a few mild mathematical assumptions immediately implies
that CPT violation is necessarily accompanied by Lorentz-
symmetry breakdown [133, 134], a result sometimes called
the anti-CPT theorem. In what follows, CPT and Lorentz-
symmetry breakdown therefore can be treated on an equal
footing. Note that the converse of this statement, namely
that Lorentz-symmetry breakdown always comes with CPT

violation, is not true in general. In the following we will
discuss how the connection between CPT and Lorentz-
symmetry breaking can be exploited for CPT -violation
searches in neutral-meson systems.

1The SM and GR themselves are widely believed to be EFTs arising
from underlying physics. It would then seem contrived to presume that
leading-order CPT -violating corrections lie outside EFT. Moreover,
EFT has been successful in physics, and remains applicable even in
the presence of discrete backgrounds, such as in condensed-matter sys-
tems.

The above ideas form the foundation for the construc-
tion of the SME (c.f. Sect. 3.4) [144–146]: one starts with
the usual Lagrangians LSM and LGR for the SM and GR,
respectively, and then adds CPT - and Lorentz-symmetry-
violating corrections δLCPTV/LV:

LSME = LSM + LGR + δLCPTV/LV. (27)

Here, LSME denotes the SME Lagrangian. The corrections
δLCPTV/LV are constructed by contracting conventional SM
or GR fields of arbitrary mass dimension with CPT - and
Lorentz-symmetry-breaking nondynamical vectors or ten-
sors to form quantities that transform as scalars under co-
ordinate changes. A SME term may be assumed in the form:

δLCPTV/LV ⊃ −aµψγ µψ, (28)

where ψ is a SM fermion and aµ controls the extent of
CPT - and Lorentz-symmetry-violation. We remark that aµ

depends on the fermion species. It will be explained below
that neutral-meson oscillations are sensitive to this particular
type of coefficient.

SME coefficients for CPT and Lorentz-symmetry break-
down, like aµ in (28), are assumed to be caused by more
fundamental physics possibly arising at the Planck scale.
On phenomenological grounds, these coefficients must be
minuscule, and theoretical considerations suggest that they
might be suppressed by some power of the Planck mass.
Mechanisms for generating SME coefficients can be accom-
modated in various approaches to physics beyond the SM
and GR, such as string theory [147–149], various space-
time-foam models [118, 150, 151], non-commutative field
theory [152], and cosmologically varying scalars [153–155].
In this sense, the SME is well motivated.

A number of studies have provided the SME with a
firm theoretical foundation [156–163]. To date, the SME
has been employed to identify ultrahigh-precision CPT

and Lorentz-symmetry tests and has provided the basis for
the analysis of numerous experimental CPT - and Lorentz-
symmetry-violation searches in astrophysics [164, 165],
AMO (atomic, molecular, and optical) physics [166–168],
at colliders [9, 60, 132, 169–174], and with gravity [175].
For practical reasons, most of these observational results
constrain SME coefficients for stable or quasistable parti-
cles (i.e., photons, electrons, protons, and neutrons) [176].
Experimental tests of CPT and Lorentz symmetry for un-
stable particles are more difficult, and the majority of the
corresponding SME coefficients remain unbounded. The ex-
traction of experimental limits for such unstable particles
therefore assumes particular urgency. Neutral-meson inter-
ferometry is currently the only feasible method to determine
Planck-scale limits on CPT breakdown in the quark sector.

The next step is to employ the SME to make predictions
for neutral-meson interferometry. To this end, recall that an
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effective quantum mechanical description of such a meson
system is provided by a simple 2 × 2 Hamiltonian Λ. Indi-
rect CPT violation in this system occurs if and only if the
difference ∆Λ ≡ Λ11 − Λ22 of the diagonal elements of Λ

is nonzero. It follows that Λ contains two real parameters
for CPT breakdown. The wξ formalism provides a con-
venient parametrization of Λ that is independent of phase
conventions, valid for arbitrary-size CPT and T breaking,
model independent, and expressed in terms of mass and de-
cay rates insofar as possible [177]. In this formalism, the
CPT violation determined by ∆Λ is controlled by the pa-
rameter ξK . On the other hand, the usual parametrization
of Λ depends on the phase convention and can be applied
only if both CPT and T violation are small. In this conven-
tional parametrization, CPT violation is governed by the
coefficient δK . The relation between ξK and δK is given by
ξK ≈ 2δK .

The remaining task is now to determine ∆Λ in terms
of SME coefficients. This is most conveniently achieved
with perturbative methods: the leading-order corrections to
Λ are expectation values of CPT - and Lorentz-symmetry-
violating interactions in the Hamiltonian evaluated with the
unperturbed meson wave functions |P 0⟩, |P 0⟩. Note that
the hermiticity of the perturbation Hamiltonian leads to real
contributions [178, 179]:

∆Λ ≈ βµ∆aµ, (29)

where βµ = γ (1,β) is the four-velocity of the meson state
in the observer frame. In this equation, we have defined
∆aµ = rq1a

q1
µ − rq2a

q2
µ , where a

q1
µ and a

q2
µ are coefficients

for CPT - and Lorentz-invariance violation for the two va-
lence quarks in the P 0 meson. These coefficients have mass
dimension one, and they arise from Lagrangian terms of the
form (28), more specifically −a

q
µqγ µq , where q denotes the

quark flavor. The quantities rq1 and rq2 characterize normal-
ization and quark-binding effects.

The result (29) illustrates that among the consequences
of CPT breakdown are the 4-velocity and the 4-momentum
dependence of observables. This dependence on the direc-
tion is associated with Lorentz-invariance violation, in ac-
cordance with the above considerations involving the anti-
CPT theorem. It thus becomes apparent that the standard
assumption of a constant parameter δK for CPT violation
is incompatible with unitary quantum field theory. More
specifically, the presence of the 4-velocity in (29) implies
that CPT observables will typically vary with the magni-
tude and orientation of the meson momentum. Additional ef-
fect is the motion of the laboratory: the CPT - and Lorentz-
symmetry-violating SME coefficient ∆aµ is taken as space-
time constant, and it is conventionally specified in the Sun-
centered celestial equatorial frame. But Earth-based labora-
tories move with respect to this frame so sidereal (and in
principle seasonal) variations of observables are possible.

Thus, time, direction, and momentum binning is required
for CPT tests in neutral-mesons systems. Moreover, dif-
ferent laboratories have different orientations in the celes-
tial equatorial frame and hence can be sensitive to different
components of ∆aµ.

Another important fact is that the CPT violation in each
of the neutral-meson systems (e.g., K , D, Bd , Bs ) may be
governed by a different ∆aµ. Because of the distinct masses
and decay rates, the physics of each system is distinct. Since
each ∆aµ contains four components, a complete experimen-
tal study of CPT breaking requires four independent mea-
surements in each neutral-meson system.

In a high-energy fixed-target experiment, the momenta of
the mesons are approximately aligned with the beam direc-
tion so that only the time stamp of the event is needed for
directional information. These measurements typically in-
volve uncorrelated mesons, a fact that further simplifies their
conceptual analysis. From the decomposition βµ∆aµ =
(β0∆a0 −∆a∥ ·β∥)− (∆a⊥ ·β⊥), where ∥ and ⊥ are taken
with respect to the Earth’s rotation axis, it is apparent that
all four components of ∆aµ can be determined: the ⊥ com-
ponents via their sidereal variations and the sidereally con-
stant piece in the first parentheses via its dependence on the
momentum. However, the variation of |β| with the energy
is tiny, so it is difficult to disentangle the individual com-
ponents ∆a0 and ∆a∥. These ideas have been employed
in experiments with the K and D systems. For the K sys-
tem, a linear combination of ∆a0 and ∆aZ as well as a lin-
ear combination of ∆aX and ∆aY have been bounded to
about 10−20 GeV and 10−21 GeV, respectively [169, 170].
For the D system, the FOCUS experiment has constrained
both a linear combination of ∆a0 and ∆aZ as well as ∆aY

to roughly 10−16 GeV [171].
CPT tests are also possible with correlated mesons at a

symmetric collider, a set-up relevant for the KLOE-2 exper-
iment. Since kaons at the φ-factory are monoenergetic, the
analysis of energy dependence can not be pursued; neverthe-
less such a set-up has other crucial benefits: the wide angular
distribution and the correlation of the mesons allows the ex-
traction of limits on all four components of ∆aµ.

Searches for CPT violation at symmetric-collider exper-
iments with correlated kaons require analyses of the double-
decay rate of the quarkonium state for various final states
f1, f2. With sufficient experimental resolution, the depen-
dence of certain decays on the two meson momenta p1, p2
and on the sidereal time t can be extracted by appropriate
data binning and analysis. Note that different asymmetries
can be sensitive to distinct components of ∆Λ.

Consider the case of double-semileptonic decays of cor-
related kaon pairs. Assuming the ∆S = ∆Q rule, it can be
shown that the double-decay rate Rl+l− depends on the ratio:
∣∣∣∣
ηl+

ηl−

∣∣∣∣ ≈ 1 − 4Re(i sinφSW eiφSW)

∆m
∆Γ (p)∆a0 . (30)
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Here, φSW ≡ tan−1(2∆m/(ΓS − ΓL)) is the superweak an-
gle and ∆Γ (p) stands for the difference of the KL and KS

decay widths. Note the absence of all angular and time de-
pendence in (30). This fact arises because for a symmetric
collider the relation β1 · ∆a = −β2 · ∆a holds, which leads
to a cancelation between the effects from each kaon. KLOE
has exploited this idea to place limits on ∆a0 [9, 60, 132]:

∆a0 = (0.4 ± 1.8) × 10−17 GeV. (31)

There are also other double-decay channels suitable for
CPT tests, in which there is no longer a cancelation of
the spatial contributions of ∆aµ. Mixed double decays, in
which only one of the two kaons has a ξK -sensitive mode,
are one example. Another possibility is the decay KSKL →
π+π−π+π−. This latter option has been chosen by KLOE
to place stringent limits on all three spatial components of
∆aµ [9, 60, 132]:

∆aX = (−6.3 ± 6.0) × 10−18 GeV,

∆aY = (2.8 ± 5.9) × 10−18 GeV, (32)

∆aZ = (2.4 ± 9.7) × 10−18 GeV.

In fact the ∆aX,Y,Z parameters can be evaluated performing
a sidereal-time dependent analysis of the asymmetry:

A(∆t) = N+ − N−

N+ + N− ,

with N+ = I (π+π−(+),π+π−(−);∆t > 0) and N− =
I (π+π−(+),π+π−(−);∆t < 0), where the two identical
final states are distinguished by their emission in the for-
ward (cos θ > 0) or backward (cos θ < 0) hemispheres (de-
noted by the symbols + and −, respectively), and ∆t is the
time difference between (+) and (−) π+π− decays.

In an asymmetric collider, quarkonium is produced with
a sizable net momentum. In this case, all four components of
∆aµ for the neutral-meson system contribute to observable
effects. As a consequence, appropriate data binning would
also allow up to four independent CPT measurements. The
existing asymmetric Bd -factories BaBar and Belle are able
to perform such measurements. Results from the BaBar ex-
periment bound various component combinations of ∆aµ

for the Bd meson to about 10−14 to 10−15 GeV [172]. The
same study finds a 2.8σ signal for sidereal variations [172].
While this significance level is still consistent with no effect,
it clearly motivates further experimental CPT - and Lorentz-
symmetry-violation studies with neutral-meson systems.

To summarize this subsection, CPT violation, which
comes with Lorentz-symmetry breakdown in unitary field
theories, is well motivated by various approaches to physics
beyond the SM and GR. Experimental CPT and Lorentz-
symmetry tests therefore are excellent tools in the search for

new physics, possibly arising at the Planck scale. Such ef-
fects need not necessarily be correlated across various parti-
cles species, so measurements in different physical systems
are typically inequivalent. In the quark sector, neutral-meson
interferometry is currently the only precision method for
CPT -violation searches. While various experiments have
placed tight constraints on CPT breakdown in the K ,
D, and Bd systems, only KLOE has been sensitive to all
four CPT -violating SME coefficients, and KLOE-2 has the
unique opportunity to perform a complete CPT test in the
kaon sector.

3.6 Other CPT -symmetry tests at the φ-factory

Valuable information on CPT invariance is provided by
the study of KS semileptonic decays at the φ-factory where
large samples of tagged, pure, and monochromatic KS

mesons can be isolated. In fact, when one kaon is detected
at a time t1 ≫ τS , the decay amplitude of the entangled-
kaon state as in (17) factorizes and the system behaves
as if the initial state was an incoherent mixture of states
|KS⟩k ⊗ |KL⟩−k and |KL⟩k ⊗ |KS⟩−k. Hence the detection
of one kaon at large times tags one |KS⟩ state in the opposite
direction. This is a unique feature of the φ-factory exploited
to select pure KS beams. At KLOE, the KS is tagged by
identifying the interaction of the KL in the calorimeter. In
fact about 50% of the KL’s reaches the calorimeter before
decaying; their interactions (KL-crash) are identified by a
high-energy, neutral and delayed deposit in the calorimeter,
i.e., not associated to any charged track in the event and de-
layed of ∼30 ns (βK ∼ 0.22) with respect to photons coming
from the interaction region (IP). In particular, KS → πeν

decays are selected requiring a KL-crash and two tracks
forming a vertex close to the IP and associated with two
energy deposits in the calorimeter. Pions and electrons are
identified using the time-of-flight technique. The number of
signal events is normalized to the number of KS → π+π−

in the same data set.
The semileptonic KS decays are interesting for various

reasons: the CKM matrix element |Vus | can be accurately
extracted from the measurement of the semileptonic de-
cay widths (Sect. 2). From the measurement of the lepton
charge, the comparison between semileptonic asymmetry in
KS decays, AS , and the asymmetry AL in KL decays pro-
vides significant tests of both, the ∆S = ∆Q rule, and CPT

invariance.
KLOE has obtained a very pure sample of ≃13,000 semi-

leptonic KS decay events with an integrated luminosity of
0.41 fb−1 and measured for the first time the partial de-
cay rates for transitions to final states of each lepton charge,
Γ (KS →e+π−ν) and Γ (KS →e−π+ν̄). The charge asym-
metry
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AS = Γ (KS → π−e+ν) − Γ (KS → π+e−ν̄)

Γ (KS → π−e+ν) + Γ (KS → π+e−ν̄)

= (1.5 ± 9.6stat ± 2.9syst) × 10−3 (33)

has been obtained [54].
Assuming CPT invariance, AS =AL=2 Re ϵ≃3×10−3,

where ϵ is the parameter related to CP violation in K ↔
K ∆S = 2 transitions. The difference between the charge
asymmetries,

AS − AL = 4 (Re δ + Rex−) , (34)

signals CPT violation either in the mass matrix (δ term), or
in the decay amplitudes with ∆S ≠∆Q (x− term). The sum
of the asymmetries,

AS + AL = 4 (Re ϵ − Rey) , (35)

is related to CP violation in the mass matrix (ϵ term) and
to CPT violation in the ∆S = ∆Q decay amplitude (y
term). Finally, the validity of the ∆S =∆Q rule in CPT -
conserving transitions can be tested through the quantity:

Rex+ = 1
2

Γ (KS → πeν) − Γ (KL → πeν)

Γ (KS → πeν) + Γ (KL → πeν)
. (36)

In the SM, Rex+ is of the order of GF m2
π ∼10−7, being due

to second-order weak transitions.
Using the values of AL, Re δ, and Re ϵ from other exper-

iments [18], KLOE obtained the following results [54]:

Rey = (0.4 ± 2.5) × 10−3,

Rex− = (−0.8 ± 2.5) × 10−3, (37)

Rex+ = (−1.2 ± 3.6) × 10−3

which are the most precise results on CPT and ∆S =∆Q

rule violation parameters in kaon semileptonic decays.
At KLOE-2, the integrated luminosity of 25 fb−1 and bet-

ter performance of the tracking system for decays close to
the IP, beneficial for both the acceptance and the background
rejection power, allow a total fractional uncertainty on the
BR of 0.3% and thus sensitivity for obtaining evidence of a
non-zero semileptonic asymmetry in KS decays.

The analogous measurements on KS → πµν decays,
never obtained before, are more difficult since poor π–µ

separation power at low energy implies larger contamina-
tion on both, the semileptonic decay sample from KS →
π+π−, and the KS → π−(+)µ+(−)ν sample from KS →
π+(−)µ−(+)ν.

A preliminary analysis of KLOE data has proven the ca-
pability to isolate the KS → πµν events giving the first ex-
perimental evidence of the signal, and has shown the po-
tentiality of reaching a BR precision better than 2% with a
sample of 2.5 fb−1. This translates to a precision of ≃0.4%
on the BR(KS → πµν) with KLOE-2.

3.7 Quantitative Bohr’s complementarity

Bohr’s complementarity principle or the closely related con-
cept of duality in interferometric or double-slit like devices
are at the heart of QM. The complementarity principle was
phrased by Niels Bohr in an attempt to express the most fun-
damental difference between classical and quantum physics.
According to this principle, and in sharp contrast to classi-
cal physics, in quantum physics we cannot capture all as-
pects of reality simultaneously, the information obtained in
one single set-up being always limited. By choosing the set-
up, e.g. the double-slit parameters, and thus the quantum
state under investigation, the predictability, i.e., the a-priori
knowledge of the path is simply calculated (particle-like in-
formation), whereas the interference pattern (wave-like in-
formation) is observed by the experiment. In the case of
pure state, the sum of the squares of these two quantities
adds up to one, i.e., available information, particle-like and
wave-like, is conserved. This principle has been investigated
both in theory and experiment mainly for photons, electrons
and neutrons propagating through a double slit or through an
interferometer. The neutral-kaon system is optimal for test-
ing Bohr’s complementarity: it is an interfering system with
no need of experimental devices for effecting interference
and at an energy scale not usually tested from other sys-
tems. Moreover, the CP violation makes these kaonic sys-
tems special. Via Bohr’s complementarity relation new light
can be shone upon CP violation by showing that it moves
information about reality to other aspects without violating
the complementarity principle, i.e., from predictability P to
coherence V and vice versa, as discussed in Ref. [180].

The qualitative well-known statement that the observa-
tion of an interference pattern and the acquisition of which-
way information are mutually exclusive has been rephrased
to a quantitative statement [181, 182]:

P 2(y) + V 2
0 (y) ≤ 1, (38)

where the equality is valid for pure quantum states and
the inequality for mixed ones. V0(y) is the fringe visibility
which quantifies the sharpness or contrast of the interfer-
ence pattern (the wave-like property) and can depend on an
external parameter y, whereas P (y) denotes the path pre-
dictability, i.e., the a priori knowledge one can have on the
path taken by the interfering system (the particle-like prop-
erty). It is defined by

P (y) =
∣∣pI (y) − pII (y)

∣∣, (39)

where pI (y) and pII (y) are the probabilities for taking each
path (pI (y) + pII (y) = 1). The predictability and visibility
are in general dependent from external parameters. For ex-
ample, in the usual double-slit experiment the intensity is
given by

I (y) = F(y)
(
1 + V0(y) cos

(
φ(y)

))
, (40)
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where F(y) is specific for each set-up and φ(y) is the phase-
difference between the two paths. The variable y character-
izes in this case the detector position, thus visibility and pre-
dictability are y-dependent. In Ref. [183] physical situations
were investigated for which the expressions of V0(y), P (y)

and φ(y) can be calculated analytically. These systems in-
clude interference patterns of various types of double-slit
experiments (y is linked to position), the oscillations due to
particle mixing (y is linked to time) as in case of kaon sys-
tems, and also Mott scattering experiments on identical par-
ticles or nuclei (y is linked to a scattering angle). All these
two-state systems can be treated in a unified way via the
generalized complementarity relation. Here we investigate
shortly the neutral-kaon case while the reader can refer to
Ref. [183] for more details and discussion on other systems.

The time evolution of an initial K0 state can be described
by (in the following CP violation effects can safely be ne-
glected)

∣∣K0(t)
〉 ∼= e− ∆Γ

4 t

√
2 cosh(∆Γ

2 t)

{
ei∆m·t+ ∆Γ

2 t |KS⟩ + |KL⟩
}
, (41)

where ∆Γ = ΓL − ΓS < 0. The state of (41) can be inter-
preted as follows. The two mass eigenstates |KS⟩, |KL⟩ rep-
resent the two slits. At time t = 0 both slits have the same
width, as time evolves one slit decreases as compared to the
other, however, in addition the whole double slit shrinks due
to the decay property of the kaons. This analogy gets more
obvious if we consider for an initial K0 the probabilities for
finding a K0 or a K̄0 state at time t , i.e., the strangeness
oscillation:

P
(
K0, t

)
=

∣∣⟨K0|K0(t)⟩
∣∣2 = 1

2

{
1 + cos(∆m · t)

cosh(∆Γ
2 t)

}
,

(42)

P
(
K̄0, t

)
=

∣∣⟨K̄0|K0(t)⟩
∣∣2 = 1

2

{
1 − cos(∆m · t)

cosh(∆Γ
2 t)

}
.

We observe that the oscillating phase is given by φ(t) =
∆m · t and the time dependent visibility by

V0(t) = 1

cosh(∆Γ
2 t)

, (43)

maximal at t = 0. The “which width” information, analo-
gously to the “which way” information in usual double-slit
experiments, can be directly calculated from (41) and gives
the following predictability,

P (t) =
∣∣P(KS, t) − P(KL, t)

∣∣ =
∣∣∣∣∣
e

∆Γ
2 t − e− ∆Γ

2 t

2 cosh(∆Γ
2 t)

∣∣∣∣∣

=
∣∣∣∣ tanh

(
∆Γ

2
t

)∣∣∣∣ . (44)

The larger the time t is, the more probable is the propagation
of the KL component, because the KS component has died
out, the predictability converges to its upper bound 1. Both
expressions, the predictability (44) and the visibility (43),
satisfy the complementary relation (38) for all times t :

P 2(t) + V 2
0 (t) = tanh2

(
∆Γ

2
t

)
+ 1

cosh2(∆Γ
2 t)

= 1. (45)

For time t = 0 there is full interference, the visibility is
V0(t = 0) = 1, and we have no information about the life-
times or widths, P (t = 0) = 0. This corresponds to the usual
double-slit scenario. For large times, i.e. t ≫ 1/ΓS , the kaon
is most probable in a long-lived state KL and no interference
is observed, we have information on the “which width”. For
times between the two extremes we obtain partially infor-
mation on “which width” and on the interference contrast
due to the natural instability of the kaons. For pure systems
however the information in (38) or (45) is always maximal.

This strict formal analogy between the neutral-kaon sys-
tem and the double-slit device can be fully appreciated when
exploited to implement a quantum eraser experiment, which
could be feasible at KLOE-2, as briefly explained in the next
subsection.

3.7.1 The kaonic quantum eraser

Photons’ interference was demonstrated two hundred years
ago by Thomas Young. There is no physical reason why
even heavier particles should not interfere, and also experi-
ments with very massive “particles” like the fullerenes have
proven this fundamental feature of QM. Further studies have
shown that the knowledge of the path to the double slit is the
reason why interference is lost. The gedanken experiment of
Scully and Drühl in 1982 [184] surprised the physics com-
munity demonstrating that if the knowledge of the particle
path is erased, the interference is brought back again.

Since that work many different types of quantum era-
sure have been analyzed and experiments were performed
with atom interferometers and entangled photons where the
quantum erasure in the so-called delayed-choice mode cap-
tures better the essence and the most subtle aspects of the
eraser phenomenon. In this case the meter, the quantum sys-
tem which carries the mark on the path, is a system spatially
separated from the interfering system, referred to as object
system. The decision to erase or not the mark of the meter
system—and therefore to observe or not the interference—
can be taken long after the measurement on the object
system has been completed. This was nicely phrased by
Aharonov and Zubairy in their Science review “Time and
the Quantum: Erasing the Past and Impacting the Future”
[185] where also the kaon eraser proposed in Refs. [186,
187] is presented.
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The quantum-erasure experiments were mostly based on
some kind of double-slit device or on entangled states.
which are both available at DA&NE.

All existing experiments with usual quantum systems
as photons, based on entanglement and double-slit devices,
can be divided into two classes. In the first, the erasure of
the “which way” information is fully-actively performed
by an experimenter, i.e., choosing the appropriate experi-
mental set-up. In the second class erasure is obtained by a
probabilistic process, e.g. a beam splitter. The erasure of
the “which way” information is in this case partially ac-
tive. Both options of erasure can be tested with the neutral-
kaon system. In addition, neutral kaons can be measured
by a different, completely passive procedure. Herewith we
obtain four different erasure options, two more than with
usual quantum systems. An example of active measurement
is placing a matter block into the beam for the determina-
tion of kaon strangeness from final-state particle identifica-
tion. It is active because the experimenter chooses to mea-
sure the strangeness of the kaons during their time evolution
and also the time when the measurement is performed. But
there is as well the option of simply waiting for the kaon de-
cay. If by chance a semileptonic decay is detected then the
kaon strangeness is determined as well, without the exper-
imenter’s control on the mode and the decay time, with a
passive-measurement procedure.

In summary, these two plus two possibilities of quantum
erasure prove in a new way the very concept of a quan-
tum eraser. The proposed quantum-eraser procedures give
the same probabilities even regardless of the temporal or-
dering of the measurements. Thus kaonic erasers can also be
operated in the so called delayed-choice mode as discussed
in Refs. [188, 189], shedding new light on the very nature
of the quantum eraser and contributing to clarify the eraser
working principle hot-debated in literature.

3.8 KLOE-2 prospects on kaon interferometry

The decay mode φ → KSKL → π+π−π+π− is very
rich in physics. In general all decoherence effects in-
cluding CPT -violation related to decoherence phenomena
should manifest as a deviation from the QM prediction
I (π+π−,π+π−; ∆t = 0) = 0. Hence the reconstruction
of events in the region ∆t ≈ 0, i.e., with vertices close to
the IP, is crucial for precise determination of the parame-
ters related to the CPT violation and to the decoherence.
The vertex resolution affects the I (π+π−,π+π−;∆t) dis-
tribution precisely in that region as shown in Fig. 6, and
impacts the measurement of the decoherence parameter in
two ways: (i) reducing the sensitivity of the fit with respect
to the accuracy expected from statistical fluctuations only;
(ii) introducing a source of systematic uncertainty. The ma-
jor upgrade planned at KLOE-2 is the addition of the ver-
tex detector between the spherical beam pipe and the drift

Fig. 6 Monte Carlo simulation of the I (π+π−,π+π−;∆t) as a func-
tion of |∆t | (in τS units) with the present KLOE resolution σ∆t ≈ τS

(histogram with large bins), with an improved resolution σ∆t ≈ 0.3 τS

(histogram with small bins), and in the ideal case (solid line)

chamber as presented in Sect. 1, designed to reach an ex-
perimental resolution on charged vertices of σ∆t ≈ 0.3 τS .
In Fig. 7, the statistical uncertainty on several decoherence
and CPT -violating parameters is shown as a function of
the integrated luminosity for the case σ∆t ≈ τS (KLOE res-
olution), and for σ∆t ≈ 0.3 τS (KLOE-2 resolution with the
inner tracker). The improvement on vertex resolution leads
to an increase of the experimental sensitivity by a factor
of two. The physics program concerning interferometry is
summarized in Table 7, where the KLOE-2 sensitivity to the
main parameters that can be extracted from I (f1, f2;∆t)

with an integrated luminosity of 25 fb−1 are listed and com-
pared with the best published measurements. Although not
exhaustive, the list is nevertheless indicative of the extent to
which the experimental results at KLOE-2 can contribute to
this field.

4 Low-energy QCD

The interest for hadronic physics at low energy is not only
related to the development of the EFT describing to some
extent the non-perturbative phenomena, but also to preci-
sion physics involving light flavors u, d , s, where the sensi-
tivity for testing the SM is often limited by the knowledge
of hadronic interactions (strong and electroweak).

The impact on the field of the measurements of semilep-
tonic and leptonic kaon channels has already been discussed
in Sect. 2.

ChPT is the theoretical framework to study low-energy
implications of the symmetry properties of the QCD theory
[190, 191]. The pseudoscalar octet (π , K , η) is identified
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Fig. 7 The sensitivity to the
ζSL, ζ00̄, Re ω and α, β , γ
parameters with the present
KLOE resolution σ∆t ≈ τS

(open circles), and with the
improved resolution
σ∆t ≈ 0.3 τS expected with the
IT at KLOE-2 (full circles)

as the multiplet of massless Goldstone bosons associated to
the chiral-symmetry breaking and the scalars are used as de-
grees of freedom of the effective field theory at energy scale
λ < Mρ .

This section is mostly dedicated to the measurements of
non-leptonic and radiative decays of the KS and the η me-
son; other significant results in the field can be achieved at
KLOE-2 with the study of events in the continuum, reviewed
in Sects. 5–6.

4.1 Rare kaon decays

The measurement of KS decays at the φ-factory has the
unique feature to rely on pure KS beams, tagged by the
reconstruction of KL decays and KL interactions in the
calorimeter. Background sources are limited to the dominant
KS decay channels, KS → ππ , severely constrained by the
KL 4-momentum reconstruction.

With a target integrated luminosity of 25 fb−1, accessi-
ble channels include non-leptonic and radiative decays with
BR down to O(10−9), KS → 3π , KS → γ γ , KS → π0γ γ ,
KS → π0ℓ+ℓ−, KS → π+π−γ , KS → π+π−e+e−.

We can divide kaon decays into three categories: (i) long-
distance dominated (LD), (ii) with comparable short- and

long-distance contributions and (iii) short-distance domi-
nated (SD) decays. Categories (i) and (ii) are those of in-
terest for KLOE-2: the LD modes are addressed by the KS -
decay analysis. They are properly described by ChPT [192–
196], whose ∆S = 1 Lagrangian at O(p4) reads:

L∆S=1 = G8F
4 〈

λ6DµU†DµU
〉

︸ ︷︷ ︸
K→ππ/3π,γ γ

+ G8F
2
∑

NiWi
︸ ︷︷ ︸

K+→π+γ γ , K→ππγ

+ · · · (46)

G8 is fixed by the K → ππ amplitudes; the first (L2
∆S=1)

and the second term (L4
∆S=1) represent the O(p2) and

O(p4) weak Lagrangian, respectively [197, 198]. There are
37 counterterm coefficients, Ni ’s, and operators, Wi ’s. Un-
fortunately the low-energy constants Ni ’s (LECs) are both
theoretically and phenomenologically very poorly known.
New measurements of the non-leptonic and radiative decays
are relevant to test the weak ChPT Lagrangian and help set-
tling the LECs, which encode the underlying quark dynam-
ics.

The Vector Dominance Model, by analogy to the treat-
ment of the strong amplitudes, has been used to determine
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Table 7 KLOE-2 sensitivity on several parameters

f1 f2 Parameter Present best measurement KLOE-2 (25 fb−1)

KS → πeν AS (1.5 ± 11) × 10−3 ±1 × 10−3

π+π− π lν AL (332.2 ± 5.8 ± 4.7) × 10−5 ±4 × 10−5

π+π− π0π0 Re ϵ′
ϵ (1.65 ± 0.26) × 10−3 (PDG) ±0.3 × 10−3

π+π− π0π0 Im ϵ′
ϵ (−1.2 ± 2.3) × 10−3 (PDG) ±4 × 10−3

π+l−ν̄ π−l+ν (Re δ + Rex−) Re δ = (0.25 ± 0.23) × 10−3 (PDG) ±0.3 × 10−3

Rex− = (−4.2 ± 1.7) × 10−3 (PDG)

π+l−ν̄ π−l+ν (Im δ + Imx+) Im δ = (−0.6 ± 1.9) × 10−5 (PDG) ±4 × 10−3

Imx+ = (0.2 ± 2.2) × 10−3 (PDG)

π+π− π+π− ∆m 5.288 ± 0.043 × 109 s−1 ±0.05 × 109s−1

π+π− π+π− ζSL (0.3 ± 1.9) × 10−2 ±0.2 × 10−2

π+π− π+π− ζ00̄ (0.1 ± 1.0) × 10−6 ±0.1 × 10−6

π+π− π+π− α (−0.5 ± 2.8) × 10−17 GeV ±2 × 10−17 GeV

π+π− π+π− β (2.5 ± 2.3) × 10−19 GeV ±0.2 × 10−19 GeV

π+π− π+π− γ (1.1 ± 2.5) × 10−21 GeV ±0.3 × 10−21 GeV

(compl. pos. hyp.)

(0.7 ± 1.2) × 10−21 GeV ±0.2 × 10−21 GeV

π+π− π+π− Reω (−1.6+3.0
−2.1 ± 0.4) × 10−4 ±3 × 10−5

π+π− π+π− Imω (−1.7+3.3
−3.0 ± 1.2) × 10−4 ±4 × 10−5

KS,L → πeν ∆a0 (prelim.: (0.4 ± 1.8) × 10−17 GeV) ±2 × 10−18 GeV

π+π− π+π− ∆aZ (prelim.: (2.4 ± 9.7) × 10−18 GeV) ±1 × 10−18 GeV

π+π− π+π− ∆aX , ∆aY (prelim.: < 9.2 × 10−22 GeV) ±6 × 10−19 GeV

the relevant combination of LECs in processes with vector-
meson-exchange contributions. As an example, the results
for radiative non-leptonic kaon decays are shown in Ta-
ble 8 [197, 198].

4.1.1 K → 3π

The amplitudes of K → 3π decays can be approximated by
a second-order polynomial in the pion kinetic energy Ti us-

Table 8 Combinations of the counterterm coefficients in radiative
non-leptonic kaon decays

Decay L4
∆S=1

K+ → π+l+l− Nr
14 − Nr

15

KS → π0l+l− 2Nr
14 + Nr

15

K± → π±γ γ N14 − N15 − 2N18

KS → π+π−γ N14 − N15 − N16 − N17

K± → π±π0γ N14 − N15 − N16 − N17

KL → π+π− e+e− Nr
14 + 2Nr

15 − 3(Nr
16 − N17)

K+ → π+π0e+e− Nr
14 + 2Nr

15 − 3(Nr
16 − N17)

KS → π+π−e+e− Nr
14 − Nr

15 − 3(Nr
16 + N17)

ing the X, Y variables.2 An alternative parametrization has
been recently proposed [18, 199] to evaluate how the Dalitz
plot is affected by ππ re-scattering and in particular to ex-
tract the ππ scattering lengths from the analysis of the cusp
in K+ → π+π0π0. Chiral expansion relates K → ππ to
K → 3π transitions so that significant constraints on the
values of the O(p4) counterterms of (46) have been obtained
from the Dalitz plot of the experimental data, largely domi-
nated by ∆I = 1/2 transitions.

Lack of data on the subleading ∆I = 3/2 amplitudes
calls for the measurement of the KS → π+π−π0 decay at
KLOE-2. In fact, the KS → π+π−π0 amplitude:

A
(
KS → π+π−π0) = 2

3
b2X − 4

3
d2XY, (47)

is directly related to the ∆I = 3/2, L = 1 transitions, being
the I = 0 isospin final state suppressed by the high angular
momentum barrier [200].

A preliminary but rather detailed search for this decay has
been performed at KLOE with 740 pb−1 of integrated lumi-
nosity. Main backgrounds come from charged kaon events in
which one π0 mimics the KL interaction in the calorimeter

2Neglecting the pion mass difference, X = 2mk

m2
π

(T2−T1); Y = 2mk

m2
π

×
(T3 + mπ − 1

3 mk ).
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used to tag the KS decay, and from KS → π0π0 events with
one π0 → e+e−γ . Kinematic constraints are effective for
background suppression. Final contaminations at the level
of 20–30% have been obtained selecting the signal sample
with a global efficiency of 1–2%. KLOE-2 can eventually
select from 50 to few hundreds events, depending on the
total integrated luminosity and also on the fraction of data
collected after the installation of the detector upgrades, all
of them beneficial for improving the acceptance and the re-
construction capability of these events.

The CP -violating transition KS → π0π0π0 receives
contributions from I = 1 final state only. KLOE has ob-
tained the upper limit BR(KS → 3π0) ≤ 1.2 × 10−7 at 90%
C.L., using a sample of 450 pb−1 [65].

The main background source is given by incorrectly re-
constructed KS → π0π0 decays, when the photon-energy
deposit in the calorimeter is reconstructed as split clus-
ters, or additional photons from machine background are as-
signed to the KS decay. The kinematic constraints applied
to fully reconstructed final states have allowed KLOE to im-
prove by a factor of ten the upper limit on this channel and to
increase the sensitivity on the CP and CPT tests using the
unitary condition (Bell–Steinberger relation) as explained in
Ref. [201]. KLOE, with a KS tagging efficiency of about
23% and a selection efficiency on the signal of ∼25% has
found 2 events to be compared with 3.13 expected by Monte
Carlo simulation of the background sources. Since then, fur-
ther improvements on the clustering procedure to recover
erroneously-split photon clusters are proven to reduce conta-
mination by a factor of six while leaving the signal efficiency
unaffected. There are currently studies underway to evaluate
the increase in acceptance from the installation of the crystal
calorimeters (cf. Sect. 1), and in the KS tagging efficiency
resulting from the addition of the KL → π+π−π0 sample
to the events with KL interactions in the calorimeter used in
the KLOE analysis. In any case, as a conservative estimate,
KLOE-2 can obtain an upper limit lower than 10−8 with one
year of data taking.

4.1.2 KS → γ (∗)γ (∗) / KS → π0γ γ

KS → γ γ does not receive any SD contribution while LD
terms starts at O(p4) without counterterm structure. This
implies that: (i) we have only one loop contribution and
(ii) this contribution is scale-independent [202, 203]. The
BR(KS → γ γ ) = 2.1×10−6 is predicted at O(p4) in terms
of two known LECs of lowest order. From a naive dimen-
sional analysis higher-order contributions are expected to be
suppressed by a factor m2

k/(4πFπ )2 ∼ 0.2. This process is
the ideal test of the ChPT (and in general of the EFT) at the

quantum level. At present, for the branching fraction, we
have:

ChPT at O(p4) 2.1 × 10−6

NA48 (2.713 ± 0.063) × 10−6

KLOE (2.26 ± 0.13) × 10−6

with the recent measurements differing by ∼3 σ ’s [64,
204], as also shown in Fig. 8. These results are based on
different experimental methods. At the hadronic machines,
the branching ratio has been obtained from the simultane-
ous measurement of KL and KS decays to the same final
state, KS,L → γ γ . The subtraction of the KL background
has been performed on the basis of precision measurements
of the ratio BR(KL → γ γ )/BR(KL → 3π0). At the φ-
factory, the KS decays are tagged by KL interactions in the
calorimeter and the KS → γ γ signal has to be separated
from the KS → π0π0 decays with lost or unresolved pho-
ton clusters.

The KLOE result is fully compatible with O(p4) cal-
culations in ChPT [202] thus severely constraining O(p6)

contributions to this process, while the NA48 measurement
points to sizable higher-order corrections, A(O(p6))

A(O(p4))
∼ 15%.

KLOE-2 will improve both sample size and data quality,
the latter thanks to the detector upgrade, namely the crys-
tal calorimeters CCALT important for the identification of
KS → π0π0 with photons at low angle with respect to the
beam direction.

The KLOE-2 measurement can clarify the disagreement
between KLOE and NA48 [64, 204] and help settling the
O(p6) contributions to A(KL → π0γ γ ), related by chi-
ral symmetry only to the KS → γ γ terms [205]. The

Fig. 8 BR(KS → γ γ ) at O(p4) in ChPT (dashed line) compared with
the experimental results. It should be considered that from a naive di-
mensional analysis higher-order theoretical contributions are expected
to be suppressed by a factor m2

k/(4πFπ )2 ∼ 0.2
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KS → π0γ γ decay is dominated by pole contributions,
from π0 and η: KS → π0“π0”(“η”) → π0γ γ . The di-
photon invariant-mass spectrum should be better assessed
for a significant test of the pole dominance and for the study
of the weak chiral vertex, KS → π0“P ”.

The NA48 analysis of the KS → π0γ γ has provided the
branching fraction and the di-photon invariant-mass (mγ γ )
spectrum [206] at high z (z = m2

γ γ /m2
K ). The result is based

on 31 candidates, with an expected background of 13.7±3.2
events:

BR(KS → π0γ γ )z>0.2 = (4.9 ± 1.6 ± 0.9) × 10−8, (48)

to be compared with the theoretical prediction of 3.8×10−8

[207].
At KLOE-2 the acceptance for KS → π0γ γ is about

60%, as for KS → π0π0, and we expect 10 events/fb−1 to
be sorted out from the dominant KS → π0π0 sample.

The KS decays into lepton pairs (e+e−, µ+µ−) are due
to ∆S = 1 flavor-changing neutral-current (FCNC) transi-
tions. Decay amplitudes receive contributions both from LD
effects, dominated by the γ γ intermediate state shown in
Fig. 9, and from SD interactions, due to box and penguin
diagrams via W , Z exchange. The SD contribution can be
rather precisely evaluated in the SM, while the LD terms
can be determined in ChPT. At lowest order, O(p4), one
obtains [208]:

Γ (KS → µ+µ−)/Γ (KS → γ γ ) ≃ 2 × 10−6,

Γ (KS → e+e−)/Γ (KS → γ γ ) ≃ 8 × 10−9,
(49)

which translate into BR(KS → µ+µ−) ≃ 5 × 10−12 and
BR(KS → e+e−) ≃ 2 × 10−14. Significantly higher values
would point to new physics (NP).

Using the complete data set KLOE has obtained an upper
limit on the electron channel, BR(KS → e+e−) ≤ 9 × 10−9

[66], one order of magnitude more stringent than previous
experimental results [209]. KLOE-2 can improve the sensi-
tivity for both the leptonic channels to the 10−9 level.

4.1.3 KS → π0ℓ+ℓ−

The measurements of BR(KL → π0l+l−) can clarify the
mechanism of quark-flavor mixing and CP -violation, both
within and beyond the SM [205, 210]. In order to extract
with high precision the direct CP -violating component of

Fig. 9 Long-distance contribution to KS → ℓ+ℓ− process mediated
by two-photon exchange

the KL amplitude, it is necessary to determine from data the
branching fraction of the CP -conserving transition KS →
π0l+l−.

Any improvement on the present results on KS,± →
π0,±ℓ+ℓ− is desirable to assess the CP -violating term in
KL → π0e+e− thus obtaining the SD contribution with the
accuracy needed for a significant test of the SM. The CP -
conserving decays K±(KS) → π±(π0)ℓ+ℓ− are dominated
by the LD process K → πγ ∗ → πℓ+ℓ− [211, 212]. The
decay amplitudes can be expressed in terms of one form
factor Wi(z) (i = ±, S, z = q2/M2

K ) which can be decom-
posed as the sum of a polynomial plus a non-analytic term,
Wππ

i (z), generated by a ππ loop. The non-analytic term is
determined by the K → 3π amplitude [212]. At O(p6) it
reads:

Wi(z) = GF M2
K (ai + biz) + Wππ

i (z), (50)

where the constants ai and bi parametrize local contribu-
tions starting at O(p4) and O(p6), respectively. The most
accurate measurements have been obtained with charged
kaon beams by BNL-E865 [213] and NA48/2 [214]:

a+ = −0.587 ± 0.010, b+ = −0.655 ± 0.044 [213],
a+ = −0.578 ± 0.016, b+ = −0.779 ± 0.066 [214].

(51)

The experimental value of the ratio b+/a+ is bigger than
the estimate from a naive dimensional analysis, b+/a+ ∼
O[M2

k /(4πFπ )2] ∼ 0.2, thus pointing to large VMD contri-
butions to the K → π ll decay.

Chiral symmetry only cannot provide the KS couplings
aS and bS in terms of a+ and b+ [211, 212] and definite
predictions on the KS → π ll mode have to rely on model-
dependent assumptions. Vector Dominance hypothesis leads
to:

BR
(
KS → π0e+e−)

≈ 5.2 × 10−9 · a2
S,

BR
(
KS → π0µ+µ−)

≈ 1.2 × 10−9 · a2
S.

(52)

NA48 has obtained first evidence of the KS → π ll decay
for both leptonic channels on the basis of 7 and 6 candidates
[215, 216] in the ee and µµ mode, respectively. The exper-
imental result on the ratio of the branching fractions is in
agreement with (52) from which they found:

|aS |ee = 1.06+0.26
−0.21 ± 0.07,

(53)
|aS |µµ = 1.54+0.40

−0.32 ± 0.06.

A preliminary KLOE analysis of the KS → π0e+e− based
on 480 pb−1, an equivalent amount of MC-simulated back-
ground and 2 × 105 MC-signal events, has proven that
the background sources, mostly from KS → π0π0 →
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γ γ γ e+e−, can be rejected keeping the overall efficiency
to the 5% level. With the analysis of the entire KLOE-2 data
sample we can thus expect a measurement comparable with
the NA48 result.

4.1.4 K → ππγ / K → ππee

Although radiative non-leptonic decays KL,KS → π+π−γ

and K± → π±π0γ are dominated by LD contributions,
subleading SD terms in this case can be disentangled study-
ing CP -violating observables, useful to test SM predictions
[217].
The K → ππγ amplitudes contain two terms, from inner
bremsstrahlung, IB, and direct emission, DE. Due to the
large contribution from low-energy photons collinear with
pions, the IB amplitude is in general much larger than DE.
The IB component is suppressed by CP -invariance for KL

and by ∆I = 1/2 rule for K±, thus allowing the measure-
ment of the DE term in these decays. Electric transitions
only are allowed for the IB part, EIB, while the DE compo-
nent can be separated into electric (E1) and magnetic (M1)
dipole terms [218, 219]. Summing over photon helicities
cancels out the interference between electric and magnetic
terms. At lowest order, O(p2), there is only the bremsstra-
hlung contribution. At O(p4) both E1 and M1 transitions
contribute. E1 and M1 are CP -allowed for charged kaons
while CP -symmetry suppresses E1 transitions in the KL

decays.
Present experimental status is summarized in Table 9.

NA48/2 has recently obtained first evidence of the K+ →
π+π0γ dipole electric transition, E1, as shown in Table 10.
The decay rate depends only on T ∗

π , the kinetic pion energy
in the kaon rest frame. Integrating over T ∗

π , the rate reads:

dΓ

dW
= dΓ (IB)

dW
×

(
1 + kINT · W 2 + kDE · W 4), (54)

where W 2 = (P ∗
k P ∗

γ )(P ∗
π P ∗

γ )

(mKmπ )2 , P ∗
i is the particle 4-momentum

and INT denotes the interference between IB- and DE-

Table 9 Experimental results on BR(k → ππγ ) and contributing
transitions

KS → π+π−γ < 9 · 10−5 E1

K+ → π+π0γ (0.44 ± 0.07)10−5 M1,E1

KL → π+π−γ (2.92 ± 0.07)10−5 M1,VMD

Table 10 Contributions from direct emission and interference (INT)
between IB and DE to radiative K+ → π+π0γ decays observed by
NA48/2 [220]

T ∗
π ∈ [0,80] MeV

Γ (K+→π+π0γ )
Γ (T ot) DE

= (3.35±0.35 ± 0.25)×10−2

Γ (K+→π+π0γ )
Γ (T ot) INT

= (−2.67±0.81 ± 0.73)×10−2

photon emission. Both E1 from the interference and M1
from the DE term, are extracted from a fit to the W spec-
trum. The weak counterterms contributing to E1 [197, 198]
can be evaluated from the experimental results [220]. under
the assumption of E1 and M1 amplitudes independent from
W . The presence of a form factor could affect the distrib-
ution and therefore simulate an interference term similar to
what observed by NA48/2 [217]. The interference term can
be further investigated by KLOE-2 both with the analysis
of K± decays and looking at the KS → π+π−γ channel
which has the same counterterm combination of the weak
chiral Lagrangian contributing to the DE component. Exper-
imentally, BR(KS → π+π−γ )(IB)/BR(KS → π+π−) =
6.36 × 10−3 with E∗

γ > 20 MeV while only bounds from
E731 exist on the DE component [18]:

BR(KS → π+π−γ )(DE,E∗
γ > 50 MeV) < 6 × 10−5,

BR(KS → π+π−γ )(INT,E∗
γ > 50 MeV) < 9 × 10−5.

From theory, BR(KS → π+π−γ )(INT, E∗
γ > 20 MeV) =

10−6 ÷ 10−5, reduced by a factor of 2.5 with a 50 MeV
cutoff.

The background at KLOE mainly consists of accidental
and spurious clusters from machine background and pho-
ton splitting, respectively. Both background sources can be
safely removed by energy cuts and kinematic constraints
coming from completely reconstructed final states. KLOE-
2 can select a KS tagged sample of ∼3 × 108 events/fb−1,

which corresponds to a total counting of radiative decays of
∼8 × 105/fb−1 with at least 120/fb−1 events contributing to
the interference. Since the dominant IB term, the interfer-
ence and the contribution from counterterm combinations
have a different dependence on E∗

γ so that a precision mea-
surement of the photon-energy distribution can disentangle
the different components.
Among other kaon radiative decays, accessible channels at
KLOE-2 are the K → ππe+e−, particularly the KS →
π+π−e+e− mode. NA48 has obtained [221] BR(Ks →
π+π−e+e−) = (4.69 ± 0.30) × 10−5 on the basis of 676
events normalized to the KS → π0π0π0

D , i.e., the kaon de-
cay into three neutral pions followed by the Dalitz decay
of one of the pions. With a preliminary analysis based on
∼1 fb−1, KLOE has obtained 974 cleanly identified events
providing the BR measurement with a statistical error of
5%. Differently from NA48, negligible errors are related
to the normalization which is done by KS tagging and
KS → π+π− counting. The evaluation of systematics in-
dicates they could be brought to the per cent level, so that
KLOE-2 can reduce the error to 1%. The KS amplitude is
dominated by the CP -even IB component needed to esti-
mate the CP -violating term in the KL decay to the same
final state. A test of the CP symmetry in this channel can be
performed through the measurement of the angular asym-
metry between ππ and e+e− planes.
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4.2 Physics of η and η′ mesons

ChPT provides accurate description of the strong and elec-
troweak interactions of the pseudoscalar mesons at low en-
ergies [194, 195, 222, 223].

Same final states as in the case of KL can be investigated
with the decay of the isospin-singlet η meson. Due to weak
KL − η mixing, understanding η decays is a prerequisite
for the calculation of SM contributions to rare kaon decays
such as KL → π0e+e− [211, 224]. CP violation in flavor-
conserving processes can be tested in the η decays to final
states that are, as in the KL case: η → ππ , η → π0e+e− and
η → π+π−e+e− decay. In the latter, CP violation could
manifest in the angular asymmetry between the π+π− and
e+e− decay planes.

Conversion decays provide information about transition
form factors needed, e.g., for the light-by-light (LbL) con-
tribution to the anomalous magnetic moment of the muon.
The η(η′) → 3π decay is a valuable source of information
on light quark masses.

Most complications in treating the η in ChPT are due to
the mixing of the η and η′ fields [225]. The η′ is the most ex-
otic meson of the pseudoscalar nonet, being identified with
the U(1)A anomaly singlet (η0), which is massive even in
the chiral limit. It was observed by Witten [226] that in
QCD with infinite number of colors (Nc) [227] the η0 state
is massless and the global SU(3)L × SU(3)R symmetry is
replaced by U(3)L × U(3)R . Systematical treatment of the
1/Nc expansion, providing foundation for the η–η′ mixing,
was introduced in ChPT by Kaiser and Leutwyler [228].

The η′ decays to both vector and scalar mesons. The
dominance of the vector-meson coupling is demonstrated
by radiative decays, η′ → ργ and η′ → ωγ . Light scalar
mesons σ, f0, a0 should play a significant role in the ηππ

and πππ decays [229–231] although the experimental evi-
dence of the off-shell contributions from large-width scalars
is, per se, more elusive. The treatment of the resonances is
beyond the scope of standard ChPT, nevertheless continu-
ous progress in this field has been achieved over the years.
The VMD model, for example, has been incorporated into
the theory [232, 233] and unitarity constraints included by
dispersion relations [234, 235].

In summary, the extension of ChPT stimulated by preci-
sion calculations of kaon and η decays has also provided el-
egant and consistent methods for the treatment of η′ physics.
The dominant η and η′ decays were recently analyzed in the
framework of the ChPT extension as in Ref. [236]. The am-
plitudes of hadronic and anomalous decays have been calcu-
lated in Refs. [231, 237] and Refs. [238, 239], respectively.

4.2.1 Hadronic decays into three pions

The decay widths of isospin-violating decays η(η′) → 3π

are comparable to those of the second-order electromag-

netic decays η(η′) → γ γ . The three-pion decays are essen-
tially due to the QCD Lagrangian term proportional to d

and u quark mass difference, the electromagnetic contribu-
tion being suppressed [240, 241]. The decay width is thus
sensitive to the mass difference of the quarks: Γη(η′)→3π ∝
Γ0 × (md −mu)

2, and the decay is suitable for precise deter-
mination of the ratios of the light quark masses [242]. The
calculations of the decay width in ChPT are based on the
expansion in the quark masses and the calculations of Γ0
in the isospin limit. The measurement of both, the value of
the decay width, and the Dalitz-plot distribution are needed
in order to test ChPT predictions and extract the fractional
difference between light quark masses. The decay width is
normalized using the two-photon width which can be mea-
sured at KLOE-2 in γ γ interactions, e+e− → e+e−η. The
theoretical predictions for Γ0 are tested comparing the re-
sults from the Dalitz plot distributions to the ratio of the two
partial widths:

rη,η′ ≡ Γ (η,η′ → π0π0π0)

Γ (η,η′ → π+π−π0)
. (55)

The decay amplitudes for η,η′ → π+π−π0 and η,η′ →
π0π0π0 are related by Bose symmetry, assuming ∆I = 1
transitions. This implies that, e.g., the relation rη,η′ ≤ 3/2
holds in the limit mπ+ = mπ0 .

For a three-body decay one can use symmetrized, dimen-
sionless variables to parameterize the phase space:

x ≡ 1√
3

T1 − T2

⟨T ⟩ ; y ≡ T3

⟨T ⟩ − 1, (56)

where T1, T2, T3 are the pion kinetic energies in the η meson
rest frame and ⟨T ⟩ is the average energy: ⟨T ⟩ = (T1 + T2 +
T3)/3 = (mη − m1 − m2 − m3)/3. Decays into three π0 are
conveniently described using polar coordinates (

√
z,φ) in

the (x, y) plane:

x = √
z sinφ; y = √

z cosφ. (57)

The Dalitz plot has a sextant symmetry so that the range
0◦ ≤ φ < 60◦ contains all information on the decay. The
variable z is given by:

z = x2 + y2 = 2
3

3∑

i=1

(
Ti − ⟨T ⟩

⟨T ⟩

)2

, 0 ≤ z ≤ 1. (58)

η → 3π The neutral decay η → 3π0 has been recently
measured by Crystal Ball at BNL [243], KLOE [244], CEL-
SIUS/WASA [245], WASA-at-COSY [246], Crystal Ball at
MAMI-B [247] and Crystal Ball at MAMI-C [248]. The
density of the Dalitz plot is nearly constant and the results
of the experiments are expressed by the lowest-order expan-
sion at the center:
∣∣Ā(z,φ)

∣∣2 = c0(1 + 2αz + · · ·). (59)
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The experimental values for the α parameter are consistent
and the average value is α = −0.0312±0.0017, while ChPT
calculations at NNLO, although with large uncertainty, pre-
dict a positive value for α, α = 0.013 ± 0.032 [249]. A bet-
ter agreement with experimental data was found by model-
dependent calculations which include unitarity resumma-
tions, giving α = −0.014 [235], and α = −0.031 ± 0.003
[237].

The data for η → π+π−π0 decay are dominated by the
recent KLOE results with 1.3 × 106 events in the Dalitz plot
[250]. All other experiments, performed more than thirty
years ago, had orders of magnitude lower statistics. The
mechanism of the η → π+π−π0 decays is described by
an expansion of the amplitude A(x,y) around the center,
x = y = 0, and the density of the Dalitz plot is expressed as:

∣∣A(x, y)
∣∣2 ∝ 1 + ay + by2 + dx2 + fy3 + · · · . (60)

The LO ChPT amplitude is linear in the y variable with
a = −1.039 and b = a2/4. From the Dalitz plot density
extracted by KLOE, a = −1.090 ± 0.005(stat)+0.008

−0.019(syst)
agrees within few per cent with the LO estimate, however
higher-order ChPT calculations, e.g., a = −1.371 at NLO,
and a = −1.271 ± 0.075 at NNLO [249], tend to make
the agreement worse, for a and for all the parameters de-
scribing the y-dependence. On the other hand, the d value,
d = 0.057 ± 0.006(stat)+0.007

−0.016(syst), from KLOE is consis-
tent with d = 0.055 ± 0.057 from the NNLO calculations.
Experimental uncertainties are lower than the errors on the-
oretical calculations, nevertheless even higher experimental
precision is needed to constrain also the imaginary part of
the decay amplitude. The KLOE large drift chamber allow-
ing excellent momentum resolution on π± tracks has pro-
vided the most precise measurement of the Dalitz-plot dis-
tribution of the η → π+π−π0. The analysis of KLOE data
is based on 450 pb−1 and the sample will be increased by
an order of magnitude with the first year of KLOE-2 data
taking. The systematical uncertainty of the KLOE results is
dominated by the event selection procedure. To overcome
this limit, new kinds of data-selection criteria will be de-
vised for the larger data samples available.

For the ratio rη as in (55), the ChPT calculation at NNLO
[249]) rη = 1.47 is in good agreement with the measure-
ments, rη = 1.48 ± 0.05 (world average) and rη = 1.432 ±
0.026 (from the PDG fit) [18]. However, the experimental
values of the Dalitz-plot parameters, assuming I = 1 for the
final state, lead to rη = 1.54, close to the LO result in ChPT,
rη = 1.52. Therefore a new precision measurement of the
rη ratio is needed to get a consistent overall picture of the
η → 3π decays. This requires simultaneous analysis of both
η → π+π−π0 and η → π0π0π0 decays leading to cancela-
tion of some of the systematical effects in the ratio.

η′ → 3π In the case of η′, it was argued that the de-
cay η′ → πππ can be related via π − η mixing to the
isospin-conserving η′ → ηππ decay and the ratio BR(η′ →
πππ)/BR(η′ → ηππ) gives the η − π0 mixing angle or
the quark-mass difference [251]. This scenario has been re-
cently criticized [252] and it was shown that the relation be-
tween the two hadronic decays is more complicated [237]
and cannot be expressed by one mixing parameter only. The
same work [237] emphasizes that a significant contribution
to the η′ → π+π−π0 from the ρ±π∓ intermediate state and
thus lower values of the rη′ ratio are expected. A fit to all
data (until 2006) on rates and Dalitz plot parameters of η

and η′ hadronic decays leads to BR(η′ → π+π−π0) ∼0.01
[252]. Large contributions from ρ±π∓ should also mani-
fest in the Dalitz plot distribution. The η′ → π0π0π0 de-
cay has been observed by GAMS-2000 [253] on the basis
of 62 candidates and an expected background of 34 events.
The measured partial width of about 300 eV is very close
to Γ (η → π0π0π0) but due to the different total widths
for the contributions of isospin-conserving and radiative de-
cays to the η′, it leads to BR(η′ → π0π0π0) = 0.15%. The
Dalitz plot slope is consistent with zero within large errors:
α = −0.1 ± 0.3 [254]. GAMS-4π has recently collected
235 ± 45 η′ → π0π0π0 events, obtaining the BR(η′ →
π0π0π0) = (1.8±0.4)×10−3 and α = −0.59±0.18 [255].
In 2008, CLEO [256] has identified 20.2+6.1

−4.8 η′ → π+π−π0

decays corresponding to BR(η′ → π+π−π0) = (37+11
−9 ±

4) × 10−4. This result is much lower than predictions from
Ref. [252], pointing to a smaller contribution than expected
from the rη′ measurement. This is also confirmed by the rel-
atively uniform Dalitz plot distribution found by the same
experiment [256]. To solve this open question new data
on η′ → π+π−π0 providing stringent constraints on all
hadronic η and η′ decays [230, 237] are needed. In the first
KLOE-2 run we expect ≈8,000 events produced. The exper-
imental challenge in this case is the background suppression,
mostly from φ → π+π−π0.

4.2.2 η/η′ → π+π−γ

The decays η/η′ → γ γ proceed through the triangle anoma-
ly, and they are accounted for by the Wess–Zumino–Witten
(WZW) term into the ChPT Lagrangian. The box anomaly
is a higher term of WZW describing the direct coupling of
three pseudoscalar mesons with the photon (Fig. 10). The
η,η′ → π+π−γ decays provide a good tool to investigate
the box anomaly, which describes the non-resonant part of

Fig. 10 Diagrams for the triangle and box anomalies
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the coupling. The invariant mass of the pions is a good ob-
servable to disentangle this contribution from other possi-
ble resonant ones, e.g. from the ρ-meson. The kinematic
range of the η and η′ decays is above the chiral limit where
the WZW coupling holds. Many efforts have been done to
correctly describe contributions of the box anomaly to the
two decays. Some examples, which have implemented uni-
tary effects via final-state (FS) interactions, are: HLS, where
the hidden local symmetries have been used to evaluate the
WZW term [257]; the chiral unitary approach using Bethe–
Salpeter equation [238]; the N/D structure matching the one-
loop corrections obtained with an Omnès function [258].

The η → π+π−γ decay has been measured in 1970s
[259, 260]. The analysis of the two data sets, 7,250 and
18,150 events respectively, shows some contradiction. Theo-
retical papers trying to combine the two measurements have
found discrepancies in data treatment and problems with ob-
taining consistent results [257, 261]. Therefore new mea-
surements are needed to clarify the scenario.

KLOE has collected 5 × 106 η → π+π−γ decays. This
sample allows a detailed investigation of the di-pion invari-
ant mass distribution. The main background is due to the
φ → π+π−π0, with a natural signal to background ratio
(S/B) of 1/200. The energy resolution for photons is im-
proved exploiting the kinematic constraints to the φ → ηγ

and η → π+π−γ decays, leading to a final S/B of ∼20/1
with a selection efficiency on the signal of about 60%. The
preliminary analysis of 130 pb−1 provides 105 signal events.
Studies are under way to finalize the selection procedure in
order to obtain an efficiency as independent as possible from
the π+π− invariant mass and thus an accurate investigation
of the box anomaly effect.

Same considerations can be applied to the η′ meson, tak-
ing into account that in this case also the ρ resonance has to
be considered. Data related to the η′ → π+π−γ decays are
much more recent: in 1997 the analysis of 7,392 events pro-
vided by Crystal Barrel gave evidence for the box anomaly
in the invariant mass of pions [262], while in 1998 the L3
collaboration found that their data (2,123 events) were well
described by the resonant contribution [263]. The relevance
of the box anomaly asks for more data, in particular from the
next scheduled run of KLOE-2 when simultaneous analyses
of the η and η′ radiative decays can be performed. The data
already collected at KLOE contain 1.5 × 105 η′ → π+π−γ

decays. The feasibility of this measurement has been eval-
uated on the KLOE sample. With an estimated analysis ef-
ficiency of about 20%, it is possible to obtain with KLOE-
2/step-0 a result on the basis of ∼105 selected decays.

4.2.3 Pseudoscalar form factors

Pseudoscalar production at the φ-factory (Fig. 11) asso-
ciated to internal conversion of the photon into a lepton

pair allows the measurement of the form factor FP (q2
1 =

M2
φ, q2

2 > 0) of the pseudoscalar P in the kinematical re-
gion of interest for the VMD model. The vector-meson-
dominance assumption generally provides a good descrip-
tion of the photon coupling to hadrons but in the case of
the transition form factor of the ω meson [264, 265] where
standard VMD fails in predicting the strong rise of the cou-
pling in the (0.4 < Ml+l− < 0.6) GeV region. Recently, a
model for implementing systematic corrections to the stan-
dard VMD calculations has been proposed [266] which cor-
rectly describes the ω → π0µ+µ− experimental results, and
predicts deviation from standard VMD for the φ → ηe+e−

decay spectrum. The only existing data on the latter process
come from the SND experiment at Novosibirsk which has
measured the Mee invariant mass distribution on the basis
of 74 events [267]. The accuracy on the shape does not al-
low any conclusion on the models. The predictions can be
tested with the analysis of KLOE and KLOE-2/step0 data,
e.g., selecting the η sample by means of the reconstruction
of η → π+π−π0 decays. This kind of procedure has been
tested on a 90 pb−1 sample obtaining, as a figure of merit
for the KLOE-2 reach, a clean sample with a selection effi-
ciency of 15% which translates to 12,000 events/fb−1.

Pseudoscalar form factors in the timelike region, where
q2 > 0, can also be accessed through Dalitz or double
Dalitz decays (Fig. 12), which allows the study of FP (q2

1 ,0)

and FP (q2
1 , q2

2 ) respectively. Several parametrizations have
been proposed, guided by theoretical constraints and phe-
nomenological models. The form factors at q2 > 0 are not
well measured and the analysis of both π0 and η meson de-
cays deserves more efforts. For the π0, both Fπ0(q2,0) and
Fπ0(q2

1 , q2
2 ) are extracted with large errors [268, 269], while

in the η case only the η → µ+µ−γ form factor has been
measured [265, 270].

A copious number of π0 will be produced at KLOE-2
through the decays φ → π+π−π0 and KL → π+π−π0.
For both processes the π0 momentum can be obtained from
precision measurements of the charged-particle tracks. In
the first case the event topology is simpler and the π0 mo-
mentum can be determined with <1 MeV resolution us-
ing the measured π+ and π− tracks and energy-momentum
conservation. The π0 decay vertices at the IP are are pre-

Fig. 11 Diagram of the pseudoscalar production at the φ-factory
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Fig. 12 Diagram for
pseudoscalar Dalitz (left) and
double Dalitz (right) decays

cisely and efficiently reconstructed. The sample can be en-
larged using the KL → π+π−π0 decay, even though the
resolution on KL momentum and vertex position are worse
than in the φ → π+π−π0 mode. With 10 fb−1 taking into
account the analysis efficiency, a sample of 108 π0 →
e+e−γ and 180,000 π0 → e+e−e+e− events is expected,
larger than what has been used in previous experiments.

In the η case we expect 3 × 105 η → e+e−γ and 2.8 ×
104 η → e+e−e+e− events. As a figure of merit of the
sensitivity to the η form factors with the first KLOE-2
run, in Fig. 13 the me+e− distribution of the η → e+e−γ

events is shown for point-like and pole approximation of
the Fη(q

2,0) form factor, assuming an overall analysis effi-
ciency of 10%.

KLOE-2 can also provide the first measurement of the
me+e− distribution from the analysis of the four-electron
mode which is expected to be almost independent from the
form-factor parametrization [271].

4.2.4 η decays into four charged particles

With O(10) fb−1 KLOE-2 can access the first three de-
cays summarized in Table 11. These decays allow the study

Fig. 13 The me+e− distribution of η → e+e−γ events, for point-like
and pole approximation of the Fη(q

2,0) form factor

Table 11 Measured and expected BRs for η into four charged particles

Decay BRexp BRtheo

η → π+π−e+e− (26.8 ± 1.1)10−5 [272] 25.7 ÷ 36 · 10−5

η → e+e−e+e− < 6.9 · 10−5 [273] 2.5 ÷ 2.6 · 10−5

η → µ+µ−e+e− – 1.6 ÷ 2.2 · 10−5

η → π+π−µ+µ− – 8 · 10−7

of the η meson internal structure, measuring the virtual-
photon 4-momentum via the invariant mass of the lep-
ton pair [274]. This is important for the connections with
light-by-light physics [271]. In particular, the comparison
of the kinematical distributions of the η → e+e−e+e− to
η → µ+µ−e+e− can provide significant information on the
underlying processes. These decays can also probe some
physics beyond the SM: CP violation in η → π+π−e+e−

[275] and light CP-odd Higgs of the NMSSM (next-to-
minimal supersymmetric SM) in η → π+π−µ+µ− [276].
The latter could provide up to 1–2 events per fb−1, not suffi-
cient to be investigated at KLOE-2. The η → π+π−e+e−

decay has been already studied with KLOE [272], which
measured an asymmetry Aφ in the angle between the ππ

and ee decay planes consistent with zero to the 3% preci-
sion level, while theoretical predictions allow this quantity
to be up to 2%. The largest contribution to the uncertainty of
this measurement comes from the statistical error. In KLOE
the minimal transverse momentum of reconstructed tracks,
PTmin , is 23 MeV. It limits the selection efficiency to ∼8%.
The installation of the inner tracker, in the second phase of
the KLOE-2 experiment would reduce PTmin to 16 MeV im-
proving at the same time the tracking resolution, beneficial
for the rejection of photon-conversion events mimicking the
signal [272]. With a sample of 20 fb−1 and the increase in
the efficiency from both acceptance and easier background
rejection, KLOE-2 could obtain Aφ with 0.8–1% precision.

4.2.5 η → π0γ γ

The η → π0γ γ decay is very interesting both from the ex-
perimental and theoretical point of view. Big theoretical ef-
forts to evaluate the BR(η → π0γ γ ) were originally mo-
tivated by the large branching fraction obtained by experi-
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ments dating back 40 years. ChPT terms [277] start at or-
der O(p4) through the pion- and kaon-loop diagrams shown
in Fig. 14. The η8π0π+π− vertex and kaon-loop diagrams
are suppressed by G-parity conservation and the large kaon
mass, respectively. Therefore, relatively sizable contribu-
tions at higher order are expected. At O(p6) the counter-
terms of the chiral Lagrangian can not be determined by ex-
perimental input only so that the prediction of the decay rate
goes beyond pure ChPT constrained by experimental data.
In Ref. [277] large NC expansion and resonance saturation
were used to determine the O(p6) LECs in the Lagrangian,
obtaining Γ (η → π0γ γ ) = 0.18 eV. The contribution from
a0(980) was also estimated, Γ (η → π0γ γ )a0 = 0.02 eV
but the relative phase with respect to the VMD term is un-
known. The uncertainty from the sign of the interference
term is quoted as the dominant contribution to the theo-
retical error at O(p6), Γ (η → π0γ γ ) = 0.18 ± 0.02 eV
or BR(η → π0γ γ ) = (1.40 ± 0.14) × 10−4. Higher-order
terms in ChPT have been also studied, e.g. in Ref. [277]
where all-order VMD counterterms have been added, ob-
taining Γ (η → π0γ γ ) = (0.42 ± 0.2) eV with the uncer-
tainty again mostly from the sign of the interference term.
On the experimental side, several measurements have been
published since 1970s with smaller and smaller values of
the branching fraction, decreased by three orders of mag-
nitude from 1967 to 1981 when the GAMS-2000 experi-
ment measured BR(η → π0γ γ ) = (7.1 ± 1.4) × 10−4. In
2005 the AGS/Crystal Ball collaboration has obtained an
even lower value, BR(η → π0γ γ ) = (3.5 ± 0.9) × 10−4,
updated to BR(η → π0γ γ ) = (2.2 ± 0.5) × 10−4 in year
2008 with a revised analysis aiming at the optimization of
the selection criteria and fitting procedure of the experimen-
tal spectra. The preliminary KLOE result [278] is BR(η →
π0γ γ ) = (8 ± 3)× 10−5, 1.8σ lower than the ChPT predic-
tion at O(p6) and 2.2σ lower than the AGS/CB measure-
ment. Using the KLOE preliminary result on the branching
fraction and the analysis efficiency obtained of ∼5%, 1,300
η → π0γ γ events are expected from the first year of data
taking at KLOE-2, thus allowing an accuracy of 3%. More-
over, KLOE-2 can provide the the mγ γ distribution with suf-
ficient precision to solve the ambiguity connected to the sign
of the interference between VMD and scalar terms as shown
in Fig. 15.

Fig. 14 Meson-loop diagrams in the η → π0γ γ decay

Fig. 15 The m2
γ γ distribution in η → π0γ γ decays expected at

KLOE-2 for the VMD+a0(980) model, with constructive and destruc-
tive interference term. Crosses are the simulated experimental data as-
suming 5% constant efficiency as a function of m2

γ γ and constructive
interference

4.2.6 η−η′ mixing and gluonium content

The η′ meson, being almost a pure SU(3)Flavor singlet, is
considered a good candidate to host a gluon condensate.
KLOE [279] has extracted the η′ gluonium content and the
η–η′ mixing angle according to the model of Ref. [280]. The
η and η′ wave functions can be decomposed in three terms:
the u,d quark wave function |qq̄⟩ = 1√

2
(|uū⟩ + |dd̄⟩), the

|ss̄⟩ component and the gluonium |GG⟩. The wave func-
tions are written as:
∣∣η′〉 = cosψG sinψP |qq̄⟩ + cosψG cosψP |ss̄⟩

+ sinψG |GG⟩ , (61)

|η⟩ = cosψP |qq̄⟩ − sinψP |ss̄⟩ ,

where ψP is the η–η′ mixing angle and Z2
G = sin2ψG is

the gluonium fraction in the η′ meson. The Z2
G parameter

can be interpreted as the mixing with a pseudoscalar glue-
ball. In Ref. [281] it has been identified with the η(1405).
The gluonium fraction has been extracted fitting the widths
of the magnetic dipole transition V → Pγ , where V are
the vector mesons ρ,ω,φ and P the pseudoscalar mesons
π0,η,η′, together with the π0 → γ γ and η′ → γ γ par-
tial widths. In particular, the KLOE measurement of Rφ =
BR(φ → η′γ )/BR(φ → ηγ ) has been used, related to the
gluonium content and mixing angle by [282]:

Rφ = cot2ψP cos2ψG

(
1 − ms

m̄

Zq

Zs

tanψV

sin 2ψP

)2 (
pη′

pη

)3

,(62)

where pη′ and pη are the momenta of the η′ and η meson re-
spectively, ms/m̄ = 2ms/(mu + md) is the mass ratio of the
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constituent quarks and ψV is the φ–ω mixing angle. The Zq

and Zs parameters take into account hadronic uncertainties
[283]. The evidence at 3σ level of a gluonium component
in the η′ has been obtained, Z2

G = (12 ± 4)%. A detailed
study of the fit has shown that the measurement of the ra-
tio Γ (η′ → γ γ )/Γ (π0 → γ γ ) is the most sensitive to the
gluonium fraction.

The theoretical frameworks to explain η′ → γ γ and
V → Pγ transitions are slightly different, the first be-
ing related to quark–antiquark annihilation to two pho-
tons, the second to spin-flip transitions between the vector
and pseudoscalar meson. Therefore it is important to ob-
tain both, a sensitivity to the gluonium fraction indepen-
dent from the η′ → γ γ decay, and a new measurement
of the η′ → γ γ branching fraction. The η′ → γ γ branch-
ing fraction is ∼2%. Using BR(φ → η′γ ) ∼ 6 × 10−5 and
σ (e+e− → φ) = 3.3 µb, we expect 4 events/pb−1. Unluck-
ily this signal is overwhelmed by the e+e− → γ γ back-
ground. With the available sample after one year running
at KLOE-2, we will able to perform a selection based on
40,000 events, sufficient to improve the fractional accuracy
on BR(η′ → γ γ ) to the per cent level.

The BR(η′ → γ γ ) limits the accuracy on the η′ decay
width while the η′ → π+π−η and the η′ → π0π0η branch-
ing ratios dominate the systematic error on the Rφ mea-
surement because the η′ is identified through these decays.
Table 12 shows how the evidence for a gluonium content
in the η′ could be confirmed also independently from the
Γ (η′ → γ γ )/Γ (π0 → γ γ ) ratio if the fractional accuracy
on the η′ partial widths is brought to 1% level. We have
assumed that the actual branching fractions and the corre-
lation matrix of the measurements are those obtained from
the present fit.

With the KLOE-2 data taking above the φ peak, e.g., at√
s ∼ 1.2 GeV, it is possible to measure the η′ decay width

Γ (η′ → γ γ ) through σ (e+e− → e+e−γ ∗γ ∗ → e+e−η′),
as discussed in Sect. 6. The measurement to 1% level of
both the cross section and the BR(η′ → γ γ ) would bring
the fractional error on the η′ total width, Γη′ = Γ (η′ →
γ γ )/BR(η′ → γ γ ), to ∼1.4%. In Fig. 16 the 68% C.L. re-
gion in the ψP ,Z2

G plane obtained with the improvements

Table 12 Fit to the gluonium content in η′ assuming 1% error on the
η′ branching fractions. The η′ → γ γ /π0 → γ γ constraint is used (not
used) in the left (right) column

with η′ → γ γ /π0 → γ γ without η′ → γ γ /π0 → γ γ

Z2
G 0.11 ± 0.03 0.11 ± 0.04

ψP (40.5 ± 0.6)◦ 40.5 ± 0.6

ZNS 0.93 ± 0.02 0.93 ± 0.03

ZS 0.83 ± 0.05 0.83 ± 0.05

ψV (3.32 ± 0.08)◦ (3.32 ± 0.09)

ms/m̄ 1.24 ± 0.07 1.24 ± 0.07

Fig. 16 The 68% C.L. region in the ψP ,Z2
G plane. Top: only the η′

branching ratios are improved to 1% precision. Bottom: the η′ total
width is also lowered to 1.4%

discussed in this subsection is shown. The comparison of the
top to bottom panels makes evident how the fit accuracy in-
creases with the precision measurement of the η′ total width.

4.3 Low-mass scalars

The radiative processes φ → γ S, where S = f0(980),

a0(980), σ ≡ f0(600), are followed by a decay of S into
two pseudoscalar mesons (PP ). The analysis of the MPP

invariant mass distribution in φ → γPP transitions is sensi-
tive to the nature of light scalar states. If they are tetraquarks,
quarkonia or molecules is one of the open questions of low-
energy QCD. Interestingly, the tetraquark assignment [284,



Eur. Phys. J. C (2010) 68: 619–681 651

285] naturally explains the mass pattern and decay widths,
although different instanton-driven [286] or quark-antiquark
processes [287] have been considered.

Two kinds of theoretical models for the φ → γ S →
γPP have been analyzed: (i) the ‘no structure’ approach
based on a point-like φγ S coupling [288–290]; (ii) the kaon-
loop coupling of the φ to γ S [291]. Future analyses will de-
termine which way is dominant and the decay amplitudes
of the scalar states. Moreover, the precision study of the
S → γ γ reactions at KLOE-2 as presented in Sect. 6 would
add information relevant for the underlying quark dynamics.

The solution of the scalar puzzle, which has stimulated
many other theoretical studies, e.g. [292–295], can also
shed light on the mechanism of chiral symmetry restoration
at non-zero temperature and density, where scalar mesons,
which carry the quantum numbers of the vacuum, play a
central role [296].

4.3.1 Structure of f0(980) and a0(980)

The KLOE experiment has measured the branching ra-
tio and the spectral function of the decays φ → Sγ →
π0π0γ , π0ηγ , π+π−γ [297–299] obtaining within the
Kaon Loop phenomenological model the coupling of scalar
mesons to the ππ and ηπ0 pairs. While in the latter only the
a0(980) can contribute, in the ππ channel both, the f0(980),
and the σ whose existence has been debated since a long
time, are expected. KLOE has fitted the π0π0 invariant mass
fixing the parameters of the σ meson from other measure-
ments and phenomenological fits. Data from π+π− phase
shift were also taken into account. For the charged chan-
nel, due to the large background from the e+e− → π+π−γ

dominated by the ρ pole, no sensitivity to the σ meson is
shown by the fit. The present analysis of KLOE data is based
on ∼500 pb−1. KLOE-2 will have a 20 times larger sam-
ple, so that the σ could also show up in the π+π− channel.
Moreover, the π+π− forward-backward asymmetry (AFB)
is expected to be affected by the presence of the σ . This
asymmetry is generated by the different behavior under C-
conjugation of the π+π− amplitude for initial-state radi-
ation (ISR) with respect to the other contributions (final-
state radiation (FSR) and e+e− → φ → (f0(980)+σ ) γ . In
Fig. 17 AFB is shown for two sets of KLOE data, collected
at

√
s = mφ and

√
s = 1 GeV. In the second case no scalar

should be present due to the low value of the e+e− → φ

cross section. A combined fit to the invariant mass spectrum
and asymmetry is of interest at KLOE-2 for the study of the
properties of the f0(980) and σ mesons.

The set of scalar couplings to the pseudoscalars can
be used to determine the structure of the scalar meson
in the naive SU(3) hypothesis. In Table 13, the SU(3)
predicted couplings with different quark structure of the
pseudoscalars is shown compared with the KLOE results.

Fig. 17 Forward-backward asymmetry, AFB, as a function of M2
ππ in

e+e− → π+π−γ events for data at
√

s = mφ (top) and at
√

s = 1 GeV
(bottom)

The 4-quark model predicts values larger than observed for
ga0K+K−/ga0ηπ while the 2-quark model can be accommo-
dated only if f0 = ss̄, which is disfavored by the mass de-
generacy of the two mesons. The ratio of f0 to a0 couplings
to K+K− is higher with respect to all predictions.

4.3.2 Structure of the σ meson

In the η′ → π+π−η and η′ → π0π0η, the ππ system is
produced mostly with scalar quantum numbers. Indeed, the
available kinetic energy of the π+π− pair is [0, 137] MeV,
suppressing high angular momentum contribution. Further-
more, the exchange of vector mesons is forbidden by G-
parity conservation. For these reasons, only scalar mesons
can participate to the scattering amplitude. The decay can
be mediated by the σ , a0(980) and f0(980) exchange and
by a direct contact term due to the chiral anomaly [229].
The scalar contribution can be determined by fitting the
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Table 13 Comparison of the
measured couplings to the
SU(3) predictions for different
quark-structure hypotheses

KLOE SU(3)

4q qq̄ f0 = ss̄ qq̄ f0 = (uū + dd̄)/
√

2

(ga0K+K−/ga0ηπ )2 0.6–0.7 1.2–1.7 0.4 0.4

(gf0K+K−/gf0π+π− )2 4.6–4.8 ≫1 ≫1 1/4

(gf0K+K−/ga0K+K− )2 4–5 1 2 1

Dalitz plot of the η′ → ππη system. The golden channel for
KLOE-2 is the decay chain η′ → π+π−η, with η → γ γ .
The signal can be easily identified requiring the η and η′

invariant masses. Such a final state was already studied at
KLOE to measure the branching fraction of the φ → η′γ
decay [300]. The analysis efficiency was 22.8%, with 10%
residual background contamination. With O(10) fb−1, we
expect 80,000 fully reconstructed events. Following Ref.
[229] we have written the matrix element of the decay and
built a MC generator. In Fig. 18 the mπ+π− invariant mass
distribution is shown with and without the σ contribution
with the expected KLOE-2 statistics. Good sensitivity to
the parameters of the σ meson is therefore expected from
the study of this channel.

4.3.3 φ → K0K̄0γ

The φ meson can decay to the a0(980) and f0(980) scalars
with the emission of one photon. Both of them couples
to K+K− and K0K̄0, so that the decay φ → K0K̄0γ

is expected to proceed through an [f0(980) + a0(980)]γ
intermediate state. SU(2) relates the coupling constant to
the pseudoscalars in a clean way: gf0π+π− = 2gf0π0π0 ,
gf0K0K̄0 = gf0K+K− , ga0K0K̄0 = −ga0K+K− . Due to the op-
posite sign in gf0K0K̄0 · gf0K+K− and ga0K0K̄0 · ga0K+K− ,

Fig. 18 The mπ+π− distribution in the η′ → ηπ+π− decay with
the σ meson contribution (right-centered distribution) and without
(left-centered distribution) contribution

destructive interference between f0(980) and a0(980) is
expected. The scalars decay in an even combination of
|K0⟩|K̄0⟩: |K0⟩K̄0⟩+|K̄0⟩K0⟩√

2
= |KS ⟩|KS ⟩+|KL⟩KL⟩√

2
. The chan-

nel with two KS in the final state can be easily identified
through the KS → π+π− decay, looking for 4 tracks point-
ing to the IP. The main background comes from φ → KSKL

events with a CP -violating decay KL → π+π−. In KLOE,
the KS decay path is 6 mm, while for the KL is ∼3.4 m.
Therefore the KL vertices are uniformly distributed in a
small region around the IP. Cuts on the vertex position are
the most effective way to remove KSKL background. KLOE
[301] has already analyzed a sample of 2.2 fb−1 of data, ob-
serving 5 events with 3.2 ± 0.7 expected background. The
result is BR(φ → K0K̄0γ ) < 1.9×10−8, at 90% C.L. Scal-
ing these numbers with the KLOE-2 statistics we expect to
reach a sensitivity of BR(φ → K0K̄0γ ) < 1 × 10−8. The
inner tracker will provide in the second phase of the exper-
iment three times better vertex resolution which is benefi-
cial for the rejection capability and together with 20 fb−1 of
integrated luminosity could lead to first observation of the
decay.

5 Physics in the continuum: σhad

In this section we discuss the physics reach of the DA&NE
running outside the φ-meson peak. We consider a maximal
energy of

√
s = 2.5 GeV with a luminosity of

∼1032 cm−2 s−1 already exceeded by DA&NE at the φ

peak. With such a machine one can collect an integrated
luminosity of O(10) fb−1 between 1 and 2.5 GeV in a few
years of data taking. This high statistics, much larger than
what collected at any collider in this energy range, would
allow major improvements in physics, with relevant impli-
cations for the precision tests of the SM, such as the g-2
of the muon and the effective fine-structure constant at the
MZ scale, αem(M2

Z). The only direct competitor is VEPP-
2000 at Novosibirsk, which will cover the center-of-mass
energy range between 1 and 2 GeV with two experiments.
VEPP-2000 is expected to start by year 2010 with a lumi-
nosity from 1031 cm−2 s−1 at 1 GeV to 1032 cm−2 s−1 at 2
GeV, as presented in more detail in Sect. 5.6. Other indirect
competitors are the higher-energy e+e− colliders (τ -charm
and B-factories) which in principle can cover the same en-
ergy range by means of radiative return. However, due to
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the photon emission, the “equivalent” luminosity produced
by these machines in the region between 1 and 2.5 GeV is
much less than what proposed in the KLOE-2 program.

In the following subsections we present the main physics
motivations for the off-peak running. We start with the im-
provements on the cross sections σ (e+e− → hadrons) in
a wide center-of-mass energy range, from the ππ thresh-
old up to 2.5 GeV discussing the implications for preci-
sion tests of the SM (Sect. 5.1) and vector-meson spec-
troscopy (Sect. 5.5). The physics reach with the study of γ γ

processes is presented in Sect. 6.

5.1 SM precision tests and σhad at low energy

The comparison of the SM predictions with precision data
served in the last few decades as an invaluable tool to
test this theory at the quantum level. It has also provided
stringent constraints on many NP scenarios. The remark-
able agreement between the precision measurements of elec-
troweak observables and their SM predictions is a striking
experimental confirmation of the theory, even if there are
a few observables where the agreement is not so satisfac-
tory. On the other hand, the Higgs boson has not yet been
observed and there are clear phenomenological facts (e.g.,
dark matter, matter–antimatter asymmetry in the universe)
as well as strong theoretical arguments hinting at the pres-
ence of physics beyond the SM. Future colliders, such as the
LHC or the ILC will hopefully answer many such questions
offering at the same time, great physics potential, and a new
challenge to provide even more precise theoretical predic-
tions.

Precise SM predictions require precise input parameters.
Among the three basic input parameters of the electroweak
(EW) sector of the SM—the fine-structure constant α, the
Fermi coupling constant GF and the mass of the Z boson—
α is by far the most precisely known, determined mainly
from the anomalous magnetic moment of the electron with
an amazing relative precision of 0.37 parts per billion (ppb)
[302]. However, physics at non-zero squared momentum
transfer q2 is actually described by an effective electromag-
netic coupling α(q2) rather than by the low-energy con-
stant α itself. The shift of the fine-structure constant from
the Thomson limit to high energy involves non-perturbative
hadronic effects which spoil this fabulous precision. Indeed,
the present accuracies of these basic parameters are [18,
302–305]

δα

α
∼ 4 × 10−10,

δα(M2
Z)

α(M2
Z)

∼ O
(
10−4),

δMZ

MZ
∼ 2 × 10−5,

δGF

GF
∼ 4 × 10−6.

The relative uncertainty of α(M2
Z) is roughly one order of

magnitude worse than that of MZ , making it one of the lim-

iting factors in the calculation of precise SM predictions.
The effective fine-structure constant at the scale MZ α(M2

Z)

plays a crucial role in basic EW radiative corrections of
the SM. An important example is the EW mixing parameter
sin2 θ , related to α, GF and MZ via the Sirlin relation [306–
310]

sin2 θS cos2 θS = πα√
2GF M2

Z(1 − ∆rS)
, (63)

where the subscript S identifies the renormalization scheme.
∆rS incorporates the universal correction ∆α(M2

Z), large
contributions that depend quadratically on the top quark
mass [311] (which led to its indirect determination before
the discovery of this quark at the Tevatron [312, 313]), plus
all remaining quantum effects. Neglecting the latter sub-
leading corrections, SM predictions of precision observables
which have been measured at LEP would fail at the 10σ

level. In the SM, ∆rS depends on various physical parame-
ters such as α, GF , MZ , MW , MH , mf , etc., where mf

stands for a generic fermion mass. As MH , the mass of
the Higgs boson, is the only relevant unknown parameter
in the SM, important indirect bounds on this missing in-
gredient can be set by comparing the calculated quantity
in (63) with the experimental value of sin2 θS . These con-
straints can be easily derived using the simple formulae of
Refs. [314–319], which relate the effective EW mixing angle
sin2 θ

lept
eff (measured at LEP and SLC from the on-resonance

asymmetries) with ∆α(M2
Z) and other experimental inputs

such as the mass of the top quark. It is important to note
that an error of δ∆α(M2

Z) = 35 × 10−5 [320] in the effec-
tive electromagnetic coupling constant dominates the uncer-
tainty of the theoretical prediction of sin2 θ

lept
eff , inducing an

error δ(sin2 θ
lept
eff ) ∼ 12 × 10−5 (which is not much smaller

than the experimental one δ(sin2 θ
lept
eff )EXP = 16 × 10−5 de-

termined by LEP and SLD [321, 322]) and affecting the
Higgs boson mass bound. Moreover, as measurements of
the effective EW mixing angle at a future linear collider may
improve its precision by one order of magnitude [323], a
much smaller value of δ∆α(M2

Z) will be required as dis-
cussed in the next subsection. It is therefore crucial to as-
sess all viable options to further reduce this uncertainty. The
latest global fit of the LEP Electroweak Working Group,
which employs the complete set of EW observables, leads
at present to the value MH = 87+35

−26 GeV and the 95% C.L.
upper limit of 157 GeV (Fig. 19) [322]. This limit increases
to 186 GeV when including the LEPII direct search lower
limit of 114 GeV.

5.2 The fine-structure constant at the MZ scale

Let us examine the running of the effective fine-structure
constant to the scale MZ , that can be defined by ∆α(M2

Z) =
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Fig. 19 The line is the result of the Electroweak Working Group fit
using all data [322]; the band represents an estimate of the theoretical
error due to missing higher-order corrections. The vertical bands show
the 95% C.L. exclusion limits on MH from the direct searches

4παRe[Π (f )
γ γ (0) − Π

(f )
γ γ (M2

Z)], where Π
(f )
γ γ (q2) is the

fermionic part of the photon vacuum polarization func-
tion (with the top quark decoupled). Its evaluation includes
hadronic contributions where long-distance QCD cannot be
calculated analytically. These contributions cause the afore-
mentioned dramatic loss of accuracy, by several orders of
magnitude which occurs moving from the value of α at
vanishing momentum transfer to that at q2 = M2

Z . The
shift ∆α(M2

Z) can be divided in two parts: ∆α(M2
Z) =

∆αlep(M
2
Z) + ∆α

(5)
had(M

2
Z). The leptonic contribution is cal-

culable in perturbation theory and known up to three loops:
∆αlep(M

2
Z) = 3149.7686 × 10−5 [324]. The hadronic con-

tribution ∆α
(5)
had(M

2
Z) of the five quarks (u, d , s, c, and b)

can be computed from hadronic e+e− annihilation data via
the dispersion relation [325]:

∆α
(5)
had

(
M2

Z

)
= −

(
αM2

Z

3π

)

Re
∫ ∞

4m2
π

ds
R(s)

s(s − M2
Z − iϵ)

,(64)

where R(s) = σ (0)(s)/(4πα2/3s) and σ (0)(s) is the total
cross section for e+e− annihilation into any hadronic state,
with vacuum polarization and initial-state QED corrections
subtracted off. In the 1990s, detailed evaluations of this
dispersive integral have been carried out by several au-
thors [326–336]. More recently, some of these analyses were
updated to include new e+e− data—mostly from CMD-
2 [337] and BESII [338]—obtaining: ∆α

(5)
had = 2761 (36) ×

10−5 [339], ∆α
(5)
had = 2757 (36) × 10−5 [340], ∆α

(5)
had =

2755 (23) × 10−5 [341], and ∆α
(5)
had = 2749 (12) × 10−5

[342]. The reduced uncertainty of the latter result has been
obtained making stronger use of theoretical inputs. The

reduction, by a factor of two, of the uncertainty quoted
in Ref. [326] (70 × 10−5) with respect to that in [340]
(36 × 10−5) is mainly due to the data from BESII. The
latest updates, ∆α

(5)
had = 2758 (35) × 10−5 [320], ∆α

(5)
had =

2768 (22)× 10−5 [343], and ∆α
(5)
had = 2759.4 (21.9)× 10−5

[305], include also the KLOE measurements [344]. In par-
ticular, the latest CMD-2 [345–347] and SND [348] data
where included in the derivations of Refs. [305, 343],
and the BaBar [349–351] data were also used in that of
Ref. [305]. Table 14 from Ref. [340] shows that an un-
certainty δ∆α

(5)
had ∼ 5 × 10−5 needed for precision physics

at a future linear collider requires the measurement of the
hadronic cross section with a precision of O(1%) from ππ

threshold up to the Υ peak.
As advocated in Ref. [352], the dispersion integral as in

(64) can be calculated in a different way: it is sufficient to
calculate ∆α

(5)
had(s) not directly at s = M2

Z , but at some much
lower scale s0 = −M2

0 in the Euclidean region, which is
chosen such that the difference ∆α

(5)
had(M

2
Z) − ∆α

(5)
had(−M2

0 )

can be reliably calculated using perturbative QCD (pQCD).
In (64) pQCD is used to compute the high-energy tail, in-
cluding some perturbative windows at intermediate ener-
gies. An extended use of pQCD is possible by monitor-
ing the validity of pQCD via the Adler function, essen-
tially the derivative of ∆α

(5)
had(s) evaluated in the spacelike

region: D(Q2)
Q2 = − 3π

α
d∆αhad

dq2 |q2=−Q2 . Using a full-fledged
state-of-the-art pQCD prediction for the Adler function one
finds that ∆α

(5)
had(−M2

Z) − ∆α
(5)
had(−M2

0 ) can be neatly cal-
culated from the predicted Adler function [353] for M0 ∼
2.5 GeV as a conservative choice. Also the small missing
∆α

(5)
had(M

2
Z) − ∆α

(5)
had(−M2

Z) terms can safely be calculated
in pQCD. The crucial point is that pQCD is used in a fully
controlled manner, away from thresholds and resonances.
There are three points to note: (i) this strategy allows a more
precise determination of ∆α

(5)
had(M

2
Z) than the direct method

based on (64); (ii) it requires a precise QCD calculation and
relies on a very precise determination of the QCD parame-
ters αs , mc and mb [354]; (iii) the method relies mainly on
the precise cross section measurements at low energy which
at the same time are needed to reduce the uncertainty on the
prediction of the muon g-2. Thus projects such as KLOE-2

Table 14 The uncertainties δ∆α
(5)
had (first column) and the errors in-

duced by these uncertainties on the theoretical SM prediction for
sin2 θ

lept
eff (second column). The third column indicates the correspond-

ing requirements on the R measurement

δ∆α
(5)
had × 105 δ(sin2 θ

lept
eff ) × 105 Request on R

22 7.9 Present

7 2.5 δR/R ∼ 1% up to J/ψ

5 1.8 δR/R ∼ 1% up to Υ
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are crucial for a better determination of the effective fine-
structure constant and the muon g-2 [305].

5.3 The muon g-2

During the last few years, in a sequence of measurements
of increasing precision, the E821 collaboration at the BNL
has determined aµ = (gµ − 2)/2 with a fabulous relative
precision of 0.5 parts per million (ppm) [355–359], allow-
ing us to test all sectors of the SM and to scrutinize vi-
able alternatives to this theory [360–362]. The present world
average experimental value is aEXP

µ = 116 592 089 (63) ×
10−11 (0.54 ppm) [358, 359, 363]. This impressive result is
still limited by statistical errors, and a proposal to measure
the muon g-2 to a precision of 0.14 ppm has recently been
submitted to FNAL [364]. But how precise is the theoretical
prediction?

The SM prediction of the muon g-2 is conveniently di-
vided into QED, electroweak (EW) and hadronic (leading-
and higher-order) contributions: aSM

µ = a
QED
µ + aEW

µ +
aHLO
µ + aHHO

µ . The QED prediction, computed up to four

(and estimated at five) loops, currently stands at a
QED
µ =

116584718.10(16) × 10−11 [365–372], while the EW ef-
fects, suppressed by a factor (m2

µ/M2
W), provide aEW

µ =
154(2) × 10−11 [373–375].

As in the case of the effective fine-structure constant at
the scale MZ , the SM determination of the anomalous mag-
netic moment of the muon is presently limited by the evalua-
tion of the hadronic vacuum polarization and, in turn, by our
knowledge of the low-energy total cross section for e+e−

annihilation into hadrons. Indeed, the hadronic leading-
order contribution aHLO

µ , due to the hadronic vacuum po-
larization correction to the one-loop diagram, involves long-
distance QCD effects which cannot be computed perturba-
tively. However, using analyticity and unitarity, it was shown
long ago that this term can be computed from hadronic e+e−

annihilation data via the dispersion integral [376]

aHLO
µ =

(
1/4π3)

∫ ∞

4m2
π

ds K(s)σ (0)(s)

=
(
α2/3π2)

∫ ∞

4m2
π

ds K(s)R(s)/s, (65)

where K(s) is a kernel function which decreases monoton-
ically for increasing s. This integral is similar to the
one entering the evaluation of the hadronic contribution
∆α

(5)
had(M

2
Z) in (64). Here, however, the weight function in

the integrand gives a stronger weight to low-energy data.
Figure 20 from Ref. [377] shows the fractions of the to-
tal contributions and (errors)2 from various energy inter-
vals in the dispersion integrals for aHLO

µ and ∆α
(5)
had(M

2
Z).

An important role among all e+e− annihilation measure-

Fig. 20 The pie diagrams show the fractions of the total contributions
and (errors)2 from various energy intervals in the dispersion integrals
in (64), (65). The diagrams for the LO hadronic contribution to g-2,
shown in the first row, correspond to subcontributions with energy
boundaries at 0.6, 0.9, 1.4, 2 GeV and ∞, whereas for the hadronic
contribution to the effective fine-structure constant, shown in the sec-
ond row, the boundaries are at 0.6, 0.9, 1.4, 2, 4, 11.09 GeV and ∞. In
the (error)2 diagrams, the contributions arising from the treatment of
the radiative corrections to the data are also included [377]

ments is played by the precise data collected by the CMD-
2 [337, 345–347] and SND [348] experiments at the VEPP-
2M collider in Novosibirsk for the e+e− → π+π− cross
section in the energy ranges

√
s ∈ [0.37,1.39] GeV and√

s ∈ [0.39,0.98] GeV, respectively. In 2004 the KLOE ex-
periment has obtained a precise measurement of σ (e+e− →
π+π−) via the initial-state radiation (ISR) method at the
φ resonance [344]. This cross section was extracted for√

s between 0.59 and 0.97 GeV with a systematic error
of 1.3% and a negligible statistical one. More recently
KLOE published a new measurement with larger statis-
tics and a systematic error of 0.9% [378]. KLOE, CDM-
2 and SND give consistent contributions to aµ, and the
evaluations of the dispersive integral in (65) are in good
agreement: aHLO

µ = 6894 (42)exp(18)rad × 10−11 [343],
aHLO
µ = 6909 (39)exp(20)th × 10−11 [379, 380], aHLO

µ =
6903.0 (52.6) × 10−11 [381, 382].

The e+e− → π+π−(γ ) process via ISR has also been
studied by BaBar, which has recently reported a new mea-
surement of the π+π−(γ ) cross section from threshold up
to 3 GeV [383]. The BaBar data have been included in a new
evaluation of the lowest-order hadronic contribution to aµ:
aHLO
µ = 6955.0 (41.0) × 10−11 [384].

The term aHLO
µ can alternatively be computed incorpo-

rating hadronic τ -decay data, related to those of hadropro-
duction in e+e− collisions via isospin symmetry [336, 385,
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386]. Unfortunately, even if isospin violation corrections are
taken into account [387–390], the τ -based value is higher
than the e+e−-based one, leading to a small (∼2 σ ) ∆aµ

difference [391]. As the e+e− data are more directly related
to the aHLO

µ calculation than the τ ones, the latest analy-
ses do not include the latter. Also, recently studied addi-
tional isospin-breaking corrections somewhat reduce the dif-
ference between these two sets of data (lowering the τ -based
determination) [391–393], and a new analysis of the pion
form factor claims that the τ and e+e− data are consistent
after isospin violation effects and vector-meson mixing are
considered [394–396].

The higher-order hadronic term is further divided into
two parts: aHHO

µ = aHHO
µ (vp) + aHHO

µ (lbl). The first one,
−98 (1) × 10−11 [343], is the O(α3) contribution of di-
agrams containing hadronic vacuum polarization inser-
tions [397]. The second term, also of O(α3), is the hadronic
light-by-light contribution; as it cannot be determined from
data, its evaluation relies on specific models. Three major
components of aHHO

µ (lbl) can be identified: charged-pion
loops, quark loops, and pseudoscalar (π0, η, and η′) pole
diagrams. The latter ones dominate the final result and re-
quire information on the electromagnetic form factors of the
pseudoscalars (c.f. Sect. 4.2 and Sect. 6.2.2). Recent de-
terminations of aHHO

µ (lbl) vary between 80(40) × 10−11

[398, 399] and 136(25) × 10−11 [400]. The latest ones,
105(26) × 10−11 [401] and 116(39) × 10−11 [382, 402],
lie between them. If we add the second of these two re-
sults to the leading-order hadronic contribution, for exam-
ple the value of Refs. [381, 382], and the rest of the SM
contributions, we obtain aSM

µ = 116591793(66) × 10−11.
The difference with the experimental value is then ∆aµ =
aEXP
µ −aSM

µ = 296(91)×10−11, i.e., 3.3 standard deviations
(all errors were added in quadrature). Slightly higher dis-
crepancies are obtained employing the values of the leading-
order hadronic contribution reported in Refs. [379, 380] or
[343]. Recent reviews of the muon g-2 can be found in
Refs. [372, 381, 382, 403–409].

Hypothetical errors in the SM prediction that could ex-
plain the present discrepancy with the experimental value
were discussed in Ref. [410, 411]. The authors concluded
that none of them looks likely. In particular, a hypothetical
increase of the hadroproduction cross section in low-energy
e+e− collisions could bridge the muon g-2 discrepancy, but
it was shown to be unlikely in view of current experimen-
tal error estimates. If, nonetheless, this turns out to be the
explanation of the discrepancy, it was shown that the 95%
C.L. upper bound on the Higgs boson mass is then reduced
to about 130 GeV which, in conjunction with the experi-
mental 114.4 GeV 95% C.L. lower bound, leaves a narrow
window for the mass of this fundamental particle.

The analysis of this section shows that while the QED and
EW contributions to the anomalous magnetic moment of the

muon appear to be ready to rival the forecasted precisions of
future experiments, much effort will be needed to reduce the
hadronic uncertainty. This effort is challenging but possible,
and certainly well motivated by the excellent opportunity the
muon g-2 is providing us to unveil (or constrain) NP effects.
Once again, a medium-term program of hadronic cross sec-
tion measurements is clearly essential.

5.4 σhad measurements at low energy

In the last 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 ∆αhad and ahad

µ . Figure 21 shows an
up-to-date compilation of these data.

The main improvements have been achieved in the re-
gion below 5 GeV: between 2 and 5 GeV (where the data
are now closer to the prediction of pQCD), the BESII col-
laboration reduced the error to ∼7% [338] (before it was
∼15%); between 1 and 4.5 GeV BaBar measured various
final states with more than two hadrons with a systematic
accuracy between 5% and 15%, as shown in Table 15; be-
low 1 GeV, the CMD-2 and SND collaborations at Novosi-
birsk, KLOE at Frascati and BaBar 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%, respec-
tively. The CMD-2 and SND collaborations at Novosibirsk
and BESII in Beijing were performing 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 the method of radiative return [417–424], as re-
viewed in Refs. [425, 426]. Figure 21 shows that, despite
the recent progress, the region between 1 and 2 GeV is still
poorly known, with a fractional accuracy of ∼10%. Since
about 50% of the error squared, δ2 ahad

µ , comes from this re-

gion (and about 70% of δ2∆α
(5)
had(−M2

0 )), it is evident how
desirable an improvement on this region is.

5.5 Vector-meson spectroscopy

Cross sections of exclusive final states are also impor-
tant for the spectroscopy of vector mesons whose prop-
erties provide fundamental information on interactions of
light quarks. The ω(1420), ρ(1450), ω(1650), φ(1680),
and ρ(1700) have been found between 1 and 2 GeV [18]
but even their basic parameters (M, Γ, Γee) are poorly
known. The mass of these states is in satisfactory agree-
ment with QCD which actually predicts three sets of vec-
tors ρ, ω, φ from 1 to 2 GeV [427]. Recent studies of
e+e− → π+π−π0 by SND [428] and BaBar [412] as well
as e+e− → 2π+2π−π0 by CMD-2 [429] and BaBar [350]
have significantly affected the ω(1420) and ω(1650) para-
meters. In the π+π−π0 final state the cross sections mea-
sured by SND and BaBar are in good agreement at

√
s <
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Fig. 21 An updated
compilation of R measurements.
In the bottom line the overall
uncertainties of the different
regions are reported

Table 15 Systematic accuracy on several processes studied by BaBar
in the energy range

√
s < 4.5 GeV using ISR. Integrated luminosity is

232 fb−1 for all processes but 3π and 2π+2π− where only 89 fb−1

were used

Process Systematic accuracy Reference

π+π−π0 (6–8)% [412]

2π+2π− 5% [413]

2π2π0 (8–14)% [414]

2π+2π−π0 (8–11)% [350]

2π+2π−η 7% [350]

3π+3π− + 2π+2π−2π0 (6–11)% [415]

KKπ (5–6)% [416]

K+K−ππ (8–11)% [349]

1.4 GeV, whereas above this energy the BaBar cross section
is more than two times larger than what previously measured
by DM2 [430]. The estimated values of the leptonic width
of the ω(1420) and ω(1650) states are significantly higher
than what found in Ref. [427]. The ρ(1450) and ρ(1700)

are expected to predominantly decay into four pions. Var-
ious measurements of both 2π+2π− and π+π−2π0 agree
with each other [413, 431–433] showing one broad struc-
ture only, while three interfering ρ’s have been observed in
the two-pion decay of the τ -lepton [434]. A peculiar inter-
ference pattern or the existence of additional exotic states
close to the regular qq̄ states and mixed with them [435,
436] can explain these results. It is also possible that the
ρ(1450) and ρ(1700) have different decay modes. BaBar
has recently reported the observation of two structures at
∼1.5 GeV [416]. The broad one in the KK∗ state (width
of 418 ± 25 ± 4 MeV) could be interpreted as the overlap-
ping of ρ(1450) and ρ(1700) mesons, but the one in the
φπ0 final state with a smaller width of 144 ± 75 ± 43 MeV,
should have a different origin. Its properties are very close
to those of the C(1480) observed more than 20 years ago
in π−p collisions [437]. The φπ0 cross section also ex-
hibits some narrow structures at 1.9 GeV, which could be
the ρ(1900) earlier observed in the 3π+3π− state pho-
toproduction [438], in the total R at e+e− collider [439]
as well as in both 3π+3π− and 2π+2π−2π0 cross sec-
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tions measured by DM2 [440] and BaBar [415] (although
with a larger width). The statistical significance of these
findings is not sufficient to exclude that an OZI-violating
decay mode of the ρ(1700) was observed [415]. BaBar
also reports clear evidence for the ρ(2150) meson in the
η′(958)π+π− and f1(1285)π+π− cross sections [350]. Fi-
nally, BESII has recently reported evidence for a very broad
(∼800 MeV) K+K− state at about 1.5 GeV produced in
J/ψ decays [441], with isovector quantum numbers which
have been obtained from a partial-wave analysis. These
measurements can hardly be reconciled with what was ob-
served to both K+K− and K0

SK0
L final states.

Evidence for the φ(1680) was only based on an old ob-
servation of the structure in the K0

SK±π∓ final state by
DM1 [442]. BaBar has recently confirmed the resonance in
both KK∗ and φη [416] modes while Belle has found it in
the φπ+π− final state [443]. There is, however, a conflict-
ing result of FOCUS [444], which observes a structure with
similar parameters in the K+K− and does not observe it in
the KK∗ channel.

BaBar has observed a new isoscalar resonance in the
K+K−π+π− and K+K−π0π0 final states (predominantly
φf0(980)) at 2.12 GeV [349, 413]. This result is confirmed
by BESII with the analysis of the same final state in J/ψ →
ηφf0(980) decay [445] and by Belle [443].

There are still many puzzles and unknown things call-
ing for more theoretical and experimental efforts. Some
progress, limited by the number of events, is expected from
the ISR studies at BaBar and Belle. A real breakthrough can
happen with the direct scanning at lower-energy colliders,
VEPP-2000 and DA&NE.

Before discussing the improvements on the hadronic
cross section measurements expected from KLOE-2 in the
region [2mπ –2.5 GeV], we review the status of the main
competitor, VEPP-2000.

5.6 VEPP-2000 prospects

The VEPP-2000 e+e− collider at the Budker Institute of
Nuclear Physics (BINP) in Novosibirsk will cover the en-
ergy range up to 2 GeV which accounts for the ∼92% of the
hadronic contribution to the g-2 of the muon. Two different
detectors will take data at VEPP-2000: the upgraded Spher-
ical Neutral Detector (SND) and newly constructed Cryo-
genic Magnetic Detector (CMD-3). SND is a non-magnetic
detector, whose basic part is a three-layer electromagnetic
calorimeter consisting of NaI(Tl) crystals, 13.4 radiation-
length long. The calorimeter covers nearly 90% of the full
solid angle. Charged-particle tracking is provided by a cylin-
drical drift chamber. Particle identification is performed with
aerogel Cherenkov counters of high density (n = 1.13).

CMD-3 is a magnetic detector based on a cylindrical drift
chamber (DC) to measure coordinates, angles and momenta

of charged particles. The DC is surrounded by a Z-chamber
(ZC) to measure the coordinate along the beam direction.
DC and ZC are placed inside the thin (∼0.18 X0) super-
conducting solenoid with a magnetic field of 1.3 T. Coor-
dinates and energies of photons are measured by the barrel
system based on the liquid Xe calorimeter (7X0) and CsI
(8X0) crystals. BGO crystals (13X0) are used in the end cap
calorimeter.

As a rule, the pion form factor is calculated via the ra-
tio Nππ/Nee which is directly measured using collinear
events. The trigger and reconstruction inefficiencies can-
cel out partly in this ratio. Geometrical efficiencies ϵee

and ϵππ are calculated via Monte Carlo simulation to-
gether with corrections for the detector imperfections. To
achieve a systematic error less than 0.1% the beam en-
ergy must be measured with 10−4 fractional uncertainty
or better. The variation of the derivative with the energy,
d|Fπ (

√
s)|2/d√

s/|Fπ (
√

s)|2 · ∆
√

s (∆E = 10−3E) does
not exceed ±1% but in the energy range near ω and φ

mesons where it is about 6%.
Radiative corrections are included in the Monte Carlo

generator (MCGPJ) by means of the Structure Function
approach. The estimated theoretical error on the process
e+e− → π+π−, K+K− (with point-like pions and kaons)
is 0.2%. A similar (or even better) accuracy is expected for
channels with neutral particles in the final state because only
ISR contributes to the cross sections.

In a few years CMD-3 and SND experiments at VEPP-
2000 will provide new precision results on the measure-
ments of the exclusive hadronic cross sections below 2 GeV.
Progress is particularly expected in the e+e− → π+π−

channel, where a systematic uncertainty of about 0.4% or
even better will be achieved.

5.7 Improving σππ below 1 GeV with KLOE-2

The region below 1 GeV is dominated by the two-pion chan-
nel which accounts for 70% of the contribution to ahad

µ , and
for 40% to the total error δ2aµ as shown in Fig. 20. How can
this error be reduced? Let us consider the region around the
ρ and π+π− threshold: (i) the π+π− region between 0.5
and 1 GeV has been studied by different experiments. CMD-
2 and SND have performed an energy scan at the e+e−

collider VEPP-2M (
√

s ∈ [0.4–1.4] GeV) with ∼106 and
∼4.5×106 events respectively, and systematic fractional er-
rors from 0.6% to 4% in the cross sections, depending on√

s. The pion form factor has also been measured by KLOE
using ISR, and more recently by BaBar. KLOE collected
more than 3.1 million events, corresponding to an integrated
luminosity of 240 pb−1, leading to a relative error of 0.9%
in the energy region [0.6–0.97] GeV dominated by systemat-
ics. BaBar has presented a π+π−(γ ) cross section measure-
ment based on half a million selected events. The pion form
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factor is obtained by the ratio π+π−(γ ) to µ+µ−(γ ) which
allows a systematic error of 0.5% in the ρ region increas-
ing to 1% outside; (ii) the threshold region [2mπ –0.5 GeV]
provides 13% of the total π+π− contribution to the muon
anomaly: aHLO

µ [2mπ−0.5 GeV] = (58.0 ± 2.1) × 10−10.
To overcome the lack of precision data at threshold ener-
gies, the pion form factor is extracted from a parametriza-
tion based on ChPT, constrained from spacelike data [446].
The most effective way to measure the cross section near
the threshold in the timelike region is provided by ISR
events, where the emission of an energetic photon allows
the study of the two pions at rest. However at DA&NE,
the process φ → π+π−π0 with one missing photon is hun-
dreds of times more frequent than the signal, and therefore
a precision measurement requires an accurate evaluation of
the background. Furthermore, irreducible background due
to φ → π+π−γ is also present while running at the φ reso-
nance peak. The background issue can be largely overcome
by taking data at

√
s < Mφ : KLOE has analysed about 200

pb−1 of integrated luminosity at 1 GeV and a new measure-
ment of the pion form factor has been recently presented
[447].

Figure 22 shows the statistical precision that can be
reached in the region below 1 GeV with an integrated lumi-
nosity of 2 fb−1 at 1 GeV for each bin of ∆s = 0.01 GeV2.
This luminosity leads to a statistical error on aHLO

µ of a few
per mill. The experimental systematic error could be kept at
the same level (now is at 1%) by taking data at 1 GeV, where
the background conditions (mainly from φ → π+π−γ and
φ → π+π−π0) which especially affect the threshold region,
are much more favorable. The theoretical error, of the order
of 0.6%, dominated by the uncertainty on the radiator func-
tion (= 0.5%), could be reduced to a few per mill in the fu-
ture. The dependence on the theory is much reduced by the

Fig. 22 The fractional statistical error on the cross section
dσππγ /dM2

ππ and on the ratio dσππγ /dσµµγ as a function of the ππ

invariant mass squared, s′ = M2
ππ (bin width = 0.01 GeV2) for an in-

tegrated luminosity of 2 fb−1 at 1 GeV

measurement of the ππγ /µµγ ratio where the main uncer-
tainty on the radiator function and vacuum polarization can-
cel out in the ratio so that with an integrated luminosity of
2 fb−1 at 1 GeV a fractional error of 0.4% could be reached.

5.8 Improving σhad above 1.02 GeV with KLOE-2

The region [1–2.5] GeV, with an uncertainty on σhad of
roughly 11%, is the most poorly known, and contributes
about 55% of the uncertainty on aHLO

µ and 40% of the er-

ror on ∆α
(5)
had(M

2
Z) [305]. In this region BaBar has published

results on e+e− into three and four hadrons, obtained with
an integrated luminosity of 89 fb−1 [412]. KLOE-2 can im-
prove both the exclusive and inclusive measurements. At
1032 cm−2 s−1 luminosity, a scan in the region from 1 to
2.5 GeV aiming at an integrated luminosity of 20 pb−1 per
point corresponds to few days of data taking for each en-
ergy bin. By assuming an energy step of 25 MeV, the whole
region would be thus scanned in one year of data taking.
As shown in Fig. 23, the statistical yield would be one or-
der of magnitude higher than what achieved with 1 ab−1

at BaBar, and better than what expected at BESIII with
10 fb−1 at 3 GeV. Figure 24 shows the statistical error on
the π+π−π0, 2π+2π− and π+π−K+K− channels which
can be achieved by an energy scan of 20 pb−1 per point,
compared with Babar published (89 fb−1) and tenfold (890
fb−1) statistics. The energy scan allows a statistical accu-
racy at 1% level for most of the energy points. In addition,
KLOE-2 can benefit of the high machine luminosity and use
ISR as well.

The energy scan for a precision measurement of the
cross sections requires the knowledge of the energy of the
beams circulating in the collider with a fractional accuracy
of O(10−4), i.e., ∼100 keV at 1 GeV. Two well established
techniques exist: the resonant depolarization (RD) technique
and Compton backscattering (CBS) of laser photons against
the electron beam, as reviewed in Ref. [448]. The RD tech-
nique provides an accuracy of 1–3 keV and is based on
polarized electrons, a requirement not easy to fulfil at the
low-energy colliders and making in addition the energy de-
termination a very time-consuming task. The CBS method
is less accurate, but does not need of any special condition
on the beams. For this reason, it seems more suitable for
DA&NE. The measurement procedure consists of the ac-
quisition of the order of 106 events providing an accurate
determination of the photon Compton spectrum. In one ac-
quisition hour at VEPP-4M [448] a statistical accuracy on
the beam energy of 70–100 keV has been obtained with the
CBS method. The simultaneous measurement of the energy
of the scattered electron can be used to improve the pre-
cision on the beam energy. This is what has been done at
the GRAAL beam at the ESRF machine in Grenoble. The
GRAAL beam is a Compton-backscattered beam with max-
imal photon energy of 1.5 GeV (ωl = 3.51 eV, Ee = 6 GeV),
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Fig. 23 Comparison of the event yield in terms of “equivalent” lu-
minosity for BaBar with 89 fb−1 (circle); BaBar with 1 ab−1 (cross);
BESIII using 10 fb−1 at 3 GeV (triangle). A polar angle of the photon
larger than 20◦ and a bin width of 25 MeV have been assumed

Fig. 24 Comparison of the statistical accuracy in the cross section
among an energy scan with 20 pb−1 per point (◦) at KLOE-2; the pub-
lished BaBar results (•), BaBar with 890 pb−1 of integrated luminosity
(triangle) for the π+π−π0 (top), π+π−K+K− (middle) and 2π+2π−

(bottom) channels. An energy step of 25 MeV is assumed

mainly devoted to photonuclear reactions [449]. At GRAAL
the determination of the γ -ray energy is achieved by tagging
the scattered electrons which are separated from the primary
beam by machine optics (bending magnets and quadrupoles)
downstream to the laser–beam interaction region. The tag-
ging detector consists of a silicon µstrip placed in a suit-
able position along the machine lattice, and measuring the
displacement of these electrons from the orbit of nominal-
energy particles. From the displacement, the energy of the
electron is inferred and thus the photon one. The advantage

of this approach lies in the great accuracy of the position
measurements of the silicon strip detectors. A precision in
the energy beam to the 10 keV level was actually achieved
with the µstrip detectors [450].

5.9 Summary on σhad measurements

In summary, precision tests of the SM require a more accu-
rate knowledge of the hadronic cross section in the whole
energy range, from the 2mπ threshold to 2.5 GeV. The re-
gion between 1 and 2.5 GeV is at present the most poorly
known and is crucial especially for the hadronic corrections
to the effective fine-structure constant at the MZ scale. In
order to improve the theoretical accuracy of aHLO

µ the preci-
sion measurement of the hadronic cross section close to the
ππ threshold is also required. In both regions KLOE-2 can
give important contributions bringing the accuracy on aHLO

µ

to about 3×10−10. The result can be achieved by measuring
both (i) the ratio π+π−(γ ) to µ+µ−(γ ) with 0.4% accu-
racy at 1 GeV with ISR and (ii) the hadronic cross section
in the [1–2.5] GeV region with [1–2]% fractional error. This
would represent a factor of two improvement on the error of
aHLO
µ , needed to clarify the 3σ discrepancy in conjunction

with the proposed muon g-2 experiments at FNAL [364] and
J-PARC [451].

6 Physics in the continuum: γ γ processes

The upgrade of the KLOE detector with the installation of
four stations [452] to tag electrons and positrons from the
reaction

e+e− → e+e−γ ∗γ ∗ → e+e−X, (66)

gives the opportunity to investigate γ γ physics at DA&NE.
Since it was realized in 1970s that significant produc-
tion rates could be achieved [453, 454], the two-photon
processes have been investigated at most of the e+e− collid-
ers with the limitations imposed by the rate of these sublead-
ing processes at the luminosity reached by past-generation
colliders.

In the γ γ processes C = +1 hadronic states can be pro-
duced. In the energy region accessible with the KLOE-2 tag-
gers the two γ ∗ can be considered quasireal so that only
JPC = 0±+, 2±+ quantum numbers are allowed [455]. If
no cut is applied to the final-state leptons, the Weizsäcker–
Williams or Equivalent Photon Approximation (EPA) [454]
can be used to understand the main qualitative features of the
process (66). Then the event yield, NeeX , can be evaluated
according to:

NeeX = Lee

∫
dF

dWγ γ
σγ γ→X(Wγ γ )dWγ γ , (67)
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where Wγ γ is the invariant mass of the two quasireal pho-
tons, Lee is the integrated luminosity, and dF /dWγ γ is the
γ γ flux function:

dF

dWγ γ
= 1

Wγ γ

(
2α

π

)2 (
ln

Eb

me

)2

f (z), (68)

where Eb is the beam energy and

f (z) =
(
z2 + 2

)2 ln
1
z

−
(
1 − z2) (

3 + z2), z = Wγ γ

2Eb
.(69)

Figure 25 shows the flux function multiplied by an inte-
grated luminosity Lee = 1 fb−1, as a function of the γ γ

invariant mass for three different center-of-mass energies.
This plot demonstrates the feasibility of the detection of the
final states π+π−, π0π0, π0η whose cross sections are of
the order of or larger than 1 nb [456–460], and the identifica-
tion of the resonances produced in these channels. Running
DA&NE at center-of-mass energies up to 1.4 GeV can even-
tually complete the low-energy spectroscopy studies with
the detection of the heavier K+K− and K̄0K0 final states.
Single pseudoscalar (X = π0, η or η′) production is also
accessible and would improve the determination of the two-
photon decay widths of these mesons, relevant for the mea-
surement of the pseudoscalar mixing angle ϕP , and the mea-
surement of the valence gluon content in the η′ wavefunc-
tion. Moreover, it would be possible to measure the transi-
tion form factors FXγ ∗γ ∗(q2

1 , q2
2 ) as a function of the mo-

mentum of the virtual photons, q2
1 and q2

2 . The interest in
such form factors is rising again in connection with the theo-
retical evaluation of the hadronic light-by-light contribution
to the muon magnetic anomaly.

Fig. 25 Differential γ γ flux function as a function of the cen-
ter-of-mass energy

6.1 Scalar resonances in two-photon collisions

The two-photon production of hadronic resonances is often
advertized as one of the clearest ways of revealing their com-
position [461–476]. For instance, the nature of the isoscalar
scalars seen in ππ scattering below 1.6 GeV, namely the
f0(600) or σ , f0(980), f0(1370) and f0(1510) mesons,
remains an enigma [461, 462]. While models abound in
which some are q̄q , some q̄qqq , sometimes one is a K̄K-
molecule, and one a glueball [461], definitive statements are
few and far between. Their two-photon couplings will help
unraveling the enigma.

The ability of photons to probe such structure naturally
depends on the photon wavelength. This is readily illus-
trated by looking at the integrated cross sections from Mark
II [456], Crystal Ball [457] and Belle [459, 460] shown in
Fig. 26 for γ γ → π+π−, π0π0. It is worthwhile to con-
sider these processes from the crossed channel viewpoint in
which the photon scatters off a pion. At low energies the
photon has long wavelength, and so sees the whole hadron
and couples to its electric charge. Thus the photon sees the
charged pions. The π+π− cross section is large and its value
is a measure of the electric charge of the pion. In contrast,
the neutral pion cross section is small. However, as the en-
ergy increases the photon wavelength shortens and recog-
nizes that the pions, whether charged or neutral, are made of
the same charged constituents, namely quarks, and causes
these to resonate, as illustrated in Fig. 27. Thus both chan-
nels reveal the well-known q̄q tensor meson, the f2(1270),

Fig. 26 Cross section results for γ γ → π+π− from Mark II [456]
(below 800 MeV) and Belle [459] above, integrated over
| cos θ∗| ≤ 0.6, and for γ γ → π0π0 from Crystal Ball [457] below
600 MeV and Belle [460] above, integrated over | cos θ∗| ≤ 0.8. E
is the γ γ c.m. energy. The curves are from the (as yet) unpublished
Amplitude Analysis that includes the data of Ref. [460]. The three
shaded bands delineate the energy regions where KLOE-2 can make a
contribution discussed in the text
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Fig. 27 Illustration of two photons coupling to a relatively long-lived
q̄q state. The photons predominantly couples to the electric charge of
the constituents

seen as a peak in Fig. 26, with its production cross section
related to the average charge squared of its constituents.

However, at lower energies, 500–1000 MeV, the photon
wavelength is longer. States like the σ are so short-lived that
they very rapidly disintegrate into two pions and when these
are charged, the photons couple to these, Fig. 28. The intrin-
sic make-up of the state, whether q̄q , q̄qqq or glueball, is
obscured by the large coupling to the pions to which the σ

decays. Data reveal a similar situation applies to the heav-
ier, and seemingly much narrower, f0(980). This state has
equally large hadronic couplings and is only narrow because
it sits just below K̄K threshold, to which it strongly cou-
ples. Experimental results discussed below suggest the two
photons largely see its meson decay products too, regardless
of whether the f0(980) is intrinsically a K̄K molecule or
not [463–467, 472–476].

In the future, strong coupling QCD will eventually pre-
dict the two-photon couplings of these states according to
models of their composition. While theorists work on this,
the experimental task is to determine the resonance cou-
plings. To extract these reliably requires a partial wave sepa-
ration. In principle one needs data with full angular coverage
with polarized photon beams. But the available data have
no polarization information and in the two-photon center-of-
mass frame at most 80% angular acceptance, less in the case
of π+π− because of the difficulty of separating these from
the scattered e+ and e−. Thus even for the large f2(1270)

Fig. 28 Illustration of two
photons coupling to a state that
quickly decays to ππ . In the
case of the σ/f0(600), the
photons coupling to the final
state dominates over any
coupling to the intrinsic
make-up of the state, regardless
of its composition

signal seen so prominently in the integrated cross sections
of Fig. 26, determining its two-photon width is not so easy.
One must separate the ππ amplitude into components with
definite spin, helicity and isospin.

The π+π− cross section near threshold is dominated by
the one pion exchange Born amplitude, producing the en-
hancement seen in Fig. 26. Being controlled by I = 1 ex-
change in the crossed channels means that at low energies
ππ production in I = 0 and I = 2 must be comparable in
all partial waves [477]. Therefore data on both final states,
π+π− and π0π0 should be analyzed at the same time.

The era of high luminosity e+e− colliders with their in-
tense program of study of heavy flavor decays has, as a by-
product, yielded two-photon data of unprecedented statis-
tics. The Belle collaboration [459, 478] has published re-
sults on γ γ → π+π− in 5 MeV bins above 800 MeV. These
show a very clear peak for the f0(980), Fig. 26. Belle [459],
analyzing just their integrated cross section, find its radia-
tive width to be 205+95+147

−83−117 eV. The large errors reflect the
many ways of drawing a background whether in the I = 0
S-wave where the resonance appears or in the other partial
waves: remember that without full angular coverage the par-
tial waves are not orthogonal, and so interferences occur.
Despite these uncertainties, a number of theoretical predic-
tions have now honed in on [0.2–0.3] keV for the radiative
width of the f0(980), whether it is a K̄K molecule or a
q̄qqq state [467–469, 474–476].

The only way to make sense of the real uncertainties is
to perform an Amplitude Analysis. A key role is played by
the general S-matrix properties of analyticity, unitarity and
crossing symmetry. When these are combined with the low-
energy theorem for Compton scattering, these anchor the
partial wave amplitudes close to ππ threshold [479–482] as
described in Refs. [477, 483–485] and so help to make up for
the lack of full angular coverage in experiments. Crucially,
unitarity imposes a connection between the γ γ → ππ par-
tial wave amplitudes and the behavior of hadronic processes
with ππ final states. Below 1 GeV the unitarity sum is sat-
urated by the ππ intermediate state, while above it the K̄K

channel is critically important. Beyond [1.4–1.5] GeV mul-
tipion processes start to contribute as ρρ threshold is passed.
Little is known about the ππ → ρρ channel in each par-
tial wave. Consequently attention should be restricted to
the region below 1.4 GeV, where ππ and K̄K intermedi-
ate states dominate. The hadronic scattering amplitudes for
ππ → ππ and K̄K → ππ are known and so enable the uni-
tarity constraint to be realized in practice and in turn allow
an Amplitude Analysis to be undertaken.

Such an analysis has been performed [477] incorporat-
ing all the world data and its key angular information [456,
457, 459, 486, 487]. Since the ππ system can be formed
in both I = 0 and I = 2 final states, the π+π− and π0π0

channels have to be treated simultaneously. Though there
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are now more than 2000 datapoints in the charged channel
below 1.5 GeV, there are only 126 in the neutral channel,
and they have to be weighted more equally to ensure that
the isospin components are reliably separable.

These world data can then be fitted adequately by a range
of solutions [477]: a range, in which there remains a signifi-
cant ambiguity in the relative amount of helicity zero S and
D waves, particularly above 900 MeV. The acceptable solu-
tions have a γ γ width for the f0(980) (determined from the
residue at the pole on the nearby unphysical sheet, being the
only unambiguous measure) of between 96 and 540 eV, with
450 eV favored: a significantly larger value than predicted
by many current models [465–469, 474–476]. Of course,
the experimental value includes the coupling of the f0(980)

to its ππ and K̄K decay products and their final-state inter-
actions (the analog of Fig. 28), not necessarily included in
all the theoretical calculations.

The fits accurately follow the lower statistics data from
Mark II [456] and CELLO [486] (see the detailed figures in
Ref. [477]). However, they do not describe the Belle π+π−

data between 850 and 950 MeV, as seen in Fig. 26. This
“mis-fit” is even more apparent in the angular distributions.
In the charged-pion channel, there is always a large µ+µ−

background. Though the Belle data have unprecedented sta-
tistics, the separation of the π+π− signal is highly sensitive
to the µ-pair background. This may well be responsible for
the apparent distortion below 1 GeV in Fig. 26.

Since that analysis, Belle have more recently published
results [460] (both integrated and differential cross sections)
on π0π0 production in 20 MeV bins, Fig. 26. Again these
reveal the f0(980) as a small peak, rather than the shoul-
der seen in earlier much lower statistics data from Crystal
Ball [457, 487]. A new Amplitude Analysis has been started,
which significantly changes the solution space, pushing the
allowed amplitudes to those with a larger radiative width for
the f0(980). However, the final solutions are not yet avail-
able.

Though the Belle experiment represents an enormous
stride in two-photon statistics, there remains room for
KLOE-2 to make a significant contribution in each of the
three energy regions displayed as bands in Fig. 26.

I. 850–1100 MeV: accurate measurement of the π+π−

and π0π0 cross sections (integrated and differential) are
crucially still required, with clean µµ background sepa-
ration. In addition, any information just above 1 GeV on
K̄K production would provide an important constraint
on the coupled channel Amplitude Analyses described
above. Moreover π0η studies will complement the re-
sults from Belle [488].

II. 450–850 MeV: this is the region where the σ pole lies.
This is a region almost devoid of precision γ γ data and
so allows a range of interpretations [470, 471, 489–
491]. Given the importance of the σ for our understand-

ing of strong coupling QCD and the nature of the vac-
uum, it is crucial to measure ππ production in this re-
gion in both charge modes [492, 493].

III. 280–450 MeV: though this region is controlled by the
Born amplitude with corrections computable by the first
few orders of ChPT, it is the domain that anchors the
partial wave analyses described here. The Mark II ex-
periment [456] is the only one that has made a spe-
cial measurement of the normalized cross section for
the π+π− channel near threshold. As seen in Fig. 26,
their data have very large error-bars.

6.1.1 e+e− → e+e−ππ at KLOE-2

KLOE-2 can improve the experimental precision in all three
regions of Fig. 26, contributing to the solution of the open
questions on low-energy hadron physics with the study of
e+e− → e+e−ππ . This process is a clean electromagnetic
probe to investigate the nature of the σ meson through the
analysis of the ππ invariant mass which is expected to be
plainly affected by the presence of the scalar meson. A pre-
cision measurement of the cross section of γ γ → π+π−

and γ γ → π0π0 would also complete the information from
previous experiments allowing the determination of the γ γ

couplings of the σ and f0(980) from the partial wave analy-
sis discussed above.

From the experimental point of view the final state with
neutral pions, e+e− → e+e−π0π0, is cleaner than e+e− →
e+e−π+π−, the latter being affected by the large back-
ground from e+e− → e+e−µ+µ− and from the ISR process
e+e− → π+π−γ ∗ → π+π− e+e−. In Fig. 29, the low-
energy part of the γ γ → π0π0 cross section corresponding
to the energy regions II and III of Fig. 26 is shown. The
large uncertainties in the data do not allow any conclusion
to be drawn about the existence of a resonance-like structure
in the region [400–500] MeV.

Fig. 29 σ (γ γ → π0π0): Crystal Ball data compared with a two-loop
ChPT prediction (solid curve), and with the cross section of
γ γ → σ → π0π0 with (dotted) and without (dashed) Adler zero, ob-
tained according to Ref. [494]
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All the studies to assess the KLOE-2 potentiality in the
analysis of e+e− → e+e−π0π0 were performed with the
MC generator [494], based on the full matrix element cal-
culation over the four-body phase space. The σγ γ cou-
pling depicted in Fig. 30 is obtained assuming vector-meson
dominance: the σ meson decays to ρρ with transitions ρ–γ

whose strength is described by VMD. The underlying dy-
namics in σ → ρρ is similar to σ → ππ assuming [285] the
σ as a bound state of two diquarks: the process is described
by the tunneling probability for a quark to escape its diquark
shell and bind with an antiquark of the antidiquark to form
a standard qq̄ meson.

Running at
√

s = Mφ the electron tagger is essential to
reduce the large background, mainly from e+e− → φ →
KSKL, with the KL escaping from the detector and the KS

decaying to neutral pions, KS → π0π0. The tagger is also
important to close the kinematics of the process e+e− →
e+e−ππ allowing a precise reconstruction of the γ γ in-
variant mass (Wγ γ ). Leptons from γ γ interactions, with
E < 510 MeV, follow a path through the machine optics
different from the orbit of the circulating beams. The trajec-
tories of these off-momentum electrons have been studied
by means of a MC simulation, to evaluate their exit point
from the DA&NE beam pipe and to find proper location for
the tagger devices. This study is based on BDSIM [495],
a GEANT4 extension toolkit capable of simulating parti-
cle transport in the accelerator beamline. Particles coming
from the IP with energies from 5 to 510 MeV have been
simulated with 0.5 MeV step. The results clearly indicate
the need to place two different detectors in different regions
on both sides of the IP: the Low Energy Tagger (LET) to
detect leptons with energy between 150 and 400 MeV and
the High Energy Tagger (HET) for those with energy greater
than 420 MeV. The LET region is one meter from the IP, in-
side the KLOE magnetic field (Fig. 31). In the LET region
the correlation between the energy and the position of the
leptons is weak. For this reason the LET detector is a crystal
calorimeter able to measure the electron energy with a reso-
lution better than 10% over the range [150–400] MeV. The

Fig. 30 Schematic view of the γ γ → σ transition

Fig. 31 View of one of the two LET detectors (the most external box)
on the DA&NE beam-line

HET detector is located just at the exit of the first bending di-
pole. In this position the off-momentum electrons escaping
from the beam-pipe show a clear correlation between energy
and deviation from the nominal orbit (Fig. 32). Therefore the
energy of the particles can be obtained from the displace-
ment with respect to the machine orbit measured by a posi-
tion detector. The preliminary results of the MC simulation
of the tagger stations show that the whole interesting range
of the γ γ invariant mass (zones II and III of Fig. 26) is cov-
ered by either the LET/LET or the LET/HET coincidences,
the latter signaling events from ππ threshold to 800 MeV
with maximal acceptance over the Mγ γ range from [600–
760] MeV. A LET/LET coincidence indicates instead a γ γ

event at Mγ γ < 350 MeV with acceptance decreasing as in-
variant mass increases. Using both, data coming from the
taggers, and from the KLOE detector, the background can
be reduced without relevant signal loss.

Fig. 32 Energy vs deviation from the nominal orbit for leptons arriv-
ing on the HET
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For feasibility studies and to optimize the selection algo-
rithms of γ γ → π0π0, about 10 pb−1 of KLOE data (i.e.,
without e± taggers) taken at

√
s = 1 GeV have been used.

Four photons compatible with the hypothesis of π0π0 decay
with small (∼80 MeV) total transverse momentum, were
asked for. The distribution of the four-photon invariant mass,
M4γ , shows an excess of events below 400 MeV (Fig. 33)
not explained by φ decays or other processes in the contin-
uum.
The excess is due to genuine e+e−π0π0 events and after
proper normalization provides the cross section. The studies
point out that KLOE-2 with an integrated luminosity at the
φ peak of L = 5 fb−1 can measure the γ γ → π0π0 cross
section with the same energy binning of Fig. 29 obtained
from Crystal Ball [457], reducing the statistical uncertainty
in each bin to 2%.

6.2 Single pseudoscalar final states

At leading order only two diagrams contribute to the
e+e− → e+e−P process at the e+e− colliders:

e+e− → e+e−γ ∗γ ∗ → e+e−P (t-channel), (70)

e+e− → γ ∗ → γ ∗P → e+e−P (s-channel). (71)

The t-channel with quasireal photons dominates the produc-
tion cross section, however in general the s and the interfer-
ence contributions are not negligible. The two-photon decay
widths of π0, η and η′ can be extracted from the cross sec-
tion of the process (70), of interest among other issues to
determine the pseudoscalar mixing angle and improve on
the KLOE analysis of the gluonium content in the η′, as dis-
cussed in Sect. 4.2.6.
Moreover, the transition form factors FPγ ∗γ ∗(m2

P , q2
1 , q2

2 )

at spacelike momentum transfers can be measured from
the same process (70). They are important to discriminate
among different phenomenological models, relevant for the
hadronic light-by-light scattering contribution to the g-2 of
the muon [382, 496].

The s-channel contribution of (71) instead provides in-
formation on the timelike form factors, a complementary

Fig. 33 Four-photon invariant mass: crosses are data, histograms are
several sources of background evaluated from MC

and promising opportunity to discriminate among alterna-
tive models of the underlying dynamics.

6.2.1 Two-photon width of pseudoscalar mesons

The two-photon decay width Γ (P → γ γ ) can be measured
from the cross section which in the narrow-width approxi-
mation reads [454]:

σe+e−→e+e−P = 16α2Γ (P → γ γ )

m3
P

(
ln

Eb

me

)2

f (zP ), (72)

where mP is the mass of the pseudoscalar meson, zP = mP
2Eb

and f (zP ) is given by (69). Equation (72) is obtained by ne-
glecting the Pγ γ transition form factors, an approximation
valid for quasireal photons. Table 16 shows the cross sec-
tion of pseudoscalar meson production at different center-
of-mass energies. The Γ (P → γ γ ) is used as input for:

i. the pseudoscalar mixing angle (ϕP ) determination from
[282],

Γ (η → γ γ )

Γ (π0 → γ γ )

=
(

mη

mπ0

)3 1
9

(
5 cosϕP −

√
2

m̄

ms
sinϕP

)2

,

Γ (η′ → γ γ )

Γ (π0 → γ γ )

=
(

mη′

mπ0

)3 1
9

(
5 sinϕP +

√
2

m̄

ms
cosϕP

)2

.

ii. the test of the valence gluon content (Z2
G = sin2 φG) in

the η′ wavefunction [282, 497],

Γ (η′ → γ γ )

Γ (π0 → γ γ )
=

(
mη′

mπ0

)3 1
9

cos2 φG

×
(

5 sinϕP +
√

2
fn

fs
cosϕP

)2

.

e+e− → e+e−π0 For an efficient collection of this kind of
events where the π0 is mostly detected by one of the end-cap
calorimeters, KLOE-2 has to overcome some limitations of
the KLOE data taking originated from the triggering crite-
ria and software event filtering. The latter can be improved

Table 16 Cross sections of pseudoscalar meson production at differ-
ent

√
s values computed using (72)

√
s (GeV) 1.02 1.2 1.4

σe+e−→e+e−π0 (pb) 271 317 364

σe+e−→e+e−η (pb) 45 66 90

σe+e−→e+e−η′ (pb ) 4.9 20 40
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modifying the rejection procedure for events with unbal-
anced energy deposit in one of the end-cap calorimeters. The
trigger requirement of having at least two energy deposits
not in the same end-cap calorimeter produces a distortion
in the π0 energy spectrum and limits the global efficiency
for e+e− → e+e−π0 to 20%. Modifications in the KLOE
trigger which somewhat soften the requirements on the en-
ergy deposit in the calorimeter for events tagged by the LET
stations are under evaluation. In addition, the e± taggers at
KLOE-2 allow the suppression of the background from elec-
troproduction of π0’s (σ (eN → eπ0X) ∼ O(1 µb)).

e+e− → e+e−η Two different final states, e+e−γ γ and
e+e−π+π−π0 can be considered. The KLOE analysis of
the latter process, based on an integrated luminosity of
240 pb−1, is underway using data taken at

√
s = 1 GeV, off

the φ meson peak. Selection criteria consist of two prompt
photons and two tracks with opposite curvature. Main back-
ground processes are:

– e+e− → η(→ π+π−π0)γ , with the monochromatic
photon lost in the beam pipe;

– double radiative Bhabha events (cross section of about
100 nb).

These amount to about 50% of fractional background in the
final sample, that can be reduced with both, analysis refine-
ments, and using e± taggers.

Due to the large background from e+e− → γ γ (γ ), in-
formation from e± taggers is more crucial for the analysis
of e+e− → e+e−η with η → γ γ .

e+e− → e+e−η′

At
√

s = 1.02 GeV, the e+e− in the final state have less
than 60 MeV momentum and are out of the acceptance of
the tagging devices. Table 17 shows the maximal energy for
the e+e− in the final state related to different pseudoscalar-
meson productions and

√
s values. Taking into account the

e+e− → e+e−η′ cross section, the background due to an-
nihilation processes (scaling with ∼1/s), and the e+e− en-
ergy spectrum, the ideal conditions for data analysis would
be obtained running at

√
s = 1.4 GeV. Radiative return to

the φ meson is not a limiting factor, since the cross section
ranges from 10 pb at

√
s = 1.2 GeV to 4 pb at

√
s = 1.4

GeV. Table 18 shows the event yields achieved at
√

s = 1.4

Table 17 Maximal energy of the e+e− in the final state for different
center-of-mass energies

√
s (GeV) 1.02 1.2 1.4

Emax
e (π0) (MeV) 500 592 693

Emax
e (η) (MeV) 363 475 593

Emax
e (η′) (MeV) 60 218 373

GeV with an integrated luminosity of 1 fb−1.3 Final states
with no more than two charged tracks have been consid-
ered because they are experimentally clean and thus can
be selected with high efficiency. Each decay chain provides
σ ∝ Γ (η′ → X) × Γ (η′ → γ γ ), thus we can obtain a pre-
cision measurement of Γ (η′ → γ γ ) from the analysis of
the dominant branching fractions of Table 18, imposing∑

BRi = 1.

Monte Carlo for the KLOE-2 experiment There are sev-
eral Monte Carlo generators for γ γ physics which can be
considered in the forthcoming analyses of KLOE-2 data:

i. a code written by A. Courau [498] used, e.g., in Ref.
[499, 500] for the e+e− → e+e−π0π0, and in Ref.
[501] for the e+e− → e+e−π0 process;

ii. a code specifically developed by F. Nguyen et al. [494]
for the KLOE analysis of the e+e− → e+e−π0π0

(Sect. 6.1.1);
iii. TREPS written by S. Uehara [502] and used by the Belle

collaboration [459, 478];
iv. TWOGAM developed by D.M. Coffman, used by CLEO

[503] for the e+e− → e+e−P , with P = π0,η,η′;
v. GGResRC used by the BaBar collaboration [504] and

based on the Ref. [454] for single-pseudoscalar produc-
tion, and on Ref. [505] for the two-pion final state;

vi. EKHARA developed by H. Czyz and collaborators
[506–508];

vii. GALUGA and GaGaRes written by G.A. Schuler [509],
and F.A. Berends and R. van Gulik [510], respectively,
for the study of heavy resonances from γ γ interaction
at the LEPII.

The latter two generators describe high-energy physics
and adapting them to KLOE-2 is not straightforward. Most
of the others are based on the EPA. EPA is useful to identify
the main properties of the two-photon processes, however it
leads to some discrepancies with respect to the exact formu-
lation as shown in Ref. [454], especially for single-pseudo-
scalar final states. As KLOE-2 aims at the measurement of

Table 18 Event yield for the dominant η′ decay channels obtained at√
s =1.4 GeV and L = 1 fb−1

Final state η′ fraction (%) events

π+π−γ π+π−γ 29.4 ± 0.9 12,000

π+π−η π+π−γ γ 17.5 ± 0.5 7,000

π0π0η π0π0π+π−π0 4.7 ± 0.3 2,000

ωγ π+π−π0γ 2.7 ± 0.3 1,200

γ γ γ γ 2.10±0.12 800

3At
√

s = 1.2 GeV the yield is half than at
√

s = 1.4 GeV.
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the form factors with both photons off-shell, MC simula-
tions beyond EPA are desirable to guarantee the accuracy of
the theoretical description.

Basic requirements for a MC generator for e+e− →
e+e−P studies not restricted to the region where the pho-
tons are quasireal, are:

i. not to use EPA,
ii. include s- and t-channel as well as their interference,

iii. have the flexibility to allow user-defined form factors,
iv. have the flexibility to allow KLOE-2 specific kinemati-

cal cuts in order to speed up the generation procedure.

Some work is in progress to develop the EKHARA code
on this line. In the present version, EKHARA provides a
generic description of the e+e− → e+e−π+π− process. As
it was developed for the background studies for the KLOE
measurement of the pion form factor [511], several modi-
fications are needed before it can be used for two-photon
physics, but it already contains all relevant contributions to
the e+e− → e+e−π+π− amplitude.

6.2.2 Contribution to light-by-light scattering

Figure 34 shows one of the six possible photon momenta
configuration of the hadronic light-by-light (HLbL) con-
tribution to the muon anomalous magnetic moment aµ =
(gµ − 2)/2. This configuration is described by the vertex
function

Γ µ(p2,p1)

= e6
∫

d4q1

(2π)4

∫
d4q2

(2π)4

Πµνρσ (k, q1, q3, q2)

q2
1 q2

2 q2
3

× γν(̸p2+ ̸q2 − mµ)−1γρ(̸p1− ̸q1 − mµ)−1γσ , (73)

where k is the momentum of the photon that couples to the
external magnetic source, k = p2 − p1 = −q1 − q2 − q3
and mµ is the muon mass. The dominant contribution to the
hadronic four-point function

Πρναβ(k, q1, q2, q3)

= i3
∫

d4x

∫
d4y

∫
d4z ei(−q1·x+q2·y+q3·z)

× ⟨0|T
[
V µ(0)V ν(x)V ρ(y)V σ (z)

]
|0⟩ (74)

Fig. 34 Hadronic light-by-light
scattering contribution

comes from the three light quark (q = u,d, s) components
of the electromagnetic current V µ(x) = [q̄Q̂γ µq](x) where
Q̂ denotes the quark electric charge matrix. In the limit k →
0, current conservation implies:

Γ µ(p2,p1) = −aHLbL

4mµ

[
γ µ,γ ν

]
qν . (75)

The main contributions to aHLbL are summarized in
Ref. [401] and reported in the following. Recent reviews of
previous work [398–400, 512–517] are in Refs. [382, 403,
404, 518–523]. The discussion in Ref. [401], according to
an 1/Nc expansion [524], leads to the conclusions:

– Contribution from π0,η and η′ exchange: implementing a
new Operator Product Expansion (OPE) constraint into a
neutral pion exchange model, the authors of Ref. [400]
obtained (11.4 ± 1.0) × 10−10. Within the extended
Nambu–Jona-Lasinio (ENJL) model the momenta higher
than a certain cutoff are accounted separately via quark
loops [515–517] while they are included in the OPE-
based model. Assuming that the bulk of high-energy
quark loops is associated with pseudoscalar exchange, in
Ref. [515–517] (10.7 ± 1.3) × 10−10 is obtained. Tak-
ing into account these results, the authors of Ref. [401]
quote as central value the one in [400] with the error as
evaluated in Ref. [515–517]:

aHLbL(
π0,η,η′) = (11.4 ± 1.3) × 10−10. (76)

– Contribution from pseudovector exchange: the analysis
done in Ref. [401] suggests that the errors quoted within
the large Nc ENJL model are underestimated. Taking the
average of the estimates and increasing the uncertainty to
cover both models, Ref. [401] reports:

aHLbL(pseudovectors) = (1.5 ± 1.0) × 10−10. (77)

– Contribution from scalar exchange: the ENJL model
should give a reliable estimate of the large Nc contribu-
tions, In Ref. [401] therefore the result from [515, 516] is
kept but with a larger conservative error to cover for un-
accounted higher-energy resonances providing negative
contributions:

aHLbL(scalars) = −(0.7 ± 0.7) × 10−10. (78)

– Contribution from dressed pion and kaon loops: the NLO
in 1/Nc contributions are the most complicated to cal-
culate. In particular, the charged-pion loop shows a large
instability due to model dependence. This and the con-
tribution of higher-energy resonance loops are taken into
account in Ref. [401] by choosing the central value as the
full VMD result of Ref. [515, 516] with again a conserv-
ative error:

aHLbL(π+ − dressed loop) = −(1.9 ± 1.9) × 10−10. (79)
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Adding the contributions above as well as the small
charm quark contribution and combining errors in quadra-
ture, aHLbL(charm) = 0.23 × 10−10, one gets the esti-
mate [401]:

aHLbL = (10.5 ± 2.6) × 10−10. (80)

The proposed new gµ − 2 experiment aims at an accu-
racy of 1.4 × 10−10 calling for a considerable improvement
on the present calculations. The use of further theoretical
and experimental constraints could result in reaching such
accuracy soon. In particular, imposing as many as possible
short-distance QCD constraints [398, 400, 512–517] has al-
ready result in a better understanding of the dominant π0

exchange. At present, none of the light-by-light hadronic
parametrization satisfies fully all short-distance QCD con-
straints. In particular, this requires the inclusion of infinite
number of narrow states for other than two-point functions
and two-point functions with soft insertions [525]. The dom-
inance of certain momenta configurations can help to mini-
mize the effects of short distance QCD constraints not satis-
fied, as in the model of Ref. [400].

Recently, the π0-exchange contribution to aHLbL has
been evaluated from the off-shell form factor Fπγ ∗γ ∗ [402,
526], obtaining results similar to the ones quoted above.
How to take off-shellness effects consistently in the full
four-point function of (74) remains however an open ques-
tion.

More experimental information on the decays π0 →
γ γ ∗, π0 → γ ∗γ ∗ and π0 → e+e− (with radiative correc-
tions included [527–530]) can also help to confirm the re-
sults on neutral-pion exchange.

The γ γ physics program at KLOE-2 will be well suited
to study these processes contributing to solve the present
model dependence of aHLbL.

In fact, the dominant contribution from pseudoscalar (P )
exchange (Fig. 35) can be written in terms of two form fac-
tors, FP ∗γ ∗γ and FP ∗γ ∗γ ∗ with one and two off-shell pho-
tons respectively.

aHLbL(P )

= −e6
∫

d4q1

(2π)4

d4q2

(2π)4

1

q2
1q2

2

× 1
(q1 + q2)2[(p + q1)2 − m2

µ][(p − q2)2 − m2
µ]

Fig. 35 Pseudoscalar exchange contribution to the light-by-light scat-
tering

×
[ FP ∗γ ∗γ ∗(q2

2 , q2
1 , q2

3 ) FP ∗γ ∗γ (q2
2 , q2

2 ,0)

q2
2 − m2

π

× T1(q1, q2;p)

+ FP ∗γ ∗γ ∗(q2
3 , q2

1 , q2
2 ) FP ∗γ ∗γ (q2

3 , q2
3 ,0)

q2
3 − m2

π

× T2(q1, q2;p)

]
(81)

T1 and T2 are polynomial function of the photon and
pseudoscalar four-momenta.

The functional form and the value of the form factors are
theoretically unknown. Several models have been used to
evaluate them [382], experimental information can be used
to constrain both the shape and the value of the form factors.

The form factor at negative q2 appears in the produc-
tion cross section of π0, η and η′ mesons in the reaction
e+e− → e+e−P . By detecting one electron at large angle
with respect to the beams, FPγ γ ∗(m2

P ,Q2,0) with one qua-
sireal and one virtual spacelike photon (Q2 = −q2) can be
measured for the on-shell pseudoscalar. These form fac-
tors, as reviewed in Ref. [532], have been measured by
the CELLO [533], CLEO [503] and recently BaBar [504]
collaborations in the range (1 < Q2 < 40) GeV2 using
single-tagged samples. The experimental data are summa-
rized in Fig. 36. The region below 1 GeV2 is still poorly
measured and KLOE-2 can cover this region for both π0

and η mesons. Furthermore, by selecting events in which
both e+ and e− are detected by the drift chamber KLOE-
2 can provide experimental information on form factors
FPγ ∗γ ∗(m2

P ,Q2
1,Q

2
2), with two virtual photons.

7 Hidden WIMP dark matter

In recent years, several astrophysical observations have
failed to find easy interpretations in terms of standard astro-
physical and/or particle physics sources. A non exhaustive
list of these observations includes the 511 keV gamma-ray
signal from the galactic center observed by the INTEGRAL
satellite [534], the excess in the cosmic ray positrons re-
ported by PAMELA [535], the total electron and positron
flux measured by ATIC [536], Fermi [537], and HESS [538,
539], and the annual modulation of the DAMA/LIBRA sig-
nal [540, 541].

An intriguing feature of these observations is that they
suggest [542–551]) the existence of a WIMP dark-matter
particle belonging to a secluded gauge sector under which
the SM particles are uncharged. An abelian gauge field, the
U boson with mass near the GeV scale, couples the secluded
sector to the SM through its kinetic mixing with the SM hy-
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Fig. 36 Left: the π0 transition form factor as measured by the CELLO,
CLEO and BaBar experiments. The curve showing an asymptotic limit
at 160 MeV is from CLEO parametrization [503] while the other is
from the Fπγ γ ∗ (m2

P ,Q2,0) expression given in Ref. [531]. Center:
the η transition form factor as measured by CELLO and by CLEO in

the specified η decay channels. Right: the η′ form factor as measured
by CELLO and by CLEO in the specified η′ decay channels. The
curves in the central and right panel represent the CLEO parametriza-
tion for the form factors [503]

percharge gauge field.4 The kinetic mixing parameter, κ , can
naturally be of the order 10−4–10−2.

Annihilation of DM into the U boson, which decays into
charged leptons and is light enough to kinematically for-
bid a decay that produces antiprotons, can explain the elec-
tron and/or positron excesses, and the absence of a simi-
lar effect in the PAMELA antiproton data. The condition
mU ≪ mWIMP, where mWIMP is the mass of the DM nat-
urally leads to an enhanced WIMP annihilation cross sec-
tion in the galaxy, as required by the data. If the DM is also
charged under a non-abelian group, Higgsed or confined
near the GeV scale, then its spectrum naturally implements
an inelastic DM scenario [555], thereby explaining the an-
nual modulation signal reported by DAMA/LIBRA [540,
541] and reconciling it with the null results of other experi-
ments [543, 544, 555, 556]. In this case, there could be many
particles, such as hidden-sector Higgs and gauge bosons or
hidden-sector mesons, baryons, and glueballs, with masses
near the GeV scale.

A dramatic consequence of the above hypotheses is that
observable effects can readily be induced in O(GeV)-energy
e+e− colliders, such as DA&NE, and/or present and future
B-factories [557–562] and fixed-target experiments [563–
566] (c.f. also [567–576]). In particular, the U boson can be
directly produced at these low-energy facilities, or hidden-
sector particles at the GeV scale could be produced through
an off-shell U boson as in Fig. 37.

In a very minimal scenario, in addition to the U , it is
natural to have a secluded Higgs boson, the h′, which spon-

4The possible existence of a light U boson and the coupling to the
SM particles were already postulated several years ago [552–554], in
the framework of supersymmetric extensions of the SM. This boson
can have both vector and axial-vector couplings to quarks and lep-
tons; however, axial couplings are strongly constrained by data, leaving
room for vector couplings only.

taneously breaks the secluded gauge symmetry. Both the U

and the h′ can be produced at DA&NE, and even in this min-
imal scenario a rich phenomenology is possible. The mass
of the U and h′ are both free parameters, and the possible
decay channels can be very different depending on which
particle is heavier. One thus has to consider different detec-
tion strategies for the two cases mh′ < mU and mh′ > mU .

In order for the U and the h′ to be produced at DA&NE,
their masses need to be less than mφ . This is somewhat a
disadvantage with respect to the B-factories. Moreover, the
integrated luminosity of the B-factories is larger than that
of DA&NE. However, the production cross sections scale
as 1/s, where s is the squared center-of-mass energy, which
partially compensates for the lower luminosity of DA&NE.
In addition, there are scenarios with a confined secluded
gauge group, in which searches at DA&NE are easier than at
the B-factories. A rather comprehensive discussion of these
effects can be found in Refs. [557, 558]. In particular, the
authors of Ref. [558] explicitly discuss the physics poten-
tial of DA&NE. It turns out that a wide spectrum of physics
channels can be studied with KLOE, with rather different
detection potentials to the B-factories, as further discussed
in Ref. [560].

Fig. 37 Production modes of light secluded-sector particles XX̄ at
DA&NE. Right: Production through an off-shell U . Left: Production
of an on-shell U and a photon—the U may subsequently decay into
lighter hidden-sector particles



670 Eur. Phys. J. C (2010) 68: 619–681

One simple and interesting process to be studied is
e+e− → Uγ . The expected cross section can be as high
as O(pb) at DA&NE energies, as shown in Fig. 38 (top).
The on-shell boson can decay into a lepton pair, giving rise
to a l+l−γ signal. In the figure, black lines correspond to
fixed cross sections. The constraints on the couplings of a
new U(1) gauge group kinetically mixing with hypercharge
from measurements of the muon anomalous magnetic dipole
moment (dashed line) [577] are also shown. The dotted lines

Fig. 38 Cross section at DA&NE for the production of an on-shell U
and a photon as a function of κ2 and mU (top), and for the production
of hidden-sector particles X,X through an off-shell U as a function of
αDκ2 (bottom). See text for more details

correspond to the lower bounds on the range of couplings
that could be probed by a search at LEP for rare Z-decays
to various exotic final states, assuming that branching ratios
as low as 10−5 can be probed. Original figures and more de-
tails can be found in [558]. This decay channel was already
addressed in Ref. [561] in which the possible existence of a
low-mass (∼10–100 MeV) U boson was postulated in the
framework of models with scalar DM candidates [578]. The
most relevant physics background comes from the QED ra-
diative process with equal final state, which can be rejected
by cutting on the invariant mass of the lepton pair [561]. A
possible instrumental background that has to be taken into
consideration for the electron channel is due to e+e− → γ γ

events with subsequent conversion of one of the two pho-
tons on the beam pipe, with a probability of ∼2%, that is
particularly relevant for low U -boson masses. The conclu-
sion of [560] is that a reasonable background rejection can
be obtained for mU ≥ 500 MeV.

The insertion of the inner tracker can be rather beneficial
for the e+e− → Uγ → l+l−γ case, since it will provide a
better definition of the pair production vertex. A quantitative
statement on this issue, however, needs the use of a detailed
Monte Carlo simulation, which is at present unavailable. For
the muon channel, the above-mentioned background is not
present. However, one has to take into account the physi-
cal process e+e− → ππγ , that is relevant since π–µ sep-
aration is non-trivial at DA&NE energies. In general, the
proposed detector upgrade for the second phase of KLOE-2
should be beneficial increasing acceptance both for charged
tracks, thanks to the IT, and for photons, thanks to the for-
ward calorimeters.

In Fig. 38 (bottom), the cross section for the production
of an off-shell U with subsequent decay of the U into lighter
hidden-sector particles is shown. In this case, the cross sec-
tion is a function of the product between κ and the coupling
constant of the dark symmetry αD . The signature of these
events is more complex than the previous one, depending on
the available channels for the hidden-sector particles. The
case of multilepton channels will be briefly discussed fur-
ther on.

Assuming the existence of the h′, a particularly interest-
ing process from the experimental point of view is the h′-
strahlung, e+e− → Uh′, which can be observed at KLOE
if mU +mh′ < mφ . As stated above, the signature of this
process heavily depends on the relation between mU and
mh′ . Assuming that the h′ is lighter than the U boson it turns
out to be very long lived [557] so that the signature of the
process will be a lepton pair, generated by the U boson de-
cay, plus missing energy.

There are several advantages for this type of signal.
Firstly, there are no other physical processes with the same
signature. The background due to QED l+l−γ events with
a photon lost by the calorimeter, is highly suppressed due to



Eur. Phys. J. C (2010) 68: 619–681 671

the high detection efficiency of this device. Moreover, this
kind of background would give rise to a missing momen-
tum equal to the missing energy, while in the case of the
signal these two quantities will be sizeably different, due to
the non-zero h′ mass. In this case, differently from the one
discussed above the key ingredient is the very high resolu-
tion of the DC as compared to the calorimeter one. A third
advantage in terms of both background rejection and detec-
tion efficiency is that the leptons tend to be produced at large
angle (the angular distribution of the process is proportional
to sin3 θ , for mh′ , mU ≪ √

s). Finally, for a wide choice of
mU and mh′ the trigger efficiency should exceed 90%. The
only physical process that can give rise to a dangerous back-
ground at DA&NE is the process φ → K0

SK0
L followed by

a K0
S → π+π− decay and the K0

L flying through the appa-
ratus without interacting. This decay chain is relevant only
for the U → µ+µ− channel and its contribution can be well
calibrated by using the events in which the K0

L is observed
in the apparatus.

In the case mh′ > mU , the dark Higgs frequently de-
cays to a pair of real or virtual U ’s. In this case one can
observe events with 6 leptons in the final state, due to the
h′-strahlung process, or 4 leptons and a photon, due to
the e+e− → h′γ reaction. Albeit very spectacular, the oc-
currence of these kind of events at KLOE is limited by
the center-of-mass energy, especially for the muon chan-
nel. In Fig. 39, we show the electron transverse momen-
tum distributions for the process e+e− → U∗ → WDWD →
e+e−e+e− for two U -boson masses of 100 MeV (top)
and 400 MeV (bottom). For such low multiplicity electron
events, it is possible to completely reconstruct the event.
However, the higher the multiplicity, the lower is the value
of the minimal transverse momentum for the charged par-
ticles, resulting in a possible sizable loss of acceptance. In
this regard, the insertion of the IT would be clearly benefi-
cial. In order to make more quantitative statements, however,
a detailed Monte Carlo simulation is needed for the higher
multiplicity lepton signals.

It is important to stress that multilepton events are ex-
pected also in more complex models with respect to the one
we have so far taken into consideration. For instance in mod-
els with a confined sector, such as the one of Ref. [544], one
has hidden-sector quarks which can be produced through an
off-shell U boson. The cross section for this process can be
very large, of O(pb) and larger as shown in Fig. 38 (bottom).
Once produced, these hidden-sector quarks can confine into
hidden-sector vector mesons, that can easily decay back to
leptons, and hidden-sector scalar mesons that cannot, so that
a possible resulting signal is multileptons plus missing en-
ergy. Recently, the BaBar collaboration has searched for 4
lepton events in the three possible channels, 4e, 4µ and
2e2µ. A preliminary upper limit on αDκ2 of order 10−9,
slightly dependent on the WD gauge boson mass, has been
set for MWD in the range [0.5–5] GeV [579].

Fig. 39 Electron transverse momentum distributions for the process
e+e− → U∗ → WDWD → e+e−e+e− for two U -boson masses of
100 MeV (top) and 400 MeV (bottom). (Here WD refers to two massive
hidden-sector gauge bosons that mix with the U -boson)

We briefly discuss the implications for DA&NE of tak-
ing seriously the inelastic dark-matter (iDM) explanation
of DAMA/LIBRA and the null results of the other direct
detection experiments [555, 556]. In proposals to gener-
ate the iDM splitting among the dark-matter states from
new non-Abelian gauge interactions in a ∼GeV-mass hid-
den sector, it is also natural to assume that scattering is
mediated by the U -boson [543]. In such models, the sig-
nal rate and spectrum reported by DAMA/LIBRA constrain
the couplings of the U to the SM electromagnetic current.
This allows us to estimate the inclusive cross section for pro-
duction of hidden-sector states at DA&NE for a given iDM
model. The expected cross sections can be O(pb), at least for
mU ∼ GeV. However, since the expected production cross
sections scale as ∼m4

U , very low-mass U ’s may evade detec-
tion in existing data. The expected cross sections are shown
in Fig. 40. The coefficient C̃ in these figures roughly mea-
sures the effective strength of the DM coupling to nuclei,
and thus affects the predicted production cross section at
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Fig. 40 Inclusive cross section at DA&NE for production of
dark-sector states, X, through an off-shell U (top) and for production
of an on-shell U with a photon (bottom) as a function of mU , after nor-
malizing the couplings to the observed DAMA/LIBRA modulation rate
assuming “form-factor-suppressed dipole inelastic dark-matter scatter-
ing”—see [558] for all the details

DA&NE. Also shown are the constraints on the couplings
of a new U(1) gauge group kinetically mixing with hyper-
charge from measurements of the muon anomalous mag-
netic dipole moment [577]. The green dotted lines corre-
spond to the lower bounds on the range of couplings that
could be probed by a search at LEP for rare Z-decays to var-
ious exotic final states, assuming that branching ratios as low
as 10−5 can be probed; mDM is set to 1 TeV. The upper plot,
where mX = 0.2 GeV, the number of hidden-sector flavors,
Nf = 1, and the number of colors in the hidden sectors,
Nc = 3, shows various choices of C̃ = {0.01,0.1,1.0}; in
the bottom one, αD = {1,α,10−4} with C̃ = 0.01. Note that
the off-shell production cross section scales linearly with the
number of dark flavors Nf and dark colors Nc. On both plots
constraints from aµ as well as the rare Z decay sensitivity
region are also shown. The details involved in generating
this figure are discussed in [558], to which we refer the in-
terested reader.

The U boson can also be produced in radiative decays of
neutral mesons, where kinematically allowed. This possibil-
ity has been discussed in detail in [559], where several dif-
ferent processes are taken into consideration. It turns out that
the φ → ηU decays can potentially probe couplings down to
κ ∼10−3, i.e., can cover most of the parameter range inter-
esting for the theory.

The U boson can be observed by its decay into a lep-
ton pair, while the η can be tagged by its two-photon or
π+π−π0 decays. This channel is very attractive from the
experimental point of view, since in the final state one has
to reconstruct the decays of two particles, which greatly im-
proves background rejection. A possible instrumental back-
ground comes from the standard radiative process, φ → ηγ ,
with γ conversions on the beam pipe. As for the previously
discussed similar cases, the same experimental considera-
tions apply here.

In Fig. 41 we present the reach of the U-boson using
φ → ηU . Specifically, we estimate the number of back-
ground events at given m2

U by taking the shape of the back-
ground distribution and normalizing it to the PDG branch-
ing fraction. Given this number of background events (in
a window of size determined by momentum resolution of
0.4%), the value of ϵ for which S/

√
B = 5 is plotted. We

emphasize that this is only an estimate of possible reach,
assuming 8 billion total φ’s. While it is simple to scale for
different integrated luminosity, as the reach is proportional
to L1/4, the actual reach requires detailed study fully includ-
ing detector effects. Different choices of form factor signif-
icantly modify the reach near the upper end of the kinemat-
ically accessible range for mU , but have little effect at the
low end. The kink in the curve just above 0.2 GeV is from
the sudden drop in U → e+e− branching fraction when the
µ+µ− decay mode opens up. At around 0.28 GeV, the de-
cay to π+π− opens up. We estimate its branching ratio us-
ing a vector-meson-dominance model of the pion form fac-
tor, Fπ (q2) = 1

1−q2/m2
ρ

, which is approximately valid since

we are probing mU ≪ mρ . The branching fraction to pi-
ons remains small (≈14%) even at mU ≈ mφ − mη , so this
mode has only a small effect on the reach. After the di-muon
threshold, the combined reach of e+e− and µ+µ− is similar
to the e+e− reach below the threshold.

8 Summary

The scientific program at the upgraded φ-factory deserves
the attention of particle physicists involved in several differ-
ent experimental and theoretical projects.

Lattice QCD and kaon physics are entering a new phase
in which experimental measurements and theoretical predic-
tions are sufficiently precise to be sensitive to NP. One of
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Fig. 41 Reach for U → e+e− at KLOE in the process φ → ηU .
Top: KLOE reach in e+e−. The upper curve is for constant form
factor Fφηγ ∗ (q2) = 1, whereas the lower curve is for the single-pole
fit Fφηγ ∗ (q2) = 1/(1 − 3.8 GeV−2 q2) from Ref. [267]. Bottom: The
reach in e+e− with single-pole form factor as above is compared with
the corresponding reach in µ+µ− (gray curve)

the milestones of KLOE-2 is the improvement of the experi-
mental inputs to |Vus | and thus the sensitivity of the unitarity
test discussed in Sect. 2, for which unquenched lattice calcu-
lations are in progress to reduce the uncertainty on the form
factors. Interesting enough, precision studies of kinematical
distribution of the kaon semileptonic decays can indepen-
dently provide the fK /fπ /f+(0) value for the validation of
new lattice calculations.

The accomplishment of the entire experimental program,
with the completion of the detector upgrades in year 2011
followed by a data-taking campaign to integrate a luminos-
ity of 20 fb−1, would allow extensive, unique tests of CPT
invariance and QM, investigating on fundamental questions
of interest for the quantum theory of gravity.

The program is not limited to kaon physics. Low-energy
QCD issues are also addressed with the analysis of η and η′

decays and the study of two-photon production of hadronic
resonances.

Precision measurements of (multi)hadronic cross sec-
tions from ππ threshold to 2.5 GeV are required for the
calculation of the hadronic corrections to the fine-structure
constant at the MZ scale and for improving the theoretical
accuracy of the anomalous magnetic moment of the muon.
Progress in this sector is necessary for precision physics at
the ILC and to solve the 3σ discrepancy between the mea-
surement and the SM prediction of aµ, for which new ex-
periments at the FNAL and J-PARC have been proposed.

The unique opportunity to investigate with proper sensi-
tivity the elusive production of new particles is crucial for
probing the hypothesis of a low-mass DM sector.

The list of measurements is not exhaustive but based on
several focusing questions triggered by both the experimen-
tal and theoretical sides, chosen as benchmarks for planning
and operating KLOE-2 at DA&NE.
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