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Recent results from KLOE

Marianna Testa for the KLOE Collaborationa

INFN-LNF, Via E. Fermi 40,

I-00044 Frascati, Italy

In this report I will present the recent results on K mesons from the KLOE experiment
at the DAFNE e+e− collider working at the center of mass energy ∼ 1GeV ∼ mφ. They
include Vus determinations, the test on the unitarity of the first row of the CKM matrix
and the related experimental measurements. Tests of lepton universality from leptonic and
semileptonic decays will be also discussed. Then I will present tests of quantum coherence,
CPT and Lorentz symmetry performed by studying the time evolution of the neutral kaon
system.

1 The KLOE experiment

The KLOE detector operates at DAΦNE, an e+e− collider working at the center of mass en-
ergy W ∼ mφ ∼ 1.02 GeV. The φ mesons are produced essentially at rest and decay to KSKL

(K+K−) ∼ 34% (∼ 49%) of the times. The K mesons are produced in a pure JPC = 1−− co-
herent quantum state, so that observation of a KS (K+) in an event signals (tags) the presence
of a KL (K−) and vice-versa: highly pure, almost monochromatic, back-to-back KS (K+) and
KL (K−) beams can be obtained. Moreover KS and KL are distinguishable on the basis of their
decay length: λS ∼ 0.6 cm and λL ∼ 340 cm.
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The KLOE detector consists essentially of a drift chamber (DC), surrounded by an electromag-

netic calorimeter (EMC). The DC 1 is a cylinder of 4 m diameter and 3.3 m in length which
constitutes a large fiducial volume for KL decays (∼1/2 of λL). The momentum resolution for

tracks at large polar angle is σp/p ≤ 0.4%. The EMC 2 is a lead-scintillating fiber calorimeter
consisting of a barrel and two endcaps, which cover 98% of the solid angle. The energy resolution
is σE/E ∼ 5.7%/

√

E(GeV). The intrinsic time resolution is σT = 54ps/
√

E(GeV) ⊕ 50ps. A
superconducting coil surrounding the barrel provides a 0.52 T magnetic field.
The present report is based on a first data sample of ∼500 pb−1, except for quantum coherence,
CPT and Lorentz symmetry tests; at present KLOE has about 2.2 fb−1 on disk.

2 Vus determination

In the Standard Model, the coupling of the W boson to the weak charged current is written as

g√
2
W+

α (UL VCKMγα DL + ēLγανe L + µ̄Lγανµ L + τ̄Lγαντ L) + h.c., (1)

where UT = (u, c, t), DT = (d, s, b) and L is for lefthanded. In the coupling above there is only
one coupling constant for leptons and quarks. Quarks are mixed by the Cabibbo-Kobayashi-
Maskawa matrix, VCKM, which must be unitary.
The most precise check on the unitarity of the VCKM matrix is provided by measurements of
|Vus| and |Vud|, the contribution of Vub being at the level of 10−5. |Vus| may be extracted by the
measurements of the semileptonic decay rates, fully inclusive of radiation, which are given by:

Γ(Kℓ3(γ)) =
C2

KG2
F M5

K

192π3
SEW |Vus|2 |f+(0)|2 IKℓ

(

1 + δ
SU(2)
K + δ

EM
Kℓ

)2
. (2)

In the above expression, the index K denotes K0 → π± and K± → π0 transitions, for which
C2

K = 1 and 1/2, respectively. MK is the appropriate kaon mass, SEW is the universal short-

distance electroweak correction 3 and ℓ = e, µ. Following a common convention, f+(0) ≡
fK0π−

+ (0). The mode dependence is contained in the δ terms: the long-distance electromagnetic
(EM) corrections, which depend on the meson charges and lepton masses and the SU(2)-breaking

corrections, which depend on the kaon species 4. IKℓ is the integral of the dimensionless Dalitz-
plot density over the physical region for non radiative decays and includes |f̃+, 0(t)|2, the reduced
form factor, defined below.

|Vus| can be also extracted from K → µν decays using the relation

Γ(Kµ2(γ))

Γ(πµ2(γ))
=

|Vus|2
|Vud|2

f2
K

f2
π

mK

(

1 − m2
µ/m2

K

)2

mπ

(

1 − m2
µ/m2

π

)2 × (0.9930 ± 0.0035), (3)

where fπ and fK are the pion- and kaon-decay constants and the uncertainty in the numerical
factor is dominantly from structure-dependent radiative corrections. This ratio can be combined
with direct measurements of |Vud| to obtain |Vus|.
The measurement of Vus from leptonic and semileptonic kaon decays allows both the test the
unitarity of the CKM matrix and and the leptonic quark universality. Moreover the universality
of electron and muon interactions can be tested by measuring the ratio Γ(K → πµν)/Γ(K →
πeν) and the comparison between the measurement of Vus from leptonic decays and that from
semileptonic decays allows to put bounds on new physics.

The experimental inputs to eq. 2 and 3 are the semileptonic and leptonic decay rates, fully
inclusive of radiation, i.e. branching ratios (BR) and lifetimes, and the reduced form factors f̃+(t)
and f̃0(t), whose behaviour as a function of t, the 4-momentum transfer squared (PK − pπ)2,



is obtained from the decay pion spectra. Details on the measurements and the treatment of
correlations can be found in ref. 5. In this report I will present the recent measurement of the
Kµ3 form factors, the charged kaon life time, the BR(K±

l3) and the BR(K+ → π+π0)

3 Kµ3 from factors

The largest uncertainty in calculating |Vus| from the decays rates is due to the difficulties in
computing the matrix element 〈π|Jhad

α |K〉 which has the form:

〈π|Jhad
α |K〉 = f+(0) × ((P + p)αf+(t) + (P − p)α(f0(t) − f+(t)∆Kπ/t) (4)

where P (p) is the K(π) momentum, t = (P − p)2 and ∆Kπ = M2
K − m2

π. The above equation
defines the vector and scalar form factors (FF) f+(t) = f+(0)f̃+(t) and f0(t) = f+(0)f̃0(t),
which take into account the non point-like structure of the pions and kaons. The term f+(0)
has been factored out, since the FFs must have the same value at t = 0. If the FFs are

expanded in powers of t up to t2 as f̃+,0(t) = 1 + λ′
+,0

t
m2 + 1

2 λ′′
+,0

(

t
m2

)2

, four parameters

(λ′
+, λ′′

+, λ′
0 and λ′′

0) need to be determined from the decay pion spectrum in order to be
able to compute the phase-space integral. However, this parametrization of the form factors
is problematic, because the values for the λs obtained from fits to the experimental decay
spectrum are strongly correlated 6. It is therefore necessary to obtain a form for f̃0(t) and
f̃+(t) with at least t and t2 terms but with only one parameter. The Callan-Treiman relation
7 fixes the value of scalar FF at t = ∆Kπ (the so-called Callan-Treiman point) to the ratio

of the pseudoscalar decay constants fK/fπ. f̃0(∆Kπ) = fK

fπ

1

f+(0)
+ ∆CT, where ∆CT, SU(2)-

breaking correction 8, is of O(10−3). A recent dispersive parametrization for the scalar form

factor 9, f̃0(t) = exp
[

t
∆Kπ

(ln C − G(t))
]

, allows the constraint given by the Callan-Treiman

relation to be exploited, such that C = f̃0(∆Kπ) and f̃0(0) = 1. G(t) is derived from Kπ

scattering data. As suggested in ref. 9, a good approximation to the dispersive parametrization

is f̃0(t) = 1 + λ0
t

m2 + λ0
2 + p2
2

(

t
m2

)2

+ λ0
3 + 3p2λ0 + p3

6

(

t
m2

)3

with p2 and p3 given in ref.

9. Also for the vector FF we make use of a dispersive parameterization 10, twice substracted at

t = 0, f̃+(t) = exp

[

t
m2

π

(Λ+ + H(t))

]

, where H(t) is obtained from Kπ scattering data and Λ+

has to be determined from the fit to experimental data. At KLOE energies clean and efficient
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Figure 1: Residuals of the fit (top plots) and Eν distribution for data events superimposed on the fit result
(bottom plot)

π/µ separation, required to measure the t spectrum, is difficult. The FF parameters have



been therefore obtained from fits to the distribution of the neutrino energy Eν after integration
over the pion energy. About 1.8 Million of Kµ3 are selected by means of kinematic cuts, time
of flight (TOF) measurements and calorimetric information. Details on the analysis can be

found in ref. 11. Using the dispersive parameterizations for the vector and scalar FF’s and
combing the Kµ3 and Ke3 data, we find λ+ = (25.7 ± 0.4 ± 0.4 ± 0.2param) × 10−3 and λ0 =
(14.0 ± 1.6 ± 1.3 ± 0.2param) × 10−3 with χ2/dof = 2.6/3 and a correlation coefficient of −0.26.
The result of the fit on Kµ3 data is shown in figure 1. Preliminary results based on 1fb−1 have
been also obtained and averaged with that presented above: λ+ = (26.0 ± 0.5stat+syst) × 10−3

and λ0 = (15.1 ± 1.4stat+syst) × 10−3

4 τ(K±), BR(K±
l3) and BR(K+ → π+π0)

We have combined the recent published measurements of the semileptonic BRs and the charged
kaon lifetime to use them in the evaluation of |Vus|.

At KLOE, two methods are used to reconstruct the proper decay time distribution for
charged kaons. The first is to obtain the decay time from the kaon path length in the DC,
accounting for the continuous change in the kaon velocity due to ionization energy losses. A
fit to the proper-time distribution in the interval from 15–35 ns (1.6τ±) gives the result τ± =
12.364 ± 0.031stat ± 0.031syst ns. Alternately, the decay time can be obtained from the precise
measurement of the arrival times of the photons from K+ → π+π0 decays. In this case, a
fit to the proper-time distribution in the interval from 13–42 ns (2.3τ±) gives the result τ± =
12.337 ± 0.030stat ± 0.020syst ns. Taking into account the statistical correlation between these

two measurements (ρ = 0.307), we obtain the average value τ± = 12.347 ± 0.030 ns, see 12.

To measure BR(K±
e3) and BR(K±

µ3), we use both K → µν and K → ππ0 decays as tags. We
measure the semileptonic BRs separately for K+ and K−. Therefore, BR(Ke3) and BR(Kµ3) are
each determined from four independent measurements (K+ and K− decays; µν and ππ0 tags).
Two-body decays are removed by kinematics and the photons from the π0 are reconstructed to
reconstruct the K± decay point. From the TOF and momentum measurement for the lepton
tracks, we obtain the m2

l distribution shown in figure 2. Further details are given in13. Using the
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Figure 2: Distribution of m2
l , from TOF information, for K±

l3
events.

above result for τ± to estimate the fiducial volume acceptance, we obtain BR(Ke3) = 0.04972±
0.00053 and BR(Kµ3) = 0.03273 ± 0.00039, which we use in our evaluation of |Vus|.

We have also obtained a preliminary result on the BR(K+ → π+π0), which is crucial to
perform the fit of all K± BRs and for the |Vus| determination of several experiments (NA48,
ISTRA+, E865) in the normalization of the BRs (K±

l3). About 800000 K+ → π+π0 have been
select with kinematic cuts. Our preliminary result, BR(K+ → π+π0) = (20.658±0.065±0.090)%,

is lower than the PDG value 14 of about 1.3%. Further details can be found in ref. 15.



5 |f+(0)Vus| and lepton universality

Using the BR(K0,±
l3 ), τ(KL), τ(K±) and the FFs from the KLOE results and τ(KS) from the

PDG14, the values of |f+(0)Vus| has been evaluated for KLe3, KLµ3, KSe3, K±
e3 and K±

µ3 decay
modes. The inputs from theory, according to eq. 2, are the SU(2)-breaking correction evaluated

with ChPT to O(p4), as described in 16, the long distance EM corrections to the full inclusive

decay rate evaluated with ChPT to O(e2p2) 16 using low-energy constants from ref. 17.
The average on the five different determination obtained taking into account all correlations is:
|f+(0)Vus| = 0.2157 ± 0.0006 with χ2/dof = 7.0/4.
Comparison of the values of |f+(0)Vus| for Ke3 and Kµ3 modes provides a test of lepton univer-
sality. We calculate the following quantity

rµe ≡
|f+(0)Vus|2µ3, exp

|f+(0)Vus|2e3, exp

=
Γµ3

Γe3

Ie3 (1 + δKe)
2

Iµ3 (1 + δKµ)2
, (5)

where δKℓ stands for δ
SU(2)
K + δ

EM
Kℓ . In the SM rµe = 1. Averaging between charged and neutral

modes, we find rµe = 1.000 ± 0.008. The sensitivity of this result is competitive with that

obtained for π → lν and τ → lν decays 18,19 whose accuracy is ∼ 0.4%.

6 Test of CKM unitarity

To get the value of |Vus| we have used the recent determination of f+(0) = 0.9644 ± 0.0049
from RBC and UKQCD Collaborations obtained from a lattice calculation with 2 + 1 flavors
of dynamical domain-wall fermions 22. Using their value for f+(0), our Kl3 results give |Vus| =
0.2237 ± 0.0013. Additional information is provided by the determination of the ratio |Vus/Vud|,
using eq. 3. From our measurements of BR(Kµ2) and τ±, Γ(πµ2) from ref. 14 and the recent
lattice determination of fK/fπ from the HPQCD/UKQCD collaboration, fK/fπ=1.189± 0.007
21, we obtain |Vus/Vud|2=0.0541 ± 0.0007. We perform a fit to the above ratio and our result
|Vus|2=0.05002± 0.00057 together with the result |Vud|2 = 0.9490± 0.0005 from superallowed β-

decays 20. We find 1 − |Vus|2 − |Vud|2 = 0.0004 ± 0.0007 (∼ 0.6σ) and confirm the unitarity
of the CKM quark mixing matrix as applied to the first row. The result of the fit is shown in
figure 3.
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7 Bounds on new physics from Kl2 decays

The comparison between the values for |Vus| obtained from helicity-suppressed Kℓ2 decays and
helicity-allowed Kℓ3 decays allows to put bounds on new physics. We study the quantity Rℓ23 =
∣

∣

∣

∣

Vus(Kµ2)
Vus(Kℓ3)

× Vud(0
+ → 0+)

Vud(πµ2)

∣

∣

∣

∣

, which is unity in the SM, but would be affected only in Vus(Kµ2)

by the presence of non-vanishing scalar or right-handed currents. A scalar current due to a
charged Higgs exchange is expected to lower the value of Rℓ23, which becomes (see 23): Rℓ23 =
∣

∣

∣

∣

∣

1 − m2
K+

m2
H+

(

1 − m2
π+

m2
K+

)

tan2 β
1 + ǫ0 tan β

∣

∣

∣

∣

∣

with tan β the ratio of the two Higgs vacuum expectation

values in the MSSM and ǫ0 ≈ 0.01 24. Using our result on Kµ2 and Kℓ3 decays, the lattice
determinations of f+(0) and fK/fπ and the value of |Vud| discussed above, we obtain Rℓ23 =
1.008 ± 0.008. Fig. 4 shows the region in the {mH+ , tan β} plane excluded at 95% CL by our
result for Rℓ23.
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Figure 4: Region in the mH+-tan β plane excluded by our result for Rℓ23; the region excluded by measurements
of BR(B → τν) is also shown.

The ratio RK =
BR(Ke2)
BR(Kµ2)

is extremely well known in the SM, being almost free on hadronic

uncertainties. Since the electron channel is helicity suppressed RK is sensitive to contributions
from physics beyond the SM. Deviations up to few percent on RK are expected in minimal
supersymmetric extensions of the SM and should be dominated by lepton-flavour violating con-
tributions with tauonic neutrinos emitted 25. KLOE has selected about 8000 Ke2 events on 1.7
pb−1 by performing a direct search without the tag of the other kaon. Background from Kµ2 has
been reduced by means of kinematic cuts and calorimeter particle identification. Our prelimi-
nary result, RK = (2.55 ± 0.05 ± 0.5) × 10−5, allows to put bounds on the charged Higgs mass
and tan β for different slepton mass matrix off-diagonal elements ∆1,3. An accuracy of ∼ 1% is
expected increasing the data sample analized, the control sample and Monte Carlo statistics.

8 Test of quantum coherence, CPT and Lorentz symmetry with the neutral kaons

Test of quantum mechanics (QM) can be performed by studying the time evolution of the
quantum correlated KSKL system, in particular studying the interference pattern of the decay
KLKS → π+π−π+π−. The distribution of the difference decay times is given by:

I(|∆t|) ∝ e−|∆t|ΓL + e−|∆t|ΓS − 2cos(∆m|∆t|)e−
Γs+ΓL

2
|∆t| (6)



One of the most direct ways to search for deviations from QM is to introduce a decoherence
parameter ζ 26, i.e. multiplying by a factor (1 − ζ) the interference term in the last equation.

The definition of ζ depends on the basis chosen for the initial state27 |i〉 ∝ |KS(+~p)〉|KL(−~p)〉−
|KL(+~p)〉|KS(−~p)〉 or |i〉 ∝ |K0(+~p)〉|K̄0(−~p)〉 − |K̄0(+~p)〉|K0(−~p)〉.

The case ζ = 1 (i.e. total decoherence) corresponds to the spontaneous factorization of

states (known as Furry’s hypothesis 28). Selecting a pure sample of KLKS → π+π−π+π−

and fitting eq. 6 to data, KLOE has obtained the following preliminary result based on 1fb−1:
ζSL = 0.009 ± 0.022stat and ζ00 = (0.03 ± 0.12stat) × 10−5 consistent with QM predictions.

In a quantum gravity framework, space-time fluctuations at the Planck scale (∼ 10−33 cm),

might induce a pure state to evolve into a mixed one 29. This decoherence, in turn, necessarily
implies CPT violation 30. In this context the CPT operator may be “ill-defined” and CPT
violation effects might also induce a breakdown of the correlation in the initial state31,32 which
can be parametrized in general as: |i〉 ∝ |KS(+~p)〉|KL(−~p)〉 − |KL(+~p)〉|KS(−~p)〉
+ω (|KS(+~p)〉|KS(−~p)〉 − |KL(+~p)〉|KL(−~p)〉) where ω is a complex parameter describing CPT

violation. Its order of magnitude might be at most |ω| ∼
√

(M2
K/MP lanck)/∆Γ ∼ 10−3, with

∆Γ = ΓS−ΓL. KLOE has improved its limit on the ω parameter using about 1fb−1. The prelimi-

nary results, obtained by fitting the I(∆t;π+π−π+π−) distribution, are Reω =
(

−2.5+3.1
−2.3

)

×10−4

and Im ω =
(

−2.2+3.4
−3.1.

)

× 10−4, consistent with quantum coherence and CPT symmetry. The

accuracy reaches the interesting region of the Planck’s scale.
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Another possibility for CPT violation is based on spontaneous breaking of Lorentz symmetry
in the context of the Standard Model Extension (SME)33,34. In the SME CPT violation man-
ifests to lowest order only in the δ parameter, describing CPT violation in the time evolution,
which exhibits a dependence on the kaon 4-momentum:

δ(p, θ, tsid) =
1

2π

∫ 2π

0
δ(~p, tsid)dφ =

isinφSW eiφSW γ

∆m
(7)

(∆a0 + β∆aZ cos χ cos θ + β∆aY sinχ cos θ sin Ωtsid + β∆aX sin χ cos θ cos Ωtsid)

after integration on φ, where θ and φ are the conventional polar and azimuthal angles defined



in the laboratory frame around the z axis. ∆aµ are four CPT and Lorentz symmetry violating
coefficients for the two valence quarks, β is the kaon velocity, γ = 1/

√

1 − β2, φSW is the
superweak angle, χ is the angle between the z laboratory axis and the Earth’s rotation axis and
Ω is Earth’s sidereal frequency. The sidereal time (tsid) dependence arises from the rotation
of the Earth. KLOE has measured the ∆aX,Y,Z parameters by using the channel KSKL →
π+π−π+π− and performing an analysis on the polar angle θ and the sidereal time tsid. Fitting
the distribution of the decay times difference I (t1 − t2;π

+π−(cos θ1 > 0)π+π−(cos θ2 < 0); tsid)
we obtain the preliminary results based on 1fb−1: ∆aX = (−6.3 ± 6.0) × 10−18 GeV, ∆aY =
(−2.8± 5.9)× 10−18GeV and ∆aZ = (−2.4± 9.7)× 10−18 GeV. The result of the fit is shown in
fig. 5. A limit on the ∆a0 parameter has been obtained through the difference on the KS and
KL semileptonic charge asymmetry integrated on tsid and on a symmetrical polar angle region.
Our preliminary result is ∆a0 = (0.4 ± 1.8) × 10−17 GeV
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