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The analysis of the full data sample of about 2.5 fb~! collected by the KLOE experiment at
DA®NE is in progress. New results on Ks — ete™, Ks — vy, K1 — mevy, and Kp,3 form
factor are presented. The most recent KLOE results on Vs, CPT invariance and QM tests
are reviewed.

1 The KLOE experiment at DAPNE

The Frascati ¢-factory, DA®NE, is an eTe™ collider working at a center of mass energy of
Vs ~ 1020 MeV, corresponding to the peak of the ¢ resonance. The ¢ production cross section
is ~ 3ub, and the ¢ — K 00 decay has a branching fraction of 34%. The beams collide at
the interaction point (IP) with a crossing angle 6, ~ 25 mrad, therefore ¢’s are produced with
a small momentum of ~ 12.5 MeV in the horizontal plane. The typical sizes of the beam are:
oy = 0.2cm;0y = 20 pm; o, = 3cm.

The KLOE detector consists mainly of a large volume drift chamber surrounded by an
electromagnetic calorimeter. A superconducting coil provides a 0.52 T solenoidal magnetic field.

The fine sampling lead-scintillating fiber calorimeter ! (EmC) consists of a barrel and two
end-caps, and has solid angle coverage of 98%. Photon energies and arrival times are measured
with resolutions og/E = 5.7%/+/E(GeV) and o, = 54ps/+/E(GeV)®50ps, respectively. Photon
entry points are determined with an accuracy o, ~ 1 cm/\/E(GeV) along the fibers and o] ~
1 cm in the transverse direction.

The tracking detector is a 4 m diameter and 3.3 m long cylindrical drift chamber 2 (DCH)
with a total of ~ 52000 wires, of which ~ 12000 are sense wires. In order to minimize multiple
scattering and K, regeneration and to maximize detection efficiency of low energy photons, the
chamber works with a helium based gas mixture and its walls are made of light materials (mostly
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carbon fiber composites). The momentum resolution for tracks produced at large polar angle is
op/p < 0.4%. Vertices are reconstructed with a resolution of ~ 3 mm.

At a ¢-factory the ¢ — K°KY decay produces the neutral kaon pair in a coherent quantum
state with JFP¢ =1-:

i) = SAIEO)IRY) = [RIK)} = (1K) |Ki) = [KL)IKs)) (1)

where N = (1 + |e[?)/(1 — €2) ~ 1 is a normalization factor.

The detection of a kaon at large (small) times tags a Kg (K1) in the opposite direction.
At KLOE a Ky is tagged by identifying the interaction of the K in the calorimeter (K-
crash). In fact about 50% of the produced Kp’s in ¢ — KgK| events reach the calorimeter
before decaying; their associated interactions 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 delayed of
~ 30 ns (as at KLOE Kp’s have a velocity  ~ 0.22) with respect to a photon coming from the
interaction region. Pure Kg samples have been selected exploiting this tagging technique.
A K is tagged by detecting a Kg — w7~ decay near the IP; the invariant mass from the
momenta of the two pion tracks is reconstructed with a resolution of ~ 1 GeV, thus allowing
the selection of a clean K, sample.

KLOE completed the data taking in March 2006 with a total integrated luminosity of ~
2.5 b1, corresponding to ~ 7.5 x 10™9 ¢-mesons produced.

2 New KLOE results on neutral kaon decays

2.1 Kg—eTe

The SM prediction of the branching ratio of Kg — e*e™ decay is rather low (BR= 1.6 x 1071%),
but quite precise 3, leaving room for possible new physics effects to be detected. A data sample
corresponding to 1.3 fb~! has been analyzed; events are selected requiring the presence of a
K decay, tagged by the detection of a Kj-crash, and two charged tracks coming from the IP,
with an invariant mass (in the ete™ hypothesis) My, greater than 420 MeV. A y2-like variable
is built, based on the measured time of flights of the two particles, E/p, and the transverse
distance between the track impact point on the calorimeter and the closest calorimeter cluster.
The search for the signal is performed inside a signal box in the x?-M;,, plane, whose definition
is optimized with a Monte Carlo (MC) simulation study: 492 < M;,, < 504 MeV and x? < 20.
These cuts reject almost all the events due to the background processes Kg — wtn~ — um,
Kg — ntn~, and ¢ — n7n~ 7%, while retaining 55.8% of the signal. The selection is inclusive
for radiated photons with energy in the kaon rest frame £J < 6 MeV. We observe N = 3 events
inside the box, with an expected background of 7.1+ 3.6 events, corresponding to an upper limit
of 4.3 events at 90% c.l.; after normalization to Kg — 77~ events, we obtain a preliminary
result for the branching fraction:

BR(Kg — eTe™(7); EX < 6 MeV) < 2.1 x 107°

at 90% c.l., improving the previous limit * by almost an order of magnitude.

2.2 Kg— vy

The measurement of BR(Kg — ~77v) is an important test of chiral perturbation theory, as
discussed in Ref?. A data sample corresponding to 1.6 fb~! has been analyzed; events are
selected requiring the presence of a Kg decay, tagged by the detection of a Kp-crash, and two
and only two photons with an energy greater than 7 MeV, back-to-back in the center of mass



system of Kg (cos(6?,) < —0.95), and coming from the IP (T, — R/c ~ 0). A kinematic fit
constrains the time, momentum, and invariant mass M., of the two photons. In order to further
reduce the copious background due to Kg — 27° with two undetected photons, a veto on the
signal of two small calorimeters surrounding the focusing quadrupoles near the IP is applied.
The background due to Kj; — v decays is absent due to the high purity of the Kg sample. The
overall efficiency on the signal is ~ 52%. Finally, the signal counts are obtained by fitting the
M, and cos(0,) bi-dimensional distribution with signal and background distributions obtained
from MC. The reconstructed energy scale is well kept under control by comparing data samples
of Kg — 27% and K — v events with MC. The preliminary result is

BR(Kg — v7) = (2.35 £0.14) x 107°

in agreement with O(p*) chiral perturbation theory calculation, and not confirming the discrep-
ancy of ~ 30% found by the NA48 collaboration ©.

2.8 Ky — mevy

Radiative effects play an important role in kaon semileptonic decays. Both inner bremsstrahlung
(IB) and structure dependent (SD) amplitudes contribute to the Kj — mery process, as dis-
cussed in Ref. 7. A data sample corresponding to ~ 330 pb™! has been analyzed; inclusive
selection of Kj — mev(y) events requires a K, of known momentum and direction, tagged by
Kg — ntm~ decay near the IP. In a fiducial volume extending for ~ 0.4\, two-track decay
vertices are selected around the K7 line of flight; the vast majority of the background due to
Ky — muv, and 7Tn~ 710 is rejected by cutting on the E,niss — Piss distribution, where Piqs
and FE,,ss are the missing momentum and missing energy evaluated in the hypothesis of pion
and muon daughter particles. A time of flight technique is used to identify electron and pion
tracks. The radiative events are selected by further requiring the detection of a photon with a
time of flight compatible with the decay vertex; the cluster position is used to close the kinemat-
ics p2 = 0= (px — pr — Pe — Py)?, and evaluate the energy E, of the photon. A control sample
of K; — mrn~7¥ decays is used to check the photon efficiency, energy and vertex resolutions.
Finally, the signal counts are obtained by fitting the EZ and 6;_, bi-dimensional distribution,
where 67__ is the angle between the electron and the photon b with signal and background
distributions obtained from MC.

The preliminary result for the ratio R = BR(K, — mevy)/BR(K — mev(y)), with the cuts
for the exclusive channel £ > 30 MeV, and 67_., > 20°, is:

R = (0.92 £ 0.02tat & 0.024y50)% -

By using the SD spectrum shape evaluated in Ref. 7, we are also able to measure the SD
contribution:

BRsp(K — mery) = (=3.1+£3.0) x107°;  BRgp <2.5x 107° @ 90% c.l. ,

in agreement with theoretical predictions based on chiral perturbation theory calculation 7.

The accuracy of the KLOE result on R is not sufficient to shed light on the discrepancy
between previous measurements by KTeV and NA48 collaborations ®°. However the analysis
of the full KLOE data sample (statistics x5) will improve the accuracy on both R and BRgp
results.

*The symbol * indicates quantities evaluated in the kaon rest frame



2.4 Kz form factor slope Ao

The knowledge of the K, scalar form factor fo(t), where ¢ is the momentum transfer, is relevant
for the determination of Vs and to test e/u universality; typically a linear parametrization is
used fo(t) o< 1+ Ao(t/m2, ), where the slope )¢ is a parameter to be experimentally determined.
A data sample corresponding to ~ 330 pb~! has been analyzed; K Lu3 events are selected re-
quiring a K7, of known momentum and direction, tagged by Kg — 777~ decay near the IP. In
a fiducial volume extending for ~ 0.4\, two-track decay vertices are selected around the K,
line of flight; the background due to Kj — mwev, ntn~ 7%, and 7#T7~ is rejected by cutting on
different combinations of F,,;ss and P,,;ss variables, where E,,;ss is evaluated in different masses
hypothesis for the daughter particles. The same variables are used to select the signal. A further
reduction of the background at the level of ~ 1.5% is obtained using neural network and time of
flight techniques. The analysis of Ky,3 decays for the measurement of the slope parameter \g
is more complicated than for K7 .3 decays!! because pure and efficient 7 — ;1 separation is much
more difficult to achieve. In order to overcome this problem, the analysis aims at measuring \g
through a fit to the distribution of the neutrino energy F,, which can be evaluated through a
Lorentz transformation of the missing momentum ﬁml ss in the K, rest frame. As a consequence
the sensitivity on form factor slope Ag is slightly reduced with respect to that achieved from a
fit on the ¢ distribution. A combined fit of the neutrino energy spectrum with K3 results for
the vector form factor slopes X, N] 1! yields the following preliminary result:

Ao = (15.6 & 18540t £ 1.9yst) x 1072

with an accuracy similar to other measurements '2. The relative statistical accuracy will be in
the range 5 — 10% with the analysis of the full KLOE data sample.

3 KLOE summary on V,

The most precise test of the unitarity of the CKM matrix can be performed from its first row.
Defining A = [Viq|? + |Vas|? + [Vas|? — 1, an accuracy of few parts in 1074 on A can be reached.
The contribution of |Vy;|? is negligible '2; the determination of |V,q| form super-allowed nuclear
beta decays gives an uncertainty of 5x10~% on A3, A similar accuracy can be reached extracting
|Vis| from the rates of semileptonic kaon decays:

% CZ2G2M5 ) )
r (KeS('y),/LS('y)) = 12877_[_3815\7\/|Vus|2|f+(0)|2163,y3(1 + 563,#3) (2)

where the index i refers to K — 7~ or Kt — 7 transitions for which C? = 1 or 1/2, re-
spectively, G is the Fermi constant, M is the appropriate kaon mass, and Sgw is a universal
short-distance electroweak correction 4. The §° term accounts for long-distance radiative cor-
rections depending on the meson charges and lepton masses and, for K, for isospin-breaking
effects. The f,(0) form factor parametrizes the vector-current transition K — 7~ at zero
momentum transfer ¢, while the dependence of vector and scalar form factors on ¢ enters into
the determination of the integrals I.3 ,3 of the Dalitz-plot density over the physical region.
The experimental inputs in Eq.(2) are the semileptonic decay widths, evaluated from the
~v-inclusive BR’s and from the kaon lifetimes, and the parameters describing the t-dependence
of the vector and scalar form factors. The KLOE experiment provides measurements for all
these quantities ¢ with the only exception of the Kg lifetime; taking the 7g from Ref. 2, the
values of |Vys|f+(0) are obtained from KLOE measurements for different decay modes, as listed
in Table 1. The best accuracy, ~ 0.3%, is obtained from Kj.3 mode, with the error dominated

°For the recent KLOE measurement of 7+ see Ref. 1°.



Table 1: Summary of KLOE measurements of |Vis|f+(0).

Mode |Vas|f+(0)
Kres | 0.2156(7)
Krus | 0.2163(10)
Ksez | 0.2154(14)
K% ]0.2168(22)

0.2151(30)
Average | 0.2158(6)

by the knowledge of 71. Using the value of f1(0) = 0.961(8) evaluated by Leutwyler and Roos
16 the value of Vs = 0.2246(20) from KLOE average for K3 modes is obtained; using the world
average '3 value of Vyq = 0.97377(27), we get A = (—13 +10) x 10~%. A combined analysis of
all available experimental results in order to extract |Vis| is discussed in detail elsewhere 7

The values of V;;s obtained from K.3 and K3 decays can also be used to test the universality
of e and p couplings to the W boson. KLOE results are compatible with a ratio of effective
Fermi constants equal to unity:

[G(u3)/G(e3)]* = 1.0065(98)  for K,
[G(u3)/G(e3)]* = 0.984(25)  for K+ .
From the measured ratio I'(K' — uv)/I'(m — pv) of radiation-inclusive kaon and pion widths
for uv decays, the ratio |Vys/Vud| can be extracted, using as theoretical inputs the form factor
ratio fr/fr from lattice calculation ', and a radiative correction factor from Ref!®. From the

precise KLOE measurement 2 BR(K+ — pTv) = 0.6366 + 0.0009ta & 0.00154yst, and using
PDG values '? for the other experimental inputs, we get:

Vias/ V| = 0.2286 (*27) .

This result can be fit togheter with the values of Vs from KLOE average and Vg from Ref!3,
yielding the result Vs = 0.2239(16) and A = (16 + 12) x 10~* with a x? probability of 56%,
demonstrating the consistency of KLOE measurements, and giving no indication of any violation
of CKM unitarity.

4 CPT Test from Bell-Steinberger Relation

The Bell-Steinberger relation (BSR) 2! relates a possible violation of CPT invariance (myo #
mgo and/or I'go # T'zo) in the time-evolution of the K%K system to the observable C'P-
violating interference of Kj and Kg decays into the same final state f. The BSR relation can
be written in the following form :

(% + i tan ¢sw> <% — z’%(d)) FS — ZAS (3)

without approximations, and phase-convention independent in the exact C'PT limit 22, where €
and ¢ are the usual T and C'PT violating parameters in the kaon mixing, respectively, ¢gy is
the superweak phase, and Ag 1(f) are the decay amplitudes of Kg 1, into the final state f. The
solution of Eq. 3 is given by:

§21?_(’6)’ 1 ( 1+k(1—2b) (1—k)tan ¢sw> <zf§}e(af)) W
S0 N\ -k tangsw — —(1+r) 2rS(ay) )




where on the r.h.s. there are all measurable quantities; the a; parameters are conveniently
defined as follows for the main final states:

e = o (ALUOAS() =1y BR(Es = ), f=70, 7t (), ()
Gerr = o (ALDAR()) = 25503 BR(FL — f), F=32", 2% (). (6)
S TKp,

oy = Fi S (A (o) A b)) + 2755 BR(K, — )3 (0)

(4% Ky,
= 228 BR(KL — 7lv) (As + AL) /4 — i9(z+)). (7)
K,

with 7, = Ap(i)/As(i), As is the semileptonic charge asymmetry for Kgp, S(z4) is the
AS = AQ violating and C'PT conserving parameter for semileptonic decay amplitudes, and
K= TKe/TK,, b=BR(Ky — mlv), N = (1+ k)2 + (1 — k)? tan® psw — 2b k(1 + k).

After having provided all the experimental inputs to Eq.(4) by using KLOE measurements,
PDG values, and a combined fit of KLOE and CPLEAR data in order to improve the precision
on I(x, ), we obtain ¢:

R(e) = (159.6 +£1.3) x 1075, F(6) = (0.4 £2.1) x 1075

improving by almost a factor three the previous best limit on 3(§) from CPLEAR?3. The main
limiting factor of the present result is the uncertainty on the phase of 7,+,- parameter entering
in a,+,-. In fact, using the KLOE upper limit on BR(Kg — 37°)2* and the Ag measurement*®,
007070 and oy, do not limit anymore the test sensitivity.

The limits on I(J) and R() 2% can be used to constrain the mass and width difference
between K° and K°. Since the total decay widths are dominated by long-distance dynamics,
in models where C'PT invariance is a pure short-distance phenomenon, it is useful to consider
the limit I'xo = I'go. In this limit we obtain the following bound on the neutral kaon mass
difference:

—53%x 107" GeV < AM < 6.3x 107" GeV  at 95 % CL.

5 Decoherence and CPT Tests Using Kaon Interferometry

The quantum interference between the two kaon decays in the CP violating channel ¢ —
KsK; — mtn~7nt7r~ has been observed for the first time by KLOE 27. A data sample cor-
responding to ~ 330 pb~! has been analysed; 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 experimental resolution on
the time difference At = |t; — to| in the case of 777~ decays can be improved exploiting the
good momentum resolution of the KLOE detector and the closed kinematics of the event. After
a kinematic fit, a resolution oa; ~ 0.97g is obtained. The measured At distribution can be fitted
with the expression:

(Pg+Tp)
I(rtn, mtn  At) oc e TEAL p o7 UsBY _9(1 — Cgp)e™ S ea cos(AmAt)

where the quantum mechanical expression in the {Kg, K1} basis has been modified with the
introduction of a decoherence parameter (g1, and a factor (1 — (gz,) multiplying the interference

4See Ref. 22 for a detailed discussion on the fit procedure.
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Figure 1: At distribution from the fit used to determine (sr.. The black points with errors are data and the solid
histogram is the fit result. The uncertainty arising from the efficiency correction is shown as the hatched area.

term. Analogously, a (y5 parameter can be defined in the {KO,I? 01 basig?®. After having
included resolution and detection efficiency effects, having taken into account the background
due to coherent and incoherent K g-regeneration on the beam pipe wall, the small contamination
of non-resonant ete™ — 7 7 7 7~ events, and keeping fixed in the fit Am, I's and I';, to the
PDG values, a fit is performed on the At distribution, as shown in Fig.1. The fit results are:

(sz = 0.018 £ 0.0405¢5¢ + 0.007gygt
Coo = (L0£ 215054 + 0dgygt) x 107°

compatible with the quantum mechanics prediction, i.e. (s, = (j5 = 0, and no decoherence
effects. In particular the result on (5 has a high accuracy, O(107°), due to the C'P suppression
present in the specific decay channel; it improves of five orders of magnitude the previous limit
obtained by Bertlmann and co-workers?® in a re-analysis of CPLEAR data. This result can also
be compared to a similar one recently obtained in the B meson system 2?, where an accuracy
O(1072) can be reached.

It has been pointed out 3%:3! that in the context of a hypothetical quantum gravity, C PT
violation effects might occur in correlated neutral kaon states, where the resulting loss of particle-
antiparticle identity could induce a breakdown of the correlation of state (1) imposed by Bose
statistics. As a result the initial state (1) can be parametrized in general as:

) 1
|Z>:ﬁ

where w is a complex parameter describing a completely novel CPT violation phenomenon, not
included in previous analyses. Its order of magnitude could be at most

(ol ~ [(m%/Mpian)/AT] 7

with AT' =T'¢ — I',. A similar analysis performed on the same data as before, including in the
fit of the At distribution the modified initial state Eq.(8), yields the first measurement of the
complex parameter w27:

Rlw) = (1.1i§;§ + 0.9) x107"  S(w) = (3.4t§;§ + 0.6) x 107 ;

[IKO)E®) = [KO)K) +w (IK)K®) + K| K%)] (8)

~ 1073

with an accuracy that already reaches the interesting Planck’s scale region. Other interesting
results related to possible decoherence and C'PT violation in the quantum gravity framework
are discussed in Ref. 7.



Conclusions

New preliminary results on Kg — eTe™, Kg — v, K, — mevy, and K3 form factor have
been presented, and some recent results on V.5, C'PT invariance and Q)M tests reviewed. The
analysis of the full data sample of about 2.5 fb~! is in progress, and new or improved results
will be available in the next future. In the meanwhile the possibility to continue the KLOE
physics program at DA®NE with an improved luminosity at the ¢ peak up to ~ 1033cm=2s~!
is strongly considered.
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