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RECENT RESULTS ON KAON DECAYS FROM KLOE AT DA+NE
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The analysis of the full data sample of about 2.5 b~ collected by the KLOE experiment. at
DA BNE iz in progress. MNew resulis on Kg — ete™, Kg — v, K — mery, and Ky barm
fator are preseniesd. The mest recent KLOE results on Vo, OFT invariance and QM tests
are reviewesd,

1 The KLOE experiment at DAFNE

The Frascati @-factory, DAPNE, 15 an e~ collider working at a center of mass energy of
W8 e 1020 MeV, corresponding to the peak of the & resonance. The ¢ production cross section
i5 ~ 3pub, and the & — KUK decay has a branching fraction of 34%. The beams collide at
the interaction point (IF) with a erossing angle &, = 25 mrad, therefore ¢'s are produced with
a small momentum of ~ 12,5 Me¥V in the horizontal plane. The typical sizes of the beam are;
ge = D2em;oy = Mpm;o; = Jem.

The KLOE detector consists mainly of a large volume drift chamber surrounded by an
electromagnetic calorimeter. A superconducting coil provides a (.52 T solenoidal magnetic field.

The fine sampling lead-scintillating fber ealorimeter ! {EmC) consiste of a barrel and two
end-caps, and has solid angle coverage of 98%., Photon energles and arcival times are measured
with resolutions op /1 = F:.??-“Eufumand e = hdps/ W Gev 1&alps, respectively, Photon
entry pointe are determined with an accuracy oz ~ 1 em// E{Ga¥V) along the fibere and o ~
1 cm in the transverse directicn.

The tracking detector i= a 4 m diameter and 2.3 m long evlindrical drift chamber 2 (DEH)
with a total of ~ 5200 wires, of which ~ 12000 are sense wires, In arder to minimize multiple
scattering and K regeneration and to maximize detection efficiency of low energy photons, the
chamber warks with a helinm hased gas mixture and its walls are mada of light materials (maostly
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carhon fiber compaosites). The momentum resclution for tracks produced at large polar angle 1=
mp/p < 04%. Vertioces are reconstructed with a resclution of ~ 3 mm,

At a ¢-factary the ¢ — KYRY decay produces the nentral kaon pair in a echerent quantum
state with J&'% = 1-—

9 = SRR — (RO = SR — L IKs)) (1)

whera V = (1 + |£|E]|I.I'{] - EE;I =~ 1 1= a normalization factor,

The datection of a kaon at large (Emall) times tags a Kg (K ) In the oppasite direction.
At KLOFE a Ks ie tagged by identifying the mteraction of the Ky in the calorimeter (K-
cragh). In fact aboot 50% of the produced Ky 's in ¢ — Kl events reach the calorimeter
before decaying; their associated interactions are identified by a high energy, neatral and delayed
deposit in the calorimeter, 1.8, not associated fo any chamged track in the event, and delayed of
~ A0 n= (ag at KLOE K;'s have a velocity & ~ 0.22) with respect to a photon coming from the
interaction region. Pure K g samples have been selected exploiting this tageing technique.
A K is tagged by detecting 8 g — o7~ decay near the IP; the invariant mass from the
momenta of the two pion tracks is reconstructad with a mesolution of ~ 1 Ge¥, 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, carresponding to ~ 7.5 = 107 é-mesons produced .

2 MNew KLOE results on neutral kaon decays

Bl Kg—eme”

The 8M prediction of the branching ratio of K5 — eTe decay is rather low (BR= 1.6x lﬂ‘w},
but quite precise”, leaving room for possible new physics efects to be detected. A data sample
corresponding to 1.3 fh! has been analyzed; events ara salected requiring the presence of a
K5 decay, tagged by the detection of & K -crash, and two charged tracks coming from the [P,
with an invariant mass (in the e7e™ hypothesis) Uy, greater than 420 MV, A w2-like variahle
15 built, based on the measured time of Hights of the two particles, £/p, and the transverse
distance between the track impact point on the calorimeter and the closest calorimeter cluster.
The search far the signal is performed inside a signal boe in the v2-M,.,, plane, whoes definition
is optimized with a Monte Carlo {MC) simulation study: 492 < M, < 504 MeV and 2 < 20,
These cute reject almost all the events due to the background processes Ko — otor — pm,
Ks — mtr, and & — =7 ", while retaining 55.8% aof the signal. The selection is inclusive
for radiated photons with energy in the kaon rest frame E.'_; = 6 MeV. We observe NV = 3 svants
inside the box, with an expected background of 7.1+ 3.6 events, corresponding to an upper limit
of 4.3 events at 908% cl.; after normalization to Kg — 777~ events, we cbtain a preliminary
result for the branching fraction:

BR{Ks — e*e (7); % < 6 MeV) < 2.1 % 107

at B0% cl., improving the previous limit* by almost an order of magnitude.

BB Kg— -y

The measurement of BR{Ks — 77) 5 an important test of chiral perturbation theory, as
discussed in Rel®. A data sample corresponding to 1.6 fb~! has been analyzed; evenis are
selected requiring the presence of a K decay, tageed by the detection of a Kp-crash, and two
and only two photone with an energy greater than ¥ MeV, back-to-back in the center of mas=
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syastem of Kz {crﬁ{ﬂ*ﬂ] = —085), and eoming from the [P (T, — K/e = ). A kimematic fit
constrains the time, momentum, and invariant mass W~ of the two photons. In order to further
recluce the copions background due to K g — 25" with two undetected photons, a veto on the
signal of two small calorimeters surrounding the focusing quadrupolss near the [P is applisd.
The background due to Ky — v decaye 1s absent doe to the high puriiy of the Kg sample. The
overall efficiency on the signal is ~ 52%. Finally, the signal counts are oblained by fitting the
M and El:lEFl:I!J._T_I'.:I bi-dimensional distribution with signal and background distributions obtained
from M. The reconetructed energy scale 1= well kept under control by comparing data samples
of Kz — 27" and Ky — v everts with MC. The preliminary result is

BR(Ks — 1) = (235 £ 0.14) = 10-%

in agreement with ﬂ{p’i} chiral perturbation theory caleulation, and not confirming the discrep-
ancy of ~ 0% found by the NA48 collaboration .

8.3 Kp— mery

Radiative effects play an important rols in kaon semileptonic decays. Both inner bremestrahlung
(1B} and structure dependent {513} amphitudes contribute to the Kp — meey process, as dis
enssad in Ref. 7. A data sample carresponding to ~ 330 ph! has been analyzed; inclusive
selection of Ky — mew(v) evente requires a K of known momentum and direction, tagoed by
Kg — 77~ decay near the IP. In a fiducial wolume extending For ~ 04A;, two-track decay
vertices are selected around the Ky line of Hight; the vast majoriy of the background due to
Ky — mpr, and 77~ 7" is rejected by cutting on the e — Prss distribution, where P
and .. are the missing momentum and missing energy evaluated in the hypothesis of pion
and muon daughter particles. A time of Hight technique is used to identify electron and pion
tracks, The radiative evente are selected by Further requiring the detection of & photon with a
time of flight compatible with the decay vertex; the cluster pogition is used to close the kineamat-
e pE =0=(px—p:—Pe— p-lr:lﬂ, and evaluate the energy £ of the photon. A control sample
of K — 77 =" decays is usad to check the photon efficiency, energy and vertex resolutions.
Finally, the signal counts are obtained by fitting the Eq and ﬁ:_-:. bi-dimensional distribution,
where ﬂ:---,- is the angle hetween the electron and the photon ®, with signal and backgronnd
distributions obtained from MC.

The preliminary result for the ratio i = BR(K) — merqy)/BR{K — mari~)), with the cuts
for the exclusive channal £3 = 30 MeV, and 8 . > 207, =

B = (092 & 0080 + 002, )% .

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

BRgp (K — merqy) = (—3.1 £ 4.0) » 105, BRgp < 2.5 = 10" @ 908 el |
in agreement with theoretical predictions basad on chiral perturbation theary calenlation 7
The aceuracy of the KLOE result on B is not sufficient to shed hght on the discrepancy
between previous measurements by KTeV and NAAR collaborations 7. However the analysis
of the full KLOE data sample (statistics x5) will improve the accuracy on both  and BRsp
results,

The symbaol + indicates gquantities evaluated in the kaon rest frame
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2.4 Ky form facior slope Ap

The knowledge of the Ky scalar form Factor fp(f), where ¢ is the momentum transfer, is relavant
for the determination of Vas and to test efp universality; typically a linear parametrization is
usad fiy(t) oo 14 .iﬁ..]{tfm":ﬂ_ ). where the slope Aq is a parameter to be experimentally determined.
A data sample corresponding to ~ 330 pb ~! has heen analyzed; Krgs avente are selocted re-
quiring a K af known momentum and direction, tageed by Kg — 757~ decay near the IF. In
a fiducial volume extending far ~ 0.4, two-track decay vertices are selected around the K
line af Right; the background due to Ky — mer, 757 =7, and =47 is rejectad by cutting on
different combinations of E ., and P, varables, where E ;.. 15 evaluated in different masses
hypothesis for the daughter particles. The same variables are used to select the signal. A further
recluction of the background at the level of ~ 1.5% is ohtamed using nenral netwark and time of
Hight techniques. The analyeis of Kpua decays for the measurement of the slope parametar A
is mare complicated than for K s decays ! becanse pure and efficient = — ¢ separation is much

more difficult to achieve, In order to overcome this problem, the analysis alms at measuring Mg
through a fit to the distribution of the neutrino energy E,., which can be evaluated through a
Lorentz transformation of the missing momentum Prniss in the Ky rest frame. Asa CONSE LETL0R
the sensitivity on form Factor slope Ap is =lichtly reduced with respect to that achieved from a
fit on the § distribution. A combined it of the neutrine energy spectrum with Ky .g resulis for
the vector form factor slopes X, , ¥ 1! yields the following preliminary result:

Ao = (156 % 1 B = 1 gyut) 2 1077

with an accuracy similar to ather measurements 2. The relative statistical accuracy will be in
the range & — 10% with the analy=is of the full KLOE data sample.

3 EKLOE summmary on Vi,

The most precise test of the unitarity of the CKM matrix can be performed from s frst row.
Defining & = |'lr'._,¢1|u + |'lr'u_-.|2 + |'lrL.'_=|! —1, an accuracy of few parts in 10-% an A can be reached.
The contribution of |'|-*'m5.|! i= neglhgible'; the determination of [Vig | form super-allowed miclear
beta decays gives an uncertainty of 5= 10-% on A, A similar accuracy can be reached extracting
|Vig| from the rates of semileptonic kaon decays:

ioge EJQGEME r 2 1 ri 5t
UK ey paim) = —JgaSew[Vasl | £ 000 Leg a1 + Begya) (2)

where the index i refers to K — = or K+ — o transitions for which €2 = 1 or 1/2, re-
spactively, 7 15 the Fermi constant, M is the appropriate kaon mass, and Spw 1= a universal
short-distance electroweak correction 4. The & term accounts for lang-distance radiative cor-
rections depending on the meson charges and lepton masses and, for K+, for iscepin-breaking
effects. The [, (0} form factor parametrizes the vector-current transition K9 — 7~ at zero
momentum transfer ¢, while the dependence of vector and sealar form factore on ¢ enfers into
the determination of the integrals I3 5 of the Dalitz-plot density over the physical region.
The experimental inputs in Eq.(2) are the semileptonic decay widths, evaluated from the
~-inclusive BR's and from the kaon hfetimes, and the parameters describing the i<lependence
of the vector and scalar form factors, The KLOE experiment provides measurements for all
these quantities © with the anly exeeption of the K5 lifetime; taking the rs from Rel. 12, the
values of [Ve| (D) are obtained from KLOE measurements for different decay modes, as listad
in Tahle 1. The best accuracy, ~ 0.3%, 15 obtamed from K.z mode, with the error dominated

“For the recent KLOE measurement of 7+ ses Ref, 1%,
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Takle 1: Bummary of KLOE measurements of V| 2007

Mada [Vis | (0]
Ky q 0.2156(7)
Krga | D2163(10)
K oapn 02154014}
K ::1 0.2165(22)
K I:_E 0.2151(.30)
Avarage | 0.2158(6]

by the knowledge of mp. Using the value of £, (0] = 09618} evaluated by Leutwyler and Roos
16 the value of Vis = 0. 2246207 from KLOE average for K@ modes is obtained; using the warld
avarage ¥ value of V4 = Q.O737727), we get A = (13 £ 10) = 10-*, A combined analysis of
all available experimental results in order to extract |Ve| is discussed in detail elsewhers '7.
The values af V', obtained from K5 and K3 decays can also be used to test the universality
of ¢ and g couplings to the W boson, KLOE results are compatible with a ratio of effective

Fermi constanie equal 1o unity:
|l!'}'|:;.:3]|l.l'l£}'|[e.'!.]|]":" = 1.0065(9%) for Ky

[Gipﬁ]fﬂ{fﬂ”ﬂ = [1.9B4(25) for K+ .
From the measured ratio (K — g ) /T{m — o) of radiation-inclusive kaon and pion widthe
for pir decays, the ratio |Vie V| can be extracted, using as theoretical inputs the form factor
ratio fy/ f; from lattice caleulation 2, and a radiative carrection factor from Ref!®. From the

precise KLOE measurement 2 BR{K* — pte) = 06366 £ D000 £ 0.001 555, and using
PDG values 12 far the ather experimental inputs, we get:

[Vis/Viuat| = 0.2286 (1)

This result can be fit togheter with the values of V), from KLOE average and Vy from Ref !,
yielding the result ¥V, = 0.2239(16) and A& = (16 £ 12) = 104 with a v? probability of 56%,
demonstrating the consistency of KLOE measurements, and giving no indication of any violation
of CKA unitarity.

4 CPT Test from Bell-Steinberger Helation

The Bell-Steinborger relation [BSR) 2l relates a possible violation of CPT invariance {mpo #
mgo andfor g # Do) in the time-evolution of the KOL_gno system to the ohservable OF-
vialating interference of K ; and K g decays into the same final state f. The BSR relation can
be written mn the following form :

Padlr oo hf B8 oy o )
(I‘g—n fita E-‘SH)[(—EI TR :r[ﬁ}) ——Ixs_ngﬁg{fmam (3)

without approximations, and phasesconvention independent in the sxact ©PT limit 2, where ¢
and & are the usual T and CFT viclating parameters in the kaon mixing, respectively, oy 1=
the superweak phase, and A=y (f) are the decay amplitudes of K=z into the final state f. The

solution of Eq. A is given hy:

Hie ) sl — — ] tan '
(m) 1(1+ (1-2b) {1-«)t %)(Ef'ﬂ?{n;])} i)

¥(d) N {1 — &) tan daw -1+ &) o)
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where on the rhs. there are all measurable quantities; the oy parameters are conveniently
defined as follows for the main final states:

1
e = o AAUNAS )} =y BRIKs = ). f = ', whr (), (5)
My = r]_s{"d" (1A% ) = % + BRKy — f), J=3n", xlrta—(v). (B)

1
Oty = P_SE{ALEFFFJA‘HTIF}} -+ Ei::%z BR{Ky — =i )X 8)
— pTks BR(K;, — miv) ((As +Ap)/d—d3{z,]), (7)
TH,

with my = Arfi)/A=(i), A=y i the semileptonic charge asymmetry for Kep, (e, ) is the
A5 = AQ) violating and CFT conserving parameter for semileptone decay amphtudes, and
K = Ty /T, b= BR(KL — wf), N = (1 +&)* + (1 — &) tan? dew — 2ba{1 + &).

After having provided all the experimental inputs to Eq.(4) by using KLOE meas nrements,
PG values, and a combined fit of KLOE and CPLEAR data in crder to improve the precision
on x|, we abtain?:

Re) = (1506 +1.3) x 1075, D(d) = (0.4 +£2.1) % 10"

improving by almost a factor three the previons best limit on (4] from CPLEAR . The main
limiting factor of the present result ie the uncertainty on the phase of 5_,_ parameter entering
i g+ . In Fact, using the KLOE upper limit on BR{K 5 — 3?:”}2'1
Ongngo and txne do not hmit anymaore the test sensitivity,

The limite cn X{d] and H{A) ¥ can be used to constrain the mass and width difference
between K'Y and KY. Since the total decay widthe are dominated by long<istance dynamies,
in models where CFPT invariance is a pure shori-distance phenomencon, it 1= uselul to consider

the limit g0 = [go. In this limit we obtain the following bound on the neutral kaon mass
difference:

and the Az measurement™,

—53x 101 QeV = AM <63 x 101 GaV  at 95 % CL.

-

5 Decoherence and CPT Tests Using Kaon Interferometry

The quantum interference between the two kaon decays in the CF violating channel & —
Wel; — mtx xm has been chserved far the first time by KLOE2T, A data sample cor-
responding to -~ 330 pb"J 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 kson decays. The experimental resclution on
the time difference Af = [f) — £ n the case of ¥ 77~ decays can be improved exploiting the
good momentum resalution of the KLOE detector and the closed kinematics of the event. After
a kinematic fit, a resolution oa,; ~ 0975 1= obtained. The measured Al distribution can be fittad
with the expression:

Pl wbm; At) o e TEAT | p-Tsde 90 ¢ et ogl A A)

where the quantum mechanical expression in the {K=, K} basis has been maodified with the
introduction of a deccherence parameter (gp, and a factor (1 — Cgp ) multiplying the intarference

4% Rl 22 for a detailed discussion on the fit procedure,
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Figure 1: At distribation fom the it veed to determine £p. The black poiots with errors are data and the salid
histagram is the Gt result. The uncertainty arising from the efficiency correction is shown as the hatched area.

term.  Analogously, a (g parameter ean be defined in the {Hn:ﬂ:u} basig®,  After having
included resolution and detection efficiency effects, having taken into aceount the background
due to eoherent and inccherent Kg-regeneration on the beam pipe wall, the small contamination
of non-resonant e — wrr T events, and keeping fixed in the Gt Am, Uz and 'p to the
PDG values, a ft 15 performed on the At distribution, as shown in Fig. 1. The fit results are:

Car, = O01R £ 004054 + [].Uﬂ?ﬁﬁi
i;:m — I:1|.-.| + 2, ]Htut + U'dE}'Ht] x 10-5

compatible with the gquantum mechanics prediction, e, g5 = {y = 0, and no deccherence
effects. In particular the result on &p has a high accuracy, lﬂ{lﬂ“ﬂj: due to the CF suppression
present in the specific decay e hannel; it improves of five arders of magnitude the previous limit
ohtained 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®, where an accuracy

(310-%) can be reachad.
It has been pointed out % that in the context of a hypothetical quantum gravity, CPT
violation effects might ocour i correlated neutral kaon states, where the resulting loss of particle-

antiparticls identity conld induce a breakdown of the correlation of state (1) imposed by Bose
statistice. As a resnlt the mitial state (1) can be parametrized in general as:

N L% (e 8y o ] gl =04 13D
) = 75 [HCONRD) = [ROIC) 4w (|RIE) + KO )] ()

where w 1= a complex parameter describing a completely novel CPT violation phenomenon, not
included in previous analyses, It= order of magnitude could be at meost

172 .
haut| [{mif;_-up.mk],fm*] ~ 10-3

with Al' = 'g — ['p.. 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)= (LUEF£00) % 1070 Dfw) = (34715 20.6) x 107 ;

with an accuracy that already reaches the interesting Planck’s scale region. Other interesting

results related to possible decoherence and CFT viclation n the guantum gravity framework
are discussed in Ref, =7,
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Conelusions

New preliminary results on Kg — eve™, Kg — vy, K — mery, and Ky s [orm lactor have
been presented, and some recent results on Vi, ©FPT invariance and QM tests reviewed. The
analysis of the full data sample of about 2.5 Fh 15 in progress, and new or improved results
will be available 1 the next future. In the meanwhile the possibility to continue the KLOE

physics program at DASNE with an improved luminesity at the & peak up to ~ 10F%em

—dg—1

is strongly considered.
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