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1. Introduction

The leptonic and semileptonicdecaysof K, D and B mesons(— ¢v,— 1¢v, £ = e, 1) in
the StandardModel (SM) proceedthroughW-bosonexchange.Gaugecouplinguniversalityand
three-generatioguarkmixing imply thatall of themaregovernedby the effective couplingG;; =
Gy Vij, whereG, is themuondecayconstantindV;; arethe elementof the Cabibbo-tobayashi—
Maskava (CKM) matrix. In the SM, G;; doesnot dependon the leptonflavor andthe effective
couplings,asobtainedrom transitionswith quarksof differentgenerationsareconstrainedy the
unitary relation,zj \Vij |> = 1. Physicsbeyond the SM (BSM) could introducenew contritutions
andthereforenon-trivial constraintson physicsatthe TeV scaleareprovided by precisiontestsof
the unitarity relations[1}]. Kaon physicscurrentlyplaysa prominentrole in testingboth, quark-
leptonuniversality throughthe Vs entry in the CKM unitarity relation V4| + [Vus|? + [V, |2 =
1, andleptonuniversality throughthe measuremendf |Vys| x f,(0) andthe helicity—suppressk
ratioN (K — ev(y))/I' (K — uv(y)). Large amountof datahasbeencollectedon the K — mtv
semileptonianodesby several experimentsBNL-E865,KLOE, KTeV, ISTRA+, andNA48. The
datastimulateda substantiaprogresson the theoreticalinputs and mostof the errorsassociated
to radiative corrections[2, 3, 4, ] and hadronicform factors[8] have beenreducedbelon 1%.
The unitarity test|V, 4% + [Vus|® + [V,|? = 14 Ak IS presentlyprobedto 6 x 1074, Vs from
K — m¢v contritutesabouthalf of the uncertaintymostlyfrom the hadronicmatrix element.Both
experimentalndtheoreticaprogressn K, decaysareneededor furtherimprovementsonAqyy, -
Thekaonsemileptonidecayrateis givenby:

CRGEMR 2 2 V(2 EM
M(Kig) = WSEW|VUS| [FLO)]7 x Iy (A) (14287 + 20 T) (1.1)
whereK = K% K*; | = e u andC, arethe Clebsch-Gordamoeficients,equalto 1/2 and1 for

K* andK?©, respectiely. Thedecaywidth I'(K,,) is determinecby measuringhe kaonlifetimes
andthe semileptonidoranchingractions(BR) totally inclusive of radiation. Thetheoreticainputs
arei) the universalshort-distancelectraveak correctionS;,, = 1.0232,ii) the SJ(2)-breaking
term A;Q(”(Z), iii) theIong—distancelectromagneticontrimtionsAEZ\," which dependon the kaon
chage andlepton flavor, iv) the form factor f,_(0) = ffo’r(o) describingthe hadronicmatrix
elementof K — 1T transitions,evaluatedat zero momentumtransferand for neutralkaons. The
form factordependencen the momentumransfer neededor the phasespaceintegral I (A),is
presentlyprovided by combiningmeasurementanddispersiorrelationsanddescribedoy oneor
moreparametergbtainedrom the decayspectra.

The kaon(pion) leptonicradiation-inclusie decaysK (1) — pvy(y) provide a precisedeter
minationof |Vus|/|V 4!,

2 2
+ M
r(KIJZ) — mK (1 m%) f|%|vus‘2 1+ %CK (12)
") e (1-2%)" AVl 14 5Cn
wheref, and f; arethekaonandthe pion decayconstantsC, andC, parameteriz¢heradiation-
inclusive electraveakcorrectionsaccountingor bremsstrahlungmissiorof realphotonsandpho-
tonloop contrikutions.

An overview of experimentaldatais presentedn the following sections.
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2. Thebranching fractions

Themostrecentmeasurementsf the kaonsemileptonidranchingractionshave anaccurag
of fractionsof percent. Thefirst waspublishedn year2003by the E865experimentat Brookhaven
(BNL), thatwasrealizedto searchfor the lepton-violating(LV) decayK™ — m"u*e~. Theother
measuremenf theBR(K — il v) have beenobtainedby KTeV at Fermilab,NA48 at CERN,and
KLOE at Frascatithatweredesignedo studyCPviolationin kaondecays.The E865experiment
attheBNL AlternatingGradientSyncrotronfAGS)measuredhe Ke+3(y) branchingatio. Theresult
[7], BR(Keg(y)) = (5.13£0.024 +0.094 +-0.04,0rm), Was 2.3-0 greaterthanthe world average
from previous measurementdatingbackmorethan25 years.In thelimit of isospinconseration,
the semileptonicdecaywidth ratio of chaged andneutralkaonsis 2:1, andthe isospin-breaking
effect givesa 2% correction. Sincethe experimentalratio of previous measurementaasalready
higher than expected,the 5% increasein the BR(Ke+3(y)) pointedto an SU(2) breakingcorrec-

tion at the 6% level, definitely greaterthanthetheoreticalestimate,AgJ(Z) = (Ag(z) — Agj(z)) =
(2.3:0.2)%[8]. Evidencethatthe puzzlecould be solved from the experimentalside camewith
the KTeV measuremerdf the K, semileptoniadecayspublishedn year2004. Thenew measure-
ment,in fact, shaved thatalsoin the neutralsectorthe semileptonicbranchingratio Kg3(y) was
understimatedby 5%. The KTeV experimentat Fermilabprovided for thefirst time the measure-
mentsof all of the mainK decaychanneld8]. KTeV obtainedthe absolutebranchingfractions
from therelative ratios, K ,5/Keg, K, _o/Kez, Kogg/Keg: Ky 7Kgz, Kog/Kogo: €xploiting the condition
onyBR =1-BR(K_ — rare) = 99.93%. Few permil accurag on the semileptonicoranching
ratios,BR(Kg,,) = 0.4062-0.0011andBR(K 5 ,)) = 0.2701-0.0009,wasachieved. TheKTeV
resultsled to major adjustementsf all of the K| decaymodesbut K, , and Kz andof several
rareK branchingfractionsfor which themainK; decaymodeswereusedasnormalization.Few
monthslater, the NA48 experimentat CERN confirmedthe KTeV resulton the BR(K, — rev).
NA48 measured] thefractionof K eventsnormalizedo theK, decayswith two chagedtracks
in the final state,obtaningBR(Ke3(y)) = 0.4010:0.0045,dependenbn the world averageof the
BR(Ky,)- In year2006KLOE published[id] theresultsof the analysisof all themainK, decay
modesjncludingK g, K 3, K, o, andKy,, At the g—factory wherekaonpairsareproducedrom
@ decaysthe measurementf the absolutebranchingfractionsis possibleby taggingK; beams
from the reconstructiorof Kg decays. Due to the long lifetime, about46% of K, 's decaysbe-
fore reachingthe calorimeters.The fraction dependsn the K| lifetime andto lessextenton the
crosssectionof the hadronicinteractions.Since,analogouslyto the KTeV analysisthe measured
branchingfractionsrepresen®9.64%of all of the K| decaysthe dependencandthe uncertainty
from the knowledgeof the K_lifetime waseliminatedby imposingy BR = 0.9964. Theresults,
BR(Ke3(V)) = 0.400#0.0015and BR(K“3(V)) = 0.2698:0.0015,arewell in agreementith the
otherprecisionmeasurements.

In year2007,NA48/2 publishedthe measurementsf the branchingfractionsof the semilep-
tonic decaysof chaged kaonsnormalizedto the K— =1 (K,,) mode[l]. The experiment
took datain year2003—-2004nd2007-2008nostlyto measurehe CP—violatingasymmetryin the
Dalitz—plotof theK* — it i1~ decays.The analysisof the semileptonicdecayswvasbasedon
the eventsaccumulatedvith adedicatedunin year2003. TheK™ andthe K~ samplesveresepa-
rately processeabtainingconsistentesultson BR(Ke& u3)/BR(K2n), of 4 permil accurag, about
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2—0 greaterand5 timesmoreprecisethantheworld averageatthetime. Thebranchingfractions,
BR(K;(V)) = 0.05121:0.0004andBR(K§3(V)) =0.0343:0.0002,with 0.8%and0.6%relative pre-
cision, confirmedthe BR(K;(V)) measurementf the BNL-E865 collaboration. The resultsfrom
KLOE on the semileptonicdecaysof chagedkaons,publishedin year2008[12], werebasedon
the analysisof four independensamplescollectedin year2003-2004 giving consistentesultsto
few percentprecisionlevel. The samplesvereselectedoy taggingK™ (K—) beamswith the re-
constructionof the two—bodydecays,Kfn and Kﬁz. The averagedresultsfrom the four samples,
BR(Ké(V)) = (4.965+ 0.0SB)%andBR(Klfg(y)) = (3.233+ 0.040)%,have anaccurag of oneper
cent,dominatedby the statisticsof the control sampleausedto correctfor data-MCdiscrepancies
affecting efficiencgy evaluation.

KLOE, exploiting the possibility to tagthe Kg decays hasalsomeasuredhe BR(K<e3) with
1.3%precision[[3]. Theanalysisgspeciallffocusedonthecontrolof thebackgroundrom domi-
nantKg — 1" 1T decaysledto BR(K<e3)/BR(KsT 1) = (1.019+ 0.013)x 10-3. Thebranching
fractionsfor both chages, m" e~ and me*, have beenseparatelydeterminedexploiting the ex-
cellenttime resolutionof the calorimeter The ratiosof the branchingfractionswereusedtogether
with i) theBR(Kg — 11" 11 )/BR(Kg — m°7%) measuredby KLOE [14], ii) theassumptiorof lepton
universality andiii) theconstrainty BR = 1, to extractBR(Ke3(y)) = (7.028=+ 0.092)x 10 4.

3. Thelifetimes

Thebestmeasurementsf the K lifetime have beenpublishedn year2002by the NA48 [15]
andKTeV [16] experiments Therelative precisionreachedbetterthanonepermil, exploitedmost
of the experimentakolutionservisagedto take undercontrolthe systematic$éor the measurement
of Reg’ /e to 10~4 accurag. Independenainalysespn the neutral Kg — P, andthe chaged,
Kg — ", decaymodeshave beencarriedout giving consistentresultswhoseaveragewas
(89.60+ 0.07)x 102 s from NA48 dataanalysis[iL5], and(89.65+ 0.07)x 1072 s from the
KTeV experiment.

KLOE obtainedthe K| lifetime from the analysisof the spatialdistribution of the dominant
neutralK, decay K, — n°rn®. Theresult,to per mil precision,wast, = (50.92£0.30)ns, in
agreementvith theindirectdeterminatiorof thelifetime, 1, = (50.72:0.37)ns obtainedfrom the
measurementsf all of thedominantk; decaysby imposingy BR = 0.9964 asreportedn Sec.2

The chagedkaondecaylifetime hasbeenmeasuredy KLOE with two independentneth-
odsbasedon the time resolutionof the calorimeterand on the momentunmresolutionof the drift
chamber The first analysis,relying on photontime-of-flight measurementsyas conductecon a
sampleof K* — mrt ni® taggedby K2 decays.The properkaondecaytime is evaluatedfrom the
arrival time on the calorimeterof the photonsfrom 1° decays.The othermethodis basedon the
measuremendf the chaged vertex producedby K* decaysin the drift chambertaggedby the
reconstructiorof K2 in the oppositeemisphere.The chagedkaonlifetime, from the averageof
thefit resultsof the propertime distributions obtainedfor positive andnegative kaonsamplesand
from thetwo independenimethodsijs (12.3474+ 0.030)ns.

Fromthe comparisorof the kaonsemileptoniowidthsin the electronandmuondecaychan-
nels,theleptonuniversalityis probedto 5 permil level, the sameprecisionreachedvith T decays.
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4. The semileptonic form factors

Thedependencef thesemileptonidorm factorsfrom themomentuntransfey f~+(t) and fo(t),
is determinedby the analysisof the kinematicaldistributions of the semileptonicdecays. The
K, — mev modegivesaccesso f . (1) only becaus®f the suppressiowf the contriution propor
tional to fo(t) by a factorof (mg/m;)2. The form factor measurementare also affectedby the
parameterizatiobtainedfrom i) Taylor coeficientsof the power expansion,or ii) K*(892) pole
dominanceassumptionor from iii) dispersie relationsas proposedn Ref.[17 118]. The latter
parameterizationf the vectorform factor[Lg] gives, f, (t) = exp [#ﬂ (AL+H(t))|, whereH(t)

is obtainedrom K — rrscatteringdataand f, (0) = 1; ' (0) = A, /m? is thefirst-ordercoeficient
of the Taylor expansionof the vectorform factor The pole—fit parameterizatioteadswithin ex-
perimentalaccuray first—andsecond-ordercoeficients of the Taylor expansionconsistentwith
thoseobtainedfrom the dispersie relation. The dispersie approactis particurarlyinterestingin
the caseof the scalarform factor f~o(t),

~ t
fo(t) =exp <A—In(CG(t))>, (4.1)
K
whereA, . = (Mg — &), C = fy(Ay,,), fo(t) = 1, andG(t) is derived from K — 17 scatteringdata

[17]. At ter = Ay, theCallan—Teimantheoren(1d, 20] implies

~ f

1
f0 (tCT) =

f.(0)

whereA-; ~ &(m, ,/41F;) hasbeenestimatedrom ChPTatNLO in thelimit of isospinconser
vation,A-r = (—3.éi 8) x 103 [21]. Thetheorenfixesthevalueof thescalarfform factoratt.; to
theratio of themesondecayconstants, / f; x 1/f, (0), thusproviding theway to experimentally
testthe precisionLQCD determinatiorof sucha combinationof goldenquantities,rrespectiely
from CKM unitarity.

The mostrecentmeasurementsf the K5 andK 5 Dalitz—plot distributions have beenpub-
lishedby ISTRA+ [22], KTeV [23,24], NA48 [25, 26], andKLOE [27, 2§]. Theform factorslope
and cunaturefrom chaged kaon de(:ays,K‘j3 andK;, have beenobtainedin 2004 by ISTRA+
[2Y], at the 70—-GeVprotosyncrotrorof the IHEP, in Protvino. The experiment,devotedto high—
statisticsstudiesof semileptonidkaondecaysperformedheanalyse®f both K3 [30] andK 5 [22]
channeln the basisof abouthalf andonemillion selectedevents,from a dedicatedrun in year
2001. Theresultson the slopesof bothvectorandscalarform factors,areobtainedby afit to the
E,—Ex distribution, giving A, = 0.0215:0.0060,A7 = 0.001G:£0.0010,andA; = 0.016G:0.0021.

TheKTeV dataanalysispublishedin year2004wasbasedon samedatasampleasfor the K
dominantbranchingfractions,with 1.9 and 1.5 million selectedeventsfrom Kg3 and K23 decays,
respectrely. The results,averagedon the two modestaking into accountthe error matrix, are:
AL =(206+18) x 103 A7 =(3.2+£0.7) x 103 andA, = (137+1.3) x 103, wherethe
comparablestatististicaland systematiauncertaintiehave beenaddedin quadrature.The KTeV
analysishasbeenrevisedin year2009[23] to determinethe parametersf the dispersie approach
[17, 18] obtainingA . = 0.02509:0.00055andInC = 0.1915+0.0122.

+ACT7 (42)

TI=
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NA48 publishedthe resultsof the analysisof the phase—spacaistributionsof the K, — rrev
[26] andtheK, — muv [25] in year2004and2007. Theaccurag of theresults A/, = (28.0+ 1.9) x
1073 andA = (0.2 0.4) x 1073, is dominatedby the knowledgeof the neutralkaonspectrum.
The NA48 fit resultsof the K, events A, = (2054+2.2) x 107317 = (26+0.9) x 10731, =
(9.5+1.1) x 103 shav a 2-0 disagreementith the other measurementsf the scalarform
factor Thetensionis evenworstin the caseof the morepreciseresulton InC from the dispersie
parameterizatiorthat gives A, = 0.0233t0.0005andInC = 0.1438:0.0080. KLOE measured
the vectorand scalarform factor parametersn year 2006 and 2007 using both semileptonick
channelg28, 2. Theresultsfrom K andK ,; analysediare beenaveraged27] obtainingA’, =
(256+£1.7) x10°3, A" = (1.5+0.8) x 1073, Ay = (154+£2.2) x 102 from Taylor expansion,
andA, = (2574+0.6) x 1073, InC = 0.204£0.024from dispersie parameterizatioof both f~+(t)
and fy(t).

5. Vusfrom semileptonic and Ko decays

KLOE publishedin year2006the absolutemeasuremenf the K2 branchingfraction [31],
BR(Kuz(y)) =0.6366t0.0017 fully inclusive of radiative decays.

The measuremenis usedtogetherwith the ™ — u*v(y) decayrate [34] and the lattice
calculationf, / f; = 1.1897) [33] to extract |V s|/|V, 4| = 0.232315) from Eq.1.2

FromK; data,the FlaviaNet Working Groupon Kaon Decayshasobtained|Vys| = 0.2246+
0.0012[B]. The valuewasusedby the authorsin a fit with the measurementsf |V,q//|V, 4| and
IV, 4l = 0.9741826) [34] giving |V, 4| = 0.9741726) and |V,s = 0.22539), from which G, =
Ge(|V,gl? + [Vus? + [V, ) Y/? = (1.1662+ 0.0004 x 10> GeV 2 is derived, in agreementvith
the resultsfrom the muonlifetime measuremen{85]. Thesensitvity of the quark—leptoruniver-
sality testis competitve andevenbetterthanthe measurementsom t decaysandtheelectraveak
precisiontests|i, 36].

The KLOE-2 experimentthatis plannedto take dataat DA"NE in year2011-14 canimprove
theaccuray onthemeasuremerdf K, , K* lifetimesandon the Kse3 branchingratio leadingto a
fractionaluncertaintyon |Vs| x f. (0) of 0.14%[37].

The presenceof scalarcurrentsfrom chaged Higgs (H*) exchange[38] is expectedto af-
fectK* — u*v decaysuchthatthe comparisorof helicity-suppressedith helicity-alloved kaon
modescould reveal BSM extensionsof the Higgs sector Theratio, R,,; = Vs (Kp)  Yag(© —0)

37 Musl(Kpz) Via(T2)
wasusedto boundthe m,,. —tanf plane,accordingto

L mg. (1_mzn+> tarf 8

38 (5.1)

R..—|1—
(23 me,. m2, | 1+0.01tanB

Experimentaldataon K2 andK , rulesoutchagedHiggslighterthan260GeV at high tanf
(tanB > 70), asdiscussedn Ref.[¢]. Theimplicationsof flavour physicsconstrainton
two—Higgs—doubleinodelsareanalyzedor instancen Ref.[39 wheretheinterplaywith direct
searcheatthe LHC is pointedout.
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