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1. Introduction

At present, the first-row constraif,g|? + [Vus|? + [Vup|? = 1 (with [Vyp|? negligible) offers
the most precise test of CKM unitarity. An experimental deviation from thatliption would
be evidence for “new physics” beyond Standard Model (SM) exgieatin the form of tree or
loop contributions to muon decay and/or the semileptonic processes frorh Wied;; values
are extracted. Up until 2002 (and for the 2004 PDG evaluafipn [1]), ¥akiation ofV,s from
olderK — mlv (K;3) data gave 2.8 hint of unitarity violation in the first-row test. The 2003
measurement of BEK%) by BNL E865 [2] gave a value fo}V,s consistent with unitarity. In
the period 2004-2006, many new measurements of kaon branching BRslifetimes (), and
form-factor slopesX) were announced by KLOE, KTeV, ISTRA+ and NA48. All of these new
measurements are distinguished from the older ones in that they are basadiohigher statistics,
and in that radiative corrections are applied consistently. | preseatameup-to-date evaluation
of Vys from the combination of leptonic pion and kaon decays and from semileptanit ¢ecays.
The combination of experimental results has been carried out by the Fetwidtking Group on
Kaon decays, and has been first reported in REf. [3].

Vysis related to the kaon semileptonic decay rate through the following equation:

C,%G,Z: ME 2 2 V(2 EM

r(KIS):WSEWWUS\ [ £ (0)[ ki (A) (1428 + 20, (1.1)
whereK = KO K*, | = e, u andCx is a Clebsch-Gordan coefficient, equal #2knd 1 folk* and
KO, respectively. In the above expression, the decay widt3) is experimentally determined
by measuring the kaon lifetime and the semileptonic BRs. A well determined treathtre
radiative decays is required in order to use the measured BR in the sigmids]; usually, most
recent experiments publish values of BR totally inclusive of radiation. Bldednic matrix element
(form factor) for theK — 1T transition is parameterized in terms of its value at zero momentum
transfer for neutral kaon decayf,(0) = ff)’r (0), which is determined from theory. Form factor
dependence on the momentum is described by one or more slope parameteich are measured
from the decay spectra, and is integrated over the decay phase gpdweg,rise to thely;(A)
integral in equatiof I}1. On top of that, some higher order correctionstbawe computed from
theory: Sew = 1.0232 is the universal short-distance electroweak corre(ﬂaﬁ(?) andARM are
S (2)—breaking and long-distance electromagnetic corrections, which depethé &aon charge
and on the lepton flavor.

In the following sectiorf]2 the most recent measurement&fpKs andK* BRs and lifetimes
will be reviewed and the updated averages will be presented; in s¢ktieBahsurement of the
form factor slopes and the evaluation of the phase space integrals wilhbearized; in sectior]$ 4
and[b the extraction ov,s will be finally addressed.

2. Combination of experimental data

We perform fits to world data on the BRs and lifetimes for #ig Ks, andK*, with the
constraint that BRs add to unity. A detailed description of the fit is given in[Be The present
version of our fits uses only published measurements.
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2.1 K. leading branching ratios and lifetime

Many new measurements Kf BRs were performed during the last years, which contributed
to clarify the K, experimental picture with respect to the 2004 PDG compilafipn [4]. The KTeV
experiment has measured accurately five ratid§ ohain decay widths from independent samples
of 10° — 10° events collected with a single trigger. They obtah [B]K,3)/T (Kes) = 0.664026),

M (1) /T (Keg) = 0.307818), I (117 117) /T (Kez) = 0.00485628), I' (2r1°) /I (3r°) = 0.004446
(25), andr (31°) /T (Keg) = 0.478255). The measured ratios are used in the global fKtBRs
and lifetime, with correlations provided by the experiment. The NA48 expetimes measured
the ratio ofKg decays normalized to final states with two charged tracks, obtained framges

of 80x 1P events. They find[J6T (Kes)/I" (2 track = 0.497835). The measured ratio is used in
the present fit t&_ decay modes. The KLOE experiment has measured the absolute BRs for the
four mainK_ decay channels from a sample ofs130° ¢ — KK, events with a&s — " 1T~ de-

cay reconstructed in the apparatus. The results depend ¢h tifetime through the geometrical
acceptance of the apparatust8R/BR = 0.67d1_ /1. Using as reference valuéo) =5154 ns
they get [J] BRY (Kes) = 0.404921), BRO) (K ;3) = 0.272616), BR(? (371°) = 0.201824), and
BRO () = 0.127615). For the globaK_ fit, these values have been used accounting for
lifetime dependence and other experimental correlations. KLOE has prbaido an independent
measurement af, , obtained by fitting the proper decay time distribution Kgr— 371° events, for
which the reconstruction efficiency is high and uniform over a fiduciddme of ~ 0.4A.. They
find [B] 1. = 50.92(30) ns.

All of the results discussed above, plus few more which are describeefiffdR are used in a
PDG-like fit to evaluate thig, main decay channels and lifetime. The only constraint used in this fit
is Z(BR) = 1. The fit converges succesfully wigt/ndf = 19.8/12 (Prob= 7.1%), and the results
are reported in Tablf 1. Our definition of BR(m") is fully inclusive of inner bremsstrahlung
(IB), but exclusive of the direct emission (DE) component; radiative esate given separately,
for E; > 20 MeV.

Table 1: K. BRs and lifetime from a fit to recent data.

Parameter Value Scale factor

BR(Ke3) 0.4056(9) 1.3

BR(K3) 0.2704(10) 1.5

BR(31°) 0.1952(9) 1.2

BR(rrt m 1°) 0.1254(6) 1.1
BR(m"m)  1.967(7) x 1073 1.1
BR(m"my)  4.159) x 107° 1.6
BR(IT m ype) 2.84(8) x107° 1.3
BR(2r1°) 8.65(9) x 1074 1.4
BR(yy) 5.47(4) x 1074 1.1

T 51.16(21) ns 1.1

Figure[l shows a comparison between previous PDG averages anéskeatmesults foKes,
Kya, 3m® and " i decay channels. Differences between this fit and 2008 PDG editiond9] a
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minor, while a substantial difference is observed with respect to the 2DG4rBview [4], due to a
completely renewed set of measurements.

BR(K,) [%] BR(K ;) [%] BR@31P) [%] BR(TT'T) [%]
I T L e e M DL
PDG'04 —e- — —— ——
PDG '08 - -~ - -
This fit = . - =
I 1 1 1 I 1 ] 111 I 111 I 1 11 I | | I 1 11 I | I I I
38 40 27 275 20 21 2 21

Figure 1. BR evolution for some representatie channelsKes, K3, 30, andmrt .

2.2 Kgleading branching ratiosand lifetime

KLOE has measured the ratio BRs — mev)/BR(Ks — ") with 1.3% precision[[40],
making possible an independent determinatioriVgd| f. (0) to better than 0.7%. In Ref[ [lL1],
KLOE combines the above measurement with their measureme({8R " 7 )/BR(Ks —
mn®) = 2.245954). Using the constraint that thés BRs sum to unity and assuming the uni-
versality of lepton couplings, they determine the BRs formr, P, Kes, and K3 decays.
Our fit is an extension of the analysis n][11], which makes also use ofentefetermination
of I'(Ks — mev) /T (K. — mev) [[3] by NA48, where the denominator is obtained from the results
of our K fit. As far as theKs lifetime is concerned, we include in the fit the measurements by
NA48 [[[3] and KTeV [I#], performed without assumption@®PT symmetry. The results of the fit
are listed in Tablg]2.

Table 2: Results of fit toKs BRs and lifetime

Parameter Value Scale factor
BR(rrf ) 0.6920(5) 1.0
BR(m°m°) 0.3069(5) 1.0
BR(Ke3) 7.05(8) x 1074 1.0
BR(Ku3)  4.66(6) x 10 1.0

Ts 0.08958(5) ns 1.0

2.3 K* leading branching ratios and lifetime

There are several new results providing informatiom;@rates. The NA48/2 collaboration
has published measurements ofkhgdecay rates normalized ot final state[15], BRKes) /BR
() = 0.247010) and BRK,3)/BR(mn°) = 0.16377) In our fit we use these values, and take
their correlation into account. KLOE has measured the absolute BRs ftt.trendK 3 decays
[[]. In ¢ — K*K~ events,K* decays intouv or nr® are used to tag &~ beam, and vice
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versa. KLOE performs four separate measurements forkadR, corresponding to the different
combinations of kaon charge and tagging decay. The final averagB&@£c3) = 4.96553)(38)%

and BRK3) = 3.233(29)(26)%. KLOE has also measured the absolute branching ratio for the
i [[[7] and uv decay [1B]. Our fit takes into account the correlation between thesesyadis
well as their dependence on tKe lifetime. The world average value far. is nominally quite
precise. However, the PDG error is scaled by 2.1; the confidencddevke average is 0.17%. Itis
important to confirm the value af.. The new measurement from KLOE 19}, = 12.347(30) ns,
agrees with the PDG average.

Ouir fit for the six largesK* branching ratios and lifetime includes the the six measurements
noted above, together with some older results (as described i RefWa]have recently carried
out a comprehensive survey of tke" data set, which led to the elimination of 11 measurements
currently in the 2008 PDG fit. Our fit uses 17 input measurements, sexepdrameters, and one
constraint, giving 11 degrees of freedom. We obtain the results in flaBleesfit givesy? = 25.8
(P =0.69%). The comparatively loR-value reflects some tension between the KLOE and NA48/2
measurements of th€,; branching ratios. Both the significant evolution of the average values of

Table 3: Results of fit toK* BRs and lifetime.

Parameter Value Scale factor
BR(K2) 63.47(18)% 1.3
BR(rr°) 20.61(8)% 1.1
BR(7trtr) 5.573(16)% 1.2
BR(Ke3) 5.078(31)% 1.3
BR(K3) 3.359(32)% 1.9
BR(r°r®)  1.757(24)% 1.0
Ty 12.384(15) ns 1.2

theK,3 BRs and the effect of the correlations with BR™) are evident in Fig[]2.

3. Form factor slopes and determination of K3 decay phase space

SinceK — mis a 0 — 0 transition, only the vector part of the weak current has a nonvan-
ishing contribution. The matrix element can be expressed as

(MIy|K) = [(P+p)ufs(t)+(P—p)uf(1)] (3.1)

whereP, p, are the kaon, pion momenta, and (P — p)2 is the onlyL-invariant variable. The term
proportional tof_(t) is only relevant folK ;3 decays, since it is multiplied by the lepton mass. It is
customary to expand the vector form facfar(t) as

, 1t 1,n ()2
fo(t) = £2(0) |142] 5+ S A (ﬁ) +] (3.2)

wherem s the mass of the charged pion, and only linear and quadratic terms aredethirthe

above expression, the form factor at zero momentum trarfsféd), is evaluated from theory, while
the form factor slopes)’ , A are experimentally determined from semileptonic decay spectra. A
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BR(K,5) BR(K,5)
PDG'04 —e— PDG'04 —eo—
PDG '06 —— PDG '06 ——
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1 1 1 1 I 1 1 1 1 1
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This fit —a— This fit -
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Figure 2: Evolution of average values for mali® BRs.

Table 4: Average of quadratic fit results fdtes slopes.

K. andK~ data K. data only
4 measurements 3 measurements
Xx2/ndf=5.3/6 (51%) x2/ndf=4.7/4 (32%)

AL x 10° 252+0.9 249+11
Al x 10° 1.6+0.4 16+0.5
P(AL A —-0.94 —-0.95
1(K%) 0.15463(21) 0.15454(29)
I(KZ) 0.15900(22) 0.15890(30)

scalar form factorfy(t) is introduced in the parametrization &f(t), defined asf_(t) = (fo(t) —
f.(t))(MZ —m?)/t with fo(0) = f,(0). As in the case of the vector form factor, the scalar form
factor is expanded in powers of momentum transfer

For Kez decays, recent measurements of the quadratic slope parameters ottthrefesn
factor,A!, andA”, are available from KTeV[[20], KLOE[21], ISTRA4{]22], and NA4BIR We
show the results of a fit to tH&§ andK ™~ data in the first column of Tab[¢ 4, and to only thedata
in the second column. With correlations correctly taken into account, bothvidggod values of
x?/ndf. The significance of the quadratic term i2d from the fit to all data, and.3c from the
fit to K data only. Including or excluding th€~ slopes has little impact on the valuesXdf and
Al;in particular, the values of the phase-space integrals change by jG3 0k0L.OE, KTeV, and



Review on Flavianet analyses Matteo Palutan

Table5: Pole fit results foK, slopes.
Experiment My (MeV) (My) = 875+ 5 MeV

KLOE 870+6+7 Xx2/ndf=1.8/2
KTeV 88103+7.11 | A, x 10° = 25.42(31)
NA48 859+ 18 Al =2xAl?

1(K%) = 0.15470(19)

NA48 also used a pole parameterization for the vector form factor,

My
f(t) = f+(0)mv (3.3)
in which dominance of a single resonance is assumed and itsMhaissthe fit parameter. Results
for My from pole fits toK ¢3 data are quoted in Tab[¢ 5. The average valukhpffrom all three
experiments i#ly = 8755 MeV with x?/ndf=1.8/2. The three values are quite compatible with
each other and reasonably close to the known value oKtg892) mass (89566+ 0.26 MeV).
The values foR’, andA’ from expansion of the pole parametrization are qualitatively in agreement
with the average of the quadratic fit results. More importantly, for the etraluaf the phase-space
integrals, using the average of quadratic or pole fit results gives vafu¢k2) that differ by just
0.05%.

For K,z decays, recent measurements of the slope parameters, andAq are available
from KTeV [20], KLOE [24], ISTRA+ [25], and NA48[[36]. We will nbuse the ISTRA+ result
for the average because systematic errors have not been providaasethekes — K ;3 averages
provided by the experiments for KTeV and KLOE. NA48 does not prosigeh an average, so we
calculate it for inclusion in the fit. We have studied the statistical sensitivity dbitme-factor slope
measurements using Monte Carlo techniques. The conclusions of this stualythat neglecting
a quadratic term in the parameterization of the scalar form factor when figggts leads to a
shift of the value of the linear term by about 3.5 times the value of the quadeati; and b) that
because of correlations, it is impossible to measure the quadratic slopegbardrom quadratic
fits to the data at any plausible level of statistics. The use of the linear empagion of the scalar
form factor is thus inherently unsatisfactory, but has little impact in the eidraof V,s. The
results of the combination df,3 results are listed in Tablg 6, and shown in Filg. 3. The value
of x?/ndf for all measurements is terrible; we quote the results with scaled eifbis.leads to
errors on the phase-space integrals that#@% larger after inclusion of thi€,,3 NA48 data. The
evaluations of the phase-space integrals for all four modes are listedhircase. Correlations are
fully accounted for, both in the fits and in the evaluation of the integrals. AplthaK,3 data to
the fit does not cause drastic changes to the values of the phaserdpgcals for theKes modes:
the values fot (K$,) andl (KZ) in Table[§ are qualitatively in agreement with those in Tble 4.

4. Extraction of |Vyg f1(0)

SJ(2)—breaking andEM corrections which are used to extrééis| f+ (0) are summarized in
table[J. TheSU (2)—breaking correction is evaluated with ChPTaop?), as described if[p7], and
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Table 6: Averages of quadratic fit results fez andK 3 slopes.

x2/ndf 29/8(3x 1074

Al x10°  245+09 (S=1.1)
A7 x10°  1.8+0.4 (S=13)
Aox10°  1174+1.4(S=1.9)

pP(AL,AY) —-0.94
P(AL, o) +0.44
P(AY, Ao) -0.52
1(K) 0.15449(20)
1(KZ) 0.15885(21)
1(Kps) 0.10171(32)
1(K3) 0.10467(33)
P(les, |“3) +0.53

? P

o 41 o

=1 =1

x \ x

< >k k < §

\ 25 -
0 [ 1 L, §
20 25
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-3 -3
Ag x 10 Ay x 10

Figure 3: 1-o contours forA, A, andAq determinations from KLOE(blue ellipse), KTeV (red ellipse

NA48 (green ellipse), and world average with (filled yellolipse) and without(filled cyan ellipse) the
NA48 K3 result.

using a recent evaluation of quark mass ratio frn [30]. The long dist&Rt corrections to the
full inclusive decay rate are evaluated with ChPTOi@?p?) [28], and using low-energy constants
from Refs. [2P] [3D]. The quoted errors are estimates of the only figrkaown higher order
contributions. Using all of the experimental and theoretical inputs disdussave, the values of
IVus| £ (0) have been evaluated fis €3, K| u3, Kse3, K*e3, andK*u3 decay modes, as shown in
table[§ and figurg]4. The five decay modes agree well within the quoted earml average to

Vi F-(0) = 0.2168(5), (4.)

with fit probability 55%. To evaluate the reliability of ti&J (2) —breaking correction, a compari-
son is made between separate averag@4,¢f , (0) for the neutral and the charged channels, from
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Table 7: Summary ofJ (2)—breaking andEM corrections.
Mode A AEM
K3 0 0.50(11)%
Kou3 0 0.70(11)%
K*e3 2.9(4)% 0.05(13)%
K*u3 2.9(4)% -0.01(13)%

Table 8: Values of|V,| 1 (0) extracted fronK 3 decay rates; all sources contributing to the total fraetion
error are reported separately.

Approx. contrib. to % err
Mode |Wg/f+(0) %err| BR T A Ik(A)
K,e3 0.2165(5) 0.26/ 0.09 0.20 0.11 0.06
K.u3 0.2175(6) 0.32{ 0.15 0.18 0.15 0.16
Kse3 0.2157(13) 0.61 0.60 0.03 0.11 0.06
K*¥e3 0.2162(11) 0.52/ 0.31 0.09 0.41 0.06
K*u3 0.2168(14) 0.65/ 0.47 0.08 0.42 0.16

0.214 0.216 0.218 0.22
I s e S ) B s S B S S
FaiA — K,e3
Nelzon we
—— K3
—_— e
Kse3
+
EE— e e K'e3
——t——— K3
| L L L | L L L | L L L |
0.214 0.216 0.218 0.22

Figure4: Values of|Vyg| 1 (0) extracted fronkK 3 decay rates; the average between decay modes is indicated
by a continuous line.

which we can estimatégfp(z)

theory.

= 2.7(4)%, which is good agreement with the value estimated from
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5. Determination of V;sand CKM unitarity test

In the previous section a determination [¥fg| f; (0) from K3 decays has been presented,
with ~ 2 x 103 fractional accuracy. To extract the value\@f, we use the current best determi-
nation of f,(0) from lattice QCD, f, (0) = 0.964+ 0.005, from a 2+1 flavor calculation by the
RBC+UKQCD collaboration[[32]. We get

WVus = 0.22464+0.0012 (5.1)

A value ofVs can also be obtained from a comparison of the radiative inclusive dates/of
K* — u*v(y) andmt — pu*v(y) combined with a lattice calculation 6§/ f; via [B1]

M(KE— pfv(y) Vsl figmic (1 - m;zx/m%)z
F(e — p=v(y) — [Vugl? f2ma(1—mg /mz)?

x 0.9930(35), (5.2)

with the multiplicative factor coming from the electroweak radiative correctidissolve equa-
tion B.2 forV,s/Vug, We use the value of BK* — p*v) quoted in Sec[ 2.3, which is domi-
nated by a recent measurement by KLQE [18] with 0.3% accuracy, ardtthe resultfx / f; =
1.189+0.007, from HPQCD([33]. From the above results we get

Vys/Vud = 0.231940.0015 (5.3)

This ratio can be used in a fit together with the measuremeig rbm K3 andV,q from 0" — 0™
nuclear beta decay$,q = 0.97425+ 0.00022 [3%]. The global fit gives

Vyg = 0.9742522)  Vys= 0.22529) [Kzz + 07 — 077, (5.4)

with x2/ndf = 0.52/1 (47%). This result does not make use of CKM unitarity. If the unitarity
constraint is included, the fit gives

Vus=SsinBc = A =0.22536) [with unitarity] (5.5)

Both results are illustrated in Fig. 5. Using the (rather negligipdg)2 ~ 1.5 x 10° in conjunction
with the above results (Efj. §.4) leads to

Vud|? + [Vus|? + [Vub|? = 0.99994)y,, (4)v,. = 0.99996). (5.6)

The outstanding agreement with unitarity provides an impressive confirn@ti®andard Model
radiative correctiong [35][36] (at about the 60 sigma level!). It canubed to constrain “new
physics” effects which, if present, would manifest themselves as a deviation one,i.e. what
would appear to be a breakdown of unitarity (see Réf. [3]).

6. Charged Higgs Bosons

A particularly interesting test is the comparison of tig| value extracted from the helicity-
suppressed,, decays with respect to the value extracted from the helicity-allokygdnodes.

10
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Figure 5: Results of fits td/q, Vus, andVis/Vug.

To reduce theoretical uncertainties frdig and electromagnetic correctionsKip, we exploit the
ratio BR(Ks2) /BR(712) and we study the quantity

Vus(Ké‘Z) Vud(0+ - O+)

R22= |K) ©~ Veal1m)

(6.1)

Within the SM,R 23 = 1, while deviation from 1 can be induced by non-vanishing scalar- or right-
handed currents. Notice that Ri3 the hadronic uncertainties enter throudk / f)/f.(0). Ef-
fects of scalar currents due to a charged Higgs dive [3]

m. (1_ md) tar? 8

M2, ms ) 1+ etanp

R|23—’1—

: (6.2)

In this case, the unitarity relation betwepfyy| extracted from ® — 0™ nuclear beta decays and
|Vus| extracted fromK,3 remains valid as soon as form factors are experimentally determined. This
constraint can be used in the global fit to improve the accuracy of thendlatgion ofR, 3, which

in this scenario turns to be

Ri23|SP = 1.004+0.007. (6.3)

scalar

Here (fx/fr)/f+(0) has been fixed from lattice. This ratio is the key quantity to be improved in
order to reduce present uncertainty Ras. The measurement @t ,3 above can be used to set
bounds on the charged Higgs mass andBtaRig. [ shows the excluded region at 95% CL in the
My—tanB plane (settingo = 0.01). The measurement of BR( 1V) [B]] can be also used to set

a similar bound in theviy—tanB plane. WhileB — tv can exclude quite an extensive region of
this plane, there is an uncovered region in the exclusion correspondardgistructive interference
between the charged-Higgs and the SM amplitude. This region is fully absréheK — uv
result.

11
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tan(p)

200 300 400 500
charged Higgs mass (GeV/cz)

Figure6: Excluded region in the charged Higgs massRaiane. The region excluded B/— tv is also
indicated.
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