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1. Introduction

In the Standard Model, SM, transition rates of semileptonicprocesses such asdi → u jℓν ,
with di (u j) being a generic down (up) quark, can be computed with high accuracy in terms of the
Fermi couplingGF and the elementsVji of the Cabibbo-Kobayashi Maskawa (CKM) matrix [1, 2].
Measurements of the transition rates provide therefore precise determinations of the fundamental
SM couplings.

A detailed analysis of semileptonic decays offers also the possibility to set stringent constraints
on new physics scenarios. While within the SM alldi → u jℓν transitions are ruled by the same
CKM coupling Vji (satisfying the unitarity condition∑k |Vik|

2 = 1) andGF is the same coupling
appearing in the muon decay, this is not necessarily true beyond the SM. Setting bounds on the
violations of CKM unitarity, violations of lepton universality, and deviations from theV −A struc-
ture, allows us to put significant constraints on various new-physics scenarios (or eventually find
evidences of new physics).

An illustration of the importance of semileptonic decays intesting the SM is provided by the
unitarity relation

|Vud |
2 + |Vus|

2 + |Vub|
2 = 1+ εNP . (1.1)

Here theVji are the CKM elements determined from the variousdi → u j processes, having fixed
GF from the muon life time:Gµ = 1.166371(6) × 10−5GeV−2 [3] εNP parametrizes possible
deviations from the SM induced by dimension-six operators,contributing either to the muon decay
or to thedi → u j transitions. By dimensional arguments we expectεNP ∼ M2

W/Λ2
NP, whereΛNP

is the effective scale of new physics. The present accuracy on |Vux|, allows to set bounds onεNP

around 0.1% or equivalently to set bounds on the new physics scale wellabove 1 TeV[4].

1.1 Vud from nuclear decays

Nuclear beta decays between 0+ states sample only the vector component of the hadronic weak
interaction. This is important because the conserved vector current (CVC) hypothesis protects the
vector coupling constantGV = GFVud from renormalization by background strong interactions. To
date, precise measurements of the beta decay between isospin analog states of spin,Jπ = 0+, and
isospin,T = 1, provide the most precise value ofVud . A survey of the relevant experimental data
has recently been completed by Hardy and Towner [5].

For each transition, three experimental quantities have tobe determined: the decay energy,
Qec; the half-life of the decaying state,t1/2; and the branching ratio,R, for the particular transition
under study. The decay energy is used to calculate the phase space integral,f , where it enters as
the fifth power. The partial half-life is defined ast = t1/2/R and the productf t is

f t =
K

2G2
FV 2

ud

, (1.2)

whereK/(h̄c)6 = 2π3h̄ ln2/(mec2)5 = 8120.2787(11)×10−10 GeV−4 s. According to CVC thef t
value is a constant independent of the nucleus under study. In practice, however, isospin is always
a broken symmetry in nuclei, and beta decay occurs in the presence of radiative corrections, so a
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‘corrected’ f t value is defined by

F t ≡ f t(1+δ′
R)(1− (δC −δNS)) =

K

2G2
FV 2

ud (1+∆V
R)

; (1.3)

so it is this correctedF t that is a constant. Here the radiative correction has been separated into
three components: (i)∆V

R is a nucleus-independent part that includes the universal short-distance
componentSEW affecting all semi-leptonic decays. Being a constant,∆V

R is placed on the right-
hand-side of Eq. (1.3); (ii)δ′

R is transition dependent, but only in a trivial way, since it just depends
on the nuclear charge,Z, and the electron energy,Ee; while δNS is a smallnuclear-structure depen-
dent term that requires a shell-model calculation for its evaluation. (iii) Lastly,δC is an isospin-
symmetry breaking correction, typically of order 0.5%, that also requires a shell-model calculation
for its evaluation.

In Fig. 1 are shown the experimentalf t values from the survey of Hardy and Towner [5] for
13 transitions, of which 10 have an accuracy at the 0.1% level, and three at up to the 0.4% level.
The correctedF t values are also given.

The weighted average of the 13 data is

F t = 3071.83±0.79stat±0.32syst s (1.4)

with a corresponding chi-square per degree of freedom ofχ2/ν = 0.31. Isospin-symmetry-breaking
correction,δC, are taken from an average [5] of two determinations obtained with the Hartree-Fock
and Saxon-Woods potential. Their differnece is taken as systematic.

Using∆V
R = (2.631±0.038)% from [6] andF t from Eq. (1.4), the value ofVud becomes

Vud = 0.97425±0.00022. (1.5)

The error is dominated by theoretical uncertainties; experiment only contributes 0.00008 to the
error budget. Currently the largest contribution to the error budget comes from the nucleus-
independent radiative correction∆V

R.

1.2 Determination of |Vus| from Kℓ2 and Kℓ3

1.2.1 Pℓ2 (P = π,K) rates within the SM

Including all known short- and long-distance electroweak corrections, and parameterizing the
hadronic effects in terms of a few dimensionless coefficients, the inclusiveP → ℓν̄ℓ(γ) decay rate
can be written as [7, 8]

ΓPℓ2 =
G2

F |VP|
2 f 2

P

4π
MP m2

ℓ

(

1−
m2

ℓ

M2
P

)2

SEW[1+
α
π

F(MP,mℓ,Mρ ,ci)] (1.6)

whereVπ = Vud , VK = Vus . The factorSEW describes the short-distance electromagnetic cor-
rection [9, 10] which is universal for all semileptonic processes. Including also the leading QCD
corrections [7], it assumes the numerical valueSEW = 1.0232. The most recent calculation of
F(MP,mℓ,Mρ ,ci) is described in ref. [8].
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Figure 1: In the top panel are plotted the uncorrected experimentalf t values as a function of the charge on
the daughter nucleus. In the bottom panel, the corresponding F t. The horizontal grey band in the bottom
panel gives one standard deviation around the average ofF t.

As suggested by Marciano [11], a determination of|Vus/Vud | can be obtained by combining
the experimental values for the decay rates with the latticedetermination offK/ fπ via

|Vus| fK

|Vud | fπ
= 0.23872(30)

(

ΓKℓ2(γ)

Γπℓ2(γ)

)1/2

. (1.7)

The small error is an estimate of unknown electromagnetic contributions arising at ordere2p4.
In the standard model, the ratiosR(P)

e/µ = ΓP→eν̄e(γ)/ΓP→µν̄µ (γ) are helicity suppressed as a
consequence of theV −A structure of the charged currents, constituting sensitiveprobes of new
physics. In a first systematic calculation to ordere2p4, the radiative corrections toR(P)

e/µ have been
obtained with an unprecedented theoretical accuracy [8, 12]. The two-loop effective theory results
were complemented with a matching calculation of an associated counterterm, giving

Rπ = (1.2352±0.0001)×10−4 , RK = (2.477±0.001)×10−5 . (1.8)

1.2.2 Kℓ3 rates within the SM

The photon-inclusiveKℓ3 decay rates are conveniently decomposed as [14]

ΓKℓ3(γ) =
G2

FM5
K

192π3 C2
KSEW

∣

∣

∣
Vus f K0π−

+ (0)
∣

∣

∣

2
Iℓ
K(λ+,0)

(

1+δKℓ
EM +δKπ

SU(2)

)

, (1.9)

whereC2
K = 1 (1/2) for the neutral (charged) kaon decays,SEW is the short distance electroweak

correction,f K0π−

+ (0) is theK →πvector form factor at zero momentum transfer, andIℓ
K(λ+,0) is the
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phase space integral which depends on the (experimentally accessible) slopes of the form factors
(generically denoted byλ+,0). Finally, δKℓ

EM represent channel-dependent long distance radiative
corrections andδKπ

SU(2) is a correction induced by strong isospin breaking.
The results of the most recent calculation [15] of the four channel-dependent long-distance

electromagnetic correctionsδKℓ
EM are shown in Tab. 1.

K0
e3 K±

e3 K0
µ3 K±

µ3

δKℓ
EM(%) 0.99(22) 0.10(25) 1.40(22) 0.016(25)

Table 1: Summary of the electromagnetic corrections to the fully-inclusiveKℓ3(γ) rate [15].

The strong isosipn breaking correction has been recently updated toδK±π0

SU(2) = 0.058(8) [16].
The hadronicK → π matrix element of the vector current is described by two formfactors

(FFs), f+(t) and f−(t)

〈π− (pπ) |s̄γµu|K0(pK)〉 = (pK + pπ)µ f+(t)+ (pK − pπ)µ f−(t) (1.10)

wheret = (pK − pπ)2 = (pℓ + pν )2. The vector form factorf+(t) represents the P-wave projection
of the crossed channel matrix element〈0|s̄γµu|Kπ〉 whereas the S-wave projection is described by
the scalar form factor defined as

f0(t) = f+(t)+
t

m2
K −m2

π
f−(t) . (1.11)

By construction,f0(0) = f+(0).
In order to compute the phase space integrals appearing in Eq. (1.9) we need experimental

or theoretical inputs about thet-dependence off+,0(t). Thet-dependence of the FFs at present is
better determined by measurements and by combining measurements and dispersion relations. To
that aim, we introduce the normalized FFs

f̃+(t) =
f+(t)
f+(0)

, f̃0(t) =
f0(t)
f0(0)

, f̃+(0) = f̃0(0) = 1 . (1.12)

Whereasf̃+(t) is accessible in theKe3 andKµ3 decays,f̃0(t) is more difficult to measure since
it is only accessible inKµ3 decays, being kinematically suppressed inKe3 decays, and is strongly
correlated withf̃+(t). The scalar form factor is of special interest due to the existence of the Callan-
Treiman (CT) theorem [17] which predicts the value of the scalar form factor at the so-called CT
point, namelyt ≡ ∆Kπ = m2

K −m2
π,

C ≡ f̃0(∆Kπ) =
fK

fπ

1
f+(0)

+∆CT , (1.13)

where∆CT ∼ O(mu,d/4πFπ) is a small correction. ChPT at NLO in the isospin limit [18] gives
∆CT = (−3.5± 8)× 10−3. The measurement ofC provide a powerful consistency check of the
lattice QCD calculations offK/ fπ and f+(0), as will be discussed in Sec. 1.3.2.

If the FF are expanded in powers oft up tot2 as

f̃+,0(t) = 1+λ ′
+,0

t
m2 +

1
2

λ ′′
+,0

( t
m2

)2
(1.14)
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four parameters:λ ′
+, λ ′′

+, λ ′
0 andλ ′′

0 need to be determined from the decay spectrum in order to be
able to compute the phase space integral which appears in theformula for the partial decay width.
The problems with the four parameters above is the large correlations, in particular−99.96% be-
tweenλ ′

0 andλ ′′
0 and−97.6% betweenλ ′

+ andλ ′′
+. It is not therefore possible to obtain meaningful

results for the scalar FF parameters.
It is experimentally well established inKLe3 decays that the vector form factor is equally de-

scribed by a pole form:

f̃+ =
M2

V

M2
V − t

. (1.15)

which expands to 1+ t/M2
V +(t/M2

V )2, neglecting power oft greater than 2.

Recent results onKe3 show that the vector form factor is dominated by the closest vector(qq̄)

state with one strange and one light quark (orK-π resonance in an older language).

Kµ3 decay pion spectrum measurements, have no sensitivity toλ ′′
0 . Therefore, all authors have

fitted for a linear scalar form factor̃f0 = 1+λ0
t

m2 .
Because of correlation this leads to incorrect answers for the value ofλ ′

0 which comes out of
the fit increased by∼3.5 the coefficient of thet2 term. To clarify this situation it is necessary to
obtain a form forf̃0 with t andt2 terms but with only one parameter.

A recent parametrization for the scalar form factor [19] allow to take into account the constraint
given by the Callan-Treiman relation:

f̃0(t) = exp

(

t
∆Kπ

logC−G(t)

)

(1.16)

whereG(t) is obtained using a dispersion relation subtracted att = ∆Kπ, such thatC = f̃0(∆Kπ).

1.2.3 Lattice determinations of f+(0) and fK/ fπ

Within SU(3) ChPT one can perform a systematic expansion off+(0) of the type f+(0) =

1+ f2 + f4 + .... The first term is equal to unity due to the vector current conservation in the
SU(3) limit. Because of the Ademollo-Gatto (AG) theorem [20], the first non-trivial termf2 does
not receive contributions from the local operators of the effective theory and can be computed
unambiguously in terms of the kaon and pion masses (MK andMπ) and the pion decay constantfπ.
It takes the valuef2 = −0.023 at the physical point [21]. The task is thus reduced to theproblem
of finding a prediction for the quantity∆ f , defined as∆ f ≡ f4+ f6+ ... = f+(0)− (1+ f2) , which
depends on the low-energy constants (LECs) of the effectivetheory and cannot be deduced from
other processes.

The original estimate made by Leutwyler and Roos [21] was based on the quark model yielding
∆ f = −0.016(8).

During the recent years various collaborations have provided new results forf+(0) using un-
quenched gauge configurations with both 2 and 2+1 dynamical flavors. They are shown graphically
in Fig. 2 (left).

In contrast tof+(0), the pseudoscalar decay constants are not protected by the AG theorem
[20] against corrections linear in the SU(3) breaking. Moreover the first non-trivial term (of order
(p4)) in the chiral expansion offK/ fπ depends on the LECs and therefore it cannot be predicted

6
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Figure 2: Left: Results of model (squares) and lattice (dots) calculations of f+(0). Right: Results of lattice
calculations offK/ fπ.

unambiguously within ChPT. This is the reason why the most precise determinations offK/ fπ
come from lattice QCD simulations.

During the recent years various collaborations have provided new results forfK/ fπ using un-
quenched gauge configurations with both 2 and 2+1 dynamical flavors. They are shown graphically
in Fig. 2(Right).

For f+(0) the 2+1 flavor result by the RBC+UKQCD [22] collaboration is the most advanced
calculation.

For fK/ fπ with N f = 2+ 1 dynamical quarks, the currently most precise predictionsare by
MILC [23] which has been recently updated tofK/ fπ = 1.199(+6

−8) [24] and HPQCD [25] both
using the same set of staggered sea quark configurations.

1.2.4 Data Analysis

The FlaviaNet kaon working group performs fits to world data on the BRs and lifetimes for
theKL andK±, with the constraint that BRs add to unity. A detailed description of the fit is given
in Ref [26]. The present version of our fits uses only published measurements.

KL leading branching ratios and τL

Numerous measurements of the principalKL BRs, or of various ratios of these BRs, have been
published recently. For the purposes of evaluating|Vus| f+(0), these data can be used in a PDG-like
fit to theKL BRs and lifetime, so all such measurements are interesting.

KTeV has measured five ratios of the six mainKL BRs [27]. The six channels involved ac-
count for more than 99.9% of theKL width and KTeV combines the five measured ratios to ex-
tract the six BRs. We use the five measured ratios in our analysis: B(Kµ3)/B(Ke3) = 0.6640(26),
B(π+π−π0)/B(Ke3)= 0.3078(18), B(π+π−)/B(Ke3)= 0.004856(28), B(3π0)/B(Ke3)= 0.4782(55),
andB(2π0)/B(3π0) = 0.004446(25). The errors on these measurements are correlated; this is
taken into account in our fit.

NA48 has measured the ratio of the BR forKe3 decays to the sum of BRs for all decays to two
tracks, givingB(Ke3)/(1−B(3π0)) = 0.4978(35) [28].

7
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Parameter Value S

B(Ke3) 0.4056(9) 1.3
B(Kµ3) 0.2704(10) 1.5
B(3π0) 0.1952(9) 1.2
B(π+π−π0) 0.1254(6) 1.1
B(π+π−) 1.967(7)×10−3 1.1
B(π+π−γ) 4.15(9)×10−5 1.6
B(π+π−γ) DE 2.84(8)×10−5 1.3
B(2π0) 8.65(4)×10−4 1.4
B(γγ) 5.47(4)×10−4 1.1
τL 51.16(21) ns 1.1

Table 2: Results of fit toKL BRs and lifetime.

Using φ → KLKS decays in which theKS decays toπ+π−, providing normalization, KLOE
has directly measured the BRs for the four mainKL decay channels [29]. The errors on the KLOE
BR values are dominated by the uncertainty on theKL lifetime τL; since the dependence of the
geometrical efficiency onτL is known, KLOE can solve forτL by imposing∑x B(KL → x) = 1
(using previous averages for the minor BRs), thereby greatly reducing the uncertainties on the
BR values obtained. Our fit makes use of the KLOE BR values before application of this con-
straint: B(Ke3) = 0.4049(21),B(Kµ3) = 0.2726(16),B(3π0) = 0.2018(24), andB(π+π−π0) =
0.1276(15). The dependence of these values onτL and the correlations between the errors are taken
into account. KLOE has also measuredτL directly, by fitting the proper decay time distribution
for KL → 3π0 events, for which the reconstruction efficiency is high and uniform over a fiducial
volume of∼0.4λL. They obtainτL = 50.92(30) ns [30].

There are also two recent measurements ofB(π+π−)/B(Kℓ3), in addition to the KTeV mea-
surement ofB(π+π−)/B(Ke3) discussed above. The KLOE collaboration obtainsB(π+π−)/B(Kµ3)

= 7.275(68) × 10−3 [31], while NA48 obtainsB(π+π−)/B(Ke3) = 4.826(27)× 10−3 [32]. All
measurements are fully inclusive of inner bremsstrahlung.The KLOE measurement is fully inclu-
sive of the direct-emission (DE) component, DE contributesnegligibly to the KTeV measurement,
and a residual DE contribution of 0.19% has been subtracted from the NA48 value to obtain the
number quoted above.

We fit the 13 recent measurements listed above, together witheight additional ratios of the
BRs for subdominant decays. The fit givesχ2/nd f = 19.8/12(P = 7.1%).

KS leading branching ratios and τS

KLOE has measured the ratioB(KS →πeν)/B(KS →π+π−) with 1.3% precision [33], mak-
ing possible an independent determination of|Vus| f+(0) to better than 0.7%. In [34], KLOE
combines the above measurement with their measurementB(KS → π+π−)/B(KS → π0π0) =

2.2459(54). Using the constraint that theKS BRs sum to unity and assuming the universality of
lepton couplings, they determine the BRs forπ+π−, π0π0, Ke3, andKµ3 decays. We perform a fit
to the data on theKS BRs toπ+π−, π0π0, andKe3 that uses, in addition to the above two measure-

8
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Parameter Value S

B(Kµ2) 63.47(18)% 1.3
B(ππ0) 20.61(8)% 1.1
B(πππ) 5.573(16)% 1.2
B(Ke3) 5.078(31)% 1.3
B(Kµ3) 3.359(32)% 1.9
B(ππ0π0) 1.757(24)% 1.0
τ± 12.384(15) ns 1.2

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

ments: the measurement from NA48,Γ(KS → πeν)/Γ(KL → πeν) [35], where the denominator
is obtained from the results of ourKL fit, the measurement ofτS (not assumingCPT ) from NA48
[14], 89.589(70) ps, the measurement ofτS (not assumingCPT ) from KTeV [14], 89.58(13) ps,
and the resultB(Kµ3)/B(Ke3) = 0.66100(214), obtained from the assumption of universal lepton
couplings.

The free parameters are the four BRs listed above plusτS. With six inputs and one constraint
(on the sum of the BRs), the fit has one degree of freedom and givesχ2 = 0.0038 (P = 95%). The
results of the fit giveB(Ke3) = 7.05(8)×10−4, andτS = 89.58(5) ps.

K± leading branching ratios and τ±

There are several new results providing information onK±
ℓ3 rates. The NA48/2 collaboration

has published measurements of the three ratiosB(Ke3/ππ0), B(Kµ3/ππ0), andB(Kµ3/Ke3) [36].
These measurements are not independent; in our fit, we use thevaluesB(Ke3/ππ0) = 0.2470(10)
andB(Kµ3/ππ0) = 0.1637(7) and take their correlation into account.

KLOE has measured the absolute BRs for theKe3 andKµ3 decays [37]. Inφ → K+K− events,
K+ decays intoµν or ππ0 are used to tag aK− beam, and vice versa. KLOE performs four separate
measurements for eachKℓ3 BR, corresponding to the different combinations of kaon charge and
tagging decay. The final averages areB(Ke3) = 4.965(53)(38)% andB(Kµ3) = 3.233(29)(26)%.
KLOE has also measured the absolute branching ratio for theππ0[38] andµν decay[39].

Our fit takes into account the correlation between these values, as well as their dependence on
the K± lifetime. The world average value forτ± is nominally quite precise. However, the PDG
error is scaled by 2.1; the confidence level for the average is0.17%. It is important to confirm
the value ofτ±. The new measurement from KLOE,τ± = 12.347(30) ns, agrees with the PDG
average.

Our fit for the six largestK± branching ratios and lifetime uses some of the old measurements
ans the six measurements noted above. Fit results are given in Table 3

Measurement of BR(Ke2)/BR(Kµ2)

Experimental knowledge ofKe2/Kµ2 was poor until recently. The current world averageRK =

B(Ke2)/B(Kµ2) = (2.45±0.11)×10−5 dates back to three experiments of the 1970s [14] and has
a precision of about 5%. Two new measurements were reported recently by NA62 and KLOE. The

9
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preliminary resultRK = (2.493±0.031)×10−5 based on about 14,000Ke2 events, was presented
at the 2009 winter conferences by the KLOE collaboration [40]. The NA62 collaboration has
recently presented at KAON09 the resultRK = (2.500±0.016)×10−5, based on about 50,000Ke2

events from the 2008 data set [41]. Both the KLOE and the NA62 measurements are inclusive
with respect to final state radiation contribution due to bremsstrahlung. The small contribution
of Kl2γ events from direct photon emission from the decay vertex wassubtracted by each of the
experiments. Combining these new results with the current PDG value yields a new world average
RK = (2.498±0.014)×10−5, which is in good agreement with the SM expectation of eq. 1.8and,
with a relative error of 0.56%.

Measurements of Kℓ3 slopes

For Ke3 decays, recent measurements of the quadratic slope parameters of the vector form
factor (λ ′

+,λ ′′
+), see eq. 1.14 are available from KTeV [42], KLOE [43], ISTRA+ [44], and NA48

[45].

For Kµ3 decays, recent measurements of the slope parameters(λ ′
+,λ ′′

+,λ0) are available from
KTeV [42], KLOE [46], ISTRA+ [47], and NA48 [48]. We will not use the ISTRA+ result for the
average because systematic errors have not been provided. We use theKe3−Kµ3 averegas provided
by the experiments for KTeV and KLOE. NA48 does not provide such an average, so we calculate
it for inclusion in the fit.

The results of the combination are listed in Table 4.
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Figure 3: 1-σ contours forλ ′
+, λ ′′

+, λ0 determinations from KLOE(blue ellipse), KTeV(red ellipse),
NA48(green ellipse), and world average with(filled yellow ellipse) and without(filled cyan ellipse) the NA48
Kµ3 result.

The value ofχ2/ndf for all measurements is terrible; we quote the results with scaled errors.
This leads to errors on the phase-space integrals that are∼60% larger after inclusion of the new
Kµ3 NA48 data.
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λ ′
+ (24.5±0.9)×10−3 1 −0.94 +0.44

λ ′′
+ (1.8±0.4)×10−3 1 −0.52

λ0 (11.7±1.4)×10−3 1

Table 4: Averages and correlation matrix of quadratic fit results forKe3 andKµ3 slopes.

mode |Vus|× f+(0) % err BR τ ∆ Int

KL → πeν 0.2165(5) 0.26 0.09 0.20 0.11 0.06
KL → πµν 0.2175(6) 0.32 0.15 0.18 0.15 0.16
KS → πeν 0.2157(13) 0.61 0.60 0.03 0.11 0.06
K± → πeν 0.2162(11) 0.52 0.31 0.09 0.41 0.06
K± → πµν 0.2168(14) 0.65 0.47 0.08 0.42 0.16
average 0.2166(5)

Table 5: Summary of|Vus|× f+(0) determination from all channels.

The evaluations of the phase-space integrals for all four modes are listed in each case. Corre-
lations are fully accounted for, both in the fits and in the evaluation of the integrals.

1.3 Physics Results

In this section we summarize the results for|Vus| discussed in the previous sections and based
on these results we give constraints on physics beyond the SM. Instead of averages for lattice results
for fK/ fπ we usefK/ fπ = 1.189(7) by HPQCD [25].

1.3.1 Determination of |Vus|× f+(0) and |Vus|/|Vud |× fK/ fπ

This section describes the results that are independent of the theoretical parametersf+(0) and
fK/ fπ.

Determination of |Vus|× f+(0)

The value of|Vus| × f+(0) has been determined from (1.9) using the world average values
reported in section 1.2.4 for lifetimes, branching ratios and phase space integrals, and the radiative
andSU(2) breaking corrections discussed in section 1.2.2.

The results are given in Tab. 5, and are shown in Figure 4(left) for KL → πeν , KL → πµν,
KS → πeν , K± → πeν , K± → πµν, and for the combination. The average,

|Vus|× f+(0) = 0.2166(5), (1.17)

has an uncertainty of about of 0.2%. The results from the five modes are in good agreement, the fit
probability is 55%. In particular, comparing the values of|Vus|× f+(0) obtained fromK0

ℓ3 andK±
ℓ3

we obtain a value of the SU(2) breaking correction

δK
SU(2)exp.

= 5.4(8)%

in agreement with the CHPT calculation reported in sec. 1.2.2:δK
SU(2) = 5.8(8)%.
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Figure 4: Left: Display of |Vus| × f+(0) for all channels. Right: Values forf+(0) determined with the
Callan-Treiman relation.

1.3.2 A test of lattice calculation: the Callan-Treiman relation

As described in Sect. 1.2.2 the Callan-Treiman relation fixes the value of scalar form factor
at t = m2

K −m2
π (the so-called Callan-Treiman point) to the ratio( fK/ fπ)/ f+(0). The dispersive

parametrization for the scalar form factor proposed in [49]and discussed in Sect. 1.2.2 allows the
available measurements of the scalar form factor to be transformed into a precise information on
( fK/ fπ)/ f+(0), completely independent of the lattice estimates.

Very recently KLOE [50], KTeV [51], ISTRA+ [52], and NA48[48] have produced results on
the scalar FF behavior using the dispersive parametrization.

Fig. 4(right) shows the values forf+(0) determined from the scalar form factor slope measure-
ments obtained using the Callan-Treiman relation andfK/ fπ = 1.189(7). The value off+(0) =

0.964(5) from UKQCD/RBC is also shown. As already noted in Sec. 1.2.4,the NA48 result is
difficult to accommodate. Here one can see that this results is also inconsistent with the theoreti-
cal estimates off+(0). In particular, it violates the Fubini-Furlan boundf+(0) < 1 [53]. For this
reason, the NA48 result is excluded when using the Callan-Treiman constraint.

We combine the average of the above results, logC = 0.207±0.008, with the lattice determina-
tions of fK/ fπ = 1.189(7) and f+(0) = 0.964(5) using the constraint given by the Callan-Treiman
relation. The fit slightly improve the accuracies onfK/ fπ = 1.187(6) and f+(0) = 0.964(4) with
essentially unchanged values. New measurements of the logC are currently ongoing and better
constraints onf+(0)/( fK/ fπ) form the Callan-Treiman relation are expected.

Determination of |Vus|/|Vud |× fK/ fπ

An independent determination of|Vus| is obtained fromKℓ2 decays. The most important mode
is K+ → µ+ν , which has been measured by KLOE with a relative uncertaintyof about 0.3%.
Hadronic uncertainties are minimized by making use of the ratio Γ(K+ → µ+ν)/Γ(π+ → µ+ν).

Using the world average values of BR(K± → µ±ν ) and ofτ± given in Sec. 1.2.4 and the value

12



P
o
S
(
F
P
C
P
2
0
0
9
)
0
0
9

Vus and Vud determinations M. Antonelli

0.22

0.225

0.23

0.97 0.975 Vud

V
u

s

0.22

0.225

0.23

0.97 0.975

lavi
net Kaon WG

Vud (0+ → 0+)

Vus (Kl3)

fit with
unitarity

fit

Vus/Vud
 (Kµ2)

unitarity

Figure 5: Results of fits to|Vud|, |Vus|, and|Vus|/|Vud|.

of Γ(π± → µ±ν) = 38.408(7) µs−1 from [14] we obtain:

|Vus|/|Vud |× fK/ fπ = 0.2758±0.0007. (1.18)

1.3.3 Test of Cabibbo Universality or CKM unitarity

To determine|Vus| and |Vud | we use the value|Vus| × f+(0) = 0.2166(5) reported in Tab. 5,
the result|Vus|/|Vud | fK/ fπ = 0.2758(7) discussed in Sect. 1.3.2,f+(0) = 0.964(5), and fK/ fπ =

1.189(7). From the above we find:

|Vus| = 0.2246±0.0012 [Kℓ3 only] , (1.19)

|Vus|/|Vud | = 0.2319±0.0015 [Kℓ2 only] . (1.20)

These determinations can be used in a fit together with the theevaluation of|Vud | from 0+ →0+

nuclear beta decays quoted in section 1.1:|Vud |=0.97425±0.00022. The global fit gives

|Vud | = 0.97425(22) |Vus| = 0.2252(9) [Kℓ3,ℓ2 + 0+ → 0+] , (1.21)

with χ2/ndf = 0.52/1 (47%). This result does not make use of CKM unitarity. If theunitarity
constraint is included, the fit gives

|Vus| = sinθC = λ = 0.2253(6) [with unitarity] (1.22)

Both results are illustrated in Figure 5.
Using the (rather negligible)|Vub|

2 ≃ 1.5×10−5 in conjunction with the above results leads to
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|Vud |
2 + |Vus|

2 + |Vub|
2 = 0.9999(4)Vud (4)Vus = 0.9999(6) (1.23)

The outstanding agreement with unitarity provides an impressive confirmation of Standard
Model radiative corrections [54, 6](at about the 60 sigma level!). It can be used to constain “new
physics” effects which, if present, would manifest themselves as a deviation from 1,i.e. what would
appear to be a breakdown of unitarity.

A way to illustrate the above constraint is to extract the Fermi constant from nuclear,K andB
decays assuming the validity of CKM unitarity without employing muon decay. Values in eq. 1.21
give

GCKM
F = 1.166279(261)×10−5GeV−2 CKM Unitarity (1.24)

which is in fact the second best determination ofGF , afterGµ The comparison betweenGµ

andGCKM
F in eq. (1.24) is providing the constraints on “new physics”,if it affects them differently.

So far, they are equal to within errors.
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