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1. Introduction

In the Standard Model, SM, transition rates of semileptqmincesses such ab — ul/v, with

d' (u)) being a generic down (up) quark, can be computed with higluracy in terms of the
Fermi couplingGr and the elementg;; of the Cabibbo-Kobayashi Maskawa (CKM) matrix. Mea-
surements of the transition rates provide therefore peegéterminations of the fundamental SM
couplings.

A detailed analysis of semileptonic decays offers also thesibility to set stringent constraints on
new physics scenarios. While within the SMdll— ul¢v transitions are ruled by the same CKM
couplingVj; (satisfying the unitarity conditiofy IVik|? = 1) andGF is the same coupling appearing
in the muon decay, this is not necessarily true beyond theS8Ming bounds on the violations of
CKM unitarity, violations of lepton universality, and dations from thé/ — A structure, allows us
to put significant constraints on various new-physics sées#or eventually find evidences of new
physics). In the case of leptonic and semileptonic kaonydetteese tests are particularly signifi-
cant given the large amount of data recently collected bgra¢experiments: BNL-E865, KLOE,
KTeV, ISTRA+, and NA48. The analysis of these data providexipe determination of funda-
mental SM couplings, sets stringent SM test almost free fnagronic uncertainties, and finally
can discriminate between new physics scenarios. The hadiststal precision of measurements
and the detailed information on kinematical distributitrase provided substantial progress on the
theory side, in particular the theoretical error on hadedorm factors has been reduced at the 1%
level.

The paper is organized as follows. First in Sec. 2 we presenfM,y| estimation from superal-
lowed 0" — O"decay. In Sec. 3 we present fits to world data on the leadingchimg ratios and
lifetimes, forK., Ks, andK* mesons. Sec. 4 summarizes the status of the knowledge of form
factor slopes fronK,3 decays. The physics results obtained are described in Secpé&rticular
the measurement ¢¥,sf, (0)|.

2. |Vyq| determination.

The evaluation of the } can be obtained from the study of the superallowed nucleta-tecay,
from the neutron-beta decay, from the beta-decay transhietween 1=1/2 isospin doublets in
mirror nuclei and from the pion beta decay. Precise measemégrof the3-decay between nuclear
states with 3, I) = (0", 1) provide the most precise determination fogqV Only the vector
current is involved in these transitions. Thus, accordimghie conserved vector current (CVC)
hypothesis, the experimental ft-value, phasespace aitéignes the partial half-life, for each of
these superallowed transitions should be related diréztlyvector coupling constant,GThis is
the same for all of them and is related to the fundamental virgtgkaction coupling constant,(G
via the relation

Gv = GrgyWd = GeVd (2.1)

since g = 1 according to CVC. |\[? can be obtained from:

K
Vgl — 2.2
[V 2G2 (1+ AY)Ft (2.2)
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Figure 1: Display of ft (top) and-t (bottom) as a function of the Z of the daughter nucleus.

where K/ic)® = 2rhIn 2/(mec?)® = 8120.2787(11 10'° GeV* s andAy, is the transition-independent
part of the radiative correction. THe value is defined in order to include several corrections ¢o th
ft-value of a superallowed transition. These correctiormoant for the isospin symmetrybreaking
and the radiative effects:

Ft = ft(1+ 05)(1+ dusdc) = Kk (2.3)

2G5 (1+4%)

where & is the isospin-symmetry-breaking correctiak, and dys comprise the transitiondepen-
dent part of the radiative correction. The first is a functamly of the electron’s energy and of
the Z of the daughter nucleus, while the second, dkedepends in its evaluation on the details
of the nuclear structure of the parent and daughter statkkshese correction terms are small, of
order 1%, so equation (2.3) provides an experimental méitradetermining G, and thus Vg. In
a recent survey of world data [1], the ft values of thirteepegallowed transitions were obtained
with high precision. Taking into accont all the correctome @btain, see fig 1:

Ft=30718140.79% +0.274¢ S (2.4)
From equation (2.2)

Vua|? = 0.94916+ 0.00044 (2.5)

Vud| = 0.97425+ 0.00022 [nuclear superallowed (2.6)
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Table 1: Results of fit toK. BRs and lifetime. S is the scale factor applied to the errariter to obtain

chi? = ndf.
Parameter Value S
BR(K) 0.4056(9) | 1.3
BR(K3) 0.2704(10) | 1.5
BR(3°) 0.1952(9) | 1.2
BR(rr i 1°) 0.1254(6) | 1.3
BR(T" ) 1.967(7)x10°3 | 1.1
BR(T 1Y) 4.15(9)x10°3% | 1.6
BR(T T yoE) | 2.84(8)x10° | 1.3
BR(211°) 8.65(4)x107* | 1.4
BR(yY) 5.47(4)x1074 | 1.1
T 51.16(21) ns | 1.1

Table2: Results of fit toK* BRs and lifetime.
Parameter Value S

BR(K,12) 63.47(18)% | 1.3
BR(rr7P) 20.61(8)% | 1.1
BR(rrmt7y 5.73(16)% | 1.2

BR(Kes) 5.078(31)% | 1.2
BR(K,3) 3.359(32)% | 1.9
BR(Pm°) | 1.757(24)% | 1.0
. 12.384(15) ns 1.2

3. Experimental data: BRsand lifetime

Numerous measurements of the principal kaon BRs, or of wanatios of these BRs, have been
published recently. For the purposes of evaluatifgf, (0)|, these data can be used in a PDG-like
fit to the BRs and lifetime. A detailed description to the fibpedure and the references of all
experimental input used can be found in Ref. [2].

For K, the results are given in table 1, while table 2 gives the tesat K*.

For theKs, the fitis dominated by the KLOE measurementBR{Ks — mrev) and ofBR(rr" 11~ ) /BR(1°1°).
These, together with the constraint that #&eBRs must add to unity, and the assumption of uni-
versal lepton couplings, completely determine kkgeading BRs. In particular, BfKs — 1ev) =
7.05(8) x 1074, For ¢, we use 8.959(6x 10 11's, where this is the noBPT constrained fit value
from the PDG, [3].

The fit takes into account the correlation between theseesals well as their dependence on
the K* lifetime. The world average value far. is nominally quite precise; the 2010 PDG quotes
1. = 12.38525) ns. However, the error is scaled by 2.1; the confidence lewetife average
is 0.17%. The two new measurements from KLOE [4] agree withRIDG average, and give
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Table 3: Averages of quadratic fit results f&gs andK 3 slopes.
KL andK~

AL x 10° | 25.02+1.12

Al x10® | 1574+0.48

Aox 10 | 1334+1.41

p(ALA") | —095
p(Al,A) | +0.376
p(A"Ao) | —0573
1(KS) 0.15457(20)

1(K3) 0.15894(21)
1(Ks) 0.10266(20)
1(K,j3) 0.10564(20)
P(|e3>|u3) +0.56

a smaller scale factor to the. value. The fit doesn't use the result from Lobkowicz. It'scals
important to stress that the fit doesn’t use the BRs from Ghian

4. Experimental data: K3 form factors

The hadronidk — 1T matrix element of the vector current is described by two féactors (FFs),
f.(t) and fo(t), defined by(rr (K) |Sy*ulK®(p)) = (p+K)Hf. (1) + (p— KHf_(t) and f_(t) =
MM (f,(t) — T, (t)) wheret = (p— k)2,

By construction,fp(0) = f (0). In order to compute the phase space integrals we need egeri
tal or theoretical inputs to determinate thelependence of FF. In principle, Chiral Perturbation
Theory (ChPT) and Lattice QCD are useful tools to set theaktonstraints. However, in prac-
tice thet-dependence of the FFs at present is better determined sumesaents and by combining
measurements and dispersion relations. Many approackesblean used, and all have been de-
scribed in detail in [2]. FOKg3 decays, recent measurements of the quadratic slope parm@noét
the vector form factofA},A”) are available from KTeV, KLOE, ISTRA+, and NA48.

The same collaborations recentely measured also the stopeptergA’ A7, Ag) for K3 decays
Here we list only the averages of quadratic-lineal fit resiiir K3 slopes (4) used to determine
[Vus| T+ (0). It is important to stress that the significance of the quiacitarm in the vector form
factor is strong for botliKes (4.20) andK ;3 (3.50) fit to all data.

5. Physicsresults

5.1 Determination of [Vys| f1(0) and |Vys|/[Vud| T/ fre
The value ofVig| 1 (0) has been determined from the decay rate of kaon semileptiecizys:

2N\ 5

(K —wcse Vys|? F1 (0)2x (5.1)
3(y) = 1973 K w|Vus|“ T4 (0) .
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Figure 2: Display of[Vys|f(0) for all channels.

mode Vus|f+(0) | % err| BR T A Int
KL — mev | 0.2163(6) | 0.26 | 0.09| 0.20| 0.11 | 0.06
K. — muv | 0.2168(7) | 0.29 | 0.15| 0.18 | 0.11 | 0.08
Ks— mev | 0.2154(13)| 0.61 | 0.60| 0.03 | 0.11 | 0.06
K* — mev | 0.2173(8) | 0.52 | 0.31| 0.09| 0.40| 0.06
K* — muv | 0.2176(11)| 0.63 | 0.47| 0.08 | 0.39 | 0.08
average 0.2163(5)

Table4: Summary ofVis| f+ (0) determination from all channels.

II[;(A-&-,O) <l+ 53K_J (2) + 5eKn<) ’
using the world average values reported in previous sextionlifetimes, branching ratios and
phase space integrals and the radiative 8u(R) breaking corrections discussed in [2]. The re-
sults are shown in figure 2 and given in Table 4,Kpr— mev, K| — muv, Ks— mev, K* — ey,
K* — mruv, and for the combination. The averag¥,s|f, (0) = 0.21635), has an uncertainty
of about of 02%. The results from the five modes are in good agreement, ttipeobability is
94%. In particular, comparing the values [ofs| f-(0) obtained fromKS, and K75 we obtain a
value of the SU(2) breaking correcti(ﬁﬁJ(z)w = 2.7(4)% in agreement with the CHPT calcula-
tion 6§J(z) = 2.9(4)%.
The test of Lepton Flavor Universality (LFU) betwelg andK;3 modes constraints a possible
anomalous lepton-flavor dependence in the leading weakweatrent. It can therefore be com-
pared to similar tests im decays, but is different from the LFU tests in the helicityppressed
modesTi, andKj,. The results on the parametgfe = REL‘E/Kes/Rﬁm/KSS is I e = 1.0024 0.005,
in excellent agreement with lepton universality. With agisen of Q5% the test irK|3 decays
has now reached the sensitivity of other determinationg(7) = 1.000+ 0.004 andr (1) =
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1.0042+0.0033 [3]

An independent determination ®f, is obtained fromK,, decays. The most important mode is
K* — u*v, which has been recently updated by KLOE reaching a relatneertainty of about
0.3%. Hadronic uncertainties are minimized considering gt®f (K™ — p*v) /I (" — ptv):

(K5 2 g2 _ 2
( zfm) _ | Ves | fiem <1 mﬁmﬁ) % (1+ Gom)
MMy Ml f7me \1-m7/mg

Using the world average values of BR{ — u*v) and oft* given in Section 3 and the value of
(™ — pu*v) =384087) us* from [3] we obtain:|Vys|/[Vua| f / fr = 0.2758+ 0.0005.

5.2 Theoretical estimates of f,(0) and fx/fr

The main obstacle in transforming these highly preciserdetetions of\Vis| f1- (0) and|Vus|/ [Mud| Tk / frr
into a determination ofV,s| at the precision of 0.1%, are the theoretical uncertaintiesthe
hadronic parameter§, (0) and fx / f. By construction,f (0) is defined in the absence of isospin-
breaking effects of both electromagnetic and quark-maiggnorMore explicitly f, (0) is defined
by theK® — mrt matrix element of the vector current in the linmit, = myq and dem — 0, keep-
ing kaon and pion masses to their physical values. This médguantity cannot be computed
in perturbative QCD, but it is highly constrained I8y (3) and chiral symmetry. In the chiral
limit and, more generally, in th&J (3) limit (m, = my = ms) the conservation of the vector cur-
rent impliesf, (0)=1. Expanding around the chiral limit in powers of light gkiamasses we can
write f.(0) =14 f,+ f4+... where f, and f4 are the NLO and NNLO corrections in ChPT.
The Ademollo-Gatto theorem implies th@tt, (0) — 1) is at least of second order in the breaking
of QJ(3) This in turn implies thatf, is free from the uncertainties of th&(p*) counter-terms
in ChPT, and it can be computed with high accuraty= —0.023. The difficulties in estimating
f. (0) begin with f, or at&(p®) in the chiral expansion. Several analytical approachesterchine

f4 have been attempted over the years, essentially confirrhmgriginal estimate by Leutwyler
and Roos. The benefit of these new results, obtained using soghisticated techniques, lies in
the fact that a better control over the systematic uncentaimof the calculation has been obtained.
However, the size of the error is still around or above 1%,0ltis not comparable to theZ%o
accuracy which has been reached [fgg|f. (0).

Recent progress in lattice QCD gives us more optimism inedaction of the error offi, (0) below
the 1% level. Most of the currently available lattice QCDuleshave been obtained with relatively
heavy pions and the chiral extrapolation represents thargomsource of uncertainty. There is a
general trend of lattice QCD results to be slightly lowemtlzanalytical approaches. An important
step in the reduction of the error associated to the chirbprlation has been recently made by
the UKQCD-RBC10 collaboration. Their preliminary restift(0) = 0.9595) is obtained from the
unquenched study witNg = 2+ 1 flavors, with an action that has good chiral properties @n th
lattice even at finite lattice spacing (domain-wall quarkiE)ey also reached pions masses330
MeV) much lighter than that used in previous studie$ of0). The overall error is estimated to be
0.5%, which is very encouraging.

In contrast to the semileptonic vector form factor, the pmgalar decay constants are not pro-
tected by the Ademollo-Gatto theorem and receive corrastimear in the quark masses. Ex-
pandingfk / f; in power of quark masses, in analogyfto(0), fx/fr=1+r2+... one finds that
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Figure 3: Some different ttheoretical estimate faf(0) are shown.
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Figure 4: Some different ttheoretical estimate faf/ f;; are shown.

the ¢(p*) contributionr;, is already affected by local contributions and cannot bemiviguously
predicted in ChPT. As a result, in the determinatiorfiof f; lattice QCD has essentially no compe-
tition from purely analytical approaches. The presentalaccuracy is about 1%. The novelty are
the new lattice results witNr = 24 1 dynamical quarks and pions as light as 280 MeV, obtained
by using the so-called staggered quarks. These analyzes adwoad range of lattice spacings
(i.e.a=0.06 and 0.15 fm) and are performed on sufficiently largesa® volumes if,,L > 5.0).

It should be stressed, however, that the sensitivityfoff, to lighter pions is larger than in the
computation off, (0) and that chiral extrapolations are far more demanding is ¢aise. In the
following analysis we will use as reference value averagenfthe results of the analyses from
BMW, MILCO09 and the HPQCD/UKQCD resufi / f; = 1.1936).

5.3 Test of CKM unitarity
To determingVys| and|Vyq| we use the valud/s| 1 (0) = 0.21635), the resultVys|/[Mud| Tk / frr =
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0.27585), f.(0) = 0.9595), and fx / f; = 1.1936). From the above we findV,s| = 0.2254+
0.0013 fromK,3 only, and|Vys|/|Vud| = 0.2321+ 0.0013 fromK, only. These determinations
can be used in a fit together with the the recent evaluatiod,@from 0" — 0" nuclear beta
decays:|V,4|=0.97425-0.00022. This global fit give¥,qy = 0.9742522) andV,s = 0.22539),
with x2/ndf = 0.014/1 (91%). This result does not make use of CKM unitarity. If thtarity
constraint is included, the fit givags = 0.22546) andx?/ndf = 0.024/2 (99%). Both results are
illustrated in Figure 5. The test of CKM unitarity can be ailsterpreted as a test of universality of
the lepton and quark gauge couplings. Using the resultseofitifjwithout imposing unitarity) we
obtain: Gexm = Gy [ Vg2 + [Vas2 + Mun|2]/? = (1.16633+ 0.00035 x 1075 GeV-2, in perfect
agreement with the value obtained from the measuremeneahtion lifetime:G, = (1.166371-
0.00000§ x 10~ GeV 2. The current accuracy of the lepton-quark universality $efgortant
constraints on model building beyond the SM. For example, gtesence of & would affect
the relation betwee®ckm andGy,. In case of aZ’ from SO(10) grand unification theories we
obtainmy > 700 GeV at 95% CL, to be compared with tim > 720 GeV bound set through the

direct collider searches [3]. In a similar way, the unitadbnstraint also provides useful bounds in
various supersymmetry-breaking scenarios.

5.4 Ky, sensitivity to new physics

A particularly interesting test is the comparison of tvgs| value extracted from the helicity-
suppressed,, decays with respect to the value extracted from the helaigwed K,3 modes.
To reduce theoretical uncertainties frdifgn and electromagnetic correctionsKa,, we exploit the
ratio BR(Ks2) /BR(172) and we study the quantity

_ Vus(KKZ) Vud (0+ - O+)
Vus(Kez)  Vud(T02)

Ri23
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Figure 6: Excluded region in the charged Higgs massfailane. The region excluded iB/— tv is also
indicated.

Within the SM,R23 = 1, while deviation from 1 can be induced by non-vanishingasear right-
handed currents. Notice thatRy3 the hadronic uncertainties enter througk / f) /1 (0). In the
case of effect of scalar currents due to a charged Higgs riterity relation betweefV,q| extracted
from 0" — O™ nuclear beta decays ard,| extracted fromK3 remains valid as soon as form
factors are experimentally determined. This constrairetiogr with the experimental information
of logCMS™M can be used in the global fit to improve the accuracy of theraépation of R »3,
which in this scenario turns to biRizs|gen, = 0.999-+0.007. Here(fx/fx)/ . (0) has been fixed
from lattice. This ratio is the key quantity to be improvedartder to reduce present uncertainty
on R23. This measurement d®»3 can be used to set bounds on the charged Higgs mass and
tanf. Figure 6 shows the excluded region at 95% CL in he-tanf plane. The measurement
of BR(B — tv) can be also used to set a similar bound in Mg-tang plane. WhileB — tv
can exclude quite an extensive region of this plane, theam isncovered region in the exclusion
corresponding to a destructive interference between taed-Higgs and the SM amplitude. This
region is fully covered by th& — pv result.
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