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ABSTRACT

The way from an experimental measurement to the numerical value for a CKM
mateix element is deseribed. How do we choose the appropriate maodel? What are
the uncertainties involved? Where should we direct our future efforts? [low do

loup processes help us? Finally we describe the state of the art of our knowledge
of the CKM matrix.
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1. INTRODUCTION

The Standard Madel (SM) with three {ermion generatians and with one Higgs
doublet is parametrized by cighteen free parameters. (M these, 1en are related to
the gquark sector: six gnark masses and fonr mixing parsmeters, The four mixing
parameters parameltize the Cabibhbo - Kobayashi - Maskawa (CKMj mixing matrix
which describes the complex rotation between tie weak interaction eigepstates and
the mass eigenstates. With three quark generations, the CKM matrix s i unitary
3 % 3 matsix. Iy general, sach o matnx has nine free paraneters. However, five
phases can e “rotated away™ by cedefinition of quark phases. Thus, we are lefl

with four parameters: three real mixing angles amndl oue phage.

if we have several independeat measarepments for a given CRM matrix element,
or il we find the valaes of the nine entries, we will have the four mising pacanietens
orerdclcrmined. Therefore, an exact determination of Uw CKA matrix clements
provides us with a stringent test of the SM. and with possible cliues to physics

beyond it.

In this work, the emphasis is put on the caleulation of the three above-diagonal
clements: [Vl Vsl and Vo). The values of the three elements are best deter
mined from semi-leplotuic meson decays, It is one simple diagram which stands
at the basis of all such processes: Within the spectator quark modei, the ligh
quark in the mesan does not play a role in the decay process. The ieavier quark in
the meson transfortns into a tighter oue by emitting a Wbhoson, and the W-hoson
decays leptonically. In spite of the hasic simplicity of these prucesses | each of the

thr  caleulations has its own characteristics and difficultjes,

2. THE Vuse ELEMERT

T adne of V. is best determined from semi-leplonic K decays: K4 —
x%ty, and KT = 57 tve. At the guark level the process is 8 — urv,. We would

like to carry out a calenlation from first principles at the gnark level. However, the
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following difficnlties arisc:



4. The K semi-leptonic decay is dominated by enc final state of a single pion
(the two-pion final state has a branching ratio smaller by four orders of
magnitude). Quack - meson duality is expected 1o hold when there is a

dense set of final states, which is certainly not the case hore,

b, There are QCD corrections ta the weak interaction diagram. These correc-
tions depend on o, at a scale around my,. This scale i3 very close to Agep, the
scale at which, by definition, as ~ 1. Thus. a periurcbative QCD expansion

1% meaningless,

c. The phase-space for the decay depetids on the quark masses. As quark masses
are running. there is a question of the energy scales at which they should be
taken. Even if we were able to determine the relevant energy scales there is
still an additional uncertainty: the strange quark mass, my, is known with a
30% uncertainty. As the decay rate depends on m?, such a lasge uncertaintly
makes M umpossible to calealate |1, with a reasouable accuracy.

We conclude that the spectator quark model is nol expected 1o hold for semi-
leptonie A decays, and even if it does  there are practical dilficulties in the caleu-

lation. lustead, [V, 1 is ealenlated within phenomenologica) immodels. namely at the

nmeson level:

BROK = =ep)  [GLRMEC) e g2
The quantities on the left hand side of the equation are given by experiments witl
au overall aceuracy of 1-1.A% . The gnantitios in squane brackets (e Formi con

stant Gp.the K-meson mass My and a Clebsh-Gordan coeflicirnt ) ane known.

The phase-space factor Fp, depends on an experimentally-litted pacanieter.
which introduces a 0.5% uncertainty. The radiative corrections (r) can be caleu-
lated to an acenracy of abont 0.3% ., but an ambigaity in the way these corrections

were incorporated into ditferent data analysis adds up 1o a 19 uncertainty iu (1+r).

The main theoretival tm“:‘nll_\' irin the aoemmaltZiction of the farm facton TR

However, fa the SE(3) lonit {ruy = g = ) we have )00 = ), and deviations
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from this value are only second order in the symnwtry breaking parameter. The
approxitnate symetry atlows a detevonination of P (03 with an ancerainty of

only 0.8%.

Altopether, there s a gice balatce hetween the expernimental measurements
and the theoretical caleulatians, cach giving uncertaintios at the 12% level, With
two independent measurements. of the charged and neutral & decays, we are able

to determine [V} with a % uncertainy {1]:
IVial = 02106 £ 0.0023. (23

Of conrse, we wanld not have copfidence in this result if net for additionad mde-
pendent measurements. The determination from hyperan decays is less woonate,

but the results are completely consistent [2].
3. THE L FLEMEXT

The value of V] s best determined fram <ot leptonie 13 decass, {500 X oo,

At the guark bevel the process s b o= eor. I this case,

a. The dominant semi-leptonic wodes are those with X, {07 Dualivy

should hold fur the decay vate sitlun aboat 107

b The velevant seale oy Q('ll comtectiongs e ol paeey TR DTN TTF RN R

fiest oo der caleulation shonld be boe to within % or s

o The ass ol the b quiuL. Al aserhmn enetey soales Koo gt 200 an Biacy
fevel, Conseguent v, the erscil question s thot of the relevam pneray scales.
Weowidl supie thad thete o o ambigoiy al cnergy seades for v o more
accnvately, i thee catioon S Hissever, the question of eneres ~cale fon g
i e ur;" faeton is <ol open aned remsios the man sot e of nncerbamty

the calenlation.
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:[r‘w‘l'ipliun o e e Bisive sen |~‘;r1ul|!a Hode adr late [ e Pl foel ~metibes ol

certainty in Che caboalatien i~ the boss On the ather haged, QUD S ottections are
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under control and th> mass ratio m,./my to be used is unpmbiguous. Within the

spectator quark model:

BR(L — cev) _

3 . N
- [ 11;0;3] m Foa(pe) Foo n(nc) Ve *. (3)

L

The experimantal quantities on the left hand side are known with an abot 15%
error, mainly from the b lifetie determination. The phase-space factor F,e and
the QCD correction factor Fgep huth depend on the mass ratio p = m?/mj. As
mentioned, apriori there is an awbiguity, becauace quark masses are running, so

that p depends on (wo scales:

_ bt
F ()P

(4)

The question is what are the relevant scales pie and g, The answer is [} that to
every choice of twa scales. there corresponds a specifie QCD correction factor, The
muodification of Fyrp is such that the product Fidp) - Foep{p) s mdependent of

the choiee of scales:
Faslpc W ye-plps) = 046 4 0.4, (%)

Various arguinents suggest that 1he value of sy should be taken as
mhy z LY E 0.3 eV (6)

As the decay width depends on g}, this gives a 30% uncertainty in : e caleulation,
which makes a theoretical study of this ingredient most urgent. With the above

vishues we get:

[4:4) = 0.046 £ 0.008, (7)

Vivious phenomenological models are, at prosent, in the stage of being tested

aganst the expetimental data, However, they all tend 1o give 11,] values which




are somewhat higher than Yhe spectator guark model value, 1o account for the

nioeder) tlt-]wu(h-ut'l' ol the calenlation we take:

sl = U.04% 4 0.009. (5)

JoTHE L, ELEMIER

The value of [Vu] can be determined frone semicleptonie charmless /1 decays:

I3 — XNyeu o At the quark level the process is b o uery. The calenlation is subject
to uncertaintios similir to those of Vo Ity adviantageous to consider the ratio
g = (Ve Vo vather than [Vl itself:

!f!l’(h — i ") !..l"{”"] 1""(‘){'!){,‘]“} 2 ‘U]

N b A AL AL R LA L

I =y o) Fudpe Foentp) d
The ratio is free of the nneeitaintios i m;: and 70 Moreover, the ratio hetween
e QCD correction factors does not depend (to Ofa ) on the choree ol seale for
ay and adne 1o the lightness of the v quark, Fytp,) - 1 with we weertanty, We

pel:

ot Fogeptpgr DR (10

Plie only thearetical wncertamty s thea e o We per:

1/2
. ColsRo ey
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BRUG e
However, experiment viinem provile noat presents with Bltch < e as there
1s no direct observation of eliarmless B decavs 1 one woald 1y to subntact from
the mcasueesd semt leptonic tats the theotetie ally vole alited charmmed sevmeptonn
lecay vate, ho worldd b left with cevo al the b a contobanon “hed” witlnn

the large error bors.




Inapemd, P s determimed frem e elevtron cucrey specteuni, Dhe speciatey
Uitk pnade] g ot appropriate for tns analysis [, while vavous phenamenalogieal
modely pives werd different results, The strongest experimental tesults with the

weakess Uieopetival vonstraints give [}

g < 0.16. (1)

30 RESU LTS

The above diagonal elements i the CRM matrx are best determaed fromn
seitt-loptanic gusag decavs, For light mesons, or correspondingly light quarks,
Tk quesoy chality does not hatd because the spectrunuis dominated by one fnal
S Moreover. cven if the spectator quark modet held, we would have practical
Whondries el calestation die to farge QI corrections and Targe vncertaintios
w the lighn gquaark masses. Ou the other hand, we are able to calenlate vather aceu
ratedy within phenomenological models, due 1o the approximate flavor sy mmetry,
For Beavier yyesns, | - wrrespotdingly heavier quarks, the spectator quink moded
ol give 4 pasonable desceiption of the inclusive decay rate, QCIY corrections
are Stall angd heavy quark masses are known rather well, though they reain the
WEJSE Soutep ¢ of ihee tainty. Iy the case of heavy quarks, phesamenalogieal models
hve o approximate syminetsy ta help controt the hadronic matrix elements, and
i this stige ey should be tested against the experimendal results vattor than

nied e sl tnate the CIOM nat iy rlements.

Dipect Hieasirements give;
PV = 0.22004 0002, Vo) = 008 £ 0000 ¢ < D16 (1)

We have also Jireet measarements of [Vialo egl and Ve These elemnts aud the
Bl value overddenmine the Cabibhbo anple, and are all consistent witly sin - ~

WY g ) . .
2 They Qo not really test the other three parameters in the CIKM matrix,

bt |




Upper bomomds am b vadues oF vhe OR N e s olemnent=< a1 chnd jow can
be dlerived Tram wataniy, for g wamber of generations, M4 S T The

indoemation fram dhireet gnepsirewents o the CRAT matnis s 1hea the following:

ATET 4 oY 2oy e <L
Vo M40 © Gl AN Y {11}

< 1) <O <

Additiotnal indormation o the matrix elenents s derived frome aediea measage
ments, narmely loop processes. The suost aseful measuremencs are those ol the € F
vialating pavameter cand the 80 B nusang pavameter oy Lo pat constraints on
the parameters Trom these ppeasnreraewt s, one assatnes Hiad thete e ondy tieee
qu'.u‘k prnerations, amd that sheee are no sipnibvrant conrbaaons 1o alty new

physics to these processes,

As quark loops are snvobved. the GIND tnecaanmsan s e apeeratina and the
resnlts strongly depetd an the top mass, Thus, we get constrants b the e
parameter space (my, g, &) The hehiee the £ quank, the Laeer portuon of the
vange allowad by ddirect aneanrenment s Lecarnes excleded Vo o 0 1T 00V Hhere
> o allowed rapge. s exclueing thos range fon thes top mass T ooy - 200 €400V

almost all of 1he origing) range s allowed Tadpect measarenent - oo
g M e p e )TN 15

Within the thyee genevation 830 and vane vhe samam sy conditions aodd b nea

sHPCHHenEs (tlit':'t‘l atd mnedirect 1t we Bave
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