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ABSTRACT 

The way from an experimental measurement to the numerical value for a CKM 
matrix element is described, llow do we choose the appropriate model? What are 
tin* uncertainties involved? Where should we direct our Future efforts? llow do 
loop processes help us? Finally wt* describe the state of the art of our knowledge 
of the CKM matrix. 
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1, INTUODlK'TtON 

The Standard Model (.SMI wit JI three fenuioti ftctutatwww and will) one itiggs 

doublet, is par.iiwl ri/.ed by eighteen fni ' parameters. Of these, ten art' ix*laled to 

the qtrark sector: six quark tiinssi's and four mixing parameters, The four mixing 

parameters parametrize the Cabibbo - Kobayashi - Maskawa (OKM) mixing matrix 

whirl) describes 1 lie complex rotation between tin* weak interaction eij.ens tales and 

the mass ingcnulatcK. Willi lhr«'«> quark genera I ions, the ('KM matrix is a unitary 

•\ x ;t matrix. In gititi'rnK such a mnlrix lias nine free parameters. However, five 

phases can he "rotated away" Uy i<-<U-1imlioii of <pi»rk phases. Thus, we are left 

with four parameters: three real mixing angles and one phase. 

(f we have several independent measurements ft«' s» given ('KM matrix element, 

or if we find the values of the nine entries, we will have the four mixing patameu-is 

ovrrdclcrminni Therefore, an rxarl determination uf I be ('KM matrix eh.>m«ils 

provides us with a stringent test of I he S'M. and with possible clues to physics 

beyond it. 

In this work, (he emphasis is |,iil ON I he calculation of the llinv above-diagonal 

elements: | t ' u , | , | l ' r f t | and |l''„i|. Hie values of the three elements are best deter 

mined from semi-leplouir meson decays. It is one simple diagram which stands 

at the basis of all such processes: Within the spectator quark iniidei, the light 

quark in the meson dues not play a role in the d'"'"ay process. The heavier quark in 

(he meson traiihfonns into a lighter one by eiiiillinji, a U' boson, ami die W-boson 

decays leptonically. It) spite of the basic simplicity of these professes. <:*eli «f ill? 

thr. calculations has its own characteristics and difficulties. 

'2. THE V'u.- KUKMtfNT 

1 ' .alne of \V„,\ is best determined from sniii-leplwnir A' decay*: A ' + —» 

jr"*- +j/ r and A'* —* %~t + r r . At the quark level the process is .<* —• urvt. We would 

like to carry oul a calculation from first principles at the quark level. However, the 

following difficulties arise: 
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a. The A* srmi-leptonie decay is dominated by onr final slate of a single pion 

(the twopioii fuiil state has a branching ratio smaller by four orders of 

magnitude). Quark - meson duality is expected u> hold when there is a 

dense set of final states, which is certainly not the rase here. 

b. There are QC1) corrections to the weak interaction diagram. These correc­

tions depend on a , at a scale around IM,. This scale is very close to \QCD, the 

scale at which, by definition, o* ~- I. Thus, a perlurbative QOD expansion 

is meaningless. 

r. The phase-space for the decay depends on lite quark masses. As quark masses 

are running, there is a question of the energy scales at which they should be 

taken, Kven if we were able to determine the relevant energy scales then- is 

still an additional uncertainty: the strange quark mass, tn9, is known with a 

30% uncertainly. As the decay rate depends on »ijj. such a large uncertainly 

makes it impossible to calculate | r „ , | with a reasonable accuracy. 

We conclude that the spectator quark model is uol expected to liold for setni-

leptonic K decays, and even it it does there are practical dilticullies in the calcu­

lation. Instead, | \ '„JI| is calculated within pheiMimenologica) models, namely at the 

meson level; 

lili(h - -n>) [<*'W 
'A 

/ > t l + r ) | / + ( 0 ) | ' j l u , | - . (1) 
1!»2T J 

I he quantities uu the left hand side of (he ••ijiiatiou are i>iven by experiments x\*il li 

an overall accuracy of 1-I..V/ The quantities in MID>(It- brackets (the IVinii con 

stain (»/•. lite A'-meson mass .W/t and a ('lrh<>h-( Ionian coeflicient (') aie known. 

I he phase-space factor Fpt depends on nu ex|»erimeut ally-lit ted parameter, 

which introduces a O.V'A imrertaiiily. The radiative corrections (r) can he calcu­

lated to an accuracy of about O.'-V'A, but an ambiguity in the way thes*- corrections 

were incorporated into different data analysis adds u p l o a V'A uncertainly in (1 + r). 

1 he main theoretical difli.nlfy i.« in 1lie tiorriiali/iiliuu <>[ I fie furm f'.u tm ;/*;(!)(. 

lh.wcver, in the >'/'(•*• limit (>»„ = m,t = m,) we have y.iOl! -: I. and deviation-

:t 



From this value are only second order in I lie symmetry hieaking parameter. The 

approximate .symmetry allows a determination of | / + ( 0 ) j w i l l i MI DIU eri unity of 

only 0.8%. 

Altogether, (here is « iiUe h;tl;«KV between the experimental measurements 

anil tht ' theoretical calculations, each giving uncertainties at t in- I 2'/< level. W i l l i 

I wo independent measurements, of tlie charged and neulra] A' decays, we are able 

to determine |V'„,,| wi th a [% uncertainty [1]: 

Ofconr.se, we would nm have confidence in this result if mil fur additional inde­

pendent measurements. T l ie determination from hyperon decays is less s i n u a t e , 

but tile results are completely consistent \'2\. 

3. Tin-: i;.,, i I . I . M I : M 

The value of | l jf,| is best determined from seuu leptoiiic M decas>. !( • V * ' ' , . 

A l I IK 1 (jiiitrk level the process is h •-» a i- (, In this cane. 

<r. The dominant semi lepinun modes are tlm>.e wi th X, l>. !>' ihwdiiy 

should hold lol the dei.iy lale within almiit IP ' / . 

il. T h e r e l e v a n t - t a l e tul Q < ' l ) uiVU'i ' l iuli ' - IS of o l d e i oif, A- t , , i i i ' ,> t -- H.'i. a 

first i ' ! . I f ] ' calculation should lie hue i i i within I ' / "t MI, 

<\ I he mass 1>( t l ie /i tp ia i k a I a < el Lu l l e m ' i n v. s< ,sl*' )-» kn "Wl i al I li>' J' ' <»< ' i l i a i V 

level , ( 'i>u>c<pie!>l ly. 1 l ie ei ' i iMal ipi i 'M lo l l !<• I hat of I he [elevari l enei i;\ scales. 

We w i l l a i p u e tha i t h i ' i e is no ai i | lu j* i t i l> ul ene i ( i \ sf ,I|I-S d ,\ <u, <n more 

a<<»ll <ll e| v, in t he (at i< i m, / lliti I luwever . 1 he <pie>l inn i if t-nefj; v *•' , i l ' ' lul " l ( , 

in the ntj faelor i> -> J 111 " p e n , i ! id remains the inau i so t l l ' i - ut inn I-I I a iu i y in 

I he cali'idat inn. 

We col l i h ide th i l l I he s|n'i I,i 111! i j iuu k mi idi ' l |s I'Nprr 1 ed In ! i K " 'i : i MS,,11, l ine 

desc r ip t i on of 1 lie l(l< lt l>ive seini lep l i i l i l i / / 11 <'i »1 > r. i l i- I he l lhi|<i| " ' ' I I " " I '111 

i erl a in! > ill I he i all tilat \- the l> mas- On I he other hand, <2l 11 • ••! iei I nan aie 

I 
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under control and 111? mass ratio M r/»i* to be used is unambiguous. Within the 

spectator quark model: 

nii(i, -> ecu) (A 
192 jr3 ^bFV*(Pc)lrQCl)(pr)\Kb\ (3) 

The experininnta] quantities on the left hand side art* known with an about \h% 

error, mainly from the b lifetime determination. The phase-space factor /•',,., and 

the QC1) correction factor FQC/J butli depend on the mass ratio pr — m'/nig. As 

mentioned, apriori there is an ambiguity, because quark masses are miming, so 

thai p depends on two scales: 

pr - ( • * > 

The question is what are the relevant scales /<f and ftf,. The answer is [A\ that to 
every choice of two scales, there corresponds a specific QCf) correction factor. The 

modification of I'QCD is such tlinl the product /•)),(/») • I'QCIAP) is independent of 
l lie choice of scales: 

lr^(f>r)l'Wrp[pf) = O.lfi i 0.1)1. 

Various argMiui-uis suggest thai the value of i»( should be taken as 

15) 

nth - \.\\ ± ().:i fM'. (fi) 

As the decay width depends on m\. this Rives a WY\ uncertainly in . .e calculation, 
which makes a theoretical study of this ingredient most urgent. Willi the above 
values We get: 

ir fii = (i.o-ir» ± o.oos tT) 

Various plieiiomeiiological models are, at present, in the stage of being tested 

against the expeiimcntal data. However, they all lend lit give \\',b\ values which 



are somewhat higher l l ian the spectator ipuirk mode] value. To account for the 

model dependence of I |M- ( al( nlat ion we lake. 

[l.fcl = (J.O'tH H- 0.(10*1. (81 

-1. T IH : \ u h I;I.J.MI:N i 

The value of \\'„i,\ can he determined f rom semi lepton ic charmless H decays: 

H —• .X„ft',. At the quark level (lie process is it •> in i>,. T l ie < alcidal ion is subject 

to tinceitaiitt ioH simi lar to those of \',.(,. It is advantageous to consider the rat io 

'/ S \V„h/l'rb\ rather t i ian | r u f l | itself: 

The rat io is free of the mice] taint irs in mjj and Tf,. Moreover, the ratio between 

I lie (}l'\) cor reel ion factors does not depend (!•• Ofo, ,)) on the < h'>i< e of scale for 

o , and, ilne to I lie lightness of t)ie t< mnirk. /•',,,! f „ ) - 1 w i th tin u iue tuuutv . We 

I ,,>U>«^X>flAf>u l I' *•"> 

I'll'" only theoretical UIH er la inty is l l ien m /•,,,)/(, i We uet: 

( 1 0 ) 

V =• ( I I . V I •; ( l . l l . ' U 
li~ii[t>' '"n~\ 

M) 

l lowrve) ' . experiment i ai;uol pjoV'de ])•-, at pit 'M'i i t . w i th }1/{il> • tut'} as there 

is no direct observation of charmless / /decays If u i i r would i n ' o M i b i i a M f iom 

l lie mi (I.Miet (/ M'llll lep(oim I Me I lie 1 beolcl it ,i\\\ n l l i uhll* ii i banned -»i r.n ie)>U>mi 

decay rate, be would be |efi m i ( ,-eio and i he h • u < * >iJ.11 ib'H mil "Inn <ed" wit Inn 

i l ie larj;e error bars. 



I'lshiiil. | \ 'uh\ is ilelenntneil I'lvtn l'ie elei turn runi;v j-peeivuiu. I lir -.pt*tlater 

(jiidl k n*"d<-] is ll<H appropriate Itir I Ins analysis [ >|. while various |>ln*iim 1 u-n«'U*j.',n-,<I 

iii'KU'ls j- iw v,-ry (iilFiT.-nl results. Ill*1 strongest CK\U'liniental results wilh l|i< 

wrakt^. i l u ^ > r i , t tvul roust rainls Rive |"I): 

iy < (l.lfi. 

Hie nl>uv«> iiiam>n;t| elements it) the C'KM matrix an* hest determined from 

y'ii)i'l«i|it(i||j r ni<s(i(i decays. Kir light mesons, or correspondingly Iif̂ lil <piarlis, 

U n a r^-»ii '^Mi tl«;ility does m>i \uM because 'he spectrum is doininaied hy one Una I 

slate. NK>r,.OV(. r, even it'1 he spectator quark model held, wi- would have practical 

IM!IK>I]JII'.S in flic Calculation due to large Q('l) «orrections and large nini'i laiutie> 

in Uii» lijctn ( j , , a r k ma-sses. On (lie other hand, we arc aiile to calculate rather ;ui u 

rulely within pliniouieuolonUal models, dm- to the appimimate ilnvor Miimteiiy. 

|nr heavier mentis . . •• -orrespomiingly (leaner quarks, the .>pectalor tpiaik model 

slmi'M pivo ;i iviisoiudi],- description of tlic inclusive decay r a t e QCD corrections 

an- *U\i\\\ and Jicnvy quark masses arc known rather well, though th«*y remain tin-

major smir, r ,,{ micei t.-tinly. In t he rase of heavy (-narks, phejtumeuolof'iva! tu\>de!> 

li;i*'1' Ho .ippioNtmati' MVitiTiuMr% to help control the liadionic iiu-lrix elements, and 

al 1»i!s slam* t ln'y should lie tested against the experimental results laihei than 

iifi-'i t o rsl iuiaU'tlu' ( 'KM matrix elements. 

''tr«vt nu>4\sLirivuu'iits give. 

| \; ,J = \i:?>u i n.oirj, \\'ei\ - IUMS i. U.DIW. v < *>i<> i.i) 

V\c h.ivcalst) (Jjrni meaMiremenls of | l '„ j | , |i;.j( and |U»l These elements, ami I lit-

Mud Value ovt*nli't ermine I In* (*al>ibl-o angle, and are all consistent with sin fV ^~ 

.IX. 'J'ltcy d o not really tesl tin- oilier three parameters in the ("KM matrix. 



\ )>)«•! l u m m U m i i l n - \ , i ln i ' v i l l i l n ( ' |\ M I I I . I I I I X r l i ' i r i i ' i i l " in ili> ' l i i n l m u " . I N 

l ie t i n i \ i ' i l l i m n i i i i l t . i l | l y . |'n| i i i i 1/ l l um l i c i o| gene! il l nut-*. \ " l I , , -' 1 '| he 

l l l l i ' l l l l . l t i u l i IVDMI d i l e i l l i l i , i ' iM l l , ' " ' » ' l l l s " I I i l l ' ' I ' K M N i a l l i v is l l i en I In- I t i l lmv in f r 

/ . < ) 7 1 7 i D l l l l .221) i I UK! • lllt't ^ 

\~ . 2 1 J .(lit • .(.() . l ) l , s f INI'I 11-1) 

\ i- .li ' : n •• ;)\vv> J 

A d d i t i o n a l i i i l u i i u . i l i x i i n i l ( In- m a t r i x e lements i?- »l<-i i \> •« 1 f i o m ui<ln<<i measure­

men ts , n a m e l y |ou|) pio< esses. I l ie most useful rueaMire i i ie i i l s ,ne I In ise 11| ! he ( ' / J 

v i o l a t i n g p a r a m e t e r i and i ! i e / < 11 m i x i n g p a i a i n e l e i • ,r,; I n pu i i i.i,si ta in ts on 

I l ie pa ra i ne te j s f ron t t l iesc ineaMJH'ineul s, one ass t l l l l ' s l l i . ' i ! i l l ' t' <t\> u l t l v l i t t ' e 

«|tii«rU ftviii'rmiiiiis. and l h a l "'Sieve ate m i signitn'Hnt i o n i i iKi i i inn-- l i .<in ,;ir> new 

phys ics t o l l iese processes. 

As qua rk l imps a ie i n v o l v e d , t in- (• ' IM HUM l ia ius in i> in < ipi • .it inn ,n , i | d ie 

resul ts s t r o n g l y depend on d i e l op mass. 'I l ins. we gel i o i is i t a i n ' s '(> m i h . i h n e 

p a r a m e t e r spa< c (in,, ij. />(, 111'- l igh ier the I q u a r k , d i e l.ni'.ei p u i l u m of d ie 

1 . i t l^e a l l i n i e i | )t\ d i | e i | n i ea i | j e l i l ' ' | i K l,>-( .iMI<"> r \ i h ided I ' l l In, J ' . " ' , ' . ! i j c l ' i ' 

is no a l lowed range, t l l ' l : - e x c l u d i n g 1 In-- I,Utile I'm I l i ' - t . .p III.L>~ 1 i, 2 U l l ' i ' r l 

a lmost a l l i l l 1 he o r i g i na l t . l l lge I s a l lmu-d l l l i l n e i t l l |ea--i | |ei | | .-n'-- I' '.' 

i/ • tl 111' . . 12 • f • 1 7 s " , l ' M 

W i l l t m \\w t l u i - e g r n e i a l ton S M . am i nsi t in 1 he i i ] i i 1 , n i 1 \ i i . ud i ' urn- . •: j • 1 .ill inea 

s i l i en ie i i l s (d i re i 1 a m i ind i rec t I we have 

( . ' IT' i l l .HT' i* .2I> 222 UIKIN . i j i i ' i 

217 22:i .'17:12 '17 M IM' i M ' .L \\b\ 
IJUl. .1121) I d 1 - (I".*. ' I ' ts) ' | " ' i 2 / 

ACKNOWLEDC.-KMKNTS 
! t h a n k I t ' i ' d t l d i n a i t Un ln - lp ln l i o i i \ i i s a i nne- ! a m g ia l eU i l s>> ' - I , - Wet, I I L I I I I I 

Ins! i t l i t e for i(s h u s p i t a l i H w h i l e t! ie w i i l l e n \e rs io i i o f di i*- l a l k iv ;^ p i e p a i e d . 

http://iiiilt.il
http://iiiluiiu.il
file:///ersioii


REFERENCES 
1. H. LrMifwylrr and M. Roos. '/.. l'liys. 025 (1*>SI) !U. 

2. J.I-". DoHoghnc. B.K. Elolsirm am! S.W. Kliml, Phys. Kcv. [Xtf f l !W) <KM. 

;t. V. Nir. I'liys. Leli. H2'JI (IDS!)} ISl 

• I . N. I^ur, I). Srora, H. Cliiiistcin and M.H. Wise. Phys. \{w. W.Y.i ( l!lN<)) 7')!). 

'». S. Ilcbir-nds ft at., CLKO collaboration. Phys. I>v. Lcit. m (H)S7i 107. 

(i. Y. Mr. Mid. Phys. M0(i (IMS) !W:i, 

•) 



DISCLAIMER 

This report was prepared as an account of work sponsored by an agency of the 
United States Government. Neither the United States Government nor any agency 
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cific commercial product, process, or service by trade name, trademark, manufac­
turer, or otherwise does not necessarily constitute or imply its endorsement, recom­
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