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1. Introduction 

The purpose of these lectures is to give a detailed and pedagogical description 

of the CKM picture of the quark sector [1,2]. The discussion is held within the 

Standard Model (SM) [3-51. E  xam pl es of physics beyond the S M  are given only to 

demonstrate which properties are unique to the S M  and what kind of ingredients 

have to be superseded in order to have the predictions modified. 

7 
*:. -: 

We first list those ingredients of the S M  which are essential for the CKM picture 

and introduce our notations. Then we show how the quark sector becomes more 

and more intriguing as the number of generations increases: masses, m ixing and 

CP violation arise in a world of one, two and three quark generations, respectively. 

The absence of flavor changing neutral currents is contrasted with a world of three 

quark flavors, and provides evidence for the existence of the top quark. 

. . . . . . . . . Once the theoretical picture of quark m ixing and CP violation becomes clear, 

we turn our attention to phenomenology. We describe how various entries of the - 
CKM matrix are measured by weak decays and deep inelastic neutrino scatter- 

ing (“direct measurements”), while those that involve the top quark m ixing are 

deduced from  unitarity constraints. The unitarity triangle is presented. Further 

information is gained from  loop processes (“indirect measurements”), i.e. K  - r?l 

and B  - B  m ixing. Finally, measurements of CP violating processes are discussed 

for. both the K  and the B  systems. 

- 

The CKM parameters are measured in the hope of finding contradictions among 

various measurements that will provide evidence for physics beyond the S M . How- 

ever, the numerical values of the parameters, even if consistent with each other, 

may provide clues to new physics which may relate quark masses and m ixing pa- 

rameters. We discuss the idea of schemes for quark mass matrices and describe the 

Fritzsch scheme as a specific example. 

_ .~ In the last chapter, we describe the future of the CKM picture. We list the _: ..- 
1 ‘ai praveinents expected in experiment and theory and discuss their implications 

for. our understanding of the quark sector and CP violation. 

1 
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I. Q U A R K  M IX ING: B A S ICS 

2 . T h e  S ta n d a r d  M o d e l 

T o  specify a  m o d e l o f e l e m e n tary  p a r ticles, o n e  n e e d s  to  give:  

a . T h e  s y m m e tries o f th e  L a g r a n g i a n , 

I - -  b . T h e  s y m m e try r e p r e s e n ta tio n s  o f fe rm ions  a n d  scalars,  

-- c. T h e  s y m m e tries o f th e  v a c u u m  (name ly , th e  n a tu r e  o f th e  s p o n ta n e o u s  sym- 

m e try break ing) .  

T h e  S ta n d a r d  M o d e l ( S M )  is d e fin e d  as  fol lows: 

a . T h e  g a u g e  g r o u p  is SU(3)c  x S U ( 2 ) ,5  x U(l)y. Thus  th e r e  a r e  twelve g a u g e  

b o s o n s  a n d  th e  covar iant  der ivat ive wh ich  d e te rm ines  al l  g a u g e  interact ions is g i ven  
&  . 

rc -  ~  
_  D C ” =  9 ‘ +  ig,G tL a  +  i g W ,c”T b  +  ig’B p Y . ( 2 4  

H e r e  L , (u  =  1 ,. . . ,8 )  a r e  th e  g e n e r a tors  o f SU(3)c ,  T b  (b  =  1 ,2 ,3 )  a r e  th e  

g e n e r a tors  o f s u m  a n d  Y  is th e  g e n e r a to r  o f U(  1 ) ~ . T h e r e  a r e  th r e e  i n d e p e n d e n t 

g a u g e  coupl ings:  gs, g  a n d  g ’. 

‘. 

b . L e ft-h a n d e d  quarks  a r e  in  (3 , 2 ) 1 ,6  r e p r e s e n t a t ions  o f th e  g a u g e  g r o u p , n a m e ly 

tr iplets o f SU(3)c ,  d o u b l e ts o f SU(2) l  a n d  carry  h y p e r c h a r g e  Y  =  l/6 . R igh t- 

h a n d e d  up -quarks  a r e  in  (3 ,1 ) +  m u ltip les  wh i le  r i gh t -handed  d o w n - q u a r k s  a r e  in  

(3 , 1 ) -1 ,3  m u ltiplets. This  d e te rm ines  th e  fo r m  o f th e  var ious  g e n e r a to r  m a trices 

in  (2 .1 ) : 

Q L  : L , =  ;& , T b  =  + fj, Y  =  l/6 , ’ 

U R  : L , =  $ I,, T b  =  0 , Y  =  2 1 3 , (2 .2 )  

d R  : L , =  $ ‘I,, T b  =  0 , Y  =  -l/3. 

.& ,Zi.re th e  3  x 3  G e ll-M  a n n  m a trices wh i le  rb  a r e  th e  2  x 2  Pau l i  m a trices. T h e  
-  

g a u g e  interact ions o f th e  var ious  q u a r k  m u ltip lets a r e  al l  de r i ved  f rom th e  kinetic 

2  



energy term in the Lagrangian: 

LCkin (fermions) = c idjr Dp P (i) +j- (2.3) 
multiplets j 

The superscript (j) d enotes that the various generators in the covariant derivative 

are in the appropriate representation. The scalar sector of the model consists of a 

single Higgs doublet $( 1,2)1/z. 

-- c. The gauge symmetry is spontaneously broken, 

SU(3)c x SU(2)L x U(l)?- --t SU(3)c x q$mf, 

when the neutral member of the scalar doublet acquires a VEV: 

(2.4) 

-. ‘. .‘- (4)=((g)=(;)* P-5) 
- 

The two charged W bosons and one linear combination of W3 and I?, the 2 boson, 

acquire masses, while the orthogonal combination of the neutral bosons, the photon 

A, remains massless: 

ZP =cosOw W,‘“-sirrOw BP: Mg = M&/cos2dw, 

AP=sinOw Wf+cosOw BP: Mj=O, 

(2.6) 

where 

tan Bw = g//g. (2.7). 

The phenomenon of quark mixing arises from the difference between the up 

sector and the down sector in the rotation from the interaction eigenbasis to the 

. mass eigenbasis. To understand that, we need to study two types of quark in- 

&&tions: their gauge interactions with charged vector-bosons and their Yukawa - 
interactions with neutral scalars. 

3 
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3 . A  W o rld o f T w o  Flavors : Q u a rk Masses  

W e  sta r t by  study ing  a  h y p o th e tica l  wor ld  o f two q u a r k  flavors  only.  O u r  

p u r p o s e  it to  fo l low in  d e tai l  th e  m e c h a n i s m  fo r  g e n e r a tin g  q u a r k : musses.  H o w e v e r , 

th e r e  is n o  q u a r k  m ix ing in  th is  wor ld .  

A s s u m e  th a t th e  spec t rum o f co lo red  fe rm ions  consists o f 1 2  d e g r e e s  o f f r e e d o m  

d iv ided  into th r e e  di f ferent m u ltiplets: 

Q i =  ( 3 ~ ) ~ ~ ~ ; 4  =  (3, 1 b j 3 ; 4  =  (3, 1 h j 3 . (3 .1)  

This  is a  o n e  g e n e r a tio n  wor ld .  T h e  superscr ip t  I sta n d s  fo r  In terac t ion  e igens ta tes. 

Mass  e igens ta tes  wil l  carry  n o  superscr ipt .  H o w e v e r , as  h e r e  th e r e  is on ly  o n e  

flavo r  o f e a c h  e lec t romagne tic c h a r g e , in teract ion e igens ta tes  a n d  mass  e igens ta tes  

a r e  i d e n tical. Thus , in  th is  sect ion w e  o m it th e  superscr ip t  I. 

The- in teract ions o f quarks  with th e  S U ( 2 ) ,5  g a u g e  b o s o n s  a r e  g i ven  by  -.  ‘.-‘-- 

-  -. 
-Lw  =  ;if& % ‘Q L W ;. (3 .2)  . 

T h e  interact ions o f quarks  with th e  scalar  d o u b l e t a r e  g i ven  by  

- L Y  =  G Q L W R  +  F Q L & L R  +  h .c. P - 3 )  

w h e r e  4  =  iu24*.  S ince th e  s y m m e try is s p o n taneous l y  b r o k e n , (4 )  #  0 , w e  a r e  a b l e  

to-physical ly  d is t inguish a m o n g  th e  var ious  m e m b e r s  wi th in a n  S U ( 2 ) L - m u l tiplet. 

In  p a r ticular ,  th e  q u a r k  d o u b l e t h a s  two c o m p o n e n ts o f di f ferent cha rges , wh ich  

w e  d e n o te  by  

Q L  =  ;,” . 
( >  

T h e  c h a r g e d  current  in teract ions in  (3 .2 )  a r e  g i ven  by  

(3 .4)  

. .~  -Lw  =  % iyy’ldL  W ; +  h .c. 
Jz 

(3 .5 )  
-il;:.‘-  -  

T h e m a s s  te rms  th a t ar ise  f rom th e  r e p l a c e m e n t o f R e (  $ ‘) +  ( V  +  H ’)/fi in  (3 .3 )  

4  
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are given by: 

namely 

rnd = Gv/h, m, = Fv/xh. 

(3.6) 

(3.7) 

4. A World of Four Flavors: Quark Mixing 

The hypothetical world of four quark flavors is similar in many ways to ours. In 

particular, in this world quark: mizing is simplest to understand. There is, however, 

one important ingredient of nature missing: CP violation. 

Assume that the spectrum of colored fermions consists of 24 degrees of freedom 

di-vided into six multiplets of three different kinds: 
SC - _ 

. &;I = (3,2)1/& Qiz = (372)l/6; 

UIR = (3,1)2p; CL = (3,1)2p; (4.1) 

4 = (3,1)-l/3; 4? = (3,1)-l/3. 

This is a two generation world. 

The interactions of quarks with the SU(2),5 gauge bosons are given by 

The interactions of quarks with the scalar doublet are given by 

(4.2) 

. 

Again, the spontaneous symmetry breaking means that the members within a 

5 
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d o u b l e t c a n  b e  d is t ingu ished f rom e a c h  o th e r , so  w e  d e n o te  th e m  by  

T h e  c h a r g e d  current  in teract ions in  (4 .2 )  a r e  g i ven  by  

T h e  mass  te rms  f rom (4 .3 )  a r e  

o r , in  a  m o r e  c o m p a c t n o ta tio n , 

ikfd  =  G v/A /!&  M u  =  Fv/& . (4.7)  

M d  a n d  lkfU a r e  2  X  2  m a trices. 

T h e  mass  e igenbas is  co r responds , by  d e fini t ion, to  d i a g o n a l  mass  m a trices. W e  

c a n  a lways fin d  uni tary  m a trices V d L , V d R , V Y L  a n d  V Z G ~  such  th a t ’ 

V d L  M D  vJR =  M D  
d iag  . d iag  

, v~L i&v,k  =  M u  . V -8 )  

T h e  M g a g  a r e  rea l  d i a g o n a l  m a trices. T h e  mass  e igens ta tes  a r e  th e n  i d e n tifie d  as  

(4 .9)  

6  



The W-interactions (4.5) are given in the mass eigenbasis by 

- 
-lw = 5 (FL CL ) r”(KhLvJL) 

( > 

dL W;+h.c. (4.10) sL 

The matrix ( Vu,ViL) is the mixing matrix for 2 quark generations. It is a 2 x 2 

unitary matrix. As such, it generally contains 4 parameters, of which one can be 

chosen as a real angle, Oc, and 3 are phases: ; *- 

(KLVJL) = 
( 

cY;;ce, 
sin 0~ eiP 

- 
> 

coseC ei(-cr+P+Y) * 

By the transformation 

(KhLVjL) --+ v = P,(v,LVJL)p,‘, (4.12) 

~. ‘. -.-.- 

with - -. 

(4.11) 

(4.13) 

we eliminate the three phases from the mixing matrix. (We redefine the mass 

eigenstates UL,R + Puu~,~ and dL,R + PddL,R, so that the mass matrices remain 

unchanged. In particular, they remain real.) Notice that there are three inde- 

. . 
pendent phase differences between the elements of P, and those of Pd, and three 

phases in (Vu~VjL). C onsequently, there are no physically meaningful phases in V, 

and hence no CP violation: 
* 

v= 
( 

cos oc sin 0~ 

- sin 8~ cos ec )* 
(4.14) 

For two generations, V is called the Cabibbo matrix [l]. If sinOc of (4.14) is dif- 

. .~ ferent from zero, then the W* interactions mediate generation-changing currents. 
_- ._- 

‘L- 

&n eitended models, such as LRS [6] or SUSY [7], CP-violation in the quark sector is 
possible even with two generations only. 

7 
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T h e  W + - b o s o n  coup les  to  a  pa i r  o f quarks  t i idj with s t rength g lV ;jl. In  p a r ticular ,  

th e  s +  u  t ransi t ion a l lows k a o n  decays,  e .g . K  +  rev. T h e  va lue  o f s in 8 ~  =  lVus j  

c a n  b e  d e te r m i n e d  f rom th e  ra te  o f th is  decay , a n d  is fo u n d  to  b e  

s in&7  =  0 .2 2 . (4 .15)  -: 

_ ~  5 . A  W o rld o f S ix F lavors : C P  V io la tio n  

It s e e m s  very l ikely th a t N a tu r e  is i n d e e d  a  wor ld  o f six q u a r k  flavors.  F r o m  

th e  th e o r e tica l  p o i n t o f v iew, it is n o t just a  s t ra ight forward ex tens ion  o f th e  fo u r  

q u a r k  wor ld ,  b e c a u s e  a  n e w  a n d  i m p o r ta n t p h e n o m e n o n  ar ises: C P  violat ion. 

T h e . spec t rum o f co lo red  fe rm ions  consists o f 3 6  d e g r e e s  o f f r e e d o m  d iv ided  
-. ‘. -.-.- 

in to n i n e  m u ltip lets o f th r e e  di f ferent k inds, n a m e ly a  th r e e  g e n e r a tio n  wor ld .  T h e  

m u & lets a d d i tio n a l  to  (4.1)  a r e  d e n o te d  by  

Q ;3  =  =  (3, a /6-; 4  =  (3, q2/3 ;  b ; =  (3,1)-l /3. (5.1)  

T h e  der iva t ion fo l lows exact ly th e  s a m e  l ines as  in  th e  prev ious  c h a p te r . S imi lar ly 

to  . (4.10)  w e  g e t fo r  th e  c h a r g e d  current  in teract ion in  th e  mass  e igenbas is :  

d L  - -Lw  =  -$  (a  C L  c)y“( V u ~ V ;L)  S L  W ; +  h .c. 0  (5 .2 )  

b L  

T h e  m a trix ( V u ~ V j L )  is th  e  m ix ing m a trix fo r  th r e e  q u a r k  g e n e r a tio n s . It is a  3  x 3  

uni tary  m a trix. As  such,  it genera l l y  c o n ta ins  9  p a r a m e ters, o f wh ich  th r e e  c a n  b e  
. .~  

e & s e n  as  rea l  ang les , 0 1 2 , 0 2 3  a n d  0 1 3 , a n d  six a r e  p h a s e s . W e  m a y  a g a i n  r e d u c e  

th e  n u m b e r  o f p h a s e s  in  th e  m ix ing m a trix V  by  r e d e fin i n g  th e  p h a s e s  o f th e  q u a r k  

8  
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mass eigenstates: 

v = Pzl(V&JL)Pd’. (5.3) 

The crucial point is that there are only Jioe independent phase differences between 

the elements of P, and those of Pd, while there are siz phases in (V.~vdl,). Conse- 

quently, the mixing matrix V contains one physically meaningful phase [2], 6. The 

standard parametrization of V is [8,9 - 131 
; -- 

c12c13 s12c13 sl3e 
-i6 

. . v= -S12C23 - c12s23s13e 
i6 

c12c23 - S12S23S13e 
i6 

s23c13 (54 

s12s23 - c12c23s13e 
i6 

--c12s23 - s12c23s13e 
i6 

c23c13 

where cij s cos Bij and sij E sin O;j. The matrix V for the three generation mixing 

is-called the Cabibbo - Kobayashi - Maskawa matrix or, in short, the CKM matrix. . 

E - 
- 

. 6. CP Violation from the CKM Matrix 

The unremovable phase in the CKM matrix allows possible CP violation. To 

demonstrate that, we use a variant of an argument presented in ref. [14]. The 

charge conjugation matrix C fulfills 

- 
cypc-’ = -yT p, cy5c1 = -J. (6.1) 

We work with representations for y-matrices where 

-c = c-1 = CT = ct. 

The charge conjugation transformation of spinor fields is 
. -- 

-k-- - - 
ti + rlcCICIT, II) + $$JTC. 

9 

(6.2) 

(6.3) 

7 

. .  .  

. :  



The parity transformation of spinor fields is 

with 3‘ = xP. Thus the CP transformation of spinor fields is 

;Xhe CP transformations of scalar and left-handed currents are then 

(6.4) 

(6.5) 

(6.6) 

where we used 

(~ir~j)* = -~j(^(ortyo)~i. (6.7) 

The CP- transformation law for the charged vector boson is 

- -. w;(x) + -WTP(ii). (6.8) 

A mass term or gauge coupling can be invariant under (6.6) if the masses and 

couplings are real. In particular, consider the coupling of W* to quarks. It has 

the form 

. . The CP operation interchanges the two terms except that I& and I$ are not 

interchanged. Thus, CP is a symmetry only if there is some basis in which all 

couplings (and masses) are real. If there were only the four quarks u, d, s and c, 

- the SU(2) x U(1) t in eractions could not violate CP. 

It is, of course, an important experimental question whether the KM phase S 

is, in fact, the source of the observed CP violation. We will discuss this question 

in detail when we study Ii” physics. Note, however, that CP is not necessarily 

&&ted in the three generation case. If any of the following conditions held, CP - 
would not be violated: 
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1. There is mass degeneracy among the three up-sector quarks or among the 

three down-sector quarks. Suppose, for example, that the u and the c quarks are 

degenerate in mass. Then any linear combination of the mass eigenstates u and c 

is still a mass eigenstate. Consequently, instead of the diagonal unitary matrix PZJ 

of (5.3), we may use a more general form: 
, . 

(6.10) 

where U is any 2 x 2 unitary matrix. This allows us to remove one more phase 

(and an angle) from V, thus making V real. 

2. Any of the mixing angles 012, 623 or 013 is an integer multiple of 7r/2. 

3. The phase in the CKM matrix vanishes, sinS = 0. 

’ ‘.-‘:- -The above conditions can be summarized in one equation, which must be ful- 

filled.if CP is to be violated: 

b-4 - d)(d - de4 - dx mb” - m;)(m; - mi)( r-n,2 - m;) J # 0, (6.11) 

where 

J = c~2c2&~2s23s~3 Sin 6. (6.12) 

The above condition can be restated in another way [15], which is explicitly in- 

dependent of the parametrization of V. Take the quark mass matrices MD and 

Mu in any interaction eigenbasis. Then the LHS of (6.11) equals (up to a possible 

sign) Im{det[MDMi, M,yMJ]}/P. Thus CP is violated in the three generation 

Standard Model if and only if [15]: 

Im{det[MDMi, MUM,]} # 0. (6.13) . 
-i;:- - - 

J, the function of the mixing angles and the phase, can also be written in a form 
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which is explicitly parametrization-independent: 

(JI = IIm(V;jVI&;~~)I (6.14) 

for any choice of i # I, j # Ic. 

The numerical values that we later find for the different mixing angles imply 

that I JI 5 10s4, even for sin S = 1. This value is to be compared with the maximum 

;possible value of 1/(6fi): the SM predicts a small intrinsic value for this measure 

of-.CP-violation. 

7. A World of Three Flavors: FCNC 

A world of three quark flavors does not fit into a model with all left-handed 

quarks in doublets of SU(2),y. H ow can we incorporate interactions of the strange 

- quark inthis picture ? The solution that we now describe is wrong. Yet, it is of 

historical interest and, moreover, helps to understand some of the unique properties 

of the SM. In particular, we will see that in the three-flavor world there are flavor- 

changing neutral currents (FCNC) h h w ic are forbidden (at tree level) in the SM. 

Assume that SL, is an SU(2)L-singlet: 

Qi = (3,2)1/6; s; = (3, Q-1/3; 

U; = (3,1),/,; d; = (3,943; s; = (3,1)-l/3. 
V*l) 

Consequently, .si does not have gauge interactions with the charged W-bosons: 

9Ipa I -Lw = ZQL’i 7 QLW;. (7.2) 

The interactions of quarks with the scalar doublet are given by 

-w 
-Ly = GdQ&bd; + Gsi&& + FQ;$u; + h.c. (7.3) 

A&Important difference from the cases discussed so far is that quark representa- 
- 

tions are no longer purely chiral. Consequently, bare mass terms appear in the 
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Lagrangian: 

-,p = rn,d$d; + rnss& + h.c. P-4) 

With the spontaneous symmetry breaking we get contributions to quark masses 

from both Ly and ,Cp: 

-J&=(2$ ii$) (;:I ;;:) (2) +m&&+h.c., (7.5) 

where 

The mass eigenbasis for the down-sector corresponds to diagonal Md, so we find 

unitary 2 X 2 matrices VdL and VdR such that 

and correspondingly 

(;;) =&L(z), (I:) =&R(z). P-8) 

. . The charged current interactions are given by 

g-i-PI -Lw =zuLy dLW; + h.c. 

=Qiqyy~ ( cos ec 
Jz 

sin ec ) W/f + h.c. 
V-9) 

(Any phases in V, the 1 x 2 mixing matrix, can be removed by an appropriate 

redefinition of the mass eigenstates.) The s + u transition still proceeds via the 
. 

c$&rged current interactions, and the same value for sin 9~ = IV,,/ will be measured 
- 

by the I< + wev decay as in the four flavor case. 
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Troub le  beg ins  w h e n  w e  tu r n  to  n e u tral cur rent  interact ions.  T h e  2 ’ b o s o n , 

b e i n g  a  c o m b i n a tio n  o f th e  W 3  a n d  B  g a u g e  b o s o n s  as  g i ven  in  (2 .6 ) , coup les  to  

th e  (T3  -  s in2  0 w Q ) - c h a r g e : 

-Lz =  & r + Y Y ; - Q  s in2  e w  )u’, +  &ycl(  -  Q  s in2  t9 w ) u $  

+ & - f(-$ +  5  s in2  6 w ) d ’, +  &yp (+ i  s in2  Bw)d i  

+ 3 iyc(+ +  s in2  8 ~ ) s : +  & ‘“(+ i  s in2  8w)s i  ] 2 ,. 

( 7 .1 0 )  

N o te  th a t al l  coup l ings  a r e  d i a g o n a l  in  th e  in teract ion e igenbas is ,  as  th e y  shou ld  

b e  by  d e fini t ion. W e  n o w  c o n c e n trate o n  th e  T3-coup l ing  o f th e  down-sec to r . A ll 

o th e r  coup l ings  a r e  trivially t rans formed into th e  mass  e igenbas is :  just o m it th e  

superscr ip t  I. H o w e v e r , 

T h e  n o n - d i a g o n a l  te rms  s igna l  flavo r  c h a n g i n g  n e u tral currents!  

This  situ a tio n  is very di f ferent f rom th e  wor ld  o f two g e n e r a tio n s  desc r ibed  

a b o v e . T h e r e , si is a  m e m b e r  o f a  s e c o n d  q u a r k  d o u b l e t, s e e  (4 .4 ) . As  a  result,  

th e  coup l ing  o f si to  th e  Z”- b o s o n  c h a n g e s  f rom (7 .1 0 )  to  

9  -I -s~y~(-k  +  $s in2  O w ) .s~ Z P . 
cos 8 w  

(7 .1 2 )  

( In a d d i tio n  th e r e  will, o f course,  b e  te rms  descr ib ing  th e  c -quark  coup l ings  to  th e  

Z”- b o s o n .) T h e  p a r t o f th e  in teract ion th a t w e  iso la ted in  (7 .1 1 )  is m o d ifie d  into 

. 
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There  a re  n o  F C N C  in  th e  S ta n d a r d  M o d e l . T h e  r e a s o n  fo r  th e  d i f ference b e tween  

(7 .1 1 )  a n d  (7 .1 3 )  c a n  b e  t raced back  to  th e  d i f ference in  th e  c h a r g e d  current  m ix ing 

m a trix. T h e  n e u tral cur rent  m ix ing m a trix U  =  V tV . W h e n  V  is uni tary,  as  in  

(4.10),  u  =  1  as  in  (7 .1 3 ) . W h e n  V  is n o t uni tary,  as  in  (7 .9 )  ( V  is a  1  x 2  

s u b - m a trix o f th e  uni tary  m a trix VJL) ,  U  #  1  as  in  (7 .1 1 ) . 

T h e  d i f ference in  th e  pred ic ted  p h e n o m e n o l o g y  is d r a m a tic: th e  in teract ion 

(7 .1 1 )  induces  th e  decay  
-” e 4  

_ ~  I< ; +  p + p -  (7 .1 4 )  

a t a  ra te  o f th e  s a m e  o r d e r  o f m a g n itu d e  as  

A -+  +  p + v p . (7 .1 5 )  

In  fact, ( 7 .1 4 )  is suppressed  by  a  factor  o f 1 0 V 8  c o m p a r e d  to  (7 .1 5 ) ! 

. ._ _ _ .- 
-Th is -prob lem,  wh ich  was  n o te d  a t th e  tim e  w h e n  on ly  th r e e  quarks  w e r e  k n o w n , 

d r o v e  G lashow,  Ilio p o u l o s  a n d  M a ian i  ( G IM )  [1 6 ] to  p r o p o s e  th e  ex is tence o f th e  

c h a r m  q u a r k , in  a n  SU(2 )  d o u b l e t wi th si. 

8 . A  W o rld o f F ive F lavors : Is T h e r e  a  T o p ?  

If th e  r e a s o n  fo r  n o t hav ing  e x p e r i m e n tal ly o b s e r v e d  th e  to p  q u a r k  is th a t it 

d o e s  n o t exist, a n d  if th e  g a u g e  structure o f e lec t roweak interact ions is i n d e e d  

SU(2) ,5  x U(l)y, th e n  th e  b L  q u a r k  h a s  to  b e  in  a  s inglet  o f S u m . T h e  impl ica-  

tio n s  o f th is  o n  p h e n o m e n o l o g y  a r e  readi ly  u n d e r s to o d  o n  th e  bas is  o f o u r  analys is  

o f th e  th r e e  flavo r  case.  

T h e  five  flavo r  wor ld  with b L  a n  SU(2)-s ing le t  h a s  Z”- m e d i a te d  F C N C . In  

p a r ticular ,  th e r e  a r e  n o n - d i a g o n a l  coup l ings  invo lv ing th e  b o tto m  q u a r k : 

- G - -  -  
-  

U d b  = v u + d v u b  +  Vc\Vcb,  

U.sb =v , * ,Vub +  v,* ,Vcb- 
(8 .1)  

C o n s e q u e n tly, th e  decay  B  +  e + ,!-X  wil l  p r o c e e d  in  a  ra te  c o m p a r a b l e  to  th e  
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c h a r g e d  current  decay  B  +  ev,X [ 1 7 1 : 

IyB  +  l+e-x)  
=  [( 4  -  s in2  Q w ) ~  +  (s in2 O W ) ~ ] I u d b 1 2  +  lusb i2  

IyB  +  lv,X ) IK b 1 2  +  Fps I~b i2  
x 1 . (8.2)  

4  

(Fps is a  p h a s e  space  factor.)  E x p e r i m e n tal ly [1 9 ], th  is ra tio  is smal ler  th a n  5x  1 0 e 4 ! 

A d d i tio n a l  ev idence  fo r  th e  ex is tence o f th e  to p  q u a r k  c o m e s  f rom m e a s u r e -  

,~ e n ts o f th e  Z-width  a n d  o f th e  fo rward -backward  a s y m m e try in  e + e -  - +  b b . 

Using  r e c e n t L E P  resul ts fo r  th e s e  two q u a n tities  g ives Ts(bL,R)  ra th e r  accurate ly  

[1 8 ]: 

T3(bL)  =  -0.490:;:;;;; Ts(bR)  =  -0 .028  f 0 .0 5 6 . (8.3)  

This  is consistent  wi th th e  S M  values,  Ts(bL)  =  -l/2, Ts(bR)  =  0 , a n d  certainly 

exc ludes  th e  possibi l i ty th a t th e  b o tto m  q u a r k  is a n  SU(2)L-s ing le t .  
._  . -  

II. M E A S U R ING T H E  C K M  P A R A M E T E R S : 

D IRECT M E A S U R E M E N T S  A N D  U N ITA R ITY  C O N S T R A INTS 

9 . D irect M e a s u r e m e n ts 

In  direct  m e a s u r e m e n ts w e  m e a s u r e  processes  wh ich  occur  a t th e  t ree level  

wi th in th e  S M . T h e  a s s u m p tio n  m a d e  h e r e  is th a t th e r e  a r e  n o  processes  f rom n e w  

physics wh ich  c o m p e te  with S M  t ree- level  processes.  This  a s s u m p tio n  ho lds  in  

m o s t m o d e ls wh ich  g o  b e y o n d  th e  S M . Thus , w e  expec t th e  va lues  o f C K M  m a trix 

e l e m e n ts wh ich  a r e  extracted f rom direct  m e a s u r e m e n ts to  h o l d  e v e n  if th e  S M  is 

on ly  a  l ow-energy  e ffect ive th e o r y . 

T h e  sim p lest e x a m p l e  o f a  m o d e l in  wh ich  direct  m e a s u r e m e n ts w o u l d  l e a d  to  

& o &  va lues  fo r  th e  C K M  e l e m e n ts is a  two H iggs  d o u b l e t m o d e l, wi th a  l ight 

c h a r g e d  Higgs.  T h e  two b o d y  decay  into a  c h a r g e d  H iggs  a n d  a  q u a r k  cou ld  
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dominate over W-mediated decays. However, the present limits on the mass of a 

charged Higgs (rn~* > 41.7 GeV [20]) 11 a ow this decay mode for only the top- 

quark, and thus none of the measurements described in this chapter could be 

affected. 

As the top-quark has not been experimentally observed, its mixings, I$, cannot 

be directly measured. At present we have direct information on the six elements 

of the first two rows in the CKM matrix, and in this section we describe this ; e4 
information. Most of our discussion follows the lines of refs. [8,21]. For the 

_- 
mixings of the b-quark, we discuss in detail the implications of the Heavy Quark 

Symmetry (HQS) [22] f or improved measurements with future facilities [23]. 

Our present knowledge of the matrix elements comes from the following sources: 

9.1 MEASURING Iv&l 
._ . - 

_ -Nuclear beta decay, when compared to muon decay, gives [24 - 271 

IVudl = 0.9744 f 0.0010 . (9-l) 

This includes refinements in the analysis of the radiative corrections, especially the 

order Zcu2 effects, which have brought the ft-values from low and high Z Fermi 

transitions into good agreement. 

9.2 MEASURING Iv,,j 

Analysis of K,3 decays: K+ --+ rOe+y, and I<! + r-e+v, yields [28] 

IV,,/ = 0.2196 f 0.0023 . (9.2) 

tithe quark level the process is s + ueu,. However, a calculation from first 

principles at the quark level cannot be carried out [29]: 
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a. The final spectrum is completely dominated by the single pion state (the two 

pion final state has a branching ratio smaller by four orders of magnitude). 

Quark - meson duality is expected to hold when there is a dense set of final 

states, which is certainly not the case here. 

b. There are large QCD corrections as the relevant scale for cys(p) is ~1 = O(m,), 

but m, N AQCD (the scale at which, by definition, oys N 1). Thus, a pertur- 

bative QCD expansion is meaningless. 
; “-- 

c. There are large uncertainties in m,; first, it is a running mass and we do not _~ 
know the relevant scale and second, even if we knew the scale, the uncertainty 

in m, is still about 30%. This is significant since the phase space for the decay 

depends on (m,)5. 

Thus, IV,,l h as o t b e calculated at the meson level: 

- ._ . - BR(IC -+ 7reu) 
r(K) 

= [Gwkf2] 441 + m-+m21L12~ (9.3) 

The quantities on the LHS of this equation are given by experiments with an 

overall accuracy of l-1.5%. The quantities in brackets are known. The phase 

space factor Fps depends on an experimentally-fitted parameter, which introduces 

a 0.5% uncertainty. The radiative corrections T can be calculated to an accuracy of 

about 0.3%, but an ambiguity in the way these corrections were incorporated into 

various data analyses adds up to 1% uncertainty in (1 + r). The main theoretical 

uncertainty is in the normalization of the form factor If+(O)]. However, in the 

SU(3) limit (m, = rnd = m,) we have If+(O)] = 1, and deviations from this value 

are only second order in the symmetry breaking parameter. The approximate 

symmetry allows a determination of If+(O)] with an uncertainty of only 0.8%. 

The isospin violation between ri,‘3 and Kz3 decays has been taken into account, 

bringing the values of IV,, I extracted f rom these two decays into agreement at the 

1% level of accuracy. The analysis of hyperon decay data has larger theoretical 

&certainties because of first order SU(3) y s mmetry breaking effects in the axial- 

vector couplings, but due account of symmetry breaking [30] applied to the WA2 
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data [31] gives a corrected value of 0.222 f 0.003 . We average these two results to 

obtain: 

IV,,l = 0.2205 f 0.0018 . (9.4) 

9.3 MEASURING lvcdl 

; -_ The magnitude of lVcd I may be deduced from neutrino and antineutrino pro- 

duction of charm off valence d quarks. The dimuon production cross sections of the 

ChHS group [32] yield B, IVcd12 = (0.41 f 0.07) x 10s2, where B, is the semilep- 

tonic branching fraction of the charmed hadrons produced. The corresponding pre- 

liminary value from a recent Tevatron experiment [33] is B, IVcd12 = (0.534ti:$i) x 

10m2. Averaging these two results gives B, II&l2 = (0.47 f 0.05) x 10T2. Supple- 

menting this with measurements of the semileptonic branching fractions of charmed 

mesons [34], weighted by a production ratio of Do/D+ = (60 f 10)/(40 F lo), to 

give-z, = 0.113 f 0.015, yields 

I&l = 0.204 f 0.017. P-5) 

A second method is to measure the semileptonic strangeless D decay. At present 

there is only one such measurement and with large uncertainties [35]: 

BR(DO + 7r-e+u) = (3.9fT:f f 0.4) x 10m3. (9.6) 

This, together with the theoretical uncertainties in the form factor, make this 

method less accurate at present. 
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9.4  M E A S U R I N G  fv,,l 

V a lues  o f IV C s  I f r o m  n e u tr ino p r o d u c tio n  o f c h a r m  a r e  d e p e n d e n t o n  a s s u m p -  

tio n s  a b o u t th e  s t range q u a r k  densi ty  in  th e  p a r to n - s e a . T h e  m o s t conservat ive 

a s s u m p tio n , th a t th e  s t range-quark  s e a  d o e s  n o t e x c e e d  th e  va lue  co r respond ing  

to  a n  S U ( 3 )  s y m m e tric s e a , 2s  5  I?  +  0 , l eads  to  a  lower  b o u n d  [3 2 ], IV ,,l >  0 .5 9 . 

It is m o r e  a d v a n ta g e o u s  to  p r o c e e d  ana logous l y  to  th e  m e th o d  u s e d  fo r  extract ing 

L  & Y U s  I f rom I ce3 decay ; n a m e ly, w e  c o m p a r e  th e  e x p e r i m e n ta l  va lue  fo r  th e  width o f 

D Z 3  decay  with th e  express ion  ( T h e  resul t  fo r  M  =  2 .2  G e V  is fo u n d  in  re f. [3 6 ]) 

th a t fo l lows f rom th e  sta n d a r d  w e a k  in teract ion a m p litu d e : 

. . ~ _  

l? (D +  I? e + u ,) =  lf+ D ( 0 ) ~ 2 ~ V C s ~ 2 ( 1 .5 4  x lO ’lsec-I). (9.7)  

H e r e  f+ D ( q 2 ) , wi th Q  =  p i  -  p K , is th e  fo r m  factor  re levant  to  D e 3  decay ; its 

var ia t ion h a s  b e e n  ta k e n  into a c c o u n t wi th th e  p a r a m e tr izat ion f+ D ( t)/f+ D ( O )  =  

w 2 j ( M 2  -t) a n d  M  =  2 .1  G e V /c2, a  fo r m  a n d  mass  consistent  wi th Mark  III [3 5 ] 

a n d  T P S  [3 7 ] m e a s u r e m e n ts. C o m b i n i n g  d a ta  o n  b r a n c h i n g  ra tios  fo r  D l3  decays  

[3 5 ,3 7 1  

B R ( D ” +  I< - e + u ,) =  
(3.4 f 0 .5  f 0 .4 )  x 1 O - 2  M A R K  III 

(3.8 f 0 .5  f 0 .6)  x  1 O - 2  T P S  
(9 .8 )  

. . 
wi th accura te  va lues  fo r  7 0 0  f rom th e  E 6 9 1  [3 8 ] a n d  E 6 8 7  [3 9 ] e x p e r i m e n ts in  

Fermi lab ,  

T(DO)  =  
(4 .22 f 0 .0 8  f 0 .10 )  x  lo- l3  set  E 6 9 1  

(4 .24 f 0 .1 1  f 0 .07 )  x  lo- l3  set  E 6 8 7  
(9 .9)  

gives th e  va lue  (0 .8 5  f 0 .1 0 )  x 1 0 1 1  set-’ fo r  I’(D +  K e + v ,). T h e r e fo r e  

If+ D ( 0 ) 1 2 1 K s 1 2  =  0 .5 5  f 0 .0 7 . (9 .10)  

& % e r y  conservat ive a s s u m p tio n  is th a t ]f+ D ( O ) ] <  1 , f rom wh ich  it fo l lows th a t 

II& l 0 .7 0  . Calcu la t ions o f th e  fo r m  factor  e i ther  p e r fo r m e d  [4 0 ,4 1 ] direct ly a t 
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q2 = 0, or done [42] at the maximum value of q2 = (mo - rn~)~ and interpreted 

at q2 = 0 using the measured q2 dependence, yield f+D(O) = 0.7 f 0.1 . It follows 

that 

IV,,j = 1.06 f 0.18 . (9.11) :: 

The constraint of unitarity when there are only three generations gives a much 

tighter bound (see below). The ratio IVcJVcsl ’ f 1s ree of the uncertainties in ~(0’). 
L “-- 

Moreover, it depends on the ratio ]f,“+r/f+D’K] which is 1 in the SU(3) limit, 

and expected to hold within 10%. We get IVcd/Vc,l = 0.25 f 0.06. 

9.5 MEASURING Ivubl 

The ratio IVub/Vcbl can be obtained from the semileptonic decay of B mesons 

by fitting to the lepton energy spectrum as a sum of contributions involving b + u ._ ..-- 
and b + c. Th e relative overall phase space factor between the two processes 

- -. 
is calculated from the usual four-fermion interaction with one massive fermion (c 

quark or u quark) in the final state. The value of this factor depends on the 

quark masses, but is roughly one-half ( in suppressing b + c compared to b + u). 

Both the CLEO [43] and ARGUS [44,45] 11 b co a orations have reported evidence 

for b --+ u transitions in semileptonic B decays. The interpretation of the result in 

terms of IVub/Vcbl depends fairly strongly on the theoretical model used to generate 

the lepton energy spectrum, especially for b + u transitions [41,42,46]. Combining 

the experimental and theoretical uncertainties, we quote 

q E p&/Vc~l = 0.11 f 0.05. (9.12) 

The heavy quark symmetry holds promise to allow a determination of lVubl in 

_ .- a much more accurate (and less model-dependent) way [23]: the ratio II&,/l&l 

&&be achieved by a comparison of the spectra of B ---f Xeu and D t Xeu for - 
some charmless final state X. 

21 



- 

- .  .-  ‘-. 

For  X  =  K , a  m e a s u r e m e n t o f th e  spec t rum f rom D  decay  wil l  a l low predic t ions 

o f th e  k i n e m a tical ly sim i lar p o r tio n  o f th e  spec t rum in  B  decay . O f th e  two fo r m  

factors, 

bdv ,lW  =  f+ ( m  +  P x> p  +  f& D  - P & L , (9 .1 3 )  

on ly  f+  is m e a s u r a b l e  b e c a u s e  Ip o  -p* I N  m ,. H o w e v e r , f+ D  a n d  f+ B  a r e  n o t sim p ly 

.& a te d  by  mass  reseal ing.  If th e  l/M  D  correct ions a r e  i g n o r e d , u n c e r ta int ies o f 

o r d e r  2 0 %  in  th e  d e te r m i n a tio n  o f IV u a l  a r e  in t roduced  ( the m o d e l o f re f. [4 2 ] was  _ -  
u s e d  fo r  th is  est imate).  A  correct ion fo r  th is  e r ro r  c a n  b e  m a d e  on ly  a t th e  pr ice  

o f s o m e  m o d e l d e p e n d e n c e . 

A  p o te n tial ly b e tte r  way  is to  u s e  th e  fina l  X  =  p  sta te . (This  m o d e  h a s  b e e n  

r e c e n tly o b s e r v e d  [4 7 ] wi th B R ( B +  +  p ’f? u )  =  (1 .1 3  f 0 .3 6  f 0 .2 6 )  x 1 0 m 3 .) In  

th is  case -an  a n g u l a r  analys is  is n e e d e d  to  s e p a r a te  th e  fo r m  factors fo r  D  +  p e v , ._  . .- -  

- -. 
( P l K m  = & & 7  E*" (pD + p ,) ' (pD - p p ) ?  

( P I& ID)  = if$  +  a + ( ~ * * P D > ( P D  -I- P P ) ~  +a- (c*  *PD) (PD -p,),, 

(9 .1 4 )  -  

a n d  m a k e  a n y  predic t ions fo r  B  +  p e u . A g a i n , o n e  o f th e  fo r m  factors -  a -  -  is n o t 

m e a s u r a b l e . H o w e v e r , two o f th e  m e a s u r a b l e  o n e s , f a n d  g , c a n  b e  o b ta i n e d  fo r  B  

by  sim p le scal ing.  If th e  a +  fo r m  factor  c o n tr ibutes negl ig ib ly  to  th e  to ta l  ra te , th e n  

a  m e a s u r e m e n t o f th e  to ta l  B  +  p e v  ra te  w o u l d  suff ice to  accurate ly  d e te r m i n e  

IV u b /Vcdl .  Var ious  m o d e ls s e e m  to  dif fer in  the i r  pred ic t ions o f w h e th e r  th is  is 

i n d e e d  th e  case.  Fo r tu n a tely, o n e  c a n  avo id  th is m o d e l d e p e n d e n c e  a l together  if 

th e r e  is suff icient d a ta  to  m e a s u r e  a n g u l a r  corre la t ions in  B  +  p e v  decays  a n d  

th u s  s e p a r a te  th e  fB  a n d  g B  fo r m  factors. 

A n o th e r  a l ternat ive w o u l d  b e  to  ful ly ana lyze  th e  D  +  K *ev fo r m  factors 

a n d  u s e  flavo r  S U ( 3 )  y s m m e try to  predic t  th o s e  fo r  D  +  p e v . It m a y  b e  b e s t to  

d & G - m ine  I V u b  I in  al l  th e  a b o v e  m e th o d s  a n d  u s e  th e  s p r e a d  in  th e  resul ts as  a  
-  

m e a s u r e  o f th e  u n c e r tainty. 
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Finally, if one could measure the differential width for inclusive charmless 

semileptonic B decays, then the HQS provides sum-rules that will allow model- 

independent determination of (Vu* I [48]. H owever, the task is probably experimen- 

tally impossible. 

9.6 MEASURING [&,I 

; “-- The magnitude of I& itself can be determined if the measured semileptonic 

bottom hadron partial width is assumed to be that of a b quark decaying through 

the usual V - A interaction: 

r(b + c@) = 
BR(b + c&e) G$mi 

Tb 
= s d+%/mb)l&b12 t (9.15) 

where rb is the b lifetime, r] is a QCD correction factor and F(m,/mb) is the phase 
._ . - 
space factor noted above as approximately one-half. (The spectator quark model 

has been shown to hold for the inclusive rate in the heavy quark symmetry limit 

[48].) From various measurements held at the Y(4S) resonance, the semi-leptonic 

branching ratio is found to be [47] 

BR(B + eux) = (10.3 f 0.2) x 10-2. (9.16) 

New results from various LEP measurements are consistent with this range [49]. 

The lifetime of bottom hadrons is [S] 

7-b = (1.18 f 0.11) x lo-l2 Sec. (9.17) 

Adding to this average the recent LEP results yields [49] ‘Tb = 1.28 f 0.06 psec. 

However, most of the error on lVcbl derived from (9.15) is not from the experimental 

uncertainties, but in the theoretical uncertainties in choosing a value of mb. Instead 

o&quack model, we quote the value derived from the Be3 decay, B --$ D&Y!, by - 
comparing the observed rate with the theoretical expression that involves a form 

23 
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_  - 
factor,  ff(q2) .  T h ’ 1s  is a n a l o g o u s  to  w h a t g ives th e  m o s t accura te  va lues  fo r  IV ,,l 

( f rom I (e3 decay)  a n d  IV ,, I ( f rom D t3  decay) .  It avo ids  al l  q u e s tio n s  o f w h a t 

masses  to  u s e , a n d  th e  heavy  quarks  in  b o th  th e  init ial a n d  fina l  sta tes  g ive  m o r e  

c o n fid e n c e  in  th e  accuracy  o f th e  th e o r e tica l  ca lculat ions o f th e  fo r m  factor.  W ith  

a c c o u n t o f a  n u m b e r  o f m o d e ls o f th e  fo r m  factor,  th e  d a ta  [5 0  -  5 2 1  y ie ld 

l& b 1  =  0 .0 4 4  f 0 .0 0 9  . (9 .1 8 )  

T h e  c e n tral va lue  a n d  th e  e r ro r  a r e  n o w  c o m p a r a b l e  to  w h a t is o b ta i n e d  f rom 

th e  inclusive semi lepton ic  decays  [5 1 ], b u t ultim a tely, wi th m o r e  d a ta  a n d  m o r e  

c o n fid e n c e  in  th e  calcu lat ion o f th e  fo r m  factor  consistent  wi th th e  heavy  q u a r k  

s y m m e try, exclus ive semi lepton ic  decays  shou ld  p rov ide  th e  m o s t accura te  va lue  

o f ]I& ] . T h e  m o d e  to  stu d y  is B  +  D*ev fo r  wh ich  l/M  correct ions van ish  a t 

th e  k i n e m a tic lim it p o i n t ( the l ead ing  m o d e l d e p e n d e n t correct ions a r e  o f o r d e r  

A 2 /M i). T h e  m o d e l d e p e n d e n c e  ar ises pr inc ipal ly  f rom th e  ex t rapo la t ion to  th e  -  
e n d  p o i n t o f th e  spec t rum a n d  h e n c e  c a n  b e  signif icantly r e d u c e d  with a  h i g h  

sta tistics stu d y  o f th a t r e g i o n . A  r e c e n t ca lcu lat ion [5 3 ] us ing  a  m o d ifie d  vers ion  

o f th e  m o d e l o f re f. [4 1 ] t o  calculate th e  correct ions to  th e  H Q S  gives 

l& b 1  =  0 .0 4 5  f 0 .0 0 7  . (9 .1 9 )  

In  w h a t fo l lows, w e  u s e  th is r a n g e  fo r  ]I& ]. 

. .~  
-.- . 

-  
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1 0 . U n itarity 

lo.1 INTRODUCTION 

T h e  r e q u i r e m e n t o f unitar i ty c a n  b e  sim p ly sta te d  as  V tV  =  1 . This  imposes  

th e  fo l low ing  condi t ions o n  th e  m a trix e l e m e n ts: 

: . 

j= l  i= l  

n  

k=l  
( 1 0 .1 )  

. . 
( In th e  last e q u a tio n  i #  j.) Unitari ty m a y  b e  u s e d  in  severa l  ways: 

1 . If w e  direct ly m e a s u r e  e n o u g h  o f th e  m a trix e l e m e n ts, w e  m a y  check w h e th e r  

the i r  va lues  a r e  consistent  wi th th e  unitar i ty constraint .  W e  i l lustrate th is  

in  a  two g e n e r a tio n  m o d e l, a n d  exp la in  th e  p r e s e n t situ a tio n  in  th e  th r e e  
._  . -  g e n e r a tio n  case.  

-  2 .’ W ith in  th  e  m in imal  S M , w h e r e  n e u tr inos a r e  al l  massless,  th e  n u m b e r  o f 

g e n e r a tio n s  is k n o w n  to  b e  th r e e . W e  m a y  th e n  fin d  va lues  (o r  a l l owed  

ranges )  fo r  th e  m a trix e l e m e n ts wh ich  h a v e  n o t b e e n  direct ly m e a s u r e d . 

3 . In  ex tens ions o f th e  S ta n d a r d  M o d e l, w h e r e  n e u tr inos o f h i g h e r  g e n e r a tio n s  

m a y  b e  very massive,  th e  n u m b e r  o f g e n e r a tio n s  is on ly  k n o w n  to  b e  a t least  

th r e e . W e  m a y  still g ive  u p p e r  b o u n d s  o n  th e  u n m e a s u r e d  m a trix e l e m e n ts. 

1 0 .2  T W O  G E N E R A T IO N S  

T o  d e m o n s trate h o w  unitar i ty g ives a  consistency check o n  o u r  m e a s u r e m e n ts, 

w e  n o w  p r e te n d  to  k n o w  o f two g e n e r a tio n s  on ly  [5 4 ]. T h e  m ix ing m a trix is th e  2  x 2  

C a b i b b o  m a trix. Direct m e a s u r e m e n ts g ive  th e  fo l low ing  r a n g e  fo r  th e  abso lu te  

va lues  o f its e l e m e n ts: 

-g-  . 0 .9 7 4 4  f 0 .0 0 1 0  0 .2 2 0 5  f 0 .0 0 1 8  
-  lkl =  

* 0 .2 0 4  f 0 .0 1 7  1 .0 6  f 0 .1 8  >  
( 1 0 .2 )  
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Unitarity implies that the above matrix depends on one parameter only: 

vc = 
Cl2 s12 ( >* --s12 Cl2 

(10.3) 

With the above measurements we have certainly overdetermined the Cabibbo an- 

gle. The test of the two generation Standard Model is the following: Can we find 

:$-range for the Cabibbo angle which is consistent with all measurements? The 

answer is in the affirmative if -- 

0.220 5 s12 5 0.221. (10.4) 

Thus, a two generation picture is consistent within the experimental errors on the 

matrix elements; we could not tell that there is a third generation if it were not for 

‘ifs-dire&observation (or from CP violation). From our knowledge about lvcbl and 

II&b{ ,we know that the third generation mixings would be probed only if we reached 

an accuracy level of 10m4 in the determination of [Vu;1 or lob3 in the determination 

of lVci[ (i = d,~); th is is well beyond the present level of accuracy. At present, the 

values in (10.2) imply only the following mild bounds on the possible mixings of a 

third generation: 

. . IVI = (10.5) 

The results derived here have some bearing on the three generation analysis. We 

have directly measured six elements, which should give a consistency check on the 

four parameters of the CKM matrix. However, due to the small values of Iv&l and 

II&l together with the present level of accuracy, four of the elements overdetermine 

~12 just . .,- as described above for two generations, and there is no overdetermination 

y%t ef the other parameters. 
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1 0 .3  T H R E E  G E N E R A T IO N S  

T h e  r e c e n t m e a s u r e m e n ts o f th e  n u m b e r  o f l ight n e u tr inos [5 5 ], N V  =  2 .9 9  f 

0 .0 5 , imply  th a t, wi th in th e  m in imal  S M  a n d  s o m e  o f its extensions,  th e  n u m b e r  o f 

g e n e r a tio n s  is th r e e . This  m a k e s  it very l ikely th a t th e  3  x 3  C K M  m a trix exact ly 

fulfi l ls th e  unitar i ty constraints.  C o n s e q u e n tly, w e  m a y  d e d u c e  th e  a l l owed  r a n g e s  

fo r  th e  & i e l e m e n ts, a n d  a lso  fu r th e r  restrict th e  a l l owed  r a n g e s  fo r  e l e m e n ts wh ich  

L  w e r e  direct ly m e a s u r e d . 

- ~  1 . T h e  va lue  o f ]& ,I is de r i ved  f rom 

IK b 1 2  +  lT/ ,b12 +  IK b 1 2  =  1.  ( 1 0 .6 )  

As  b o th  IV & ] a n d  l& b ] a r e  m e a s u r e d  to  b e  m u c h  smal ler  th a n  1 , th e  ] V tb ] va lue  is 

very c lose to  1 : ._  . -  

-  -. 0 .9 9 8 6  <  I& ,[ 5  0 .9 9 9 3 . 

2 . T h e  va lue  fo r  ]& ,I is de r i ved  f rom 

( 1 0 .7 )  

( 1 0 .8 )  

As th e  first te r m  o n  th e  left h a n d  s ide  is m u c h  smal ler  th a n  th e  o th e r  two, a n d  as  

b o th  IV ,,] a n d  l& b ] a r e  very c lose to  1 , th e  IV ,,] va lue  is very c lose to  I& b ]: 

0 .0 3 5  2  Iv,,/ 5  0 .0 5 3 . ( 1 0 .9 )  

3 . T h e  a l l owed  r a n g e  fo r  l& l is de r i ved  f rom 

V ;& a d  +  V $ ,V cd  +  < ;% d  =  0 . ( 1 0 .1 0 )  

As  b o th  Vz ld  a n d  V 2 b  a r e  very c lose to  1 , a n d  as  V c d  M  --s12,  w e  m a y  a p p r o x i m a te  
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(10.10) by 

v;(, + Kd = %2&b- (10.11) 

This gives: 

0.002 < l&l 5 0.020. (10.12) 

; e4 Full information on the ranges for the absolute values of the CKM elements 

(at one sigma) from both direct measurements and unitarity is summarized by: 

0.9749 - 0.9754 0.2187 - 0.2223 0.002 - 0.009 

IV = 0.218 - 0.221 0.9735 - 0.9752 0.038 - 0.052 (10.13) 

0.002 - 0.020 0.035 - 0.053 0.9986 - 0.9993 

In-terms.of the parameters we get: 

- 

sr2 = 0.2205 f 0.0018; s23 = 0.045 f 0.007; q - s&23 = 0.11 f 0.05. (10.14) 

There are no direct constraints on the phase S. Among the three real angles, there 

are large uncertainties in ~13 only. Therefore, it is useful to present the information 

coming from indirect measurements as constraints in the q - 6 plane. 

10.4 THE UNITARITY TRIANGLE 

As is apparent from (10.13), th e only poorly determined matrix elements are I& 

and I&b. They are related to each other by the unitarity constraint (10.10) or, to a 

very good approximation, (10.11). Th e information that we may get from indirect 

measurements will have to comply with this constraint. It is very convenient to 

present such information and to discuss further predictions by using the uniturity 

&$ngZe, which is just a geometrical representation of the relation (10.10) in the 
- 

complex plane: The three complex quantities, v,‘,VUd, v,*,&d and I’$& should 

28 
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_  - fo r m  a  t r iangle,  as  s h o w n  in  Fig. 1 . Resea l ing  th e  t r iang le  by  [l /(sl2lV&l)], th e  

coo rd ina tes  o f th e  th r e e  vert ices A , B  a n d  C  b e c o m e  

In  th e  W o lfe n s te in  

p rox ima tio n  o f th e  

4 P , 4 . 

( 1 0 .1 5 )  

p a r a m e tr izat ion [ 1 1 1 , wh ich  is just th e  smal l  m ix ing-ang le  a p -  

sta n d a r d  p a r a m e trization, th e  coo rd ina tes  o f th e  vertex A  a r e  

B  

- 

F igure  1. T h e  unitari ty t r iangle is a  representat ion in the complex  p lane  of the t r iangle 
fo rmed by  the C K M  m a trix e lements  V u d V z b ,  V c d V A  a n d  l&V$ .  T h e  ang les  a, /3 a n d  7  a re  
measurab le  th rough  C P  asymmetr ies  in  B  decays,  as  exp la ined  in Chapter  16.  
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III. THE NEUTRAL MESON SYSTEMS: 

MIXING AND CP VIOLATION 

11. Introduction and Notations 

We consider a neutral meson P” and its antiparticle PO. An arbitrary neutral 

P-meson state ; -+- 

a IP”) + b II’“) (11.1) 

is governed by the time-dependent Schrodinger equation 

i-q;) =H(;) s (M-g) (I). (11.2) 

._ . - 

Here M and I are 2x2 Hermitian matrices. CPT invariance guarantees A411 = i&2 - 
and l?rr = IY22. ir, the anti-Hermitian part of H, describes the exponential decay 

of the P-meson system, while M, the Hermitian part, is called a mass matrix. If 

all the I’s were zero, the system would evolve without decay, but the off-diagonal 

elements in the mass matrix would still cause mixing of P” with PO. 

The mass eigenstates are 

. . 
IPl) =P IP”) + Q IPO) 7 

Ip”) - Q  (PO), IP2) =P 

with eigenvalues 

pl,2 = fh2 - &,2. 

(11.3) 

(11.4) 

Here Ml,2 and II,2 denote the masses and decay widths of Pl,2. Define: 

-G-- - - 
(11.5) 
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T h e  e igenva lue  p r o b l e m  

= O  ( 1 1 .6 )  

leads  to  th e  cond i t ion  

[A p I =  + ‘f;, - ir ;2/2)(&  - i r12/2).  
; *- 

. . 

( 1 1 .7 )  

T h e  rea l  a n d  imag inary  p a r ts o f ( 1 1 .7 )  c a n  b e  rewr i t ten as  

( A fb q 2  -  ( A q 2 /4  = 4 ( p h j 2  - l r1212/4)  

A M A r = 4 R e (  M r 2 1 ’T2)  
( 1 1 .8 )  

Fo r  th e  ra tio  q /p  w e  fin d : 
._  . -  

-  -. Q  -  A P  
i =  2( fw2 - i r12/2)’ 

( 1 1 .9 )  

W e  c h o o s e  th e  fo l low ing  c o n v e n tio n  fo r  c h a r g e  c o n j u g a tio n : 

c IP ”) =  IP O ) ) c  IP O ) =  IP O ). ( 1 1 .1 0 )  

. . 
T h e n , b e c a u s e  th e  P ’s a r e  pseudosca lars ,  th e  sta tes  with ze ro  th r e e - m o m e n tu m  

satisfy 

C P  IP ”) =  -  IP O )  )  C P  IP O )  =  -  IP ”). ( 1 1 .1 1 )  

T h e  C P  e v e n  a n d  o d d  sta tes  a r e  th e n  

I’“>  +  IF”) 
Jz 

‘. ( 1 1 .1 2 )  

- & ‘-In th e  a b s e n c e  o f C P  violat ion, th e r e  is n o  relat ive p h a s e  b e tween  M l2 a n d  -  

r12 . In  p a r ticular ,  w e  c a n  c h o o s e  a  p h a s e  c o n v e n tio n  such  th a t b o th  M l2 a n d  I’1 2  

3 1  



are real, 

M12 = M:2, r12 = r;,, (cp). (11.13) 

Then : 
AM = f2lM4, Ar = f21r121, q/p = fi, (cp). (11.14) 

The last equation in (11.14) d emonstrates that in the absence of CP violation, the 
; e4 

mass eigenstates are CP eigenstates. 
_- 

12. The Neutral Ii’ System: Mixing 

Much of our discussion of mixing in the Ii’ system is based on two textbooks. 

The theoretical discussion follows the presentation in ref. [14], while the description 

. .of--the experimental aspects follows that of ref. [56]. Further reading in both 

references is highly recommended. 

The mixing in the Ii” system depends on m, and sin8c. Historically, it led 

Gaillard and Lee to predict the mass of the charm quark [57]. At present, both 

parameters are known rather accurately. This will allow us to realize how indirect 

measurements are useful even though the uncertainties are large. The discussion of 

K” - J?’ mixing is simplest in a two generation framework. The effects of the third 

generation are small (as long as we do not discuss CP violation) and therefore our 

analysis holds even quantitatively. 

12.1 PHENOMENOLOGY OF NEUTRAL KAONS 

1. The neutral kaons have very different lifetimes. 

In the two generation framework, CP is conserved, and the mass eigenstates 

coincide with the CP eigenstates. These states have very different lifetimes because 

&%- nonleptonic decay modes are radically different. Two pions, 7r”wo or T+T-, - 
in an L = 0 state must be CP even. On the other hand, the small Q-value (70 
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M e V )  fo r  th e  decay  into th r e e  p ions  s u g g e s ts L  =  0 , th a t is, th e  th r e e  p ions  a r e  in  

a  re lat ive S-state. T h e  CP-par i ty o f 7 r + 7 r -  is still + l. T h e  7 r” h a s  C  =  + l (s ince 

it decays  to  two y’s) a n d  P  =  -1 , a n d  th e r e fo r e  C P  =  -1 . S o , comb in ing  th e  

r” with th e  7 r + ~ -  system, w e  o b ta in  o n e  o f C P  =  -1 . Fo r  L  >  0 , b o th  posi t ive 

a n d  n e g a tive  C P  e igenva lues  c a n  result,  b u t such  decays  a r e  st rongly suppressed  

by  a n g u l a r - m o m e n tu m  bar r ie r  e ffects. Thus , if C P  is conserved,  on ly  K +  c a n  

decay  into two r’s, wh i le  I< -  decays  into th r e e  p ions.  As  m e n tio n e d  a b o v e , th is  
; e 4  

descr ip t ion is exact ly t rue in  o u r  h y p o th e tica l  two g e n e r a tio n  wor ld ,  b u t as  in  

n a tu r e  C P  vio lat ion is a  very smal l  e ffect, o u r  p ic ture looks very m u c h  l ike th e  rea l  

wor ld .  

T h e  two-p ion  fina l  sta te  h a s  m u c h  la rger  p h a s e  space  th a n  th e  th r e e - p i o n  fina l  

sta te . Thus , I(+ , wh ich  c a n  decay  into two p ions,  decays  m u c h  faster  th a n  IC-, 

wh ich  c a n n o t. T h e  two mass  e igens ta tes, 
._  . -  

-  -. p -s )  =  p i’+ >  )  I I I--L) =  p i - - )  )  ( 1 2 .1 )  

( S  sta n d s  fo r  S h o r t a n d  L  sta n d s  fo r  L o n g )  h a v e  very di f ferent life tim e s . Exper i -  

m e n t al ly 

7s  =  0 .9  x 10- l’ set, 7 ~  =  5 .2  x 1 0 s 8  sec. ( 1 2 .2 )  

A l o n g  a  b e a m  o f n e u tral K ’s o n e  observes  m a n y  two-p ion  decays  c lose to  th e  

source  wh i le  th r e e - p i o n  decays  a r e  fu r th e r  d o w n s tream, w h e r e  essen tial ly on ly  th e  

I< L  c o m p o n e n t survives. 

2 . P u r e - K ’ b e a m s  c a n  b e  p r o d u c e d . 

T h e  K ” m e s o n s  with s t rangeness  S  =  1  a n d  I? ’ with S  =  -1  a r e  th e  sta tes  th a t 

a r e  p r o d u c e d  by  th e  s t rangeness  conserv ing  Q C D  s t rong interact ions ( in teract ion 

e igens ta tes).  T h e  K ” c a n  b e  p r o d u c e d  by  

-i i-- -  -  
7r-  +  p  +  A  +  K -O, ( 1 2 .3 )  
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while the K” can be produced by 

(12.4) 

The threshold pion energy for (12.3) is 0.91 GeV, while for (12.4) it is much higher, 

1.50 and 6.0 GeV for the respective processes. Thus it is possible to produce a 

;pure K” beam by choosing incident pions of suitable energy. 

-~ 3. Neutral kaons oscillate. 

The amplitude of the states KS or KL at time t can be written as 

as(t) =as(0)e-(rS/2+iMs)t, 
am =uL(0)e-(rL/2+iML)tm 

(12.5) 

- ._ . - 

No! suppose that at t = 0, a beam of unit intensity consists of pure K”. Then, 

from (12.1), as(O) = am = l/1/2. Aft er a time t the I<’ intensity will be 

Iwo) =(as(t> + aL(t))(qt) + u;(t))/2 
=i![emrst + emrLt + 2e-(rs+r~P/2 cos(AMK t)] , 

(12.6) 

where AMK = ML - Ms. Similarly, the I;“-intensity will be 

I(jf(o) = ifemrSt + eerLt - 2e-(rS+rL)t/2 cos(AMK t)]. (12.7) 

Thus, the Ii” and k” intensities oscillate with the frequency AMK. If one measures 

the number of J?’ interaction events (i.e. the hyperon yield) as a function of 

position from the K” source, one can deduce AMK. 

4. KS can be regenerated. 

% &upljose we start with a pure Ii” beam. After it coasts for say a 100 KS 

mean lives, all the KS-component has decayed and we are left with I(L only. Now, 
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let the KL beam traverse a slab of material and interact. The K” component has 

more strong channels open and is therefore absorbed more strongly than K”. After 

emerging from the slab, we shall therefore have a K” amplitude f IK”) and a K” 

amplitude f II(“), h w ere f < f < 1. The emergent beam is not a pure KL, 

KL = +-o) + Ik-“)), (12.8) 

; +- 
but instead 

_~ 

+Jf I”“) + f I~“), = i(f + f) IIirL) + $(f - J) [KS). (12.9) 

Since f # f, it follows that some of the KS state has been regenerated. This 

regeneration of short-lived KS-states in a long-lived KL-beam was confirmed by 
- ._ . - experiment. It can be used to make an accurate measurement of the mass difference 

between KS and KL. 

5. The mass difference between neutral kaons. 

The result of such experiments is 

AMK = ML - MS = (5.35 f 0.02) x 10’ set-’ = (3.52 f 0.01) x 10m6 eV, (12.10) 

or a fractional mass difference 

AMK 
- = 7 x lo-15. 

MK 

It is this number that we will use in our investigation of the quark sector. 
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12.2 BACK TO THEORY 

We would like to calculate 

AMK = 2Re(Mrs) (12.12) i-S 

within the SM. While Ml1 is just the Ii” mass, Ml2 is a AS = 2 effect and therefore 
; -+- 

S(G$) (the weak interactions in lowest order change strangeness only by *l). If 

t&s were not the case, the mass difference AMK would be much larger than what 

is observed. Thus we must work to second order in the weak interactions. 

Following ref. [ 141, we write the Hamiltonian as a power series in GF, 

H = Ho + H1 + H2 + - -. (12.13) 
- ._ . - 

where Hj is proportional to (GF)~. The 1 K”) and IJ?“) states are eigenstates of 

Ho because they are degenerate, stable particles when the weak interactions are 

turned off. Therefore 

Ml2 = (IC”lH21ri’o) + c 
(li”lH1 In) (nlH1 IE”) + . . . M 

n KQ - En 
(12.14) 

The leading contributions are both second order in GF because H1 only changes 

strangeness by fl. In terms of states with the conventional normalization, the 

first term is 

Ml2 = & (IC”IH2(0)lli’o) 
K 

(12.15) 

where X2(0) is the second order weak Hamiltonian density. We are able to estimate 

this term, as we shall soon do. The second term in (12.14), however, depends 
_- ._- 
&!nsitively on the details of low-energy strong interactions because it involves long - 

distance contributions from low lying S = 0 mesonic states. We hide our ignorance 
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. - of the long distance contribution by defining a parameter D, 

D . Ml2 = 
c (K”IHlln) (nlHIIK”) 

n MKO- En ’ 
(12.16) 

We will calculate only the short distance contribution to the mass difference, 

(~MK)s.D. = AMK(~ - D). Nevertheless, this estimate is interesting and im- 

portant, as we will see. 

’ *- The leading contribution to ‘?-~FI;! comes from the box diagrams in Fig. 2. 

TfJ+-W ._ . - 
6-91 W 

696OAl 

Figure 2. The box diagrams for neutral meson mixing. 

It gives 

Thus, it is indeed O(G$), namely fourth order in the weak coupling. Furthermore, 

the contribution is proportional to sin2 0ccos2 0~. (In the absence of charged 
. .~ current mixing, sin 8~ = 0, there would be no K” - I;” mixing.) However, the GIM 

-<; . 
mechanism introduces an additional suppression factor N mz/M&. The important 
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. - 
point is that for large loop momentum, the contributions of the u and c quarks 

cancel on each quark line: all strangeness-changing interactions would disappear 

if the charge 2/3 quarks were degenerate. Thus, each quark line in the figure is 

proportional to rnz - rni and the diagram is quadratically convergent. The final 

result is: 

7-t~ = sin2 8, cos2 6,m2 
G2 

; +- c&W -Y5)Wg-y5)S). (12.18) 

(Some useful tricks in the actual evaluation can be found in ref. [58].) To proceed 

would require some estimate of the matrix element of the AS = 2 operator. Gail- 

lard and Lee [57] used the vacuum insertion approximation: one inserts a complete 

set of states in the middle of the operators in (12.18). This is a peculiar thing 

to do: the renormalized operator cannot really be considered as a product of two 

‘factors. But then in the sum over states, only the vacuum state is kept. This is an 

even.more peculiar thing to do, but at least it makes the calculation easy: 

(li”&“(l - ys)slO) (O&(1 - y5)s]&-o) = if&M&. (12.19) 

Again, the peculiar assumptions are hidden by a new parameter, 

. . B 
K 

f (~~“lwyl - Y5)SIO) (Olctrp(l - Y5)4X0) 
(K-O]@(l - y5)sdyJl - y5)slKO) + 

(12.20) 

We later return to estimates of BK. Combining (12.18) with (12.19) (and incor- 

porating QCD corrections denoted by 71) gives a contribution to AMK, 

(~MK)s.D. 
G = AMK(l - D) = GqlhfK(BKf~)m~ Re[(V,*dKs)2]. (12.21) 

. -~ 
_- ._- 
%e divide th - e parameters in (12.21) (other than m,, Vcd and V,,) into two cate- 

gories: 
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1 . P a r a m e ters  wh ich  a r e  k n o w n  to  a  h i g h  level  o f accuracy.  W e  col lect m a n y  

o f th e m  into 

C K  -  
6 r 2 A h &  

G $  f$ b & - M &  
=  1 .8  x 1 o - 5  ( 1 2 .2 2 )  

w h e r e  w e  u s e : 

G F  =  1 .1 6 6  x 1 0 - 5 G e V - 2 , M w  =  8 0  G e V  

fi =  (0 .1 6 5  G e V ) 2 , A M K /M K  =  7  x 1 0 - 1 5 , 
( 1 2 .2 3 )  

_-  

a n d  ~ 1  =  0.7. 

2 . P a r a m e ters  with l a rge  th e o r e tica l  u n c e r taint ies. T h e  D  p a r a m e te r  g ives th e  

relat ive p a r t o f l o n g  d is tance c o n tr ibut ions to  A M K . W e  u s e  

._  . -  0  5  D  5  0 .5 . ( 1 2 .2 4 )  

T h e  B A -  p a r a m e te r  g ives th e  ra tio  b e tween  th e  shor t  d is tance c o n tr ibut ion to  A M K  

a n d  its va lue  in  th e  v a c u u m  inser t ion a p p r o x i m a tio n  W e  u s e  

A  fe w  c o m m e n ts a r e  in  p lace:  

( 1 2 .2 5 )  

a . If th e  D - p a r a m e te r  w e r e  very c lose to  1 , o r  if th e  B K - p a r a m e te r  w e r e  very 

di f ferent f rom 1 , th e n  o u r  ca lcu lat ion w o u l d  n o t b e  u s e ful, b e c a u s e  it w o u l d  

n o t ind icate to  us  e v e n  th e  o r d e r  o f m a g n itu d e  o f A M ,. 

b . W h i le th e r e  is n o  k n o w n  r igorous  way  to  calculate D  or  B K  (except  fo r , 

in  pr inc ip le,  a  latt ice calcu lat ion o f B K ) , th e y  a r e  es t imated wi th in var ious  

m o d e ls a n d  a p p r o x i m a tio n s . T h e  h o p e  is th a t, if th e  var ious  resul ts d o  n o t 

dif fer d r a m a tically, th is  g ives a  fa i r  est imate o f th e  p a r a m e ters. Di f ferent _ : ._ -  
*’ Jndde ls  h a v e  very di f ferent systematic errors,  a n d  it is unl ikely  th a t al l  o f 

th e m  m iss th e  correct  va lue  in  th e  s a m e  d i rect ion a n d  a m o u n t. 
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c. T h e  r a n g e s  fo r  th e  p a r a m e ters  in  ( 1 2 .2 4 )  a n d  ( 1 2 .2 5 )  re flect th e  s p r e a d  o f 

resul ts f rom var ious  m o d e ls. W h i le th is  s e e m s  a  r e a s o n a b l e  th i n g  to  d o  fo r  

th e  reasons  exp la ined  in  th e  prev ious  c o m m e n t, th e r e  is s o m e  d a n g e r  th a t a  

s ing le  w r o n g  m o d e l w o u l d  l e a d  to  pessimist ical ly l a rge  errors.  

d . W h e n  us ing  th e  resul ts f rom Ii’ -  I( m ixing, o n e  shou ld  a lways carry  in  m ind  

th e  u n c e r taint ies. T h e  in format ion o n  th e  C K M  p a r a m e ters  is m u c h  less 

; *- accura te  th a n  f rom direct  m e a s u r e m e n ts. 

- -  E q . ( 1 2 .2 1 )  c a n  th e n  b e  rewr i t ten as  

( $ 1  - D >  
B IG  

=  ~ l(m ~ /M ~ )(K ~ L )2 . ( 1 2 .2 6 )  

( In th e  two g e n e r a tio n  case  al l  m a trix e l e m e n ts a r e  real . )  W h e n  th e  or ig ina l  stu d y  

-  o f-K  -  - rC m ix ing [5 7 ] was  p e r fo r m e d , th e  c -quark  was  n o t yet e x p e r i m e n tal ly 

d iscovered.  Thus , o n e  cou ld  u s e  ( 1 2 .2 6 )  to  predic t  th e  mass  o f th e  c-quark.  In  th e  

or ig ina l  calculat ion,  th e  v a c u u m  saturat ion a p p r o x i m a tio n  was  u s e d  ( B K  =  l), a n d  

ne i ther  long-d is tance c o n tr ibut ions n o r  Q C D  correct ions w e r e  ta k e n  into a c c o u n t 

(D  =  0 , 7 1  =  1 ) . This  led,  s o m e w h a t coincidental ly ,  to  th e  correct  pred ic t ion [5 7 ]: 

m , =  1 .5  G e V . W ith  th e  ful l  r a n g e  o f B K  a n d  D , 

. . 
0 .9  x lo -5  5  C K  (1  - D)  5  5 .3  x 1 0 - 5 , 

B K  
( 1 2 .2 7 )  

a n d  with th e  correct  va lue  fo r  7 1 , o n e  w o u l d  h a v e  pred ic ted  1 .3  G e V  2  m , 5  

3 .2  G e V . If, o n  th e  o th e r  h a n d , w e  u s e  m , =  1 .4  G e V , w e  g e t 0 .2 0  5  V c d V c s  5  0 .5 0 . 

This  is to  b e  c o m p a r e d  with th e  constraints f rom direct  m e a s u r e m e n ts a n d  uni tar -  

ity. N o te  th a t a  th i rd  g e n e r a tio n  is unnecessary  in  exp la in ing  Ii’-  I?  m ixing. Thus , 

s o m e w h a t d i sappo in tingly,  w e  lea rn  th a t a t th e  p r e s e n t level  o f accuracy,  th e  com-  

b i n a tio n  o f direct  m e a s u r e m e n ts, unitar i ty constraints a n d  indirect  m e a s u r e m e n ts 
_ : ._ -  
& ‘a 1  th e  p a r a m e ters  th a t d o  n o t direct ly invo lve th e  th i rd  g e n e r a tio n , cou ld  n o t 

h a v e  revea led  to  us  th e  ex is tence o f th e  th i rd  g e n e r a tio n . 
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W ith  th r e e  g e n e r a tio n s  o n e  h a s  to  ta k e  into a c c o u n t c o n tr ibut ions f rom inter-  

m e d iate t -quarks.  T h e  R H S  o f ( 1 2 .2 1 )  b e c o m e s  m o r e  compl ica ted  [5 9 ] a n d  d e p e n d s  

a lso  o n  m t, V t, a n d  I& . H o w e v e r , th e  c o n tr ibut ion o f d i a g r a m s  invo lv ing th e  t- 

q u a r k  is suppressed  by  m o r e  th a n  a n  o r d e r  o f m a g n itu d e  c o m p a r e d  to  th e  c -quark  

c o n tr ibut ion. W ith  th e  l a rge  th e o r e tica l  u n c e r taint ies, it is imposs ib le  to  der i ve  

a n y  u s e fu l  in format ion o n  rn t a n d  I& . 

--IT.3 D  - ij MIX ING 

A  m e a s u r e m e n t o f D  -  D  m ix ing is e x p e r i m e n tal ly difficult a n d , m o r e o v e r , wil l  

n o t p rov ide  us  with c lean  in format ion o n  th e  C K M  p a r a m e ters. T h e  reasons  fo r  

th a t a r e  easy  to  u n d e r s ta n d  [6 0 ] o n  th e  bas is  o f o u r  d iscuss ion o f I( -  1 7  m ix ing in  

th e  prev ious  sect ion. 

._  . -  a . T h e  va lence  quarks  in  th e  n e u tral D - m e s o n s  b e l o n g  to  th e  u p  sector. T h a t 

m e a n s  th a t th e  in termedia te  quarks  in  th e  b o x  d i a g r a m s  a r e  th e  d  a n d  th e  s quarks.  

Thus , D  -  D  m ix ing w o u l d  van ish  in  th e  flavo r  S U ( 3 )  lim it. E v e n  th o u g h  S U ( 3 )  

b reak ing  e ffects a r e  n o t necessar i ly  smal l ,  D  -  D  m ix ing is expec te d  to  b e  a  very 

smal l  e ffect. 

b . It is very l ikely th a t D  -  D  m ix ing is d o m ina ted  by  l o n g  d is tance c o n tr ibu- 

tio n s . In  o th e r  words , th e  equ i va len t o f th e  D - p a r a m e te r  o f E q . ( 1 2 .1 6 )  fo r  th e  D o  

system is expec te d  to  b e  very c lose to  1 . T h a t, as  exp la ined  in  th e  prev ious  sec-  

tio n , w o u l d  r e n d e r  a  ca lcu lat ion o f th e  shor t  d is tance c o n tr ibut ion to  A M D  qui te  

useless.  
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13. The Neutral B System: Mixing 

13.1 B - B MIXING 

The discussion of mixing in the neutral I( system is simplified by the fact that 

it is accounted for, to a good approximation, by physics of two quark generations, 

and that CP violation can be ignored. (The two facts are, of course, related.) 

JvJixing in the neutral B-system involves, of course, the third generation and there 

is no reason to assume a small phase between Ml2 and r12. However, here the _- 
discussion simplifies because 

T'12(B") < Ml@'). (13.1) 

(Remember that I’r2(K”) - 2M12(K”).) Within the SM one can explicitly calcu- 

late the -two relevant quantities (assuming that a quark-level description is appro- 

priate) and get I’12/M12 - 10m2. However, this order-of-magnitude estimate holds 

far. beyond the SM ( see discussion in [61]). Th e argument is further supported by 

experimental evidence: while 

xd G AMB/rB = 0.66 f 0.11, (13.2) 

. . 
(upper limits on) branching ratios into states that contribute to I?12 are at the level 

of 10s3. When I’12 can be neglected relative to Ml2, one finds 

AMB = 21M121, (13.3) 

to be compared with (12.12). 

Within the SM, the mixing of the neutral B’s comes from box-diagrams and is 

. -~ completely dominated by intermediate t-quarks (see ref. [62] for a comprehensive 
_- ._- 
&cussion of B - B - - mixing in various models). The CKM-factors ]&bvq+d I2 are 

comparable for Q = u, c or t, the large mass of the top makes its contribution 

42 



much larger than that of any other quark. A detailed calculation gives (similar to 

(12.18) and (12.19)): 

where [59] 

(13.4) 

(13.5) 

The parameters in (13.4) (other th an ml and Vtd) can be divided into: 

1. Parameters which are known to a high level of accuracy. We collect them 

into 

CB s 67f2 

G$MBM$ 
= 1.3 x lo7 GeV (13.6) 

._ . - 
where, in addition to the previously given parameters, GF and Mw, we use 

_ -. 

MB = 5.28 GeV. (13.7) 

The parameter q is a QCD correction, 77 = 0.85. To a very good approximation 

IVtbI = 1. 

2. Parameters with relatively large theoretical ambiguities (Bsfg), experimen- 

tal errors (Xd), or both (Tb]V&]2). 

One should note that ]vcb] an d ?-b appear only in the combination 7b ]V&]2, which 

does not depend on Tb (see eq. (9.15)). Th ere ore, f the error on this combination is 

somewhat smaller than on ]v,b12 alone: 

Tblvcb12 = (3.5 f 0.6) x 10’ GeV-‘. (13.8) 

%e_hadronic parameter BB (analogous to BK of the Kaon system) is believed 

-to be close to 1. However, there is much uncertainty involved in the calculation 
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of the B decay constant f~. (Note that for the I(, the decay constant fK is 

experimentally determined.) A range of values for fB has been derived from QCD 

sum rules and lattice calculations: 

j&ifB = 0.15 f 0.05 GeV. (13.9) 

(Recent lattice calculations in the static quark approach give much higher values, 

4% - 0.3 GeV [63]. We h ave not included these calculations in (13.9).) The 

ARGUS and CLEO collaborations observe Bd - Bd mixing with 

0.21 f 0.06 ARGUS 
rd = 

0.14 f 0.05 CLEO 
(13.10) 

The Xd parameter is related to rd by rd = xi/(2 + xi). We take the combined 

result of the two experiments, rd = 0.18 f 0.05. This is very similar to an updated 
- ._ . - 

average quoted in ref. [47]: rd = 0.184 f 0.043. We get 
- -. 

xd = 0.66 f 0.11. (13.11) 

Eq. (13.4) can then be rewritten as 

(13.12) 

With the standard parametrization we get 

cB(~blv,,i’,&3f;) 
= BYt”f2(Yt)(& + q2 - 2s12q cm 6). (13.13) 

From the ranges given above: 

0.044 5 CB xd < 0.35. 
(761~b12)(&xf;) - 

(13.14) 

. -~ 

-6:Jls.12) t o e g th er with the unitarity constraints on Iv&] gives rnt 2 50 GeV, 

which is below the bound from direct searches, but may be useful in extensions of 
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the Standard Model [64]. Eq. (13.12) together with the upper bound on mt gives 

l&l 2 0.005. (13.15) 

For mt 2 185 GeV the upper limit on ]I&] that follows from (13.12) is stronger 

than the unitarity bound. 

;+- Finally, let us mention that the zd value provides further evidence for the 

existence of the top quark [65] ( see our discussion in chapter 8). If by were an 

SU(2)L-singlet, then the non-diagonal Z-couplings (see Eq. (8.1)) would give a 

tree contribution to zd, 

(13.16) 

._ . - 
which is about two orders of magnitude larger than the upper limit on xd. 

13.2 B, - & MIXING AND OTHER INDIRECT MEASUREMENTS 
. - 

Mixing in the B, system is not yet experimentally measured (though part of 

the mixing observed in hadron colliders is certainly due to B,). Although the 

calculation of both xd and xs is subject to large uncertainties, the ratio between 

them is expected to be reasonably approximated by 

(13.17) 

Deviations from (13.17) are due to flavor SU(3) breaking effects that shift the ratio 

f~,/f~~ away from 1, its value in the symmetry limit. With the parametrization 

(5.4), Eq. (13.17) reads 

-G-- - - 
X,/Xd = l/IS12 - qeg612. (13.18) 

Note that the ratio does not depend on rnt and ~23. It is minimized when S M 180° 
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(the phase 6 cannot be exactly 180° because it would lead to E = 0), 

x.hd > l/(%2 + q)2 ;2 7, (13.19) 

where the second inequality results from q 5 0.16. This gives 

x8 > 3.8 ) rs 2 0.88. (13.20) 

Thus a large B, - I?, mixing is expected, independently of mt. An exact deter- 

mination of x9 from a measurement of rs is difficult because rs is near-maximal. 

Consequently, a time-dependent measurement of B, - B, oscillations is called for, 

but that would be an experimentally difficult task if x9 ;L 15, in which case the 

oscillation length is very short. 

._ . - 
-We note that there are additional indirect measurements that may provide 

useful information on the CKM parameters, most noticeably BR(I(L + pp) and 

BR(I( + ~vv). The most recent experimental results are [66,67] 

BR(Ii-; + pp) = (7.0 f 0.5) x 1o-g, 

BR(K+ + 7rIT+vv) 5 5 x 1o-g. 
(13.21) 

The implications for the CKM parameters together with a careful description of 

the uncertainties involved can be found in ref. [68]. 
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14. The Neutral I{ System: CP Violation 

14.1 THE 6 PARAMETER 

T 
The CP violating phenomena in the neutral kaon system that we study in this 

section arise because Ml2 and I’12 in H cannot be made simultaneously real. Note 

that the each of arg(Mr2) and arg(I’r2) is phase-convention dependent: They would 

;~ change by changing the relative phases of the K” and E” states, which amounts 

to making a diagonal unitary transformation of H. But we cannot change the 
-- 
relative phase between Ml2 and I12. It turns out that in Nature the relative phase 

is indeed nonzero (M121’f2 is complex) and CP violation shows up in neutral K 

decays. 

Our analysis here follows the one given in ref. [69]. With CP violation, the 

eigenstates of H are not I(+ and I<-, but 
- ._ . - 

- -. 
I(L,S = 

(1+ q 

Jlii& f(l-E) ( > 

(14.1) 

where F signifies the deviation from the CP limit. We switched notations here from 

p and q to &?& and l-r 
&@Tm’ 

so that (11.9) now reads 

(1 +q 2 m2 - a212 1 AM - iAI’/2 -= . 
(1 -s) AM - iAI/2 = ZM;2 -‘ir;,/2’ 

(14.2) 

Note that while the observable quantities AM and AI depend only on the relative 

phase between Ml2 and I?12, as they should (see (11.8)), the parameter c does 

depend on the choice of phase. 

We would now like to. relate 5 to measurable quantities. We study the decays 

of neutral kaons into two pions. We define the amplitudes: 

. .~ 
-G-- - 

((mr)llH~(K’) A alei61, ((mr),IH~I~“) = a;ei61, (14.3) 

- 

where I = 0 or 2 is the isospin of the two pion system, and SI are the strong 
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interaction phases. Using (14.1) we find 

UZ,S = ((.n~)ZpbvI~~S) = 
,i6I 

&p-qp)Kl + +z + (1 - +4, 
(14.4) 

UZ,L = (WZIhvIKL) = J&P + +z - (1 - WI. 

With 
I -- 

(TOT01 =((4z=ol fi-((**)I=21 fi, -- 

we get 

(n+n-I = ((4z=oI fi+ ((74z=2I fi, 

AOO,S(L) = (~O~OIHWI~G(~)) = &o,q~j - &2,s(q, 

--A+-,S(L) = ( ~+ohI~~S(L)) = &0$(L) + &2,S(L). 

(14.5) 

(14.6) 

E  c 

We further .define 

6 = ao,L/ao,s; (14.7) 

tz = Im(uz)/Re(uz). (14.8) 

Then, using- (14.4) we find 

Z + it0 
E= 

1 + 20’ 
(14.9) 

The standard convention is to choose the phase of Ii” and I?’ states to remove the 

phases from their AI = 3 decay amplitudes except for the effect of the final state 

interactions between the pions. This means that us of eq. (14.3) is real and thus 

E = 2. (14.10) 

. .- 

.&&&basis, Ml2 and rl2 would be real if there were no CP violation. Then 

because CP is a small effect, the phases of Ml2 and r12 are small, and we can 
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usefully work to first order in E (we shall soon find 

(14.2) implies 

E M iImMl2 + Imh2/2 

AM - iAI’/2 ’ 

that 161 N 8( 10S3)). Then 

(14.11) = 

AA4 M 2Re(Ml2), Ar M 2Re(I’l2). (14.12) 

In the standard basis, we expect Im(I’r2) to be much smaller than Im(Mr2). This 
; “-- 

follows because to = 0 implies that the contribution to rr2 from the (‘/r’lr)l,o states 

that dominate the decay is real. Thus, on top of the usual suppression of CP 

violating effects, Im(l?r2) should h ave an additional suppression of at least a few 

hundred (the ratio of the (7rnn)l,o final state to everything else). The phase of c is 

then determined by the phase of the denominator in (14.11), 

._ . - AM M -AI’/2 =s. arg(AM - iAI’/2) E 7r/4. (14.13) 

It has become standard to use these empirical relations to simplify the expression 

for 6, 

. - 

eixf4 ImMr2 eix/41mMr2 
CM-- 

2fiR4412 M fiAM ’ 
(14.14) 

. . 

The value of Re(c) ( or, equivalently when the phase convention is fixed, 1~1) 

can be determined in various ways. In particular, let us define the following three 

observables: 

177 -I=[ 
BR(Is-L + 7r+r-) 7.S 

112 
+ 

TL BR(ICs -+ 7r+7r-) 1 ’ 
Iv I=[ 

BR(ICL --+ 7r07r0) 7s 
l/2 

00 
TL BR(Ks + 3T07r0) I ’ 

(14.15) 

To derive the relation between the 1~1 ‘s and E, we write them in terms of the 
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a m p litu d e s  o f e q . ( 1 4 .6 ) , 

Iv+ -l =  IA + -,LIA + -,sI, lvool  =  IAoo,~ /Aoo,s I .  ( 1 4 .1 6 )  

‘ . 

E x p e r i m e n t shows  th a t th e  two q u a n tities  

6 2 / E  -  U2,L /UO,L ,  w  -  a2,s/ao,s,  ( 1 4 .1 7 )  

a r e  very smal l  a n d  w e  m a y  neg lec t th e m  fo r  o u r  p u r p o s e s  h e r e . T h e n  ( 1 4 .1 6 )  g ives 

177+- l  =  I4  1 7 1 0 0 1  =  I4  ( 1 4 .1 8 )  

As  fo r  S , .e q . ( 1 4 .1 )  impl ies  ._  . -  

- -. 1 1  +  c l2  - 1 1  - 6  E l2  =  
1 1  

2 R e  
+  c l2 +  1 1  

M  E . 
-  c l2 

( 1 4 .1 9 )  

T h e  first d e m o n s trat ion o f C P  v io lat ion was  in  1 9 6 4  in  a n  e x p e r i m e n t by  Chr is ten-  

s o n , C ron in , Fitch a n d  Tur lay  [7 0 ], h  w  o  s h  o w e d  th a t I< L  cou ld  a lso  decay  to  ~ + a -  

(wi th a  b r a n c h i n g  ra tio  o f o r d e r  1 0 S 3 ) . A t p r e s e n t, al l  th r e e  observab les  h a v e  b e e n  

m e a s u r e d . T h e  resul ts q u o te d  in  [8 ] a r e  

lq+- l  = ( 2 .2 6 8  f 0 .0 2 3 )  x 1 0 - 3 , 

l~ o o l = ( 2 .2 5 3  f 0 .0 2 4 )  x 1 0 - 3 , ( 1 4 .2 0 )  

S  = ( 3 .2 7  f 0 .1 2 )  x 1 0 - 3 . 

They  al l  g ive  

-< -  . 1 6 1  M  2 .2 6  x 1 0 - 3 . ( 1 4 .2 1 )  

-  

W e  c a n  n o w  u s e  th is m e a s u r e m e n t to  g e t a  p o te n tial ly in terest ing constraint  o n  
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th e  C P  v io lat ing p h a s e  in  th e  C K M  m a trix. O n e  g e ts [5 9 ]: 

X  { 7 7 iY Jm [P i~ l/cs)2 ] +  vaikf2W m  [P G k J 2 ] +  2r/3f3(yt) Im [V ~ K & *dl/ts]} 
( 1 4 .2 2 )  

w h e r e  

L  “--  f3(yt) =  In  (E )  - i&  [l+ & jln(yt)] -  ( 1 4 .2 3 )  

T h e  p a r a m e ters  (o th e r  th a n  th o s e  in  th e  cur ly brackets)  a r e  d iv ided  into: 

1 . W e l l -known p a r a m e ters, wh ich  w e  col lect into 

cc f & lelC, =  5 .6  x lo-‘. ( 1 4 .2 4 )  

2 . P a r a m e ters  with l a rge  u n c e r taint ies. T h e  l o n g  d is tance c o n tr ibut ion to  E  
-  -, * 1s  smal l  a n d  in t roduces a .n  u n c e r tainty smal ler  th a n  5 % . Thus , th e  l a rge  

u n c e r tainty is in  B K , wh ich  w e  h a v e  a l ready  e n c o u n te r e d  a b o v e . 

E q . ( 1 4 .2 2 )  c a n  b e  rewr i t ten as  

-  =  - K a l W W  {h fd ~ t) -  rld ~ ~ lV ,~ l +  7 7 2 Y 2 f2 ( Y t)lV cb lRe(V td) } , B K  ( 1 4 .2 5 )  

or , us ing  th e  sta n d a r d  p a r a m e trization, 

G  
B K  =  b23J2!?  s in  6  { [7?3f3(!h)  -  7 d ? h S l 2  +  v2Y~f2(Y t ) (S23)~(S l2  -  q  C O S S ) }  . 

( 1 4 .2 6 )  

Fo r  th e  te rms  in  th e  cur ly brackets  w e  u s e  m , =  1 .4  G ’e V  a n d  [7 1 ] 7 1  =  0 .7 ; 7 2  =  

0 .6 ; 7 7 3  =  0 .4  ( the vi a r e  Q C D  correct ions).  T h e  constraint  o n  th e  p h a s e  S  d e p e n d s  

o n  th e  ye t -unknown p a r a m e te r  m t. Thus , th e  u n c e r ta int ies a r e  l a rge , a n d  w e  fin d  

_  .- 
-.y I 

2 o ” = s  s ,s 1 7 8 O . -  ( 1 4 .2 7 )  
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1 4 .2  T H E  6' P A R A M E T E R  

T h e r e  is actual ly  a n o th e r  CP-v io la t ing p a r a m e te r  in  th e  n e u tral k a o n  system, 

( 1 4 .2 8 )  

w h e r e  ~ 2  a n d  w  a r e  d e fin e d  in  ( 1 4 .1 7 ) .. T h  e  exact  a n d  c o n v e n tio n - i n d e p e n d e n t 

~express ion  fo r  c’ is 

In  th e  p h a s e  c o n v e n tio n  u s e d  a b o v e  w h e r e  to  =  0 , th is  sim p lifies  to  

( 1 4 .2 9 )  

._ . -  
W h e n  w e  neg lec t w  c o m p a r e d  to  o n e  ( w e  k n o w  e x p e r i m e n tal ly th a t ]u ~ /u o ] FZ  l/2 0 ) , 

w e . g e t ins tead o f th e  a p p r o x i m a te  express ions  in  ( 1 4 .1 8 )  

q + -  M e  +  2 , 

qJ l )o  M e  -  2c’. 
( 1 4 .3 1 )  

Thus  c’ #  0  signi f ies C P  v io lat ion in  th e  decay  processes  w h e n  a m p litu d e s  o f 

di f ferent p h a s e s  interfere.  This  is ca l led  direct  C P  violat ion, in  c o n trast to  E  #  0  

. . wh ich  signi f ies C P  v io lat ion in  m ixing. 

T h e  m o s t r e c e n t m e a s u r e m e n ts g ive  [7 2 ] 

L /e  =  
(2 .3  f 0 .7 )  x 1 O - 3  N A 3 1  

(0 .6  f 0 .7 )  x 1 O - 3  E 7 3 1  
( 1 4 .3 2 )  

T h e  extract ion o f constraints o n  th e  C K M  p a r a m e ters  f rom ( 1 4 .3 2 )  ( see  re f. [7 3 ]) is 

a  compl ica ted  th e o r e tica l  task, as  l a rge  hadron i c  u n c e r ta int ies a r e  involved.  W h i le 
. .~  

$ $ - e r e  is a  s t rong th e o r e tica l  e ffo r t in  th is  d i rect ion (see,  fo r  e x a m p l e , re f. [7 4 ] a n d  . 
r e fe T e n c e s  the re in ) , a t p r e s e n t th e  va lue  o f c’/c is u s e fu l  to  test o u r  u n d e r s ta n d i n g  

..o f had ron i c  physics ra th e r  th a n  fo r  C K M  fit. 
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_ - 15. Constraints from Indirect Measurements 

We studied the various constraints on the CKM parameters for 

89 5 mt 5 200 GeV. (154 >;. 

The lower bound comes from the direct search for the top in CDF [75 - 761. The 

upper bound is a conservative upper bound from electroweak precision measure- 

‘Gients. Ref. [77], f or example, quotes mt 5 182 GeV at the 95% C.L. 
_- 

m, = 90 GeV m, =120 GeV 

. - 

m, =160 GeV m, =200 GeV 

. . z to 
-E 0.1 
tn 
& 

0 
0 50 100 150 0 50 100 150 

lo-B1 6 (degrees) m3lA3 

. .~ _. Jigure 3. Constraints from IV,a/V,bl (dotted lines), zd (dashed curves) and c (solid curves) 
oHhe parameters q = s1s/s2s and 6 for ml = 90, 120, 160 and 200 GeV. The shaded region is 
the finally allowed range. 
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m t =  9 0  G e V  m t =  1 2 0  G e V  

2  

rl 

1  
..- -  

_  

0  

IO-91  

L  I I I I I I I I I 

-1  0  1  -1  0  1  2  
P  P  7 0 3 1 A 6  

m t =  1 6 0  G e V  m t =  2 0 0  G e V  

Figure  4. Constraints f rom IVue /Vcb l  (dot ted l ines), zd  (dashed  curves)  a n d  c (sol id curves)  
o n  the resea led  unitari ty t r iangle for m t =  90,  120,  1 6 0  a n d  2 0 0  G e V . T h e  s h a d e d  reg ion  is that 
a l lowed for the vertex A(p ,  Q) .  

W e  p r e s e n t o u r  resul ts fo r  th e  C K M  p a r a m e ters  in  two equ i va len t ways: 

1 . A l lowed  reg ions  in  th e  q  -  6  p l a n e . W e  u s e  ( 1 3 .1 3 )  invo lv ing Z d  a n d  ( 1 4 .2 6 )  

invo lv ing c. Fo r  e a c h  relat ion,  w e  u s e  th e  ful l  r a n g e  o f p a r a m e ters. Fo r  a  

fixe d  to p  q u a r k  mass,  w e  g e t a l l owed  b a n d s  in  th e  q  -  S  p l a n e . T h e  fina l  

a l l owed  r e g i o n  is wi th in th e  two b a n d s  a n d  wi th in th e  direct  lim its o n  q . W e  

s h o w  th e  constraints fo r  m t =  9 0 , 1 2 0 , 1 6 0  a n d  2 0 0  G e V  in  Fig. 3 . 

-..:a  A l lowed  r e g i o n  fo r  th e  vertex A  o f th e  unitar i ty t r iangle.  T h e  analys is  is 

- d o n e  us ing  th e  X d  re la t ion as  g i ven  in  ( 1 3 .1 2 )  a n d  th e  E  re la t ion as  g i ven  in  
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(14.25). The constraints are shown in Fig. 4. 

16. The Neutral B System: CP Violation 

16.1 FORMALISM 

We consider a neutral meson B” and its antiparticle I?’ [78,79]. The two mass 

‘Zgenstates are BH and BL (H and L stand for Heavy and Light respectively): 

PL) =P PO) + q ID’), 
IBH) =P PO) - q IB’). 

(16.1) 

We neglect the tiny difference in width between BH and BL: 

(AI’ << r because it is produced by channels with branching ratios of 0(10e3) 

which contribute with alternating signs [SO].) We define: 

M E (MH + ML)/~, AM G MH - ML. (16.3) 

With rl:! < Ml2 (see discussion in chapter l3), we have 

IdPI = 1. (16.4) 

The amplitudes for the states BH or BL at time t can be written as 

aH(t) ZaH(0)e-(r/2+iMH)t, 
(16.5) 

. .~ UL(~) =uL(0)e-(r/2+iML)t. 
-<y- . 

- 
The proper time evolution of an initially (t = 0) pure B” (am = us = 1/(2p)) 
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or  B ” ( a m  =  - a m  =  1 / (2q))  is g i ven  respect ively by  

( 1 6 .6 )  

w h e r e  

g + ( t) = e x p ( - R /2 )  exp(- iMt)  cos (AMt/2 ) , 

g-( t)  =  exp(-R/2)  exp(- iMt) i  s in(AMt/2).  
( 1 6 .7 )  -  

W e  a r e  in terested in  th e  decays  o f n e u tral B ’s into a  C P  e igens ta te  fcp . W e  

d e fin e  th e  a m p litu d e s  fo r  th e s e  processes  as  

‘W e -  fu r th e r  d e fin e  

( 1 6 .9 )  

T h e n  

(h I~ I~ ;hys(~))  = A [s+ ( t) +  X Y - @ )I, 

(fcP lw;hys(~))  = A w ? ) [Y-( t )  +  xY+(q l .  
( 1 6 .1 0 )  

T h e  tim e - d e p e n d e n t ra tes  fo r  init ial ly p u r e  B ” o r  B ” sta tes  to  decay  into a  fina l  

C P  e igens ta te  a t tim e  t is g i ven  by: 

W & & ) - +  ~ C P )  = IA 1 2 e e r ’ 1  +  IA l2  2  +  1  -  P I2  
2  

cos (AMt) -  Im X  s in(AMt)  , 1  
I(B $ ,ys(t) +  fcp )  = IA 1 2 e - r d  ’ + ;‘I2  -  ’ - d A 1 2  cos (AMt) +  Im X s i n ( A M t) . 

I 
( 1 6 .1 1 )  

W e  d e fin e  th e  tim e  d e p e n d e n t C P  a s y m m e try as  

- G -  * - 
a fc& ) =  

r@ & & ) - -+  h)  - W ;hys(t)  +  j -1 

r(B ;hys(t)  +  ~ C P )  +  r(B ;hys(t)  j f) * 
( 1 6 .1 2 )  
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Then 

afcp(t) = (1 - ]X12) cos(AMt) - 21mX sin(AMt) 
1 + 1xp 

(16.13) 
I 

If, in addition to (16.4), IA/AI = 1 so that IX] = 1, then (16.13) simplifies consid- 

erably: 
. . 

afcp(t) = -1mX sin(AMt). (16.14) 

The quantity Im(X) which can be extracted from afcp is theoretically very inter- 

esting since it can be directly related to the CKM matrix elements. 

16.2 MEASURING THE ANGLES OF THE UNITARITY TRIANGLE 

The measurement of the CP asymmetry (16.12) will determine ImX through 

(16.13). If IA/Al = 1 ( in which case the simpler expression (16.14) holds), then 
._ . ._ - 
ImX depends on electroweak parameters only, without hadronic uncertainties. The 

condition which guarantees IA/ii\ = 1 is easy to find [81]. In the general case, A 

and j can be written as sums of various contributions: 

A = c Aiei6i eih, 

-,ij = 2 Ai,iCe-idi, 

i 

(16.15) 

. . 
where Ai are real, 4; are CKM phases and S; are strong phases. Thus, IAl = IAl if 

all amplitudes that contribute to the decay have the same CKM phase, which we 

will denote by 4~. In such a case 

A/A = e-2i+Dv (16.16) 

As mentioned above, for r12 << Ml2 

-G-- - - 
q/p = Jw = e-2i4M, (16.17) 
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where 4~ is the CKM phase in the B - B mixing. Thus 

x = e-2i(4M++D) * ImX = - sin 2(dM + $D). (16.18) 

(Note that each of 4~ and 4~ is convention dependent, but the sum 4~ + $D is 

not.) Indeed, ImX depends on CKM parameters only. In what follows, we discuss 

only those processes which, within the SM, are dominated by amplitudes that have 

:s single CKM phase. 

_. There are two systems of neutral B mesons. For mixing in the Bd [B,] system 

Ml2 0; (I&%*d)2 [(Vtb&+s)2]. Consequently, 

(16.19) 

There are several types of relevant decay processes. We concentrate on tree decays. 

For decays via quark subprocesses b + Uiuidi 

Thus, for BdJ decaying through b --+ Uiuidj, 

ImX = sin 2 arg [ ($$I. 

(16.20) 

(16.21) 

. . For decays with a single I<s (or KL) in the final state, K - I? mixing is essential 

because B” + K” and B” + 11”, and interference is possible only due to K - K” 

mixing. For these modes 

A= (;) (G) (f& (f),=$$$ (16.22) 

Note that sign(ImX) depends on the CP transformation properties of the final state. 

The analysis above corresponds to CP-even final states. For CP-odd states, ImX 

hg-the opposite sign. In what follows, we give ImX of CP-even states, regardless - 

of the CP assignments of specific hadronic modes discussed. 
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C P  a s y m m e tries in  B ” decays  into C P  e igens ta tes  p rov ide  a  way  to  m e a s u r e  

th e  th r e e  ang les  o f th e  unitar i ty t r iang le  i n d e p e n d e n tly o f e a c h  o th e r  a n d  wi thout  

had ron i c  u n c e r taint ies. T h e  th r e e  ang les  o f th is  t r iang le  ( see  Fig. 1 )  a r e  d e fin e d  

b Y  

a-arg(-s) ,  $-arg( -3) .  T = a r g ( - + $ $ - ) . ( 1 6 a 2 3 )  

T h e  a i m  is to  m a k e  e n o u g h  i n d e p e n d e n t m e a s u r e m e n ts o f th e  s ides a n d  ang les  th a t _ -  
th is  t r iang le  is o v e r d e te r m i n e d  a n d  th u s  check th e  validity o f th e  S M . W e  n o w  g ive  

th r e e  explici t  examp les  fo r  a s y m m e tries th a t m e a s u r e  th e  th r e e  ang les  o , /?  a n d  y: 

( i)  M e a s u r i n g  s in(2/?)  in  B  +  $ K s . 

T h e  ~ /K S  m o d e  is th e  on ly  C P - e i g e n s ta te  th a t h a s  b e e n  e x p e r i m e n tal ly o b s e r v e d  

so  fa r . T h e  a v e r a g e  o f A R G U S  a n d  C L E O  resul ts is [4 7 ] -  ._  . -  

- -. 
B Iq B O  +  gas )  =  (3 .0  f 1 .5 )  x 1 0 - 4 . ( 1 6 .2 4 )  

T h e  m ix ing p h a s e  in  th e  B d  system is g i ven  in  E q . ( 1 6 .1 9 ) , (q /p ) B , =  m . 

W ith  a  s ing le  fina l  k a o n , o n e  h a s  to  ta k e  into a c c o u n t th e  m ix ing p h a s e  in  th e  Ii’ 

system g iven  in  E q . ( 1 6 .2 2 ) , (q /p ) K  =  (VcsVc~) / (V$Vcd) .  T h e  decay  p h a s e  ( 1 6 .2 0 )  

in  th e  q u a r k  subprocess  b  t cCs is 

( 1 6 .2 5 )  

W e  g e t 

X ( I3  +  $JI(s) =  3  Im X  =  -  s in(2,8).  ( 1 6 .2 6 )  

@ y & K >  is a  C P  =  -1  sta te , th e r e  is a n  extra m inus  s ign  in  th e  a s y m m e try wh ich  

w e  i g n o r e  h e r e .) 
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(ii) Measuring sin(2cr) in B -t x+w-. 

The mixing phase in the Bd system is given in Eq. (16.19). The decay phase 

(16.20) for the quark subprocess b + uiid is 

(16.27) 

We get 

_- X(B + 7r+7r-) = ($$) (B) d ImX = sin(2cr). (16.28) 

(iii) Measuring sin(2y) in B, -+ pK,. 

The mixing phase in the B, system is given in Eq. (16.19), (q/p)B, = &$$. Due 

to the final KS, the mixing phase for the Ii’ system has to be taken into account. 
._ . - 
The quark subprocess is, again, b -+ uiid. We get 

X(B, + pICs) = d ImX = -sin(2y). (16.29) 

The three examples that we gave above demonstrate that the three angles of 

the unitarity triangle can in principle be measured independently of each other. 

The SM predictions for the three asymmetries are described in refs. [82,73]. 
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IV. RELATIONS AMONG QUARK MASSES AND MIXING PARAMETERS 

17. Schemes of Mass Matrices 

Within the SM, the quark sector is described by ten free parameters. In the 

physical (mass) basis, these are six quark masses, three mixing angles and one 

: .phase. These parameters can all be experimentally determined. Whatever their 

experimental values are, the SM remains self-consistent. 

In the interaction basis, our parameters are entries of the yet undiagonalized 

mass matrices. If we had some theoretical principle from which we could determine 

the mass matrices, we would predict the values of the physical parameters. In 

several schemes of mass matrices, the number of independent entries of the mass 

_ matrices is less than ten; either some entries vanish or there are relations among ._ . . . . - 
the non-vanishing entries. These schemes provide us with relations among quark 

- 
masses, angles and phases. 

The motivation to consider relations among quark masses and mixing angles 

comes from several sources: 

1. There are “too many” parameters in the SM. The CKM picture of the quark 

sector has ten independent parameters and one would like to find a theory where 

this number is reduced. 

2. Various quantities in the SM diverge (in lowest order) when quark masses 

are taken to infinity (for example, the xd parameter of B - B mixing). Thus, 

- arbitrarily heavy quarks do not decouple from the physics of low energy. If mixing 

angles were inversely proportional to the mass of the heavy quark, (for example, 

- -1’2 lvtdl cx mt >t hen these observables would remain finite. 

. 3. Quark masses and mixing angles have a common “origin”, the mass matrices 

in tl%&rteraction eigenbasis. It is not unlikely that these matrices indeed have less - 
than ten independent parameters. 
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4. It was noticed that the numerical values of the two generations quark sector 

parameters fulfill quite accurately the relation 

sin8c = md. 
J- n-4 

(17.1) , . 

It was further recognized that such a relation would follow if the mass matrix were 

; pi the form 

d’fd = (17.2) 

Most schemes for quark mass matrices, even in the three generation case, try to 

retain this relation. 

One should check that the various relations are consistent with the experimen- 

Gil-data,. If the relations suggested by a certain scheme are not compatible with 

the experimental constraints, then either the scheme is incorrect, or the use of its 

predictions should await the finding of additional new physics. 
. 

We note that the existence of new physics beyond the SM is inherent in the 

suggestion of schemes for quark mass matrices. The validity of our discussion lies 

in the assumption that this new physics itself does not significantly contribute to 

CP-violation and B - B mixing. This is the case, for example, if the new physics 

takes place at a sufficiently large energy scale. 

18. Quark Masses 

The masses of the quarks, which are the eigenvalues of the mass matrices to 

be discussed, are not the physical ma.sses but parameters in the Lagrangian. This 

means that they are running masses which should all be taken at a single energy 

s%&. In the different schemes; the three mixing angles and the phase depend on - 
muss ratios rather than on the masses themselves. As mass ratios are, to a good 
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approximation, independent of the energy scale, the scale itself can be arbitrarily 

chosen. We use [83] 

md/m, =0.051 f 0.004, 

mu/m, =0.0038 f 0.0012, 

m,/mb 10.033 f 0.011. 

(18.1) ;=. 

The relations that we will get involve the undetermined mass ratio m,/mt. In 

:-order to confront these relations with the xd and E bounds, involving the physical 
dw mass of the t quark mt , we must 

(u) Specify m, at a certain energy scale CL. We take ~1 = 1 GeV: 

m,(p = 1 GeV) = 1.35 f 0.05 GeV. (18.2) 

(b) Translate the relations involving m,/mt into relations which depend on the 
._ . - rnnning top mass mt(p = 1 GeV). 

-(E) Write these relations in terms of the physical mass of the t quark. The 

relation between the physical mass and the running mass, including a first 

order QCD correction, is 

. 

mHhys = mt(p = mt) 1 + j$qj+(rnt) . 
[ I 

(18.3) 

In order to relate mt(p = mt) to mt(p = 1 GeV) we use the usual equation 

for the running mass 

7 (18.4) 

where 

-G-- - - 

po = 11 - $vf, 70 = 2, 

pl = 102 - TNf, yl = E - &Nf, (18.5) 

L = 1n(p2/A2), A = 0.1 GeV, 

and 6~ is the renormalization group invariant mass. A good approximation for 
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myhys  in  th e  in terest ing r a n g e  b e tween  9 0  a n d  2 0 0  G e V  is m t phys  - 0 .6 m t(p =  

1  G e V ) . In  w h a t fo l lows w e  wil l  d e n o te  th e  physical  to p  mass  by  m l. 

1 9 . T h e  F’ritzsch S c h e m e  for  Q u a rk Masses  

T h e  b e s t k n o w n  s c h e m e  fo r  q u a r k  mass  m a trices is d u e  to  Fri tzsch [8 4 ]. W e  

discuss it h e r e  in  d e tai l  as  a n  e x a m p l e  to  th e  typ e  o f pred ic t ions a n d  tests s u g g e s te d  ; - A  
by  q u a r k  mass  m a trices. As  w e  shal l  s o o n  s e e , th e  heav ie r  th e  to p  q u a r k  is k n o w n  

_ -  
to  b e , th e  m o r e  difficult it b e c o m e s  fo r  th e  Fri tzsch s c h e m e  to  b e  consistent  wi th 

th e  C K M  pic ture [8 5 ]. 

W e  stu d y  mass  m a trices o f th e  fo r m  

I ._ _ _ .._ -  M C  =  (a : $  /f) , M d  =  ( d e :+ l li, b d tz) . ( 1 9 .1 )  

-  -. 

(E i ther  M u  o r  M d  o f th e  Fri tzsch fo r m  c a n  a lways b e  m a d e  rea l  wi thout  a n y  e ffect 

o n  l ow-energy  p a r a m e ters.)  T h e  six rea l  p a r a m e ters  c a n  b e  expressed  in  te rms  o f 

th e  six q u a r k  masses  

( 1 9 .2 )  

T h e  a p p r o x i m a tio n  is g o o d  to  o ( m d /m ,) N  l/2 0 . T h e  two p h a s e s  c a n  b e  expressed  

in  te rms  o f th e  q u a r k  masses  a n d  th e  two k n o w n  m ix ing ang les  ~ 1 2  a n d  ~ 2 3  

Q + r s , al l  e i g h t p a r a m e ters  o f th e  Fri tzsch s c h e m e  a r e  express ib le  in  te rms  o f seven  

k n o F n  p a r a m e ters  (f ive q u a r k  masses  a n d  two m ix ing ang les) ,  a n d  th e  yet u n -  

.kn o w n  mass  o f th e  to p  q u a r k . C o n s e q u e n tly, fo r  every  se lec ted va lue  o f m t, w e  g e t 
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predictions for the poorly-determined mixing angle ~13 

and phase S 

sin 6 
M 

sin 41 

s12s23/sl3 - cos 6 cos qsl - 

Eq. (19.3) gives a lower limi t on the unknown mass ratio m,/mt, 

mc - 
mt 

(19.5) 

(19.6) 

Using m,/mb 2 0.022 and ~23 5 0.052 we get _ -. 

5 2 0.009 + mt(p = 1 GeV) 5 151 GeV. (19.7) 
mt 

When the bound (19.7) is translated into a bound on the physical top mass, we 

find that only a very narrow range if left, 

89 GeV 5 mt < 91 GeV. (19.8) 

(The lower limit is the direct CDF limit [75 - 761.) This is the main difficulty for 

the Fritzsch scheme at present: the value of ~23 is much smaller than (mS/mb)li2. 

Fine tuning between mS/mb and m,/mt is required to allow such a small s23-value. 

This fine tuning is impossible if the top is too heavy. Note, however, the upper 

bound on mt is sensitive to the upper bound on ~23. For example, if we relax the 

-%&&ds *in (9.19) t o ~23 5 0.055 then mt < 97 GeV is allowed. If, on the other 

hand, ~23 5 0.50 than the Fritzsch scheme is excluded. 
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A detailed comparison between the predictions of the Fritzsch scheme and the 

allowed range for the CKM parameters shows that, in order to get a consistent 

solution: (a) the mass ratio m,/mb has to be close to its lower limit, m,/mb - 

0.022, (b) the mixing angle ~23 should be close to its upper limit, ~23 - 0.052, (c) 

the B - B mixing parameter has to be close to its lower limit, xd N 0.55, (d) the 

B decay constant f~ should be close to the upper limit of its theoretical range, 

Bsfj$ - (0.20 GeV)2, and (e) the BK constant should be close to the upper limit 
; e4 

of its theoretical range, BK N 1. Only if all these conditions are simultaneously 

fulfilled will there be a narrow range of (ml, 513, S) space which is consistent with 

both the Fritzsch relations and the experimental data. The following values are 

predicted for the various parameters: 

._ . [%3/s23 1 -0.07, (19.9) 

- -. s -1OOO. 

These constraints give many specific predictions that can be tested in the near 

future [86]. In particular, an improvement in the lower bound on rnt may soon 

exclude the Fritzsch scheme. 
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20. Outlook 

In this series of lectures, we have described in much detail the determination 

of the CKM elements from direct measurements, three-generation unitarity and 

indirect measurements. The only poorly determined elements are Vub and &. 

Equivalently, in the standard parametrization there are two poorly determined 

parameters, ~13 and 6. The constraints on these parameters are presented in Figs. 

:&and 4. To give a better picture of the uncertainties involved, we present in Fig. 

5 the constraints on the unitarity triangle for any top mass in the range 89 to 200 

GeV. 

Let us now summarize the prospects for improvement in the determination of 

the CKM matrix: 

a. The mass of the top is likely to be measured in Fermilab. This will make 

._ . the information on the CKM elements from B - B mixing and from the 

- -. c-parameter much more accurate. 

b. The value of the BK parameter is likely to be better determined by lattice 

calculations. This will provide more accurate information from E. 

. . 

c. The value of the f~ decay constant is likely to be better determined. The 

improvement may come from lattice calculations; from a measurement of f~ 

and the use of the Heavy Quark Symmetry to relate the two; or, somewhat 

less likely, from an actual measurement of BR(B + 7~~) in a B-factory. 

This will provide more accurate determination of l&d1 from B - B mixing. 

d. The value of lVcb I is likely to be better determined from higher statistics 

measurements in CLEO or in a B factory and from a model independent 

interpretation of the results using the Heavy Quark Symmetry (see discussion 

in chapter 9). 

e. The value of IVUb I is likely to be better determined by, again, a combina- . .~ 
-G- tion of higher statistics experiments and better theoretical understanding, as 

-d* rscussed in detail in chapter 9. 
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Figure 5. Constraints from IVub/Vcbl (dotted lines), zd (dashed curves) and c (solid curves) 
on the resealed unitarity triangle for 89 s ml _< 200 Gel/. The shaded region is that allowed for 
the vertex A@, q). 

. . f. The value of x9, the B, - Bs mixing parameter, may be determined in a 

B-factory (or in a Z-factory). The ratio II&/&I will thus be known rather 

accurately from xd/x,. Its extraction will be independent of the mass of the 

top, and depends on f~~/f~, which is much better known than f~ itself. 

g. The values of the angles of the unitarity triangle will be measured in a B 

factory. The angle /? can be determined from B -+ +Ks, the angle CY from 

B + 7r7r and, somewhat less likely, the angle 7 from B, + pKs. 
.-- <A&d. emonstrate the combined power of all these significant improvements, we 
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Figure 6. Future constraints from jVut,/Vcaj (dotted lines), zd/26 (dashed curves), c (solid 
curves) and the CP-asymmetry in B + $Ks (dot-dashed curves) on the resealed unitarity 
triangle. The ranges for the various parameters are given in Eq. (20.1). The shaded region is 
that allowed for the vertex A(p, q). 

show in Fig. 6 how the constraints on the CKM parameters will look like if all the 
. .~ a$ave measurements are made. To make this Figure, we used the following values 

and-ncertainties: 

69 



I 

- 

- .- X-C 

. - 
mt =160 f 8 GeV, 

BK =0.7 f 0.1, 

f~ =0.12 f 0.02 GeV, 

l&b 1 =0.047, 

Ivub/b$..l =o.ll f 0.01, 

II&/&l =0.32 f 0.04, 

(20.1) 

sin 2/3 =0.28 f 0.09. 

If-the final picture of the various measurements indeed looks as in Fig. 6, and in 

particular if the measurements of E and ImX($I< s are consistent with each other ) 

and with all other information, then the CKM explanation of CP violation will 

at last be tested and confirmed. Of course, one would hope that the beautiful 

consistency imagined in this Figure will not realize and a window to New Physics 

..w.dl be opened. 
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