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ABSTRACT 

We discuss the physics of CP violation. The Standard Model predictions for 
CP violation in B physics are reviewed. A program of studies of neutral B decays 
that can test the Standard Model predictions is described. We briefly summarize 
a study of how these predictions are changed in various extensions of the Standard 
Model. The topic of direct CP violations arising from interference between the 
W-tree diagrams and the W-loop (the so-called “penguin”) contributions in the 
Standard Model is then discussed; uncertainties in the calculation of penguin terms 
affect predictions for charged B decay asymmetries and also some neutral channels. 
We then summarize the experimental outlook, both for an e+e- B factory and for 
high energy hadron colliders. 
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1. Introduction 

1.1 CP IS NOT A SYMMETRY OF NATURE 

It was long thought that CP symmetry was exact in nature and that only the- 

ories that had this property were viable descriptions of the observed world. The 

observation of the decay I<L + ~7r by Christenson, Cronin, Fitch and Turlay in 
L -- 

1964 (1) changed th a view dramatically. The phenomenon of CP violation was t 

unambiguously demonstrated by this decay. Since that time much effort has gone 

into studying the nature of CP violation. We have understood that CP violation 

is a crucial feature of any theory that attempts to explain the observed asymmetry 

between matter and anti-matter in the universe starting from initially symmetric 

conditions (2). W e h ave also found that it is a natural feature of the three gen- 

eration Standard Model (3). H owever, we have been unable to calculate and to 

measure enough about the Kaon system, which so far has been our only laboratory 

for CP violation measurements, to really test the Standard Model picture of CP 

violation. 

The observation of baryon asymmetry in the universe can be explained if some 

CP-conjugate pairs of processes have different rates. If the initial conditions of 

the universe were baryon-symmetric, then the asymmetry should be generated by 

dynamical baryogenesis, which requires three ingredients (2): i) there exist baryon 

number violating processes, G) these processes must go out of equilibrium sometime 

during the history of the universe, and G;) C and CP must be violated. While 

CPT requires that the total decay rates for a particle and its antiparticle are equal, 

CP symmetry requires that the partial rates of CP-conjugate processes are equal. -. 

If this were always the case, then for any process which violates baryon number 
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there would be a CP-conjugate process of equal rate and no asymmetry could be 

generated. Thus, CP violation seems to be a necessary ingredient of any theory 

of elementary particles. Moreover, detailed analyses of baryogenesis imply that 

sources of CP violation beyond the Standard Model are required (for a recent 

review see Ref. (4)). 

L c- The possibility that other physics beyond the Standard Model plays an im- 

portant role in CP violation is still an open one. This makes the prospect of 

investigating CP violation in the B meson system extremely interesting. At the 

very least, it will allow us to measure some of the remaining parameters of the 

Standard Model, parameters as fundamental as the quark masses themselves. If 

we are lucky it could do a lot more: if the results are inconsistent with Standard 

Model predictions then they may provide some clues about physics beyond the 

Standard Model. We have precious few ways to seek these clues, so a source of 

B mesons with luminosity high enough to study CP violation physics would be a 

truly exciting physics facility. 

1.2 CP VIOLATION IN THE NEUTRAL KAON SYSTEM 

To date three CP violating processes have been measured (5). The results are 

parameterized as follows: 

-2. 
S= 

Iv+-1 = [ ;;;z 1 ;;;I;] “’ =(2.268 f 0.023) x 10-3, 

l/2 

17 
IylCL + 7r07r0) 00 - I-[ ( r l-i’s -+ TOTO) I 

=(2.253 f 0.024) x 10-3, 

(1.1) 

l?(KL + n-e+v) - I-(&  + 7r+e-Y) 
rpcL + K-~+v) + r(tcL j 7~+e-~) = (3.27 f 0.12) x 10-3. (1.2) 
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All three processes in Eqs. (1 .l) and (1.2) are due to CP violation from mixing, 

that is CP is violated in AS = 2 processes. The neutral Kaon mass eigenstates 

are not CP eigenstates but instead: 

Thus c parameterizes the deviation from the CP-conserving limit. Were ILL a 

pure CP-odd state, it could not decay into two pions, which are here in a CP-even 

state (J = 0), and it would decay into leptons of opposite charges at equal rates. 

If 161 = 0 the observables in (1.1) and (1.2) would vanish. Instead, they are all 

compatible with the single value 

_ f 

1~1 x 2.26 x 10-3. P-4) 

There is yet another CP-violating parameter in the neutral Kaon system. 

The values of 1~001 and Iv+-/ in (1.1) may slightly differ from each other. One 

parametrizes this difference by the parameter 6’: 

where 

15 
’ Jz 

X -!- Im(a~/a~)e”(62-“o). (l-6) 

Here al is the amplitude for K” to decay into a final two pion state of isospin I, 

*-I+ thestrong phase e i61 factored out. (We explain the term strong phases in the 

next paragraph.) If CP violation could be attributed exclusively to the AS = 2 

4 



mixing, then it would not depend on the final state and c’ would vanish. Non- 

zero c’ would signify direct CP violation, that is CP violation in AS = 1 (decay) 

processes. The most recent measurements give (6) 

E’/E = 
{ 

(2.3 f 0.7) x 1O-3 NA31 

(0.6 f 0.7) x 1O-3 E731 
(1.7) 

Thus, there is as yet no compelling evidence for direct CP violation: the results in 

‘ri.7) are consistent with Standard Model estimates but the weighted average for 

c’ is only two standard deviations from zero. 

Before proceeding, let us discuss in brief the mechanism for CP violation: 

how does a complex phase in the Lagrangian translate into a prediction of a CP- 

violating observable ? Physical amplitudes for any decay or scattering process are 

in general complex, even when the Lagrangian itself is real and CP conserving. 

Phases arise from the fact that there are coupled channels in most real physical 

processes. A mp 1 u l’t d es acquire phases from the absorptive parts associated with 

these coupled channels. These phases are here referred to as strong phases, since the 

rescatterings are dominated by strong interaction processes. The strong phases of 

a CP-conjugate pair of processes are always of the same magnitude and sign. The 

CP violating Lagrangian phases are generally referred to as weak phases because 

they appear in the weak interaction parts of the Lagrangian. The weak phases of a 

pair of CP-conjugate amplitudes are always of the same magnitude but of opposite 

sign. 

If there is only a single term in the amplitude for a process then the CP- 

conjugate process would proceed at an identical rate, despite the fact that the 

a@$itude has a different phase. To see a CP violating effect, one needs two 

different contributions to the amplitude. Then interference terms are sensitive to 
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the difference between the phases and hence can give CP violating effects, that is 

rates which are different for a process and for its CP-conjugate. 

In the case of the neutral K (or E) system, the particle can decay directly to 

; -- a given final state or it can mix to its CP-conjugate and then decay to the same 

final state. Thus mizing provides the necessary second contribution. In addition, 

. . the Standard Model suggesta that there are two different mechanisms at work in 

_~ the direct decay, generically called tree and penguin decays (see Chapter 4). These 

can contribute to the amplitude with different weak and strong phases, thus giving 

direct CP violation. No+&, however, in (1.6) that c’ depends not only on the 
- 

.we& phase difference, arg(az/ao), but also on the strong phase difference, 62 - 80, _ ^__. 

and on the magnitude of the amplitudes, laz/aol. This dependence on hadronic 
-- 

- . -physics is a common feature of direct CP violation effects, which explains why 

clean theoretical predictions for these effects are not available. 

One beauty of the B system is the great variety of channels that can be studied. 

A second advantage is that, because the b-quark is more massive than the S- 

quark, we can more reliably calculate certain strong corrections by perturbative 

techniques, since they are more dominated by short-distance physics. Thus the 

relation between the measured asymmetries and Standard Model parameters has 

fewer uncertainties in the B case. 

1.3 CP VIOLATIONIN THE STANDARD MODEL 

Under what conditions is a Lagrangian CP conserving? The general answer 

- -- 
is: whenever all the coupling and mass terms in the Lagrangian can be made real 

.: .- 
xii. - ; by an appropriate set of field redefinitions. Within the Standard Model, the moet 
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general theory with only two quark generations and only a single Higgs multiplet 

is of this type. However, when we add a third quark generation then the most 

general quark mass matrix allows for CP violation. Similarly, when we extend the 

ferm ion sector in various other ways or extend the scalar sector beyond the single 

doublet of the m inimal Standard Model, additional parameters appear that cannot 

all be made simultaneously real by field redefinitions and hence allow further CP 
L c- 

violating effects. 

The three generation Standard Model with a single Higgs multiplet has only a 

single non-zero phase. It appears in the matrix which relates weak eigenstates to 

mass eigenstates, commonly known as the CKM (Cabibbo-Kobayashi-Maskawa) 

matrix (7,3). That matrix must be unitary, a constraint that provides relationships 

between its elements. All of this translates with relatively few further assumptions 

into very specific predictions for the relationships between the parameters measured 

in different B decay processes. This makes the B decays an ideal laboratory to 

probe for physics beyond the Standard Model; theories with other types of CP 

violating parameters typically do not predict the same relationships (see Chapter 

3). 

We do not here consider CP violations that arise from  the terms induced in 

the Lagrangian by instanton effects. For the weak SU( 2) gauge theory, such a 

term  can always be removed by appropriate rephasings of lepton fields. For the 

strong SU(3) gauge theory, such a term  gives strong CP violation even in the 

two generation case. Experimentally, the bound on strong CP violation from  the 

@sence of an electric dipole moment of the neutron (d, 5 12 x 1O-26 e-cm (5)) is _. 

8 2 lo-‘. Any effect of such a term  in the processes discussed here is completely 
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negl ig ib le .  

L e t us  n o w  discuss C P  v io lat ion f rom q u a r k  m ix ing in  m o r e  d e tail. In  th e  

S ta n d a r d  M o d e l, th e  c h a r g e d  current  in teract ions a r e  g i ven  by  

$  $ 7 ’ W $  +  h .c. (1 .8 )  

T h e  superscr ip t  I d e n o tes  in teract ion e igens ta tes. T h e  mass  m a trices M D  a n d  M u , 

a r e  n o t sim u ltaneous l y  d i a g o n a l  in  th is  basis.  H o w e v e r , a n y  3  x 3  h e r m i tia n  m a trix 

c a n  b e  d iagona l i zed  v ia a  b i -uni tary  t ransformat ion.  Thus  

& L M D V &  =  M D  , 
d iag  . 

vu~MLIv, t~  =  M u  , 
d iag  (14  

w h e r e  th e  M ta g  m a trices a r e  rea l  a n d  d i a g o n a l . T h e  m a trices V p ~ , V q ~  d e fin e  th e  

t ransformat ion f rom th e  in teract ion e igens ta tes  to  th e  mass  e igens ta tes. Thus  th e  

W- in teract ions o f E q . (1 .8 )  c a n  b e  rewr i t ten in  th e  mass  e igenbas is :  

- L w  =  5  (a  z c ) - yp (VuLV ,t,) ( 1 .1 0 )  

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. It 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  c h o s e n  as  rea l  

angles,  012,  0 2 3  a n d  1913 ,  a n d  six a r e  p h a s e s . W e  c a 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  mass  e igens ta tes. 

T h e n  

(KLVJL)  +  v =  JqKtLVJL)pd ' ,  (1 .1 1 )  

@ th  P ,. a n d  P d  uni tary  d i a g o n a l  m a trices. Fo r  th r e e  g e n e r a tio n s  th e r e  a r e  Jive _*  

i n d e p e n d e n t p h a s e  d i f ferences b e tween  th e  e l e m e n ts o f P , a n d  th o s e  o f P d , wh i le  
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there are six phases in (Vu~VJL). C onsequently, the mixing matrix V contains 

one physically meaningful phase, which we denote by S (3). The three generation 

Standard Model predicts CP violation unless S = 0. 

The standard parametrization of V is (8,5) 

c12c13 s12c13 sl3e 
46 

v= --S12C23 - C12S23S13e 
iii 

C12C23 - S12S23S13e 
ib 

I c- s23c13 (1.12) 

S12s23 - c12c23s13e 
is 

-c12s23 - s12c23%3e 
i6 

c23c13 

where cij E cos 0ij and sij E sin 8ij. The matrix V for the three generation mixing 

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

The unitarity of the CKM matrix leads to relations such as 

(1.13) 

The unitarity triangle is a geometrical representation of this relation in the complex 

plane: the three complex quantities, v,*,VUdd v,‘,& and Ki&, should form a 

triangle, as shown in Fig. 1. 

Resealing the sides of the triangle by l/ 

vention where v,*,Vcd is real (this holds to i 

‘1 and choosing a phase con- 

good approximation for the 

parametrization (1.12)), th e coordinates of the three vertices A, B and C become 

(1.14) 

Another commonly used parametrization is that of Wolfenstein (9), in which the 

coordinates of the vertex A are denoted by (p,~). The unitarity triangle gives 

-<relation between the two most poorly determined entries of the CKM matrix, -* 

V ub and &. Thus it is convenient to present constraints on the values of the 
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Figure 1. The unitarity triangle is a representation in the complex plane of the triangle 
formed by the CKM matrix elements V,,dVzb, VcdV$ and VtdVtz. 

&~%I parameters as bounds on the coordinates of the vertex A. Furthermore, 

the Standard Model predictions for the CP asymmetries in neutral B decays into 

certain CP eigenstates are fully determined by the values of the three angles of the 

unitarity triangle, o, ,B and y. Their measurement will test these Standard Model 

predictions and consequently provide a probe for physics beyond the Standard 

Model. 

2. CP Violation in Neutral B Decays 

2.1 GENERAL FORMALISM 
..- -I- s... -. 

We consider a neutral meson B” and its antiparticle B”. The two mass eigen- 
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states are BH and BL (H and L stand for Heavy and Light, respectively): 

PL) =P PO) + q Ig) , 
(24 

The eigenvalue equation is 

L -- CM-+9 (lq) * (lq)* = (ML,H - :~L,H) P-2) 

Here M (the mass matrix) and I’ (which describes the exponential decay of the 

system) are 2 x 2 Hermitian matrices. Since Ar G FH - FL is produced by 

channels with branching ratios of 0(10m3) w rc contribute with alternating signs h’ h 

(lo), we have AI’ < r and therefore may safely set rH = rL E I?. We define 

M G (MH + ML)/~ and AM ZE MH -ML. F ur th ermore, II’12 << Ml2 (see Chapter 

31 gives Iq/pI = 1. Th e amplitudes for the states BH or BL at time t can be written 

as 

AH(t) =AH(0)e-(r/2+iMH)t, 

(2.3) 

AL(t) =AL(0)e-(r/2+iML)t. 

The proper time evolution of states which at time t = 0 were either pure B” 

[AL(O) = AH(O) = 1/(2~)1 or P ure B” [AL(O) = -AH(O) = 1/(2q)] is given by 

IB;hysw) =9+(t) PO) + k?lP)94) p”) 7 

(2.4) 

p$l&)) =(Pld9-(t) PO) + s+(t) 1-R”) 7 

where 
g+(t) =exp(-I’t/2)exp(-iMt)cos(AMt/2), 

(2.5) 
..- -z- * -. 

g-(t) = exp( -R/2) exp( -iMt)i sin(AMt/2). 

We are interested in the decays of neutral B’s into a CP eigenstate (11,12) 
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which we denote by fcp. We define the amplitudes for these processes as 

A = (.fc~l’FIlB~), z = (f&-t~Bo) . P-6) 

We further define 

XEQA 
p 2’ P-7) 

I -- 

Then 

(.fCPIWqilys(~)) =49+(t) + x94)1, 

(.kPl7-rl~i&) =4Plq)~9-(~) + x9+(0 
P-8) 

The time-dependent rates for initially pure B” or %? states to decay into a final 

CP eigenstate at time t are given by: 

r(B$,,,(t) + fcp) =IA12edrt ’ +;‘I2 + ’ -;‘I2 cos(AMt) - ImXsin(AMt) , 
3 

, r($&,(t) -+ fcp) =IAj2emrt ’ +:‘I2 - ’ -;‘I2 cos(AMt) + ImX sin(AMt) . 
I 

(2.9) 

We define the time dependent CP asymmetry as 

ST(t) - r(Bi&At) + ~CP) -r@&.,(t) + fcp) 

r(B$&) -+ ~CP) + r($&(t) --+ fcpj 
(2.10) 

Then 

ufcp(t) = (1 - jX12) cos(AMt) - 21mX sin(AMt) 

1 + IAl2 
(2.11) 

The quantity ImX which can be extracted from ufcp(t) can be directly related to 

CKM matrix elements in the Standard Model. 
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2.2 MODES WHICH MEASURE THE ANGLES OF THE UNITARITY TRIANGLE 

The measurement of the CP asymmetry (2.10) will determine ImX through 

(2.11). If IA/XI = 1 ( as well as Iq/pI = I), then (2.11) simplifies considerably: 

ufCP(t) = -1mX sin(AMt). (2.12) 

L Cd 

Moreover, in this case ImX depends on electroweak parameters only, without 

hadronic uncertainties. The condition which guarantees IA/AI = 1 is easy to 

find (13). In the general case 

A = xAieihe$i, z = c Aiei&,-+i, (2.13) 
i i 

where Ai are real, $i are CKM phases and S; are strong phases. Thus, IAl = 1x1 if 

all amplitudes that contribute to the direct decay have the same CKM phase, which 

we denote by 4~: x/A = e- 2i4D. For I’12 < Ml2, we have qfp = ,/w = 

e-2idM where 4~ is the CKM phase in the B - B mixing. Thus 

x = ,-2+h+dD) 
+ ImX = -sin 2(4~ + #D). (2.14) 

Note that ImX is independent of phase convention and does not depend on any 

hadronic parameters. In what follows, we concentrate on those processes which, 

within the Standard Model, are dominated by amplitudes that have a single CKM 

phase. For some cases where there are two contributions with different weak phases, 

one can still cleanly extract the CKM parameters through isospin analysis, if suf- 

Xi&nt data are available on the full set of isospin related channels. This will be 

discussed in Section 4.3. 
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For mixing in the Bd [B,] system Ml2 cc (&bv,‘,)2 [(V$~J$*,)~]. Consequently, 

0 
!! Vt*b% =-’ 

0 
z vt*bvts 

p &i VtbVt; ’ p &=I/tBvt*s. 
(2.15) 

For decays via quark subprocesses b + Eiuidi which are dominated by tree dia- 

grams, 

Thus, for Bd, decaying through Z + ZiuiZj, 

ImX = sin 2 arg [ (%)I. 

(2.16) 

(2.17) 

- 
For decays with a single KS (or I(L) in the final state, li’ - K mixing plays an 

essential role since B” + K” and ?? + 3. Interference is possible only due to 

K - 2 mixing. For these modes 
_ c 

A = (9) (3 (;>,, (i),, = 2. 
(2.18) 

Decay processes b + Ssdj are dominated by penguin diagrams. For these 

71 Vtbyf 

Ti=T/;‘,Vtj’ 
(2.19) 

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 

has the opposite sign. In what follows, we specify ImX of CP-even states, regardless 

of the CP assignments of specific hadronic modes discussed. 

CP asymmetries in B” + fcp provide a way to measure the three angles of 

the unitarity triangle defined by (see Fig. 1) 

-:- 
--arg(-$$$$-), Bzarg(--$$$-), +arg(-3). (2.20) 

i 

The aim is to make enough independent measurements of the sides and angles that 
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this triangle is overdetermined and thus check the validity of the Standard Model. 

We now give three explicit examples for asymmetries that measure the three angles 

cy, ,B and y: 

(i) Measuring sin(2,B) in B -+ $Xs. 

The m ixing phase in the Bd system is given in Eq. (2.15). With a single final kaon, 

;2ne has to take into account the m ixing phase in the I< system given in Eq. (2.18). 

The decay phase (2.16) in the quark subprocess b + cZs is x/A = (&vs)/(V,*b&s). 

Thus 

X(B --+ t,!Xs) = (E) (g) (s) * ImX = -sin(2,B). (2.21) 

(As +ICs is a CP = -1 state, there is an extra m inus sign in the asymmetry which 

we suppress here.) There is a small penguin contribution to b + CCS. However, it 

depends on the CKM combination VtbVtz which has, to a very good approximation, 

the same phase (mod r) as the tree diagram, which depends on I&v,*,. Hence only 

a single weak phase contributes in the decay. Other examples of final hadronic 

states in Bd decays which measure sin2,B are xJ{s, ~J(s, @s, wl(s, D+D-, 

Do?? and sim ilar modes with KL instead of 1<s. In addition, vector-vector modes 

such as 911’* and D*+D*- can be used with angular analysis (see Section 2.4). 

(ii) Measuring sin(2a) in B + T+T-. 

- Using (2.15) and, from  (2.16), (A/A) = (VubVu$)/(V~bVud), we get 

X(B t a+~-) = ($$) (E) * ImX = sin(2a). (2.22) 

Isthis case, the penguin contribution is still expected to be small, but it depends -. 

on the CKM combination I$& which has a phase different from  that of the tree 
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diagram. Uncertainties due to the penguin contribution can be elim inated using 

isospin analysis (14) ( see Section 4.3). Other examples of final hadronic states in 

Bd decays which measure sin2a are pro, 7r07ro, wr” and, with angular analysis, pi 

and pp. 

(ii;) Measuring sin(2y) in B, + pKs. 
L Cd 

The m ixing phase in the B, system is given in Eq. (2.15). Due to the final KS, the 

m ixing phase for the I< system has to be taken into account. The quark subprocess 

is the same as in Bd + XT, namely b + u’ilct. Thus we get 

X(B, + PI&) = 
_ c 

(E) (s) (3) d ImX = -sin(2y). (2.23) 

Other examples for final hadronic states in B, decays which measure sin27 are 

wKs and sim ilar modes with I<L instead of KS. 

These three examples demonstrate that the three angles of the unitarity trian- 

gle can, in principle, be measured independently of each other. In Tables 2.1 and 

2.2 we list CP asymmetries for various channels in Bd and B, decays, respectively. 

The channels are classified by the quark sub-process, denoted by i (i = 1,. . . ,6) 

and by the type of decaying meson B, (q = d, s). 0 ne p ossible hadronic final state 

for each class is listed as an example. Other states may be more favorable exper- 

ieentally. We always quote the CP asymmetry for CP-even states, regardless of -. 

the specific hadronic state listed. 
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Class 

(4 

Id 

2d 

3d 

4d 

5d 

6d 

TABLE 2.1 

CP Asymmetries in Bd Decays 

Quark ) Final state ) SM 
sub-process (example) prediction 

5 -- + ccs TKS - sin 2/3 

5 + nu;i I a+a- sin 2a 

5 -- -+ sss ws - sin 2/3 

5 + SJ KS KS 0 

ir; ---- + cus, ucs 1 D;,K*O 1 sin y 

TABLE 2.2 

CP Asymmetries in B, Decays 

1;4 
sub-process (example) predlctlon 

I I 2s ‘i; + 2 I @--s l 0 
I I 3s 5 + iid I p KS - sin 27 

I I 4s 5 + BSS I 47’ I 0 

I I 5s b + ss;t 1 $Ks I sin2P 

Perhaps the most difficult angle to measure will be y, since in e+e- machines 

it is difficult to achieve a high production rate of B,, and in hadron experiments 

a mode such as pK,q is plagued with large backgrounds. An alternative way to 

measure y (15,16), using B decays into non-CP eigenstates, is denoted as 6d 

%;;Table 2.1. One has to measure (16) the rates for Bd decays into D&J~*o, 

Do I(*’ and 8 IL’*‘, and the three CP-conjugate Bd decays. Here D&, denotes 
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a CP eigenmode of a Do or Do such as 7r + 7r -. The flavor of the initial B can 

be identified from a flavor-tagging decay of the I(*‘. The six rates can be used 

to extract the value of 1 sin yI up to some discrete ambiguity. The feasibility of 

this method depends on branching ratios and techniques to separate the modes 

of interest from backgrounds. A similar method, using charged B decays, was 

;_suggested in Ref. (15). (P revious studies of CP asymmetries in B + DK were 

presented in Refs. (17,18).) 

Finally, we mention that the sign of the various asymmetries is predicted within 

the Standard Model (and not only the relative signs between various asymmetries). 

Measuring the signs of several asymmetries may serve to test whether the CKM 

phase 6 is indeed the source of CP violation (19). 

2.3 CURRENT CONSTRAINTS ON STANDARD MODEL PARAMETERS 

This section presents the current status of our knowledge of the experimen- 

tal constraints on the parameters of the Standard Model (20-al), updating and 

extending previous works (22-25). W e use the unitarity triangle of the CKM ma- 

trix to show the constraints on the angles Q, /? and y as a function of top quark 

mass. The consequent range of asymmetries allowed for a given type of B decay 

is evaluated. The luminosity of various colliders needed in order to guarantee a 

statistically significant measurement of CP violation in one or more types of B 

decay is then presented in Chapter 5. 

-<.--We impose three constraints on the form of the unitarity triangle. (All the -. 

values of parameters quoted below are taken from Ref. (21) where the relevant 
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references can be found.) First, 

0.06 5 Iv,b/v,bl 5 0.16, (2.24) 

is directly measured in semileptonic B decay and thus independent of mt. The 

other two constraints depend on loop processes: CP violation in K - ? mix- 

ing parametrized by E, and Bd - Bd mixing parameterized by rd. The resulting 
I c- 

constraints depend strongly on the yet-unknown mass of the top quark, mt. The 

analytical expressions are (26) 

_ x~{whIm [P3Cs)2] + 772Ytf2(yt)Im [(&*dW2] + 2r13f3(yt)Im[V~VcsVt*dVts]), ’ 
(2.26) 

where yi s rnf/M& and 

f2(Yt) =1 - t;:“_jri [I + $l”(Yt)] , 
t 

f3(yt) =ln (:) -:A [l+&‘“(Yt)]. 

The values of well-known quantities used here are: 

fK =0.165 GeV; m, = 1.4 GeV; MB = 5.28 GeV; Mw = 80 GeV; 

GF =1.166 x 10e5 GeVF2; IV,,l = sin8c = 0.22; 161 = 2.26 x 10V3. 

The QCD correction factors for E (27) and Zd (28) are 

VB = 0.85; 71 = 0.7, 772 = 0.6, q3 = 0.4. 

(2.27) 

(2.28) 

(2.29) 

-j&consider the range 0.038 5 [v&l 5 0.052, and 90 GeV < rnt 5 200 GeV. As _. 

examples we choose mt = 90, 120, 160, and 200 GeV. The constraint on IV,b/&bl 
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(see Eq. (2.24)) f orces the vertex A to lie between two circles (dotted in Fig. 2) 

centered at the vertex C(O,O). Th e constraint on Xd (see Eq. (2.25)) requires the 

vertex A to lie between two circles (dashed in Fig. 2) centered at B(l, 0). The 

width of this band arises mainly from theoretical uncertainties in BB~; and, to a 

lesser extent, from lifetime and m ixing measurements: 

I -- (0.1 GeV)2 5 Bsfi < (0.2 GeV)2, 

2.9 x 10’ GeV-1 2 TblVcb12 5 4.1 X 10’ GeV-l, (2.30) 

0.55 5 L-Cd < 0.77. 

The constraint on c (see Eq. (2.26)) d emands that the vertex A lie between the 

two hyperbolas (solid curves in Fig. 2). The width of this band arises from the 

theoretical uncertainty in [v&l and in the BK parameter, 

113 5 &- 5 1. (2.31) 

The resulting allowed domain for the vertex A is given by the shaded region in Fig. 

2. 

The allowed value for the angles CY, /3 and y can be deduced from Fig. 2. Note 

that values of 45’ or 135’ correspond to a maximal CP asymmetry, while 90’ for 

an angle implies that there will be no CP asymmetry in the corresponding class of 

B decays. However, if one angle is 90°, then CP violation will necessarily exhibit 

itself in the decays that measure the other two angles. Examining Fig. 2, we see 

that either cr or y may be 90” for all top masses. Consequently, zero asymmetries 

qiay occur for class (3d), e.g. Bd + rlT+rlT-, or class (3s), e.g. B, + pICs decays, re- _. 

spectively. In fact, for sin(2a) and sin(2y), all values are allowed. The possibilities 
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Figure 2. Constraints (21) fro,m IVu;a/Vcbl (dotted 1’ mes), zd (dashed curves) and 6 (solid 
curves) on the resealed unitarity triangle for mt = 90, 120, 160 and 200 Gel/. The shaded region 
is that allowed for the vertex A(p, q). 

range from maximal ()ImXI = 1) to vanishing (lImAI = 0) CP asymmetry. The fact 

that a particular interference term might vanish is disconcerting; however, failure 

to observe CP violation in just a class (3d) or just a class (3s) process would not 

be evidence against CP violation originating in the CKM matrix. Fortunately, a 

nonvanishing asymmetry is guaranteed in decays of classes (Id), (2d) and (4d) in 

the-standard Model, since the angle ,B satisfies (see Fig. 3(a)) 
i -. 

2’ < p 5 arcsin jVub/(VcdVcb)j ,S 47*, (2.32) 
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giving (see Fig. 3(b)): 

0.08 5 sin(2P) 5 1. (2.33) 

Moreover, this is just the angle that can be most readily measured. As we discuss 

below, a leptonic B-factory with luminosity of 3 x 1O33 cme2 set-’ is expected to 

achieve within one year of running an accuracy of f0.05 in the measurement of 

;“Sin(2@, h 1 w i e a hadron collider such as the upgraded TeVatron at Fermilab could 

achieve an accuracy of about f0.15. 

The three angles of the unitarity triangle are, of course, correlated. Thus, an 

experiment which measures asymmetries proportional to both sin(2a) and sin(2,B) 

is assured that [Im XI 2 0.1 - 0.2 (th e exact value depends on the top mass) 

for at least one of the two processes (24). S imilarly, an experiment searching 

simultaneously for CP asymmetries in processes sensitive to each of the three 

different angles is guaranteed to find that IIm XI 2 0.2 - 0.3 for at least one of the 

three classes of CP violating asymmetries. 

The allowed range for the unitarity triangle is rather sensitive to the value of 

f~. Recent lattice calculations (29-32) g ive, instead of the range in Eq. (2.30), 

fB N 0.2 - 0.4 GeV. It is interesting to note that a recent QCD sum rule cal- 

culation, consistent with heavy quark symmetry constraints, yields (33) fB = 

0.19 f 0.05 GeV. We believe that it is premature to include these lattice results 

in our range for f~ since the calculations are still being tested and refined, and 

it appears that finite-mass corrections will lower the values (34, 35). However, we 

note that large values of f~ would be very favorable for the measurements of CP 

as4nmetries. To demonstrate that, we give in Fig. 3(c) the lower bound on sin(2,6) 
-. 

(Le. ati,~~) as a function of f~ for various values of mt. Note that if rnt 2 120 GeV 
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Figure 3. (a) The allowed range for the angle /I of the unitarity triangle as a function of the 
top mass. (b) The allowed range for sin(2,B) as a function of the top mass. (c) The lower bound 
on sin(2,8) as a function of f~ for top masses of 90 GeV (dotted), 120 Gel/ (dashed), 160 GeV 
(dot-dashed) and 200 GeV (solid). 

and f~ 2 170 MeV, then sin(2P) 2 0.26. 

A further comment on the program of testing the unitarity triangle is in order. 

Suppose we cannot measure all three angles. (As mentioned above, sin(2y) may be 

difficult to study.) The triangle can be overdetermined by measuring two angles 

an$.-one additional side - for example, by determ ining IVub). Measurements of -. 

the decay B + pev and comparison to D + pev can be done quite accurately 
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in a B-factory. The question here is how well can theorists determine the model- 

dependent l/m, corrections to the heavy quark symmetry that relates the B- and 

D-decay form factors (see Ref. (21) f or a review and references on this topic). 

A-priori these corrections can be large, but a variety of approaches may be used 

to try to achieve accurate estimates. These include lattice calculations as well as 

the more traditional models for wave-functions. 
I c- 

2.4 ANGULAR ANALYSIS AND OTHER WAYS TO TREAT ADDITIONAL MODES. 

The simplest modes to analyse for CP violating parameters are the decays to 

+ a pure CP eigenstate such as +l<s or 7r r -. There are many modes that contain 

both even and odd CP contributions, but which can still be used to extract the 

fundamental parameters of the CKM matrix by carefully selecting a definite CP 

contribution. 

The simplest case is any collection of CP self-conjugate particles, where the 

mixture of CP states comes from the possibility of more than one orbital angular 

momentum state. Since P o( (-l)L, even- and odd-L states contribute with op- 

posite CP. This apparently non-relativistic argument can be restated in a fully 

relativistic form using the helicity formalism. The problem of isolating a definite 

CP contribution can then be studied in terms of the possible reconstruction of 

helicities from an angular analysis of the decays of unstable spinning particles such 

as p or K*. The use of such methods in the decays of a scalar to two vector 

particles was discussed in general in Refs. (36,37) and for B decays in Ref. (38). 

In Ref. (39), a special case of this analysis in the context of a modern B-factory 

-@.-pointed out, namely that selecting zero helicity vector particles is one way to -. 

select a definite CP state. Subsequently, a study of various approaches to angular 
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analysis for few body B decays was carried out in Ref. (40). We here summarize 

a few of the results. 

When sufficient data is available on a set of isospin related channels, for exam- 

ple t+bK*' and $.K *+, the best method is always to determine the various helicity 

and isospin amplitudes by a maximum likelihood fit to all the data. The CP 

Lasymmetry is one of the parameters that can be extracted from this fit. In such 

an analysis the possible small CP violations in charged B decay channels which 

can arise from penguin contributions are neglected. 

In cases where the information from related channels is not available to help 

fix parameters, one can still perform an angular analysis to isolate definite CP 

contributions. A particularly attractive way to do this for final vector-vector states 

is to .define a plane in the rest frame of the B that contains the decay products of 

one of the vector particles and the second vector particle and then to analyse the 

spin projection of the second vector particle on the direction perpendicular to this 

plane. This quantity, called transversity, is invariant under boosts in the plane and 

is directly related to the CP eigenvalue. One advantage of this method is that it 

does not require a true two body process; the three body state is all that is needed 

to define the plane and hence non-resonant production of the pair of scalars or of 

leptons can also be included in the statistical sample. 

Reference (40) lists additional modes that could possibly be studied using some 

version of angular analysis. The usefulness will depend on branching ratios, a 

quantity that is not yet known for many of these modes. In a few cases more 

&$%te statements can be made. For example, BR(B + $K*) is larger than -. 

BR(B ---f $1(s) by a factor of 3-6. Angular analysis applied to the decay of the I<* 
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can yield a measure of the angle ,8 of comparable accuracy to that obtainable from 

the +li’s channel, where no such analysis is needed. If both CP states contribute 

equally to the decay, it will require about 5000 reconstructed events, or about four 

times as many as for the pure CP channel $l(s, to achieve S(sin2P) = f0.05 (41). 

Results from Argus (42) indicate that the channel may be dominated by a single 

CP eigenmode, in which case it may even prove superior to $l<s in accuracy for a 
L c- 

given luminosity. For the comparison of 7~ with pp, the branching ratios are not 

yet known, but it is likely that the latter channel has a significantly larger branching 

ratio and hence again may be as important as the simpler case in extracting an 

accurate value for the angle Q. 

Clearly one would like to use as many modes as possible for extracting the 

underlying CP violating parameters of the Standard Model. Another potentially 

useful class of modes (43) includes two body modes where the particles are not CP 

eigenstates but the underlying set of four quarks is unchanged in a CP transfor- 

mation, e.g. p + r -. Again, the data will allow extraction of the underlying CKM 

parameters, provided a sufficient set of related channels is measured. Yet another 

possibility is to extract CP asymmetries from Dalitz plot distributions (44-46). 

The usefulness of any of these methods will depend on the ability of the de- 

tectors to give good angular resolution of the particle decays and good particle 

identification. However, there is by now quite a bag of tricks awaiting any data 

with sufficient statistics. At present it appears that none of the more complicated 

analyses will yield better results for the underlying CKM parameters than the 

simplest modes first studied, but they could be competitive with them in accuracy. 
..- -i -. 
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3 . Phys ics  b e y o n d  th e  S ta n d a r d  M o d e l 

C P  a s y m m e tries in  B  decays  a r e  a  sensi t ive p r o b e  o f n e w  physics in  th e  q u a r k  

sector, b e c a u s e  th e y  a r e  l ikely to  dif fer f rom th e  S ta n d a r d  M o d e l pred ic t ions if 

th e r e  a r e  sources  o f C P  v io lat ion b e y o n d  th e  K M  p h a s e  o f th e  S ta n d a r d  M o d e l. 

This  c a n  c o n tr ibute in  two ways: 

; c- 
1 . th e r e  a r e  signif icant c o n tr ibut ions to  B  -  B  m ix ing (o r  B , -  Bs  m ix ing)  

b e y o n d  th e  b o x  d i a g r a m  with in termedia te  to p  quarks;  o r  if 

2 . th e  unitar i ty o f th e  th r e e  g e n e r a tio n  C K M  m a trix d o e s  n o t h o l d , n a m e ly 

th e r e  a r e  a d d i tio n a l  quarks.  

O th e r  i ng red ien ts in  th e  analys is  o f C P  a s y m m e tries in  n e u tral B  decays  a r e  

l ikely to  h o l d  in  a n y  m o d e l th a t satisfies current  e x p e r i m e n ta l  constraints:  

3 . I? 1 2  < <  M r 2 . In  o r d e r  fo r  th is  re la t ion to  b e  v iolated,  o n e  n e e d s  a  n e w  d o m -  

i n a n t c o n tr ibut ion to  t ree-decays  o f B - m e s o n s  o r  s t rong suppress ion  o f th e  

m ix ing c o m p a r e d  to  th e  S ta n d a r d  M o d e l b o x  d i a g r a m . Ne i ther  possibi l i ty 

is l ikely. T h e  a r g u m e n t is p a r ticu lar ly  sol id  fo r  th e  B d  system, as  it is sup-  

p o r te d  by  e x p e r i m e n ta l  ev idence : A M /I’ N  0 .7 , wh i le  b r a n c h i n g  ra tios  into 

sta tes  wh ich  c o n tr ibute to  r r2  a r e  = S  1 0 s 3 . 

, 

4 . T h e  re levant  decay  processes  ( in  c lasses i =  1 ,2 ,3 )  a r e  d o m ina ted  by  th e  

S ta n d a r d  M o d e l t ree d i a g r a m s . A g a i n , it is unl ikely  th a t n e w  physics wh ich  

typical ly takes  p lace  a t a  h i g h  e n e r g y  scale,  w o u l d  c o m p e te  with w e a k  t ree 

decays.  

- < .-5. T h e  p h a s e  o f th e  m ix ing a m p litu d e  fo r  n e u tral K a o n s  is a p p r o x i m a tely -. 

a rg (  Vc>vCs) .  T h  is is pract ical ly g u a r a n te e d  by  th e  m e a s u r e m e n t o f th e  E  
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parameter (47). 

Within the Standard Model, both b-quark decays and B, - zq mixing are 

determined by combinations of CKM matrix elements. The asymmetries then 

measure the relative phases between these combinations. Unitarity of the CKM 

matrix directly relates these phases (and consequently the measured asymmetries) 

;io angles of the unitarity triangle. In models with new physics, unitarity of the 

three generation charged current mixing matrix may be lost and consequently 

the relation between the CKM phases and the angles of the unitarity triangle 

violated. But this is not the main reason that the predictions for the asymmetries 

are modified. The reason is rather that when B, - z* mixing has significant 

contributions from new physics, the asymmetries measure different quantities: the 

relative phases between the elements of mixing matrices in sectors of new physics 

(squarks, multi-Higgs, etc.) which contribute to B, - BP mixing and the CKM 

elements which determine b decays now enter the calculation. 

Thus, when studying CP asymmetries in models of new physics, we look not 

I only for violation of-the unitarity constraints: 

but also for contributions to B, - BP mixing which are different in phase and at 

least comparable in magnitude to the Standard Model contribution: 

Qe results of a survey of models beyond the Standard Model (48) are summarized -. 

inFig. 4. Models beyond the Standard Model (SM) that have been studied include 
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four quark generations (49-52), multi-scalar model with natural flavor conservation 

(NFC), with pl t ex ici or spontaneous CP violation (SCPV) (53), Z-mediated flavor 

changing neutral currents (FCNC) (54,55), Left-Right symmetry (LRS) (56,57), 

Supersymmetry (SUSY) (58) and “real superweak” models (59). Many of these 

models allow substantial deviations from the Standard Model predictions. 

I c- Some relations among the asymmetries do not depend on certain assumptions 

and thus may hold beyond the Standard Model or, conversely, if they are vio- 

lated can help pinpoint which ingredients must be added to the Standard Model 

(47,19,48). The predictions 

Im Xrd = Im X2d, Im Xr, = Im Xzs, (3.3) 

- 
depend only on the mechanism for tree-level decays and the I( - I( mixing phase. 

Existing constraints already ensure that these will hold in any viable models. Vi- 

olation of 

Im Xrd = Im Xbd, Im Xr, = Im Xa9, (3.4) 

would indicate that the second unitarity relation in (3.1) is violated. Similarly, 

there are clean tests of the first relation in (3.1). Violation of 

Im X1, = 0 (3.5) 

would indicate new mechanism for B, - B, mixing. Violation of 

I Im X2d = - sin( 2p), Im X3d = sin(2a), W-4 

-z@rld indicate new mechanism for Bd -Bd mixing. Finally, we note that the three 

angles deduced from measurements of Im Xrd, Im X3d and Im As9 will sum to 180” 
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Figure  4. N e w  physics effects o n  C P  asymmetr ies  in  neutra l  B  decays  (48).  T h e  second  
co lumn descr ibes whether  unitari ty of the three genera t ion  C K M  m a trix is ma in ta ined  (a  t r iangle)  
o r  v io lated (a  quadrang le) .  T h e  third co lumn gives a n  examp le  of a  n e w  contr ibut ion to the 

-i .-- % -. mix ing.  Unless  o therwise m e n t ioned,  the contr ibut ion cou ld  b e  la rge  a n d  carry n e w  phases.  
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whenever the amplitude for B, - B, mixing is real (47). This is independent of 

whether they correspond to the angles of the unitarity triangle or not. 

4. Tree and Penguin Processes 

4.1 GENERAL DISCUSSION ; -- 

In the Standard Model the decays of any meson containing a heavy quark 

_~ necessarily involves a IV-boson. The amplitudes are generally divided into two 

classes, called tree or penguin type. If all the complications of strong interactions 

are ignored, this classification is readily explained in terms of the quark diagrams 

for-the underlying weak transition, see Fig. 5. The penguin process is one where 

the IV-boson is reabsorbed on the same quark line from which it was emitted, and 

all other diagrams are tree processes, that is they have no closed loop in the weak 

diagram. Tree diagrams can be further subdivided into spectator (where the light 

quark in the initial meson is disconnected in the weak decay diagram), exchange 

(where the W is exchanged between the two quarks of the initial meson) and anni- 

- hilation (where the quark and antiquark of the initial meson annihilate to form the 

IV). These subdivisions are unimportant in a discussion of CP violation because 

whenever two types of tree diagrams contribute to the same decay amplitude they 

do so with the same CKM matrix element and hence the same weak phase. 

For the penguin contributions we have drawn the diagram in Fig. 5 without 

identifying the gluon which is emitted from the W-quark loop with that which pro- 
. - 

&@s th.e add-t’ 1 ional quark-antiquark pair to stress the fact that the term penguin 

in principle includes all possible such contributions. Note that the many gluons 
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Figure 5. Tree and Penguin Contributions. Diagrams (a) Spectator, (b) W-exchange and (c) 
Annihilation are all tree contributions. Diagram (d) represents the penguin contribution. The 
gluons associated with binding are not shown. 

involved in the binding are not drawn here, so the disconnected line simply means 
, 

a gluon absorbed in and another produced from the general glue. 

In contrast to the various tree diagrams, the penguin contributions must be 

treated separately in analysing CP violations because, in general, they will depend 

on different CKM matrix elements. In fact, in the penguin transition b + Q (q = 

d, s), there are three penguin terms with different quarks in the loop (; = u, c, t), 

each contributing with a different CKM combination: 

Vi* = Vi~Vi,. 
-i ..- . .Y--;. 

(With three quark g enerations, unitarity requires 

(4.1) 
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vuq + vcq + VUtq = 0 (4.2) 

which allows one of these three phases to be eliminated in terms of the remaining 

two.) Hence it becomes important to be able to calculate the relative strengths 

and strong phases of the tree and penguin terms. 

The penguin involves strong interaction processes, as shown in Fig. 5. When 
; -- 

the penguin contribution is evaluated perturbatively one identifies the two gluon 

lines in Fig. 5 for the leading contribution and then adds additional gluon correc- 

tions for a higher order calculation. The justification for this perturbative treat- 

ment is that the gluon emitted from the quark loop is quite hard because of the 

large mass difference between the initial b quark and the final s or d quark. We 

are doubtful that this approach is completely correct. For example, a contribution 

in which the hard gluon is absorbed by the other quark of the original meson and 

then hadronization occurs non-perturbatively could be comparable to the one usu- 

ally calculated, particularly in inclusive rates, but is less readily evaluated. The 

standard approach is to calculate the penguin contribution perturbatively. 

Such a calculation gives an estimate of the inclusive asymmetries summed over 

all states with a particular quark content. It is difficult to convert these numbers 

into reliable estimates for rates and asymmetries in particular exclusive (few body) 

channels (see e.g. Ref. (60)). E ac configuration of final hadrons corresponds to h 

some weighted integral over quark kinematics, but unfortunately we have no way 

to reliably determine that integral. Since the calculated quark-level asymmetries 

depend on the momentum transfer to the qij pair and even change sign as a function 

-8f:this variable in some cases, it is very difficult to convert the quark estimates into -. 

estimates for exclusive hadron processes. 
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Furthermore, because of the dependence of the asymmetry on the difference 

of strong phases as well as that of the weak phases, calculations are sensitive to 

other aspects of hadronization. In the quark diagram calculation, the long-range 

final state hadron-hadron interaction phase shifts are ignored. The only strong 

phases included are those that arise from  the absorptive parts of penguin loop 

diagrams. This assumption that no additional phase shifts are caused by final 
L -- 

state rescattering is known as factorization. It is built into the calculations but 

has not yet been well tested. For a discussion of the justification of this assumption 

see Ref. (45). On the other hand it h as b een argued (61) that hadronization can 

result in final-state phase shifts which could decrease the resulting asymmetries 

compared to the quark-diagram perturbative calculations. This question remains 

an open one. 

In the following section we review CP asymmetries in charged B decays. With 

’ the exception of the special case B + DC, I<(+nr), the penguin processes are 

central to the existence of any CP asymmetries in these decays. Hence it is much 

more difficult to reliably predict these asymmetries than those of the neutral B 

decays. If such asymmetries are observed they will verify the existence of penguin 

type processes and direct CP violation, but it will be difficult to extract from  these 

measurements any of the fundamental CKM parameters. 

4.2 CP VIOLATION IN CHARGED B DECAYS 

In charged B decays, one can search for CP violating differences of the form  

af = 
I-p?+ + f) - IQ?- + 7) 

(4.3) 
-=+ .-- . -z Ip+ + f) + IyB- + 7) 

where f is any final state and f is its CP conjugate. Although CPT symmetry 
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requ i res  th a t th e  to ta l  B +  a n d  B -  decay  widths a r e  th e  s a m e , specif ic channe ls  o r  

sums  over  channe ls  c a n  c o n tr ibute to  a s y m m e tries o f th e  fo r m  (4 .3 ) . Fo r  th is  to  

occur,  th e r e  m u s t b e  in ter ference b e tween  two s e p a r a te  a m p litu d e s  th a t c o n tr ibute 

to  th e  decay  B +  +  f wi th di f ferent w e a k  p h a s e s , $ 1  #  $ 2 , a n d  with di f ferent 

s t rong p h a s e  shifts, S r  #  S a . T h e n  

L  -- a f fx s in(Sr  -  &)s in (&  -  4 2 ) . (4 .4 )  

It was  recogn ized  by  B a n d e r , S i l verman a n d  S o n i  (62 )  th a t, wi th in th e  S ta n d a r d  

M o d e l, th e s e  condi t ions c a n  readi ly  b e  m e t in  th r e e  typ e s  o f B  decays:  

( i)  C K M  suppressed  B  decays.  T h e  t ree a m p litu d e s  fo r  b  - +  u ;ils c a n  in ter fere 

with p e n g u i n  typ e  processes.  

(i i) C K M  fo r b i d d e n  B  decays.  In  th e  channe ls  b  +  sd’;i, b  - +  d d z , b  +  S S S , 

a n d  b  +  dss, wh ich  h a v e  n o  t ree c o n tr ibut ions, th e r e  c a n  still b e  a s y m m e tries d u e  

to  th e  in ter ference o f p e n g u i n  c o n tr ibut ions with di f ferent c h a r g e  2 /3  quarks  in  th e  

l o o p . Fo r  e x a m p l e , in  b  +  dss 

& + a sa =  w A u ,dss +  “‘cdfb ,dss +  “Jtd A t,dss (4 .5)  

w h e r e  viq is d e fin e d  in  (4 .1 ) , a n d  A i,dss is th e  co r respond ing  p e n g u i n  a m p litu d e  

( inc lud ing  th e  s t rong p h  a s e  shift). W e  c a n  u s e  th e  unitar i ty constraint  (4 .2 )  to  

e l iminate  vtq : 

A b -+dsz  =  v,d & t(dsZ)  +  v,d & t(dss)  . P -6)  

This  th e n  leads  to  a  nonvan i sh ing  a s y m m e try, 

-i .-- . ‘L  
(4.7)  

prov ided  th e  q u a n tities  A ,, a n d  A ,, h a v e  di f ferent s t rong fina l  sta te  p h a s e s . T h e  
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phases of the penguin amplitudes can be evaluated by examining the various pos- 

sible cuts of the diagrams. If the u and c quarks were degenerate, the two contri- 

butions A,t and A,t would be identical and the asymmetry would vanish. 

Since the penguin amplitudes are each of order CY,, the penguin-penguin inter- 

ference term is of order oz. Thus a consistent perturbative calculation must take 

into account all other order cy: contributions to the rate (63). 
L -- 

(G) Radiative B decays. Th e mechanism for CP asymmetries is similar to that 

of the pure penguin cases discussed above, except that the leading contribution to 

the decay is an electromagnetic penguin, that is one where the gluons shown in 

Fig. 5 are replaced by a single photon line. 

A special case (15) is the channel B* + D&K* where D& represents the 

decay of a Do or 3 to a CP eigenstate such as 7r r + -. Here interference between 

the Do and 8 tree contributions can give rise to a CP violation. This is an excep- 

tion to the general statement that observation of CP violation in charged B decays 

requires non-vanishing penguin contributions. CP violation in this mode occurs 

because the Do and 8 have common decay channels, and the weak amplitudes 

for Bj + Do, 3 have different phases. 

Detailed studies of expected asymmetries in charged B decays for classes (i) 

and (G) above have been recently carried out by two groups (64,65) with similar 

conclusions; namely, usUr, usdz and usss are a few tenths of a percent, while for the 

rarer processes add2 and U&s could be as large as a few percent. These estimates are 

for the inclusive sum of all channels with a given quark content, which is not readily 

measured. The cases b --f qdd would be particularly difficult to extract since many 
-..- -i 

?i%des with a contribution from this quark content will also have b + q?iu contri- 
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b u tio n s . (For  th e  Q  =  d  case  such  te rms  d o m inate  al l  channe ls .) E v e n  to  extract 

th e  $ d  c o n tr ibut ion requ i res  carefu l  s u b tract ion o f di f ferent isospin  c o m b i n a tio n s . 

It is unl ikely  th a t o n e  cou ld  m e a s u r e  th e  smal l  a s y m m e try in  th e  resul t ing q u a n -  

tity. Ear l ie r  est imates b a s e d  o n  m o d e l calculat ions (66 )  g ive  la rger  a s y m m e tries 

fo r  s o m e  exclusive channe ls  b u t th e  resul ts a r e  h igh ly  m o d e l d e p e n d e n t. Es tim a tes  

o f a s y m m e tries in  baryon ic  m o d e s  a r e  g i ven  in  R e f. ( 67 ) . A s y m m e tries in  rad ia -  
L  --  

tive  B  decays  h a v e  b e e n  stu d i e d  in  R e f. ( 68 ) , fin d i n g  u S y  N  (1  -  1 0 )  x 1 0 S 3  a n d  

a d 7  -  (1  -  3 0 )  x 1 0 - Z . 

T h e  calculat ions o f R e fs. ( 6 4 , 6 5 )  s u g g e s t th a t th e  C P  vio lat ions in  c h a r g e d  B  

decays  wil l  b e  ex t remely  difficult to  obse rve , requ i r ing  0 ( 1 0 1 ’) p r o d u c e d  B ’s fo r  

exclus ive b  +  s m o d e s  a n d  O ( 1 0 ’) B ’ s f o r  exclus ive b  +  d  m o d e s . In  R e f. ( 64 )  it 

is s u g g e s te d  th a t th is  c a n  b e  i m p r o v e d  to  p e r h a p s  as  low as  lo7  p r o d u c e d  B ’s if 

o n e  c a n  s u m  al l  two-body  o r  quas i  two-body  b  +  d s 3  m o d e s , b u t th e  e x p e r i m e n ta l  

diff icult ies o f such  a  semi- inc lus ive m e a s u r e m e n t m a y  d e fe a t th is  th e o r e tica l  im-  

p r o v e m e n t. T h e s e  est imates inc lude  ne i ther  a n y  factors fo r  th e  ineff ic iencies intro-  

d u c e d  by  t r igger ing  a n d  d e tect ion r e q u i r e m e n ts, n o r  suppress ion  d u e  to  final-s tate 

rescat ter ing,  a n d  th u s  a r e  qu i te  o p tim istic. T h e  situ a tio n  is e v e n  m o r e  difficult 

fo r  th e  rad ia tive  decays  (68 ) , wh ich  g ive  c o m p a r a b l e  a s y m m e tries b u t h a v e  lower  

b r a n c h i n g  ra tios. 

A lth o u g h  th e  u n c e r ta int ies i n h e r e n t in  th e  calculat ions desc r ibed  a b o v e  leave  

s o m e  smal l  possibi l i ty o f l a rger  e ffects ( see  fo r  e x a m p l e  th e  m o d e l pred ic t ions o f 

R e f. (66)) ,  it a p p  ears  th a t th e  calculat ions a r e  sufficiently re l iab le  th a t a s y m m e tries 

a & o r d e r  o f m a g n itu d e  la rger  th a n  pred ic ted  in  R e fs. ( 6 4 , 6 5 , 6 8 )  w o u l d  h a v e  

td  b e  in terpre ted as  ev idence  fo r  s o m e  C P  v io lat ing m e c h a n i s m  th a t ar ises f rom 
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sources  b e y o n d  th e  S ta n d a r d  M o d e l. Va r ious  “b e y o n d  sta n d a r d ” m o d e ls c o n ta in  

nove l  C P  v io lat ing decay  mechan i sms  wh ich  cou ld  b e  c o m p a r a b l e  to  th e  S ta n d a r d  

M o d e l p e n g u i n  c o n tr ibut ions. Fo r  e x a m p l e , wi th fo u r  q u a r k  g e n e r a tio n s  th e r e  is a  

p e n g u i n  d i a g r a m  with a n  in termedia te  t’ wh ich  d e p e n d s  o n  a d d i tio n a l  p h a s e s  o f th e  

4  x 4  m ix ing m a trix; in  m o d e ls with Z - m e d i a te d  flavo r  c h a n g i n g  n e u tral currents  

th e r e  is a  t ree d i a g r a m  wh ich  d e p e n d s  o n  n e w  p h a s e s  in  th e  n e u tral cur rent  m ix ing 
L  + -  

m a trix. 

T h e  n e t conc lus ion  o f th is  sect ion is u n fo r tu n a tely th a t wi th r e g a r d  to  th e  

c h a r g e d  B  decays  th e  situ a tio n  is n o t un l ike  th a t fo r  E ’ o f th e  K  system. T h e  

S ta n d a r d  M o d e l predicts  a  smal l  e ffect th a t wil l  b e  e x p e r i m e n tal ly very difficult to  

m e a s u r e . H o w e v e r , a n y  p r o g r a m  o f B  physics shou ld  certainly a tte m p t to  m e a s u r e  

as  m a n y  di f ferent a s y m m e tries o f th e  fo r m  (4 .3 )  as  possib le.  A n y  l a rge  n o n - z e r o  

resul t  cou ld  p rov ide  a  c lue  to  physics b e y o n d  th e  S ta n d a r d  M o d e l. 

4 .3  E L IM IN A T IN G  P E N G U IN  U N C E R T A IN T IE S  W ITH IS O S P IN  A N A L Y S IS  

In  n e u tral B  decays,  th e  p e n g u i n s  a r e  n o t a n  essen tia l  p a r t o f th e  C P  v io lat ion 

m e c h a n i s m  b e c a u s e  th e  m ix ing m e c h a n i s m  prov ides  two p a ths  to  m a n y  fina l  sta tes  

e v e n  in  th e  a b s e n c e  o f a n y  p e n g u i n  c o n tr ibut ions. T h e  th e o r e tica l  u n c e r ta int ies in  

est imat ing relat ive s t rength o f p e n g u i n  a n d  t ree c o n tr ibut ions c a n , h o w e v e r , l e a d  

to  u n c e r ta int ies in  th e  re la t ionsh ip  b e tween  m e a s u r e d  a s y m m e tries a n d  fu n d a m e n -  

ta l  C K M  m a trix p a r a m e ters  ( 6 9 - 7 1 ) . In  b  - +  C E S  processes  (e .g . B  +  $li;) b o th  

a m p litu d e s  carry  th e  s a m e  C K M  p h a s e ; extract ing s in 2 p  f rom this a s y m m e try is 

th u s  i n d e p e n d e n t o f th e  relat ive s t rength o f t ree a n d  p e n g u i n  c o n tr ibut ions a n d  

l@ .ice  f ree o f such  u n c e r taint ies. In  b  +  u i id  p rocesses  (e .g . B  +  mr )  th e  two 

a m p litu d e s  carry  di f ferent C K M  p h a s e s . T h e  p e r tu r b a tive  est imates ind icate th a t 
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the contribution from the penguin amplitude is small (a few percent), but it could 

be larger than the naive expectation if the matrix element for the penguin opera- 

tor is enhanced; thus the value of sin 2cr deduced from this asymmetry suffers from 

hadronic uncertainties. In this section, we describe a method of isospin analysis 

which can test for the existence of a significant penguin contribution and, with 

sufficient data, would provide a clean extraction of CKM parameters even if such 
L +- 

a contribution were large (14). For b -+ uus processes (e.g. B --f I(r) the situ- 

ation is even worse: not only do the tree and penguin amplitudes carry different 

CKM phases, but also perturbative estimates suggest that they are comparable 

in magnitude (the tree process is strongly CKM-suppressed). Extraction of CKM 

parameters from data on this channel would require isospin analysis. Since the 

expected rates are low, it is unlikely that there will be enough data accumulated, 

even’at a high luminosity B-factory, to carry out such an analysis for this channel 

(72-74). 

We here briefly review the analysis of the rrr channel (14). There are three 

amplitudes for B+ and B” decays into final ~7r states, 

Similarly, there are three amplitudes, ?, for 2 and B- decays to two pions. We 

define Ai’ to be the amplitude for the CP-conjugated process of A”j, e.g* A” 

corresponds to B- + T-T ‘. The -A”’ amplitudes carry weak phases opposite to 

those of Aij, but unchanged strong phases. 

In the general case, there is one independent amplitude AI,,J, for each possi- 

J&combination of {It, If}, where It is the transition isospin and 1f is the final -- 

state isospin (including the spectator quark). However, there is no If = 1 state 
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because it is forbidden by Bose symmetry for an angular momentum zero system 

of two pions. Consequently, It = 3/2 transitions lead to If = 2 states only, while 

Ii = l/2 transitions lead to If = 0 states only. Therefore, we have two indepen- 

dent amplitudes only. This leads to a triangle relation within each set of decay 

amplitudes: 

L Cd J 
+A+- =A+0 _ Aoo, 

(4.9) 

J 
IA’- =A’O _ y”* 
2 

For the neutral modes, the decay rates are given in (2.9), with possibly 1x1 # 

1. Measuring the total rates for the charged and neutral B decays gives all six 

magnitudes, IA’jI and @‘I, and consequently the shapes of the two triangles can be 

determined. In addition, from the time-dependent decay rates into r+r-, one can 

deduce ImX+- = Im 
[ 
e-2i4M x+- ( /A+-)]. Let us replace the barred amplitudes 

by rotated amplitudes, zi = e2i4T;;i”3, where the phase 4~ is the CKM phase in 

the tree diagram. Since the penguin diagram is purely It = l/2, only tree diagrams 

contribute A+’ and ;;ii+’ which are pure It = 3/2 transitions. Thus, the triangle 

formed by the 2s shares a common side with that formed by the A’s, A+’ = z+‘. 

Any difference between the two triangles is now due to the penguin contributions. 

The figure thus formed allows us to measure the angle between A+- and x+- (up 

to an overall ambiguity which arises from the four possible orientations of the two 

triangles relative to their common side). 

The CP asymmetry is 

ImA+- = Im 
;i+- 

e-2i(tiM++T)-- 
A+- 

. (4.10) 
..- -<* 1 

-- 

Were A1/2,0 dominated by the tree-level diagram, we would have (x+-/A+-) = 1, 

40 



and Eq. (4.10) would reduce to the usual sin2(4M + 4~) expression. However, 

from the triangles we know both the magnitude and the phase of (2+-/A+-); 

we need not make the assumption of a small penguin amplitude anymore. We 

are able to disentangle the value of ($M + &) without any uncertainty from the 

unknown penguin contribution to A1/2,0. If we assume the Standard Model, we 

can in principle also use the construction described above to extract a measure of 
L -- 

the penguin contribution to A1,2,0 (72). If, as expected, the penguin contribution 

is small then the two triangles will be the same within errors. In that case this 

isospin analysis will simply place an experimental bound on the errors in sin(2a) 

due to penguin contributions. 

Similar isospin analysis can in principle be applied to many other modes (73), 

e.g. pp, pr, Kr, Kp and Kmr. It is doubtful that sufficient data will be available 

to -allow such analyses. The number of discrete ambiguities further reduces the 

usefulness of this approach in all but the simplest case (74, 75). 

5. Experimental Prospects 

The many interesting features of CP violation in B decays can only be studied 

with a copious source of B mesons. We review here several different experimental 

approaches. 

5.1 B-FACTORIES 

The term B-factory is used for a high-luminosity e+e- collider running at the 

-&izrgy of the ‘Y (4s) resonance. The r(4S) d eta s a most y 1 exclusively into Bog 

pairs (50%) and B+B- p airs (50%). The consensus of various design groups (most 
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noticeably at SLAC and Cornell in the US and at KEK in Japan) has now settled 

on a design based on an ‘asymmetric’ collider, with two rings at different energies 

0-O (76). The purpose of this asymmetry in energies is to produce a B B system 

which is moving with a significant relativistic y-factor in the laboratory. This will 

cause the two B mesons to decay typically far enough apart in space that they can 

be separately identified by the detector and that the separation between them can 
L Cd 

be measured. (In contrast, an T(4S) t t s a e a rest would produce B mesons almost t 

at rest, and their decay vertices could not be resolved experimentally.) This then 

allows a reconstruction of the time difference between the two decays. When one 

of the decays, say at time ttag, is to a tagging mode, that is a mode which identifies 

the parent particle as either a B" or a 2, and the other decay, at time tcp, is 

to a mode that can be used for reconstruction of a well defined CP asymmetry, 

then’knowledge of the time difference t = tcp - ttag between the two decays gives 

a time-dependent measurement of that asymmetry. The Bog pair are produced 

in a well-defined coherent CP eigenstate which does not evolve until one of the 

two B's decays. This decay then effectively starts the clock for the remaining 

particle (B or B) to evolve due to m ixing with its CP conjugate. Notice that t 

can be either positive or negative. Since the CP asymmetry is an odd function of 

t, afcp 0: sin(AMt), a time-dependent measurement is essential to any study of 

CP violation for this system. A time-integrated result from  an e+e- collider of 

this type will have no CP violating contribution. 

The challenge is thus to design an asymmetric collider with sufficient luminosity 

%pe WS) t o allow these interesting measurements to be made. A number of 

studies have been made and the common conclusion is that a luminosity of 3 x 1O33 
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cm -’ set-l is sufficient for the task and can be achieved. (With this luminosity, 

a 3c~ measurement of sin2j3 is possible within three years of running even if it is 

at the lower bound (2.33).) D e ai e t 1 d machine designs in SLAC, Cornell and KEK 

have been developed and agree in their basic ideas. To study B, decay modes the 

machines can be run at the T(5S) resonance, but the cross-section, a(e+e- + 

T(5S)) = 0.16 pb, and the branching ratio, BR(Y(5S) + B,B,) 2 0.1, make it 
L Cd 

difficult to achieve a sufficient statistical sample for CP asymmetry measurements. 

The ability to reconstruct both the tagging modes and the CP modes is of 

course as important as the luminosity in determining what can be achieved in a 

given running time. Extensive studies have been made by the proponents of these 

machines and preliminary detector designs exist. In Table 5.1 we display estimates 

from Refs. (77,78) of th e accuracy with which the asymmetries of various modes 

can be measured. 
TABLE 5.1 

S(sin2$) at T(4S) with 30fb-I 

I$1 Mode 1 lo4 x BR 1 G(sin 24) 

lK!5- 4.0 f 1.4 (Is+) 

$I(* 37 f 13 (E) 
P WCS 11 f 8 (Et) 0.05 

D+D- 1 - 10 (T) 
D*+D*- 1 - 10 (T) 

I I CY n-n- IO.2 (T); 2 0.9 (E) 1 0.18 

Q P 0.6 (T); 5 60 (E) 0.12 

o! UlT 0.6 (7’); 5 5.7 (E) 0.18 

-G& 
-- 

_ The estimates are made using the general formula 
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S(sin24) = [(l - 2w)cll-‘[2~f~“Bff0a(bb) / Ldt]-“2 (5.1) 

where cfct) are the detection efficiencies for the CP mode (the tagging mode), Bf 

is the branching fraction for the CP mode, w is the fraction of wrong tags, fo is the 

fraction of b quarks that appear as @ mesons and d is a dilution factor introduced 

by any time integration, by background contributions, by fitting procedures and 
L c- 

by mixing of the tagged decay. The integrated luminosity JLdt is given in nb-’ 

for running at the T(4S). Th e estimates given here are from the SLAC detector 

workshop studies; similar estimates have been made by other groups. These num- 

bers are meant as a ‘ball-park’ figure only, since the precise numbers depend on 

details of detector design and on branching ratios that are not yet known. Note 

that (5.1) can be used also to provide similar estimates for hadron machines when 

the-appropriate values for the cross-section and $ fraction (here assumed equal 

to that for B”) are used. Table 5.1 shows the assumed branching ratio and la- 

bels it by E for direct experimental determination and Et when deduced from a 

charged channel (based on Ref. (5)), or T for theoretical estimates (based on Refs. 

(79,80)). We list only th e most commonly discussed modes. The estimates suggest 

that the CP violating angles cx and p can be well measured in such a B-factory. 

A 30 measurement of sin 2,0 2 0.15 can be made within one year of running (see 

Eq. (2.33) for the Standard Model predictions). Additional channels that require 

angular analysis or other techniques to isolate a particular CP asymmetry can give 

confirming measurements of comparable accuracy. 

It will be more difficult to constrain the y-angle of the unitarity triangle in this 

-w.ay. Not only is a(efe- -+ T(5S)) < a(e+e- + T(4S)), but also BR(T(5S) + -- 

B,B,) < BR(T(4S) -+ BdBd). In addition, as ICY >> zd, B, - Bs oscillations are 
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very fast and hence the dilution factor d is small for this channel. Estimates show 

that an integrated luminosity of 300fb-1 will be needed to achieve S(sin 27) = 

410.05 for xs = 47r (78). If x, is larger, the measurement would become even more 

difficult. For present machine designs, this means many years of running and is 

not a feasible goal. 

:+- We note that a B factory will allow a measurement of form factors in B + 

peu and D + peu. Consequently, the determination of /Vu*1 will be limited in 

accuracy mainly due to theoretical uncertainties. As discussed in Chapter 2, such 

a measurement is useful to overdetermine the unitarity triangle even in the case 

that sin2y cannot be measured. 

A second suggestion for a study of CP asymmetries in B decays in an e+e- 

machine is based on the idea of a polarized 2 factory which would then preferen- 

tially produce B” or ?? in certain directions (81,82). While the idea is intriguing, 

it does not now seem likely that a sufficiently high luminosity in polarized 2 parti- 

cles will be available at either LEP (CERN) or the SLC (SLAC), nor is there any 

current proposal for a facility of this type to be built at any other location. 

5.2 HADRON EXPERIMENTS 

The prospects for B physics studies with hadron colliders are not as clear, sim- 

ply because the studies of what can be done with such machines are less advanced 

than for the B-factory proposals. This section is based on preliminary studies and 

estimates for various hadron colliders, most noticeably the upgraded TeVatron, the 

-i$@RN LHC and the SSC. Th e processes that occur in hadron colliders are quite 

different from those of a lepton B factory. Instead of production of a coherent 
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B o g  sta te , w e  h a v e  th e  p r o d u c tio n  o f a  pa i r  o f b b  quarks  wh ich  th e n  h a d r o n i z e  

i n d e p e n d e n tly, e i ther  as  B  m e s o n s , c h a r g e d  o r  n e u tral, o r  as  ba ryons . Thus , th e  

e x p e r i m e n ta l  cha l lenges  in  m e a s u r i n g  C P  a s y m m e tries a r e  very di f ferent in  th e  two 

typ e s  o f mach ines . 
T A B L E  5 .2  

C o m p a r i s o n  o f b &  P r o d u c tio n  fo r  var ious  facil it ies. 

otot m b  5 0  1 0 0  1 0  4 .8  x 1 O - 3  

b N p - ‘O d  (year) - l  2  x 1 0 9  2  x 1 0 1 ’ 2  x 1 0 9  3 .6  x l o7  

f ruct ionb6 .0 0 0 4  .0 0 2  .0 0 0 2  .2 5  , 

T h e  m o s t signi f icant a d v a n ta g e  o f h a d r o n  col l iders in  c o n d u c tin g  B-phys ics  

researches  is th a t th e y  wil l  p r o d u c e  cop ious  B  m e s o n s , v ia e i ther  b b  pa i r  p r o d u c tio n  

o r  t -quark  decays.  T h e  es t imated n u m b e r  o f b 5  pa i rs  to  b e  p r o d u c e d  in  th e  L H C  

o r  th e  S S C  is O (lO ll) p  e r  y e a r , a b o u t a  th o u s a n d  tim e s  la rger  th a n  in  a  lep ton  B  

factory ( 8 3 ,8 4 ) . A  fixe d  ta r g e t e x p e r i m e n t cou ld  p r o d u c e  O ( 1 0 ’) pairs.  Es tim a tes  

fo r  th e  u p g r a d e d  Fermi lab  T e V a tron a r e  sim i lar ( 8 5 ,8 6 ) . A  compar i son  o f var ious  

mach ines  is g i ven  in  T a b l e  5 .2 . T h e  prmc ipa l  e x p e r i m e n ta l  p r o b l e m s  fo r  h a d r o n  

col l iders a r e  th e  m e th o d s  fo r  t r igger ing  o n  B  e v e n ts a t such  h i g h  ra tes, a n d  th e  

s igna l  to  no ise  ra tio  c a u s e d  by  th e  a d d i tio n a l  h a d r o n s  in  th e  under l y ing  e v e n ts. 

-$@ ra t rema ins  to  b e  s e e n  is w h e th e r  th e s e  p r o b l e m s  c a n  b e  o v e r c o m e  in  a  way  th a t 

re ta ins  e n o u g h  o f th e  p r o d u c e d  B ’s to  c o m p e te  in  accuracy  with a  B - factory o n  
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CP violation measurements. 

The fact that, unlike the T(4S) machines, there is no coherent B - B produc- 

tion, provides the option of making time-integrated measurements of CP asymme- 

tries.. We note, however, that time-integrated asymmetries are diluted by a factor 

d, = * (q = d, s). In particular, d, is expected to be very small. With suffi- 

; _ciently good position resolution on the decay vertex, time-dependent measurements 

will also be possible. 

On the other hand, the lack of coherence means that the fraction f of wrong 

tags here includes the mixing of a tagging B” or ?? to its conjugate particle. 

Moreover, (particularly in time integrated-measurements) the observed asymme- 

try is affected by possible confusion of B, decays with Bd decays since the mass 
___ --. 

resolution in these experiments will probably not be good enough to separate these 

contributions. The problem is most severe if the ratio of the contribution to a spe- 

cific channel from B, to that from Bd, denoted z in the expression below, is O( 1). 

Another source of uncertainty is that B” and 3 may be produced in different 

numbers. In a pp machine, rg E 2;;; # 0 is expected because the probability 

for a b or $ to hadronize as a baryon is affected by the population of quarks and 

antiquarks in its vicinity. Even in a pp machine there could be a forward-backward 

asymmetry. All these sources of uncertainties modify the observed asymmetry: 

aobserved = 
(1 - 2f)[ddu(&) + zdsa(&)] + 6 

1+x+6’ (5.2) 

Note that the dilution factors d, can be avoided if a time-dependent measurement 

is made. The quantity S vanishes if rg vanishes but for non-zero rg it does not 

v&&h eyen when all CP violating asymmetries are zero. However, we expect rg 

and hence S to introduce only small corrections, of order a percent or so. The most 
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severe problem will be background contributions. The quantity S’ depends on the 

ratio of background to Bd events and on rg. These latter corrections depend on a 

number of factors such as the flavor-tagging efficiencies for baryons and for mesons 

and the fraction of wrong sign tags in each case as well as rg. These factors are 

presumably not even universal but vary across phase space. Thus Eq. (5.2) is 

also not universal; the corrections must be calculated for each kinematic situation. 
L Cd 

The general form of Eq. (5.2) is g iven here mainly to stress that an accurate 

measurement of the asymmetry requires good control of backgrounds including 

those from B, decays (or Bd decays when a B, channel is studied). Note also that 

the background problems eliminate many of the tagging modes that can be used 

in the e+e- environment. 

Let us now examine the feasibility of measuring CP asymmetries in various 

specific modes. A mode such as B + $ICs which has a p-pair signature for the $ 

can probably be studied and CP violating parameters extracted. For this mode, B, 

contamination will be small since B, + +li’s is CKM suppressed. For the upgraded 

TeVatron with an upgraded DO detector, Roe (85) has estimated that two years 

running would allow an accuracy of about S(sin2/3) = 310.15. She included only 

the P+,Y- decay mode of the r+/~ and only muon tags so this number can perhaps be 

improved by adding electron channels. A similar estimate for the CDF detector was 

given in (86). F ur th er upgrades to either detector to improve particle identification 

may make additional tagging channels viable and thus improve the data collection 

rate. 

-<:--Purely h a d ronic final states such as rrr or pl<s will be much more difficult -- 

to‘ separate from backgrounds. For LHC or SSC, widely different estimates of 
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possible efficiencies for B reconstruction and signal to noise ratio exist and further 

study is clearly needed. (See e.g. Ref. (84) compared to Ref. (83).) Typical 

TeVatron events are estimated to have about one I( and more than one r in 

the underlying event; the problem becomes worse at higher energies where the 

multiplicities are higher. Selection of B events will require pT-Cuts and possibly 

other cuts. The CDF group has already shown that one can pursue B physics 
L +- 

in this hadronic environment but the requirements of CP violation physics are 

challenging. Methods for rapid triggers which select B events and cuts which 

reduce backgrounds need to be developed. 

Since measuring the angle y seems difficult for e+e- colliders, it is interesting 

to consider whether a hadron collider can do better. The production rate of B, is 

comparable to that of Bd (within an order of magnitude), but as xs > 5 the m ixing 

is much more rapid. This means that the dilution of the asymmetry due to the 

time integrated measurement, d, = +J$, will be a significant loss. Furthermore, * 

for B, t pl(s, the hadronic backgrounds as well as background from Bd events 

present a severe problem. The CKM suppression of Bd + pl<s is compensated 

by a higher Bd production rate. As the two channels have different predicted 

asymmetries, the Bd initiated events do provide a serious background problem. 

Measurement of y by this approach does not appear feasible. 

Another mode of interest in B, decays is $4. The Standard Model prediction 

is zero asymmetry, but with new physics in B, m ixing, even maximal asymmetry is 

possible (54). The hadronic background problems can be avoided by observing the 

&;? /J+./J- decay, but th e b ranching ratio makes the measurement difficult (86). 

Further studies of these modes and of strategies to improve signal to noise and/or 
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detection efficiencies are needed. At present we cannot give numerical estimates. 

For asymmetries in charged B decay, the problems of mixing and tagging are 

not relevant but the problem of hadronic backgrounds is severe. Given the small 

asymmetries predicted for charged B decays, it appears that they will be very 

difficult to observe in a hadronic environment. Studies of CP asymmetry mea- 

L.surements with baryonic modes are not yet available, but need to be pursued to 

evaluate the full range of physics options for a hadron collider (87). 

Before concluding this section, let us mention a few more intriguing ideas con- 

cerning hadron colliders. It has been suggested (88) that one can turn the asymme- 

try in production of B” and B” into a useful tool, as it allows a (time-dependent) 

measurement of CP asymmetries without tagging. The time-dependent rate in the 

]A] = 1 case, summing over both B” and 3 contributions, is 

Icno tagging) = IA12eert [l - rBImX sin(AMt)] , (5.3) 

where rB is defined at t = 0. Of course, if rg = 0 the untagged rate gives no 

asymmetry measurement. To extract useful information, rg has to be accurately 

known. Present estimates vary greatly, but probably rg 2 0.01 even in the forward 

direction (88). In principle rg can be measured by looking at flavor-tagging decays, 

though the effect is diluted by mixing and other sources of wrong-sign tags. An 

experiment with no flavor-tagging requires accurate vertex reconstruction to isolate 

the sin( AMt) contribution which is suppressed by rg even when ImX is large. For 

example, ImX - 0.3 would give a fraction of a percent deviation from a purely 

-&ponential decay. Hence it does not appear to us that this method provides a 

feasible measurement of any CP violating asymmetries. 
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It was  r e c e n tly s u g g e s te d  th a t m icrovertex d e tectors p laced  very c lose to  th e  

b e a m , in  r o m a n  p o ts, c a n  v iew a  m u c h  la rger  fract ion o f th e  B  m e s o n s  p r o d u c e d  

c lose to  th e  fo r w a r d  d i rect ion a n d  p rov ide  b e tte r  vertex reconstruct ion (89 ) . U n for -  

tu n a tely, n o t on ly  th e  s igna l  e v e n ts b u t a lso  th e  b a c k g r o u n d s  a r e  st rongly fo rward -  

backward  p e a k e d  a n d  so  th is m e th o d  d o e s  n o t a l lev iate th e  s igna l  to  no ise  a n d  

t r igger ing  p r o b l e m s . T h e  p r o b l e m s  o f d a ta  ra te  a n d  o f poss ib le  rad ia tio n  d a m a g e  
L  + -  

to  th e  d e tector  in  such  a  c o n fig u r a tio n  a r e  severe.  H o w e v e r , th e  i d e a  certainly 

mer i ts  fu r th e r  stu d y . 

A n o th e r  poss ib le  way  to  stu d y  B  physics a t h i g h - e n e r g y  p r o to n  acce lerators  

is in  a  fixe d  ta r g e t m o d e , us ing  e i ther  ext racted b e a m s  o r  a  g a s  jet ta r g e t (90 ) . 

Pre l im inary  stud ies  ind icate th a t such  a n  e x p e r i m e n t m a y  resul t  in  a  s a m p l e  o f B  

e v e n ts o f c o m p a r a b l e  size a n d  pur i ty to  th a t expec te d  f rom to  co l l i d ing-beam ex-  

p e r i m e n ts. This  requ i res  very e fficie n t b e a m  extract ion a n d  vertex tr iggers.  A g a i n  

th is is a  subject  w h e r e  m o r e  stu d y  is n e e d e d  to  r e a c h  a  conclus ion,  b u t th e  a p p r o a c h  

a p p e a r s  a t p r e s e n t to  o ffe r  a  poss ib le  al ternat ive.  

T o  summar i ze , it a p p e a r s  to  us  th a t th e  on ly  C P  v io lat ing a s y m m e try th a t c a n  

b e  readi ly  m e a s u r e d  in  a  h a d r o n  col l ider  o r  a  h i g h  e n e r g y  h a d r o n  fixe d - ta r g e t ex-  

p e r i m e n t is s in (2p)  v ia B d  +  $ .Ks . Fo r  th is  m o d e , a  m e a s u r e m e n t o f c o m p a r a b l e  

accuracy  to  th a t ach ievab le  a t a n  e + e -  col l ider  is feas ib le  a t th e  u p g r a d e d  T e V a -  

t ron o r  th e  S S C . For  a n y  o th e r  m o d e , signi f icant i m p r o v e m e n ts in  e v e n t se lect ion 

m e th o d s  a r e  r e q u i r e d  b e fo r e  th is in terest ing physics c a n  b e  tack led.  
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6. Summary 

The physics of CP violation is an area where the Standard Model makes definite 

predictions that have yet to be fully explored experimentally. B mesons provide 

an excellent system with which to test these predictions and thus to search for 

any clues to physics beyond the Standard Model. Current efforts to understand 

“l?aryogenesis in the early universe suggest that there must be CP violating physics 

beyond the Standard Model, which makes this search even more attractive. We 

have here reviewed the predictions of the Standard Model and have shown how the 

relationships between various measurements can be used to test the Kobayashi- 

Maskawa picture of CP violation, to measure some remaining unknown Standard 

Model parameters and to seek for clues to physics beyond the Standard Model. 

Considerable effort by several groups has now been devoted to the design of 

asymmetric e + - e B factories and to studies of the physics opportunities offered 

by such facilities. The progress made in machine and detector design show that 

such a facility would be a very exciting laboratory for the program of CP violation 

studies and other aspects of B physics. 

The study of B physics at hadron colliders or in very high-energy fixed target 

hadron experiments also offer some interesting possibilities. Early results show that 

the identification of B mesons in high energy hadron-hadron collisions is feasible. 

Much more work is needed on detectors particularly designed for the task and the 

necessary triggering and event selection procedures must be further studied before 

definitive conclusions can be reached about the capability of hadron machines to 

~$rry out a competitive and complementary program to that possible at lepton -- 

machines for B Physics and CP violation studies. 
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T h e  p rospec ts fo r  th e s e  e x p e r i m e n ts a t e i ther  typ e  o f facil ity a r e  as  yet qu i te  

u n c e r ta in.  A lth o u g h  severa l  g r o u p s  a r o u n d  th e  wor ld  h a v e  b e e n  work ing  o n  des igns  

fo r  B  factor ies as  yet n o n e  o f th e s e  projects is fu n d e d  fo r  construct ion.  O n  th e  

h a d r o n  s ide  th e  T e V a tron u p g r a d e  a t Fermi lab ,  th e  E u r o p e a n  L H C  a n d  th e  S S C  

a r e  al l  p r o c e e d i n g , b u t des igns  fo r  d e tectors especia l ly  su i ted to  stu d y  B  physics 

a r e  still in  th e  pre l im inary  stu d y  sta g e . M u c h  interest ing a n d  fu n d a m e n ta l  physics 
L  + -  

waits fo r  th e  e x p e r i m e n t th a t c a n  reconstruct  a  suff icient n u m b e r  o f B  decays  in  a  

var iety o f m o d e s . 

A c k n o w l e d g e m e n ts 

W e  a c k n o w l e d g e  th e  i n p u t o f m a n y  conversat ions  with o u r  co l leagues  a t S L A C , 

th e  W e izm a n n  Insti tute a n d  e l sewhere . In  p a r ticu la r  w e  w a n t to  th a n k  V e r a  L u th , 

N a ta l ie  R o e  a n d  A r t S n y d e r  fo r  adv is ing  a n d  e d u c a tin g  us  a b o u t th e  e x p e r i m e n ta l  

aspec ts o f th e  subject.  H e l e n  Q u inn  wishes to  a c k n o w l e d g e  th e  A s p e n  Insti tute fo r  

Physics w h e r e  s h e  h a d  n u m e r o u s  d iscuss ions th a t h e l p e d  fo r m  s o m e  o f th e  op in ions  

expressed  h e r e , m o s t p a r ticu lar ly  wi th Isi D u n i e tz, a n d  L inco ln  W o lfe n s tein.  Yoss i  

Nir  w ishes to  a c k n o w l e d g e  th e  hospital i ty o f th e  S L A C  th e o r y  g r o u p . 
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