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Z-mediated flavor-changing neutral currents and their implications
for CP asymmetries in B deca3ts

Yosef Nir
Stanford Linear Accelerator Center, Stanford Uniuersity, Stanford, California 94309

Dennis Silverman
Department ofPhysics, Uniuersity of California, Iruine, California 92717

(Received 11 May 1990)

In models where the quark sector is extended in a nonsequential way, there are Z-mediated

flavor-changing neutral currents at the tree level. These may dominate mixing in neutral-B systems.

Unitarity of the three-generation Cabibbo-Kobayashi-Maskawa matrix is violated, and new phases
take part in quark mixing. All these effects modify significantly the predictions for CP asyrnmetries
in 8 decays. The various aspects of new physics can be probed separately by testing specific rela-

tions among these CP asymmetries.

I. INTRODUCTION

CP asymmetries in 8 decays' constitute a very useful
probe into physics beyond the standard model (SM).
They test those aspects of the quark sector which are
most likely to show signs of new physics: CP violation,
neutral-meson-mixing, and unitarity of the Cabibbo-
Kobayashi-Maskawa (CKM} matrix. Moreover, these
CP asymmetries provide us with separate tests of the vari-
ous ingredients of the SM. ' Consequently, inconsisten-
cies with the SM will give precise information as to which
of the SM ingredients have to be superceded, and what
kind of new physics may be responsible for such incon-
sistencies.

In a previous work we gave a general discussion of
how the various assumptions of the SM can be tested sep-
arately. In the present work we analyze in detail a
specific model within which relevant ingredients of the
SM are modified. The purpose of this analysis is twofold:
First, we explicitly show how substantial inconsistencies
with the SM may arise; second, we demonstrate how the
various aspects of new physics may be separately
discovered through appropriately chosen relations among
CP asymmetries.

Within the SM, CP asymmetries in 8 decays measure
the three angles of the unitarity triangle. In order to un-
derstand how these measurements may be modified with
new physics, we looked for a model where unitarity of the
three-generation CKM matrix is violated. Models with a
sequential fourth generation became less likely after the
recent measurements of the invisible width of the Z bo-
son. This led us to choose a model where the quark sec-
tor is extended in a nonsequential way. Specifically, we
study a model with an SU(2)L-singlet quark of charge

3
Such an extension of the quark sector arises in

several widely studied rnode1s, and in particular E6 grand
unified theories and string-inspired models.

The model has several features that make it most in-
teresting for the study of CP asymmetries in B decays.

Sizable corrections to the unitarity of the 3 X 3 CKM ma-
trix are allowed by present experimental constraints. The
"unitarity triangle" may turn into a "unitarity quadran-
gle." The violation of unitarity of the three-generation
CKM matrix induces flavor-changing neutral currents
(FCNC's) which are mediated, at the tree level, by the Z
boson. This allows, in particular, a new mechanism in
the mixing of Bd and B, mesons. There are three in-
dependent phases in the full (3 X4) mixing matrix and all
of these may take part in this mechanism and conse-
quently in the asymmetries. As we shall see, the new
mixing mechanism is the most important new ingredient,
and its implications for CP asymmetries in 8 decays
could be rather dramatic.

The structure of this paper is as follows: In Sec. II we
present the model and explain why it implies FCNC at
the tree level. In Sec. III we study the experimental con-
straints on Z-mediated FCNC's. In Sec. IV we describe
the implications of these FCNC's on various aspects of
physics which are relevant to CP aymmetries in B de-
cays. We find how large the elements of the neutral-
current mixing matrix should be to make interesting
modifications of the SM predictions. In Sec. V we make
further assumptions on the structure of the mixing ma-
trix and find the range of parameters which is consistent
with the constraints of Sec. III and with the requirements
of Sec. IV. In Sec. VI we calculate the CP asymmetries in
this model, and in Sec. VII we show how they differ from
the SM predictions. We give our conclusions in Sec.
VIII.

II. THE MODEL

We study a model with an extended quark sector. In
addition to the three standard generations of quarks,
there is an SU(2}t singlet of charge —

—,'. For our pur-

poses, the important feature of this model is that it allows
for Z-mediated FCNC's. To understand how these
FCNC s arise, its is convenient to work in the basis where
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1478 YOSEF NIR AND DENNIS SILVERMAN 42

the up sector interaction eigenstates are identified with
the mass eigenstates. The down sector interaction eigen-
states are then related to the mass eigenstates by a 4X 4
unitary matrix which we denote by I( .

The charged-current interactions are described by

ters that are either poorly determined or only recently
measured. The values that we use for all other parame-
ters are as given in Ref. 7.

A. E-K mixing

—(IV 'J" + W' 1" ),Int Q2 P, P

J" = V; u;L y"d~L .
(2.1)

(3.1)

The contribution from the Z-mediated tree-level dia-
gram to the mass difference between the neutral kaons is

&2GF8~ M
(~M, )z= IRe[(U, )']I .

V; =E; for i=1, . . . , 3, j =1, . . . , 4. (2.2)

The charged-current mixing matrix V is a 3 X 4 submatrix
ofE: The uncertainty in the vacuum-insertion approximation

is given by

Note that V is parametrized by six real angles and three
phases, instead of three angles and one phase in the origi-
nal CKM matrix. As we shall see, all three phases may
take part in the determination of CP asymmetries in 8
decays.

The neutral current interactions are described by

Requiring (hM~ )z ~ AM+, we get

~
Re[( U, ) ] ~

& 4. 1 X 10

B. The e parameter

(3.2)

(3.3)

cosO gr

,' Ul„d—I,L—r"de + 2 ~„&ir.r "&~L
(2.3)

Uzq
= K4~K4 —for pAq .

The three elements that are relevant for our study are

(2.4)

The neutral-current mixing matrix for the down sector is
U=V V. As V is not unitary, UA1. In particular, its
nondiagonal elements do not vanish:

G 8 M

2 K
(3.4)

The only uncertain parameter here is 8&, given in Eq.
(3.2). Requiring

~
e

~ z ~
~
e ~, we get

~ Im [(Ud, ) ] ~

~ 2.6 X 10 (3.5)

The contribution of the Z-mediated tree-level diagram
to [e/ is

Ud = V„d V„+V d V + Vgd Vt

db Vud Vub+ Vcd Vcb+ td ~tb

U,b
= V„*,Vub + V,*, V,b + V,*, V,b .

(2.5)

C. EI —+p+p

The contribution of the Z-mediated tree-level diagram
to the branching ratio of this mode, normalized to that of
the W-mediated E+~p+v decay, is given by

The fact that, unlike the SM, the various U do not
necessarily vanish, allows FCNC at the tree level. As we
shall see, this may substantially modify the analysis of CP
asymmetries.

III. EXPERIMENTAL CONSTRAINTS
ON THE U~q ELEMENTS

8«. V'~ )z

8 (K+ ~p+v)

=2 [(—,
' —sin 8~)r(K+ )

(ReUd, )'
+(sin 8~) ] 2

(3.6)
There are several experimental results that give useful

constraints ' on the Aavor-changing couplings of the Z
boson (U ):

(i) AM+, the mass difference between the neutral
kaons; (ii) e, the CP-violating parameter in the K system;
(iii) 8(KL ~rLI, +p ); (iv) B(8~I+l X); and (v) xd, the
mixing parameter in the 8 system.

In this section, we calcualte the bounds from these
measurements. Our assumption is that there are no large
cancellations among various contributions. Thus, rather
than attempting to subtract other known contributions
[such as long-distance contributions to b,Mz or
8(KL ~p+p )], we only require that the contribution
from the Z-mediated FCNC is not larger than the experi-
mental value (where we allow a one sigma error). For
each measurement we quote values of relevant parame-

We use

8 (KL ~p, +p ) =(7.3+0.7) X 10 (3.7)

Requiring

8«L I+P )z 8«~ I 'u—
we get

~ReUd, ~

~ 2.4X10 (3.8)

D. 8~1+1 X

The contribution of the Z-mediated tree-level diagrams
to the branching ratio of this mode, normalized to that of
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the 8'-mediated semileptonic decay, is given by

B(B~l+l X) = [(—,
' —sin 8~ } + (sin Ha, } ]

I Udb I'+
I U,b

I'

I v.b I

'+ Fx s I v.b I

' (3.9)

B (B~1+1 X)i,„&2.4X 10 (3.10)

Requiring that the Z contribution will not exceed this
upper bound gives

I Udb/V, b I

&0.2,
IU,„/v, „l o 2. (3.1 1}

E. B-Bmixing

The contribution from the Z-mediated tree-level dia-
gram to the mixing between the neutral 8 mesons is

where Fps 0.5 is a phase-space factor. Both b ~s and
b~d transitions contribute to the Z-mediated decay.
Experimentally

We study the four subjects in turn. The first two
effects may give interesting deviations from the SM pre-
dictions for CP asymmetries. We will choose the mixing
parameters to lie within the range in which such effects
indeed occur. The last two effects may spoil the cleanli-
ness of the theoretical interpretation of the experimental
results. We will check whether our choice of parameters
still allows a clean interpretation.

A. Mixing of neutral mesons

The experimentally measured values of mixing in the K
and 8 systems can be explained by SM processes. Still,
the uncertainties in the theoretical calculations (such as
in the values of B~, fs, or Vd) allow a situation where
SM processes do not give the dominant contributions to
various mixing processes. Instead, it is possible that the
dominant mechanism is Z-mediated FCNC s. We will
now find how large should the elements of the neutral-
current mixing matrix be in order that this would be the
case.

If J( -K mixing is to be accounted for by Z-mediated
tree-level diagrams, then Eq. (3.1) and (3.2) give

2GFBsf~ M~ rjrb
(xd }z=

6
I Udb I' .

There are three parameters with large uncertainties:

(3.12)
IRe[(U„, ) ]I 1.4X10 (4.1)

If Bd-Bd mixing is to be accounted for by Z-mediated
tree-level diagrams, then Eqs. (3.12) and (3.13) give

xd =0.66+0.11,
rbI v,bl =(3.5+0.6)x 10 Gev

QB~fs =0.15+0.05 GeV .

Requiring (xd )z &x~, we get

I Udb /V, b I

&0.o47 .

(3.13)

(3.14)

To summarize, measurements of FCNC's give the fol-
lowing bounds on the nondiagonal Z couplings:

IReU&, I
&2.4X10

I Udb/v, b I

~ 0.0» . (4.2)

The various xq (q =d, s) also get contributions from SM
box diagrams:

GFM~Bs fqMsq)rb
(xq )b,„=

6m 2

x [y f~(y, ) I V,*, v, b
I'+

I U,b I'], (4.3)

where y,
—= (m, /M~) and the function f2(y, ) can be

found, for example, in Ref. 7. The condition that the
tree-level diagram dominates is

(3.15)

llmUd, l
&min[6. 4X10, 1.3X10 /IReUd, l], (xq)b, „

v'2~'

G,M~ y, f~(y } IV;, V,b

where we combined the limits in Eqs. (3.3), (3.5), and
(3.8), and

IUdb/V, bl &0.047, IU,b/V, bl &0.2,
where we used the limits in Eqs. (3.11) and (3.14).

(3.16)

IV. IMPLICATIONS OF Z-MEDIATED FCNC

If the U elements are not negligibly small, they will
affect many aspects of physics related to CP asymrnetries
in 8 decays:

(i) Contributions to neutral-meson mixing from tree-
level diagrams, (ii) violation of the unitarity of the 3X3
CKM matrix, (iii) contributions to B decays from Z-
mediated diagrams, and (iv) contributions to the width
difference I » between the neutral 8 mesons from Z-
mediated decays.

185

ytf2(y, } IV,'qvb '

For m, —100 GeV, y,f2 (y, ) -1, in which case we find'

(4.4)

I
U b/(V, ' V,b)l ~0.08 . (4.5)

The model has interesting effects on CP asymmetries in
8 decays if the mechanism for mixing in the 8 systems
is Z-mediated FCNC's. Thus, we require

I U„, /v„ I
o.o17,

IU„, /(v, *, v„)l ~0.08,

I U,b /( V,*, V,„)I

~ 0.08 .

(4.6)

Whether K-K mixing is affected by the new physics will
follow from these and other assumptions, as will be ex-
plained in Sec. V.
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B. Unitarity of the 3 X 3 CKM matrix

'Md, = V„*d V„,+ V,d V„+V,d V„=O,

'Mgb = V„'d V„b+ V,d V,b+ V,d V,b =0, (4.7)

Within the SM, unitarity of the three-generation CKM
matrix gives

C. Z-mediated 8 decays

Our main interest is in hadronic 8 decays to CP
eigenstates, where the quark subprocess is b~u;u;d~,
with u; =u, c and d =d, s. These processes get additional
contributions from Z-mediated FCNC's. The ratio be-
tween the magnitudes of the Z-mediated amplitude and
the 8'-mediated amplitude is

Ujb l &) b
(2 3sln Hg ) (4.10)

Qq, = Ud„Q~b Udb~ C.b =
U~b . (4.8)

Within the model under study, where the quark sector is
extended to include an SU(2) singlet of charge —

—,', Eq.
(2.5) shows that these constraints are replaced by

To bound this ratio, we use the experimental constraints
in Eq. (3.16), the requirement that mixing of 8 mesons
be dominated by Z-mediated FCNC's in Eq. (4.6}, and
the range 0.06 &

l V„b/V, b l

& 0. 16. We get

One can gain a quantitative understanding of how badly
the SM relations of Eq. (4.7) are violated by comparing
the U 's to the largest terms in the respective sums:

l U„l/l V„;V„, l
&1.4x 10-',

0.04 ~—1

3

0.03 ~—1

3

Usb

V„V,b
+0.07 .

Udb ~ 0.26,
Vud Vub

(4.11)

(4.12)

I U„l/I V;, V„I &0.2 .

(4.9)

These bounds follow from the experimental bounds given
in Sec. III. The first of the SM relations is practically
maintained. The other two may be violated quite
significantly. The unitarity triangle of the SM, represent-
ing the Sdb =0 constraint, should be replaced by a uni-

tarity quadrangle. The S,b constraint is now represented
by a unitarity triangle. " A geometrical presentation of
the new relations is given in Fig. 1. It should be stressed
that, at present, only the magnitudes of Udb and U,b are
experimentally constrained, but not their phases. Each of
the angles a', P', and 5' could be anywhere in the range
[0,2m].

The lower bound in Eq. (4.12) holds only if unitarity is
not strongly violated, so that

l V„ l
=

l V,b l
and

l V,b l
= 1.

We note that the different color structure between the
two amplitudes may further modify the ratio between
their contributions, but we will assume that this does not
give a significant effect. We conclude that the Z-
mediated diagram never dominates the relevant 8 decays.
It can be safely neglected for b ~s transitions (3—7%
effect), but may be significant for b~d (4—26%). We
will assume that the Z contribution is on the lower side of
these ranges, and thus can be ignored.

In Ref. 3, CP asyrnmetries in Bq decays through
b~ssd (with d =d, s) were studied. These decays can-
not proceed via charged-current interactions. Within the
SM the direct decay is dominated by penguin diagrams.
In the model under study there are contributions from
the Z-mediated FCNC. The ratio between the Z-
mediated amplitude and the penguin amplitude can be es-
timated to be

(a)
( —,

' —
—,'sin 8~)l U l'b

(a, /12m }In(m, /m&~)
l V, V,b l

(4.13)

(b)

~ ~ ~

cd cb

(To have a rough estimate of the penguin diagram we
used 'M,b-0, m, —100 GeV and a, -0.1.) The bound in
Eq. (4.6) implies that if Z-mediated FCNC's are to dom-
inate neutral 8 mixing, then their contribution to the
b~ssd processes is comparable to the penguin dia-
grarns: CP asymrnetries in these processes may arise
from interference between the two direct decays and,
therefore, the tests proposed in Ref. 3 are not applicable
in this framework.

Vcs Vcb

FIG. 1. A geometrical representation of the unitarity con-
straints in Eq. (4.8). (a) The unitarity quadrangle representing
the 'Mq& constraint. (b) The unitarity triangle representing the
0',

& constraint.

D. Ne~ contributions to I &2(8q )

The difference in width comes from decay modes that
are common to 8 and 8 . As discussed above, there are
new contributions to such decay modes from Z-mediated
FCNC's. It is important to note, however, that while the
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contributions to the difference in mass M, 2 are from the
tree-level diagrams, namely, O(g ), those to the
difference in width I 12 are still of O(g ). Consequently,
no signifiant enhancement of the SM value for I,z is ex-

pected, and the relation

I,2(B ) «M, 2(B ) (4.14)

V. CHOOSING THE MIXING ANGLES

We find it convenient to use an explicit parametriza-
tion for the mixing matrices. We use the parametrization
of Ref. 12 (appropriately modified to the 3 X4 case). As-
suming that all mixing angles 0, are small, ' we put
cosO; =1. We use the following constraints from SM
tree-level processes and from the unitarity of K:

$)2 —0 22, $23 0 047 $/3 0 005 7

$ &4 0.07, Szz 0.5
(5.1)

(s;1 =sin8;~). We further assume that the unmeasured
mixing angles satisfy the hierarchy $,4 %$24 ($34 More
specifically, we assume that

q24 = 24/ 23 34

q]4 =s]4/(s12s23s34)
(5.2)

are both —1. We remind the reader that a similar rela-
tion for the three-generation mixing angles is experimen-
tally verified

q» =—s»/(s, 2s23)=0. 50+0.25 .

Thus, V has the approximate form

(5.3)

—5 13
—i5 14

$12 $13e $14e

$12

l513
12 23 13

$23
—i 524

$24e

$34

is maintained.
In summary, the dominant mechanism for mixing in

neutral B systems could be Z-mediated FCNC's. The
conditions for that are given in Eq. (4.6). Mixing in the
neutral-K system can be dominated by Z-mediated
FCNC's if Eq. (4.1) is satisfied. But the hadronic B de-

cays of relevance are still dominated by SM 8'-mediated
diagrams and I 12(B ) «M, 2(B ), so that CP asym-

metries can be cleanly interpreted.

we find

2 2 13 24
Ud, =si2s23 34[(1—q13e

—
q24e

+q, 4e ")(1—q24e ")],
—

I5&3
—

I6&4 '~i4
Udb

— s12 23 34[1—q, 3e —
q24e +q, 4e ],

—i 5~4
U,b

=s23s 34 [1—
q24e "] . (5.6)

All the experimental constraints in Eqs. (3.15) and (3.16)
as well as the requirements in Eq. (4.6) can be satisfied
with the terms in square brackets in Eq. (5.6) being —1

and

0.08-$34 0.2 . (5.7)

VI. CP ASYMMETRIES IN B DECAYS

Our study involves six classes of processes for which
the direct decay is dominated by the F-mediated tree-
level diagram. The asymmetries, given in Table I, are
denoted by Imk, The subindex i =1,2, 3 denotes the
quark subprocess. The subindex q =d, $ denotes the type
of decaying meson B . The list of hadronic final states
gives examples only. Other states may be experimentally
more favorable, and several such states may be summed
over to improve statistics. We always quote the CP
asymmetry for CP even states, regardless of the specific
hadronic states listed.

As explained in Sec. IV, the two following conditions
are satisfied within the model of Z-mediated FCNC's.

(a) For the neutral-8 system, I 12 «M12.
(b) The direct decays are dominated by a single com-

bination of CKM parameters. This means that the asym-
metries arise dominantly from the interference of ampli-

If we take s34-0. 15, the dominant mechanism for Bd
mixing and B, mixing mill be the Z-mediated FCNC'$.
On the other hand, we expect Im Ud, to be of the same or-
der of magnitude as Re Ud, . Consequently, Eq. (4.1) is
not satisfied, so that bMtc gets no significant contributions
from the Z mediat-ed FCXC's.

Equation (5.6) implies that the phases in the mixing of
Bd and B, may depend on phases of the mixing matrix
other than the single phase of the SM. This may give CP
asymmetries very different from those predicted by the
SM.

(5.4)

24
+42 23 34( 'q24e

E43 $34

(5.5)

We gave here only the leading term for each element. In
our calculations, we use more exact expressions, e.g.,

i513 i 524
Vtg $23 $ ]2$ ]3e —$34$24e, when relevant. Us-

ing

13 24 i 614
+41 s12s23s34( 1 'q13e 'q24e +q14e

Class
(iq)

1d
2d
3d
1s
2s
3s

Quark
subprocess

b ~ccs
b ~ccd
b~uud
b ~ccs
b ~ccd
b~uud

Decaying
meson

Bd

Bd
B,
B,
B,

TABLE I. Classes of CP asymmetries.

Final state
(example)

it Ks
D+D-
7T+7T

D,+D,
QKs
pEs
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I (Bo h„,(t)~f ) ~ e '[1—Imk, ,»sin(EM t )],
I (B h„,(t) f ) ~e '[I+Imk. , sin(EM t)],

(6.1)

where b,M is the mass difference in the B system and
is of the form ( ~A. ;» ~

= 1)

X; Yq Zq» l»
(6.2)

X Y' Z
q iq

lq

The X; factor depends on the quark-subprocess ampli-
tude. As the quark subprocesses are dominated by the
F-mediated tree-level diagrams:

tudes corresponding to two paths to the same final state,
one of which involves 8 -8 mixing.

Consequently, the decay rate of a time-evolved initially
pure B (B ) into a CP eigenstate f is (see Ref. 15, and
references therein):

o,"=arg

6'=—arg

V„d V„*b

Udb

V„V,*b

UdbP' —=arg
cd cb

(6.&)

A comparison between the predictions of the SM and of
the model with Z-mediated FCNC's, is made in Table II.
The important feature is not that the angles a, P, and y,
dined in Eq (6. 7. ), may haue Uery diferent Ualues from
those predicted by the SM, but rather that the CP asym
metrics do not measure these angles any more

As there are no experimental constraints on a', P', and
5' so that the full range [0,2n] is allowed for each of
them, the full range [—1, +1] is possible for each of the
asymmetries. This is clearly seen when using the explicit
parametrization given in Eqs. (5.4) and (5.6):

X, =(b~ccs)= V b V,', ,

X2 =X(b ~ccd ) = V,b V,d,
X3 =X(b ~u—ud ) = V„b V„'d .

(6.3) ImA, ,d
=Imk, 2d

T

= Im
The Y factor depends on the mixing amplitude of the de-
caying meson. As the dominant mechanism of mixing in
the B» system is the Z-mediated tree-level diagram:

Yd =—Y(Bd }= Udb,

Y, —:Y(B, )=U,s .
(6.4)

Im~3d =Im —i5)3 —i524 14)

(6.9)
The Z;q factor depends on the K-E mixing amplitude.
Z; can have a nonzero phase only for those asymmetries
where there is a single unpaired neutral kaon in the final
state, and depends on whether this comes from a E or a
E . As K-E mixing is dominated by the SM box diagram
with virtual c quarks:

ImA, ), = Imi. 2,
= Im

q 24e

Z2d —Z3d —Zis 1

Z)d —Z2, —Z3, —V d V„.
Imk, 3,

= Im
e "(1—q„e ")—ib i5

Iml, &d
= Imk2d =sin2P',

Imk, 3d
= —sin2a',

Imk. „=Imi. 2,
=sin25',

Iml, 3, =sin2(5' —) } .

(6.6)

The three angles which within the SM constitute the an-

gles of the unitarity triangle are defined by

VtdVtb V dV bp=arg
V dV b VtdVtb

V„d V„*b

o.=arg

(6.7)

y =arg
Vcd Vcb

The three angles in Eq. (6.6) connected to the U b ele-
ments are defined by

It is now straightforward to calculate the A, ; 's. We find

that the various asymmetries simply measure angles of
the unitarity quadrangles shown in Fig. 1:

TABLE II. Predictions for CP asymmetries.

Class
( iq)

1d
2d
3d
1$

2$

3$

Upq WO

(FCNC)

sin 2P'
sin2P'

—sin2a'
sin25'
sin25'

sin2(5' —y )

Upq =0
(SM)

—sin2P
—sin2P
sin2a

0
0

srn2y

Is is rather obvious that our ignorance of the phases 5,4

and 5&4 allows any value for the various asymmetries.
Thus, it should be interesting to examine whether any of
the SM predictions for these asymmetries are maintained,
and whether precise information can be gained from
those predictions that are violated. The answer to these
questions is given in the next section.
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VII. COMPARISON WITH THE SM PREDICTIONS —1 Imk. &, =Imk2, ++1 . (7.5)

Equation (6.2) gives the relations among the various

it) '

argy ]d
—arg/2d —argy ] +argy/: 0

argA, &d
—argk3d —argk„+ argA, 3 0,

argk&d —argA, 3d
—argk2, +argk3 0

(7.1)

argZ, q+argX, =argZ2q+argX~ .

Equation (6.2) then gives

(7.2)

These relations can be experimentally checked. They
should hold within both the SM and the framework of an
extended quark sector with parameters as chosen in Sec.
V. This is because the two conditions sufficient for these
relations [namely, conditions (a) and (b), given above Eq.
(6.1)] hold in both models. If the experimental results are
inconsistent with these relations then, most likely, there
are two comparable contributions to the direct decay,
namely either the Z-mediated amplitude or the penguin
amplitude have their matrix element enhanced, so that
they compete with the 8"-mediated diagram. If this hap-
pens in only one of the relevant quark sub-processes then
the one relation that is independent of that process will
still hold, e.g., the first relation in Eq. (7.1) if only
b ~uud has significant interference between two direct
decays.

These two conditions can be tested in other ways as
well. If there is a significant interference between two
direct decay amplitudes, then the time dependence of the
decay rate is different from that given in Eq. (6.1).' Also,
various hadronic states, corresponding to the same quark
subprocess, are likely to exhibit different CP asymmetries.

The dominant mechanisms for direct decays ( IV-

mediated tree-level diagrams) and for K-K mixing (box
diagrams with virtual c quarks) are the same in the
present model and in the SM. Consequently, Eq. (6.3) for
X; and Eq. (6.5) for Z, hold in both frameworks. This
gives

Im3d sin2a,

Iml, ~d =1m', zd
= —sin2P .

(7.6)

(For a recent study of the SM predictions for a and P, see
Ref. 17.) In the model of an extended quark sector,
Yd=Ud's and consequently Imk, ;d are as given in Eq.
(6.9}. By an appropriate choice of the various q,"'s and

5; s, it is possible to get any value within

—1~ImA, ;d ~+1 . (7.7)

Thus, for example, instead of the SM prediction of nega-
tive Imk», we could have zero or positive asymmetry.

To summarize, the SM prediction given in Eq. (7.1) is
likely to hold within the extended model. It will imply
that indeed the direct B decay is dominated by a single
combination of CKM parameters. The SM prediction
given in Eq. (7.3) is also likely to hold. It will imply that
the phase in E-J( mixing is the same as in the SM. The
SM prediction given in Eq. (7.4) is likely to be violated.
It will strongly indicate a new mechanism for mixing in
the 8, system. The SM predictions given in Eq. (7.6) are
also likely to be violated. This will strongly indicate a
new mechanism for mixing in the Bd system.

Instead of the SM prediction of zero asymmetry, we
could have, for example, maximal asymmetry (with
qe241+eiml4)i6

We note, however, that if for some reason 52~=0 or
q24 « 1, the asymmetries in classes (ls) and (2s) will van-
ish, as they do in the SM. The reason is that in this case
U,z and V„V,& carry the same phase (mod n), just as
V„V,& and V„V,b do within the SM. The only property
of the mixing mechanism probed by CP asymmetries is its
phase structure, and thus different mechanisms carrying
the same phase cannot be distinguished.

Within the SM, Yd= V,d Vtf, and %d& =0. Assuming
the SM tree level decays, these are sufficient conditions
for

In1A, ]d
= Imk, pd, Imk, ],= Imk, p, . (7.3) VIII. CONCLUSIONS

Imk„= Imk, 2, =0 . (7.4)

In the model of an extended quark sector, Y, = U,*b and
consequently ImA, &, and Imk, 2, are as given in Eq. (6.9).
By an appropriate choice of qz4 and 524, it is possible to
get any value within

These relations between the asymmetries can be experi-
mentally checked. As explained in Ref. 2, their validity
goes far beyond our specific model, and is practically
guaranteed by the constraints from the measurement of
the e parameter.

The mechanism for mixing in the B systems is
different in the model under study from that of the SM.
Consequently, several relations among CP asymmetries
predicted by the SM will be violated.

Within the SM, Y, = V„V,b and S',
b =0. Assuming the

SM tree level decays, these are sufficient conditions for

In a model where the quark sector is extended in a
nonsequential way, the following features arise.

(a) There are new phases in quark mixing, in addition
to the single phase of the SM. These give new sources for
CP violation.

(b) Unitarity of the 3 X 3 CKM matrix is violated. The
constraint represented by the "unitarity triangle" no
longer holds, and new constraints appear.

(c} FCNC's mediated by the Z boson arise at the tree
level. These may be the dominant mechanism for mixing
in the neutral B systems.

On the other hand, the following ingredients of the SM
are likely to be maintained.

(a) Direct 8 decays are dominated by IV-mediated
tree-leve1 amplitudes.

(b) I,2 «M, z for both 8„and 8, .
As a result of these properties, predictions for CP

asyrnrnetries in 8 decays are significantly modified from
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the SM predictions. The results can be cleanly interpret-
ed within the new framework.

Within the SM, the asymmetries measure angles in the
complex plane between various combinations of elements
of the charged-current mixing matrix, as those determine
both 6 decays and Bq Bq mixing. These angles are calcu-
lated within the SM on the basis of direct measurements
and unitarity of the CKM matrix. Within the model of
extended quark sector, unitarity of the charged-current
mixing matrix is lost, but this is not the reason for the
asymmetries being modified. The reason is rather that,
when B -B mixing is dominated by the Z-mediated
FCNC's, the asymmetries measure different quantities,
namely, angles between combinations of elements of the
charged-current mixing matrix determining b decays and
elements of the neutral-current mixing matrix determin-
ing Bq Bq mixing.

The CP asymmetries may depend on all three phases
that appear in the 3X4 mixing matrix. With current
mild bounds on the new mixing angles and no knowledge
of the new phases, it is possible to have any value for the
various asymmetries. Consequently, CP asymmetries
that are dramatically different from the SM predictions
may arise. For example, the mode B,~D,+D, may ex-
hibit maximal asymmetry instead of the zero asymmetry

predicted by the SM.
The richness of experimental results will enable us to

disentangle the various ingredients of the new frame-
work. As direct decays are still dominated by a single
combination of CKM parameters, certain relations
among asymmetries are maintained. Similarly, as E-K
mixing is dominated by the SM mechanism, certain
asymmetries corresponding to different quark sub-
processes remain equal. On the other hand, the existence
of new mechanisms for Bd and for B, mixing can be
proven separately of each other and independently of
whether unitarity is violated.

If the CKM model is not the complete picture of the
quark sector, CP asymmetries in B decays will constitute
a powerful probe into the nature of its extension.
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