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We investigate the Yukawa interactions of a two-scalar-doublet scheme which yields Fritzsch
zeros in the mass matrices. Our motivation is to study the plausibility of obtaining the observed
large B,-B,; mixing without an exceptionally large f-quark mass. The difficulty with models of this
type is the existence of flavor-changing neutral currents. An interesting feature of the present mod-
el is that all the relevant Yukawa couplings are determined in terms of quark masses. We show that
a low-mass charged-scalar exchange cannot account for the B,;-B, mixing in this model without
yielding much too large a value of the CP-violation parameter €. A possible exotic explanation of
the large B,-B,; mixing in terms of flavor-changing neutral-scalar exchange exists due to the pecu-

liar neutral-scalar couplings arising in the model.

I. INTRODUCTION

The relatively large amount of B,-B, mixing measured
by the ARGUS Collaboration! and later confirmed by the
CLEO Collaboration? has stimulated a great deal of in-
terest in the question of quark masses and mixing angles.
In the standard model (which includes one Higgs doublet)
the mixing parameter is calculated from the well-known
box diagram with W-boson exchanges. Since the dom-
inant term is proportional (other factors being more or
less “known”) to the square of the top-quark mass m,,
the implication® is that m, is on the large side: m, 2 50
GeV with m,~100 GeV corresponding to “central”
values of the parameters. Such a conclusion is, of course,
unpleasant for the possibility of observing the ¢ quark in
the laboratory but another relevant question is whether it
disagrees with any theories or models for quark masses
and mixings. The most well-known model of this type is
that of Fritzsch.* Before the ARGUS Collaboration re-
sult it was considered to give a fairly promising account
of the situation. Actually in order to make a fair compar-
ison of this model with experiment it is necessary to take
account of the full allowed range of input parameter vari-
ation. This was carried out before the ARGUS result
and it was seen® that a value for m, roughly around 90
GeV is the highest that can be achieved in the Fritzsch
model. After the ARGUS result several authors® pointed
out that because of the upper limit on the top-quark mass
the Fritzsch model is in possible danger, though not quite
ruled out.

Since the Fritzsch model has some attractive features,
a number of attempts to ‘“‘save” it were made. For exam-
ple, the possibility of a (fourth-generation) ¢’-dominated
B,-B, transition amplitude was investigated’ with a
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Fritzsch structure and it was found that (independent of
parameter choices) the model would not work because it
gave too large a value for the “CP impurity” €. Another
small extension of the standard model is to include two
scalar doublets. Then there is another contribution to
the B,-B; amplitude coming from box diagrams with
charged-scalar-boson exchange.® For suitably small mass
(~25 GeV) of the charged scalar boson these diagrams
can easily dominate.” Hence the Fritzsch structure might
possibly be maintained, if desired, even if B;-B, mixing is
larger than its central value. In this paper we shall dis-
cuss a speculative model with two scalar doublets as well
as a Fritzsch structure to examine this question.

To be specific let us take seriously the standard model
with two scalar doublets present. Then we might also in-
clude provision for an (invisible) axion!? to solve the “©
problem.” Furthermore we must worry about flavor-
changing processes mediated by neutral-scalar exchange.
The standard solution!! for the latter problem is to have
one scalar doublet supply masses to the up quarks and
the other to the down quarks. However, this solution
provides no “natural” explanation for an assumed
Fritzsch form of the mass matrix. In an investigation
designed to study the Fritzsch structure including the
effects of scalar exchange it is clearly desirable to consid-
er models in which the Fritzsch structure is automatic.
This is not difficult to achieve. Fritzsch!?> showed that
the characteristic zeros in the mass matrices could be ob-
tained by introducing several scalars and axial-type glo-
bal symmetries. Davidson et al.’*~ ' provided a more
compact solution by utilizing the U(1) Peccei-Quinn (PQ)
symmetry as the axial-type symmetry and by pointing out
that, in the two-scalar case, the requirement of different
U(1) numbers for different generations uniquely leads to
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the Fritzsch zeros. We shall investigate the Yukawa
structure for this model to see what it has to say about
the problem of large B;-B, mixing. Actually, as we shall
see and as was already implied by Ref. 15, the most natu-

ral interpretation of the model with a true invisible axion

present is that of an effective low-energy single-Higgs-
boson theory in which all other scalar particles are
pushed to an extremely large mass. Here, however, we
shall not insist on the axion constraints from cosmology
and just regard the model as a convenient toy one for en-
compassing an automatic Fritzsch structure with only
two scalar doublets.

The difficulty of the present model is that because it is
technically natural (modulo a small extra assumption to
be discussed later) there are flavor-changing neutral-
scalar couplings.!® It will be seen that the characteristic
factor for the coupling of a particular neutral scalar to
fermions of masses m, and m, is'” v/ m ;m,. (This gen-
eralizes the characteristic factor m for the flavor-diagonal
coupling.) The observed K; -K; mass difference then re-
quires a particular neutral-scalar particle to be heavier
than about 5 TeV. A crucial question is what conse-
quence this has for the charged-scalar mass. If the scale
5 TeV is considered to be a characteristic one of some
new physics, then the charged scalar should be similarly
heavy with consequent small contribution to B,;-B, mix-
ing. The model itself would be consistent with the
minimal standard model at low energies. It is possible to
have a low-mass charged scalar particle but this would
require a special choice of nonperturbatively large pa-
rameters in the scalar sector. Furthermore, as will be dis-
cussed later, explaining a large B,-B, mixing through
charged-scalar exchange would lead to an unacceptably
large CP-violation parameter €. Another possibility is to
allow the charged-scalar particle to be heavy and try to
put the responsibility for the large B,-B, mixing on the
flavor-changing neutral-scalar exchange directly. This
does not affect the predicted CP violation in the K-meson
decays but does, if one assumes a large scale for all sca-
lars other than the normal one, give a too large K -Kg
mass difference. There is the amusing possibility, howev-
er, that if one is willing to accept an unnaturally low-
mass extra neutral scalar, the B,;-B, mixing could be ex-
plained without violating other experimental bounds.
This might be interpreted as a hint that if m, is measured
to be low a more general theory might choose to explain
the large B,-B, mixing by neutral-scalar exchanges at the
tree level rather than by charged scalars contributing to a
loop diagram.

In Sec. II the potential and masses for the two-scalar-
doublet model are discussed based on the invisible-axion
formalism. As mentioned, however, we shall just use the
axion symmetries to get restrictions on the two-scalar-
doublet members. Thus we can only interpret the model
as a toy one for learning what consequences the require-
ment of natural Fritzsch zeros might have. The Yukawa
interactions of the doublet scalar mesons are calculated
in Sec. III. Even though the characteristic Fritzsch
structure is symmetric the fact that its eigenvalues alter-
nate in sign introduces an interesting asymmetry in the
flavor-changing coupling matrix. This asymmetry turns
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out to play a physical role in that it leads to the exchange
of different neutral scalars dominating the weak mass
differences in the K and B system. In Sec. IV we estimate
the most relevant flavor-changing effects of neutral-scalar
exchange in order to get information on the scalar
masses. Section V contains the calculation of the
charged-scalar contributions to the box diagram in the K
and B systems. Finally a brief summary is provided in
Sec. VI.

II. THE SCALAR PARTICLES

We shall work in the framework of a conventional
invisible-axion scheme. The appropriate scalar content of
the model is

¢ ¢;
i ¢
where ¢, and ¢, are two SU(2) doublets with weak hyper-
charge one and the complex singlet o is introduced in a
standard way to make the axion invisible. Without any

loss of generality the U(1) PQ transformation properties
of these scalar fields may be taken as

&= , = (2.1)

y O,

¢1-—>e”¢1, ¢2->e"ir¢2, o—e?To | 2.2)

corresponding to quantum numbers 1, —1, and 2 for ¢,
¢,, and ¢o. The relevant terms in the pure meson La-
grangian are

L neson="—HD,6)"(D,¢,)— 1D ,6,)(D,¢,)
—0,0%3,0 =V (é;,¢,,0) .
Here the potential'® is
V=ciglpi+eaplda+es(dis ) +ey(gl,)
+es(¢ld)(d3dy)+c(d1d1)(6]8,)
+d,0*0+d,(0*0 P +d;ipl,0 +d ¥ plp,o*

+d,0*0¢lg,+dso*odle, . (2.4)

Notice that the symmetry (2.2) has eliminated some terms
which might otherwise have been present in (2.4). Except
for dj, all the coefficients ¢; and d; are real. We expect
the scale of those ¢; which are not dimensionless to be
very roughly of the order of the usual weak scale 250
GeV; e.g., ¢; ~(250 GeV)%. On the other hand, d; might
normally be related to a scale A appropriate to the invisi-
ble axion; e.g., d; =0 (A?). From a variety of astrophysi-
cal and other considerations on axion interactions it is ex-
pected that'® A>10*-10° TeV. For the axion of our
model that has flavor-changing couplings, the scale must
be even larger, as will be discussed in Sec. IV. How these
different scales could arise naturally is nothing more than
the familiar hierarchy problem if one embeds the model
in a grand unified theory. We will take the position that
this problem can be solved in some more comprehensive
model and in particular we take Ad, as a free parameter.
This allows one to interpret some of our results in a more
general framework.
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The scalar vacuum values may be consistently taken to
be

() =v,, () =v,, (o)=Ae?, (2.5)

where, because of (2.2) and weak hypercharge symmetry,
v, and v, can be chosen real and positive. We define

(0 P+ (0, Pmp2=—o

~(250 GeV)? . 2.6
V3G, e (2.6)
Furthermore we have
cos(w +b)=—1 2.7)

with d; ~|d;|e™. In order to discuss the mass spectrum
it is convenient to define for the two-scalar-doublet fields
the combinations ¢; and ¢, by

&1 b6
#, ép

For the neutral-scalar fields we define real and imaginary
pieces by

#0=¢% +id? . (2.9)
Now by explicit computation from (2.4) we may find the
mass spectrum. The three zero-mass fields which are ab-
sorbed by the W* and Z bosons in the unitary gauge are
#% and ¢((’;I_. The physical charged scalars are the fields
H*=(1/V2)¢5 with squared mass
Ald,|
L)

1 [P T2

v

(2.8)

Uy Uy

ME=20v%|—c, (2.10)

We shall not discuss the o field interactions here. The
invisible-axion field is essentially A argo (for large A)
with a minute admixture of @; given by (v,v,/vVA)$Y;
while || is a very heavy singlet, whose mass may actual-
ly be taken much heavier than the scale A. Of more in-
terest are the three remaining neutral combinations of the
doublet fields. ¢9; does not mix with ¢z or ¢&p (in the
absence of ¢ it would be the original axion) and has the
squared mass

_ 2v2A|d,;]

2( 40
Mg =— "

(2.11)
Finally, the two fields ¢%z and ¢3z mix with each other;
the mass-squared matrix in ¢34, dor space being

A B

2 —
M*=1p c+D

>

Uy 2
B"‘4vlvz -2C3 — +2C'4 —U_
2 2
Uy 1253 .
e[ [-[2[]].
v v
viv3
C=8‘—;2—(C3+C4—C5—C6) >

D =M*(¢9)) .
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Notice that |d,| is the only one of the d;’s to appear in
this formula. Thus we might have neglected the o field
from the beginning and just included in the potential a
éT ¢, type coupling with an arbitrary strength of order
Ad; which may come from some unspecified U(1)-
breaking interaction. In this sense Ad; may be con-
sidered a priori arbitrary.

We first notice from (2.10)—(2.12) that if Ald;|>>v?,

~ the four fields H £, ¢3;, and ¢% are very massive and ap-

proximately degenerate with each other. In this case the
field % does not acquire an extremely large mass and
plays the role of the usual Higgs field. This is the most
conservative and probably the most reasonable interpre-
tation of the model. However, from a strictly phenome-
nological standpoint one might be interested in asking if
it is possible to get a low H* mass while keeping ¢9; very
heavy. Comparison of (2.10) and (2.11) shows that this is
possible provided® ¢ is positive and much greater than
unity (which, of course, mangles any attempt at a pertur-
bative treatment of the scalar sector). In this situation
there are sufficient free parameters in ¥ so that ¢ and

‘ #%x mix with an arbitrary angle to yield two eigenstates

of arbitrary mass.

III. THE YUKAWA SECTOR

It is an interesting exercise to work out completely the
Yukawa sector for this two-scalar-doublet model which
automatically yields the Fritzsch zeros. We assign axial-
type quantum numbers under the U(1l) transformation
(2.2) to quarks g; of the first, second, and third genera-
tions as follows:

’

NI:—-

‘IlLi%, ‘121)‘%’ q3L:
(3.1)

3 . 3 1
iR "% GwriTEH QariTT

This assignment guarantees the Fritzsch zeros in the up-
and down-quark mass matrices which arise from the tri-
linear Yukawa terms. It may be verified!* that this is ac-
tually the unique choice which leads to a nontrivial inter-
generational mixing while insisting on a different quan-
tum number for each generation. For ease of computa-
tion we shall make the assumption that each quark cou-
pling matrix is Hermitian. We do not feel that this is a
serious lack of naturalness because it does not suppress
flavor-changing neutral-scalar-exchange amplitudes. The
same results can also be achieved by assuming the quark
coupling matrices to be symmetric. The latter choice can
be motivated by embedding the model'’ in SO(10). Here,
however, we wish to stay in the SU(2) X U(1) framework
so that (whatever disadvantages may exist) the calcula-
tion can be carried out as completely as possible with just
two scalar doublets.

The Yukawa part of the Lagrangian may then be writ-
ten as
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0 g, O
Ly=—ViéPylg, 0 0 delg
0 0 g
0 0 O
—¥9¢,P, |0 0 g, |Pld}
0g, O
0 0 O
—poy; * ’ t,,0
Vil(io,p7)P, |0 O g} |P,ug
0 g1 O
0 g5 O
—~%9%(ig,3)P, gy O O |Plud+H.c., (3.2)
0 0 g3

where P9 =(79d9) and the superscript O on the fer-
mion fields indicates that they are not yet mass eigen-
states. P, and P, are each diagonal matrices of phases
while all the g coefficients are real. The lepton terms (as-
suming zero-mass neutrinos) are exactly analogous to the
first two terms of (3.2).
We remind the reader that the real symmetric matrix

il
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0 vVim,m, 0

0 40 o o
M=|4 0 B|=|Vmm, 0 V' mym;,
0 B C 0 \/m2m3 ms
(3.3)
of Fritzsch type is diagonalized®' by
R™™R =MX , (3.4)
wherein
M =diag(m,,m,,m;) ,
X =diag(1,—1,1), (3.5)
1 —V'm/m, rmn—j\/m
R=|Vm /m, 1 Vim,/m,
—V'm/my —Vmy/m, 1

We identify the Kobayashi-Maskawa (KM) matrix U as
U=R[PIP,R, (3.6)

and by introducing the mass eigenstate fermion fields (no
superscript 0) find the trilinear Yukawa terms (including
leptons):

— 1|+ V1 —o |4y v - = 1 Uy v
LY may | = |$G+ 8% | M+ ———F0K, |ug Td, | = 85— =p |My—~ ~92K, |d
2 1V2 1 1V2
_ 1 2 v - |1 ~ _ ., U v _
o, | —— 65— 4% |M,———¢%K, |ex +d, | —UM, |¢5+—¢7 |~ ——U'K,¢5 |ug
vV, v Uy L]
— 1 oy + Uy + v + _ 1 ~ + Uy + v +
‘tup |—— UM, (¢g——¢p |— UK ¢p |[dr+V, |——M, |dg——d¢p |~ ¢pK, [eg +H.c.,
v Ul 1U2 v Ul DIUZ
(3.7)
[
where the matrix K is? Ly~ — [V mgmy, d(¢3g— iy sdp)b
)
00 0 172
K=RT|0 0 B|RX +2v/ mym d(i¢—v sppr)s
0 B O —_—
+v mom, 5(i¢d—vsdop)b1+H.c. ,
—2m, 2VVmiym, V'mm,
— (3.9)
=~ |—2vV'm m, 2m, Vm,m, (3.8)
Vimimy  —V'mym, 2m, wherein we have introduced the usual (e.g., s =s; +sz)

Notice that the presence of X prevents K from being a
symmetric matrix.

The expansion?® of (3.7) evidently contains many
terms. As an example, let us focus on flavor-changing
down-type quark bilinears coupling to neutral scalar
fields. These will come from the term in (3.7) proportion-
al to ¢%d; K ,dy and are explicitly

3

Dirac field for each quark. It is interesting that the
flavor-changing neutral-scalar coupling to quarks of
masses m; and m; is always proportional to vVmm ; in
this model. We saw that ¢9; is always a mass-eigenstate
field while ¢%z is a mass-eigenstate field only for large
scale factor A. If A is allowed to be low ¢35 and ¢&r mix
with some angle ¥ to give mass eigenstates ¢% and ¢%.

Then we should replace ¢3; by ¢% cosy+ ¢ siny.
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IV. PHENOMENOLOGY OF THE NEUTRAL
SCALARS

It is well known that flavor-changing neutral currents
are severely suppressed in nature and provide strong con-
straints on a nontrivial scalar sector. In models of the
kind we are discussing where the neutral-scalar couplings
are not diagonalized in the physical basis, one is forced to
suppress unwanted processes with large scalar masses. In
fact, bounds on the axion scale A can be set considering24
the decays u—e +axion and K" —7+ +axion. In our
model these decays would proceed through the minute
mixing of the axion with the scalar ¢p;. Using the
bound®® B(u—e +axion)<2.6X107% we estimate
AZ3X10° TeV while the bound®® B(K*—7* +axion)
<3.8X1078% yields a somewhat stronger limit of
AZ3X10" TeV. However, our purpose is to study the
consequences of a more general scheme for flavor viola-
tion at a possibly lower scale. As discussed above, this
may be done by simply including a symmetry-breaking
mass mixing term in the potential with an arbitrary scale
and without introducing the o particle.

In this section we will consider measurements on
Kg—utu~ as well as the K, -Kg mass difference to fur-
ther restrict?’ our model and then examine predictions
for B,;-B,; mixing. We will see that a large B,-B,; mixing
through a neutral-scalar exchange is possible but only if
restrictions from a perturbative scalar potential can be
circumvented in some way.

The relevant effective Lagrangian for K —u*u™ can
be written

’LCE:GH(J?/SS —E'}/Sd)ﬁli , (4-1)
where Gy can be computed from Egs. (3.7)-(3.9):
—_— 2
2V mygmom 2w
b~ ‘/2" LY [—2 —z]. 4.2)
M“(¢pg) L v

M ~*(¢pg) is defined as the (2,2) element of the inverse of
the mass matrix in (2.12). Note that to this order of cal-
culation, the effective Lagrangian (4.1) contributes only
to Kg decay and not to the more experimentally con-
strained K; decay. For the decay width we find

NKg—utu )=GE|(0ldys|K %) |?

M, 4m? *"?
X | == [1-—L @.3)
4 M;

The matrix element can be estimated using standard
current-algebra techniques:
k)
—iF M}

= 4.4
my+mg “4

3, d vty ss

7 o
(0ldyssIK )W<o pgray

Using the experimental limit?® T(Kg—ptu™)
<2X107%! GeV and a minimal scalar coupling, corre-
sponding to the case v, =v,, we find the mass scale for
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the Higgs scalar to be constrained by

M ($pg) % 30 GeV . 4.5)

The point here is that the Yukawa couplings are so small
in this model for the first and second generations that
rare decay processes such as K¢—puu, u—eee, etc., are
sufficiently suppressed with scalar masses around the or-
dinary electroweak scale. The most sensitive constraint
on the neutral flavor-changing scalars will come from
K °-K° mixing which depends on an amplitude directly.
The effective Lagrangian for K °-K° mixing in this model
is

Log=~1Gp(dyss)+1Gg(ds) (4.6)
with Gp and G determined from (3.9):
Amgmy v 2
P MApr) | 0102 ] ’
o —4mym v 1P @D
T MUge) V102

Note that when evaluating the matrix element of H g us-
ing the vacuum-insertion approximation, the scalar term
proportional to Gg will only contribute after a Fierz rear-
rangement and will be suppressed by roughly L com-
pared to the pseudoscalar term. In fact, inserting the
vacuum in all possible ways gives

_ _ _ M2F, |}
<K°|(d75s)2|1<°):% —md’;r’; ’+%M,3F;f,
S
PR 4.8)
— — 1 kL k
0 2igoy L |_TkTk | iar2p
{(K°(ds)*|K°) ~ 6 |my+m, } M Fp .

Neglecting O(m,/mg) and O((m;/M,)*) corrections,
one then finds, for the K -Kg mass splitting from
neutral-scalar exchange, :

2
2 | My v
tAMklz?) myg lvlvz'
11 1
X M}F} . (4.9)
M pr) M2<¢m>]

Experimentally?® we know |AM,|~3.5X1071 GeV
which implies that the neutral-scalar masses be larger
than
It is interesting to compare these scales with the mass ex-
pressions given in Sec. II. Equation (2.12) implies that
M?*(¢pg) and M*(pp;) should be split by terms of order
8M? S 41 (250 GeV)?=0.8 TeV? where we have used the
perturbative limit that the quartic couplings appearing in
(2.12) be less than 47. Thus one would expect that if
M(¢ppr)X S TeV then M(¢p;) should also satisfy
M(¢p)R 5 TeV.

In the case of B, mixing the situation is slightly
different. First the dominant pseudoscalar term in the
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effective Lagrangian comes from the exchange of ¢p;
rather than ¢pg as can be seen from Eq. (3.9). Second,
m, is approximately equal to M so we cannot drop
axial-vector terms compared to pseudoscalar terms when
Fierz rearranging. The result for the mass splitting of the
B 9-BY mesons is

1 | Ma v
‘AMBJ:G lmb ] lvwz

Interestingly, in order to fit the recent ARGUS result,’
IAMB|=(3.4-P_-1.1)><10#13 GeV, would require
M (¢p;)~1.3 TeV for the case v,=v,. This is roughly
consistent with the experimental bound from the K; -K
mass difference given in (4.10). More generally one can
obtain a useful ratio from (4.9) and (4.11) which is in-
dependent of (v, /v, ):

2

32

10
BFB

M*($py)

(4.11)

AM, 4m, M}F} M*¢p)
~ el B by +0.1
AMBd mg MBFB M (¢PR)
M?*(¢py)
~0.1 1.1%’”%.1 . (4.12)
M=(¢pr)
Experimentally this ratio is approximately

|AMy /AMpz| ~0.01. It is clear from (4.12) that this
small ratio can be maintained only if
M*(¢p;) <<M?*(¢pg). In this simple two-doublet model,
such a mass splitting would seem to require large nonper-
turbative quartic couplings in the scalar potential. We
note in closing that there is no CP violation in (4.6) and
so there is no further constraint on the neutral Higgs sec-
tor from the € parameter. There is, however, an interest-
ing prediction for B,-B, mixing. Referring to Eq. (3.9)
one sees that mixing in the B,-B, system will be due dom-
inantly to the heavier ¢py scalar and will thus have some
suppression relative to the B;-B, mixing. We find

2

s 10
AMy |~ | -2 | M} F} |——— | (4.13)
B 6my, | vy, BB M*(ppg)
and therefore |AM BS| should be approximately
m, M*dp) .
|AM f:-iz—‘ﬁ"l—l 5| (4.14)
$ my M (¢PR) d

neglecting the B, and B, meson mass and form-factor
differences. If we take mg/my~20 and
M?*(¢$p;) /M*(ppr) < 10 as suggested by (4.12) then we ex-
pect that IAMBS /AMBdI <2.

In the ordinary standard model with only W-exchange

diagrams and three generations, the ratio is predicted? to
be [AMp /AMp |~V /Viy |2>4.7. Therefore, should
B,-B, be measured to be smaller than the standard-model
prediction it might possibly be explained along the lines
of this toy model with flavor-changing neutral-scalar ex-
change.
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V. PHENOMENOLOGY OF THE CHARGED SCALAR

Recently there has been a great deal of interest in the
possible existence of a light charged scalar®® which might
contribute to the large B,-B,; mixing.” Because of the
mass relation (2.10) and the bound (4.10) the charged-
scalar mass in this model must be of the order of M (¢p;)
or else the quartic coupling cs would have to be larger
than the perturbative limit. In this case there would be
no hope of getting a sizable contribution to B,-B,; mixing
from fourth-order box diagrams with a charged scalar
given the bounds on second-order contributions from the
neutral scalars. However, we can make an even stronger
statement in this model if we consider the CP-violation
parameter €. That is, let us assume the coupling scheme
predicted by the unique axial symmetry which was neces-
sary to get a Fritzsch structure with two scalar doublets
but allow the charged-scalar mass My to be a free param-
eter. We can write the dominant charged-scalar interac-
tions from Eq. (3.7) keeping only the pieces proportional
to up-quark masses:

=g — et
L~ |55= |H, dU'G[(1+ysu +H.e. (5.1)

where, for this model,

1
6=y

Do g
v, Y vy M|

When calculating M, from box diagrams, it is clear that
top-quark exchange will dominate. Let us for the sake of
this argument just consider those contributions. Then
the relevant expression for M, is

. GiMy,

ST

(5.2)

(BMF*)(AE 33+ X, MAFy + 1315,

_ (5.3)
A =U5Uy, M=(G,U)5(G,U)y

where i =2,3 for K, B, meson, respectively, B,M,F? are

the relevant hadronic factor, mass, and decay constant,
and kinematic factors are given by>!

9 6 x, |’
E,,=X, |1+ — - ! InX, ,
33 tl 1_Xr (1‘“Xt)2 [I—X[ ] t
— 2 2 Xt 3
I;= |X5—X2+2XyX, In (Xy—X,),
H

(5.4)
Fyy=(8—2X )Xy In(X, /Xy)/(Xg— 1) Xy —X,)?
+6In(X,)/(1— X5 )(1—X,)?
+(8—2X,)/(X,—Xy)1—X,),
M} M

20 AH=T5 -
My, My,

X, =

In the Fritzsch model the KM matrix is determined if
given all the quark masses and two mixing angles, say
|U,,| and |U,;|. Our interest here is to see if we can fit a
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large value of B;-B, mixing while keeping the top-quark
mass small. Given m, and v,/v, we can fit
AMy=2|M?2%,| by adjusting M. But this will also deter-
mine ImM ¥, which is accurately determined experimen-
tally from CP violation in K-meson decays,*®
ImM%, =2AMy Ree~ —1.1X 107" GeV. The computa-
tions are quite complicated and the rough approxima-
tions used so far are not dependable when there are deli-
cate cancellations. Therefore this calculation was done
exactly on a computer. The results are presented in
Table I and clearly indicate that the large central value of
B,-B, mixing reported by ARGUS cannot be accommo-
dated by charged-scalar interactions in this model
without producing too much CP violation for the kaon
decays. For example, with a top-quark mass of m, =45
GeV, we varied v, /v, from 1 to 8 and adjusted My to fit
the central value of AMy. For all fits the CP-violation
parameter € was 20 to 30 times too large. As you raise
the top-quark mass, less of a contribution from the scalar
is necessary to fit AMy and so the situation improves
slightly. For m,=70 GeV, the value of € was 10 to 15
times too large over a range of v, /v, and My. To fit all
of the K and B meson phenomenology in this model it is
still necessary to push the top-quark mass to its upper
limit and to take AMjp in the lower end of its range. A
light charged scalar does not seem to improve the overall
fit.

As a separate problem, one could ask if there are any
constraints on a charged-scalar interaction of the flavor-
conserving type used in Ref. 9 if one assumes a Fritzsch-
type KM matrix. We remark that this is unnatural in the
sense that you do not have any symmetry predicting
Fritzsch zeros in the mass matrices. In this case we take
K, =0 in (5.2) and the expression for M, from just top-
quark-exchange box diagrams becomes

. —GiM, v, |?
M’lzzW(BMFZ),.Ag Ey+X? o Iy,
+ D F
v, 33
(5.5)

It is convenient to consider the ratio

TABLE I. Values of charged-scalar parameters needed to fit
the central value of B,-B, mixing and the resulting model pre-
diction for the CP-violation parameter €. The first set of values
is for m,(m,)=46 GeV, m,(1 GeV)=0.175 GeV and the second
set is for m,(m,)=72 GeV and m (1 GeV)=0.12 GeV. In both
cases we used |U,,|=0.22, |U,;|=0.05, and a hadronic factor
B!2F =0.15 GeV.

m,=0.175 m, =46 m,=0.12 m,=172
v, /v, My (GeV) €/€cxpr My (GeV) €/ €cxpr
1 67 30 211 13.2
2 212 18.5 554 8.8
4 693 18.5 1697 8.8
8 2530 18.5 6197 8.8

ImM¥ B F} | Im(U%Uy,)?
—— 2 1.0.047 |2 2L 5
AMp BpFj |U31U33l

which is experimentally
ImM¥%,
— |=3.3tL¢x107° . 5.7
AM, 3L5%X10 (5.7)

For the Fritzsch model,” Im(U% U3, )?~ |U% Us,|*sin2¢
with sin2¢=0.5+0.10 for |U,,|=0.2214+0.002. If we
take | U;,| =0.044+0.008 we predict a ratio

ImM¥, B, F}
AM, ByF3

~

(4+2)X 1077, (5.8)

which is of the same order of magnitude as the measured
value (5.7). The reason that the Fritzsch model gives
such a large value for this ratio is that it naturally has a
near maximal CP phase as discussed in Ref. 32.

The prediction in (5.8) was a crude numerical approxi-
mation and did not include charm-quark-exchange con-
tributions. Evaluating this ratio exactly including all
internal quark contributions might serve to further re-
strict the allowed parameter space in this albeit unnatural
two-Higgs-boson Fritzsch model. For example, choosing
m,~45 GeV, |U,,|=0.22, and |U,;|=0.05 one would
be able to fit the central value of AMy with v, /v, ~2 and
My ~64 GeV. But this would imply a ratio

B\ F}
ByFj

ImM¥,

(14X107%) , (5.9)

~

which appears to be somewhat too large. If QCD correc-
tions for the scalar exchange follow the same general be-
havior as for the W-exchange diagrams, one would expect
them to decrease this ratio by about a factor of 2 bringing
it more in line with experiment although still slightly
large. With improved experimental measurements and
better knowledge of theoretical parameters this ratio
could become a useful constraint on possible B,;-B; mix-
ing via scalar exchange in this simple although unnatural
model. Such a model with two flavor-conserving scalar
doublets and an assumed Fritzsch structure for the quark
mass matrices was considered in Ref. 33.

VI. SUMMARY

We have explicitly worked out the Yukawa sector of a
two-scalar-doublet model with an axial PQ symmetry ar-
ranged to ensure Fritzsch zeros in the fermion mass ma-
trices. The Yukawa couplings are determined simply in
terms of fermion masses and a ratio of scalar vacuum
values. An interesting and nontrivial interaction struc-
ture was observed in the flavor-changing neutral currents
of the model. As is well known, the Fritzsch model does
not easily accommodate a large observed B,-B, mixing
through conventional box diagrams due to its upper limit
on possible top-quark masses. We have examined the
possibility of whether a nontrivial scalar sector could
contribute to B,-B, mixing in a model with Fritzsch-type
symmetry and would thus allow for a small top-quark
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mass. In this regard it is a nice feature that the phenome-
nology of a two-doublet model with natural Fritzsch
zeros is uniquely predicted in terms of fermion masses,
one vacuum ratio and the scalar masses. We have care-
fully analyzed the scalar potential in this model to derive
mass relations for the scalars. To make the model’s axion
invisible one conventionally adds a scalar singlet which
breaks the PQ symmetry at a large scale A (or alterna-
tively one could add explicit soft-breaking terms to the
potential). The most general scalar potential with cou-
plings in the perturbative range leads one to expect a sca-
lar spectrum of one ordinary light neutral Higgs scalar
along with two extra neutral scalars and a charged scalar
whose masses should be roughly related to the large scale
A. The mass squared differences are typically of the or-
der of the ordinary electroweak scale squared.

Axion constraints from u decay and K decay force the
scale A to be greater than 10® TeV but the heavy scalar
masses remain free parameters in the model due to an ar-
bitrary scalar coupling. However, K%K mixing via
flavor-changing neutral currents requires one of the extra
neutral scalars to have a mass greater than about 5 TeV.
The charged scalar and the other exotic neutrals would
then have similarly large masses unless some of the cou-
plings in the scalar potential were nonperturbatively
large. In this most conservative interpretation of the
model, the extra scalars would be too heavy to contribute
to B,-B, mixing or any other present observable and one
is left with essentially the minimal standard model.

It is thus extremely interesting to consider a somewhat
broader interpretation of the model in which one does
not strictly enforce perturbative constraints from the sca-
lar potential. It is possible that in a more complete model
more scalar multiplets may contribute to the potential or
new physics may occur at some intermediate scale
affecting the mass relations for the scalars but not neces-
sarily affecting the Yukawa structure for the two doublets
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predicted from the axial symmetry. We have shown that
even in this ““toy model” with scalar masses taken as free
parameters one cannot account for a large B,-B, mixing
through a light charged-scalar exchange without produc-
ing too much CP violation in the kaon system. One is
still forced into the very small region of parameter space
in the Fritzsch model with a large top-quark mass.

Allowing the scalar masses to be free parameters does,
however, suggest an interesting and exotic possibility for
the flavor-changing neutral currents to contribute to
B,-B; mixing. Because of a peculiar twist in the cou-
plings of the model, different neutral scalars contribute
dominantly for K%K ° mixing and for B,-B,; mixing.
Our rough calculations indicate that if these two scalars
are allowed to have widely separated masses, one can just
about explain the large B,-B, mixing without affecting
predictions in the kaon system. If this scenario were to
be realized, it would predict B,-B, mixing to be less than
about twice that of B,-B, mixing. This is in contrast
with the standard result from W exchange with a heavy
top quark which predicts B,-B; mixing to be greater than
about 5 times the B,-B, mixing and should provide a
very interesting signal which can be tested in the near fu-
ture.
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