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B-meson decays and the Weinberg Higgs-boson model of Cp vio&ation
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We study the predictions of the Weinberg Higgs theory for decays of 8 mesons, normalizing to
the strength of the interaction in kaon decays. The process b~s+gluon is seen to have a lower
bound on its branching ratio of about 1% to 15% depending on the masses of the Higgs bosons.
This may be directly observable. Partial-rate asymmetries, indicative of CP violation, are large only
in relatively rare modes and are no easier to detect than those of the Kobayushi-Maskawa model.
However, the pattern of decays in the two models differs.

I. INTRODUCTION

The present status' of experimental CP-violation stud-
ies allows many possible origins for this phenomena. If
the recent preliminary report of a nonzero e' measure-
ment is validated, the CP-nonconserving interaction must
also have a portion which occurs in the ES=1 sector,
which would rule out superweak models. However there
still remain several theoretical possibilities. The most
economical is undoubtedly the Kobayashi-Maskawa
(KM) model which has become the standard model for
the subject. However, the origins of CP violation are tied
up with the phenomena of symmetry breaking and the
Higgs-boson interactions characteristic of the TeV energy
scale. We know very little about these subjects, and
much of the efFort of the next decade will be devoted to
trying to uncover this TeV-scale physics. It is not yet
possible to have any confidence that the resolution of
these studies will decide that the minimal KM model is
the main source of CP violation. Alternate models
remain serious possibilities.

In one such theory, introduced by Weinberg and
called simply the Higgs model below, CP violation is due
to the interaction of charged Higgs bosons. This model
could be generated by extra Higgs bosons common as
fundamental scalars in supersymmetric models or as
composite scalars in technicolor models. We will here ex-
plore the consequences of such a model in B-meson de-
cay.

The characteristic feature of Higgs-boson couplings is
that they grow with increasing quark mass. For the light
quarks in the kaon system, Sanda and Deshpande point-
ed out that the dominant interactions will be the "Higgs
penguin" type, s~d+gluon, illustrated in Fig. 1. This
occurs because the inclusion of the intermediate charmed
particle in the loop generates a quark-mass dependence
roughly of the form m, m, instead of being proportional
to light-quark masses. This type of interaction remains
dominant for the b-quark system, Fig. 2, because its
coeScient scales up roughly to mbm, , an increase of
strength of more than 10 . We will normalize the
strength of the CP-violating interaction using kaon de-
cays and show that the same combination of factors is
relevant for b~s+gluon. The b-quark decay depends

somewhat on the relative sizes of the Higgs-boson masses
and the top-quark mass, and we will explore this depen-
dence.

The result is that the decay b~s+gluon should have
a sizable rate in B-meson decay, with a branching ratio of
1% to 15%. This might allow for direct observation of
this process by the study of "two-jet" configurations with
a leading strange particle. There will also be possible ob-
servations of CP violation. Despite the CP-
nonconserving structure of the Higgs-boson interaction
which generates b ~s+ gluon, the decay does not readily
lead to easy-to-measure observables because an interfer-
ence with other diagrams is needed to generate a CP-odd
signal. This need for interference forces the maximum
signals to occur in relatively-low-branching-ratio process-
es. The end results are signal strengths comparable to
those of the KM model, although we show how the two
theories could be distinguished. Overall, B-meson decays
could be a crucial proving ground for the Higgs model.

The plan of the paper is as follows. In Sec. II we spell
out the structure of the Higgs model. Section III is de-
voted to making the connection between kaon decays and
B-meson decays. In Sec. IV we explore the mass depen-
dence and give the predictions for the b ~s+gluon rate.
The study of CP violation in B decays is given in Sec. V,
while conclusions are discussed in Sec. VI.

II. THE HIGGS MODEL OF CP VIOLATION

Suppose there exist three doublets of complex Higgs
fields. Of interest to us are the associated three non-
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FIG. 1. The Higgs-boson-mediated transition s ~d +6,
which is the dominant source of CP violation in the kaon system
within the Weinberg Higgs model.
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right-handed up-type quarks. It is straightforward to
show that the coupling between quarks and the physical
charged Higgs fields H 1+2 is then

L&&tt 2——GF UI VMDDa(aiH, + +azHz+ )

+2 G) U„MU VDL (~iH,+ +13&Hz+ )

+H. c. ,

where

H H H H H Ha, =s, ci /c i, ai=si s3

P [c &c&cH +s Hs H exp( t gH )]/s Hc H

P [c Hc Hs H s Hc H exp( igH )]/s Hc H

(2)
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FIG. 2. (a) Standard B-meson decay due to 8' exchange. (b)
The Higgs-boson-mediated transition b ~s+ G.

Hermitian charged Higgs fields Pz+ (k = 1,2, 3 ). Mixing
occurs among these just as it does between massive fer-
mions of a given charge. The basis of fields which diago-
nalizes the charged-Higgs-boson mass matrix is denoted
by P+~, H,+ (i =1,2) where P+~ gets absorbed by the
charged 8'gauge bosons during symmetry breaking. The
mixing matrix in the charged Higgs sector has the same
structure as the KM matrix, viz. , a CP-violating angle 5+
and CP-conserving angles HP (k =1,2, 3).

In a realization where neutral-Higgs-boson exchange
must respect flavor conservation, a natural scheme is to
couple P, to right-handed down-type quarks and Pz to

In Eq. (1), U represents quarks u, c, t, D represents quarks
d, s, b, Vis the 3X3 KM quark mixing matrix, and MUD
are the respective diagonal quark mass matrices.

The Lagrangian of Eq. (1) when used together with the
QCD Lagrangian can generate a gluon emission vertex
which changes quark flavor. ' This is depicted in Fig. 1,
and can be cast in the form of an effective Lagrangian for
the transition Q ~Q'+ G,

Lgg. G iJQ'a""(—1 —y5)k, "QF"„, (3)

where F„"„is the gluon field tensor, A,
" are the color ma-

trices of SU(3), and f is the coupling strength:

Gp (47ra, )'

z mC & & y pa «)Fa . .
2 32K i =1 k=1

In Eq. (4) m& is the mass of quark Q (we have assumed
m ~ «m ), the y; contain Higgs-boson mixing angles

y;=a;P, , i =1,2,
where the index i labels the charged Higgs particles,

pti (Q) contains quark mixing angles
k

pa, (Q}=Va, a Va, a

where index k labels the three flavors of intermediate
quarks in Fig. 1 and
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The function FQ has the following limiting forms:
k, i

(8a)

(8b)

2
mH

FQ ———,mQ ))mHk'2 2 m
Q;

k
(8c)

For the purposes of this paper we are assuming that CP
violation arises from the Higgs sector, i.e., we ignore the
KM angle 5. If so, the CP-conserving and CP-violating
content of f arise from the real and imaginary parts of
the y;, respectively. From Eqs. (2} and (5} we see that
Imy2 ———Imy&. Given the limiting constant behavior in
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Eqs. (8b) and (8c), it is therefore important to bear in
mind the possibility of cancellations.

III. KAON CP VIOLATION AND B-MESON DECAY

induced transition b ~sG that the top-quark intermedi-
ate state is by far the most important. Equation (11) then
becomes

In Ref. 7, the dominant Higgs-boson-induced CP-
violating source in K -K mixing is shown to reside in
the g' pole, viz. , K —+g' —+K . The associated K-to-g'
matrix elements are induced by the effective Lagrangian
of Eq. (3). This is summarized in Fig. 3. In practice, only
the c-quark and t-quark contributions can be appreciable.
From the analysis of Ref. 7, we infer

r (b)= ', '
Ip, (b)gy;F, ; I'

96m

so that in ratio form we have

Ip, b Xy;F,„I'
I ii(b) 3m

I y~ I

(12)

(13)

g Imy, [p, (s)F, , +p, (s)F, , ]=5.2X10 (9)

The dependence in Eq. (9) is upon Imy; because the effect
being fit is CP violating. Equation (9) is the input we
shall use for our analysis of B decays. Let us postpone
the issue of estimating the relative size of the c-quark and
t-quark contributions to Eq. (9) and instead turn to com-
puting the B-decay amplitude.

In the following we restrict our attention to nonlepton-
ic weak transitions of the b quark only. The standard
W-exchange amplitude for the transition b~c du+csc
yields a decay rate

Xy p~(b)Fr,
I

g Imy; [p, (s)F, , +p, (s)F, ; ]
(14)

The advantage of this parameter is that

where the running QCD fine-structure constant is evalu-
ated at the energy scale of the b-quark mass, a, =0.2.

The Higgs-boson angles which are present in y; are not
known. However the value of Imy; is constrained by
kaon CP violation, Eq. (9). This allows us to obtain a
lower bound on I'H(b) for a given set of masses. Let us
define

I

'(
I
I'-

I

'+
I
I'.~ I

') .
64m

(10)

In the Higgs model there is necessarily a distinct mecha-
nism for a nonleptonic b-quark transition, b ~sG, with a
corresponding decay rate

16mbr (b)= f'.3'
For both Eqs. (10) and (11) we treat the b quark as a free
particle and employ a phase space appropriate to mass-
less final-state particles. This procedure is adequate to
our needs as we shall be interested in ratios of Eqs. (10)
and (11). Finally, it is easy to see in the Higgs-boson-

g ( —1)'+'p, (b)F, ;

Imp =
g ( —1)'+'[p, (s)F, , +p,(s)F„].(15)

I r) I

' &
I
1m'

I

' . (16)

In terms of this parameter we find

rH(b) & (5.2 X 10 )'
ra(b) 3m

I v,

is independent of the Higgs-boson angles, since
Imy )

———Imy2, and

0
K

t 0 =2.3x10 4I vy
I

~ . (17)

(0)

/
/ u, c, t

[b)

FIG. 3. The K ~g' transition generates K -K mixing in
second order. In the Higgs model this transition violates CP
and generates e.

This might seem likely to produce an insignificant
branching ratio. However, g can be large.

The nonleptonic decay of the b quark is known to go
predominantly into the creation of c quarks. Therefore
the ratio of Eqs. (13) and (17) must be bounded. Interest-
ingly however, there is now a question of what value to
take for the empirical bound. Over the past several years
evidence has accumulated of a deficiency in the number
of c quarks observed per decay b quark compared to that
expected from theory. However this putative deficiency
depends on such factors as the branching ratio for
D ~mK and the ratio I (b ~u )/r(b —+c ). Indeed recent
reanalysis of the Mark III double-tagged D —+m.K events
has essentially removed the deficiency from ARGUS
data. ' However for CLEO data, the deficiency remains
and is at the level N,h(observed)=0. 6N, „(expected). In
view of this, let us employ
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r„(b)
I ~(b)

(18)

where the value of y is likely to become better deter-
mined by future analysis. At present, for definiteness we
take y =0.2. As y decreases, our analysis is correspond-
ingly strengthened. It is of course amusing to note that,
if instead it becomes clear that the c-quark deficiency is a
real one, the Higgs model provides a natural explanation
for the efFect.

IV. PREDICTIONS FOR b ~sG

2 m= V,d V„g ( —1)'+'
i=1 mH

t

=3.5 0&10-4,

2m~
1n

m C

(19)

We now turn to the exploration of the available param-
eter space and to the predictions of the decay rate. In or-
der to illustrate that the decay rate can be sizable, it is
useful to first calculate the rate for a "typical" value of
the parameters. For example, consider m, =50 GeV,
mH =m~, mH =2m~. In this case the parameters re-

1 2

sponsible for the s ~dG transitions are
2

g ( —1)'+'p, (s)F, ,
i=1

which indicates that the branching ratio rises with the
mass of the lightest Higgs bosons. In fact the only region
where very small branching ratios are expected is the re-
gion where both Higgs bosons are light and the top quark
is heavy.

We can see that as the allowed amount of b ~so is de-
creased by lowering the experimental bound, greater re-
gions of parameter space becomes ruled out. For exam-
ple, a bound of y & 5% [see Eq. (18)] would indicate that
both charged Higgs bosons, could not be very heavy and
would suggest that at least one charged Higgs boson is
light. A substantial decrease beiow this level mould be very
powerful, especially if combined with unsuccessful
searches for charged scalars below a mass ofM,

V. CP VIOLATION

One might naively think that the situation described
above could provide the ideal environment for the gen-
eration of large CP-violating signals. After all, one has a
large CP-violating interaction which could contribute
about 10% of the total rate. The difficulty, however, is
that CP-violating signals require the interference of a
CP-odd interaction with a CP-even one. The combina-
tion of the Higgs model with the standard model for the
CP-conserving interactions does not readily yield such a
large interference. The b~s+gluon signal has most of
its intensity in the two-jet final state with one of the jets
being the s quark and the other being a q =0 gluon. The

2 2

g ( —1)'+'p((s)F, ,
= Vd V„g ( —1)'+'F, ,

& 1.2X10

=6.0X 10-' (20)

so that

where we have used
( V„( =

(
V,b i

=0.05, which follows
from the unitarity of the KM matrix, and

i s3 i
&0.09,

which is required by the b lifetime and the b —+u con-
straints. " On the other hand, for the transition b~sG
we have

2
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Figure 4 displays the branching-ratio lower bound for
many other values of the parameters. Recall that the
lower bound is only a function of the masses and is in-
dependent of the Higgs-boson angle factors. Branching
ratios of order 15%%uo can be obtained for m

&

——180 GeV,
m z

——200 GeV, but more typical values lie in the 1 —+ 10%
region. Although the functional dependence on the
masses is quite complicated, there is an empirical pattern

25 50 ?5 I OO 125 150 I 75 200

m, {GeV)

FIG. 4. The lower bound to the relative branching ratio
BH(b ~sG )/B~(b ~ccs,cud ), as a function of m, . The various
masses of Higgs bosons are (1) m 1

——180 GeV, m 2
——200 GeV; (2)

m& ——120 GeV, m2 ——200 GeV; (3) m&
——120 GeV, mz ——160

GeV; (4) ml ——80 GeV, m2 ——160 GeV; (5) m~ ——50 GeV,
m2 ——200 GeV; (6) ml ——50 GeV, m& ——75 GeV.
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standard model b ~s+gluon is significantly smaller, and
would not be likely to interfere because it has the same
Lorentz structure and is also dominated by the top-quark
intermediate state. The dominant standard-model decays
either do not share the same quantum numbers in the
fina1 state, or are likely to have much of their strength in
a different region of phase space. As an example of the
latter statement, the transition for b~ccs has the same
final-state quantum numbers as b ~s+gluon, but the in-
terference from inclusive three-jet b ~cps decays with the
two-jet b ~s+gluon process is not likely to be large be-
cause the configurations of the final particle is expected
to be much different.

These considerations force one to study exclusive de-
cays to specific few-body final states. Since there are ex-
pected to be a small fraction of the b~s+gluon rate
(perhaps 10 -+10 of I'z), one is faced with small
branching ratios (of the order of 10 to 10 ) or small
asymmetries (about 1% is typical). We will estimate
these below. It will turn out that the nonzero signals are
similar to those expected in the KM model. However the
overall pattern of the signals does distinguish the two
models, with the Higgs model predicting no signal in
many cases where the KM model generates one. For ex-
ample, the Higgs model has no signal in BO~D+n.

All estimates of hadronic matrix elements in B meson
decay are extremely crude. Our estimates below will be
no better. The reader should be warned that these "pre-
dictions" have considerable uncertainties (as do the cor-
responding ones in the KM model). However they will
provide experimenters with a guide on where best to look
for these effects. Our results are summarized in Table I.

A. Asymmetries in B ~K&X,~

In the B -B system mixing can occur and recent ex-
perimental indications are that the mixing is quite large. 'i
States that start out as B or B will evolve in time into
mixed states of 80, 8 . Consider a final state f for which
80~f and 8 ~f can occur. For the mixed states in-

terference between 80~f and 8 o~f can occur. Bigi
and Sanda' show that

TABLE I. The pattern of CP violation from the Higgs-boson
interactions described in this paper.

Decays

B ~KsDDiKsg
KsDs+Ds Ksgm.

B ~KsmsKs~
Ksp, Ksg

B ~Km. ,Km m.

Kp, KQ
B ~D+m, D,+K

Do&+~-
B ~De, D,K

Branching
ratio

—10

—10-4

-10-4

-10

Partial
rate

asymmetries

-10

-10-'

10

zM GF
Hg V,b

——V;,sy"(1+y5)c eye(1+y5)bc cs (25)

which is renormalized by @CD in the standard way. In
order to produce the cc pair, the Higgs-model interaction
must couple the gluon to the quark currents. In momen-
tum space this yields

H-(45ra, )'~ @so""(1 y5)q„A"—b cy", c .
g

(26}

For our estimate of two- and three-body decay matrix
elements we will replace q by its rough average value

q =mii /2, yielding a coordinate-space operator

(4ma, )' fscr"'(1 y5)dp "bc—y"A, "c .
mg

(27)

Let us just look at the relevant factors dimensionally.
Taking the derivative in Eq. (27) to be of order ma, the
ratio of coeScients is

bers, one may have the type of mixing driven asymmetry
of Eq. (23). The modes in this class with the largest CP-
conserving rates are those from b ~pcs, i.e., X containing
a cc Exam. ples are 8 ~KsDD, Ksg plus modes with ex-
tra pions. The standard KM interaction for these is

I'(8 (t) f )—I'(B '(r) f )
Af ——

I'(8 (&) f )+I (8 (&) f )

Im
&2r(l r) g —A(8 ~f)

1+r q g(B f)

I (8 ~e+X)r=
I'(8 ~e X} p 2+x

where r is the mixing parameter defined by
2

(23}

(24)

(47ra, )' j'

GF.—V.b V:.
&2

Xpi(b}Ft;

Vcb V..
&. 5.2X10-'q
877 Vcb Vcs

= 10 g =few)& 10 (28)

and p/q =1 if BOB 0 mixing conserves CP (as it does in
the present case), and x =b,ms/I s. Experimentally the
recent Argus result' implies x=0.73+0.18, which is a
very favorable number for those CP tests utilizing mix-
ing.

The decay b ~s+gluon will dominantly populate
states with one unit of strangeness. If one considers
B ~K&X, B ~EAUX, X having no net quantum num-

This suggests that the asymmetry in these modes could be
of order of a few percent, as there are no other factors
which appear in these matrix elements which should
modify the order of magnitude.

In the KM model" the branching ratio for these
modes are expected to be about a percent, and the CP
asymmetries could range from 1% to 20%. The branch-
ing ratio here should be the same and our estimate of the
asymmetry is at the lower end.
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X(uy„z"u+Zy„A, "d+sy„X"s) . (29)

This is to be contrasted with the Higgs-boson interaction
(again with q =ma/2)

B. Asymmetries in SO~K,X„~

The Higgs-boson interaction produces b ~suu (sdd }as
readily as b~scc considered above. In the KM model,
the dominant contribution to b +s—uu (sdd, sss) would
come through the penguin interaction and would have
strength (before QCD renormalization and including only
the dominant logarithm term}

m

P n +2 bc cs 12~ —m2

i.e., the interactions are roughly of the same strength.
This is the most favorable case for generating asym-
metries, and we could expect results at the tens of percent
level.

The modes her»ld ncl d 8 Ksm Ks~~ Ksp
Ksg, and the branching ratios have been estimated at the
10 level. The KM model is also expected to produce
asymmetries at the 10%%uo level.

C. CP violation in charged-8 decays

In addition to signals which utilize B B mixing, there
can be tests of CP symmetry in the partial rate asym-
metries of charged B mesons. ' These require that there
be two difFerent mechanisms to reach a given final state,
involving both (i} difFerent CP-violating weak phases and
(ii) different strong-interaction final-state interactions. In
particular if the B ~f and B+~f amplitudes have the
form

X(uy„A, "u+dy„X "d+sy„A, "s) .

The ratio of coeScients now reads

(4n a,

(30)
A(B ~f)=

I A, Ie 'e '+
I A2Ie

A(B+~f}=
I Ai I& '& '+

I A2le

(32)

Vb, V„ ln(m, /mb )

3 5.2 X 10-'q
2 Vb, V„ln(m, /mb)

=0.034il = —,
' ——,', (31)

where P; and 5; are the CP-violating phase and strong
final-state phase, respectively, then the partial rate asym-
metry is

I'(B ~f ) I'(B+~f—)
f}+I'(B+ f} I

A I'+
I

A I'+2I A
I I

A
I

o(4 —(() ) o(5 —5 )
(33)

Of the various possibilities, only the modes which are
generated by the penguin interaction, considered in Sec.
VB above, seem promising. The Higgs penguin and the
usual penguin diagrams are the interfering mechanisms.
They clearly have difFerent CP phases. In addition the
usual penguin interaction has a final-state interaction
phase which is calculable in perturbation theory. This is
because the charmed-quark intermediate state in the
penguin loop is below threshold for a real b~ccs inter-
mediate state, and hence the Feynman diagram picks up
an absorptive part, given by the ln( —mb) term in the
coefficient of Eq. (29). That is, the final-state phase is

2

ln(m, '/m ') (34)

The Higgs-boson interaction, by contrast, has no such
phase since only the top intermediate-state contributes,
and it is above physical threshold.

Since our rough estimate of the amplitudes in Sec. V 8
indicated that

I A, I

—
I Az I, the signals here could be

maximally large, of order tens of percent. Again, howev-

er, the branching ratios involved are small. Modes such
as B ~Km, Ken, Kp, KP all likely have 10 branch-

I

ing ratios. In the KM model, early estimates also had
large asymmetries in these modes. However, if the con-
straints of BBmixing are included in the analysis, " it ap-
pears that the asymmetries are decreased, so that the
large signal of the Higgs model could potentially help dis-

tinguish the theories.

VI. CONCLUSIONS

%e have studied the %'einberg Higgs model of CP
violation and discussed its predictions for B meson decay.
The dominant interaction is the Higgs penguin diagram
which generates b ~s+gluon. Normalizing the magni-
tude of the CP-violating interaction from its known
strength in the kaon system leads to a lower bound on the
branching ratio for b ~s+gluon of from 1% to 15%%uo, de-
pending on the top and Higgs-boson masses. This predic-
tion will hopefu11y become firmer as more information on
mass bounds (or discovery) of the top and charged Higgs
boson becomes available.

This process could become a testing ground, or at least
a strong constraint, for the Higgs model as the experi-
ment information improves. It is possible that the model
could be ruled out in the future by this constraint.
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Despite the fact that this decay is largely CP violating,
the known CP-odd observables yield a small signal within
the model. This is because the need to interfere with oth-
er amplitudes leads to sizable signals only in fairly rare
modes. For those channels with a net strangeness in the
final state and not net charm, the expected size of partial
rate asymmetries is comparable to those of the KM mod-
el. Nevertheless, the Higgs model has its own distinctive
pattern, with no CP violation expected in modes such as
D+~, D,+E,D m+m final states.

It is likely that the best way to confirm or refute this
model is to look for the inclusive b~s +gluon rate
directly. The main configuration for this process will be
a two-jet signal, although the b mass may be a bit low to
have extremely well-defined jets. Nevertheless the
s+gluon final state should be much less spherical than
other standard decay channels, and should contain a hard

strange particle. The combination of quantum-number
counting and the configuration of the momentum (jetti-
ness) should allow the present weak bound to be de-
creased into the region sensitive to the Higgs model. It
would be amusing if this alternative model for CP viola-
tion were to be confirmed by a test which is not directly
sensitive to the CP character of the interaction.
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