
I,
' IIII Q i. lr lllr i I! Ii 'll ~ II II.I Ir

PHYSICAL REVIEW D VOLUME 48, NUMBER 3 1 AUGUST 1993

Flavor-changing scalar interactions
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The smallness of fermion masses and mixing angles has recently been attributed to approximate
global U(1) symmetries, one for each fermion type. The parameters associated with these symmetry
breakings are estimated here directly from observed masses and mixing angles. It turns out that
although Qavor-changing reaction rates may be acceptably small in electroweak theories with several
scalar doublets without imposing any special symmetries on the scalars themselves, such theories
generically yield too much CP violation in the neutral kaon mass matrix. Hence in these theories
CP must also be a good approximate symmetry. Such models provide an alternative mechanism for
CP violation and have various interesting phenomenological features.
PACS number(s): 11.30.Hv, 11.30.Er, 12.15.Cc, 12.15.Ff

The inclusion of multiple scalar doublets at the weak
scale in the standard SU(2)U(1) electroweak theory
entails the risk of Havor-changing neutral current pro-
cesses with rates in excess of experimental bounds. To
avoid this, most studies of such models have adopted the
proposal [1] of a global symmetry that allows only one
scalar doublet to couple to the right-handed quarks of
each charge. Recently the need for such a symmetry has
been challenged in an article [2] that attributes the var-
ious small ratios among quark mixing angles and quark
and lepton masses to a set of approximate global U(1)
symmetries that act only on the quarks, but not on the
scalars [3]. Specifically, it is assumed that every appear-
ance of a fermion of the ith generation in a Yukawa inter-
action of quarks or leptons with any scalar doublet P is
accompanied with a small dimensionless factor: eg, for
left-handed quark doublets; eU, or eD, for right-handed
quarks; eL, for left-handed lepton doublets; and eE, for
right;-handed charged leptons. That is, writing the gen-
eral Yukawa interaction in the form

Cy = A, „QI.,UR—,P„—A; „QI„Dgj.g„

LL,;ERjp +.H.c.,

an additional somewhat ad hoc ansatz relating the e's, it
was shown in Ref. [2] that the rates of flavor-changing
neutral current processes can be kept within experimen-
tal bounds without invoking any symmetry that restricts
which scalars can interact with which quarks. We shall
recover the same result here without using this ansatz.
But as we shall see, there is a further problem with such
multiscalar models: they do not necessarily yield small
violations of CP conservation in the neutral kaon system.

To analyze this problem, the generations will be or-
dered so that, for i ( j,

The mass matrices arising from (1) may then be put into
a real diagonal form by subjecting the fermions to trans-
formations:

UL, W V, L
UL~)

UR; ~ V,.
~"

UR, ,

EL; —+ V, GAEL~,

DL, m V,. - DL~)

DR, ~ V;, "DR~,

ER; W V, . "ER&

(4)

with unitary matrices V, i) etc. , having elements

Q; Qj) U; Uj) D, D~) L; L~) E; E~ ~

(3)

UL~QI j =—
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the Yukawa couplings are assumed to be of order

I
= eq. feU. , !A, I

= eq, fete, , IA, .„I = el„.e@,. transformation yields quark and lepton masses of order
(2)

mU, —eq, feU, (y), mrj, eq,. elj, (P), m~. , El, , E@,(P)'
for all n. (Here and below, " " will be understood to in-
dicate equality within a factor of order 2 or 3.) Though
there is no compelling theoretical justification for this as-
sumption, it may be taken as representative of any the-
ory of fermion-scalar couplings that attributes the small
fermion masses and mixing angles to symmetries that act
on the fermions rather than the scalars. With the aid of

and a Cabibbo-Kobayashi-Maskawa (CKM) matrix of the
form

y. —[JUL tgDc
]

eq'/eq j &

eq, /eq, , j ( i,
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where (P) is the common order of magnitude of the con-
ventionally normalized complex neutral scalars, of order
247 GeV/~2 = 175 GeV.

Now we will use experimental data to estimate the e's.
First, the ratios of the eQ, are directly given by Eq. (5)
in terms of the mixing angles. The ratio eQ, /eQ, may be
determined either from the Cabibbo angle

CQ~ /EQ, V„, = 0.218 to 0.224 nmN
~12n~21m+nN+mN/mN i (13)

kinds of parity-conserving QS = 2 four-quark operators
that can induce the transition K ~ K:

~as=2 2G(sRdL)(sLdR)+G (sLdR) + (sRdL)

(i2)with coupling constants

or less accurately from semileptoznc B meson decays [4]

Vb
cQ, /~Q, = —0.07.

Vcb

Given the theoretical uncertainties in extracting the ratio
V s/V, s, we regard these two estimates as being satisfac-
torily consistent, and we take eQ, /eQ, = 0.2. The second
ratio of eg, is determined from

) [~21~~21m+nN+mN
nmN

+~12m ~12m +aN +mN ]/mN

where

(014'.(o)I~) =—

(14)

(15)

eQ, /eQ, = V,s = 0.032 to 0.054 .

Hence we take

EQ~ /EQ2 ~ 0.2)l eQ, /eQ, --0.04, eQ, /eQ, --0.008 .

(8)

and the sum over N runs over neutral Higgs scalar mass
eigenstates. For an order-of-magnitude estimate of the
K&-K2 mass difference produced by this interaction, we
will fall back on the vacuum insertion approximation
(which is justified in quantum chromodynamics in the
limit of a large number of colors):

Using (8), (6), and the "experimental" values of the
quark masses [5], we have then also

(K'ln, o2IK'& = (K'ln, lo)(olo2IK'
+(K ]0 ]0&(ol0, lK &, (16)

t+& ~ 0 ~ 004/EQ &36+2 ~ 0.2/EQS (9)

.Q. = gzm, /(y),

it being understood from now on that all e's are defined
at a renormalization scale of order 1 GeV.

With no measurable mixing angles for leptons, we can-
not determine separate values for the leptonic suppres-
sion factors e~. and el, However, the most stringent
limits on scalar interactions were found in Ref. [2] to be
set by the nonleptonic K ++ K and B ++ B transi-
tions, to which we now turn. (The transitions Do e+ D
and Bo ~ B, will be considered later. )

Exchange of neutral scalars produces two different

&LE, = 0.006/eQ„ e~, = 0.025/eQ, , &LE, = 0.03/eQ, .
(10)

The Yukawa couplings in Eq. (1) can then be estimated
from Eq. (2), with the unknown eQ, canceling in all cou-
plings.

Though it is not needed in estimating the Yukawa
couplings, we can also estimate the factor eg, which is
needed to determine the individual suppression factors.
The top quark mass cannot be much less than (P& 175
GeV, so if either of the quantities eg, and eU, were much
smaller than the other, then the larger would have to be
much larger than unity, contrary to our assumption that
the e's are suppression factors. Thus Eq. (6) indicates
that eQ, —eU, gmq/(p&. But this actually applies to
the Yukawa couplings defined at a renormalization scale
of mz, while we choose to quote the couphngs defined at
a renormalization scale of 1 GeV, which are larger by a
factor Z 2. We therefore estimate

where each of 01 and 02 is either (sLdR) or (sRdL).
The one-particle matrix elements of these operators can
be calculated from the known matrix elements of the cor-
responding axial-vector current:

(ol(sRdL) IK'& = —(ol(sLdR) IK')
mK2EK

(2x) s&2 /2m' 2+2m,
(i7)

(G —G') m~~Il~2
K ~

4m.2 (i8)

The Bavor-changing suppression factors in G and G' turn
out to be about the same:

1
eQ~ E~ eQ~ Ez) ~ —[EQ E'12 + EQ ED ] 5 x 102 2 2 2 —8

(i9)
The A N are of order unity, so barring unexpected can-
cellations, we expect that

G —G'=5xlo e'/mR (20)

where b is an unknown phase, and mH is a weighted
average of neutral scalar masses. Using this in (18) [with
m, 180 MeV] then yields

5 x 10 smsR. EI2c 3 x 10 s eV
4m m2R (mH/300GeV)2

'

(21)

where I"R 230 MeV is the kaon decay amplitude (as
compared with I" 190 MeV). This gives a K10-K20 mass
difference
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The analysis we use to estimate AM~ parallels that
used in Eqs. (12) to (21) for AM~. The relevant coupling
suppression factors are now

(bL, dz) (bzdL, ), &&~ &q~ &z)~ eq3 10

(22)

—[(bL,d~)'+ (bzdl, ) ], —[eD, eq, + eD eq ] = 2 x 10

(Note that the second suppression factor is an order of
magnitude larger than the naive estimate mgms/(P) .)
There have been many theoretical estimates of E~, sum-
marized by Buras and Harlander [6]. As a rough consen-
sus value, we shall take E~ 230 MeV. Following the
same reasoning as for LM~, we have then

2 x 10 5ms~F~ 10 eV

4m&m& (mH/300 GeV)

There are also the more familiar box diagrams involv-
ing TV' exchange. Assuming no accidental cancella-
tions between these contributions, it seems reasonable
to require that the scalar-exchange contributions should
not exceed twice the experimental values,

~

AM~
~

3.5 x 10 eV and ~AM~~ = (3.6 + 0.7) x 10 4 eV. This
yields the conditions m~ ) 600 GeV and mH & 1 TeV,
for K and B, respectively.

These Higgs boson masses are somewhat larger than
seems plausible, but our analysis involves a number of
dubious approximations, and it is entirely possible that
we have overestimated the matrix elements for K ~ K
and B ++ B transitions by factors of 2 or 3. We con-
clude then that, as found in Ref. [2], the selection rule
of Ref. [1] is not indispensable in keeping the scalar ex-
change contribution to the K~-K2 and By B2 mass dif-
ferences at a reasonable size. But without this selection
rule the Higgs scalars must be relatively heavy, and even
so scalar exchange would be likely to make a large and
perhaps dominant contribution to the Kz-Kz and Bz-B2
mass difFerences.

Our conclusions shift when we consider the CP-
violating part of the Kz -A 2 mass difFerence. This
is usually expressed in terms of a parameter e with

2.26 x 10 s, which (for ~e'~ (( ~e~) is given by
E' = Im(AM~)/~2~AM~ ~. If scalar exchange does in-
deed make a major contribution to the K&-K2 mass dif-
ference, then the phase b in Eq. (20) would have to be
quite small, of the order of a milliradian or less, in contra-
diction with the general expectation that all phases are
of order unity. This leaves us with an interesting choice
of alternatives.

(i) The CP-violating phases are indeed generically of
order unity, but scalar-exchange contributions to the K&-
K2 mass difFerence are much smaller than we have es-
timated, perhaps because of accidental cancellations in
the calculation of the scalar-exchange contribution to the
four-quark operator, or a gross failure of the vacuum in-
sertion approximation used in calculating the K -K ma-
trix element, or both. This seems implausible unless the
scalars are very heavy.

(ii) The CP-violating phases are generically of order
unity, but the scalar couplings are constrained by the
selection rule of Ref. [1]. This is of course automatic
with just one scalar doublet, or in supersymmetric theo-
ries with just two scalar doublets. (However, it is not at
all automatic in supersymmetric theories with more than
two scalar doublets. In particular, if several scalar dou-
blets couple to the right-handed quarks of charge —1/3,
and if as usually assumed these scalars have smaller
vacuum expectation values than the doublets that cou-
ple to the right-handed quarks of charge 2/3, then the
Yukawa couplings of these scalars would be correspond-
ingly larger, leading to an even larger Kz-Kz mass dif-
ference. )

(iii) All of the estimates in this paper are valid, but
CP is a good approximate symmetry, with all the CP-
violating phases like b of order 10

The third alternative is admittedly a somewhat reac-
tionary view of CP nonconservation. After the discovery
of the process Kz ~ ++m in 1964 it was widely assumed
that this process is much slower than Kz ~ m + ~ be-
cause CP is a good approximate symmetry for the weak
interactions. Then following the discovery of a third gen-
eration of quarks and leptons in the 1970s, physicists be-
came attracted to the idea that CP-violating phases are
typically of order unity, and that CP only seems to be
a good approximate symmetry because the third gener-
ation is weakly mixed with the first two. However, since
we know that in any case we have to deal with quark
masses and mixing angles that for mysterious reasons
are very small, there is nothing absurd in supposing that
CP-violating angles are also small. Indeed, apart from
any consideration of scalar-exchange efFects, we may be
driven to this assumption if theories with supersymme-
try broken at the electroweak scale prove successful. Such
theories have CP-violating phases in the supersymmetry-
breaking interactions that generically lead to a neutron
electric dipole moment three orders of magnitude larger
than the present experimental limit [7]. This major prob-
lem of supersymmetrics models is avoided if we assume
that CP-violating phases are generically of order 10
In the balance of this paper we discuss the experimental
consequences of this picture of CP violation, combined
(where relevant) with our earlier assumptions regarding
scalar couplings.

(1) Direct CP violating effects in the decays of K
mesons will be unobservably small. The CKM contri-
bution to ~e'/e~ w'ill be of order 10, and the contribu-
tion &om tree level exchange of scalar mesons will be
even smaller. Hence these theories predict that the next
round of experiments at CERN and Fermilab will not
find a signal for ~e'/e~ at the projected level of sensitiv-
ity of 10 . Such a null result would be extremely ex-
citing since it would imply that the CKM matrix could
not be the origin of the known CP violation (unless the
top quark mass is found to take a value allowing a pre-
cise cancellation between two contributions to e'/e), thus
implying an alternative source of CP violation, such as
scalar exchange.

(2) All CP-violating asymmetries which arise in parti-
cle decays must be of order 10 or less, since these asym-
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metrics must be proportional to a CP-violating phase. In
particular CP-violating efFects in B meson decays will be
too small to be observed in any experiment proposed to
date. For example the angles o. , P, and p of the unitarity
triangle of the CKM matrix will be of order 10 and will
be far too small to be observed at proposed B factories.
Nevertheless such B factories could definitively exclude
the CKM origin of CP violation [8].

(3) The most promising new positive signature of CP
violation in our scheme is the neutron electric dipole mo-
ment. The electric dipole moment of the up quark arises
from a one loop diagram with a virtual top quark and
Higgs meson, and using the results of Eqs. (8), (9), and
(10) we estimate the resulting neutron electric dipole mo-
ment to be of order 10 e cm, close to the current ex-
perimental limit. In supersymmetric theories a compara-
ble contribution would be expected from diagrams with
internal superpartners. The electron electric dipole mo-
ment is expected to be of order 10 ecm.

(4) The predictions for the branching ratios for many
rare K meson decays are not the same in our scheme as
in the standard model. The most drastic change is for
the K2 ~ mvv amplitude which is proportional to the
CKM CP-violating phase and therefore gets suppressed
by two to three orders of magnitude. There is no tree
level Higgs exchange contribution to this decay because
the Higgs mesons do not couple to neutrinos.

(5) It is striking that for Higgs bosons with a typical
mass of about 700 GeV and with couplings to quarks de-
termined by Eqs. (8), (9), and (10), the tree level scalar-
exchange contribution to neutral K and B meson mass
mixing turned out to be at about the level observed by ex-
periment. Although this means that little can be learned
about the CKM matrix from AM~ and AM~, the case
of D-D presents difI'erent opportunities. The analysis we
use to estimate AM~ parallels that used in Eqs. (12)—
(21) for AMID and AMR. The relevant coupling suppres-
sion factors are now

(cL,uR)(cRul, ), eU Eg e~ Eg 3 x 10

(24)

2[(cr,uR) + (cRui. ) ], 2[eU e& + ez e& ] = 1 x 10

A theoretical estimate of FD may be obtained from
the previously quoted estimate F~ 230 MeV, using
the relation (valid in the limit of large quark masses)
F~/FR /ms/m, . This gives F~ —470 MeV, but this
estimate is not too reliable, as m is not very large. The
present experimental upper limit on FD is 410 MeV, and
hence we shall use the somewhat smaller value FD = 350
MeV, giving

10 m&F& 10 eV
. (25)2m2 (mR/300 GeV) 2

If we take the typical Higgs boson mass as near 1 TeV to
account for the observed values of lAM~l and [AMRl,
then the predicted value of lAM~l is close to the cur-
rent experimental limit, lEMz&l ( 1.3 x 10 eV. In the
standard model LMD is dominated by long distance con-
tributions, which were originally estimated [9] to be in
the range (0.3—0.01)x10 eV, very much larger than

(27)

(7) In theories with only one scalar doublet coupling
to quarks of a given charge [1], the positively charged
scalars decay predominantly to cs and v w, when the tb
mode is kinematically forbidden. In the present class of
theories the decay to cb completely dominates because
the relevant products of e; are more than an order of
magnitude larger for this mode than any other.

(8) Finally we consider exotic decay modes of the top
quark. Our estimates indicate that in the class of theoric's
we are considering Higgs particles would be too heavy to
appear among the decay products of top quarks. But
the phenomenology of such decays would be quite inter-
esting, so it is worth considering the possibility that we
have seriously overestimated neutral meson mass mix-
ing, and that there are some Higgs scalars lighter than
the top quark. In most models with more than a single
scalar doublet the exotic decays t + bh+ and t + eh
will occur if they are kinematically allowed. [Here 6+ and
h, are the lightest non-Goldstone-boson mass eigenstates
formed from linear combinations of the scalars destroyed
by the fields P+ and &g introduced in Eq. (1).] As indi-
cated above, the 6+ would decay predominantly through
the channel h, + —+ cb, and the h, decays predominantly
via 6 ~ bb, so that either of these exotic top quark de-
cays yields t ~ bbc. However, as will be discussed below,
the h. also has a large branching ratio to 7 pairs.

The decays t —+ bh+ are induced by the Yukawa inter-
action Ass QL,sURsg, leading to a decay rate

(28)r(t bh+) =™I'1
8 2m

the order 10 eV contribution from the short distance
standard model box diagram. In this case, a positive ob-
servation of mass mixing at the level of 10 eV would
not necessarily require new physics beyond the standard
model. However, a recent study [10] using heavy quark
effective field theory and naive dimensional analysis sug-
gests that the long distance standard model contribution
to AM~ is in fact only modestly (about an order of mag-
nitude) larger than the short distance contribution. Fur-
thermore, a subsequent calculation [ll], which includes
leading order @CD corrections, supports this low value of
AMD in the standard model. On this basis, we can con-
clude that a positive signal of neutral D meson mixing
at the next round of searches at Fermilab, the Cornell
Electron Storage Ring (CESR), and a w-charm factory
would provide evidence in favor of our scheme.

(6) For strange neutral b-fiavored meson mixing Bo ++

B, transitions, the relevant suppression factors are

(bi, sR)(bRsi, ), E&,Eg2ED eg2, 3 x 10

(26)
-[(bi,sR) + (bRsi, ) ], -[e~ eq, + e~ e~ ] —3 x 10

Assuming that the experimental value of LM~ is domi-
nated by scalar exchange, the scalar-mediated contribu-
tion to B, mixing is predicted to be of order
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If 46 GeV & mq & M~ then this exotic decay mode
would dominate all others by a large factor, explaining
how a top quark with mass less than m~ might not have
been discovered. The charged Higgs boson h, + decays pre-
dominantly to cb. Using our values of the e; we compute
the branching ratio to wv to be only 10 . Hence,
in this class of theories a successful search for the top
quark at the Fermilab collider would require a technique
to isolate candidate events with four b-type quarks and
up to six jets. On the other hand, if mz ) M~ we find

r(t ~ bh+)
I'(t m bW+) M21+2 =

t

(29)

which implies that a significant suppression of the con-
ventional decay mode can occur. For example for a top
quark mass of 100 GeV and a scalar mass of 50 GeV the
conventional isolated lepton signature of the top quark
will be suppressed by a factor of about 3. With sufFicient
statistics the top quark can still be discovered by the
conventional mode, although a determination of its mass
from the rate of these events could result in a considerable
overestimate, about 25 GeV in the example given above.
For mq & 150 GeV the suppression of the conventional
signal will be a factor of 2 or less.

Turning to the decay t ~ ch, we note that this de-
cay is of great interest since, unlike the decay to bh+,
this flavor-changing decay mode can only be large if the
symmetry imposed in Ref. [1] is relaxed [12]. This decay
is induced by the operator As2 Ql, sU~2$ . The relevant
coupling factor eg, eU, = 0.2 is surprisingly large in this
case [13] and such decays dominate (aside from the pos-
sible decay t —+ bh+) if the top quark is lighter than the
W boson. The neutral Higgs boson 6 decays predom-
inantly to bb. Using our values for the e, we find the

branching ratio to 7 pairs to be 10 . Thus h, has
much larger leptonic branching ratios than h, +. We ex-
pect the best signature at the Fermilab collider to occur
when one neutral Higgs boson decays to b pairs and the
other to 7 pairs, with one ~ giving an isolated electron
and the other an isolated muon. For an integrated lu-
minosity of 10 pb and a top quark mass of 80 GeV,
the Fermilab collider would produce —30 such events,
with a signature e + p+ jets (from 2b and 2c quarks)
+ missing transverse energy. A search for these events
must take into account the softer pT distribution of the
isolated leptons compared to the distribution expected
from conventional top quark decays.

For the case m& ) M~, the exotic decay mode is no
longer likely to dominate:

The decay t ~ ch does not significantly deplete the
conventional decays, so the discovery of the top quark is
not hindered by this process. However, the discovery of
such exotic, flavor-changing decays would not only reveal
a Higgs boson but would strongly suggest a theory of
several scalar doublets with approximate flavor and CP
symmetries.
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