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New origin of CP violation in SU(2) X U(j.) gauge Inotiels
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It is proposed that CP violation originates in a Yukawa interaction of a single, charged scalar meson, not

a Higgs partic'le, with bilinear forms which contain a light quark and a heavy quark. These Yukawa

couplings are the only source of CP violation and the only direct interaction between light quarks and heavy

quarks. Detailed results are worked out for a local SU(2) XU(1) gauge model with spontaneous parity

violation. It is required that A, S = 2 CP-conserving processes are dominated by $Y exchange and hS = 2

CP-violating process are dominated by exchange of the charged scalar meson, called g. The 4S = 1 CP
violations and'electric dipole of moments of quirks are shown to be extremely small for any values of the CP-
violating phases of the g Yukawa coupling constants. Quasistable, heavy hadrons are a special feature of the

model presented, and their properties are summarized. Distinctive features of such hadrons are long lifetimes

(greater than 10 sec), absence of nonleptonic decay modes with only light hadrons, and the likelihood of
large CP-violation efFects as compared to those of the K-meson system.

I. INTRODUCTION

The steadily groming literature on gauge-theory
explanations of CP violation can be loosely cate-
gorized as either gauge-boson-mediated' or Higgs-
particle-mediated. ' VTe pursue a different line in
this paper and introduce new Yukama interactions
between the usual light quarks, n~m heavy quarks,
and a single, charged scalar boson, which me call
X, not a Higgs particle. Only these nem interac-
tions produce vertices with both light quarks' and

heavy quarks. Their Yukama coupling constants
are allomed to be complex and the phases cannot
all be absorbed by redefinition of quark fields. On
the other hand, all Higgs-particle Yukawa coupl-
ings, gauge-boson couplings, and the couplings in
the potential of the spin-zero fields can be chosen
real and CP-conserving by proper phase redefini-
tions. Thus, except in the interactions of the
charged, sca1ar boson X, all interactions are CI'-
conserving because it is impossible to write down

a renormalizable Lagrangian mhich violates CP.
This condition is enforced by choice of the repre-
sentation content of the fermions and Higgs fielders'

and by extra symmetries, among them parity con-
servation and a global chiral U(1) symmetry which
can be used to ensure that neutrinos are massless
in the tree approximation, imposed on the Lagran-
gian.

The spontaneous breaking of parity has an im-
portant implication for the problem of naturally
suppressing strong P and T noninvariance in the
presence of instantons. This problem develops be-
cause the instanton contributions to the vacuum-to-
vacuum transition amplitude give rise to a term in
the effective Lagrangian of the form'

~QCD
~oft(eqcD) 64vs goon e Tr(Gjlv~tut) 9

where 6 is the covariant curl of the color-gluon
field matrix. This manifestly P- and T-violating
term, though formally a total divergence, cannot
be neglected because the surface terms in the ac-
tion integral do not vanish. For a theory where P
is broken spontarieously, one imposes e~D=O asm
symmetry requirement. The global, chiral U(l)
symmetry mentioned above is sufficient to diagon-
alize the tree-approximation mass matrix, includ-.
ing counterterms. The corresponding axial-vector
current is anomaly-free and, therefore, the tree-
level mass diagonalization does not shift the value
8 LCD=0. Then those radiative corrections which
introduce phases which are not removable by the
U(I) chiral transformation are finite, and in our
model the lowest order to which they could appear
is the sixth order.

Lf the mass of the charged scalar X is larger than
the W-boson mass, me can expect two conse-
quences. One consequence mill be a suppression of
{P-violating processes in the interactions among
hadrons composed of light quarks, regardless of
the size of Yukawa-coupling phases. This is be-
cause a virtual X exchange and a virtual heavy-
quark exchange must be involved. The experi-
mental documentation of this suppression and its
isolation in the neutral-kaon system is the cause
of the steadily growing literature referred to in the
opening sentence. The other consequence mill be a
stability, or quasistability, of all of those hadrons
which contain a heavy quark. ~ The differences be-
tween such stable hadrons, whose mass spectrum
should start at about half the T mass, ' and hadrons
which contain the usual t and b quarks, which have
gauge-boson interactions with light quarks, are
quite dramatic' and easy to distinguish experi-
mentally.

Our gauge-theory assumptions mill be the follom-
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ing: (1) SU(2) &U(l) is the local gauge group of the
weak and electromagnetic interactions, and color
SU(3) is the local gauge theory of the strong inter-
actions. (2) Parity is spontaneously broken. (3)
Neutral-gauge-boson and neutral-Higgs-particle
couplings preserve all flavors naturally. ' (4) Other
than the new interactions, it is impossible to write
down a renormalizable Lagrangian which violates
CP. This set of assumptions puts our work into the
category of theories with natural suppression of
CP violation.

In the following section we outline a specific
model which implements our ideas. We then turn
to a computation of the ~S=2 CP-violating effective
Langrangian and the expression for the parameter
& in K decays in Sec. III. In Sec. IV we show that
AS=1 CP violation is guaranteed to be negligible
if the y interactions produce the AS=2 effects. An
upper bound on the electric dipole moment of the
d quark is computed and found to have the astonish-
ingly small value =10 "e cm, ' ten orders of mag-
nitude smaller than the present experimental bound
for the neutron. Some general features of the
quasistable hadrons which are predicted in our
scheme are discussed in Sec. V, and concluding
remarks are made in Sec. VI.

H. CP-VIOLATING QUARK YUKAWA INTERACTIONS

Let us develop the idea that CP violation is due

to the interaction between light quarks and heavy
quarks by means of a single, charged spin-zero
field by outlining a specific SU(2) &U(1) gauge mod-

el and pursuing its implications. Parity is as-
sumed to be broken spontaneously, and we have two

Higgs-particle doublets P~ and y„which transform
into each other under parity, and which carry a
global phase transformation p~ s -e' '~p~ „ in ad-
dition to the local gauge transformations. We need
at least two doublets and four singlets of quarks in

order to ensure that all quarks gain a mass by
vacuum symmetry breaking and that the usual AS
=1, neutral-current suppression mechanism oc-
curs.

The Yukawa couplings are written in terms of the
doublets

uL +u~
D" =(

(d~(e~) + dJ, (e~)f

CL+
D =i

~L, ~c +~a 49c

where d(gc) and s(8~) are the standard Cabbibo-
mixed d and s quark combinations. Singlets are
designated by u=u~+u~, c=c~+c~, d=d„+dr. , and

s=s„+s~. The primes denote heavy quarks. The
Yukawa, couplings, whose neutral-Higgs-particle
interactions naturally conserve flavor, "are ex-
pressed as

m„, „& „m, „t, (m, singe s„+m, cosgc d„)
L

( +cmose s„o-m~sinec d„)Q~~D~+H.c.+(L —8, q-q', m, -M, ,),

where p~ are the charge-conjugate isospinors and

where

0)

The physical charged Higgs boson will be desig-
nated by H" &.

The gauge-boson couplings of the light (un-

primed) quarks are those of the standard model, "
while those of the heavy (primed) quarks have the
sign of y, reversed with respect to the standard
ones. Neutral-Higgs-particle, flavor-changing in-
teractions are suppressed naturally in both light-
and heavy-quark sectors. The identification of T
(Ref. 13) as, for example, a u'u composite re-

quires that a~/os = M„/M„, = M&/MT =0.0V5, where
the constituent quark picture' indicates that the
masses of the quarks can be considered to be
roughly half of the mass of the corresponding qq
vector-meson state. As written in Eq. (1), the
Lagrangian possesses a global y, invariance under
the transformations

el $5
y DN, c e'lofg8 Ds~c

&q=2/3 & '4=2/3 ~
j (&+~) ys

-) (a-$)y~q- -x/3 e '~q- -i/3 ~

where q are quark singlets and Q is expressed in
positron charge units. The y, invariance prevents
mixing between the light and heavy quarks. The
Lagrangian, including the Higgs potential, is nat-
urally CP conserving. The Yukawa couplings in
Eq. (1), for example, can always be rendered real
by proper phase choice of quark fields. The glo-
bal-U(l)-invariant Higgs-particle couplings are
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real by Hermiticity, and bilinear terms which
might be added to break this symmetry" can be
made real by redefinition of p~ and ps, The
gauge-boson couplings, as in the standard model,
are also naturally CP conserving. At this stage,
there is no term in the Lagrangian density which
couples heavy quarks and light quarks, nor is there
CP violation. The simplestwaywhich we can think
of to include CP violation is by coupling heavy-
quark singlets to light-quark singlets by means of
a single, charged, scalar field with arbitrary,
complex Yukawa couplings. The interaction terms
are as follows:

&g„=ggd("ada, +uxds} X +g~(ussr. +"I.ss4
+g«(csd&+ crd~) y+gdd(cssL, + cl.s~}g+H.c.

(3)

The chiral phase of y is zero, and the phase n in
Eq. (2) must be zero in order to admit the terms in
Eq. (3}. However, the combination of Eq. (1}and

Eq. (3) is invariant under a discrete symmetry
where

. sx--x u-exp -i —y lu c expl i —-y Ic,S 2 j
t'. &

d-expl I ys ld s-expl i-y5 ls,'i

f. mD"-expl&
2 ys, lD"', pis-y. .

Mass terms of the form DD do not respect this dis-
crete symmetry and should not be included. Poten-
tial-energy terms of the form yQ~~ps are likewise
prohibited by this discrete symmetry. This sym-
metry ensures that such interactions do not arise
in higher order. Consequently, ' a selection rule
prohibits decay of a state which contains a heavy-
quark composite into one which contains nothing but
light-quark composites.

The arbitrariness in phase of the quark fields has
been completely eliminated by making the Yukawa
couplings in Eq. (1}all real. We are not, then, at
liberty to trivially redefine all of the g couplings in

Eq. (3) to be real. One phase could be eliminated
by redefinition of X, but this allows all the relative
phases among g,„, g, g~, and g„ to be nonzero.
All of the CP violation resides in the y interac-
tions, which introduce these CP-violating phases.

tion be accounted for by fourth-order X-exchange
diagrams, "Fig. 1. The effective Lagrangian, to
leading order in M, , '/M„', is

gals=2(x exchange)
god gsae gcdgcdi( + )'

eff 64y2M 2
X

t'I +y, l „/I +y, l
)

The CP-violation parameter c can be evaluated in
the free-quark approximation from the expression"

(dslS lsd'
(dstS+Isd)

where the S-matrix components 8 and S, are odd
and even, respectively, under the time-reversal
operation. We can now use Eq. (4) and evaluate the
imaginary part of (g„dg +gd g )2 by the equation

Im(g„dg +gd Z )
2 2

l l
2x10-3

2W G~ u m. ' coh~ sin'g~
4v M~~ sin~g~

where the denominator is the 5 -boson contribution
to the ~$=2 neutral kaon mass difference, as-
sumed to be the dominant mechanism, "'"and & is
the CP-violation parameter. In order to get an
idea of the magnitude of Im(g„dg +gd, g„),' one
can use M„= M~+ —- 10M~ which is obtained by re-
quiring that ~S =2 CP-conserving amplitudes be
determined by 5'-meson exchange, and one finds
thatim(g„dg +g,dg„)'=2&10 '. This is the same
order of magnitude as that of the fourth power of
the (real) mass-determining Higgs coupling coeffi-
cients in expression (1). As we show later, the
above constraint on Im(g„d g~+g, d g„)' leads to
extremely small AS= 1 neutral-current CP viola-
tiog and electric dipole moments of the quarks. We
can, therefore, say that our model has natural sup-
pression of CP violation in the sense advocated by
B.W. Lee.4

III. bS = 2 EFFECTIVE LAGRANGIAN AND CP VIOLATION

d
I
I
I
I

I

UsC
I
I
I y
I
l

U 0C Ud C

The relative phases among the coupling coeffi-
cients in Eq. (2}can lead to CP violation, and we

limit the mass of the y and its couplings to quarks,

g„~ etc. , by the requirement that AS=2 CP viola-

U gC

FIG. 1. Box diagrams vrith X exchange which produce
the 48=. 2 CP violation.
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IV. ESTIMATES OF CP VIOLATION IN M = 1 NEUTRAL

CURRENT AND ELECTRIC DIPOLE MOMENT OF QUARK

CP violation can arise in 58 =1 processes (or
flavor-changing processes in general) by the finite
second-order corrections to the dsZ and dsy ver-
tices as are shown in Fig. 2. Neutral-Higgs-par-
ticle AS=1 effects turn out to be negligible com-
pared to Z and y effects.

In these graphs, as in those relevant to the elec-
tric dipole moments of the quarks, one notes that
the CP-violating phase originates from the relative
phases between y coupling constants defined in Eq.
(3). ln a given graph, there must be present two
different quark flavors of the same charge in order
to produce a CP-violating phase. An example of a
class of flavor-preserving graphs which do not
produce CP-violating phases is shown in Fig. 3.

The contributions to the elective yds vertex and
the Zds vertex from the graphs shown in Fig. 2
will produce CP-violating effects. The effective
photon vertex is composed of a transition magnetic
moment term

s(p ""
M~,d(q), k ~p- q

s

and a transition charge radius,

L

//
/

I
I

1
)I V I

ll, C

FIG. 3. Illustration of graphs in which no CP-violating
phase can appear. The crosses represent flavor pre-
serving vertex insertions.

and

(r ')~, g„,g,~ 1,( 1 M„2

= 4 x10-s~~ (6)

where the M... M„, and g,~ values are those sug-
gested following Eq. (5)."

For the Zds effective vertex, it turns out that
the dominant contribution to b,S=1 CP violation can
be evaluated from the coupling of the weak-isospin-
triplet component of Z in the second graph of Fig.
2." The resulting "transition charge" vertex is

respectively. The CP-violating b,S = 1 effects
which arise from the matrix elements in Eqs. (6)
and (f), denoted &, with a photon exchange of mo-
mentum k will be typically of a strength

g g 1 M„
sly 16

, (1 y,i7(k)y" (g„„k'—k„k„) k" I( k
')d(k). s(p)y„' d(q) gg,„g„'2 -1+in

The CP-violating }( contributions to M~, and +(r')~,
from calculations of graphs of Fig. 2 in 't Hooft-
Feynman gauge are

The CP-violating ~S=1 effects which come from
the matrix element in Eq. (9) when a Z is ex-
changed will be of strength

g,.g., (m, + m, )'
32 Mr

X

g
M '~~ M

CcdgcB c 1 Y

16g2 ~' M 2
X

c'

x 3. +y ' —+2ln (6) = gxfo Sg&. (10)

+ r™w
/

+ d i

Z, y

+ d

~&PM ~

g'

LI U

C C

z0 7
~kk ~kk,

I

Ll ~C

FIG. 2. Diagrams with internal X. lines which produce
CP violation in the effective dsS and dsy vertices.

From Eqs. (8) and (10) we see that the criterion
for natural suppression of LS=1 CP-violating pro-
cesses is satisfied, since ~S=1 CP violation is
negligible for any value of the CP-violating phases
in the model.

Finally, we turn to the estimate of the electric
dipole moments of the quarks, which tell us ap-
proximately what to expect for the order of mag-
nitude of the electric dipole moment of the neutron.

As we mentioned earlier, there must be a change
in flavor for CP -violating phases to appear, and
the electric-dipole moment appears only in the
fourth-order correction to the photon vertex
There are three classes of graphs which contribute
the electric dipole moment, and they are shown in
Figs. 4(a), 4(b), and 4{c)for the d quark. These
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leading contributions to the electric dipole moment
are so small that we can simply put upper bounds
on the loop integrations which indicate the order of
magnitude one might expects' Our point about the
distinctive smallness of the electric dipole mo-
ment can be amply made in this way. Taking one

set of graphs at a time, we can summarize our re-
sults as follows: The electric dipole moment of a
quark, De (the d quark is chosen for illustration)
is identified as the q = 0 coefficient of the CP-
violating form d(p')(o~y, )d(p)q" which arises from
each set of graphs separately.

g sinc~ cosg~ rn, 'm„m,
lDs(e)l& 3 (4'}. ' m(g'd glc) M 4M 8

1r

1 Im(g„~ g,.g g„) m, M, ' M„'

M M M
l .(.}l

The graphs (4c) are much more convergent than
the others and, as indicated by our bound in Eq.
(llc) which was obtained from the first of graphs
of Fig. 4(c}, their contributions are typically two
orders of magnitude smaller than the others, even
though it is heavy-quark masses which are involvyd
in the Glashow-Iliopoulos-Maiani (GIM)'0'~ sup-
pression. The scalar exchange mechanism has the
curious (though essentially untestable) feature that
the dipole moments of baryons are predicted to be
five orders of magnitude smaller than even the
superweak or microweak predictions, which hover
about 1Q ' e cm. The present experimental upper
bound for the neutron is'

=3.2&1Q "ecm, (lib)

nHal ln
M gM,P

=V&10 "ecm«Ds(a, b) ~ (1lc)

4 ac Ceu

+ d
u,c d', s' c,u

d + d

(a}

(
M2 M

2ln ~~ -3+In " =I.V&&10 "ecm, (lla)
mc umc

(De} „„&4&10"ecm.
Contributions to the electric dipole moments of the
quarks which arise from complex phases in the
mass matrix could enter at most in sixth order, "
and we expect the above estimates to be the domin-
ant ones.

/

I /
. I I des I 1

4 ~C cou

T

d + d I

u',c'

d, s

V. FEATURES OF THE STABLE, HEAVY HADRONS
+d I I

u', c' d,s U~C

/
I
I

d I I' 'I 1 d
4~C d,s c',u'

Guided by the above considerations on ~8=2
processes, we assume that the mass of the X field
is large (=10M'). There is no decay q'-~ in this
case. Since none of the interactions discussed so
far admits a decay of heavy quarks into lighter
ones, and because there is no mixing between the

y field and the charged member of the Higgs doub-
let (the tp~p„X interaction is forbidden by the dis-
crete symmetry X -- y and tP~ s - Q~ „),the lightest
hadron state which contains a primed quark can
only decay if we include X-lepton couplings. '3 In the
latter situation, hadron stability depends upon the
masses of lepton pairs which interact with g. In
any case, lifetimes of the lightest of these hadrons
will be much longer than charmed hadrons and
clearly distinguishable from hadrons composed of
t or b quarks, '~ sequential analogs of u, c and d, s,

(b)

/
/

I
I. d,s I

LI ~C C ~U

+ d

/
r

d,sI
I

w I
I L

C ILI

/I
I~ w

u',c' d,s

(c)

/
/

/
I.
I

LI ~C

w

I

d s c',4'

FyG. 4. (a)-(c) The graphs which produce fourth-order
contributions to the electric-dipole moment of the d
quark.
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respectively. A new feature of our picture of CP
violation which is also independent of the details of
the model is the possibility of large CP-violating
mixing between neutral mesons which have a heavy,
primed-quark constituent. These latter mixings
arise from the graphs of the type shown in Fig. 5.
The CP-violating parts of these processes arise
from the relative phases between X couplings to
different quarks. These phases are not necessarily
small, and the CP-violating amplitudes could be of
the same order of magnitude as the CP-conserving
ones.

If X is not coupled to leptons, we expect a stable
meson, M(qq'), probably neutral since M„, & M» in

tree approximation, at about 5 GeV. A meson with
one unit difference in charge and about a 10 MeV
~M»-M„heavier mass would decay slowly (r™1

sec, as. estimated from naive extension of the neu-
tron P-decay calculation) into the stable meson
plus e+ v, .

A more interesting situation is the one where y
couples to leptons; Examples are not difficult to
construct, "and one can arrange to couple X with

light lepton pairs, heavy-light pairs, and heavy
pairs. An example of the first situation is one in
which e shares a neutrino with p. or 7 in the Kono-
pinski-Mahmoud scheme. "" A doublet-doublet X

interaction gives rise to a term in the Lagrangian

f' is the counterpart of the pion decay constant. '6

5 Gev, g,„~=g„
M„= 10M~, and M,M, , & ~f'~ & M", we find 10 ' sec
& r(M"-1'+v) & 6&&10 ' sec. This estimate indi-.
cates the lifetimes of charged heavy mesons which
one expects. These estimates of r(q') and 7(M')
are much longer than the corresponding ones for
mesons composed of t and b quarks, "whose life-
time estimates are typically r(b~) & 10 "sec,
where q denotes a light quark. The decays which
occur via y exchange are fast enough to permit ob-
servation of the decay products when the heavy me-
sons are produced near threshold.

We have re-emphasized here the clear distinction
between lifetimes of mesons composed of the 5 and
g quarks which arise in straightforward generaliza-
tion of the standard model and the (long) lifetimes
of quarks which are prohibited by a quantum num-
ber or a selection rule from decaying nonleptonic-
ally into light quarks and prohibited from decaying
semileptonically by 8' exchange into light quarks
and leptons. ' The comp/ete absence of nonleptonic
decays into knosun mesons should provide, with the
lifetimes, a distanctiue signature for the presence
of such stable hadrons. We will present a detailed
study of lifetime, branching ratios, and CP-violat-
ing effects of such states in a separate publication.

VI. SUMMARY AND CONCLUSIONS

If the couplings satisfy g„„=g~= 2 &10 ', then a
free-quark decay estimate yields

r(q'-q+e+v) M„' g &» M„'t»

7'(p -e+ v+ v) M, ' g„„& Mv&

or r(q') = 10 ' sec which can be used as a rough
indication of the lifetime of the neutral low-mass
quasistable mesons. The charged mesons can de-
cay purely leptonically, and the lifetime can be
written

(12)

I'(M'-1+v)= ' '"" ""' )f'i'4
X

where M' on the right-hand side of Eq. (13) stands
for the mass of a charged quasistable meson and

(13)

I

&Y
I
I

tIQ

4 Q-I q'Q-I

qQ-I

l

kx
I
I

I
Q

FIG. 5. Graphs which can give rise to mixing bebveen
neutral, heavy mesons. The real and imaginary parts
of the mass matrix can be comparable in general.

We have presented CP-violation results in a
spontaneous-parity-violating local SU(2) &U(1)
gauge model of weak and electromagnetic interac-:
tions. The CP violation is due to the Yukawa inter-
action of a single, charged scalar meson, not a
Higgs particle, with bilinear forms which contain
a light quark and a heavy quark. These Yukawa
couplings provide the only possible sources of CP
violation in the model as well as the on'iy direct
interaction between light quarks and heavy quarks.
We required that ~S= 2 CP-conserving processes
are dominated by the GIM-suppressed 5-exchange
mechanism and that the X exchange describes the
AS=2 CP-violating processes. We then showed
that the ~S=1 CP violations and the electric dipole
m'oments of quarks are extremely small, well be-
low experimental bounds for any values of CP-
violating phases in the X Yukawa couplings. The
violations of CP occur in the quark couplings. The
violations of CP occur in the quark mass matrix
and in dipole-moment corrections at sixth and
fourth order, respectively, because change in fla-
vor and change in momentum in light-quark or
heavy-quark lines must both be present in the rel-
evant processes in order for CP violation to occur.

There is a selection rule which inhibits decay of
heavy quarks into final states which contain light
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quarks. The primary signals that heavy mesons
are composed of such quarks rather than sequenti-
al generalizations of u, c, d, and s, generally
called I and I), are (1) the lifetimes shouM be much
longer (10 '- 10~ sec at least as compared to
-10 "for the latter case) and (2) the purely non-
leptonic decay into normal hadrons is prohibited.
It is likely that CP-violation effects in such stable,
heavy hadrons would be much larger than in the
Z' system.

VFe argued that the strong CP-violation effects
due to instanton contributions to the effective action
can be naturally suppressed, and we feel that the
dipole-moment ca1culations correctly represent
the dominant CP violation in flavor-preserving
amplitudes.

In conclusion, we believe that the new X interac-
tion which we have introduced in order to incor-
porate CP violation in an SU(2) xU(1} gauge scheme

gives a simple and realistic account of known
weak-interaction phenomenology. Calcu].ations are
relatively straightforward, the Higgs sector is the
simplest required for spontaneous parity violation
and effects of the charged Higgs particle are read-
ily 'assessed, and the X-related phenomena which
involve heavy, stable hadrons are distinctive and
testable, It is also plausib1e that strong CP viola-
tion is suppressed to the required degree. The X

particle has no role in gauge- or Higgs-boson
mechanisms within the SU(2}&&U(l} framework, but
it might be viewed as a Higgs remnant of a larger,
unified gauge theory.
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