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Dynamical gauge symmetry breaking in an SU„3…L‹U„1…X extension of the standard model

Prasanta Das* and Pankaj Jain†

Physics Department, I. I. T., Kanpur 208016, India
~Received 2 August 1999; published 31 August 2000!

We study the SU(3)L ^ U(1)X extension of the standard model with a strong U~1! coupling. We argue that
current experiments limit this coupling to be relatively large. The model is dynamically broken to the standard
SU(2)L ^ U(1) model at the scale of a few TeV with all the extra gauge bosons and the exotic quarks acquiring
masses much larger than the scale of electroweak symmetry breaking. Furthermore we find that the model
naturally displays the top condensation mechanism for the dynamical breakdown of electroweak gauge sym-
metry. By adding an SU(3)L singlet quarkx, we find that the model can fit the experimental masses of the top
quark and theW,Z bosons. Based on the dynamical symmetry breaking mechanism we predict the masses of
the exotic quarks in this model to be of the order of a few TeV.

PACS number~s!: 12.60.Nz, 11.15.Ex, 11.30.Na, 12.60.Cn
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I. INTRODUCTION

The SU(3)C^ SU(3)L ^ U(1)X extension@1,2# of the stan-
dard model predicts interesting new physics at the TeV sc
In the minimal version of the model, one requires four Hig
multiplets in order to generate experimentally accepta
mass spectra. The scale of symmetry breaking,MY , is in the
range of several hundred GeV to a few TeV and is fixed
the value of sin2(uW) which at this scale is given by
4 sin2(uW)51/@11g2/(4gX

2)# @3#, g and gX are the SU(3)L
and U(1)X coupling constants. The scaleMY is fixed by
evolving this coupling so that its value at the electrowe
symmetry breaking scale agrees with the experimental re

The model predicts five new gauge particles: one neu
Z8, which is dominantly the U(1)X gauge boson and fou
charged bileptons. It also predicts three new exotic qua
with charges2 4

3 , 2 4
3 , and 5

3 , respectively for the three gen
erations. The mass of the neutral gauge bosonZ8 is experi-
mentally constrained to be above 1.7 TeV@3#. This also re-
quires that the gauge coupling for the U(1)X interaction is
relatively large. For example, ifM (Z8)51.7 TeV, then the
U(1)X couplinggX is roughly 1.5 and increases with furthe
rise in the mass ofZ8. This raises the possibility that thi
coupling may in fact be strong enough to dynamically bre
the gauge symmetry of this model without requiring the
troduction of fundamental Higgs particles. In the present
per we investigate this possibility and determine its pheno
enological consequences.

The fermion representations@2# consist of the lepton
triplets
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which transform as3* under SU(3)L with the U(1)X hyper-
charge equal to 0, and the quark triplets
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,

transforming as3, 3, and3* , respectively. The U(1)X hy-
percharges of these three quark triplets are2

3 , 2
3 , and 2 4

3 ,
respectively. The right handed quarks are singlets un
SU~3! with U(1)X hyperchargesY(uR)5Y(cR)5Y(tR)5
2 4

3 , Y(dR)5Y(sR)5Y(bR)5 2
3 , Y(DR)5Y(SR)5 8

3 , and
Y(TR)52 10

3 . Note that the third quark generation is treat
asymmetrically from the first two. The third component
the quark generations corresponds to new exotic quarks.
current experimental lower limits on the exotic quarks a
200 GeV@4#. The new charged gauge bosonsY1 andY11

in this model are constrained to have masses above 270
@5#. Neutrino oscillations further constrain these masses to
above 300 GeV@6#. Muonium-antimuonium conversion
data, however, give the most stringent limit of 800 GeV@7#.

One of the unique and very interesting features of t
model is that it requires at least three generations of fermi
for anomaly cancellation, hence providing a justification f
their existence. The model has been well studied in the
erature and has been found to lead to phenomenological
dictions which are consistent with current experimental da
It predicts interesting new physics at the next generation
colliders such as lepton number violation due to the ex
tence of bilepton gauge bosons.

II. DYNAMICAL SYMMETRY BREAKING

The experimental lower bound of 1.5 ongX leads to the
Landau pole in the TeV scale. The one loop evolution of
U(1)X coupling aX leads to the Landau pole atQ
5m exp(24p2/gX

2@(Y2#). Here the summation overY2 of all
the quarks is equal to288

9 . For gX(MZ8)51.53 (MZ851.7
TeV! leads to Landau pole at 40 TeV, which indicates t
strong nature of the interaction and that we may exp
©2000 The American Physical Society01-1
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strong dynamical effects at TeV energies.
The pattern of dynamical symmetry breaking can be

tained by analyzing the Schwinger-Dyson equation
quarks. We will include only the U(1)X interaction for this
purpose since this gives dominant contribution. Furtherm
we confine ourselves to the rainbow approximation. Fo
quark with left hyperchargeYL and right hyperchargeYR the
corresponding equation for the self energy can be written

S~q!5E d4k

~2p!4
Gm

i

k” 2S~k!
Gn

3
@2gmn1~k2q!m~k2q!n/~k2q!2#

~k2q!22MZ8
2 . ~1!

The dressed propagatorS(q)5 i /@q”A(q2)2S(q)# where q
and (k2q) are the four momentum of the fermion and t
gauge particle. In the Schwinger-Dyson equation we have
the wave function renormalizationA(q2)51. Going beyond
this approximation requires a much more extensive calc
tion @8#, which is unnecessary for our purpose. If there ex
a solution to this equation such thatS(q)Þ0, then chiral
symmetry is dynamically broken. Assuming that such a
lution is indeed obtained then the gauge bosonZ8 will be-
come massive. Since we are interested in obtaining a n
perturbative solution we have included aZ8 mass term in this
equation. It remains to be verified later that theZ8 mass
generated by this mechanism is equal to the mass assu
while solving this equation. The form ofGm used in Eq.~1!
is given by

Gm5gVgm1gAgmg5 ,

gV5
gX

2

~YL1YR!

2
,

gA5
gX

2

~2YL1YR!

2
.

The final equation for the quark self-energyS is

S~q!52 i
1

2
~gX

2YLYR!

3E d2k

~2p!4

S~k!

@k22S2~k!#@~k2q!22MZ8
2

#
~2!

The relevant coupling factor is thereforegX
2YLYR . We

find that the factorYLYR is equal to40
9 for the third genera-

tion exotic quarkT and 16
9 for the other two exotic quarks a

well for the top quark. For the remaining quarks this facto
considerably smaller or negative being49 for down and
strange quarks and2 8

9 for up, charm, and bottom quarks
Based on these hypercharges we find that only the three
otic quarks and the top quark can be above the critical va
for dynamical symmetry breaking. This leads to a mass p
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tern where the exoticT quark is very heavy and the other tw
exotic quarks have masses comparable to top with the re
the quarks remaining massless. The reason why only fou
these quarks acquire dynamical masses is because the e
tive coupling for the top quark has to be very close to t
critical coupling necessary for dynamical symmetry break
in order to maintain the large ratiò /mt , where` is the
scale of SU(3)L ^ U(1)X breaking which is expected to be o
the order of a few TeV. In order to assure that at least the
and the exotic quarks, corresponding to the first two gene
tions, acquire dynamical masses, we have to demand tha
effective coupling is slightly above the critical value. A ce
tain amount of fine tuning is required in order to maintain t
small mass of the top quark. The fine tuning required is
excessive since the mass of the top is only one orde
magnitude smaller than the scale of SU(3)L ^ U(1)X break-
ing. The effective couplings of the remaining quarks a
therefore necessarily below the critical value required
dynamical symmetry breaking.

In order to get an estimate of the dynamically genera
fermion and gauge boson masses we numerically solve
gap equation in the ladder approximation, imposing an ul
violet cutoff Lc on this equation. If the gap equation accep
a MTÞ0 solution, whereMT is the T quark mass, then the
gauge symmetry is dynamically broken and theZ8, Y6, and
Y66 gauge bosons become massive with masses equ
gXFP(YR2YL)/4, gFP/2, and gFP/2, respectively, where
FP is the pseudoscalar decay constant and we calcula
using the Pagels-Stokar approximation@9#, which should be
sufficient for our purpose. More detailed analysis@8# requires
considerable more numerical effort and is expected to g
results within 20% of this formula. A consistency requir
ment imposed on our solution is that the mass of the
changed particleZ8 has to be equal to the mass generated
the dynamical mechanism. The solutions to the gap equa
are therefore iteratively improved by starting with a tri
guess for the exchanged boson mass and then compari
with the predicted mass obtained using the decay cons
Solutions to this equation for different cutoff and couplin
gX choice are shown in Table I.

Next we consider the top quark and the first two gene
tion exotic quarks~D,S!. The product of hypercharges in th
case isYRYL5 16

9 which is considerably smaller than th
corresponding value forT. Since the mass ofT quark is in
the TeV regime and mass of the top quarkmt5175 GeV, the
effective coupling for the case of the top quark has to be v
close to critical value and require a certain fine tuning. Ho
ever since the ratio of the these two scales is only about
the fine tuning required is not severe. Since the effect
coupling of the exotic quarks belonging to the first two ge
erations is identical to that of the top quark, we predict th
the mass of these exotic quarks should be of the same o
as that of the top quark.

The degeneracy between the mass of top quarks and t
two exotic quarks is broken after we include the effect oZ
boson and photon. We include these contributions also in
rainbow approximation. The contribution ofZ as well as the
photon to the exotic quark mass is larger than the top. Th
because the electric charge as well as the effectiveZ cou-
1-2
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TABLE I. The dynamically generated gauge boson and heavy quark masses for different U(1)X gauge
coupling and cutoff. The dynamically generated top quark andW boson mass is fixed to be 175 GeV and
GeV, respectively. The first two generation exotic quarks D, S are degenerate.

MZ8 ~TeV! MY ~TeV! Lc ~TeV! mT ~TeV! gX mD ,mS ~TeV!

2.13 0.26 42 5.7 2.576 0.78
3.07 0.37 90 8.2 2.540 1.0
4.08 0.50 162 10.9 2.524 1.3
4.47 0.55 196 11.9 2.521 1.4
5.00 0.61 247 13.4 2.514 1.6
7.09 0.87 504 19.0 2.507 2.2
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pling factor of these quarks is larger in comparison to
top. These coupling, although relatively small compared
the strong U(1)X coupling, give a substantial contribution t
the top, D and S quark masses. This is because the effe
U(1)X coupling of these quarks is close to critical value a
even the small effects including theZ boson and photon
makes a significant contribution.

Once thet t̄ condensate is formed we get a direct pred
tion for the mass of the electroweak gauge bosonsW andZ,
assuming that there is no fundamental Higgs interac
present in the model. The situation here is very similar to
one studied in Ref.@10# except that in our case we do n
need to introduce any four fermi interaction by hand. Unf
tunately the prediction turns out to be about half the exp
mental masses. For the range of parameters given in Tab
we find that the mass ofW boson ranges from 30 GeV to 4
GeV. Alternatively if we fix theW boson mass to its exper
mental value the top quark turns out to be too heavy.
analogous situation was found in@10# where the authors ha
to choose very large cutoffs in order that with a top qua
mass of around 175 GeV, the experimental value of e
troweak gauge particles is obtained. The relevant scale in
model cannot however be much larger than a few TeV
hence our prediction formW and mZ is necessarily much
smaller. This might indicate the need for introducing so
fundamental Higgs multiplets or further modifying the gau
structure of the model. The final result will also depend
some extent on the precise truncation scheme chosen fo
integral equations. It may be better, for example, to a
include the scale dependence of the U(1)X coupling since it
varies rapidly in this region. However we have tested
sensitivity of our prediction by including this scale depe
dence as well as by using a truncation scheme of the cou
Schwinger-Dyson and Bethe-Salpeter equation propose
Ref. @8# and find that it changes by less than 20%. The p
diction of the decay constant and hence of theW boson mass
is thus expected to be quite reliable.

The lower prediction for theW boson mass in this mode
is expected since it arises in all models which propose
break electroweak symmetry purely by top condensa
@10–12#. A solution to this problem has recently been pr
posed @13,14# which lowers the mass of the top qua
through a seesaw mechanism. This arises due to the mi
of the top quark with another particle which is a weak SU~2!
singlet. An analogous mechanism can be implemented in
model by the introduction of new quarksxL and xR
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which transform as (3, 1,2 4
3 ) under SU(3)C^ SU(3)L

^ U(1)X . The model remains anomaly free after introducti
of these fermions. Sincex do not couple to SU(3)L , we can
add the mass termsmxxx̄LxR1mxtx̄LtR1H.c. to the La-
grangian without explicitly breaking the gauge symmet
Following Refs.@13,14# the mass matrix of the top,x quarks
is given by

S m m

m1 m2
D ,

wherem is the mass of top quark in the absence of the qu
x and the value ofm2 ,m1(m2.m1.m) is determined by
gauge coupling and the explicit mass parametersmxx and
mxt . After diagonalization the top quark mass is given
mt5m(12m1 /m2),m and the ratio ofmt /FP can be re-
duced by adjusting the explicit massesmxx andmxt in order
to obtain the experimental result forW and Z masses. The
results shown in Table I include the contribution of the qua
x. The ratiom1 /m2 ranges from 0.48 to 0.30 for the resul
shown in Table I. We therefore find that the present mo
can accommodate the observed mass spectrum. It may
be possible to extend the current model by introducing m
ror fermions which appear to be very helpful in formulatin
a dynamical symmetry breaking model@15# and also leads to
a seesaw mechanism for the top quark mass.

We point out that there may exist another resolution to
problem of heavy top quark mass. This arises due to
possibility of low scale gravity in a universe with extra d
mensions@16,17#. As shown in Ref.@18#, if the right handed
top is assumed to propagate in the extra dimensions w
the remaining standard model fermions are assumed to
confined to four dimensions, the top quark mass can be l
ered while maintaining the experimental scale of electrow
symmetry breaking. The same mechanism can also be im
mented in the present model.

Current experiments constrain the masses of exotic qu
to be higher than 200 GeV@4#. Our prediction for the mass
of the lightest exotic quark is a few TeV which can only b
probed in the next generation of colliders. There also e
stringent limits on the mass of the bilepton gauge bos
Y22 and Y2. The most stringent bound is obtained fro
muonium to antimuonium conversion of about 800 GeV@7#.
We note that since we do not require our model be pertur
tive, our upper limit on the mass of these particles is mu
1-3
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higher by the order of a few TeV@3# and the model is no
currently ruled out. We also point out that this bound of 8
GeV is obtained with the assumption that the CKM mat
for the coupling of leptons to SU~3! gauge bosonsY22 and
Y2 is essentially equal to identity. This assumption is qu
reasonable since as shown in@19#, current experimental dat
already demands that the corresponding Cabibbo-Kobaya
Maskawa~CKM! matrix be close to one. However there
one other possibility that is not ruled out currently by expe
ments. This is the case of maximal mixing in the first tw
generations withV11'V22'0 and V12'1. Reference@19#
claims to rule this out also at 95% confidence level by us
the upper limit on the mass ofMY to be 430 GeV. However
as long as we do not impose the constraint that the the
remains within the perturbative regime, the limit on theY
mass is much higher@3#. Hence we argue that this region o
the paramater space is so far not thoroughly explored
some of the limits on this model claimed in the literature a
not valid if the CKM matrix has this form. This includes, fo
example, the recent bound onY mass obtained by using th
muonium to antimuonium conversion@7#. In the case of
maximal mixing between first two generations the mo
predicts zero conversion rate and hence, in this case, no
can be imposed onmY based on this process.
ll,
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III. CONCLUSIONS

In conclusion, we have shown that the SU(3)L ^ U(1)X
extension of the standard model naturally displays the
condensation mechanism@10–12,20–22# for electroweak
symmetry breaking. The model has several other interes
features such as the requirement of three generations
anomaly cancellation. In the present paper we have sh
that current experiments require the U~1! coupling in this
model to be strong, which leads to dynamical breakdown
SU(3)L ^ U(1)X to SU(2)L ^ U(1) and finally to U(1)EM
through top condensation. The model, unfortunately, a
suffers from the problem of very heavy top quark mass t
arises in all top condensation models. However this prob
may be solved by introducing additional fermions@13,14# or
by speculating the existence of extra dimensions@18#. We
find that the dynamical symmetry breakdown mechani
predicts the masses of the first two generation exotic qua
to be of the order of a few TeV and should be observable
the CERN Large Handron Collider LHC.
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