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Electroweak Symmetry Breaking via a Top Condensation Seesaw Mechanis
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We propose a new mechanism in which all of the electroweak symmetry breaking is driven
natural top quark condensate, produced by “top-color” interactions at a multi-TeV scale. The sc
allows the observed top quark mass, and acceptableT and S parameters, by invoking a seesaw
mechanism involving mixing of the top with an additional isosinglet quark. [S0031-9007(98)0720
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The proximity of the measured top quark mass,mt ,
to the electroweak scale hints that electroweak symm
breaking (EWSB) has its origin in dynamics associa
with the top quark. An explicit realization of this ide
is the top condensation mechanism [1], in which the to
antitop quark pair acquires a vacuum expectation va
much like the chiral condensate of QCD or the electr
pairing condensate of BCS superconductivity. Thekt̄tl
condensate has the correct quantum numbers for EW
and it connects the electroweak scale directly tomt .
However, the original schemes of this type [1,2] a
problematic: (i) they require the scale of new physics
be very large, of the order of the grand unified theo
(GUT) scale,,1015 GeV; (ii) they require an unnatura
cancellation of large quadratic mass scales; (iii) they le
in the standard model to the renormalization group fix
point prediction mt , 230 GeV which is too high [3]
(note though that, in the minimal supersymmetric stand
model, the fixed point prediction is reasonable [4]).

Subsequently, a specific gauge dynamics, “top-colo
was proposed to generate a top condensate at the
scale [5]. This model views the heaviness of the t
quark as a dynamical phenomenon which is essenti
independent of EWSB, provides a specific model
the new dynamics, and attempts to place the scale
the dynamics at,1 TeV to avoid fine-tuning issues
It produces associated pseudo-Nambu-Goldstone bo
with decay constantftp . Using the large-N , fermion loop
approximation, one estimates

f2
tp ø

3
4p2 m2

t ln

√
M
mt

!
. (1)

With M , 1 TeV, we obtain ftp ø 64 GeV (EWSB,
would requireftp ­ 246 GeV). Hence, top-color ha
always been combined with additional dynamics, su
as technicolor [6]. Indeed, this provides a solution
the serious problem of the large top quark mass wit
the context of technicolor models, and interesting to
color-assisted technicolor models (or TC2) have been con-
structed [7]. These models, though potentially viable,
somewhat cumbersome, and implications of limits on c
todial symmetry violation [8] and other phenomenologic
0031-9007y98y81(13)y2634(4)$15.00
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constraints [9,10] require dynamical assumptions wh
are difficult to analyze.

In the present Letter we propose a new mechani
in which the EWSB occurs via the condensation of t
top quark in the presence of an extra vectorlike, we
isosinglet quark. The mass scale of the condensat
large, of the order of 0.6 TeV corresponding to the el
troweak scaley ø 246 GeV. The vectorlike isosingle
then naturally admits a seesaw mechanism, yielding
physical top quark mass, which is then adjusted to
experimental value. The choice of a natural multi-Te
scale for the top-color dynamics then determines the m
of the vectorlike quark.

There are several attractive features of this mec
nism: (i) The model is relatively specific, the lef
handed top quark being unambiguously identified as
electroweak-gauged condensate fermion, and the sch
uniquely specifies top-color, together with some n
Us1d interactions, as the primary new strong interactio
(ii) the scheme is economical, requiring no addition
weak isodoublets, and therefore easily satisfies the c
straints upon theS parameter, using estimates made
the large-N approximation; (iii) the constraint on custo
dial symmetry violation, i.e., the value of theDrp ; aT
parameter, is easily satisfied, being principally the us
mt contribution suppressed by the squared ratio of
mixings between the top and the vectorlike quark. W
mention that we were led to these schemes by conside
fermionic bound states in the context of strong dynam
cal models. We will not elaborate this aspect presen
but note that the vectorlike quark in our model may p
tentially arise from within the dynamics without bein
introducedad hoc (an example of this type is given i
Ref. [11]).

Consider the embedding of the standard model i
a top-color scheme: SUs3d1 3 SUs3d2 3 SUs2dW 3

Us1d1 3 Us1d2 3 Us1dB2L gauge group where th
SUs3d1 3 Us1d1 [SUs3d2 3 Us1d2] acts only on the third
(first and second) generation quarks and leptons.
Us1dB2L charges arex , 0 for tR, 1y3 for the other
quarks, and21 for leptons (including right-handed neu
trinos). In addition to the observed quarks and leptons
© 1998 The American Physical Society
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include a new fermion,x, whose left- and right-handed
components transform identically totR , except that the
Us1dB2L charge ofxL is x, such that the anomalies cance
At a multi-TeV scale the gauge symmetries are brok
as follows: (i) SUs3d1 3 SUs3d2 ! SUs3dQCD, leaving
a degenerate octet of massive “colorons”; (ii) Us1d1 3

Us1d2 ! Us1dY , and (iii) Us1dB2L is broken, leaving
two heavy gauge bosons,Z1 and ZB2L; (iv) SUs2dW is
unbroken.

We emphasize that this specific choice of the gau
groups and particle content is considered presently for
purpose of illustration. To achieve the desired physics
this scheme will require some fine-tuning of the gau
coupling constants to a few percent of critical value
We believe that this fine-tuning can be alleviated in mo
general schemes, and in fact, we expect to generalize
mechanism when it is extended to give the light quark a
lepton masses. Moreover, we will work in the fermion
bubble approximation to leading order inNc, the number
of colors. This is a crude approximation to the dynamic
so the specific estimates made here are expected to
reliable to roughly only a factor of 2 or so.

Integrating out the colorons yields an effective La
grangian for the third generation fields:

L c
eff ­ 2

4pk

M2

√
qgm

lA

2
q 1 xgm lA

2
x

!2

, (2)

where q ­ st, bd, the coloron mass isM, k ­
sg2

s cot2 udy8p, where gs is the QCD coupling, and
u is the usual SUs3d1 3 SUs3d2 mixing angle [5,6] (the
first and second generations feel effects that are prop
tional to tan2 u and mixing with the third generation tha
are of order 1); we assume cotu ¿ 1. For criticalk the
effects ofL c

eff alone would produce an SUs3d symmetric
condensate withkttl ­ kbbl ­ kxxl, and an SUs3d octet
of Nambu-Goldstone bosons (NGB’s).

Integrating out the two massive Us1d bosons yields the
effective Lagrangians:

L 1
eff ­ 2

4pk1

M2
1

µ
1
3

qLgmqL 1
4
3

tRgmtR

2
2
3

bRgmbR 1
4
3

xgmx

∂2

, (3)

and

L B2L
eff ­ 2

4pkB2L

M2
B2L

µ
1
3

qLgmqL 1 xtRgmtR

1
1
3

bRgmbR 1 xxLgmxL

1
1
3

xRgmxR

∂2

, (4)

as well as four-fermion operators involving the third ge
eration leptons. HereM1 and MB2L are the Z1 and
n

e
e

.

he
d

,
be

r-

ZB2L masses,k1 ­ g02 cot2 u0ys8pd, g0 is the hyper-
charge gauge coupling,u0 is the mixing angle between th
Us1d1 3 Us1d2 gauge bosons,kB2L ­ g2

B2Lys8pd, gB2L

is the Us1dB2L gauge coupling. We shall assume, f
simplicity, that all of the massive gauge bosons hav
common massM. These interactions are typically attra
tive and nonconfining. In addition, electroweak prese
ing mass terms are allowed in the low energy theory:

Lmass ­ 2mxxxLxR 2 mxtxLtR . (5)

Note that thexLxR mass term is not Us1dB2L invariant,
but it is induced below the scaleM if the x couples to the
Us1dB2L breaking vacuum expectation value (VEV).

In the presence of the full effects ofL
1

eff and L
B2L

eff ,
the theory can produce a different pattern of condensa
i.e., a different pattern of chiral symmetry breaking, th
in the case of the pureL c

eff. To see this we note that th
mass-gap equations for the model take the generic for

mAB ­ zABmABFABsmxx , mxt , mtx , mtt , . . .d , (6)

where the indicesA andB stand forx, t, andb, mAB is the
dynamical mass generated by the condensatekALBRl, and
the functionsFAB depend on all nine dynamical masse
The coefficientsz are combinations of the SUs3d1 3

Us1d1 3 Us1dB2L gauge couplings and charges:

zAB ­
2
p

µ
4
3

k 1 YAYBk1 1 XAXBkB2L

∂
, (7)

where Y and X are the Us1d1 and Us1dB2L charges,
respectively. Our charge assignment gives the follow
inequalities:

ztx . ztt , ztb . zxb ,

zxt . zxx . ztt .
(8)

A necessary condition for having a nonzero dynam
massmAB is that at least one of the threezA0B coefficients
is above a critical value,zcrit ­ 1, or that the correspond
ing current massmAB is nonzero. In the low energy effec
tive theory this condition corresponds to the requirem
of having a negative squared mass or a tadpole term
the composite scalar formed in theALBR channel [12].
We need the formation of thekxLtRl and ktLxRl con-
densates, and therefore we requirezxt , ztx . 1. Choos-
ing the three gauge couplings such thatztb , 1 ensures
that theqLbR and xLbR channels are subcritical, so th
bR does not participate in condensates. Furthermore
ztt is subcritical, theq̄LtR condensate will be aligne
with q̄LxR. In addition, we assume for convenience th
zxx , 1. All of the above conditions on thez coefficients
are satisfied provided
max

µ
4k1

3
1

xkB2L

4
, 2

k1

6
1

kB2L

12

∂
,

3p

8
2 k , min

µ
k1

3
1

kB2L

12
,

4k1

3
1

3x2

4
kB2L

∂
. (9)
2635
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In this case, the most general dynamical mass ma
[up to an SUs2dW transformation] is given in the wea
eigenstate basis by

L ­ 2stL, xLd
µ

mtt mtx

mxt mxx

∂ µ
tR

xR

∂
1 H.c. (10)

Therefore, we need to solve the subset of four coup
gap equations included in Eq. (6), where the functionsF
can be computed by keeping the weak eigenstates in
external lines, and thex and t mass eigenstates runnin
in the loop. Keeping only the quadratic and logarithm
divergences, with a physical cutoff given by the mass
the heavy gauge bosons, we obtain

Fxx ­ 1 2

√
m2

tx 1 m2
xt 1 m2

xx 1
mttmtxmxt

mxx

!

3
1

M2 ln

√
M2

m2
xx

!
1

mxx

zxxmxx

,

Fxt ­ 1 2

√
m2

tt 1 m2
xt 1 m2

xx 1
mttmtxmxx

mxt

!

3
1

M2 ln

√
M2

m2
xx

!
1

mxt

zxtmxt
,

Ftx ­ 1 2

√
m2

tt 1 m2
tx 1 m2

xx 1
mttmxtmxx

mtx

! (11)

3
1

M2 ln

√
M2

m2
xx

!
,

Ftt ­ 1 2

√
m2

tt 1 m2
tx 1 m2

xt 1
mtxmxtmxx

mtt

!

3
1

M2 ln

√
M2

m2
xx

!
.

In what follows we will be interested for simplicity in th
case where thekxLxRl condensate is significantly large
than the others, such that the seesaw condition,

m2
xx ¿ m2

xt , m2
tx ¿

m2
xx

m2
xt

m2
tt , (12)

is satisfied. A nontrivial solution to the set of ga
equations can be easily found in this case (we ass
mxt ø mxx):

mxx ø
mxx

ztx 2 zxx

. 0 ,

m2
xt,tx ø

M2

lnsM2ym2
xx d

√
1 2

1
zxt,tx

!
2 m2

xx . 0 , (13)

mtt ø 2
zttmxxmxtmtx

s1 2 zttdM2 ln

√
M2

m2
xx

!
, 0 .

The seesaw condition (12) requires a partial cancella
of the terms in the above expression form2

xt,tx , and a
constraint onmxx ,

m2
xx

M2 ø s1 2 zttd sztx 2 zxx d2. (14)
2636
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It should be emphasized that it is possible to sati
conditions (9) and (12) without excessive fine-tuning.
see this, note that the SUs3d1 interactions are likely to
be stronger than the Us1d’s, so that Eq. (9) gives the
criticality condition

k ­
3p

8

∑
1 1 O

µ
k1

k
,

kB2L

12k

∂∏
. (15)

According to the discussion in Ref. [8], the ratiosk1yk

and kB2Lys12kd can be interpreted as the amount
fine-tuning in k required by Eq. (9). From this poin
of view, we consider values of order 0.1–0.01 for the
ratios to be acceptable. We return to an example of
numerical values of coupling constants after obtaini
some phenomenological constraints on the masses.

As a consequence of condition (12), the physical t
mass is suppressed by a seesaw mechanism:

mt ø
mxtmtx

mxx

f1 1 Osm2
xt,txym2

xx dg . (16)

The electroweak symmetry is broken by themtx dynami-
cal mass. Therefore, the electroweak scale is estimate
be given by

y2 ø
3

4p2 m2
tx ln

√
M

mxx

!
. (17)

It is easy to verify that this estimate is correct
first order in smtxymxxd2, by diagonalizing the mass
matrix in Eq. (10) and computing the one-loop leadi
contribution to theW mass. This can also be see
in an effective Lagrangian analysis; this term com
from a dynamically generated composite Higgs bos
with a very strong couplingg , 4py

p
3 lnsMymd to t̄x,

with the usual VEV, where Eq. (17) is just the usu
m ­ gyy2 “Goldberger-Treiman” relation. Thus,y ø
246 GeV requires a dynamical mass

mtx ø 0.6 TeV (18)

for Mymxx , Os10d [values of Mymxx much larger
thanOs10d would need fine-tuning in the gap equation f
mxx , while values below,5 would need the inclusion
of the next-to-leading order terms in the gap equation
From Eq. (16) it follows that a top mass of 175 Ge
requires

mxt

mxx

ø 0.3 . (19)

One might worry at this stage that the four-fermion i
teractions (3) and (4), which are custodial-SUs2d violat-
ing, inducing the top-bottom mass splitting, may also le
to a large contribution to the electroweak parameterT
(equivalently,Drp). T can be estimated in the fermion
bubble large-N approximation as

T ø
3m2

t

16p2asM2
Zdy2

m2
tx

m2
xt

f1 1 Osm2
xt,txym2

xx dg , (20)
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where a is the fine structure constant. The two-loo
corrections toT involving the operators (2), which ar
significant for M , 1 TeV as discussed in Ref. [8], ar
small in our case due to the largeM [compared to the
result in Ref. [8], there is a suppression ofs1 TeVyMd2 &

1023, and an enhancement ofsmtxymtd4 , 100 from x

loops]. Moreover, theS parameter is small, the leadin
contributions coming from ax-t loop diagram, of order
s1y2pd smxtymxxd. The fit to the electroweak data of th
S and T parameters in the standard model with a Hig
mass of 300 GeV gives [13] a1s ellipse in theS-T
plane whose projection on theT axis isT ­ 0.03 6 0.34.
Requiring that our model does not exceed the1s upper
bound onT , we obtain the following constraint:

mtx

mxt
# 0.55 . (21)

The mass ratios (19) and (21) can arise naturally. For
ample, the set of valuesmtx ø 0.5 TeV, mxt ø 0.9 TeV,
mxx ø 2 TeV, M , 50 70 TeV would require k1 ø
0.02, kB2L ø 0.3, and 1 2 8kys3pd ø 0.02, for x ­
21y6 and mxx ø 30 GeV. Note that the vectorlike
quark has a mass approximately equal tomxx , and there-
fore the phenomenological constraints on its mass [
are satisfied. A consequence of the mixing between
t and x quark eigenstates is that theVtb element of
the Cabibbo-Kobayashi-Maskawa matrix is given by t
cosine of the mixing angle. Therefore, the decrease
jVtbj compared to the standard model value is given
m2

txy2m2
xx , 1%, which is potentially relevant for the

single top production at the run 3 of the Tevatron.
This model also implies the existence of pseud

NGB’s. The chiral symmetry of the four-fermion intera
tions (2)–(4) is SUs2dW 3 Us1dxL 3 Us1dxR 3 Us1dtR 3

Us1dbR , where the four Us1d’s are the chiral symmetrie
of xL, xR , tR , andbR . One of the linear combinations o
the Us1d generators corresponds to the hypercharge ga
group Us1dY , while the remaining combinations are ge
erators of global Us1d’s. The condensateskxLxRl and
kxLtRl break Us1dxL 3 Us1dxR 3 Us1dtR 3 Us1dbR down
to Us1dY 3 Us1dbR giving rise to two neutral NGB’s
which are linear combinations ofxg5x, xg5t, andtg5t.
These NGB’s receive masses of order

MNGB ø
p

mxAmxA , (22)

where A stands forx or t, due to the explicit breaking
of the global Us1d’s by the Dirac mass terms in Eq. (5
Note that the lower bound on the mass of a neu
pseudo-NGB that couples only to the top quark is mu
below the bound on the Higgs boson mass [15], so
even a current massmxt of order 1 GeV is sufficient.

In summary, we have presented a simple mechan
of electroweak symmetry breaking based on the dynam
of the top quark with a seesaw mechanism involving
s

x-
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vectorlike quark. The model produces an acceptable t
quark mass, is consistent with other electroweak data,
does not require excessive fine-tuning. It remains for o
to understand the necessary extension of the schem
give masses and mixing angles to all quarks and lepto
and to construct attractive schemes for top-color break

We thank Ken Lane and especially Sekhar Chivuku
for useful comments on the manuscript.

*Email address: bdob@fnal.gov
†Email address: hill@fnal.gov

[1] W. A. Bardeen, C. T. Hill, and M. Lindner, Phys. Rev. D
41, 1647 (1990).

[2] Y. Nambu, in Proceedings of the Kazimierz 1988 Confe
ence, edited by T. Eguchi and K. Nishijima, University o
Chicago Reports No. EFI 88-39 and EFI 88-62, 1988
version of this work appears in1988 International Work-
shop on New Trends in Strong Coupling Gauge Theor
edited by M. Bando, T. Muta, and K. Yamawaki (Worl
Scientific, Singapore, 1989); Report No. EFI-89-08, 198
V. A. Miransky, M. Tanabashi, and K. Yamawaki, Mod
Phys. Lett. A 4, 1043 (1989); Phys. Lett. B221, 177
(1989); W. J. Marciano, Phys. Rev. Lett.62, 2793 (1989).

[3] C. T. Hill, Phys. Rev. D24, 691 (1981).
[4] T. E. Clark, S. Love, and W. A. Bardeen, Phys. Lett.

237, 235 (1990); M. Carena, T. E. Clark, C. E. M. Wagne
W. A. Bardeen, and K. Sasaki, Nucl. Phys.B369, 33
(1992).

[5] C. T. Hill, Phys. Lett. B 266, 419 (1991); for a recent
review, see G. Cvetic, Dortmund University Repo
No. DO-TH-97-03, 1997; hep-ph/9702381.

[6] C. T. Hill, Phys. Lett. B345, 483 (1995); hep-ph/9411426
[7] K. Lane and E. Eichten, Phys. Lett. B352, 382 (1995);

hep-ph/9503433; K. Lane, Phys. Rev. D54, 2204 (1996);
hep-ph/9602221; Boston University Report No. BUHE
97-8, 1997; hep-ph/9703233.

[8] R. S. Chivukula, B. A. Dobrescu, and J. Terning, Phy
Lett. B 353, 289 (1995); hep-ph/9503203.

[9] D. Kominis, Phys. Lett. B 358, 312 (1995); hep-ph/
9506305; G. Buchalla, G. Burdman, C. T. Hill, an
D. Kominis, Phys. Rev. D53, 5185 (1996); hep-ph/
9510376; G. Burdman and D. Kominis, Phys. Lett. B403,
101 (1997); hep-ph/9702265.

[10] R. S. Chivukula and J. Terning, Phys. Lett. B385,
209 (1996); hep-ph/9606233; Y. Su, G. F. Bonini, a
K. Lane, Phys. Rev. Lett.79, 4075 (1997); hep-ph/
9707452.

[11] M. Suzuki, Phys. Rev. D44, 3628 (1991); R. F. Lebed and
M. Suzuki, Phys. Rev. D45, 1744 (1992).

[12] R. S. Chivukula, B. A. Dobrescu, H. Georgi, and C. T. H
(to be published).

[13] B. A. Dobrescu and J. Terning, Phys. Lett. B416, 129
(1998); hep-ph/9709297.

[14] V. Barger, M. S. Berger, and R. J. N. Phillips, Phy
Rev. D52, 1663 (1995); hep-ph/9503204.

[15] G. Rupak and E. H. Simmons, Phys. Lett. B362, 155
(1995); hep-ph/9507438.
2637


