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Self-breaking of the standard model gauge symmetry
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If the gauge fields of the standard model propagate in TeV-size extra dimensions, they rapidly become
strongly coupled and can form scalar bound states of quarks and leptons. If the quarks and leptons of the third
generation propagate in 6 or 8 dimensions, we argue that the most tightly bound scalar is a composite of top
quarks, having the quantum numbers of the Higgs doublet and a large coupling to the top quark. In the case
where the gauge bosons propagate in a bulk of a certain volume, this composite Higgs doublet can successfully
trigger electroweak symmetry breaking. The mass of the top quark is correctly predicted to within 20%,
without the need to add a fundamental Yukawa interaction, and the Higgs boson mass is predicted to lie in the
range 165–230 GeV. In addition to the Higgs boson, there may be a few other scalar composites sufficiently
light to be observed at upcoming collider experiments.

PACS number~s!: 11.15.Ex, 11.10.Kk, 11.25.Mj, 12.60.Rc
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I. INTRODUCTION AND CONCLUSIONS

The standard model~SM! has three main ingredients:~1!
the SU(3)C3SU(2)W3U(1)Y gauge group;~2! three gen-
erations of quarks and leptons;~3! a Higgs doublet. As op-
posed to the gauge group and fermion representations w
may be viewed as natural low-energy remnants of an uni
theory, the Higgs doublet is anad hoc addition required
solely to break the electroweak symmetry and to accom
date the observed fermion masses. In this paper we show
the existence of a Higgs doublet is a consequence of in
dients ~1! and ~2! provided the gauge bosons and fermio
propagate in appropriate extra dimensions compactified
scale in the TeV range.

Given that gauge theories are non-renormalizable in m
than four dimensions, there is need for a physical cutoffMs
above but not far from the compactification scale. An ob
ous candidate for this cutoff is the scale of quantum grav
as would occur if the gravitational coupling becomes stro
at a scale in the TeV range. This may be achieved if
space accessible to standard model fields is embedded
large volume accessible only to the gravitons@1#, or if there
are warped extra dimensions@2#. An alternative possibility is
that the theory becomes embedded in some other consi
ultraviolet completion of higher-dimensional gauge theo
without gravity, while the scale of quantum gravity is highe

Below the cutoff scaleMs , we are dealing with an effec
tive field theory which includes theSU(3)C3SU(2)W
3U(1)Y gauge group and three generations of fermions
compact dimensions. The basic idea is that the high
dimensional gauge interactions become strong at the s
Ms and produce fermion-antifermion bound states. It is v
significant that, with plausible dynamical assumptions,
charges of the quarks and the leptons under the stan
model gauge group are such that the most deeply bound
which transforms non-trivially under the gauge group is
Higgs doublet. Thus, a composite Higgs doublet which
quires an electroweak asymmetric vacuum expectation v
could result as a direct consequence of the extra dimens
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Previously, it has been shown that the combined effec
the Kaluza-Klein~KK ! modes of the gluons is strong enoug
@3# to give rise to a composite Higgs doublet made of t
four-dimensional left-handed top-bottom doublet and a fi
dimensional top-quark field@4#. More generally, the strong
dynamics intrinsically associated with gauge interactions
extra dimensions is a good candidate for viable theo
without a fundamental Higgs doublet@5#.

Here we consider the more natural setup where a
generation~the ‘‘third’’ one by definition! propagates in ex-
tra dimensions of TeV21 size, and the higher-dimensiona
SU(3)C3SU(2)W3U(1)Y interactions induce electrowea
symmetry breaking. In Sec. II we study the possible bou
states and symmetry breaking pattern of the high
dimensional gauge dynamics using the most attractive ch
nel ~MAC! analysis. A more detailed description of th
bound states using the Nambu–Jona-Lasinio~NJL! approxi-
mation is presented in Sec. III. Remarkably enough, it tu
out that the composite Higgs doublet has a Yukawa coup
of order one only to the top quark. The model includes p
tentially light composite scalars other than the Higgs bos
which could be within the reach of future collider expe
ments.

Despite the uncertainties due to the cutoff scale, we
able to obtain rather reliable predictions for the top a
Higgs boson masses because the renormalization group~RG!
equations exhibit infrared fixed points. The top mass is p
dicted with aO(20%) uncertainty, and is consistent with th
experimental value. The Higgs boson mass is predicted
the 165–230 GeV range~Sec. IV!.

More generally, extra dimensions accessible to stand
model fields provide a natural setting for theories with co
posite Higgs fields. Normally, in four dimensions, the
theories suffer from the difficulty that the SM Yukawa co
plings look quite perturbative; even for the top quarkl t;1
rather than;4p. On the other hand, in any theory with
composite Higgs boson, the Yukawa couplings are expec
to blow up at the compositeness scale. This either pred
too large a top quark mass if this scale is low, or requires
©2000 The American Physical Society06-1
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to push the compositeness scale up so high that the u
hierarchy problem fine-tune is needed to keep the Higgs fi
light @6,7#. Theories with extra dimensions allow for a wa
out of this problem: all the fundamental higher-dimensio
couplings, including the gauge and Yukawa couplings,
be strong, while the effective four-dimensional couplings c
be perturbative due to a moderate dilution factor from
volume of the extra dimensions. More precisely, strong
namics can trigger a composite Higgs field to formin higher
dimensionswith the associated large couplings, but t
power-law running of couplings in higher dimensions allo
these couplings to reach perturbative infrared fixed po
without the need to push the compositeness scale to g
unification scale values. The discussion of Sec. IV for the
and Higgs boson masses holds inany such higher-
dimensional theory, with the ‘‘composite’’ boundary cond
tions that the top Yukawa and Higgs boson quartic coupli
blow up at the ultraviolet cutoff.

In Sec. V we mention various scenarios with three g
erations in which some flavor non-universal effects prev
the up and charm quarks from forming deeply bound sta
at the scaleMs , while also allowing the light quarks an
leptons to obtain their masses. Finally, we conclude wit
comparison between our scenario and the supersymm
extensions of the standard model in Sec. VI.

II. A THIRD GENERATION MODEL

Let us consider the standard model gauge group and
generation~the ‘‘third’’ one! of fermions inD dimensions,
where four of them are the usual Minkowski spacetime a
D24 spatial dimensions are compactified at a scale 1/R of a
few TeV. For evenD, there is an analogue of the fou
dimensionalg5 matrix, GD11, hence chiral fermions with
eigenvalues61 of GD11 exist. Nonetheless, the highe
dimensional fermions have four or more components. In
der to obtain a four-dimensional chiral theory, the extra
mensions must be compactified on an orbifold or with so
boundary conditions such that the zero modes of one fo
dimensional chirality are projected out. We will concentra
mostly on the case of chiral fermions in even number
extra dimensions, leaving the more complicated discuss
of vector-like fermions inD>5 for the Appendix.

We assignSU(2)W doublets with positive chirality,Q1 ,
L1 , andSU(2)W singlets with negative chirality,U2 , D2 ,
E2 . Each fermion contains both left- and right-handed tw
component spinors when reduced to four dimensions.
impose an orbifold projection such that the right-hand
components ofQ1 , L1 , and left-handed components o
U2 , D2 , E2 , are odd under the orbifoldZ2 symmetry and
therefore the corresponding zero modes are projected ou
a result, the zero-mode fermions are two-component fo
dimensional quarks and leptons:Q1

(0)[(t,b)L , U 2
(0)[tR ,

D2
(0)[bR , L1

(0)[(nt ,t)L , E 2
(0)[tR .

Given that the massless fermion spectrum~before elec-
troweak symmetry breaking! is a full generation of standar
model fermions, the theory is obviously free from fou
dimensional anomalies. Nevertheless, there may
D-dimensional anomalies because the theory is chiral. Th
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are noSU(3)C anomalies because the fermions have vec
like strong interactions. Similarly, the unbrokenU(1)EM is
anomaly free, and the gravitational anomaly cancels if
include a singlet with negative chirality.~Its zero-mode can
be identified as a right-handed neutrino.! On the other hand,
the SU(2)W andU(1)Y representations are chiral and the
are @SU(2)W#D/211, @U(1)Y#D/211 and mixed anomalies
TheseD-dimensional anomalies, however, can be cance
by the Green-Schwarz mechanism@8#. We will assume the
presence of such a Green-Schwarz counterterm in the e
tive Lagrangian so that the full theory is non-anomalo
This term will not play any role in the following discussion

At the cutoff scale,Ms , the standard model gauge inte
actions are non-perturbative and produce bound states. S
of the scalar bound states may have squared-masses si
cantly smaller thanMs

2 , due to the quadratic dependence
the cutoff of their self-energies@9#. We do not expect that the
interactions which are strong in the ultraviolet exhibit co
finement, because at large distance (R,r ,LQCD

21 ) only the
zero modes of the gauge fields are relevant and the inte
tions are not strong. The effective theory belowMs involves
both fermions and composite scalars. The squared-mas
the composite scalar decreases when the strength of th
tractive interaction that produces the bound state increa
For a sufficiently strong attractive interaction, the squar
mass turns negative inducing chiral symmetry breaking.

In order to study the low-energy theory and the symme
breaking pattern, we need to identify the most attractive s
lar channels@10#. In the one-gauge-boson-exchange appro
mation, the binding strength of ac̄x channel is proportiona
to

ĝ3
2Tc̄•Tx1ĝ2

2Tc̄
8•Tx81ĝ82YcYx , ~2.1!

where ĝ3 , ĝ2, and ĝ8 are the six-dimensionalSU(3)C
3SU(2)W3U(1)Y gauge couplings at the cutoff scale,T
and T8 are theSU(3)C3SU(2)W generators of the corre
sponding fermion, andY is the hypercharge. For computin
the relative strength of various channels it is convenien
use the following identity:

Tc̄•Tx5
1

2
@C2~ c̄ !1C2~x!2C2~ c̄x!#, ~2.2!

whereC2(r ) is the second Casimir invariant for the repr
sentationr of the gauge group.

The bound states which can be formed depend on
transformation of the higher-dimensional fermions und
charge conjugation. Therefore, we will consider separa
the cases ofD54k12 andD54k14 with k>1 integer.

A. Fermions in six dimensions„DÄ4k¿2…

We first study a six-dimensional@or more generally, (4k
12)-dimensional# theory with chiral fermions. Note tha
these are dimensions larger thanMs

21 accessible to the
quarks and leptons, and the discussion that follows does
depend on the existence of other dimensions which are e
smaller thanMs

21 or inaccessible to the standard mod
fields.
6-2
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TABLE I. Attractive scalar channels in six dimensions with chiral fermions.

Composite SU(3)3SU(2)3U(1) Relative binding
scalar Constituents representation Binding strength for ĝ15ĝ25ĝ3

HU Q̄1U2
(1,2,11/2) 4

3 ĝ3
21

1
15 ĝ1

2 1

HD Q̄1D2
(1,2,21/2) 4

3 ĝ3
22

1
30 ĝ1

2 0.93

q̃ Q̄1D 2
c (3,2,11/6) 2

3 ĝ3
21

1
30 ĝ1

2 0.5

X Q̄1U 2
c (3,2,25/6) 2

3 ĝ3
22

1
15 ĝ1

2 0.43

HE L̄1E2
(1,2,21/2) 3

10 ĝ1
2 0.21

q̃8 L̄1
c U2

(3,2,11/6) 1
5 ĝ1

2 0.14

q̃9 L̄1D2
(3,2,11/6) 1

10 ĝ1
2 0.07

X8 Q̄1
c E2

(3,2,25/6) 1
10 ĝ1

2 0.07
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In (4k12) dimensions, the charge conjugation does
change the chirality, in contrast with the 4k-dimension cases
Therefore,Q1

c , L1
c still have positive chirality andU2

c ,
D2

c , E2
c have negative chirality. The light bound states a

(4k12)-dimensional scalars, and their constituents have
c̄1x2 form.

In Table I we list all the attractive scalar channels and
binding strength of the composite scalars in the MAC a
proximation. The higher-dimensional gauge couplingsĝi are
related to the four-dimensional ones by the volume of
D24 compact dimensions,ĝi5giAVD24. We use the
SU(5) normalization for the hypercharge gauge couplin
whereĝ825(3/5)ĝ1

2. We denote the scalars transforming
the left-handed doublet quark under the SM gauge group
q̃, borrowing the notation from supersymmetry, and the s
lars transforming as (3,2,25/6) under SM gauge group b
X.

Although composite operators such asQ̄1GaQ1 , where
a55, . . . ,D, are also scalars in four dimensions~reduced to
q̄LqR6q̄RqL in the two-component spinor notation!, they be-
long to the vector channels inD dimensions. We make th
usual dynamical assumption that Lorentz invariance is
spontaneously broken by the strong gauge dynamics. If th
vector bound states do form, we assume that their masse
close to the cutoff scale. Although theD-dimensional Lor-
entz invariance is broken by the compactification, this bre
ing occurs at a scale significantly lower than the cutoff sc
where the interactions become strong and the bound s
are formed, so it should have little effect.

Above the compactification scale, the running of the fo
dimensional gauge couplings becomes power-law@11# due to
the presence of the KK modes. The convergence of the t
SM gauge couplings is accelerated. One typically finds t
at the scale where the gauge interactions become
perturbative, the three gauge couplings become compar
and are consistent with unification within theoretical unc
tainties@12#. Since the binding force is dominated by ultr
violet interactions, theSU(2)W and U(1)Y interactions
could be as important as theSU(3)C interaction. In Table I
we also list the relative binding strength for all the attract
scalar channels by assumingĝ15ĝ25ĝ3. In order to avoid
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proton decay we do not invoke a unified gauge group, a
simply assume that physics aboveMs preserves baryon num
ber. However, if there was a unified gauge group atMs , then
the exchange of the additional gauge bosons would mo
the binding strength.

An inspection of Table I shows that the most deep
bound states are the six-dimensionalHU and HD scalars,
which transform under the gauge group as the stand
Model Higgs doublet. Note that this is true for a wide ran

of couplingsĝi ; gauge coupling unification is not a nece
sity. These scalars have large Yukawa couplings to their c

stituents, Q̄1U2 and Q̄1D2 , respectively.HU is more
strongly bound thanHD , so that it naturally acquires a
vacuum expectation value~VEV!, breaking SU(2)W

3U(1)Y down to U(1)EM . Furthermore, if the binding
strength ofHU is not much larger than the critical valu
where the squared-mass ofHU turns negative, then the VEV
of HU will be below the compactification scale. Hence, t
zero mode ofHU plays the role of the SM Higgs doublet.

In the one-gauge boson exchange approximation,
squared-mass ofHD is expected to stay positive, because
the difference in the hypercharge interaction which also
comes strong, though significantly smaller than the comp
iteness scale. The other composite scalars,HE , q̃, q̃8, q̃9, X,
and X8 are not likely to be sufficiently strongly bound fo
being relevant at low energies. Therefore, we have a c
pelling picture, in which the electroweak symmetry is co
rectly broken and only the top quark acquires a large ma
The low-energy effective theory below 1/R is simply the
standard model plus a possible additional Higgs doublet~the
zero mode ofHD).

B. Fermions in eight dimensions„DÄ4k¿4…

In eight dimensions~or more generally inD54k14 with
k>1) with chiral fermions, there are some different bou
states because charge conjugation flips the chirality. Bes
HU , HD , HE , andq̃9, there are four more bound states tran
forming like the right-handed down-type quark under the S
gauge transformation~see Table II!. Among them, the bound
state b̃5Q̄1Q 2

c is also strongly bound and in the MAC
approximation would have the same binding strength asHU
6-3
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TABLE II. Attractive scalar channels in eight dimensions with chiral fermions. We include ane.0 in the

b̃ channel to account for the lifting of the degeneracy due to the running coupling effect belowMs .

Composite SU(3)3SU(2)3U(1) Relative binding
scalar Constituents representation Binding strength for ĝ15ĝ25ĝ3

HU Q̄1U2
(1,2,11/2) 4

3 ĝ3
21

1
15 ĝ1

2 1

HD Q̄1D2
(1,2,21/2) 4

3 ĝ3
22

1
30 ĝ1

2 0.93

b̃ Q̄1Q 2
c (3,1,21/3) 2

3 ĝ3
21

3
4 ĝ2

22
1

60 ĝ1
2 12e

b̃8 Ū2D 1
c (3,1,21/3) 2

3 ĝ3
21

2
15 ĝ1

2 0.57

b̃9 Q̄2
c L1

(3,1,21/3) 3
4 ĝ2

21
1

20 ĝ1
2 0.57

b̃- Ū1
c E2

(3,1,21/3) 2
5 ĝ1

2 0.29

HE L̄1E2
(1,2,21/2) 3

10 ĝ1
2 0.21

q̃9 L̄1D2
(3,2,11/6) 1

10 ĝ1
2 0.07
Th
pl
he
gs

lo

h
de

o
tio

b

on
m

fe
b

th
it

p-

.

in

de-

n

ng
or-

i
u
a

d
e
th

as
io
a

de
e

if all three SM gauge couplings had the same strength.
degeneracy is accidental and will not be exact. For exam
by taking into account the effect of running couplings, t
Q̄1Q 2

c channel will be somewhat weaker than the Hig

channelQ̄1U2 even if we assumeĝ35ĝ25ĝ1 at the cutoff
scale, because the contributions coming from scales be
Ms have ĝ2,ĝ3. Nevertheless, the composite scalarb̃ is
expected to be quite light if the squared-mass ofHU becomes
negative. The VEV ofHU will give a positive contribution to
the squared-mass ofb̃, and hence preventsb̃ from acquiring
a nonzero VEV and breaking the color gauge group. T
low-energy theory in this case is a two-Higgs-doublet mo
plus a charged color triplet scalar.

III. FOUR-FERMION OPERATOR APPROXIMATION

In the previous section we have studied the formation
bound states using a most attractive channel approxima
A more detailed study of the bound state properties may
based on the following considerations.

The higher-dimensional gauge interactions become str
at the ultraviolet cutoff, and therefore the high-momentu
gauge fields give the dominant interaction between the
mions. The picture described in the previous section can
studied in a more quantitative manner by approximating
dynamics of the higher-dimensional gauge interactions w
an effective theory involving four-fermion operators su
pressed by a scaleL;Ms:

1

1If gauge fields live in some additional dimensions where ferm
ons do not propagate, and those dimensions have sizes m
smaller thanR, then one can first integrate out those addition
dimensions and obtain the four-fermion interactions suppresse
the scale of those dimensions@4#. Even if these dimensions hav
size of orderR, the one gauge boson exchange is dominated by
ultraviolet and leads to local, four fermion operators. In the c
where gauge fields and fermions propagate in the same dimens
the four-fermion interactions generated by the gauge dynamics
non-local. Replacing them by local four-fermion operators is har
to justify, but analogous treatments in four dimensional gauge th
ries often work well empirically.
09600
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E dDx
21

2L2 F ĝ3
2~Q̄1GaTrQ11Ū2GaTrU21D̄2GaTrD2!2

1ĝ2
2S Q̄1Ga

sW

2
Q11L̄1Ga

sW

2
L1D 2

1
3

5
ĝ1

2S 1

6
Q̄1GaQ1

1
2

3
Ū2GaU22

1

3
D̄2GaD22

1

2
L̄1GaL12 Ē2GaE2D 2 G ,

~3.1!

wheres are the Pauli matrices.
To be concrete, we study theD56 case in this section

The fermion fields depend on the spacetime coordinatesxa,
labeled bya50,1,2,3,5,6, wherex5 andx6 are compact, of
sizepR. The six-dimensional gamma matrices are given
terms of the four-dimensional ones by, e.g.,

Gm5S 2gm 0

0 gmD , m50,1,2,3, G55S 0 i I

i I 0 D ,

G65S 0 I

2I 0D , ~3.2!

and the six-dimensional chiral projection operators are
fined by

P6[
16G7

2
5

1

2 S 17g5 0

0 16g5
D . ~3.3!

The four-fermion operators~3.1! may be analyzed along
the lines presented in@4#. The scalar channel operators ca
be obtained after Fierz transformation,

E d6x
3

2L2
@cU~Q̄1U2!~ Ū2Q1!1cD~Q̄1D2!~D̄2Q1!#

1•••, ~3.4!

wherecU , cD are the binding strength for the correspondi
channels, which in the simplest approximation are prop
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tional to the value obtained in the MAC analysis, (4
3 ĝ3

2

1 1
15 ĝ1

2 , 4
3 ĝ3

22 1
30 ĝ1

2,! and the ellipsis stand for vectorial an
tensorial four-fermion operators, which are irrelevant at l
energies, as well as four-fermion operators in the sc
channels that do not produce light scalars.

The operators shown above give rise to composite sca
whose kinetic terms vanish at a scale;Ms . Therefore, these
scalars are physical degrees of freedom only belowMs . We
derive the low-energy effective Lagrangian following th
steps described in@4#. First, the scalar self-energies and qu
tic couplings are induced by the interactions with their co
stituents. These may be computed in the large-Nc limit,
where only one fermion loop contributes. Then the sca
fields may be redefined to allow canonical normalization
their kinetic terms. This yields a six-dimensional effecti
action which includes the following terms involving scala

2E d6xFV61
j

Ms
~ Ū2Q1HU1D̄2Q1HD1H.c.!G ,

~3.5!

where the effective potential is given by

V65
l

2Ms
2 ~HU

† HU1HD
† HD!21MHU

2 HU
† HU1MHD

2 HD
† HD .

~3.6!

The quartic and Yukawa couplings satisfy the usual N
relation for large-Nc ,

l52j2. ~3.7!

The scalar squared-masses are strongly dependent on th
off, but this does not affect the features important for t
low-energy theory, namely their sign and relative sizes:

~MHU
2 ,MHD

2 !'
16p2F

3Nc
S 1

cU
,

1

cD
D2F8L2, ~3.8!

where the first term is the bare mass re-scaled by the w
function renormalization and the second term comes fr
the fermion loop.F andF8 are positive coefficients of orde
one that may be computed as in@4#, by summing the loop
integrals corresponding to different KK modes. The bindi
strengthcU , cD are proportional to the square of the si
dimensional gauge couplings and have dimensions
mass22 and are large inMs units, resulting inMHU

2 ,0.

The minimum ofV6 is manifestly at̂ HU&Þ0 and^HD&
50. Given that the compactification scale is above the e
troweak scale, the binding strength needs to be adju
close to the critical value whereMHU

2 becomes negative. Th

binding strength depends on the strength of the high
dimensional gauge couplings; holding the effective fo
dimensional gauge couplings fixed, this can be adjusted
changing the volume of the extra dimensions. The tun
that needs to be done to keep the Higgs boson light is
severe, sinceMs is less than a factor of five higher than 1/R
@12#.
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At scales below 1/R the two extra dimensions are inte
grated out, and the four-dimensional effective theory is giv
by the standard model,~we describe the inclusion of thre
generations in Sec. V!, with the addition of a second Higg
doublet~the HD zero-mode!.

In terms of the four-dimensional KK modes, the S
Higgs bosonHU[HU

(0) is a bound state of all the KK mode
of U2 andQ1 :

HU; (
k50

NKK21

Q̄1
(k)U 2

(k) . ~3.9!

The coupling ofHU to eachQ1
(k) and U 2

(k) mode is sup-
pressed byANKK compared with a four-dimensional top con
densate model. Therefore, the top quark mass is also
pressed byANKK compared with the;600 GeV value
expected in the minimal four-dimensional top condens
model @7# with a TeV cutoff scale.

In the leadingNc approximation, the NJL relation~3.7! is
preserved after dimensional reduction. This implies that
Higgs boson mass,Mh , is also suppressed byANKK and is
given by 2mt'350 GeV in the largeNc limit. This suppres-
sion can also be understood as the volume factor of the c
pact dimensions, (NKK5VD24Ms

D24 !. Because the Higgs
doublet and the fermions live in extra dimensions, the fo
dimensional top Yukawa coupling and Higgs boson se
coupling are related to the higher-dimensional ones by
volume factor:

l t5
j

AVD24Ms
D24

, lh5
l

VD24Ms
D24

. ~3.10!

By contrast, in top-quark seesaw models@13#, as well as in
the model with onlytR in extra dimensions@4#, the Higgs
boson is heavy, at the triviality bound, unless there is la
mixing among scalars.

The above discussion only includes the leadingNc contri-
bution, i.e., fermion loops. To get a more precise predict
of the top and Higgs boson masses, one should also inc
the loop contributions from gauge bosons and scalars. T
can be done by computing the full one-loop RG equatio
and evolving the couplings fromMs down to the electroweak
scale. The running of the quartic Higgs coupling further d
creases the physical Higgs boson mass. We study this e
in the next section.

IV. TOP AND HIGGS BOSON MASS PREDICTIONS

The more precise predictions of the top quark mass
Higgs boson mass can be obtained from running the co
sponding~four-dimensional! couplings from the composite
ness scaleMs , with the compositeness boundary conditio
l t , lh→` at Ms @7#, down to low energies. The running i
accelerated by the power-law between the compositen
scale Ms and the compactification scaleMc51/R, so the
effect is significant even though the two scales are not
apart. The low-energy predictions are governed by the in
red fixed points of the RG equations@15#. The infrared fixed
6-5
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points are determined by theb-function coefficients coming
from the KK modes, which are different from those in th
four-dimensional standard model.

The one-loop RG equations for the~four-dimensional!
SM gauge couplings aboveMc are given by

16p2
dgi

d ln m
5NKK~m! bi8gi

3 , ~4.1!

whereNKK(m) is the number of KK modes below the sca
m @NKK(m)5Xd(mR)d, Xd5pd/2/G(11d/2) in the continu-
ous limit#, andbi8 are

b3852111
2

3
mng1

1

2
d1D3 ,

b2852
22

3
1

2

3
mng1

1

2
d1

1

6
nH1D2 ,

b185
2

3
mng1

1

10
nH1D1 , ~4.2!

m is the number of fermion components (m54, 8 for six-
and eight-dimensional chiral theories respectively!, ng is the
number of generations in the bulk~assumed to be 1 through
out most of this section!, d5D24 is the number of extra
dimensions,nH is the number of light Higgs doublets, an
D i , i 51,2,3 represent the contributions from other possi
light composite scalars~e.g., a lightb̃ in eight dimensions
contributes 1/6, 2/15 toD3 andD1, respectively.!

The one-loop RG equations for the top Yukawa coupl
and the quartic Higgs self-coupling are

16p2
d l t

dlnm
5NKK~m! l t H 3~m11!

2
l t

22
2414d

3
g3

2

2
9

4
g2

22
17

20
g1

21D tJ , ~4.3!

16p2
d lh

dlnm
5NKK~m! H 12lh

216mlhl t
226ml t

4

23lhS 3g2
21

3

5
g1

2D
1

31d

4 F2g2
41S g2

21
3

5
g1

2D G1DHJ ,

~4.4!

where D t and DH represent the contributions from oth
composite scalars.

Combining the equations forg3 andl t , we obtain
09600
e

16p2
d ln~l t /g3!

NKK~m!d ln m
5g3

2 H 3~m11!

2

l t
2

g3
2

2S 2414d

3
1b38D

2
9

4

g2
2

g3
2

2
17

20

g1
2

g3
2

1
D t

g3
2J . ~4.5!

If we neglect the contributions fromg2 , g1, andD t , there is
an infrared fixed point forl t

2/g3
2 at (4818d16b38)/(9m

19). For six dimensions, assumingng51 andD350, we
haved52, m54, andb385222/3. The infrared fixed point
of l t /g3 is at

S l t

g3
D
*

5
2

3
'

0.8

g3~mt!
. ~4.6!

l t /g3 decreases from̀ at Ms towards the fixed point in
running down to low energies. How closel t /g3 gets to the
fixed point at Mc depends on the ratio ofMs /Mc , ~or
equivalently, the number of KK modes belowMs , NKK .!
Below the compactification scaleMc , the running follows
the four-dimensional SM RG equations. The correspond
fixed point becomes

S l t

g3
D

SM*
5A2

9
'

0.6

g3~mt!
, ~4.7!

so increasingMc ~while keepingMs /Mc fixed! will decrease
the top mass prediction, though the effect is small becaus
the slow logarithmic running betweenMc and mt . (Mc
should not be too large to avoid extreme fine-tuning.! On the
other hand, theg2 and g1 contributions will increasel t
somewhat. The value 0.8 therefore provides a rough lo
bound on the prediction ofl t in this case. The predicted to
mass, mt5l tv/A2, v5246 GeV, for a givenNKK ~or
equivalently,Ms /Mc) and compactification scaleMc , can
be obtained by numerically solving the power-law and S
RG equations above and belowMc . The result is shown in
Fig. 1. The range of the parametersMc andNKK should be
such that there is no excessive fine-tuning and there
enough KK modes to produce non-perturbative strong
namics, but not too many to cause SM gauge couplings
reach the Landau pole. In the figures we plot the predic
masses for the range 0.5 TeV,Mc, 50 TeV and 25
,NKK,200.

From Fig. 1, we see that the top quark mass predicte
this theory is in agreement with the experimental va
174.365.1 GeV@14# with an uncertainty of;20%.

In eight dimensions, the infrared fixed point forl t /g3 of
the RG equations betweenMc and Ms ~neglectingg2 , g1,
andD ’s! is

S l t

g3
D
*

5
A58

9
'

1

g3~mt!
, ~4.8!

so the predicted top mass is somewhat larger compared
the six-dimensional case. The numerical prediction is sho
6-6



o

re
G

n

n
w

a

to

s
e

for
ter-
of

g. 3,
ives
e
son

for

r o

SELF-BREAKING OF THE STANDARD MODEL GAUGE . . . PHYSICAL REVIEW D 62 096006
in Fig. 2. We can see that the prediction is also in go
agreement with the experimental value.

The Higgs boson mass is also controlled by the infra
fixed point structure of the RG equations. Combining the R
equations forl t andlh , we obtain

16p2
d ln~xH!

NKK~m!d ln m

5l t
2H 12xH13~m21!2

6m

xH
1

4818d

3

g3
2

l t
2

2
1

l t
2 S 9

2
g2

21
1

10
g1

2D1
31d

4xHl t
4 F2g2

41S g2
21

3

5
g1

2D G
1

DH

lh
2

xH2
2D t

l t
2 J , ~4.9!

where

xH[
lh

l t
2

. ~4.10!

If we neglect the contributions from the gauge couplings a
the D ’s, we find an infrared fixed point forxH at

12xH13~m21!2
6m

xH
50⇒xH* 5

Am2130m112m11

8
.

~4.11!

For six dimensions,m54, xH* '1.1. The (xH2xH* )
term is multiplied by a large coefficient in the RG equatio
therefore it approaches zero very rapidly. Numerically
find that lh /l t

2 reachesxH* almost instantaneously below
Ms . At lower energies, theg3

2/l t
2 term increases and it has

FIG. 1. The predicted top mass as a function of the numbe
KK modes,NKK , and the compactification scale,Mc , in the six-
dimensional theory withng51.
09600
d

d

d

,
e

large coefficient, so it is no longer a good approximation
neglect it. This term reducesxH in running towards low en-
ergies. If we assume thatg3

2/l t
2 is constant and equal to it

low-energy valueg3
2/l t

2(mt) for the correct top mass, th
infrared fixed point forxH becomes

12xH*
8 13~m21!1

64

3

g3
2

l t
2 ~mt!2

6m

xH*
8

50⇒xH*
8 '0.5 ~ for m54!. ~4.12!

Becauseg3
2/l t

2 is smaller thang3
2/l t

2(mt) during the evolu-
tion, xH*

8 provides a rough lower bound onxH if we ignore
the difference from the SM running belowMc . Therefore,
for six dimensions we expect

0.5&
lh

l t
2

&1.1, ~4.13!

which translates to the Higgs boson mass range

170 GeV&Mh5Alhv&260 GeV. ~4.14!

The dependence of the Higgs boson mass onNKK andMc
can also be obtained numerically, and the result is shown
six dimensions in Fig. 3. Since the top mass has been de
mined experimentally, we can obtain a better prediction
the Higgs boson mass from the measured top mass. In Fi
we also show the region of the parameter space which g
the top mass within 3s of the experimental value by th
shaded area. The corresponding limit of the Higgs bo
massMh is

165 GeV,Mh~6-dim!,210 GeV. ~4.15!

Similar Higgs boson mass prediction can be obtained
the eight-dimensional case. The fixed pointsxH* and xH8

f FIG. 2. The predicted top mass as a function ofNKK andMc in
the eight-dimensional theory withng51.
*

6-7
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are 1.3 and 0.7 in this case, which roughly correspond to
and 200 GeV, respectively. The numerical prediction forMh
is shown in Fig. 4.

Due to the SM running belowMc , Mh can in fact get
below 200 GeV. The predicted Higgs boson mass in
eight-dimensional theory from requiring a correct top ma
within 3s lies in the range

170 GeV,Mh~8-dim!,230 GeV. ~4.16!

As we emphasized in the Introduction, the predictions
this section have a much more general validity than our p

FIG. 3. The predicted Higgs boson mass as a function ofNKK

and Mc in the six-dimensional theory withng51. The shaded re-
gions correspond to the top mass lying within 1–3s ~dark to light!
of the experimental value, 174.365.1 GeV.

FIG. 4. The predicted Higgs boson mass as a function ofNKK

andMc in the eight-dimensional theory. The shaded regions co
spond to the top mass lying within 1–3s ~dark to light! of the
experimental value.
09600
0

e
s

f
r-

ticular mechanism for triggering electroweak breaking fro
standard model gauge dynamics in extra dimensions. T
are a consequence of any theory where~1! the field content is
that of the standard model, with the gauge bosons, Hi
boson and one full generation propagating in six or ei
dimensions, and~2! where the higher-dimensional coupling
l t ,lh blow up in the ultraviolet, consistent with a composi
Higgs boson.

If the first two generations of fermions also propagate
extra dimensions, there may be more light bulk bound sta
which can contribute to the power-law running of the t
Yukawa coupling and the Higgs boson self-coupling. As
will discuss in the next section, some flavor breaking must
present so that only one Higgs field gets a large VEV. If
simply assume that there are no new bound states even
more generations propagating in the bulk, the fixed points
l t /g3 become 1.15/g3(mt) (ng52), 1.3/g3(mt) (ng53),
for six dimensions, and 1.3/g3(mt) (ng52), 1.5/g3(mt)
(ng53), for eight dimensions. Contributions from addition
light scalars in the bulk can reduce the fixed points. Con
quently, more uncertainties are introduced in the top a
Higgs mass predictions, but we still expect the Higgs bos
to remain rather light.

V. FLAVOR SYMMETRY BREAKING

So far we have only discussed the case where the t
generation of fermions propagates inD24 compact dimen-
sions, without specifying what happens with the other t
generations. A possibility is that the fermions of the first tw
generation are four-dimensional@19#, localized at some
points in the space of extra dimensions. In this case, th
may be ~four-dimensional! bound states between the bu
fermions of the third generation and the four-dimensio
fermions. The binding force of higher-dimensional scala
receives contributions from the extra components of
gauge fields, and hence is stronger than the four-dimensi
ones at generic points in extra dimensions~away from the
orbifold fixed points! by D/4 in the lowest order approxima
tion, ~as one can see from the Fierz transformations.! The
discussion in the previous sections will hold if these fou
dimensional bound states are indeed heavy and do not ap
in the low-energy theory.

A more natural option may be that all three generatio
fill the D-dimensional spacetime, namely each of theQ1 ,
U2 , D2 , L1 , E2 fermions belongs to the fundamental re
resentation of a globalU(3) symmetry. Therefore, the spac
time configuration and the standard model gauge interact
preserve aU(3)5 flavor symmetry.

As we showed in Secs. II and III, the bound state w
negative squared-mass is theQ̄1U2 scalar, which in the
case of three generations belongs to the (3,3) represent
of theU(3)Q3U(3)U flavor symmetry. In other words, ther
are nine ‘‘up-type’’ Higgs doublets. In the absence of flav
symmetry breaking, these Higgs doublets are degenerate
obtain VEV’s that breakU(3)Q3U(3)U down to the diago-
nal U(3), leading to eight Nambu-Goldstone bosons in a
dition to the ones ‘‘eaten’’ by theW andZ. Clearly there is
need for flavor breaking, not only to give sufficiently larg

-
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masses to these Nambu-Goldstone bosons, but also to
count for the various masses of the quarks and leptons.

We now argue that any source of flavor breaking is like
to have a large effect. Recall that the squared-mass
composite Higgs doublet is very sensitive to the strength
the interaction between its constituents. Therefore, some
turbative, flavor non-universal interaction may easily tilt t
vacuum in the direction where only one Higgs doublet ha
negative squared-mass. This immediately eliminates the
wanted Nambu-Goldstone bosons.

The flavor breaking can come from operators induced
the cutoff scaleMs , such as the following four-fermion op
erators@3#,

h i j

Ms
D22 ~Q̄1

i U 2
j !~ Ū 2

j Q1
i !, ~5.1!

wherei 51,2,3 labels the generations. If the attractive for
is enhanced in one hannel~identified as the 3-3 channe!
relative to the others, then only oneHU ~which couples to the
third generation! gets a VEV, while the squared-masses
other Higgs doublets can stay positive. Note that given
sensitivity of the Higgs mass to the strength of the bind
interaction, the other Higgs doublets may be quite he
even with a small splitting in the binding strength. Th
flavor-changing effects induced by these scalars are sma
the scalar masses are large, or theh i j coefficients approxi-
mately preserve some flavor symmetry@16#.

As in any theory with quantum gravity at the TeV sca
flavor-changing effects become a problem if all possi
higher-dimensional operators consistent with the SM ga
symmetry are induced with unsuppressed coefficients.
has to assume that the problematic flavor-changing op
tors, such asDS52, are suppressed by an underlying flav
symmetry or some other mechanism of the fundame
short-distance theory.

With only one or two composite Higgs doublets in th
low-energy theory, the light quark and lepton masses can
generated by certain four-fermion operators induced atMs .
To be specific, let us discuss theHU and HD bound states.
Note that even though the squared-mass ofHD is likely to be
positive because theQ̄1

3 D2
3 channel is not sufficiently

strongly coupled, a

~Q̄1
3 U 2

3 !~Q̄1
3 D2

3 ! ~5.2!

operator would induce a VEV forHD . The important point
is that operators such as

~Q̄1
3 U 2

3 !~ Ū 2
i Q1

j !, ~Q̄1
3 D2

3 !~D̄2
i Q1

j !, ~Q̄1
3 D2

3 !

3~ Ē 1
i L2

j ! ~5.3!

induce Yukawa couplings for the Higgs doublets@18#. In fact
this choice of operators has a flavor structure that leads in
low-energy theory to a type-II two-Higgs doublet model, i.
HU gives masses to the up-type quarks whileHD gives
masses to the leptons and down-type quarks.
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Another possibility to prevent the first two generatio
forming light bound states is that the fermions of differe
chirality are split in the extra dimensions@17#. Consider for
example the case that quarks and leptons propagate iD
56 dimensions~four infinite and two of radiusR) and there
is one additional transverse dimension with coordinatex7

and radiusRT(.Ms
21) smaller thanR. Assuming that the

third generation is localized atx750, and the other two gen
erations are atx7Þ0 with the1 and2 chiralities localized
at differentx7, the strength of the attractive channels whi
involve the first two generations is suppressed by the se
ration. In this case the spectrum of bound states is the s
as the one described in Sec. II, namely there is a sin
six-dimensional Higgs doublet,HU , with a large Yukawa
coupling to the top quark, and a six-dimensional Higgs do
blet, HD , with a large coupling to the bottom quark~and
MHD

2 .MHU
2 ). The light fermion masses can still arise fro

the operators~5.2!, ~5.3!, with the hierarchies explained b
the distances between the fermions.

VI. A COMPARISON WITH SUPERSYMMETRY

Given theSU(3)C3SU(2)W3U(1)Y gauge structure of
the quark and lepton interactions, two crucial questio
arise: why is the gauge group broken spontaneously
SU(3)C3U(1)EM , and why does just one fermion, o
charge 2/3, couple strongly to this symmetry breaking. S
persymmetric extensions of the standard model are know
make significant progress on these questions, and in this
tion we compare our mechanism with the case of supers
metric electroweak symmetry breaking.

Our extra-dimensional approach shares certain feat
with supersymmetric theories: both extend spacetime s
metries and have the breaking scale of this extra space
symmetry linked to the scale of electroweak symme
breaking. The gauge, quark, and lepton fields are extende
become representations of the larger spacetime symmet
they propagate in superspace or in the extra-dimensio
bulk. Furthermore, in both cases the dynamics which gen
ates a negative squared-mass for the Higgs field is dire
connected to the interaction which leads to a heavy
quark. However, on closer inspection the mechanisms
completely different and much insight is gained by comp
ing the assumptions and accomplishments of these two
proaches.

Perhaps the largest difference is that in supersymme
theories the Higgs particles are added to the theory by ha
whereas in the extra-dimensional theory they are autom
cally generated as quark composites, bound by the stan
model gauge forces which become strong in the bulk. It is
no means obvious that Higgs doublets need to be adde
supersymmetric theories, since the scalar superpartner o
lepton doublet has the right gauge quantum numbers to
the Higgs boson. However, it has not proven possible
break electroweak symmetry using only the sneutrino V
— one of the great ‘‘missed opportunities’’ of supersymm
try.

In supersymmetric theories it is very significant that t
correct pattern of electroweak symmetry breaking is tr
gered by the radiative corrections induced by the large
6-9
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quark Yukawa coupling. The theory has many scala
squarks, sleptons, and Higgs bosons, yet only the Higgs
son acquires a VEV. However, a large top quark Yuka
coupling must be input into the theory by hand. Of cour
experiment tells us that the top quark is very heavy; but
would like the theory to explain why an up-type quark
heavy. It is just as easy to construct supersymmetric theo
where thet lepton has a very large Yukawa coupling rath
than the top quark. In this case supersymmetry predic
different pattern of electroweak symmetry breaking:U(1)Y
is broken whileSU(2) survives as an unbroken symmetr
Thus the success of supersymmetry is to correlate the pa
of electroweak symmetry breaking with the nature of t
heaviest fermion, not to explain why a fermion is heav
Contrast this with the case that the standard model ga
forces propagate in 6 or 8 dimensions. There is no nee
introduce an additional non-gauge interaction by hand
electroweak symmetry breaking. When the gauge forces
strong, they bind a scalar Higgs boson and automatic
induce a large Yukawa coupling to an up-type quark.
interactions are needed beyond the standard model g
forces in the extra dimensions—it is as if the gaugino int
actions could somehow induce electroweak symmetry bre
ing and a large top quark mass. Furthermore, there is a d
link between the gauge quantum numbers of a genera
and the result that the very heavy fermion is an up ty
quark.

While supersymmetric radiative electroweak symme
breaking employs a heavy top quark effect, it does not p
dict the mass of the top quark. In fact, a very heavy top qu
is not needed—50 GeV is certainly sufficient. On the oth
hand, the extra-dimensional approach employs an NJL-
mechanism. In four dimensions, this would yield a large
Yukawa coupling at the compositeness scale, and unless
scale is very high~thereby necessitating an enormous fin
tune!, the top quark is much too heavy,mt'600 GeV. How-
ever, the magic is that in extra dimensions, the fundame
higher-dimensional couplings can naturally be large and
be consistent with the more ‘‘perturbative’’ four-dimension
couplingsg,l t ,lh;1 due to a moderate dilution factor from
the volume of the extra dimensions. This is why our theor
predict naturally smaller top and Higgs boson masses
both types of theory there is the possibility that the top qu
mass is determined by infrared fixed point behavior of
renormalization group equations for the Yukawa coupling
supersymmetry, quasi-fixed-point behavior leads to a
quark massmt'205 sinb GeV for tanb not too large@20#.
A correct top mass can be obtained for tanb;1.6, which
gives rise to a relatively light Higgs boson. The lower bou
on the Higgs boson mass from LEP II has ruled out suc
low tanb in the simplest minimal supersymmetric standa
model. With extra dimensions, the need for criticality im
plies that the top quark fixed point is relevant, even thoug
may not be reached, and leads to a correct prediction of
top quark mass, although with considerableO(20%) uncer-
tainties. This is a very significant result. A more precise p
diction is frustrated by a lack of control of the ultraviol
behavior of the theory, implying that one does not know h
closely the infrared fixed point is approached. A correct p
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diction of the top quark mass in supersymmetric theor
requires additional structure, such asSO(10) grand unifica-
tion; for extra dimensions, the correct prediction is inhere
to the mechanism of electroweak symmetry breaking
duced by the standard model gauge interactions.

Both schemes share a common mystery: why is ther
light Higgs boson? In the supersymmetric case, once
Higgs fields have been introduced, it is necessary to un
stand why they do not acquire a gauge invariant mass of
order of the Planck scale. In the case of extra dimensions
most natural mass for the composite scalars is of the orde
the scale where the gauge interactions get strong, 10 TeV
example.2 For supersymmetry, the best solution to this ‘‘m
problem’’ is to introduce a symmetry which forbids a ba
Higgs boson mass in the supersymmetric limit, and arra
for the generation of the operator@mHUHD#F once super-
symmetry is broken. For extra dimensions, it is necessar
assume that the strong gauge dynamics is such as to bin
Higgs boson close to criticality, where its mass vanishes.
know of no symmetry which can guarantee this, so app
ently a fine tune is necessary—this is clearly the prim
weakness of the extra-dimensional scheme. Perhaps it is
cidental, or perhaps it results naturally from the no
perturbative gauge dynamics which we do not understan

For both supersymmetry and extra dimensions, given
existence of a light Higgs, the simplest schemes impose c
straints on the mass of the Higgs boson. Unlike the stand
model, the scalar quartic coupling is not a free parameter
supersymmetric theories it is related to the electrowe
gauge couplings in such a way that there is a tree level up
limit to the lightest Higgs boson mass ofMZ , which gets
increased by radiative corrections to about 135 GeV. W
dynamical electroweak symmetry breaking one typica
thinks of a very heavy, or non-existent, Higgs boson. Ho
ever, the extra-dimensional scheme has a light Higgs bo
because the renormalization group equations of the dim
sionally reduced theory has an infrared fixed point which
quickly reached, and which sets the self-coupling close to
square of the top Yukawa coupling. The expected range
the Higgs boson mass in the simplest scenarios is in
range 165–230 GeV, and has no overlap with the supers
metric case. In non-minimal theories with extra light scala
the constraints on the Higgs boson mass are relaxed for
supersymmetry and extra dimensions.

In supersymmetric theories one has the freedom to
Yukawa couplings by hand to describe the full mass sp
trum and mixing matrices of the quarks and charged lepto
As in the standard model, it is easy to construct a reali
theory of flavor — but at the expense of a deeper understa
ing, or any predictivity. In extra dimensions, incorporatin
flavor beyond the top quark mass is more challenging,

2The lower bound on the compactification scale from dire
searches of KK modes is below 500 GeV in the case of three g
erations in the bulk because the KK modes can be produced on
pairs. Thus, the scale of compositeness could be in principle as
as ;1 TeV. However, indirect constraints from the electrowe
data are likely to push this bound to the few TeV range.
6-10
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potentially more rewarding. For example, if all three gene
tions propagate in the bulk there is aU(3)5 flavor symmetry.
The composite Higgs multipletHU transforms non-trivially
as~3,3! underU(3)Q3U(3)U and, when it acquires a VEV
many of its components become Goldstone bosons. To a
this it appears that flavor, at least in part, may be a phen
enon of the bulk. Clearly, many geometrical configuratio
are possible, but the crucial ingredient must be that fla
breaking is inextricably linked to spacetime symmetry bre
ing, which is not the situation usually envisaged in sup
symmetric theories.

In both schemes, electroweak symmetry breaking i
manifestation of a deeper spacetime symmetry breaking
that the more fundamental question becomes the origin
nature of spacetime symmetry breaking. In the case of su
symmetry, the standard model is protected to some de
from the primordial supersymmetry breaking, so that
question of mediating the supersymmetry breaking to
standard model becomes of paramount importance to
nomenology. With extra dimensions such protection
absent—the mediation of spacetime symmetry breaking
the standard model occurs directly via the KK spectrum
the excitations of the standard model particles.

In summary: extra dimensions offer a more predictive a
constrained mechanism for electroweak symmetry break
than occurs in supersymmetric theories. The standard m
gauge interactions create a Higgs boson as a bound sta
top quarks, induce it to acquire a VEV, correctly predict t
top quark mass withO(20%) uncertainties, and predict
somewhat light Higgs boson in the 165–230 GeV range.
remarkable that the puzzle of electroweak symmetry bre
ing may be encoded in the standard model gauge interac
and quantum numbers, with no need for any extra partic
or interactions beyond those required by extra-dimensio
propagation. Given the very plausible assumptions we h
made regarding the strong standard model gauge dynam
the only price to be paid is a moderate tuning to keep
composite Higgs boson light.
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APPENDIX: VECTOR-LIKE FERMIONS

In this Appendix we consider the case where the high
dimensional fermions are vector-like. This is always the c
when the number of dimensions accessible to the fermio
D, is odd, but it also occurs as a particular case for evenD.

Vector-like D-dimensional fermions may form all th
bound states discussed in Sec. II as well as new ones
particular, the most attractive channel is the gauge-sin
scalar made ofQ̄Q. HU5Q̄U is still the most attractive
channel which transforms non-trivially under the SM gau
group, but it is less strongly bound than the singletsSQ
5Q̄Q and SU5ŪU. Assumingĝ35ĝ25ĝ1, the SQ and SU
channels are stronger thanHU by 3/2 and 8/7 respectively
and hence will likely condense first. The VEV’s of thes
singlets do not break any gauge symmetry. However, t
give positive squared-mass to the Higgs,HU , through their
cross interactions~or equivalently, dynamical masses to th
constituents of the Higgs,Q, U!. This may prevent the Higgs
from acquiring a VEV, jeopardizing the simple mechanis
for electroweak symmetry breaking. It is a detailed quest
whether the Higgs can still acquire a nonzero VEV in t
presence of these singlets, and it is hard to be estim
reliably with simple approximations.

One thing which can help electroweak symmetry break
to occur is the orbifold projection required to obtain the fou
dimensional chiral theory. Let us demonstrate it by an
ample with a simple setup. Assuming that each high
dimensional fermion has 2n11 components, we can obtain
single four-dimensional chiral zero mode by incorporati
S1/Z2 orbifold projections inn directions, with the compos
ite scalarsQ̄Q andŪU being odd under alln Z2 symmetries.
~By contrast,HU5Q̄U is even under allZ2’s.! After being
decomposed into four-dimensional KK modes,SQ and SU
have no zero modes, and their lowest modes will have a
mass component ofAn/R, which makes their squared
masses less negative. In addition, their self-quartic-coupli
will be enhanced by (3/2)n, because their wave functions a
proportional to the sine function in thesen directions and
*0

2pRdy(A2siny/R)453/2. Larger self-couplings and les
negative squared-masses result in smaller VEV’s forSQ and
SU and smaller contributions to the squared-mass ofHU .
Based on the simplest one-loop effective potential estim
one finds that forn.2, the Higgs boson can still develop
nonzero VEV and break the electroweak symmetry.

Although this analysis is hardly reliable and depends
how the extra dimensions are compactified and the fo
dimensional chiral fermions are obtained, it shows that
namical electroweak symmetry breaking is not ruled out
this scenario. If electroweak symmetry breaking does oc
correctly, the low-energy theory will contain two Higgs do
blets, a color-triplet scalarb̃5Q̄Q c discussed in Sec. II B
and several gauge-singlet scalars,SQ5Q̄Q, SU5ŪU, and
SD5D̄D.
6-11



B
-

r,
y

k
3
-
n

on

ou

’’
.

s.

ll,

K.

E.

ARKANI-HAMED, CHENG, DOBRESCU, AND HALL PHYSICAL REVIEW D62 096006
@1# N. Arkani-Hamed, S. Dimopoulos, and G. Dvali, Phys. Lett.
429, 263 ~1998!; I. Antoniadis, N. Arkani-Hamed, S. Dimo
poulos, and G. Dvali,ibid. 436, 257 ~1998!.

@2# L. Randall and R. Sundrum, Phys. Rev. Lett.83, 3370~1999!;
N. Arkani-Hamed, S. Dimopoulos, G. Dvali, and N. Kalope
ibid. 84, 586~2000!; J. Lykken and L. Randall, J. High Energ
Phys.06, 014 ~2000!.

@3# B. A. Dobrescu, Phys. Lett. B461, 99 ~1999!.
@4# H.-C. Cheng, B. A. Dobrescu, and C. T. Hill, ‘‘Electrowea

symmetry breaking and extra dimensions,’’ hep-ph/991234
@5# N. Arkani-Hamed and S. Dimopoulos, ‘‘New origin for ap

proximate symmetries from distant breaking in extra dime
sions,’’ hep-ph/9811353.

@6# Y. Nambu, inProceedings of the XI Warsaw Symposium
Elementary Particle Physics, 1988, edited by Z. Ajduket al.
~World Scientific, Singapore, 1989!; in Proceedings of the
1988 International Workshop on New Trends in Strong C
pling Gauge Theories, Nagoya, Japan, edited by M. Bando, T.
Muta, and K. Yamawaki~World Scientific, Singapore, 1989!;
‘‘Bootstrap Symmetry Breaking In Electroweak Unification,
EFI-89-08 ~1989!; V. A. Miransky, M. Tanabashi, and K
Yamawaki, Mod. Phys. Lett. A4, 1043~1989!; Phys. Lett. B
221, 177 ~1989!; W. J. Marciano, Phys. Rev. Lett.62, 2793
~1989!.

@7# W. A. Bardeen, C. T. Hill, and M. Lindner, Phys. Rev. D41,
1647 ~1990!.

@8# M. B. Green and J. H. Schwarz, Phys. Lett.149B, 117~1984!.
09600
.

-

-

@9# Y. Nambu and G. Jona-Lasinio, Phys. Rev.122, 345 ~1961!.
@10# S. Raby, S. Dimopoulos, and L. Susskind, Nucl. Phys.B169,

373 ~1980!.
@11# K. R. Dienes, E. Dudas, and T. Gherghetta, Phys. Lett. B436,

55 ~1998!.
@12# H.-C. Cheng, B. A. Dobrescu, and C. T. Hill, Nucl. Phy

B573, 597 ~2000!.
@13# R. S. Chivukula, B. A. Dobrescu, H. Georgi, and C. T. Hi

Phys. Rev. D59, 075003~1999!.
@14# Particle Data Group, C. Casoet al., Eur. Phys. J. C3, 1

~1998!; 1999 Web update, http://pdg.lbl.gov.
@15# C. T. Hill, Phys. Rev. D24, 691 ~1981!; B. Pendleton and G.

G. Ross, Phys. Lett.98B, 291 ~1981!; S. A. Abel and S. F.
King, Phys. Rev. D59, 095010~1999!.

@16# H. Georgi and A. K. Grant, ‘‘A topcolor jungle gym,’’
hep-ph/0006050.

@17# N. Arkani-Hamed and M. Schmaltz, Phys. Rev. D61, 033005
~2000!.

@18# B. A. Dobrescu, Phys. Rev. D~to be published!,
hep-ph/9908391.

@19# C. D. Carone, Phys. Rev. D61, 015008~2000!.
@20# M. Carena, T. E. Clark, C. E. Wagner, W. A. Bardeen, and

Sasaki, Nucl. Phys.B369, 33 ~1992!; W. A. Bardeen, M.
Carena, S. Pokorski, and C. E. Wagner, Phys. Lett. B320, 110
~1994!; M. Carena, M. Olechowski, S. Pokorski, and C.
Wagner, Nucl. Phys.B419, 213 ~1994!.
6-12


