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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 numbgs): 11.15.Ex, 11.10.Kk, 11.25.Mj, 12.60.Rc

I. INTRODUCTION AND CONCLUSIONS Previously, it has been shown that the combined effect of
the Kaluza-Klein(KK) modes of the gluons is strong enough
The standard modéSEM) has three main ingredientét) [3] to give rise to a composite Higgs doublet made of the
the SU(3)c X SU(2)wxU(1)y gauge group(2) three gen- four-dimensional left-handed top-bottom doublet and a five-
erations of quarks and lepton&®) a Higgs doublet. As op- dimensional top-quark fiel§4]. More generally, the strong
posed to the gauge group and fermion representations whiadynamics intrinsically associated with gauge interactions in
may be viewed as natural low-energy remnants of an unifieéxtra dimensions is a good candidate for viable theories
theory, the Higgs doublet is aad hoc addition required without a fundamental Higgs doublEg].
solely to break the electroweak symmetry and to accommo- Here we consider the more natural setup where a full
date the observed fermion masses. In this paper we show thgénerationthe “third” one by definition propagates in ex-
the existence of a Higgs doublet is a consequence of ingrara dimensions of TeV! size, and the higher-dimensional
dients(1) and (2) provided the gauge bosons and fermionsSU(3)cx SU(2)y X U(1)y interactions induce electroweak
propagate in appropriate extra dimensions compactified at symmetry breaking. In Sec. Il we study the possible bound
scale in the TeV range. states and symmetry breaking pattern of the higher-
Given that gauge theories are non-renormalizable in moreimensional gauge dynamics using the most attractive chan-
than four dimensions, there is need for a physical cutb{f nel (MAC) analysis. A more detailed description of the
above but not far from the compactification scale. An obvi-bound states using the Nambu—Jona-Las{MaL) approxi-
ous candidate for this cutoff is the scale of quantum gravitymation is presented in Sec. lll. Remarkably enough, it turns
as would occur if the gravitational coupling becomes strongut that the composite Higgs doublet has a Yukawa coupling
at a scale in the TeV range. This may be achieved if theof order one only to the top quark. The model includes po-
space accessible to standard model fields is embedded intentially light composite scalars other than the Higgs boson,
large volume accessible only to the gravitda or if there  which could be within the reach of future collider experi-
are warped extra dimensiof]. An alternative possibility is ments.
that the theory becomes embedded in some other consistent Despite the uncertainties due to the cutoff scale, we are
ultraviolet completion of higher-dimensional gauge theoryable to obtain rather reliable predictions for the top and
without gravity, while the scale of quantum gravity is higher. Higgs boson masses because the renormalization grR@p
Below the cutoff scaléVs, we are dealing with an effec- equations exhibit infrared fixed points. The top mass is pre-
tive field theory which includes theSU(3)cXSU(2)y,  dicted with a®(20%) uncertainty, and is consistent with the
X U(1)y gauge group and three generations of fermions irexperimental value. The Higgs boson mass is predicted in
compact dimensions. The basic idea is that the higherthe 165-230 GeV rang&ec. V).
dimensional gauge interactions become strong at the scale More generally, extra dimensions accessible to standard
M, and produce fermion-antifermion bound states. It is verymodel fields provide a natural setting for theories with com-
significant that, with plausible dynamical assumptions, theposite Higgs fields. Normally, in four dimensions, these
charges of the quarks and the leptons under the standatdeories suffer from the difficulty that the SM Yukawa cou-
model gauge group are such that the most deeply bound stabiings look quite perturbative; even for the top quark-1
which transforms non-trivially under the gauge group is arather than~4s. On the other hand, in any theory with a
Higgs doublet. Thus, a composite Higgs doublet which accomposite Higgs boson, the Yukawa couplings are expected
quires an electroweak asymmetric vacuum expectation valu@ blow up at the compositeness scale. This either predicts
could result as a direct consequence of the extra dimensionto large a top quark mass if this scale is low, or requires us
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to push the compositeness scale up so high that the usuafe noSU(3)c anomalies because the fermions have vector-
hierarchy problem fine-tune is needed to keep the Higgs fieltlke strong interactions. Similarly, the unbrokéh(1)gy is

light [6,7]. Theories with extra dimensions allow for a way anomaly free, and the gravitational anomaly cancels if we
out of this problem: all the fundamental higher-dimensionalinclude a singlet with negative chiralitylts zero-mode can
couplings, including the gauge and Yukawa couplings, carbe identified as a right-handed neutrin@n the other hand,

be strong, while the effective four-dimensional couplings carthe SU(2),, andU(1)y representations are chiral and there
be perturbative due to a moderate dilution factor from theare [SU(2)\,]°?"?™%, [U(1)y]P?** and mixed anomalies.
volume of the extra dimensions. More precisely, strong dy-TheseD-dimensional anomalies, however, can be canceled
namics can trigger a composite Higgs field to fanrhigher by the Green-Schwarz mechanig8]. We will assume the
dimensionswith the associated large couplings, but thepresence of such a Green-Schwarz counterterm in the effec-
power-law running of couplings in higher dimensions allowtive Lagrangian so that the full theory is non-anomalous.
these couplings to reach perturbative infrared fixed pointhis term will not play any role in the following discussion.
without the need to push the compositeness scale to grand At the cutoff scaleM,, the standard model gauge inter-
unification scale values. The discussion of Sec. IV for the tomactions are non-perturbative and produce bound states. Some
and Higgs boson masses holds Bny such higher- of the scalar bound states may have squared-masses signifi-
dimensional theory, with the “composite” boundary condi- cantly smaller thatM?Z, due to the quadratic dependence on
tions that the top Yukawa and Higgs boson quartic couplingshe cutoff of their self-energig®]. We do not expect that the
blow up at the ultraviolet cutoff. interactions which are strong in the ultraviolet exhibit con-

In Sec. V we mention various scenarios with three genfinement, because at large distanée<(r<A5éD) only the
erations in which some flavor non-universal effects preventerg modes of the gauge fields are relevant and the interac-
the up and charm quarks from forming deeply bound stategons are not strong. The effective theory beldly involves
at the scaleMs, while also allowing the light quarks and poth fermions and composite scalars. The squared-mass of
leptons to obtain their masses. Finally, we conclude with 3he composite scalar decreases when the strength of the at-
comparison between our scenario and the supersymmetrigactive interaction that produces the bound state increases.

extensions of the standard model in Sec. VI. For a sufficiently strong attractive interaction, the squared-
mass turns negative inducing chiral symmetry breaking.
Il. A THIRD GENERATION MODEL In order to study the low-energy theory and the symmetry

] breaking pattern, we need to identify the most attractive sca-
Let us consider the standard model gauge group and ongr channel$10]. In the one-gauge-boson-exchange approxi-

generation(the “third” one) of fermions inD dimensions, . — trenath oféw channel is oroportional
where four of them are the usual Minkowski spacetime am{gatmn, the binding streng B prop

D —4 spatial dimensions are compactified at a scefedl/a R R R
few TeV. For evenD, there is an analogue of the four- 03Ty TX+g§T'E~T)’(+g’2Y¢YX, (2.1
dimensionalys matrix, I'p 1, hence chiral fermions with
eigenvaluesil of FD+1 exist. Nonetheless, the higher' where é?ﬂ éZl and é’ are the Six_dimensionasu(a)c
dimensional fermions have four or more components. In orx sy(2),,x U(1)y gauge couplings at the cutoff scalE,
der to obtain a four-dimensional chiral theory, the extra di-agnd T’ are theSU(3)cx SU(2),, generators of the corre-
mensions must be compactified on an orbifold or with somesponding fermion, ant is the hypercharge. For computing
boundary conditions such that the zero modes of one fourihe relative strength of various channels it is convenient to
dimensional chirality are projected out. We will concentrateyse the following identity:
mostly on the case of chiral fermions in even number of 1
extra dimensions, leaving the more complicated discussion T _ R AT
of vector-like fermions inD=5 for the Appendix. Ty Ty=51Ca()+Cao(x) — Cal¥x) ], (2.2
We assignSU(2),y doublets with positive chiralityQ, ,
L., andSU(2),y singlets with negative chirality/_ , D_, where C,(r) is the second Casimir invariant for the repre-
£_. Each fermion contains both left- and right-handed two-Sentationr of the gauge group.
component spinors when reduced to four dimensions. We The bound states which can be formed depend on the
impose an orbifold projection such that the right-handedransformation of the higher-dimensional fermions under
components ofQ, , £, and left-handed components of charge conjugation. Therefore, we will consider separately
U_,D_,E , are odd under the 0rbif0|ﬁ2 symmetry and the cases ob=4k+2 andD=4k+4 with k=1 integer.
therefore the corresponding zero modes are projected out. As
a result, the zero-mode fermions are two-component four-
dimensional quarks and lepton@®=(t,b), , U« O=ty, We first study a six-dimensionfbr more generally, (K
DO=bpg, £LO=(v,,7), EO=1g. +2)-dimensiondl theory with chiral fermions. Note that
Given that the massless fermion spectr(imefore elec- these are dimensions larger thMgl accessible to the
troweak symmetry breakings a full generation of standard quarks and leptons, and the discussion that follows does not
model fermions, the theory is obviously free from four- depend on the existence of other dimensions which are either
dimensional anomalies. Nevertheless, there may bemaller thanMs‘1 or inaccessible to the standard model
D-dimensional anomalies because the theory is chiral. Therields.

A. Fermions in six dimensions(D=4k+2)
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TABLE I. Attractive scalar channels in six dimensions with chiral fermions.

Composite SU(3)XSU(2)xU(1) Relative binding
scalar Constituents representation Binding strength  for g,=g,=gs
Hp Q,D_ (1,2,-172) 292- %592 0.93
q 0,D° (32,+1/6) 203+ 3507 0.5
X §+ui (3,2,—5/6) £05— 1502 0.43
He L& (1,2,-172) 507 0.21
q’ L5u (32,+1/6) 152 0.14
q’ L.D_ (3.2, +1/6) +02 0.07
X Qe (32,—506) 1607 0.07

In (4k+2) dimensions, the charge conjugation does noproton decay we do not invoke a unified gauge group, and
change the chirality, in contrast with th&-4limension cases. simply assume that physics abdvie preserves baryon num-
Therefore, Q% , LS still have positive chirality and/ , ber. However, if there was a unified gauge grouMat then
D¢, & have negative chirality. The light bound states arethe exchange of the additional gauge bosons would modify
(4k+2)-dimensional scalars, and their constituents have théhe binding strength.

J”(_ form. An inspection of Table | shows that the most deeply

In Table | we list all the attractive scalar channels and theoound states are the six-dimensiord), and Hp scalars,
binding strength of the composite scalars in the MAC ap-which transform under the gauge group as the standard
proximation. The higher-dimensional gauge coupliggsre Model Higgs doublet. Note that this is true for a wide range
related to the four-dimensional ones by the volume of theof couplingsg; ; gauge coupling unification is not a neces-
D—4 compact dimensionsgizgi\/vDﬂl_ We use the Sity. These scalars have large Yukawa couplings to their con-
SU(5) normalization for the hypercharge gauge coupling,stituents, 9,2/ and Q,D_, respectively.H,, is more
Where§’2=(3/5)§]'f. We denote the scalars transforming asstrongly bound tharHp, so that it naturally acquires a
the left-handed doublet quark under the SM gauge group byacuum expectation value(VEV), breaking SU(2)y

1, borrowing the notation from supersymmetry, and the scaxU(1)y down to U(1)gy. Furthermore, if the binding

lars transforming as32, —5/6) under SM gauge group by strength ofH;, is not much larger than the critical value
X, where the squared-massdf, turns negative, then the VEV

of H,, will be below the compactification scale. Hence, the
zero mode oH,, plays the role of the SM Higgs doublet.

In the one-gauge boson exchange approximation, the
. : squared-mass dfl, is expected to stay positive, because of
long to the vector channels i dimensions. We make the o yitference in the hypercharge interaction which also be-

usual dynamical assumption that Lorentz invaria_nce is no omes strong, though significantly smaller than the compos-
spontaneously broken by the strong gauge dynamics. If these i ~ o~
vector bound states do form, we assume that their masses dp@nes§ scale. The other composite scaldgs,q, q°, 9", X,
close to the cutoff scale. Although thiz-dimensional Lor- and X’ are not likely to be sufficiently strongly bound for
entz invariance is broken by the compactification, this breakP€iNg relevant at low energies. Therefore, we have a com-
ing occurs at a scale significantly lower than the cutoff scald@lling picture, in which the electroweak symmetry is cor-

where the interactions become strong and the bound stat&8Ctly Proken and only the top quark acquires a large mass.
are formed, so it should have little effect. The low-energy effective theory belowR/is simply the

Above the compactification scale, the running of the four-Standard model plus a possible additional Higgs doutet

dimensional gauge couplings becomes powerflaly due to 280 mode oHp).

the presence of the KK modes. The convergence of the three B. Fermions in eight dimensions(D=4k+4)

SM gauge couplings is accelerated. One typically finds that ) ] ] ) )

at the scale where the gauge interactions become non- IN €ight dimensiongor more generally ib =4k+4 with
perturbative, the three gauge couplings become comparab\‘e? 1) with chiral fermions, there are some different bound
and are consistent with unification within theoretical uncer-States because charge conjugation flips the chirality. Besides
tainties[12]. Since the binding force is dominated by ultra- H;,, Hp, He, andq”, there are four more bound states trans-
violet interactions, theSU(2),, and U(1)y interactions forming like the right-handed down-type quark under the SM
could be as important as ti#U(3)¢ interaction. In Table | gauge transformatiosee Table . Among them, the bound
we also list the relative binding strength for all the attractivestateb=0, 0° is also strongly bound and in the MAC
scalar channels by assumi@g=§12=§13. In order to avoid approximation would have the same binding strengtiigs

Although composite operators such ésFaQ+ , Where
a=5,... D, are also scalars in four dimensiofneduced to

ELqRiaRqL in the two-component spinor notatipnhey be-
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TABLE Il. Attractive scalar channels in eight dimensions with chiral fermions. We includesehin the
b channel to account for the lifting of the degeneracy due to the running coupling effect bejow

Composite SU(3)XSU(2)xU(1) Relative binding
scalar Constituents representation Binding strength for g,=g,=0s
Hp 9.D_ (1,2,-1/2) 12— 542 0.93
b Q.0° (3.1,-1/3) 503+ 203 5507 1-e
b’ U_-DS (3,1,—-1/3) 205+ %02 0.57
b oL, (31,-13) 795+ 2007 0.57
B e (3.1,—1/3) 20 0.29
He Z+57 (1,2,—-1/2) %@% 0.21
q” L£.D_ (3,2,+1/6) L2 0.07

if all three SM gauge couplings had the same strength. The 1. _ . .
degeneracy is accidental and will not be exact. For examplef de—2 gg(QJ““TfQ+ +U_T*TU_+D_T*T'D_)>?
by taking into account the effect of running couplings, the A

Q. Q° channel will be somewhat weaker than the Higgs

channelQ./_ even if we assumgs=g,=g; at the cutoff +05
scale, because the contributions coming from scales below

M, have g,<gs;. Nevertheless, the composite scalaris _ 1 1 _ 2
expected to be quite light if the squared-massigfbecomes +UTU =D TD_— 5L, L.~ 5F“5> :
negative. The VEV oH,, will give a positive contribution to

the squared-mass bf and hence prevents from acquiring

a nonzero VEV and breaking the color gauge group. Th?/vhereo are the Pauli matrices.
low-energy theory in this case is a two-Higgs-doublet model
plus a charged color triplet scalar.

- -

— ag — (o
Q+ra§Q++£+Fa§£+

2

+§é2 Eé r<Q
516 + +

(3.9

To be concrete, we study tHe@=6 case in this section.
The fermion fields depend on the spacetime coordingtes
Ill. FOUR-FERMION OPERATOR APPROXIMATION labeled bya=0,1,2,3,5,6, where® andx® are compact, of

_ _ ) ) size mR. The six-dimensional gamma matrices are given in
In the previous section we have studied the formation oterms of the four-dimensional ones by, e.g.,

bound states using a most attractive channel approximation.

A more detailed study of the bound state properties may be —y* 0 0 il

based on the following considerations. T"=( 0 ) n=0,1,23, FS:(” 0),
The higher-dimensional gauge interactions become strong Y

at the ultraviolet cutoff, and therefore the high-momentum 0 1

gauge fields give the dominant interaction between the fer- F6:( )

mions. The picture described in the previous section can be

studied in a more quantitative manner by approximating the o _ ) o

dynamics of the higher-dimensional gauge interactions wittnd the six-dimensional chiral projection operators are de-

an effective theory involving four-fermion operators sup-f'ned by

pressed by a scalé~Mg !

o (3.2

1+T, 1(1:y5 0 -

P+E ==
- 0 1+ Vs

2 2

Y1f gauge fields live in some additional dimensions where fermi-
ons do not propagate, and those dimensions have sizes mutfH
smaller thanR, then one can first integrate out those additionalb
dimensions and obtain the four-fermion interactions suppressed by
the scale of those dimensiofd]. Even if these dimensions have
size of orderR, the one gauge boson exchange is dominated by the f dexi[cu(é U )(ﬁ 0.)+c (§ D )(5 9.)]
ultraviolet and leads to local, four fermion operators. In the case 2A2 A= P o=
where gauge fields and fermions propagate in the same dimensions,
the four-fermion interactions generated by the gauge dynamics are Tt (3.9
non-local. Replacing them by local four-fermion operators is harder
to justify, but analogous treatments in four dimensional gauge theowherec,,, cp are the binding strength for the corresponding
ries often work well empirically. channels, which in the simplest approximation are propor-

The four-fermion operatoré3.1) may be analyzed along
e lines presented i]. The scalar channel operators can
e obtained after Fierz transformation,
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tional to the value obtained in the MAC analysis}gf At scales below R the two extra dimensions are inte-
d grated out, and the four-dimensional effective theory is given
by the standard modelwe describe the inclusion of three
enerations in Sec. )y with the addition of a second Higgs
oublet(the Hp zero-modé
In terms of the four-dimensional KK modes, the SM
Biggs bosorH,=H? is a bound state of all the KK modes

+402, 495— %02, and the ellipsis stand for vectorial an
tensorial four-fermion operators, which are irrelevant at low
energies, as well as four-fermion operators in the scala
channels that do not produce light scalars.

The operators shown above give rise to composite scalal
whose kinetic terms vanish at a scalé/l;. Therefore, these

scalars are physical degrees of freedom only belbyw We oftdand Q. :

derive the low-energy effective Lagrangian following the Ngk —1

steps described i#]. First, the scalar self-energies and quar- Hy~ > oWuW®. (3.9
tic couplings are induced by the interactions with their con- k=0

stituents. These may be computed in the laxgelimit, . ® ® ,
where only one fermion loop contributes. Then the scalad N coupling ofHy to eachQ.” and &/ mode is sup-

fields may be redefined to allow canonical normalization ofPressed by/Ny« compared with a four-dimensional top con-
their kinetic terms. This yields a six-dimensional effective densate model. Therefore, the top quark mass is also sup-
action which includes the following terms involving scalars: pressed byy/Ny, compared with the~600 GeV value
expected in the minimal four-dimensional top condensate
5  — — model[7] with a TeV cutoff scale.
_f d™| Vet (U-QiHy+D-Q HptH.c) |, In the leadingN, approximation, the NJL relatiof8.7) is
° (3.5  preserved after dimensional reduction. This implies that the
Higgs boson masa\l;,, is also suppressed byNyx and is
where the effective potential is given by given by 2n,~350 GeV in the largé\. limit. This suppres-
sion can also be understood asDth(z volume factor of the com-
A + T 5 o it 2 it pact dimensions, Nkk=Vp_4sM¢ *). Because the Higgs
V6_W(HUH“+ HpHp)™+ M, Hu Hoyt Mg HpHp. doublet and the fermions live in extra dimensions, the four-
s (3.6) dimensional top Yukawa coupling and Higgs boson self-
coupling are related to the higher-dimensional ones by the
The quartic and Yukawa couplings satisfy the usual NJLvolume factor:
relation for largeN,,

3

A
N=28 (3.7 M=—e——, A=
VWp_gMS™* Vp-oMg ™
The scalar squared-masses are strongly dependent on the cut- _ )
off, but this does not affect the features important for theBYy contrast, in top-quark seesaw modElS], as well as in

low-energy theory, namely their sign and relative sizes: ~ the model with onlytg in extra dimension$4], the Higgs
boson is heavy, at the triviality bound, unless there is large

o mixing among scalars.
—F'A%, (3.9 The above discussion only includes the leadihgcontri-
bution, i.e., fermion loops. To get a more precise prediction

where the first term is the bare mass re-scaled by the wav@f the top and Higgs boson masses, one should also include
function renormalization and the second term comes fronihe loop contributions from gauge bosons and scalars. This
the fermion loopF andF’ are positive coefficients of order ¢an be done by computing the full one-loop RG equations,
one that may be computed as[ii], by summing the loop and evolving the couplings fromd ¢ down to the electroweak
integrals corresponding to different KK modes. The bindingScale. The running of the quartic Higgs coupling further de-
strengthc,,, ¢, are proportional to the square of the six- Créases the phySICal Higgs boson mass. We study this effect
dimensional gauge couplings and have dimensions of? the next section.

mass 2 and are large itM units, resulting inM ﬁu<0.

The minimum ofV is manifestly at(H,)#0 and(Hp) IV. TOP AND HIGGS BOSON MASS PREDICTIONS

=0. Given that the cqmpactification scale is above the'elec— The more precise predictions of the top quark mass and
troweak scale, the binding strength needs to be adjustediggs boson mass can be obtained from running the corre-
close to the critical value wherd E‘M becomes negative. The Sponding(four-dimensiona| Coup"ngs from the Composite-
binding strength depends on the strength of the higherness scaldvig, with the compositeness boundary condition,
dimensional gauge couplings; holding the effective four-A, \p— at M4 [7], down to low energies. The running is
dimensional gauge couplings fixed, this can be adjusted bgccelerated by the power-law between the compositeness
changing the volume of the extra dimensions. The tuningscale Mg and the compactification scal.=1/R, so the

that needs to be done to keep the Higgs boson light is naffect is significant even though the two scales are not far
severe, sinc® is less than a factor of five higher tharRl/ apart. The low-energy predictions are governed by the infra-
[12]. red fixed points of the RG equatiof5]. The infrared fixed

(3.10

2 2\
(MHM!MHD)N

1672F (1 1
3N \cy'cp
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points are determined by th@function coefficients coming 2
from the KK modes, which are different from those in the 162 din(ri/gs) = 5[3(m+1) )\—t— 24+45+ é)
four-dimensional standard model. Nk (p)dInp 2 g5 3
The one-loop RG equations for thgour-dimensional ’ )
SM gauge couplings abowd, are given by 90, 1791 A 45
493 2095 of '
2 dgl ;.3 . . .
167 m= Nkk(w) big, 4.9 If we neglect the contributions from,, g;, andA,, there is

an infrared fixed point for\?/g3 at (48+848+6bj)/(9m
+9). For six dimensions, assuming=1 andA;=0, we
whereNyg (1) is the number of KK modes below the scale have §=2, m=4, andb;= —22/3. The infrared fixed point
w [N (w) =X 5(uR)?, X 5= 7T (1+ 8/2) in the continu-  of A, /g5 is at
ous limit], andb; are
2 0.8

—| =s~—. 4.6
2 1 (93 T3 gamy “4-8
bg=—11+ zmng+55+As,

\:/03 decreases frome at Mg towards the fixed point in
running down to low energies. How cloag/g; gets to the

22 2 1 1 fixed point atM. depends on the ratio ofl¢/M., (or

by=-— §+ §mng+ §5+ EnH+A2’ equivalently, the number of KK modes beloMt, Ny .)
Below the compactification scal€l., the running follows
5 L the four-dimensional SM RG equations. The corresponding
;o fixed point becomes
b1—§mng+EnH+Al, (4.2

A\t 2 0.6
| | | = =Ve~azm .7
m is the number of fermion componentm€4, 8 for six- 93/ s ga(my)
and eight-dimensional chiral theories respectiyety, is the
number of generations in the bulassumed to be 1 through- so increasingM . (while keepingM /M fixed) will decrease
out most of this section 5=D—4 is the number of extra the top mass prediction, though the effect is small because of
dimensionsny is the number of light Higgs doublets, and the slow logarithmic running betweel, and m,. (M.
A;,i=1,2,3 represent the contributions from other possibleshould not be too large to avoid extreme fine-tunir@n the
light composite scalarée.g., a lightb in eight dimensions Other hand, theg, and g, contributions will increase\,
contributes 1/6, 2/15 td; andA,, respectively). somewhat. The value 0.8 therefore provides a rough lower
The one-loop RG equations for the top Yukawa couplingbound on the prediction oX; in this case. Th.e predicted top
and the quartic Higgs self-coupling are mass, m=\v/\2,0=246 GeV, for a givenNyx (or
equivalently,M¢ /M _.) and compactification scal®l., can
be obtained by numerically solving the power-law and SM

16772&: Ny (22) A (3("”1) N2— 24+4592 RG equations above and beldW,. The result is shown in
ding "¢ ! 2 ! 3 78 Fig. 1. The range of the parametavks, and Ny should be

9 17 such that there is no excessive fine-tuning .and there are

— 02— P+ A, (4.3  enough KK modes to produce non-perturbative strong dy-

4 20 namics, but not too many to cause SM gauge couplings to

reach the Landau pole. In the figures we plot the predicted

masses for the range 0.5 Te¥M < 50 TeV and 25
=Ngk () [12xﬁ+ BMANZ—6mA <N <200. S
From Fig. 1, we see that the top quark mass predicted in
this theory is in agreement with the experimental value

174.3+5.1 GeV[14] with an uncertainty of-20%.

In eight dimensions, the infrared fixed point flor/g; of

the RG equations betweévi, and M4 (neglectingg,, 91,
+AH}, andA’s) is

dAy
2
167 dinu

—3\,

3
395+ ggf

3+5 3
+T[29‘2‘+(g§+ £01

(4.4) A\ 58 1
—| =~ (4.8
93/, 9 gs(my
where A, and Ay represent the contributions from other
composite scalars. so the predicted top mass is somewhat larger compared with
Combining the equations fay; and\;, we obtain the six-dimensional case. The numerical prediction is shown
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Top mass in GeV for 6 dimensions
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FIG. 1. The predicted top mass as a function of the number of
KK modes,Nkk , and the compactification scalkl,, in the six-

dimensional theory witmg=1.
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Top mass in GeV for 8 dimensions
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FIG. 2. The predicted top mass as a functioNgf andM¢ in

the eight-dimensional theory withg=1.

large coefficient, so it is no longer a good approximation to

in Fig. 2. We can see that the prediction is also in goocheglect it. This term reduces, in running towards low en-

agreement with the experimental value.

ergies. If we assume tha§/\? is constant and equal to its

The Higgs boson mass is also controlled by the infrareqow_energy Va|ueg§/?\t2(mt) for the correct top mass, the
fixed point structure of the RG equations. Combining the RGnfrared fixed point forx,, becomes

equations fol\; and\;,, we obtain

1672 dIn(xy)
Nk (m)dIn u
6m 48+85 g3

_\2 _ _ it
—)\t[lz(H-i-S(m D=3t 3 N

1(9 2, 1, +3+5[2 4+( 2, 3 2”
)\,[2 292 1091 4XH)\? gZ 92 Sgl
Ay 2A,;
=Xy (> (4.9
\p A\
where
il (4.10
XH:_' .
%

12x{;, +3( 1)+64g§( ) om
m— = S (m)——
" SN K

(4.12

=0=x{,,~0.5 (form=4).

Becauseg3/\? is smaller tharg2/AZ(m,) during the evolu-
tion, x;,, provides a rough lower bound ogq if we ignore
the difference from the SM running beloM .. Therefore,
for six dimensions we expect

Ah
0.5s =11, (4.13
)\t
which translates to the Higgs boson mass range
170 GeV=M;=\,v=260 GeV. (4.14

The dependence of the Higgs boson massdigp andM .
can also be obtained numerically, and the result is shown for

If we neglect the contributions from the gauge couplings and;jy dgimensions in Fig. 3. Since the top mass has been deter-

the A’s, we find an infrared fixed point foxy at

Jm?+30m+1-m+1

8

6m
12xH+3(m—1)—X—=O:>xH*= .
H
(4.11

For six dimensionsm=4, xy,~1.1. The &y—Xn4)

term is multiplied by a large coefficient in the RG equation,

mined experimentally, we can obtain a better prediction of
the Higgs boson mass from the measured top mass. In Fig. 3,
we also show the region of the parameter space which gives
the top mass within & of the experimental value by the
shaded area. The corresponding limit of the Higgs boson
massMy, is

165 GeV~M,(6-dim)<210 GeV.  (4.15

therefore it approaches zero very rapidly. Numerically we

find that)\hh\t2 reachesxy, almost instantaneously below

Similar Higgs boson mass prediction can be obtained for

Ms. At lower energies, thg3/\2 term increases and it has a the eight-dimensional case. The fixed poimts, and x/,,

096006-7



ARKANI-HAMED, CHENG, DOBRESCU, AND HALL PHYSICAL REVIEW D62 096006

Higgs mass in GeV for 6 dimensions ticular mechanism for triggering electroweak breaking from
50 ' ' ' \ standard model gauge dynamics in extra dimensions. They
are a consequence of any theory whidnethe field content is
that of the standard model, with the gauge bosons, Higgs
boson and one full generation propagating in six or eight
dimensions, and2) where the higher-dimensional couplings
10 | 160 . N\i,\, blow up in the ultraviolet, consistent with a composite

170 Higgs boson.
i) If the first two generations of fermions also propagate in
extra dimensions, there may be more light bulk bound states,
which can contribute to the power-law running of the top
3 Yukawa coupling and the Higgs boson self-coupling. As we
will discuss in the next section, some flavor breaking must be
1 present so that only one Higgs field gets a large VEV. If we
simply assume that there are no new bound states even with
more generations propagating in the bulk, the fixed points for
=5 o0 =0 it )\t/gg_ be(_:ome _1.1@3(mt) (ng=2), 1.303(my) (ng=3),
Nkk for six dimensions, and 18{(m;) (ng=2), 1.505(my)

(ng=3), for eight dimensions. Contributions from additional
light scalars in the bulk can reduce the fixed points. Conse-
quently, more uncertainties are introduced in the top and
Higgs mass predictions, but we still expect the Higgs boson
to remain rather light.

Mc 5
(TeV)

FIG. 3. The predicted Higgs boson mass as a functioN gf
and M. in the six-dimensional theory withy=1. The shaded re-
gions correspond to the top mass lying within 1le-3dark to lighd
of the experimental value, 174:%5.1 GeV.

are 1.3 and 0.7 in this case, which roughly correspond to 270
and 200 GeV, respectively. The numerical predictionNty V. FLAVOR SYMMETRY BREAKING
is shown in Fig. 4.

Due to the SM running beloviM., M can in fact get
below 200 GeV. The predicted Higgs boson mass in th
eight-dimensional theory from requiring a correct top mas
within 3¢ lies in the range

So far we have only discussed the case where the third
eneration of fermions propagatesiin-4 compact dimen-
ions, without specifying what happens with the other two

S‘generations. A possibility is that the fermions of the first two
generation are four-dimensiondll9], localized at some
points in the space of extra dimensions. In this case, there
may be (four-dimensional bound states between the bulk
) _ _ o fermions of the third generation and the four-dimensional
As we emphasized in the Introduction, the predictions offermjons. The binding force of higher-dimensional scalars
this section have a much more general validity than our parrecejves contributions from the extra components of the
gauge fields, and hence is stronger than the four-dimensional
Higgs mass in GeV for 8 dimensions ones at generic points in extra dimensigasvay from the
' ' orbifold fixed point$ by D/4 in the lowest order approxima-
tion, (as one can see from the Fierz transformatijoise
discussion in the previous sections will hold if these four-
dimensional bound states are indeed heavy and do not appear
in the low-energy theory.
- s A more natural option may be that all three generations
fill the D-dimensional spacetime, namely each of e,
Uu_,D_, L., E fermions belongs to the fundamental rep-
resentation of a globdJ (3) symmetry. Therefore, the space-
time configuration and the standard model gauge interactions
preserve aJ(3)° flavor symmetry.
As we showed in Secs. Il and Ill, the bound state with

1L . negative squared-mass is tli, U_ scalar, which in the
case of three generations belongs to the (3,3) representation
. of theU(3) o X U(3),, flavor symmetry. In other words, there
200 are nine “up-type” Higgs doublets. In the absence of flavor
symmetry breaking, these Higgs doublets are degenerate and
FIG. 4. The predicted Higgs boson mass as a functioN,gf ~ obtain VEV's that break)(3)ox U(3),, down to the diago-
andM, in the eight-dimensional theory. The shaded regions correnal U(3), leading to eight Nambu-Goldstone bosons in ad-
spond to the top mass lying within 1-@ (dark to light of the  dition to the ones “eaten” by th&V andZ. Clearly there is
experimental value. need for flavor breaking, not only to give sufficiently large

170 Ge\K M, (8-dim)<230 GeV.  (4.16

50

10

Mc
(TeV)

| |
50 100 150
Nkk
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masses to these Nambu-Goldstone bosons, but also to ac- Another possibility to prevent the first two generation
count for the various masses of the quarks and leptons.  forming light bound states is that the fermions of different
We now argue that any source of flavor breaking is likelychirality are split in the extra dimensiof&7]. Consider for
to have a large effect. Recall that the squared-mass of @xample the case that quarks and leptons propagaf2 in
composite Higgs doublet is very sensitive to the strength of=6 dimensiongfour infinite and two of radiu®) and there
the interaction between its constituents. Therefore, some peis one additional transverse dimension with coordinate
turbative, flavor non-universal interaction may easily tilt theand radiusRr(>Mg") smaller thanR. Assuming that the
vacuum in the direction where only one Higgs doublet has 4hird generation is localized af =0, and the other two gen-
negative squared-mass. This immediately eliminates the urgrations are ax’#0 with the + and — chiralities localized
wanted Nambu-Goldstone bosons. at differentx’, the strength of the attractive channels which
The flavor breaking can come from operators induced atvolve the first two generations is suppressed by the sepa-

the cutoff scaleM ., such as the following four-fermion op- ration. In this case the spectrum of bound states is the same
erators[3] S’ as the one described in Sec. Il, namely there is a single

six-dimensional Higgs doublet;,, with a large Yukawa
coupling to the top quark, and a six-dimensional Higgs dou-
i (Q U U Q) (5.1  blet, Hp, with a large coupling to the bottom quatknd
Mo-2r T M{ >M{ ). The light fermion masses can still arise from
] ) . the operatorg5.2), (5.3), with the hierarchies explained by
wherei=1,2,3 labels the generations. If the attractive forcethe distances between the fermions.
is enhanced in one hannébentified as the 3-3 channel
relative to the others, then only oig, (which couples to the VI. A COMPARISON WITH SUPERSYMMETRY
third generatioh gets a VEV, while the squared-masses of )
other Higgs doublets can stay positive. Note that given the GiVen theSU(3)cx SU(2)yx U(1)y gauge structure of
sensitivity of the Higgs mass to the strength of the bindin th_e quark gnd lepton interactions, two crucial questions
interaction, the other Higgs doublets may be quite heawyiS€: Why is the gauge group broken spontaneously to
even with a small splitting in the binding strength. The ©Y(3)cXU(1)em, and why does just one fermion, of
flavor-changing effects induced by these scalars are small f1arge 2/3, couple strongly to this symmetry breaking. Su-
the scalar masses are large, or the coefficients approxi- persymmetric extensions of the standard _model are knqwn to
mately preserve some flavor symmeft). make significant progress on these questions, and in this sec-

As in any theory with quantum gravity at the TeV scale,tion we compare our mechanism wi'Fh the case of supersym-
metric electroweak symmetry breaking.

flavor-changing effects become a problem if all possible X p ,
higher-dimensional operators consistent with the SM gauge  OU €xtra-dimensional approach shares certain features

symmetry are induced with unsuppressed coefficients. ongith supersymmetric theories: both extend spacetime sym-

has to assume that the problematic flavor-changing Operépetries and have the breaking scale of this extra spacetime

tors, such ad S=2, are suppressed by an underlying flavorSYmmetry linked to the scale of electroweak symmetry
symmetry or some other mechanism of the fundament reaking. The gauge, quark, and lepton f|elds_ are extended to
short-distance theory. ecome representations of the larger spacetime symmetry—

With only one or two composite Higgs doublets in the they propagate in superspace or in the extra-dimensional

low-energy theory, the light quark and lepton masses can bRulk- Furthermore, in both cases the dynamics which gener-
generated by certain four-fermion operators inducel at ates a negative sqgared-mass for the Higgs field is directly
To be specific, let us discuss the, and Hp, bound states connected to the interaction which leads to a heavy top

Note that even though the squared-masB! gfis likely to be quark. However, on closer inspection the mechanisms are

tive b h D° ch L ficientl completely different and much insight is gained by compar-
positive because the: D= channel is not sufficiently ;g the assumptions and accomplishments of these two ap-
strongly coupled, a

proaches.
— 3. = Perhaps the largest difference is that in supersymmetric
(QIUZ)(QIDI) (5.2 theories the Higgs particles are added to the theory by hand,

_ _ _ whereas in the extra-dimensional theory they are automati-
operator would induce a VEV fdr. The important point  cally generated as quark composites, bound by the standard

is that operators such as model gauge forces which become strong in the bulk. It is by
o o no means obvious that Higgs doublets need to be added in
(QCudHyu' 9y), (P )(D Q.), (D) supersymmetric theories, since the scalar superpartner of the
o lepton doublet has the right gauge quantum numbers to be

X(&L L) (6.3 the Higgs boson. However, it has not proven possible to

break electroweak symmetry using only the sneutrino VEV

induce Yukawa couplings for the Higgs doublEt8]. In fact  — one of the great “missed opportunities” of supersymme-

this choice of operators has a flavor structure that leads in thgy.

low-energy theory to a type-Il two-Higgs doublet model, i.e., In supersymmetric theories it is very significant that the
H,, gives masses to the up-type quarks whie, gives correct pattern of electroweak symmetry breaking is trig-
masses to the leptons and down-type quarks. gered by the radiative corrections induced by the large top
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qguark Yukawa coupling. The theory has many scalarsdiction of the top quark mass in supersymmetric theories
squarks, sleptons, and Higgs bosons, yet only the Higgs baequires additional structure, such &6 10) grand unifica-
son acquires a VEV. However, a large top quark Yukawation; for extra dimensions, the correct prediction is inherent
coupling must be input into the theory by hand. Of courseto the mechanism of electroweak symmetry breaking in-
experiment tells us that the top quark is very heavy; but weduced by the standard model gauge interactions.
would like the theory to explain why an up-type quark is Both schemes share a common mystery: why is there a
heavy. It is just as easy to construct supersymmetric theoridight Higgs boson? In the supersymmetric case, once the
where ther lepton has a very large Yukawa coupling rather Higgs fields have been introduced, it is necessary to under-
than the top quark. In this case supersymmetry predicts atand why they do not acquire a gauge invariant mass of the
different pattern of electroweak symmetry breakiht1),  order of the Planck scale. In the case of extra dimensions, the
is broken whileSU(2) survives as an unbroken symmetry. most natural mass for the composite scalars is of the order of
Thus the success of supersymmetry is to correlate the patteti€e scale where the gauge interactions get strong, 10 TeV for
of electroweak symmetry breaking with the nature of theexample? For supersymmetry, the best solution to thig *
heaviest fermion, not to explain why a fermion is heavy.problem” is to introduce a symmetry which forbids a bare
Contrast this with the case that the standard model gauddiggs boson mass in the supersymmetric limit, and arrange
forces propagate in 6 or 8 dimensions. There is no need ttor the generation of the operatpuH,Hp]e once super-
introduce an additional non-gauge interaction by hand fosymmetry is broken. For extra dimensions, it is necessary to
electroweak symmetry breaking. When the gauge forces g&ssume that the strong gauge dynamics is such as to bind the
strong, they bind a scalar Higgs boson and automaticallyliggs boson close to criticality, where its mass vanishes. We
induce a large Yukawa coupling to an up-type quark. Noknow of no symmetry which can guarantee this, so appar-
interactions are needed beyond the standard model gaugatly a fine tune is necessary—this is clearly the primary
forces in the extra dimensions—it is as if the gaugino interweakness of the extra-dimensional scheme. Perhaps it is ac-
actions could somehow induce electroweak symmetry breal¢idental, or perhaps it results naturally from the non-
ing and a large top quark mass. Furthermore, there is a diregerturbative gauge dynamics which we do not understand.
link between the gauge quantum numbers of a generation For both supersymmetry and extra dimensions, given the
and the result that the very heavy fermion is an up typeexistence of a light Higgs, the simplest schemes impose con-
quark. straints on the mass of the Higgs boson. Unlike the standard
While supersymmetric radiative electroweak symmetrymodel, the scalar quartic coupling is not a free parameter. In
breaking employs a heavy top quark effect, it does not presupersymmetric theories it is related to the electroweak
dict the mass of the top quark. In fact, a very heavy top quarlgauge couplings in such a way that there is a tree level upper
is not needed—50 GeV s certainly sufficient. On the othedimit to the lightest Higgs boson mass &7, which gets
hand, the extra-dimensional approach employs an NJL-likéncreased by radiative corrections to about 135 GeV. With
mechanism. In four dimensions, this would yield a large topdynamical electroweak symmetry breaking one typically
Yukawa coupling at the compositeness scale, and unless thiginks of a very heavy, or non-existent, Higgs boson. How-
scale is very highthereby necessitating an enormous fine-ever, the extra-dimensional scheme has a light Higgs boson
tune, the top quark is much too heauyp,~600 GeV. How- because the renormalization group equations of the dimen-
ever, the magic is that in extra dimensions, the fundamentadionally reduced theory has an infrared fixed point which is
higher-dimensional couplings can naturally be large and ye@uickly reached, and which sets the self-coupling close to the
be consistent with the more “perturbative” four-dimensional square of the top Yukawa coupling. The expected range of
couplingsg,\;,A\,~ 1 due to a moderate dilution factor from the Higgs boson mass in the simplest scenarios is in the
the volume of the extra dimensions. This is why our theoriegange 165-230 GeV, and has no overlap with the supersym-
predict naturally smaller top and Higgs boson masses. Ifinetric case. In non-minimal theories with extra light scalars,
both types of theory there is the possibility that the top quarkhe constraints on the Higgs boson mass are relaxed for both
mass is determined by infrared fixed point behavior of theSupersymmetry and extra dimensions.
renormalization group equations for the Yukawa coupling. In  In supersymmetric theories one has the freedom to add
supersymmetry, quasi-fixed-point behavior leads to a topukawa couplings by hand to describe the full mass spec-
quark massn,~ 205 sinB GeV for tanB not too largg[20].  trum and mixing matrices of the quarks and charged leptons.
A correct top mass can be obtained for &A 1.6, which As in the standard model, it is easy to construct a realistic
gives rise to a relatively light Higgs boson. The lower boundtheory of flavor — but at the expense of a deeper understand-
on the Higgs boson mass from LEP Il has ruled out such @9, or any predictivity. In extra dimensions, incorporating
low tang in the simplest minimal supersymmetric standardflavor beyond the top quark mass is more challenging, and
model. With extra dimensions, the need for criticality im-
plies that the top quark fixed point is relevant, even though it
may not be reached, and leads to a correct prediction of the2The |ower bound on the compactification scale from direct
top quark mass, although with considerablg20%) uncer-  searches of KK modes is below 500 GeV in the case of three gen-
tainties. This is a very significant result. A more precise preerations in the bulk because the KK modes can be produced only in
diction is frustrated by a lack of control of the ultraviolet pairs. Thus, the scale of compositeness could be in principle as low
behavior of the theory, implying that one does not know howas ~1 TeV. However, indirect constraints from the electroweak
closely the infrared fixed point is approached. A correct predata are likely to push this bound to the few TeV range.
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potentially more rewarding. For example, if all three genera- APPENDIX: VECTOR-LIKE FERMIONS

tions propagate in_ the bulk Fhere i4K3)° flavor symmetry. In this Appendix we consider the case where the higher-
The composite Higgs multipletdl,, transforms non-trivially  gimensjonal fermions are vector-like. This is always the case
as(3,3 underU(3)ox U(3)y and, when it acquires a VEV, when the number of dimensions accessible to the fermions,
many of its components become Goldstone bosons. To avoig, is odd, but it also occurs as a particular case for éden
this it appears that flavor, at least in part, may be a phenom- Vector-like D-dimensional fermions may form all the
enon of the bulk. Clearly, many geometrical configurationsbound states discussed in Sec. Il as well as new ones. In
are possible, but the crucial ingredient must be that flavoparticular, the most attractive channel is the gauge-singlet
breaking is inextricably linked to spacetime symmetry break-scalar made ofQQ. H;= QU is still the most attractive
ing, which is not the situation usually envisaged in super<hannel which transforms non-trivially under the SM gauge
symmetric theories. group, but it is_Iess strongly bound than the singl8ts

In both schemes, electroweak symmetry breaking is & QQ and S,=Ul. Assuminggs=g,=0;, the Sy and S,
manifestation of a deeper spacetime symmetry breaking, sehannels are stronger thah, by 3/2 and 8/7 respectively,
that the more fundamental question becomes the origin an@nd hence will likely condense first. The VEV’s of these

nature of spacetime symmetry breaking. In the case of supefingléts do not break any gauge symmetry. However, they

symmetry, the standard model is protected to some degréV Positive squared-mass to the Higt,, through their

. . . cross interactiongor equivalently, dynamical masses to the
from the primordial supersymmetry breaking, so that theConstituents of the Higg®, U). This may prevent the Higgs

question of mediating the supersymmetr_y breaking to th?rom acquiring a VEV, jeopardizing the simple mechanism
standard model becomes of paramount importance t0 phgs; gjectroweak symmetry breaking. It is a detailed question
nomenology. With extra dimensions such protection isyhether the Higgs can still acquire a nonzero VEV in the
absent—the mediation of spacetime symmetry breaking tgresence of these singlets, and it is hard to be estimated
the standard model occurs directly via the KK spectrum ofreliably with simple approximations.
the excitations of the standard model particles. One thing which can help electroweak symmetry breaking
In summary: extra dimensions offer a more predictive ando occur is the orbifold projection required to obtain the four-
constrained mechanism for electroweak symmetry breakingimensional chiral theory. Let us demonstrate it by an ex-
than occurs in supersymmetric theories. The standard mod@mple with a simple situlp. Assuming that each higher-
gauge interactions create a Higgs boson as a bound state §fmensional fermion has 2" components, we can obtain a

; - - - single four-dimensional chiral zero mode by incorporating
top quarks, induce .'t to acquire a VEV’ gorrectly pred|_ct the81/22 orbifold projections inn directions, with the compos-
top quark mass withD(20%) uncertainties, and predict a | — = ;
somewhat light Higgs boson in the 165-230 GeV range. It idl® SCalars2Q andik/ being odd under alh Z, symmetries.
remarkable that the puzzle of electroweak symmetry break(BY contrastH, = Qi is even under alZ,'s.) After being
iofflecomposed into four-dimensional KK mode%; and S
Elave no zero modes, and their lowest modes will have a KK

ass component of/n/R, which makes their squared-
masses less negative. In addition, their self-quartic-couplings
Vil be enhanced by (3/2) because their wave functions are

made regarding the strong standard model gauge dynamiGg,qnortional to the sine function in thesedirections and
the onIy_ price to be pa|d_ is a moderate tuning to keep tthwRdy(\/ESiny/R)4:3/2. Larger self-couplings and less
composite Higgs boson light. negative squared-masses result in smaller VEV'sSgiand
Sy, and smaller contributions to the squared-massHgf.
Based on the simplest one-loop effective potential estimate,
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or interactions beyond those required by extra-dimension

096006-11



ARKANI-HAMED, CHENG, DOBRESCU, AND HALL PHYSICAL REVIEW D62 096006

[1] N. Arkani-Hamed, S. Dimopoulos, and G. Dvali, Phys. Lett. B [9] Y. Nambu and G. Jona-Lasinio, Phys. R&22 345 (1961).
429 263 (1998; I. Antoniadis, N. Arkani-Hamed, S. Dimo- [10] S. Raby, S. Dimopoulos, and L. Susskind, Nucl. PH/%69,
poulos, and G. Dvaliibid. 436, 257 (1998. 373(1980.

[2] L. Randall and R. Sundrum, Phys. Rev. L&B8, 3370(1999; [11] K. R. Dienes, E. Dudas, and T. Gherghetta, Phys. Let38
N. Arkani-Hamed, S. Dimopoulos, G. Dvali, and N. Kaloper, 55 (1998.
ibid. 84, 586(2000; J. Lykken and L. Randall, J. High Energy [12] H.-C. Cheng, B. A. Dobrescu, and C. T. Hill, Nucl. Phys.
Phys.06, 014 (2000. B573 597 (2000.

[3] B. A. Dobrescu, Phys. Lett. B61, 99 (1999. ) [13] R. S. Chivukula, B. A. Dobrescu, H. Georgi, and C. T. Hill,
[4] H.-C. Cheng, B. A. Dobrescu, and C. T. Hill, “Electroweak Phys. Rev. D59, 075003(1999.

symmetry breaking and extra dimensions,” hep-ph/9912343. [14] Particle Data Group, C. Caset al, Eur. Phys. J. C3, 1
[5] N. Arkani-Hamed and S. Dimopoulos, “New origin for ap- (1998: 1999 Web up’date http'//pd,g Ibl.gov '

proximate symmetries from distant breaking in extra dlmen-[ls] C. T. Hill, Phys. Rev. D24, 691 (1981): B. Pendleton and G.

sions,” hep-ph/9811353. ]
[6] Y. Nambu, inProceedings of the XI Warsaw Symposium on G_' Ross, Phys. Let98B, 291 (198); S. A. Abel and S. F.
King, Phys. Rev. D69, 095010(1999.

Elementary Particle Physics, 1988dited by Z. Ajduket al. ) N ) .
(World Scientific, Singapore, 1989in Proceedings of the [16] H. Georgi and A. K. Grant, “A topcolor jungle gym,
hep-ph/0006050.

1988 International Workshop on New Trends in Strong Cou- )
pling Gauge Theories, Nagoya, Japalited by M. Bando, T. [17] N. Arkani-Hamed and M. Schmaltz, Phys. Rev6l 033005

Muta, and K. Yamawaki{World Scientific, Singapore, 1989 (2000. _
“Bootstrap Symmetry Breaking In Electroweak Unification,” [18] B. A. Dobrescu, Phys. Rev. D(to be publishey
EFI-89-08 (1989; V. A. Miransky, M. Tanabashi, and K. hep-ph/9908391.

Yamawaki, Mod. Phys. Lett. A, 1043(1989; Phys. Lett. B [19] C. D. Carone, Phys. Rev. B1, 015008(2000.
221, 177 (1989; W. J. Marciano, Phys. Rev. Let62, 2793 [20] M. Carena, T. E. Clark, C. E. Wagner, W. A. Bardeen, and K.

(1989. Sasaki, Nucl. PhysB369, 33 (1992; W. A. Bardeen, M.
[7] W. A. Bardeen, C. T. Hill, and M. Lindner, Phys. Rev.41, Carena, S. Pokorski, and C. E. Wagner, Phys. Le826 110

1647(1990. (1994; M. Carena, M. Olechowski, S. Pokorski, and C. E.
[8] M. B. Green and J. H. Schwarz, Phys. La#9B 117(1984. Wagner, Nucl. PhysB419 213 (1994).

096006-12



