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Using gauge invariant effective Lagrangians i3 dimensions describing the standard model in4l
dimensions, we explore dynamical electroweak symmetry breaking. The top quark seesaw model arises natu-
rally, as well as the full Cabibbo-Kobayashi-Maskawa structure. We include a discussion of the effects of
warping, and indicate how other dynamical schemes may also be realized.
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[. INTRODUCTION Moreover, we can map the physical questions we wish to
address, e.g., dynamics, topology, electroweak symmetry
Recently we introduced the low energy effective Lagrang-breaking, etc., into conventional methods familiar te- 3
ian in 1+ 3 dimensions for the standard model iDalimen-  model builders. Everything is manifestly gauge invariant and
sional Yang-Mills gauge theorjl]. Gauge fields, fermions, renormalizable. Casting a given theory with new dynamics
and Higgs scalars propagate in the bulk which is latticizednto remodeledextra dimensions can yield insights and av-
[2]. The extra dimensions, when described by the transversgnues for extension of the new dynamics.
lattice techniqué3] become a prescription for writing down  Qur present task is to explore dynamical fermion bilinear
an extension of the standard model it 2 dimensions. As  condensate formation for the breaking of electroweak sym-
Kaluza-Klein (KK) modes are discovered, they carry a hid- metry in the context of remodeled extra dimensions. A strik-
den copy of the gauge group they represent through the hidng aspect of the standard model in the latticized bulk con-
den local symmetry of vector mesof#. Thus, the enlarge- gy ction is that it provides the essential ingredients of a
ment of the gauge group Into the bulk is realized as ON&yp_color model [8]. Indeed, top color is a dynamical
climbs the KK tower. An independent approach, very S'm'largauge theory basis for top quark condensafi@hand in-

to ours, was proposed 5] volves rather uniquely the imbedding &U(3)—SU(3),

Our approach emphasizes the importance of a gauge in- . X
variant description of an infrared truncation of the theory.nXSU(S)_2 N I—_|ere the_ third g_eneratlon feels the stron_ger
SU(3), interaction, while the first and second generations

There is significant utility in mapping th®-dimensional ; :
theory into an equivalent-£3 theory as a model building feel the weakeBU(3),. Suc_h an imbedding, or enlargement
tool. We are led to a chain of standard model gauge group fthe S_U(3) gauge groupis a F‘at“ra' consequence of exira
(this element of the scheme has a heritage; see[6lyand imensions with localized fermiori4,2]. Indeed, top color

' viewed as a remodeled extra dimensional theory anticipates

“linking-Higgs fields” which, in the broken phase, are the > ° ) T . .
Wilson links in the extra dimensions, allowing hopping from the fermionic generations arising in a localized way in extra
’ dimensiong6,10).

one lattice brane to anothgt,2]. These linking-Higgs fields : _ . . .
can be viewed as a valid UV description of the extra- llExtrahd|_menS|ogall rgodels with gauge .f'ﬁlds ml the buIII<
dimensional theory up to the quartic Landau poles of our[ ], or their remodeled counterparts, are inherently strongly

Higgs potential, where something like a superstring phangUpled' We show that the inherent strong coupling expected
transition proba’bly occurkr]. In these models can naturally provide a dynamical conden-

We will henceforth refer to our approach of describing thesation of(tt). In the remodeled description this is on a firm
D theory with the & 3 dynamics as aemodeledextra di- footing since the dynamics can be approximated reliably by a
mensional theory. Theemodeling or latticization of com- ~Nambu—Jona-Lasini¢NJL) model. We should say thad
pact extra dimensions to produce an effectived Lagrang-  Priori nothing precludes the addition of more physics, e.g.,
ian with new dynamics, is in a sense the analogue ofupersymmetry or technicolor, etc. We pursue top-color and
descending in supersymmetry from a full superspace actiofPP seesaw models at present because the remodeling of the
to an action in pure space-time. Just as supersymmetry acts4 standard model supplies all the ingredients for free.
as an organizing principle and dictates constraints on the If we wanted to construct a pure top-color model, or a
spacetime theory, so too an extra dimensional theempod- ~ Model such as top-color assisted technicé®i2], we also
eled into 1+3 dictates a certain structure and dynamics.require a “tilting” mechanism to block the formation of a
(bb). Again, the standard model in the latticized bulk
provides the desired extra weak hypercharge imbedding

*Email address: hcheng@theory.uchicago.edu U(1)y—U(1)y1XU(1)y, ... needed to tilt in the direction
"Email address: hill@fnal.gov of the top condensate. The fact that the top—anti-top channel
*Email address: jingw@fnal.gov is the most attractive channel in a standard model configura-

0556-2821/2001/69)/09500314)/$20.00 64 095003-1 ©2001 The American Physical Society



HSIN-CHIA CHENG, CHRISTOPHER T. HILL, AND JING WANG PHYSICAL REVIEW 4 095003

tion then drives the formation of the top condensate alone.the third generation. The masses of the vectorlike KK fermi-
In the present paper, however, we will explore a furtherons are controlled by the mechanism that produces the chiral
aspect of the dynamics of a remodeledt 4 theory with the ~ fermions on the branef20,21 and these can be lifted to
standard model gauge structure propagating in the bulk. Warbitrarily large Dirac masses, independent of the compacti-
will show that the top seesaw modé3], which may indeed ~fication scale.
be the best and most natural model of dynamical electroweak The thinning of degrees of freedom is a mathematical
symmetry breaking, arises completely and naturally from exa@pproximation to the full theory. It is presumably derived
tra dimensions. In a top seesaw model a top condensaf®™ the fine-grained theory by a Kadanoff-style renormal-

forms with the natural electroweak mass gap; 600 Gev, |Zation group. As a result, we expect many renormalization
but there exist additional vectorlike partners to theguark, effects, and e.g., any translational invariance that may be

. , softly broken by background fields of the short-distance
usually designated by and . . Theie objects form theory can be lost in the thinned degrees of freedom of the

heavier Dirac mass combinations suchVagy andm’x tr.  effective theory. Our residual engineering freedom, leading
and taken together the physical top mass is givemmigy,  to any given scheme, arises largely from the localization of
=m’u/M. The top seesaw affords a way to make a heavithe chiral fermions and the freedom to renormalize the
top quark, and explain all of the electroweak breaking with ainking-Higgs vacuum expectation value§/EV’s) and
minimum amount of fine tuning. It has a heavy Higgs bosongauge couplings in a non-translationally invariant way. How
~1 TeV, yet is in full consistency with th8— T error ellipse  all of this ultimately interfaces with flavor physics con-
constraintg 14,15. Remarkably, the vectorlikg quarks of  straints, e.g., flavor changing neutral current constrg2f2§

the top seesaw are also available for free from extra dimeretc., remains to be examined in defdiB].

sions. These are simply the “roamingg quark in the bulk, Thus our models can be viewed as transverse lattice de-
away from the domain wall that localizes its chiral zero scriptions of a standard model int4 dimensions in which
modetg. the gauge fields and fermions and Higgs bosons all live in

The possibility of generating top condensati@n othey  the bulk[11,10,14 with thinned degrees of freedom. Alter-
schemes in the context of extra dimensions has been devetatively, they are a new class oft13 models with top-color
oped previously in explicit continuum extra dimensi¢fg];  [8,9] and Top Seesayl3] dynamics. The two pictures are
indeed, Dobrescyil7] first observed that dynamical elec- equivalent througliemodeling
troweak symmetry breaking was a likely consequence of the
strong coupling of QCD in extra dimensions. The geometric Il. EFFECTIVE LAGRANGIANS IN WARPED
reasoning we inherit from extra dimensions leads us to a LATTICIZED BACKGROUNDS
systematic way of extending the models. Remodeled extra
dimensions has led us in the present paper to the first theory We begin with some essential preliminaries on latticized
of flavor physics from the top quark seesaw, with Cabibbo.extra dimensions. We wish to describe the low energy effec-
Kobayashi-Maskawa(CKM) structure and light fermion tive Lagrangian of, e.g., the standard model ih 4 dimen-
masses. We also show that one can readily construct a viab®ons using the transverse lattice, but we include presently
4th generation scheme along these lines. All fermions aréffects that break translational invariancexn We begin
condensed by th&U(3)x U(1)y structure on the 4th gen- With the QCD content and allow a general background ge-
eration brane, and one can postulate Majorana masses for tREetry described by a metric with dependence upon the ex-
vri as well, allowing the Gell-Mann—Ramond—Slansky— tra dimension®.

Yanagida neutrino seesaysee, e.g.[19] and references Consider the pure gauge Lagrangian ift 3 dimensions
therein. for N+ 1 copies of QCD:
Our present discussion will be largely schematic. We will N N
describe the structure of the theory, and in a later work we _ 1 5 B fp
will present the full phenomenology18]. To make the £QCD__ZO @Giwej +i§=:1 D@D ®; (1)

present discussion as transparent as possible we will “thin !

the degrees of freedom.” Normally, we would approximate;, \which we haveN+1 gaude grounsSU(3). with gauge
the bulk with a very large number of branes and interlinking gauge groupsSU(3), gad

Higgs fields. Presently, however, we will describe reduced®UPNgsY; that depend upon @ndN link-Higgs fields,®;
n-brane models, in whichn is small, typically n forming (3;-1,3;) representations. The covariant derivative
=2,3,4,5. ... In ourminimal top seesaw scheme we haveis defined aD,=d,+i=[_ (AP, T7. T are the generators
n=4, i.e., there is one brane per generation and one extr@f the ith SU(3); gauge symmetry, wherB is the color
spectator branérequired for technical reasonsHence, in  index. Thus[T;,T;]=0 fori#j; T} annihilates a field that
this case all of the bulk is approximated by a transversés singlet under the&sU(3);; when the covariant derivative
lattice with four branes. The gauge group we consider in lacts upond; we have a commutator of the gauge part with
+ 3 dimensions for the-brane model iSU(3)"xXSU(2)] &, TjBJr acting on the left anél'?_l acting on the right; the
XU(1)} and we haven—1 link-Higgs fields per gauge jth field strength is determined as usualGy,,
group. Thus, we keep only the zero modes ardl Kaluza- octrTJB[Dﬂ ,D,], etc.

Klein modes for each gauge field. We will also keep some of We treat thed; as explicit Higgs fields. Renormalizable
the vectorlike KK modes of the fermions, in particular for potentials can be constructed for each of the link-Higgs
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fields, and we can always arrange the parameters in the pgauge coupling by§f=g§(ja)/a (assuming thatgs is

tential such that the diagonal components of e&gldevelop  smoothly varying andv; is simply related to the warp factor
a common vacuum expectation valug, while the Higgs by

and U(1) pseudo Nambu-Goldstone bosoffiNGB's) are

arbitrarily heavy(for the perturbative unitarity constraint on ”gj_ ywja=e oli-v2a 7
this limit see Ref[1]). Hence, eackb; becomes effectively a
nonlinearoc model field[1,2]: where
<I>J-ijeXFXi¢jBTjB/v). (2) ~ 95[(j_1/2)a]
- j—1s = (8
In our previous discussioftl,2], we assumed thaj; andv; Va

were common for aIN+1 gauge groups anl links, i.e., - )
independent of. This corresponds to a translationally invari- For smoothly varyingy; andv;, we can make the following
ant extra dimension with physical parameters independent dfterpolation:

NG

In general, we must consider non—unifo"g::rpandvj in the
remodeled theory. These correspond to a large variety of pos- ©
sible effects. For example, we may have an extra dimensioR
with non-trivial background metric and a space dependent
gauge coupling. These effects can arise from a bulk cosm%

92 =7 0 a2 2 _ o—20(ja) — o 20
9i-12=9j-19j, Qjvjvjria =e o(ja) = g=20j,

n example with 3 lattice points is described in Appendix A.

It is also straightforward to obtain the transverse lattice
agrangian for scalar and fermion fields under the warped
ackground metric. The action for a scalar field under the
ackground(5) is given by[24]

logical constant, background space dependent dilaton fiel
or from other fields and the finite renormalization effects dueb
to localization of these fields. Alternatively, a background
scalar field with nontrivial dependence upeh ¢(x°), and
coupled to the gauge kinetic ternG§,)?, will give finite x° f d>x\/g(g"NayHTayH —mZHTH)
dependent renormalization gf

Let us consider presently the case of a warped geometry,
where the metric will contain an overall warp factor or back-
ground dilaton field, e.g., a Randall-Sundrum mofz3].
The effect of the dilaton field can be seen through the im-
plicit identification of the link-Higgs fieldsb, with the Wil-

=J d4xJ dy(e 2"Mg,HT9*H—e 4" W g;HT°H
—e " mZH™H). (10

After discretization, we have

son lines:
ja N + 1 CI)J 2
CI)j(X“)=eX[{if_ dyAsB(X“,y)TB), &) f dx 2, | €720, H]o#H;—e i e IH = —H
(i-1)a j=0 a Uj
wherea is the lattice spacing. One finds 5
—e *ImAHH; | (11)
1
+
DMCI)] D,uq)]_) EaZUjZGE—l/Z)M5G(Bj/151/2)' (4) o . . .
We can rescale™ “iH—H; the Lagrangian is then given by
Let us compare this with the14 dimensional action for the N
field in th k ic: ~20,
gauge field in the background metric 'CS:,ZO {a#HjTo?“Hj—(mﬁ e 20]
ds?=e 270y, dx*dx"—dy?. (5)

~2 2 2(0i—oi-12\|H |2
. +07 .07 e\ %i-u2)H

We have, for the gauge action, 9i-12Y JIH
2
- _512— 1/2UJ'2 C

1
ﬁG:deX@gMNgPQ 2 GEAPGEQ

q)jH
Uj -1

4g5(y) B d;
4 + gjz_l,zvfe("ﬁ"j12"j1/9Hfij_l+H.c.)}.
=fd4xf dy——(7**GB,GB»” :
4g5(y) (12)
—2e 0GP GB3), (6)  As discussed in the previous pagéi, the aliphatic model

corresponds to th&'/Z, orbifold compactification of the
where the indicesu,» are raised and lowered by the extra dimension. The even field undgy corresponds to the
Minkowskian metricy,,,. We thus can see by comparison phoundary conditiorH_;=H,, and the odd field undez,
that the gauge couplinﬁj is related to the 5-dimensional corresponds to the boundary conditidds ;=Hy=0. The
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mass parameten? should be replaced bmﬁ” if it depends  up brane(which is defined as the brane on which the chiral
ony, which can come from g-dependent VEV of some field up quark is localizel one set from up to charm, and another

or the renormalization effects. from charm to top. We will thus have constructed an “ali-
The action of a fermion under the backgrousulis given  phatic model,” as in[1,2]. There are the usual zero-mode
by [25-27] gauge fields and the—1 KK modes, which are determined

exactly. No Nambu-Goldstone boson zero modes occur as is
—. usually the case in technicolor-like modelsideed these
4 —(312) @O . . .
J d XJ dy e =W ( 1" 0, = vs€ s models have nothing to do with technicalor
We are assuming throughout that we have an underlying
Jackiw-Rebbi mechanisi20] to trap the fermionic chiral
modes at the specific locations in the bulk. This involves

(13  scalar fields in -4, @(x°)q, which couple toy,y, and
have domain wall configurations on which chiral zero-mode
After rescaling and discretization, the fermion Lagrangian issolutions exist. Away from the domain wall the fermions are
given by vectorlike and have large Dirac mass€Bhe Jackiw-Rebbi
mechanism on a discrete lattice is described in Appendix B.
_ For the remodeled description of matter fields, we exploit the
L=, [‘I’ji Y49,V fact that the chiral fermions can always be engineered on any
1=0 given brane, with arbitrarily massive vectorlike KK modes
partners on all branes, so we need keep only the chiral zero

e Ry _gdom, ¥ P

1 — 0
- 57’5(559 )

N

TOj+12 T
+ e J-R(@’H\I'(Hl)L—\Ifj,_ +H.c. modes and the lower mass vectorlike fermions. Indeed, it is
a Vj+1 an advantage of the remodeled- 3 formalism that we can
1 _ _ do this; in a sense the chiral generations are put in by hand in
— Z(e*"ﬁm— e -1 (V) Vig—¥ir¥;) the remodeled theory, and we retain only the minimal rel-
evant information that defines the low energy effective La-
_ _ grangian.
—e_ojmxpj(\I’jL\I,jR+\IrjR\I,jL)} We require a mechanism to make the bége:oupling of

SU(3)c; critically strong on the top brang such that the
top quark will condense. Of course, withbranes(of equal

couplings the baregs coupling is already/N times stronger
than the QCD physical coupling. The freedom exists to

choose an arbitrarily strong bagg on branej for a variety

of reasons as described in Sec. Il. For example, if the kink
(14) field that localizes the chiral fermions couples @ﬁ(v)z, it

can give finite renormalization to the top brane gauge cou-
where we have used the relatiéh and imposed the bound- Pling constants and trigger the formation of the condensate
ary conditions¥ _;g="V\g=0 and¥ ;1) =¥y, corre- (see below. Any non-universal translational invariance
sponding to havingl's (¥,) odd (even underZ,. There is  breaking inx® may provide such a mechanism.
one moreW, than Wy at latticeN, so there is a massless  The vectorlike fermions of the top seesaw arise in a
left-handed chiral fermion left. The gauge anomaly must besimple way: they are the roamirtg (and/ort, ) in the bulk.
canceled by including additional chiral fermions. Reversingln & sense it is remarkable that all of the ingredients are
the Z, parity of ¥, and ¥ gives rise a massless right- Present. In addition, we get top flai@8], with the copies of
handed fermion. This can be obtained by imposing thehe SU(2), gauge groups. Here arises a novel problem first
boundary conditions? _;g=V oz, Wo =¥y 1) =0. Al- notegl in Ref[8]. With IargeS_U(Z)_L couplings _the mst,anton
ternatively, we can make the chandes-R, E]—>—§, (a— mediated baryon number violation mechanism of 't Hooft

; ; ; .. becomes potentially problematic.
—a) in the Lagrangian14) (corresponding to an opposite X ) .
sign for the Wilson term that is included to avoid the fermion Finally, we ask: how is CKM matrix generated? We can

doubling problem and impose the boundary conditions put generational linking terms in by hand, which presum-
W =Wy =0, Wy, yr=V ably arise from an underlying mechanism of overlapping
—1L— ENLT Y N+1)R™ * NR-

wave functions for split fermiongl0]. In our remodeled for-
mulation we get no more or less information out than is put

IIl. TOP QUARK SEESAW FROM REMODELED in by localizing the fermions in the bulk in the first place.
EXTRA DIMENSIONS

~ — @;
J

gj_l/zvj \I,jL_U' \I’(j—l)R_’— HC)
J

I
o

Vv

N
1
2

_( (9j-120j+9j+uj+1) T € TiMy;

We consider a sequence wibrane schemes. We put one
generation of fermions and a copy &U(2) XU(1)y
XSU(3) on each brane. In addition, we hawe-1 link- Let us first briefly review the top seesaw model. In a
Higgs fields(chiral fields, one for each gauge groum the  schematic form of the top seesaw model, QCD is embedded
end we will have a set of links from a spectator brane to thento the gauge groupSU(3);xXSU(3),, with gauge cou-

A. The schematic top seesaw
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pIings§3,1 and§3,2 respectively. The relevant fermion trans-
forms under these gauge groups @eomalies are dealt with
by extension to include thie quark [13]

TL: (311)1 XR- (311)1 tR!XL: (113)1 (15)

where T =(t,,b.) is the third generation left-handed
SU(2), doublet, andy, ,xr,tg areSU(2)_ singlets. We in-
clude a scalar fieldp, transforming asg,3), and it develops
a diagonal VEV(®;)=v &}, which breaks the top color to

QCD, 0 1 2 3 4
SU(3)1 X SU(3),—SU(3)qcp- (16) FIG. 1. A left-handed chiral zero modi (right-handedy) is
localized on brane 1, by coupling to a kink in a background field
The massive gauge boso(lorong have mass ¢(x®) which gives a negativépositive) Dirac mass to the right of
brane 1 and negativépositive mass to the left of brane 1. We
M?2= (55’14—5%’2) v2. (17 denote the negativéositive Dirac mass by the up-arrogdown-

arrow) curved links on each brane. The trapping Dirac mass, with a
Sincey, ,tgr have the same gauge quantum numbers, we catparse grain lattice, can alternatively be added to link terms on one

write down an explicit Dirac mass term: side of the zero mode as in Appendix B. We use the definition of the
- derivative forT, with linking Higgs fields withL,j—1 hopping to
Myt XLtrTH.C. (18 R,j, represented by the diagonal links between nearest neighbor

) ] branes, and~—Tg;T_; are vertical links on a given brane, Eq.
A second Dirac mass term betwegp and yr can be in-  (B1). Fortg we use the first definition EqB2). We keep only the
duced from the Yukawa coupling b, lowest lying vectorlike modes in the picture.

EXRPXLHH.Copy xrxLHH.C. (19 o(x®) TT andp(x®)tt and we assume that(x®) produces a

These masses are assumed to be in the TeV range and h&lmain wall kink atxg which we identify in our latticized
the order p,<u,, <M. Below the scaleM, various approximation as brane 1 in the figures below. Before the

4-fermion interactions are generated after integrating out théormation of the top condensate the top quark configuration

= L " on the lattice branes is depicted in Fig. 1.
he~avy gauge bosons. We assu_me datis supercritical and The basic idea underlying the formation of a condensate
>032. A T xg condensate will form and break the elec- g

_ to allow a particular gauge coupling constant to become
troweak symmetry. To obtain the correct electroweak breakg

. A _ upercritical on a particular brane. In Fig. 2 we show the
ing scale, t_yr should have a dynamical mass;,~600  formation of the condensat€T, tz) on brane 1 where we
GeV [9]. The mass matrix for thg g, x. r is then[13]

assume that th8 U(3), coupling constanfgj&l iS superecriti-

0 my\(tr cgl, i.e,, in the NJL model approximation to QCD
( ) (200 3g3/8mw?*>1.

XR A trigger mechanism in the +4 theory for supercritical

The light eigenstate is identified as the top quark and has §oupling at the location of the trapping domain wall can arise

mass

<ML>(

/-L)(t IL’LX)(

mt'\“mtx%. (21)
XX

The top quark mass is correctly produced far,/u .
~3.5. The model thus produces an acceptable dynamical
electroweak symmetry breaking and a composite Higgs bo-

son (composed of~t_L xr) With a fairly natural scale of the
new physicgthe QCD imbedding scaleof A~ few TeV.

B. Top seesaw from remodeled extra dimensions 0 1 2 3 4

All of the ingredients of a top-color scenario, in particular ~ FIG. 2. A condensatéT, tg) forms on brane 1 when tH2U(3);
the top quark seesaw, are present in an extra-dimensionghypling constangs ; is supercritical. This can be triggered from
scheme. We assume that we have only the fermioasdt 4 (x%)(G2,) in the 1+4 underlying theory, but is a free parameter
in 1+4 dimensions. The fields will appear automatically choice in the ¥ 3 effective Lagrangian. Note that we have chosen
as the vectorlike KK mode components of these fields. Theor convenience the other hopping convention for thefield (Ap-
fermions are coupled in t4 to a background field as pendix B.
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from a coupling ofe to the squared field strengthisﬁv)2
such that the gauge Lagrangian ir-4 becomes

(G2,)2. (22 T

Such a coupling will always be induced by the fermion fields
that couple to the gauge fields. We assumeM (¢—
—M) for xX>-=R (x°—0). For\>0 the action is well be-
haved, and off the domain wall the effective coupling con-
stant,§23=g§/(1+)\) is suppressed. On the domain wall the t
effective coupling is theng% which we assume is supercriti-
cal. Moreover, the condensate is generally suppressed, for
fixed couplingg§ in the NJL model approximation for fields
with large Dirac masses, so we expect only the chiral fields
to pair up. In fact, one need not appeal to the trigger mecha-
nism alluded to above, but it is a useful way to supp@s 1 2
elsewhere in the bulk, and such operators are expected on
general grounds when we construct the renormalized effec- FIG. 3. Two brane approximation. In the limit th&$ decouples
tive Lagrangian with fewer degrees of freedom. this is just the original top seesaw model[a8].
In our latticized 1+3 description the varying coupling

constantgs; and Dirac mass terms can be putin “by hand We can see explicitly that this matches onto the schematic

as defining parameters. .
To derive the top seesaw model from extra dimensionst,Op seesaw model. To match we first assume thattisen-

we thin the degrees of freedom of the extra dimension tdfibution to theT; Tor mass term is so large thap, , Tor
2-branes. There is a@BU(3); on each brane. The scalar field decouple. Then, the 2-brane model is identical to the sche-
@ which breaksSU(3); X SU(3), down to SU(3)ocp is matic top seesaw model described above through the follow-
now just the link-Higgs field and has exactly the right struc-ing identification:

ture for top-color breaking. Th8U(2), doublet and singlet

This configuration is shown in Fig. 3.

quarks propagate in the+4 bulk, and in the latticized Ti=Tw, xr=tir, xL=ta, tr=l,
scheme are represented by the fielgst;, j=1,2 on the
two branes: Mot =M Mgy =M (26)
SUR), SU3)2 For a supercritical gauge coupli@g,l, the(T,, t;gr) conden-
Ti Tor T, sate will form, breaking the electroweak symmetry. The top
tr ty e (23 quark mass is then obtained from the seesaw mechanism.

We have projected out the chiral partnédrgz and t;, by C. The light generations and flavor physics
coupling to the background localizing field with a domain
wall kink at brane 1, which produces chiral fermions. The
kinetic terms in the extra dimension give rise the mass term

in the 1+ 3 effective Lagrangian that interconndgy, to T,g generalized geometric top seesaw scenario.

etc. The backgound localizing fielgp also produces the ™ ciearly, in order to generate light fermion masses from
Dirac masses that interlink, €.§sr and T, , etc. So, inthe  hq third generation condensates, some flavor mixing terms

We now consider all three fermionic generations of the
standard model in the latticized bulk. We discuss the issue of
flow we can generate light quark masses and mixings in a

two brane approximation we have must be present. Small masses and mixings can be generated
ot in 1+4 models by the overlap of the Higgs and fermion
My, ToL Tor+ My, Ty, — Tor+ My to tor wave functions in the extra dimensiph0] and/or small fla-
22 12 v 22 .. .. . . . .
vor mixing effects arising from localization. We examine this
T mechanism in the latticized extra dimension with the sim-
+mt12t_lR_t2L+ H.c., (24)  plest flavor mixing mass terms. We find that the light gen-
v eration fermion masses are generated radiatively in this pic-
with wre.
There is a copy of th&U(3) X SU(2), X U(1)y standard
My, =—m ~—" ng,léa,zv, mT22~§3,2U +hro, model gauge group on each brane, with gauge couptings

respectively, wherea=1,2,3, is the gauge group index and
~ j=0,1,2,3 is the brane index. There are link fiellg; , a
Me,,~ 930+ hep.hr>hy. (25 =123,j=1,2,3, which break the fulsU(3)*x SU(2)*
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><U(1)$ gauge group down to the standard mo&dl(3)
XSU2) . XU(1)y.

We will denote the 3 generatioBU(2), doublet quarks
with uppercase lettersT(C,U) andSU(2), singlet fermions
with lower case letterst(c,u). We assume that the third
generation fermions propagate on all branes, with the local-
ization removing the right-handeslU(2), doublets and the
left-handed singlets on brane 0. Hence the third generation
fields T; andt;, etc., carry the brane indgxwhile theC,c
(U,u) are localized on brane (2). Thelocalization of the
top, charm and up quarks is accomplished with additional
o(x%), o(x®). ande(x®), fields that produce domain walls
in the underlying -4 theory.

If we assume that only th~g3yo SU(3) coupling constant
is supercritical, this then drives the formation of the conden- 0 1 2

sate(?LotR()), breaking the electroweak symmetry. The top

quark mass is then obtained from the generalized seesa&/:':(lceéﬁ' i'srh;ezoburslr; ? izfgor):?;élogr;;if:iagngirclggtmz’ev:: ere

mecfllanlsm. IT;] gener?I the Ieft-b_and_ thge_ ]rclgh(tj-handeg to[?node, both trapped on brang\le assume that the vectorlike part-
quark zero modes are linear combinationd gf andtg; (an ners ofC and ¢ are decoupled The Dirac flavor mixing between

Ci.UL ,Cr,Ur after including flavor mixings C,Try andcgt, , can be rotated away by redefinitions B§; and

3 tLl.

TO=2 a7 T (+acC +ayUy), Note that when we rotate away the direct charm mass
- : terms on brane 1, we in general will obtain the linking mass
3 terms

t)=2 ay trj(+ acCrt ayUr), 27

e EL(I;[ 42
where ar,a are coefficients determined by the direct and
link mass terms amonig,_ r's andt, g's. The top quark mass \yhere the [I,®,;) is a product of linking-Higgs terms, as

Tra, t_LZ( 1;[ q);,z) Cr, (29

is suppressed by the mixingsr  anday: shown in Fig. 5. These terms can be viewed as mass terms,
but in reality they are all higher dimension operators; since
M~ ay oy X600 GeV. (28) e are in the broken phase in which ti¢s all have VEV’s

) ) ~we can only approximately describe these terms as though
Let us first thin the degrees of freedom of the extra di-

mension to a 3-brane model, and we consider first the gen-
eration of the charm quark mass. This configuration is as
shown in Fig. 4.
To generate the charm quark mass, we include flavor-
mixing mass terms. In the underlyingt¥4 theory we might
suppose that these can arise on a given brane from couplings T

of the form, e.g.,ego(x5)t6,_wR. In the 1+ 3 theory this is a
common Dirac mass on brane 1 that mixes all fermions with
equivalent quantum numbers. However, the direct contact

mass term@,_TRl,t_,_lcR, can all be rotated away by redefi-
nitions of the fieldsT g, andt, ;. This can be seen by consid-

ering the overall mass term on braneni’,t, ;cg+ Mt 1tgrq,
where the second term is just the mass of the Di{ramn-
chiral) vectorlike t quark on brane 1. Thus, by redefin-
ing cr—(—M'tgr+Mcr)/VMZ+m'? and tg;— (Mtgy
+m’cr)/YM?+m’? we eliminate the direct charm quark 0
mass term. The important point is that this redefinition in-  FG. 5 The flavor mixing (dashed lines between
VOl\_/es onl_y f",:"lds on th?_common brane 1, an,d th,ere IS nQSLH((D/v)TR2 and?RH(d)/v)th cannot be rotated away by redefi-
residual kinetic term mixing since all of the kinetic terms isions of Trp andt,, without generating effective kinetic term

involve the same gauge ﬁe"’*ﬁ,l- In order to generate a mixing which leads to non-zero-mode flavor changing gluon verti-
surviving mass term for the charm quark we thus need addices (in the broken phase whe@—uv; this mixing is actually a

tional terms to frustrate the chiral redefinition. Such termshigher dimension operatorThe charm quark mass is thus gener-
are seen to be present when we consider brane 2. ated when radiative corrections are includagvy line).
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they are mass terms. However, even with the flavor mixing
linking (higher dimensionmass terms and the direct mass
terms, at tree level (neglecting the gauge interactions on
branes 1 and)2we can again perform a field redefinition as
before and we still fail to generate a charm quark elec-
troweak mass and only the top quark retains a nonzero elec-
troweak mass. This can be seen readily as the electroweak
symmetry breakingEWSB) condensate couples only 19 5
andtgy. We can rewriteT | ,tro In terms of the redefined
eigenstates of the electroweak preserving masses:

TLo= BT O+ B,CO+ B,UD+ heavy states,

tro= Y3t + 7,9+ y,uQ + heavy states.
(30)

After decoupling the heavy vector-like states, th& 3 up-
type quark mass matrikl
FIG. 6. The radiative correction diagram in the current eigenba-

M Uij o B Yj (31) sis for the induced charm mass.
is of rank 1. . o in the broken phase of thke’s. However, the result is that we
However, the result of the field redefinition is that now have now generated an interaction that acts kieended
off-diagonal couplings to the glluons on branes 1 and .2 aretechnicolor[29]. When we include the radiative effects of
generated When we now take into account the gauge mter—tHe gluons we generate charm quark mass. In Fig. 6 we il-

actions on branes 1 and 2, the charm quark does mde.ustrate the diagram in the basis in which the gluon couplings

obtain a nonzero mass from radiative corrections as shownin ™" . . ) .
are diagonalthe current eigenbagisVe also generate radia-

Fig. 5. For this to occur we require the interference with the,. - :
9 . ... tive mixing between charm and top masses through diagrams
linking mass terms, because otherwise the gauge radiative

corrections produce only multiplicative corrections to the2> in Fig. 7 where now the mixing of the gluonic gauge
P . y P groups on different branes must be included.
(zerg mass on a given brane.

More explicitly, we now have the interbrane mass term of The (_axtension of thg s'che'me to inclgde t.he up qua.rk mass

il R generation and the mixing is shown in Fig. 8. Again, we
the form, e.g.m’t cg for the charm quark. This implies require nearest neighbor mixing between branes which pro-
that on brane 2 there is the overall mass temfit ,cr  duces vanishing mass in tree approximation, but off-diagonal
+ Mt—LZtRZ where the second term is the mass of the Diracgluon vertices in the broken phase due to kinetic term mix-
vectorlike t quark. Thus, redefiningr,— cosétg,+sinbcg  ING. The full mass matrix is regenerated when radiative cor-
and cg— —sin@tg,+cosfcg we can eliminate the direct rections are included.

charm quark mass term. However, in kinetic terms we have One can understand the origin of the mass matrix in the
language of the “shining Higgs VEV profile” as discussed in

Cr(i 4= A1)Crt troli0—Ar)tro . (32)  our previous papefl]. The gauge interactions on branes 1
and 2 are subcritical, so the Higgs bound states formed on
Upon performing the redefinitions we generate off-diagonathese branes have positive squared masses. However, due to
transitions: the links with brane 0, the composite Higgs fields on branes
_ - _ - _ 1 and 2 will receive tadpole terms as shown in Fig. 9, and
Cr(id—Ay)Crt tro(id—Ay)tro+ k(Cr(AL—Ax)tro+H.C)  therefore obtain nonzero VEV's.

+ ... (33

where A; )= COS A )+ si0Ay 1) and k=sin#coss, and
the ellipsis represents diagonal terms. On the left-hand side
of Fig. 6 we also generate off-diagonal couplings of the form

«'[CL(AL—A,)T »+H.c]. In evaluating the induced charm
quark mass and mixing it is useful to remain in the current
eigenbasis in which the gluon interactions are diagonal. We
emphasize that this effect is different than that described in
[22] in which localization produces off-diagonal flavor tran- €, SU3) SU@G)
sitions among fermions coupled to KK mode vector bosons. ' ’

These off-diagonal kinetic terms, we emphasize, are
higher dimension operators involving the link-Higgs fields.  FIG. 7. The radiative correction diagrams in the current eigen-
They take the apparedt=4 form only as a result of working basis for the induced chayrtopy mixing mass term.

095003-8



DYNAMICAL ELECTROWEAK BREAKING AND . . . PHYSICAL REVIEW D 64 095003

case, the dynamical and phenomenological details of the
generation of thé quark mass are a top seesaw modeling
issue, and will be described in detail in a forthcoming paper
by He, Hill, and Tait[15]. For our present purposes we can

simply assume that an induceehjuark mass ofbb) can be

T arranged for brane 0. The full model then takes the form of
Fig. 8 with (u,c,t) replaced by ¢,s,b). This produces a
. second species of Higgs boson, theliggs bosorH, which

then shines through the bulk.

Top color does not specifically address the issue of lep-
tons. We can in principle usé(1)yq on the brane 0 to con-
dense ther lepton, and a corresponding seesaw to produce
the physicalm.. Alternatively, any new physics that pro-

duces the higher dimension operatotr structure will suf-

fice to give ther lepton a mass. Having produced ther)
0 1 ) 3 #0 on brane 0, we again repeat the construction to provide
the masses fop ande. In the lepton case thg(1)y radia-
FIG. 8. The extension to include the up quark in a 4-branetive corrections replace the gluonic radiative corrections. The
model with radiatively generated mass and mixing. neutrinos do not condense sindé1), does not produce a
nontrivial 't Hooft determinant, and we do not presently ad-

From the shining and the flavor mixing effects, the final dress the origin of the small neutrino Majorana masses.
Higgs VEV will contain some small components 6f cg

and ULuR after diagonalization, which are responsible for )
generating the charm and up quark masses. A fourth generation scheme may have advantages for the

To generate the down-type quark mass matrix requires PtON mass generation mechanism. Here we imagine con-
mechanism to first generate thequark mass. One possibil- densing on a fourth generation bran@ the three attractive
ity is to condense thb quark as in the case of the top quark, channel condensates ¢TT) and(BB) from SU(3), and
and exploit a larger seesaw. This encounters generally a larg&E) from a strongU(1)yo. The effective Higgs bosons are
degree of fine-tuning; to have the large seesaw suppressidieavy,~1 TeV. The model has an acceptably small positive
of the physicab mass requires a larger vectorlike Dirac masssS~2/37 and built in custodialSU(2) breaking from the
for the roamingb quarks, and this can turn off the condensatey(1),, which may provide an acceptably large positiVe
except for large supercritical coupling. An alternative andparameter contribution to bring the theory into Be T er-
less fine-tuned approach is to expl&iti(3), instantons on ror ellipse.
brane 0 which produce a 't Hooft determinant containing The structure of the quark sector for a 5-brane version of
terms like~b bgt, tg+ . ... Then the nonzer¢tt) induces the model is shown in Fig. 10. We use the strdig(3),

the b-quark mass. The magnitude of this condensate can bgvith strong U(1)y, correction$ to form a (BB)=<(TT)
controlled by seesaw with the vectorlikequarks. In any  condensate on brane 0 of the fourth generation quarks. Thus,
the SU(3) interaction overwhelms the tilting effect of the
<H > <H > U(1)y. The quarks of the fourth generation roam through
0 ! the bulk and propagate the composite Higgs bosons. The
three lighter generations feel the condensate as in the top
seesaw scheme of Sec. Ill, as seen in Fig. 10 which shows
explicitly the quark sector. The masses and CKM structure
are then generated radiatively in analogy to the top seesaw
scheme.
t In Fig. 11 we illustrate how the lepton sector can be dy-
namically generated. Here there idJ41)y, condensate of

(EE) on brane 0 which produces the leptonic Higgs boson.
As before, the fermion masses are generated by linking fla-
vor changing terms.
We also include the right-handed neutriflg,. We em-
H H phasize that this need not be chiral, i.e., it need not be a
! 2 localized chiral zero mode associated with a brane 0 kink.

FIG. 9. The formation of composite Higgs fields on each brane! "€ Nr IS @ gauge singlet so we can write down the Major-

and their propagation to subsequent branes. This sets up a tadpéi®a mass termNSNg, which presumably comes from exter-
on each brane which exponentially attenuates away from the brarn@al physics, e.g., it may come from the effective Planck scale
0 of the top condensate. (we can certainly complicate the picture by including all pos-

D. Fourth generation condensates
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FIG. 12. Thev, Majorana mass is radiatively induced by feeling
the condensate and Majorana mas$\@f. This corresponds to an

effective term @L- H)? whereH is the Higgs boson through mixing
with quarks and charged leptons, or the neutrino condensate effec-

tive bound-state Higgs bosoANgL, .

FIG. 10. The fourth generation condensate generating the upion operator exists which allows the bilinda, to feel the
and down type quark masses. We position the kinetic term partneglectroweak condensates, as in
Qg (Which is nonchiral next to the chiral zero mod@, .

1 —
7L6LINR(ERLL)C- (34)

1
WLENR(BRTE)1 vE

sible allowed Majorana and Dirac links within and between
N C
branes, eagNj Nj+1, l?tc’)'. for the K Once the master 4th generation Dirac mass is established we
To produce small Majorana mass terms for the knowngy, jnyoke the seesaw. We depict this in Fig. 11. The Feyn-
neutrinos we first require a mechanism to generate a Dirag, 4n, diagram of Fig. 12 then shows the formation of the
mass or condensate for the 4th generation ”eUtr'noﬁadiativer induced Majorana maésy, e.g.,Z exchanggfor
~M v Ng on brane 0. This requires one of two optiof®:A  thev,. Similar mixings and mass terms arise for the first and

condensate such QENR>¢O must form involving yet a new second generation neutrinos in analogy with the quark and

strong gauge group, such 8§1)g_, or (b) a higher dimen- ~ charged lepton masses. -
We mention that one should be wary of the possibility of

enhanced proton decay coming from the 't Hooft process
with strongSU(2), gauge groups located on various branes.
This is an issue for “top flavor” models which we defer to
another session. Moreover, as discussed in [R&f, the KK
gauge bosons can induce flavor-changing effects in the split
fermion generation models. This puts a strong constraint on
the KK gauge boson masses. In our model, the first two
generations are localized away from the EWSB brane.
Flavor-changing effects involving the first two generations
from heavy gauge boson exchanges can be suppressed if the
link VEV’s associated with the first two generation branes
are much larger than the weak scédince they are not di-
rectly related to EWSB We have not yet touched upon the
vacuum alignment of the VEV'’s of the composite Higgs bo-
son, possibly through mechanisms such as radiative correc-
tions or higher order couplings. Such questions have been
discussed in earlier works on dynamical electroweak symme-
try breaking, e.g[15]; we will put off discussion on our
specific model for future work18].

0 1 2 3 4

IV. DISCUSSION AND CONCLUSION
FIG. 11. The fourth generation condensate generating the lepton ) ) o )
masses. A singl&lg (which can be part of a vectorlike Dirac pair, In conclusion, we have given a description of a fairly
and need not be chitais shown and an external mechanism gives complete extension of the standard model with dynamical
it a Majorana mass. This is communicated to the left-handed newglectroweak symmetry breaking. This arises from the bulk
trinos through the condensate with . 1+4 dimensions as a3 dimensional effective theory af-
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ter remodeling. We have kept only a small number of latticeciple by a block-spin renormalization group, which is beyond

slices(braneg as a minimal approximation with thinned de- the scope of our present discussion.

grees of freedom. Consider, for example, a 3-brane model. The effective 1
A dynamical electroweak symmetry breaking scheme+3 Lagrangian now contains 3 copies of the standard model

emerges naturally in this description, as first anticipated byyauge group and link fields interpolating each of the

Dobrescu[17]. We see immediately the emergence of anSU(3)s, SU(2)y, andU(1)y groups in the aliphatic con-

imbedding of QCD as inSU(3)—SU(3);XSU(3),..., figuration. The pure gauge Lagrangian if-3 dimensions

and the appearance of vectorlike partners of the elementaffgr 3 copies of QCD is given by

fermions such as the top quark. With fermionic localization

we can have flavor dependent couplings to these gauge

groups, and trigger the formation of condensates using local- 12 5 :

ization background fields or warped geometry. Loco=—7 Z GP,,GP* + Zl D,®{D*®;, (Al)
These elements are all part of the structure of top color, N =

[8] and the top seesalt 3], and we are thus led naturally to

this class of extra-dimensional models in which the elec- hereGE  has b led so that th ~.
troweak symmetry is broken dynamically. However, one canV"€€Ciy, Nas been rescaled so that the gauge coupijg

go beyond these schemes to, e.g., a fourth generation schefipears in the covariant derivative. The electroweak gauge

which is somewhat more reminiscent of technicolor and may-29rangian can be written down analogously.
)}_ After substituting the VEV's of the link fields,

have direct advantages for the lepton sector masses.

One can always discard the notion of extra dimensions
and view this as an extension of the standard model within
1+3 dimensions with extra discrete symmetries; however
the specific structures we have considered are almost com-
pelled by extra dimensions. The connection to extra dimen:
sions is made througiemodeling[1,2], bulk inhabitation of
gauge field$11], the transverse lattid8], hidden local sym-
metries[4], etc., and may be viewed as a manifestly gauge

2

D —viexpli 67T v), (A2)

the @; kinetic terms lead to a mass-squared matrix for the
gauge fields:

invariant low energy effective theory for an extension of the 2 4
standard model in 4. 2,~ B = AB\2
Jusl . S0 (93,i-1)A - VA (A3)
Remodeling is a remarkable model building tool, and a 121 2 V1936~ -1)u ™ Gaiflin

system of new organizational principles. Remodeling has

guided our thinking in producing the present sketch of a full

theory of flavor physics based upon the top seesaw, somdhis mass-squared matrix can be written as>a33matrix
thing which has not been previously done. Much work re-sandwiched = between  the  column  vectorA
mains to sort out the model and to check that the systematlcs(AoM ,AlM ,AZM) and its transpose, a'MA, where

of experimental constraints can be accommodaifieg18],

and to see if the model survives as a natural scheme without

a great deal of fine-tuning. It is already encouraging that the (930203 — (93033 0
top seesaw model is a strong dynamics that is consistent with 1 -~ ~ 2 ~ 2.2, 2 -~ ~ 5
experimentalS— T constraints. M=21 —(Gs32)v1 (9307(v1+v2) —(93:932)v3 |,
0 — (93193205 (932%5
(A4)
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2
APPENDIX A: THREE BRANE EXAMPLE OF GAUGE A = 2 A0 AS
FIELDS WITHOUT TRANSLATIONAL INVARIANCE in— AjnAy. - (A5)

We now wish to address the impact of the breaking of
translational invariance ix® on the physics of the effective
1+3 Lagrangian. It is generally advantageous to thin thelhea;, form a normalized eigenvectoay) associated with
degrees of freedom in the lattice description of the extrghe nth eigenvalue. The eigenvectors and the corresponding
dimensions. We can construct a coarse graitane model eigenstate masses for commgnandv, which corresponds
with n<N as a crude approximation to a fine grainedto the flat extra dimension case, were obtained in the previ-
N-brane model. Such a description can be improved in prineus paper$l,2],
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- 1 ~ LT
aozﬁ(l,l,l), (Mo,Ml,M2)=293v(0,Slng,Sln§)
. \F m 3w 5 =930(0,1,3). (A7)
1= \/ 3| cosy, COS-, COS -
= %(1,0,_1), The expressions for the eigenvectors and eigenvalues for

generalﬁgyi and v; are more complicated. However, if

> o 61 107 U301, 93w1> G302, G302, We have a_se_quential de-
a,= \ﬁ( COS—, COS—, cos—) coupling. In this case th&U(3)yX SU(3); is first broken

3 6 6 6 down to the diagonalSU(3)" by &,;, then SU(3)’
1 ><_SU(3)2 is bro}(en byd, to SU(3)QCD at a lower spale. In _
—(1,-2,1), (AB) this case, the eigenstates and their masses are given approxi-
6 mately by

1

52*7(63,0, —53,1, 0),
Vg§,0+9§,1

. 1
a| =~

[53,06%,1' 55,053,1, 53,2(65,0"‘5%,1)],

V(@3 8317 03 185 7+ 05,83, (05, 0+ 3.

- 1

e (931932, U332, 930031, (A8)

Bo= \/~2 ~2 | =2 =2 2
03,093,117 93193217 93,932

~2~p =2 ~p =2~

~y |~ 93,093,117 9319321 93,0932

M3~(giot 030 v, Mi~ T v3, M3=0. (A9)
9301931

Note that unlike the translationally invariant case, here theahe kinetic term in the fifth dimension appears as fermion
massive states do not necessarily correspond to the lowestass terms on the lattice:
eigenstates in the continuum limit.

iV y®95W~gu W Vig—go Wi W (i_q)r+H.c. (BD)
APPENDIX B: CHIRAL FERMIONS AND A DISCRETIZED

VERSION OF THE JACKIW-REBBI DOMAIN WALL o . .
Note that the derivative hopg,L]—[(i—1),R]. We can
In 1+4 dimensions free fermions are vectorlike. Chiral equally well represent the derivative as

fermion zero modes can be obtained by using domain wall
kinks in a background field which couples to the fermion like o - -
a mass term. This can trap a chiral zero mode at the kink iV y°95W ~gu quL\IJ(HI)R_av ¥, ¥,z+H.c.,
[20]. This mechanism can be generalized to the lattice action (B2)
[21]. We now discuss the chiral fermions in the discretized
version of the Jackiw-Rebbi domain wall.

We first consider an infinite fifth dimensidne., there are  hopping[(i—1),L]—[i,R].

infinite num~ber ofSU(3)’s for QCD] and for simplicity, we The mass matrix betweel, and ¥y, EL M; ¥ in the
assume thag andv are constant. From E@14) we see that first convention is
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A left-handed chiral zero mode can be localized aty, by
a kink fermion mass term which hasy(y<y,) >0 and

My (y>Yk) <0. In the discrete version, one can add positive

and negative masses to the diagonal terrmW¥; Vg for
i<k andi>k respectively as in Ref21]. For example, with
the kink atk=3 we have

g~]v+m 0
_EJU E}v-i—m 0
M¢= 0 -gv g 0
0 -gv guv—m
(B4)
The approximatesolution for a zero mode is then

li—k—1/2) gu

RN W, e~=——<1, (BY
|

guv+m

where in this case we require<gv and hence localization
of the zero mode requires a fine grain lattice such tE)at
- m| <av.

Alternatively, and more efficiently for a coarse grain lat-

tice, we can give a positive mass to the diagonal mass ter

PHYSICAL REVIEW D 64 095003

§v+m 0
-gv  gu+m 0
Mf= O —au av 0

0  —gv-m ‘w
(B6)
This enhances the diagonal links forxk and the off-
diagonal links fori >k. A left-handed chiral zero mode then

arises centered arount,; which has the “weakest links.”
One can easily check that the state

gu
€E= T

guv+m

€|I—k| \I,iL ’

<1 (B7)

wLmEi

is a zero mode, while there is no normalizable right-handed
zero mode. The width of the zero mode becomes narrower

for smallere. In the limit m>gv, the zero mode is effec-
tively localized only on the lattice poilt Similarly, a right-
handed chiral mode can be localized by considering the op-
posite mass profile, and the method can easily be adapted to
the opposite derivativéhopping definition.

If we compactify the extra dimension with the periodic
boundary condition, there will be another zero mode with the
opposite chirality localized at the anti-kink of the mass term.
In general, the pair of zero modes will receive a small mass
due to the tunneling between the finite distance of the kink—
anti-kink separation unless some fine-tuning is made. With
the S'/Z, orbifold compactification, however, one of the
zero modes will be projected out. One can see that in the
discrete aliphatic model, the boundary conditions remove

I;g)lne chiral fermion at the end of the lattice point, so there

ust be a chiral fermion left massless due to the mismatch of

mW¥; Wiz, m>0 for i<k, and a negative mass to the off- the numbers of the left-handed and right-handed fermions.

diagonal mass term m‘lflLtb W i_1r/v fori>k. Asin the
previous example, we now have

The massless chiral fermion can be localized anywhere on

the lattice using the discrete domain wall mass term.
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