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We construct the manifestly gauge invariant effective Lagrangiantil 3limensions describing the stan-
dard model in 4-1 dimensions, following the transverse lattice technique. We incorporate split generation
fermions and we explore naturalness for two Higgs configurations: a universal Higgs vacuum expectation value
(VEV), common to each transverse brane, and a local Higgs VEV centered on a single brane with discrete
exponential attenuation to other branes, emulating the split-generation model. Extra dimensions, with explicit
Higgs configurations, do not ameliorate the naturalness problem.

DOI: 10.1103/PhysRevD.64.065007 PACS nuni§er11.10.Kk, 11.15.Ex, 11.15.Ha, 12.60.Cn

[. INTRODUCTION find that the transverse lattice is indistinguishable from the
naive 4+ 1 running up to very large mass scales. We called
Recently we introduced the low energy effective Lagrang-this an “aliphatic” model, since it corresponds to a compac-
ian of an extra-dimensional Yang-Mills gauge theory intification between a pair of branes with the field strength
which gauge fields, fermions, and scalars propagate in theiszo on each brantThe aliphatic model is similar to the
bulk [1,2]. The idea is to ask how an experimentalist wouldorbifold construction and contains no undesirable zero-
describe the first few Kaluza-Klei(KK) modes of, e.g., the modes, such as massless Nambu-Goldstone ba$¢@8)
gluon, seen in the detector in an effective Lagrangian in Jassociated with zero modes Af components of the vector
+1 dimensions. Hidden local symmetry implies a muchpotential.
larger gauge group than SU(g)p that is spontaneously bro-  With periodic boundary conditions the spectrum is
ken down to SU(3ycp at low energies| 3], but how should  changed. The KK modes are doubled. However, in the peri-
such a model be wired together to emulate extra dimenSion&?diC case a zero mode Corresponding toA}ge/ector poten_
We find that the solution to this problem is a generalizedija| component appears in the spectrum. As one element of
version of the transverse Wilson lattice of Bal’deen, Pearso@he present paper, we will exp“cmy compare and contrast
and Rabinovici4], where the key idea is to keep some di- these two different choices of boundary conditions, however
mensions in the continuum and treat others on the latticawe will generally adopt the aliphatic structure throughout to
This leads to a local gauge invariant3 effective Lagrang-  avoid this spurious Nambu-Goldstone boson.
ian of the continuund+ 1 theory with a valid description of Our approach emphasizes that the transverse lattice is a
it's attendant KK modes in the infrared, all a consequence ofalid “completion” or renormalizable description of extra
universality. The theory is manifestly gauge invariant, renor-dimensions within 3-1 dimensions. We argued that univer-
malizable, and can be viewed as a new class of modelsality allows us to write down any number of theories that
within 3+ 1 dimensions, with novel hidden internal symme- can do this, all yielding the same infrared behavior. The
tries, dictated by the embedding constraints into extra dimentransverse lattice is optimal, in our opinion, and can be ex-
sions. tended to any number of dimensiofld. One can view the
For example, QCD in the 41 bulk can be described by transverse lattice as a Higgs bos@or links), or gauged
a sequence of gauge groups with a common couplingshiral Lagrangian, and any of these descriptions will be
TN ,SU(3), with N chiral (3,3;_;) ®; fields connecting equally valid[4]. Another example of a high energy comple-
the groups sequentialfid]. This can be viewed as a Wilson tion is the recent pap¢®] which proposes a form of “tech-
action for a transverse lattice i%, and is shown explicitly to  nicolor” to engineer the effective description oftdl dimen-
match a compactified continuumt4L Lagrangian truncated Sions. Note that by opening the closed moose diagram of
in p5 momentum space in the axial gauge. Power-law runR.ef. [2] and removing one Strong Condensate, one obtains the
ning is driven by excitation of the KK modes with increasing aliphatic case, and removes the unwanted extra Nambu-
mass scale. The renormalization group is just that of a 3>0ldstone boson. _ _ ,
+1 theory with many thresholds and can be readily treated ©Ur approach can readily be extended to discuss a wide

with conventional threshold decoupling techniqiiés We  'ange of issuefs. One can readily construct a supers_ymmetri_c
transverse lattice, and one should be able to describe gravi-

tational KK modes in this approach as wgl]. Topological
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and anomaly questions are also readily addressable, and dy- Il. STANDARD MODEL EFFECTIVE LAGRANGIAN
namical issues are also better under control, e.g., for the
Nambu—Jona-Lasinio model in extra dimensions the present
approach greatly simplifies and better defines that analysis ) _ ) )
[5]. This is relevant because extra dimensions are intrinsi- Ve Wish to describe the low energy effective Lagrangian

cally strongly interacting theories at some high energy scale?l the standard model in-41 dimensions using the trans-
Mg, (this can be seen from perturbative unitarity constraints’€"S€ lattice. We begln w ith the QCD content. The spectrum
in the 3+ 1 theory[1]) and this may play a fundamental role of KK mOde.S IS sensitive to the structure of the effective
in electroweak symmetry breakifGWSB) [6]. The present Lagrangian in 3-1, which in turn depends upon the global

paper is, in some regards, a warm-up exercise to return to thbeoundary conditions of the underlyingt4L theory. First we

. . . examine the simplest case, thBphatic modelcorrespond-
study _of 2dynam|cal (EWSB) in the transverse lattice ing to a linear system with free boundary conditigitd.
formalism: . Then we examine thperiodic modelin which we link the
In the present paper we turn our attentlo_n to the full stanye o1y andNth fields together with one extra link-Higgs
dard model. Our goal presently is not ambitious; rather tharig|q These are distinct global systems with characteristically

constructing a new dynamics for EWSB, we wish to use thgjistinct spectra. Which one occurs depends upon the detailed
usual Higgs mechanism to describe the EWSB in the full.ompactification scheme of nature.

standard model, and to understand the immediate ramifica- Consider the pure gauge Lagrangian it B dimensions
tions of extra dimensions from the point of view of the lat-
ticized effective Lagrangian. 12 2 ~inva t

This is a transverse lattice description of a standard model Loco=~ 4 Zﬁ G, G +i=21 D,®iD*®; (2.)
in 4+ 1 dimensions in which the gauge fields and fermions
and Higgs bosons all live in the bulk,7,9. One simple and  in which we haveN+1 gauge groups SU(3)and N link-

immediate result is that the KK-modes,, W, andZ, are  iqqs fields,®, forming (3,3;_,) representations. The co-
seen to have a fine structure in their spectrum which follows N

I I 1 I 1 = + iq P a a .
the mass spectrum of the observed standard mpdél and variant derivative is defined ab,=d,+i9a%i-oAj,Ti

A. Incorporation of QCD; 4 +1 boundary conditions
versus the 3+1 model structure

N

i

Z The termgs is a dimensionless gauge coupling constant that
For the description of matter fields, we exploit the fact'S common to all of the SU(3)ocal gauge symmetr!es. The

that chiral fermions can always be engineered with arbitrarilfﬂ!s'cal observed low energy QCD coupling will log

massive vectorlike KK modegusing the method as in Ref. *9a/ VN+1. T are the generators of thiéh SU(3) gauge

[8]), so we need keep only the chiral zero modes. Indeed, gymmetry, where is the color index. Thug,T', T']=0 for

is an advantage of the:31 formalism that we can do this: in 1#1; T annihilates a field that is singlet under the SU(3)

a sense the chiral generations are put in by hand, but they c¥{en the covariant derivative acts updn we have a com-

be localized, or split, arbitrarily throughout the bulk. mutator of the gauge part with; , T{" acting on the left and
Presently we will discuss “split” inter-generatiofi®,10], ~ Ti-1 acting on the right; theith field strength isGY),

but not the more esoteric split intra-generati¢@k The lat-  *tT*[D,,D,], etc.

ter very interesting case raises anomaly questions that we A common renormalizable potential can be constructed

have not yet explored, but which are under current sfafly ~ for each of the link-Higgs fields

In the present paper we will consider the two case§ )o& N

Higgs boson which develops a common vacuum expe_ctation V(D))= 2 {—M2 Tr(q)frq)_)Jr)\l Tr(q)frq)_)z

value (VEV) on all branes, andii) the split-generation =] 1= =

model in which we have a localized VEV and generation Fa N2 e 0B

hierarchy is explained by the “distance” a given generation A (Tr(®Py))*+ M’ [ de(®)) +H.c]j.

appears from the localized VEV. This has an elegant formu- (2.2

lation in the present mode, and indeed we find in the present

approach that the split-generation model is more general tha¥¥e can always arrange the parameters in the potential such

an extra-dimensional scheme and may be viewed as a claffit the diagonal components of eabh develop a vacuum

of generalized standard models i B dimensions. expectation value, and the Higgs boson and(l) pseudo
In both Higgs VEV configurations we discuss naturalnessNGB (PNGB) are heavy. Hence, we can arrange that ebch

These two cases are extreme limits on the range of possibilRécomes effectively a nonlinear-model field

ties. Unfortunately, it appears that extra dimensions cannot .

solve the naturalness problem of the electroweak hierarchy ®i—v expli ¢iTiv). 2.3

with a fundamental Higgs boson. Thus, the®; kinetic terms lead to a mass-squared matrix for

the gauge fields

DL

Our construction is not intended for nonpeturbative computations E “Q2A(AE L, —AR )2 (2.4
(at least not in the far infrared =1 29: (=Du Tip
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This mass-squared matrix has the structure of a nearesystem with SU(3)"! andN ®; provides a gauge invariant

neighbor coupled oscillator Hamiltonian. It can be written asdescription of the firsh KK modes by generating the same
an (N+21)X(N+ 1) matrix sandwiched between the column mass spectrum.

vector A= (Ao,u EREEE ﬁ‘,ﬂ), and its transpose, as  The zero mode theory is pure QCD with a massless gluon.
ATMA, where The zero-mode trilinear coupling constant g3

=05/ N+1 [1]. In a geometric picture, the aliphatic model

1 -1 0 0 corresponds to a “transverse lattice” description of a full 4
-1 2 -1 --- 0 +1 gauge theory4], where the 4- 1 theory is compactified
M=1g2?l 0 -1 2 ... o] @5 between two parallel branes a=0 andx®*=R and the

boundary conditions on the branes &&,;=—Gg,=0.
These boundary conditions insure that no vector gauge in-
0 o --- -1 1 variant field strength is “observable” on the branes. There is
no A2 zero mode(all of the N link-Higgs chiral fields have
We can diagonalize the matrix as follows. The gauge f|<9|dfbeen eaten to provide longitudinal components to the mas-
A' can be expressed as real linear combinations of the maggye KK mode gluong
e|genstate$\: as Of course, we can always make a periodic extension of
the interval[ O,R]. This leads to a Lagrangian in which we

X ~n haveN+1 branes, hencBl+1 SU(3) as before, but now,
AL=nZO ajnAY). (2.6 N+1 linking @, Higgs fields
1 N N
Theaj, form a normalized eigenvectoay) agsociated with L=— 7 2 I,u,V Iuva_,.z DM(I)iTD'uq)i . (213
thenth n#0 eigenvalue and has the following components: = i=0
2 2j+1 ) We now have the additionab, which is a (3,,3y) represen-
an= \VNr1 08— /s 1=0L...N, tation linking the first SU(3) gauge group to the last

2.7 SU(3)y. The resulting gauge field mass-squared term be-
comes

where y,=mn/(N+1) and ay=1/yN+1(1,1,...1). The

N+1
mass terms take the form
> §g§UZ(A(ai_1)ﬂ—A?M)2, (2.14
N i=1
_T=2 2 A2
Lmass™ 293Y ;1 (Aj-1—Ay) 2.8 where we identifyAly . 1), =Af, - Thus, the mass-squared
matrix is now
2
=2§3v22 sm( ) (AM2, (2.9 2 -1.0 .- -1
-1 2 -1 --- 0
Hence the KK tower of masses is MZZJE'EJ%,,Z o -1 2 ..~ 0. (19
~ |1 Yn nm
Mn=2g3vsm?, Y TNTL n=0,1,... N. -1 0 --- -1 2

2.1

(2.19 The diagonalization is now done with a complex representa-
Thus we see that for smatl this system has a geometrical tion (suppressing gauge and Lorentz indices; consider
KK tower of masses given by evern

§3U7Tn
(N+1)’

M, ~ n<N (2.11 A= 2 apAl, (2.16

andn=0 corresponds to the zero-mode gluon. To match onvhere now
to the spectrum of the KK modes, we require

1 nj
. a,= i2 i=01,...N.
v _ T (212 TN p( "N+1) ! N
(N+1) R’ : (2.17)

whereRis defined as the size of the fifth dimension compac-Note with this definitionA,; is periodic,A(1)=Ao. Reality
tified on the line segment with the boundary conditi®ps  of A; dictates thaA"=A""*. One thus obtains for the mass
=0 (equivalent to an orbifold; /Z,). Hence, the aliphatic matrix
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N/2

=2 2 n|2
2050 n:ZN/ sz(N-l—l |AN|2. (2.18
The spectrum is now
2930 sinl —— NT1 n=0,1,2... ,N/2. (2.19
We now require
agv 1
(N+1) R’ (2.20

Hence, the periodic system with SUM)' and N+ 1 &,
provides a gauge invariant description of the firsloubled

PHYSICAL REVIEW D64 065007

ementary scalars. Thé; carry SU(2) chargesz(,2| 1

where © denotes charge conjugation, and thecarry Weak
hypercharges X;,—Y;_1). These fields correspond to the
links of a transverse Wilson lattice in the fifth dimensian,

Note that we will ultimately specify the charges to be
given by Y;=Y=1/3 throughout. We must choos#; to
carry less than the smallest common unit of the weak hyper-
charge of all components of the theory. This serves the pur-
pose of constructing the fermion links, as in mass-mixing
operators required for the CKM matrix, out of polynomial
operators involving$®, not allowing fractional powersp.
We cannot strictly use a product linily=®’ ¢, which is a
slight departure from the pure transverse lattice. In what im-
mediately follows we will writeY as a generic parameter.

We arrange potentials for thé/ and ¢; so they each

KK modes, generating the same mass spectrum as in the.qire VEVs independent afHence, we can again arrange
aliphatic case up to an overall scale factor of Rote that if that each field becomes effectively a nonlineamodel
N were odd the spectrum would include an additional singlet

level with n=(N+1)/2.] There remains the zero-mode in vy
the spectrumm=0, which is a singlet since the reality con- O/ —v, expli p?r20,),  Pi— —=explig;/v,).
dition A"=A""* implies thatA® is real. However, every V2 (2.22
nonzeron corresponds to a degenerate doublet of levels. '

The zero-mode theory of periodic boundary conditionsThys, the®; and ¢; kinetic terms lead to a mass-squared
contains QCD with a massless gluon and a coupling constarpﬁamx for the SU(2) and W) gauge fields
gs=0s/N+1. Now, however, there is an additional com- N
ponent: Since we added one extra link Higgs there is a zero2 1, a2 Z L, ., ’
mode chiral field¢g which is not part of the normal low & 292"2(A(I D~ A +i:l Eglle (A-1)u=Ain)”
energy spectrum of QCD. This field is a color-octet massless (2.23
Nambu-Goldstone bosofNGB) mode. It would bind with .
qq and with itself to produce exotic mesons. Most exotic The gauge field#\), can again be expressed as linear com-
would be a bound state of a gluon agd. These exotic binations of the mass elgenstan% as
states might be heavy, and could decay quickly to normal
hadrons, so it is unclear whether they are ruled out. In the

N

N
i AN
A, nzo ajAl,

case of the electroweak part of the standard model, similar (2.24
objects would also occur as light Nambu-Goldstone bosons,
and are likely problematic. with (in the aliphatic case
Since our present goal is to construct a low energy model
that is the minimal standard model, we are therefore com- 2 2j+1 _
pelled to use the aliphatic boundary conditions to remove &0~ \ y71 005(77n>, j=01,...N,
these NGBs. Henceforth, throughout the remainder of the (2.25
paper we will use the aliphatic constructions with+ 1
gauge fields andl link-Higgs fields. wherey,=mn/(N+1). The mass eigenvalues are
B. Incorporating SU(2), XU(1)y M (2= 2G,0 i =" ¥n MP=25,0,Y S”_{V
We now consider the pure gauge Lagrangian #13di- 2 2
mensions
n
1 N I . N - 'yn—N+1, n—O,l,N (226)
Zg I,u,V a __2 FI,uVF'u

Thus we see that for small this system has a KK tower of
masses given by
~1U 1Y7Tn

(2.2 -
_ Govomh w9
" (N+1) n (N+1) ’

N N
+> D,®/'D d{+ D D,p/D*¢;.
i=1 i=1

n<N
Here we haveN+1 copies of the SU(2)XU(1)y elec- (2.27)
troweak standard model. Thus the gauge group is '

L SU(2), xU(1)yy where Ff, (F,,) is the andn=0 again corresponds to the zero-mode gauge fields.
SU(2). (U(1)y) field strength. TheN ®; and ¢; are el- To match onto the spectrum of the KK modes, we require
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First we ignore the Higgs potentials, and we gauge away
(2.28  the chiral field components, sb; =v, and ¢;=v,. We thus
have in Eq.(3.1) the nearest neighbor mass terms

azvz _ §1v1Y =£
(N+1) (N+1) R’

The KK modes should have common values owing to geom- N
etry. Thus we require, for matching, Liiggs= _igl MS|Hi—1_ H,|? 3.3

U2 EhY ;

—=—=—=Ytanb. (2.29  which leads to the spectroscopy

Vi Q>

. 5| Yn
This corresponds to an aliphatic system with SU{2) Ma=4M§G sir? > n=01...N (3.9
xU(L)N*1 and N @/ and ¢; providing a gauge invariant
description of the firsh KK modes. Matching onto the spectrum of the KK modes requires
The zero modes of this pure gauge theory are described
by the effective Lagrangian in-81 dimensions Mg 1 3
L . (N+1) R’ 3.9
—_— _F& puva_ _ nv
Lgauge 4 FruF 4 PP (2.30 The eigenfields are given by

WhereFfw (F.,) is the SU(2) (U(1)y) field strength. The iz % Fn 3.6
physical SU(2) (U(1)y) gauge coupling constant ig, R jn (3.6
=g,/YN+1, (g;=9,/N+1) a consequence of using the
expansion of Eq(2.24). The fact that the physical coupling with the a;, as in Eq.(2.7).
constants are suppressed byL/\/N is just the classical vol- We now incorporate the Higgs potentials. We consider
ume suppression of the coupling in the+#4)-dimensional presently a universal Higgs potential common to each brane
theory. i (we will consider a nonuniversal configuration in the sub-

sequent section
IIl. INCORPORATING ELECTROWEAK HIGGS FIELDS ~

~ A
We now introduceN + 1 Higgs fieldsH; each transform- V(H)= —mzHiTHiJFE(HiTHi)Z- (3.7
ing as ;) under SU(2) [and singlet under SU(2) #i],
and with weak hypercharge¢=1 (andY;=0 j#i). The = The presence of the Higgs potential adds a common mass

Lagrangian for the Higgs fields is term —m?SH/H; to each of theH, in the Lagrangian. This

N modifies the eigenvalues
EHiggs:;O (D, H)'(D#H))—ME[H; 1

M2=4M3 sir?| =|-m?, n=0,1,...N. (3.9

Yn
2

—(@{,16% /oo HIP-V(H), (3.
_ . . _ . We see that-m? is the mass for the zero mode. Hence the
where we identifyHy, ;=0 in the aliphatic case. Here we zero-mode Lagrangian corresponds to the standard model

have chosery=1/3, and thus the® link appears. Note that with a tachyonic Higgs of negative mass-squaremh?.

the second term is a latticized covariant derivative inxhe Let us go to mass eigenbasis and truncate on the zero
direction. Purely from the point of view of the{31 theory it ;0de. Hence the zero-mode Higgs potential is

is advantageous to rewrite E@.1) as

~ ~ e g A ~
N — _m2gt T 2
V(Hp)=—mHgHq+ 2(N+1)(H°H0) . (3.9

'CHiggs:iZO [(DMHi)T(DMHi)—2M3|Hi|2
' 143 T Notice the large suppression factor of the quartic interaction
TN (Hiva(Ping dl)H +H.C)=V(H) ] term, a consequence of the normalization of the zero-mode

n MS|H0|2+ M§|HN|2- (3.2 component of thel Higgs field. Thi_s may bg interpreted as the
volume suppression of the quartic coupling constant in the

The last terms take care of the difference betwelgn Hy eEtra_-dTnensm_mal thel_ory.a;kluxsl, Klve f eﬁ_?ﬁ t?/?z\l/om; ehnergy
and H; in the aliphatic case. Note that =M2/v3,. The ~ Physical quartic coupling as= (N+1). The of the

theory now appears as a conventionat B multi-Higgs zero-mod:a I-liggs(ﬁ()):(vo,O)T, thus becomes §=m?/\
model with a system of mass terms and higher dimensior= (N+1)m?/\. Substituting the zero-mode Higgs field with
interactions with the link Higgs 2 models. VEYV, the zero-mode Higgs boson kinetic term becomes
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N Each of the KK mode levels thus has a fine structure deter-
Lhiggs= ,Z‘o (DMH,-)T(D“H]) mined by the electroweak symmetry breaking.
1 § (_~ a2 Ta+'~ A y)(vo) 2 IV. INCORPORATING FERMIONS
i 2 i = ,
T(NT1) 5 92w M9 A. Chiral fermions

(3.10 In 4+1 dimensions free fermions are vectorlike. Chiral
~ fermion zero modes can be readily engineered. For example,
where the 1/ +1) comes from the zero-mode normaliza- gne can use domain wall kinks in a background field which
tion. We can absorb it into renormalized physical couplingscoumes to the fermion like a mass term. This can trap a
g: andgs chiral zero mode on the kinl8]. The magnitude of the kink
N 2 field away from the domain wall can be arbitrarily large, so
Lo —>E the vectorlike fermion masses can be made arbitrarily large,
9 15 and are not directly related to the compactification scale.
(3.1)  This means that we need to be concerned at preséntith
) ) i the chiral zero modes. That is, from the point of view of our
These terms may be rewritten in term\&f Z, andy fields 3.1 effective Lagrangian approach, if we are only inter-

Lo T Y\([vo
'92Ai,u§+'glAJ,u§ 0

on each brane ested in the fermionic zero modes then we can simply incor-
N 1 porate the chiral fermions by hand.
Lo — M2WE Wik~ + =M2z. Zi® (3.1 Consider one complete generation of left-handed quarks
Higgs jzo W 2 &k (312 and leptons], , g, which are doublets under the specific

] ) ) SU(2),. and carrying weak hypercharg¥s=—1, Y,=2/3
The W; and Z; fields are combined with the Nambu- nder the U(1), ; the quarks carry color under SU(3)the
Goldstone bosonsg?. The combined fields are defined as  fermions are sterile under all other gauge groups. Like-
wise, we have right-handed SU(2) singlelts, q,r, and
Qgr Carrying weak hypercharges under the U(l)Addi-
tional generations can be incorporated with additional fields.

* 1 A2
W/, = (A £iA? )12,

—gi 3
Yj.u=SINOA] ,+CoSOA,

Jomr The chiral fermions of a given generation can be placed at
3 . a unique brane, distinct from the others. One could go further
Zj,u=COSOA] ,—SINOA; , and split members within a single generation. In a sense this
~ 3 o~ latter approach would emulate the split-fermion construction
:(ngiuM_glAi'ﬂ) , (3.13 of Arkani-Hamed and Schmalf®)]. It leads us into interest-

\/EJ%JFEI% ing issues involving anomalies, and Wess-Zumino terms in
the present formulation which we prefer to address else-
wherey; , is a photon field, whileZ; (W; ,) is aZ-boson  where. We will emulate more closely the split family model
(W-boson mode. [10], as we will presently consider a complete anomaly free
The masse$l,, and M are universal to all the SU(2) generation on any given brane.
X U(1)’s, i.e., to all branes, and they are just the masses of Leét us designate the branes which receive the generations

the W andZ measured in the low energy theory by j=(j1.i2.i3) thus the full fermionic Lagrangian becomes
9202 _ _ —
M\z,\,:%, (3.14 ‘Cfermion:; (1,0 1y, +0;,.D g5, .+ 1 RD jlj R
21 9?)p2 +aj,uRD jqj,uR+aj,dRD idj,dR) 4.1
M%:(QZ Zgl 0’ (313

where D/ j=y*(d,—i0,A" ,7%2—ig,A; ,Y/2), and the
whereg;, g,, andv, are measured at low energies. sum extends over=(j1,j2,j3). The couplings to the zero—

Combining these expressions with the full KK mass for-mode gauge boson of e.g., the quarks, are therefore
mula, we find that th&V, Z, andy KK towers are given by

ﬁo:; (aj,ﬁ) Qj,L+aj,uRE Qj,uR"'aj,dR@ dj dr);

N2_ An12 iz 0
M’ 2=4Mg sir? 5 (3.16 4.2
N2 a2 2 2 where D =y*(d,—ig,A],7/2—191Ag,Y,/2), in which
My =My+4Mp sir? 2"’ (317 g, andg, are the physical gauge coupling constants.

In the preceding discussion we considered a universal
> Yn Higgs field in the bulk. This translated intd+1 Higgs

n2__pp2 2
MZ"=M2+4Mg sim =" (318 fields, H; each transforming ast() (and singlet undej+i,
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and with weak hypercharge§=1 andY;=0 j#i. This led Mi2:0: — kM?, Miioz +M2, N\i.o=0, (4.9
to the zero-mode gauge fields feeling a Higgs VEV of order
m2/\~(N+1)mZ/X, which is the conventional standard where« is a phenomenological parameter. The full Higgs-
model result whera is the physicalrenormalizedllow en-  only potential can be written
ergy quartic coupling. Hence, one requires a tiny and unnatu- N
rally small Higgs boson massn,, to generate the elec- ~ A
trov)\//eak symrr?gtry breaking scalg. Thegpower law running of Vhiggs= —M 2H$H0+ §<H$H0)2+ 21 A2HiTHi
the couplingk bringsX at the fundamental high energy scale N

M) down to a low scale. =X\/(N+1). To match on to the 2141
Snezl)sured EW theory, one req(uires )the mass squared in the iZO (MgH71Hi+H.c), @9
Higgs potentiam? Sz)é which may be viewed as the present
electroweak radiative bound, whenkes1. If one saturates Where we identifyHy, ;=0 (Hy,;=H,) in the aliphatic

perturbative unitarity and assumgs- 1672 at M, then the ~ (Periodio case and thus
KK tower is bounded byN< 1672 . y o y s )
We would have expected that the natural scale for the M?=kM*=Mg, A“=M*+2Mq. (4.6
Higgs mass is of order the fundamental scale of the theory, . ) .
M.. Can we modify the approach to introducing the Higgs in | "€ equation of motion of thei; is, thus,
such a way that the light Higgs boson becomes natural? For ) 5 5 )
example, can we engineer a Higgs mass of oM&tN by AHi=MgHi 1+ MgH—;  (i=1) (4.7)
judicious choice of the structure of the model?

One possibility is to assume that the Higgs potential isV/Nich has the solutioi; ., = eH; where

nonuniversal, i.e., takes different values of it's parameters for

J J 2_ [A4 4
different values of.. The simplest idea is to assume that a = A=\ A"—4Mj 4.9
single Higgs on thekth brane has a large negative mass- 2M§ ’ ‘

squared~—mﬁ and the Higgs gets a VEV on that brane

only. This helps considerably, but does not alleviate the natul we substitute the solution back into the action of E4;8)
ralness problem. I{H,)~v then we get a gauge mass term we see that we obtain

9%(A)?%v? where k is unsummed. HoweveA,=A,/N
+... so again the zero-mode mass term becomes
9%(Ag)2v?IN ~ g2A2v2. This requires thab =v,, which
implies that on thekth brane the Higgs mass is given by
vg= mﬁ/X. Note that now there is no larg&l(+ 1) prefactor.
Using perturbative unitarity fox <162, we have an upper
limit on my~1 TeV (the Lee-Quigg Thacker bourid1]). B
Thus, this localization of the Higgs allows us to raise the (Ho)=
scale of the Higgs boson somewhat. However, given that we

typically wantN>1 we requiremy<<Mg, so again we have gvherev§= Mﬁ”\y H,= eH,, andMﬁ= M2— M§+ eMS.

an unnatural situation. These are the two extreme limits of ' . . . . .
zero-momentum VEV and a localizédll momentunj VEV. We can substitute the full dynamical Higgs field into this

~ A
Viiggs= — M?H{Ho+ E(HgHo)z— M3HGH; (4.9

and we can thus minimize the potential on the zeroth brane
as

0

UO), (4.10

Despite the fact that the fundamental Higgs field is un-XPréssion
natural in these schemes, it is interesting to examine a latti-
cized version of the split-generation model. Thus we con- A= UOn+hn/\/§> 4.12)
sider a model in which there is a strongly localized Higgs n 0 '

VEV [10]. We assign the Higgs VEVW, only to the Oth
brane, then the zero-mode gauge fields acquire masses afid we have
orderg2vi/N~givj. . .

The Higgs VEV exponentially attenuates away from the Von=€"0g, Np=e€"No. (412
localization point and fermions that are at various distances ) ) L
from the localized VEV will receive different values. We NOW, We substitute into the kinetic terms of E(§.2) to
assume the same structure as in Ej1) where now the ©Ptain the dynamical Higgs field kinetic term

Higgs potentials have andependent mass term: N

N

20<DMHi)*<DMHi)~% 1+ 2, €"|(dh)2

- n= n=1
V<Hi>=M?HFHi+%<H?Hi>Z. (4.3 (4.13

We see that the dynamical Higgs field has a wave-function
For concreteness as an explicit example we choose renomalization constant
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1— €2N+2

_ . o
= (4.14 Lmixed:yu,ilqji,LHji<H:|=ji+1W Qj, uRr
f

Z:
1-¢€?

N
1+ 2 "
n=1

2
Thus, the physical mass of the Higgs field becomes — - b
Py 9 +Y4,i1Qj, ,LHjCi(H:':jiﬂw) 0j, .dR- (4.18
m2=2M2/Z. (4.15 '
We emphasize that the mass scllle is new, and is related
The Higgs is strongly localized in the limM2/A?—0. In  to the masses of the decoupled vectorlike fermions. The
this limit e— 0 and the only Higgs field receiving the VEV is above expression effectly mimics the overlapping of fermion

effectively Ho. Then the zero-mode gauge masses are givel¥ave functions in the setup of split fermion8,10]. The
by mazvS/(N+1)~gzv§ and we see that, is indeed the suppressed off-diagonal mass terms are therefore

electroweak VEV. Sincej~MZ/\ we see thaM <1 TeV,

L=V va(e ) lileiu  u;
by perturbative unitarityh <16m2. We furthermore see that mixed™= Yu1o( €") I LRIR
the physicgl H2iggs is heavy, anazvaMzﬁ/Z~ TeV. In this +yanvole)?ildid, \d p+Hec,
case,e~My/A“<1 implies thatM “>Mg. The most natural e
way to generate the EW scald? is thus to tune a cancel- (4.19

lation betweenkM? and —M3 and use smalk to account
for the hierarchy betweekl3 and the EW scale.

On the other hand, we can delocalize the Higgs veith —\ve will not presently address the effective Lagrangian
—1-7nand»<1. Then we see tha—(N+1). Now the 514 the phenomenology of the split generations in detail at
zero-mode gauge masses are given b‘sgzv?)N(N present, in particular the problematic coupling to the KK
+ 1)9203 and we see thafN+ 1v is the electroweak VEV. modes. As a consequence of splitting, this is nonuniversal
This recovers the universal Higgs configuration described irand flavor-changing neutral current effects ocfl2]. One
Sec. lll. can live with these by raising the compactification mass
scale. Of course, at the end of the day we may view this as a
(3+1)-dimensional model in which there are many mixing
interactions and higher dimension operators giving the hier-

Restoring the link-Higgs fields for gauge covariance, thearchy. Perhaps we can discover new GIM symmetries to sup-
nearest neighbor interactions generate a profile for the Higggress such effects.

_ '3

field of the formH;=TI!_o(e®{ ¢ /v,v3)Ho, which is the

discretized version of the exponential attenuationiraway

from the sourceH (x°) ~exp(—M|X’))H(0). In conclusion, we have given a description of the standard
For diagonal masses we consider only the fermions placeghodel in the bulk as a pure (31)-dimensional effective

on a given brane. If there is a complete family of fermions ontheory. One can in principle discard the notion of an extra

the jth brane, it is charged under SU()SU(2),XU(1);  dimension and view this as an extension of the standard

wheree’ =v/M;. In this manner a model of the CKM ma-
trix can be generated.

B. Localization and the split-generation model

V. DISCUSSION AND CONCLUSION

only. We postulate a coupling to the Higgs fiel as model within 3+1 dimensions with extra discrete symme-
— . _ — . tries. The connection to extra dimensions is made through
Lyukawa=Y1j i LHi1j urt Vi LH 95 urt Va0 LH{ G ar the transverse lattice, and this may be viewed as a manifestly

gauge invariant low energy effective theory for an extra-
dimensional standard model. Softening the link-Higgs fields
to dynamical Higgs fields leaves a renormalizable effective
Lagrangian(modulo certain higher dimension operators that
are involved in fermion mass and mixing angle physics
_ - - The larger gauge invariance needed to describe KK
— Linass= Y1jv o€ 1+ Yujvo€'ujuj+ygjvo€e’d;d;. modes in 3-1 may be viewed as a consequence of hidden
(4.17) local symmetries required to make renormalizable theories of
spin-1 objectd 3]. Alternatively, this is the expanding local
If we place the three fermion generations on different branegauge invariance in the bulk that appears as an extra dimen-
j1#]2#]3, the diagonal hierarchy between the families ission opens up.
generated through the suppression factdr$10]. In treating the¢ weak hypercharge link-Higgs fields we
The off-diagonal terms in the mass matrix must be generhave, strictly speaking, departed somewhat from the pure
ated to give a nontrivial CKM matrix. We specialize to transverse lattice. In the chiral phase we could have used
quarks. This mixing now arises through higher dimensionafractional powers of @ link with Y=1 to propagate quarks,
operators corresponding to the overlap of the wave functionbut we chose the present decomposition to maintain a poly-
of the chiral zero-mode fermions localized on differentnomial effective Lagrangian.
branes We do not, alas, gain insights into the problem of natural-

+H.c. (4.16

(HC is the charge-conjugated Higgs figldrhese fermions
thus acquire masses @4d;) becomes nonzero
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ness of the Higgs mass and electroweak hierarchy. ManMany future applications to SUSY, gravity, topology, strong

issues remain, however, to be addressed in the context of tliynamics, and grand unification are foreseeable.
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