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It is commonly thought that small couplings in a low-energy theory, such as those needed for the fermion
mass hierarchy or proton stability, must originate from symmetries in a high-energy theory. We show that this
expectation is violated in theories where the standard model fields are confined to a thick wall in extra
dimensions, with the fermions “stuck” at different points in the wall. Couplings between them are then
suppressed due to the exponentially small overlaps of their wave functions. This provides a framework for
understanding both the fermion mass hierarchy and proton stability without imposing symmetries, but rather in
terms of higher dimensional geography. A model independent prediction of this scenario is non-universal
couplings of the standard model fermions to the “Kaluza-Klein” excitations of the gauge fields. This allows a
measurement of the fermion locations in the extra dimensions at the CERN LHC or NLC if the wall thickness
is close to the TeV scale.

PACS numbe(s): 12.15.Ff, 11.10.Lm, 11.25.Mj

[. INTRODUCTION are “stuck” at different points in the wall, with wave func-
tions given by narrow Gaussians as shown in Fig. 1.

The usual way of organizing our thinking about physics Without imposing any flavor symmetries on the short-
beyond the standard mod@M) is the effective field theory distance theory, we will see that the long-distance
paradigm: all operators consistent with the symmetries ard-dimensional theory can naturally have exponentially small
present in the theory, with higher-dimension operators supYukawa couplings, arising from the small overlap between
pressed by powers of the ultraviolet cutoff. The SM itselfleft- and right-handed fermion wave functions. Similarly,
provides an exception to this expectation: the Yukawa couwithout imposing any symmetries to protect against proton
plings for all the fermions other than the top quark are mucltdecay, the proton decay rate can be safely exponentially sup-
smaller thanO(1). This does not lead to any fine-tuning pressed if the quarks and leptons are localized at different
problems since small Yukawa couplings are technically natuends of the wall. We emphasize that there is nothing fine-
ral. Nevertheless, we are normally led to suspect that theuned about this from the point of view of the low-energy
fermion mass hierarchy is controlled byeakly brokenfla-  4-dimensional theory; all the exponentially small couplings
vor symmetries operative at shorter distances. Similar issuesre technically natural. However, our examples violate the
surround the question of proton decay in extensions of thesual intuition that small couplings in a low-energy theory
SM, especially when there is new physics at the TeV scalemust be explained by symmetries in the high-energy theory.
Once again, some symmetry is normally invoked to forbidinstead, small couplings arise from the location and geom-
dangerous 1TeV) suppressed interactions mediating protonetry of fermion fields stuck at different points in the extra
decay. Furthermore, imposing global symmetries on low-dimensions, with no symmetries in the high-energy theory
energy effective theories, for instance, stabilizing the protorwhatsoever. Note that this mechanism of separating fermions
by declaring that the low-energy theory respects baryorin an extra dimension is already being used to preserve chiral
number, is widely considered to be unsatisfactory given thaymmetry on the lattice in Kaplan's domain wall fermions
lore that black holes or wormholes violate all non-gauged8]. Lattice simulation$9] show that chiral symmetry is pro-
symmetries. This seems particularly problematic for theoriesected very effectively by separating the left and right handed
where the fundamental Planck scale is lowered close to theomponents of the fermions in the 5th dimension.

TeV scale[1-6], and suggests that some sort of continuous If the wall thicknesd. is close to the TeV scale, which is
[3,7] or discrete[2] gauge symmetry is required to ad- natural in theories with very low fundamental Planck scale,
equately suppress proton decay. the mechanisms suggested in this paper can give rise to dra-

In this paper, we will show that all of this lore can easily matic signals at future colliders. Since the SM gauge fields
and generically be violated in theories where the SM fields
are constrained to reside on a wall inextra dimensions,
where gravity anq perhaps Other. SM singlet fields are free to our approach to to the fermion mass hierarchy similar in spirit to
propagate. \_Ne_W'" construct a S'mP'e quel where our Wa"the one in[7]. For other approaches to suppressing Yukawa cou-
is sllghtly tthI_( in one of the extra dlmensmns._The wall W'”Molings and proton decay, s¢8].
have interesting sub-structure: while the Higgs and SM 2ygte that the dimensions where the gauge fields propagate need
gauge fields are free to propagate inside it, the SM fermiongot pe orthogonal to the large dimensions in which only gravity

propagates; the gauge fields can just be restricted to reside in a

smaller part of the gravitational dimensions. The possibility of TeV
*Electronic address: nima@slac.stanford.edu sized extra dimensions with Kaluza-KlefKK) excitations for the
TElectronic address: schmaltz@slac.stanford.edu SM gauge fields was first considered by Antoniddig].
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FIG. 1. Profile of standard model fermion wave functiduer-
tical axig in the extra dimensionéhorizontal axi$. The fermions
freely propagate in-83 1 dimensiongnot shown and are “stuck’ at
different locations in the extra dimensions. The gauge and Higgs
fields’ wave functions occupy the whole width of the thick wall.
Direct couplings between the fermions are then suppressed by the
exponentially small overlap of their wave functions. If—as shown A. One chiral fermion in 5 dimensions
here—quarks and leptons reside on opposite ends of the wall pro-

file, protons become essentially stable. The hierarchy of Yukawa For S|mpl_|C|ty we limit OUrS?'V?S to con_structlo_ns W'Fh
couplings arises from order(in units of the fermion wave function ©ON€ €xtra dimension. Generalizations to higher dimensions

width) distances between left and right handed components of the"® €dually interesting and can be analyzed similarly. Local-
fermions. izing fields in the extra dimension necessitates breaking of
higher dimensional translation invariance. This is accom-
plished in our construction of a thick wall by a spatially

varying the expectation value for a five-dimensional scalar
field ® as shown in Fig. 2. We assume the expectation value
. . . . to have the shape of a domain wall transverse to the extra
size of the extra dimensions for thériTherefore, at energies dimension and centered =t=0. For example, such an ex-

-1 « o) H : H
abovel ", “Kaluza-Klein” excitations(the higher harmon- o 1ation value could result from 2, symmetric potential
ics of a particle in a boxof the gauge fields can be produced, 5, ¢, 3

and can scan the wall substructure. In particular, while the \ye will now show that the Dirac equation for a five di-
lowest excitations of the gauge fieldshich we identify as  mensional fermion in the background of this scalar field has
the usual 4D SM gauge fieldhave a flat wave function g zero mode solution which corresponds to a four dimen-
throughout the wall and couple with standard strength to alkjonal chiral fermion stuck at the zero @f [12]. A conve-

the SM fermions, the KK excitations couple with non- nient representation for the>x#4 gamma matrices in five
universal strength to the fermions stuck at different points indimensions is

the wall. For instance, if some of the fermions are stuck at :
special pointgsay the center of the walIKK excitations of i ( 0 o )
Y | v

FIG. 2. Profile of the scalar domain wall field in the xg
dimension. A chiral zero mode fermion is localized at the zero of

II. LOCALIZING CHIRAL FERMIONS

can only propagate inside the wall,effectively acts as the

1 0
o - - i=0,...,3, 75=—i< ) (1)
.g. the photon can be baryophobic or leptophobic. More 0 -1
generally, measurements of the non-universal couplings of
KK excitations to SM fermions can pin down their geometri-
cal arrangemeqt in the thick waI-I. , ) below the two different Lorentz invariant fermion bilinears

We emphasize that our prediction of non-universal cous, 5 dimensions:
plings of the SM fermions to gauge and Higgs fields is model
independentit only depends on the fact that the fermions are — T
stuck at different points in the extra dimensions. Of course, Wiy, WiCsWy @
the values of the different couplings are modpendent
and can be used to distinguish between models. where

In Sec. Il we describe an explicit field theory mechanism
which we use to construct the setup as outlined above; we e O
discuss how to localize a single chiral fermion to defects in Cs=y"y*y°= ( 0 — 6) in the Weyl basis.  (3)
higher dimensions and then generalize to several fermions
localized at different points in the vicinity of the same defect. . ) . , )
In Sec. Ill we derive the exponentially small couplings Thg first is thg_ usual Dlrgc bilinear, Wh|le the second is .the
which result from our framework and demonstrate how thd¥l@iorana  bilinear  which ~generalizes the familiar
scenario can explain the SM fermion mass hierarchy an&-dlgmzansmnal expression, where insteadigfwe haveC,
suppress proton decay. We also comment on neutring 7.V - ) . . _
masses. Section IV contains a brief discussion of experimen- 1h€ action for a five dimensional fermioki coupled to
tal signatures resulting from the non-universal couplings ofn€ background scalap is then
KK gauge fields. For example, our KK fields make a contri-
bution to atomic parity violation with the correct sign to
explain the discrepancies between the SM prediction and thed|nteractions with the fermions below break this symmetry and
most recent experimental resultsl]. Our conclusions are render the domain wall profile unstable but the rate for tunneling to
drawn in Sec. V. a constant expectation value can easily be safely suppressed.

As it will be useful in the following sections, we record
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_ Expanding in|Ln) and |Rn) the action for a 5D Dirac
Szf d*xdxsW[idy+iy°0s+ D (xs) W (49 fermion Eq.(4) can be re-written in terms of a 4D action for
an infinite number of fermions:
Here the coordinates of ourt31l dimensions are represented
by x whereas the fifth coordinate iss; five-dimensional S:f dx
fields are denoted with uppercase letters whereas four-
dimensional fields will be lowercase. This Dirac operator is

YL baP L+ YRl b4PriR

separable, and it is convenient to expand thdields in a S
product basis +nzl U104+ pn) |- 9)
_ The first two terms correspond to 4D two-component chiral
Y (X,Xg)= Xs|Ln)YP X)+ Xs|RN)P X . _
(x:Xs) zn: {x5lLnyPyyn(x) En: (xs[R ) Pryn(X) fermions; they arise from the zero modes of EG. The

(5) third term describes an infinite tower of Dirac fermions cor-
responding to the modes with non-zeugq in the expansion.
— s — The zero mode wave functions are easily found by inte-
‘P(X’Xf’)_; ¢“(X)PR<LH|X5>+; Yn()PL(RNIX5), gratinga’|Ln)=0 anda|Rn)=0. The solutions
(6)

X5
where they,, are arbitrary four-dimensional Dirac spinors <x5|L,O>~exp{— L O(s)ds
and P,_‘R=(1iiy5)/2 are chiral projection operators. We
use a bra-ket notation for the eigenfunctions which diagonal- Xs
ize thexs-dependent part of the Dirac operator; the Kets) (xs|R,0 ”exl{f d(s)ds
and|Rn) are solutions of 0

and

(10

: are exponentials with support near the zerosbofin the
aa'lLn)=(—az+®2+®)|Ln)=pu2|Ln) infinite system that we are considering these modes cannot

both be normalizablé|t is easy to see thdb,0) is normal-

aTa|Rn)=(—a§+d>2—<i>)|Rn>=,uﬁ|Rn), (7)  izable if ®(—2)<0 and®(+=)>0 as in Fig. 2, and if

®(—)>0 andd(+») <0, then the modéf,0) is normal-
izable. In the other cases there is no normalizable zero mode.

H : = T o H ”
respectively. Hereb=4s®, anda’ anda are “creation For definiteness let us now specialize to the SHO. Then

and “annihilation” operators defined as
M1/2
a=dst (xs) (el L.0) = ———exi] — ux], (11)
(7/2)
al'=—0d5+d(xs). (8)
and(xs|R,0) is not normalizable. Thus the spectrum of four

The |Ln) and |Rn) each form an orthonormal set and for dimensional fields contains one left-handed chiral fermion in
non-zerou? are related throughRn)=(1/u,)a|Ln) as can addition to an infinite tower of massive Dirac fermions. The
be verified easily from Eq7). The eigenfunctions with van- shape of the wave function of the chiral fermion is Gaussian,
ishing eigenvalues need not be paired however. It is no agentered aks=0. Note that couplingl’ to — & would have
cident that we use simple harmonic oscillat&HO) nota-  rendered(xs|R,0) normalizable and we would have instead
tion. For the special choic®(xs) =2u?xs the operatorsa  localized a massless right handed chiral fermion.
anda’ become the usual SHO creation and annihilation op- For clarity, let us write the full wave function of the mass-
erators up to a normalization factaf2u, and the operator less chiral fermion in the chiral basis
a'a becomes the number operatér The eigenkets are then
related to the usual SHO kets byn)=|n) and |[Rn)=|n W (x 5):(<X5|L'0>¢(X))
—1). ’ 0 '

The pairing of eigenfunctions also persists for gendral
This follows most elegantly from considering the operators
Q=ay°P, andQ"=a’y°Py which are the supercharges of _ .
an auxiliary supersymmetric quantum mechanics sy$idh We can easily generalize E¢) to the case of several
with Hamiltonian H={Q,QT}. Then P,|Ln) and Pg/Rn) fermion fields. We simply couple all 5D Dirac fields to the
are the “boson” and “fermion” eigenstates dfl respec- Same scalad:
tively, and the equality of eigenvalues [fn) and|Rn) is
the usual boson-fermion degeneracy of supersymmetric theo-
ries. Again, zero modes need not be paired which allows us4of course, we will be working in a finite volume in the end; then
to obtain chiral 4D theories. While most of what follows the other mode is normalizable as well, but it is localized at the
applies also to the case of genedalwe will find it conve-  other end of the extra dimension. The existence of this other mode
nient to use the SHO language. is dependent on the boundary conditions.

(12

B. Many chiral fermions

033005-3



NIMA ARKANI-HAMED AND MARTIN SCHMALTZ PHYSICAL REVIEW D 61 033005

7

S=j d5xiEj Wilids+ D (xs)—m];¥;. (13 / o
) g h
VAN
Here we allowed for general Yukawa couplings and also FIG. 3. Yukawa coupling: the Gaussian wave functions of the

included massem; for the fermion fields. Mass terms for fermionsl ande® overlap only in an exponentially small region,
the five-dimensional fields are allowed by all the symmetriessuppressing the effective Yukawa coupling exponentially.

and should therefore be present in the Lagrangian. In the

case that we will eventually be interested in—the standard !l EXPONENTIALLY SMALL 4D COUPLINGS

model—the fermions carry gauge charges. This forces the |n this section we present two examples of applications

couplingsk;; andm;; to be block diagonal, with mixing only  for our central result: exponentially small couplings from

between fields with identical gauge quantum numbers. Fogmall wave function overlaps of fields which are separated in

simplicity we will set\;;= g;; in this paper; them;; can be  the fifth dimension. The two examples we consider are SM

diagonalized with eigenvalueny, . Yukawa couplings and proton decay. Since our exponential
Finding the massless four-dimensional fields is com-suppression, factors dominate any power suppression we will

pletely analogous to the single fermion case of the last sediot keep track of the various powers of scales which arise

tion. Each 5D fermion¥; gives rise to a single 4D left chiral from matching 5D to 4D Lagrangians.

fermion. Again, the wave functions in the 5th coordinate are

Gaussian, but they are now centered around the zerds of A. Yukawa couplings

—m;. In the SHO approximation this is ats=m;/2u>. In this section we apply our mechanism to generating hi-
Thus, at energies well beloy the five-dimensional action erarchical Yukawa couplings in four dimensions. Concen-
above describes a set of non-interacting four dimensionatating on only one generation and the lepton sector for the
chiral fermions localized at different 4D “slices” in the 5th moment, we start with the five-dimensional fermion fields
dimension. Note that while the overall position of the mass-with the action

less fermions in theg direction is a dynamical variablghe

location of the zero ofP), the relative positions of the vari- Szf d5xf[i49 +d(x )]LJFEC[M +®(xg)—m]EC

ous fermions are fixed by th&; . Thus even when we turn > > ° >

on interactions between the massless fields, the relative dis- + kHLTC.ES (14)
tances which control the size of coupling constants in the >

effective 4D theory stay fixed. whereCs was defined in Eq(3). As discussed in the previ-

We now exhibit the field content of the 5D theory which ous sections, we find a left-handed massless fernifrmsn
can reproduce the chiral spectrum of the 4D SM as localized |ocalized atxs=0 and e® from E¢ localized atxs=r
zero modes. First note that by choosing Xl positive we — =m/(2x2). For simplicity, we will assume that the Higgs
have localized only left handed chiral Weyl spinors. Thatfield is delocalized inside the wall. We now determine what
implies that we will construct the SM using only left handed effective four-dimensional interactions between the light
spinors; the right handed fields are represented by thefields result from the Yukawa coupling in E¢L4). To this

charge conjugateg®. Then the SM arises simply by choos- end we expand. andE*® as in Eq.(6) and replace the Higgs

ing 5D Dirac spinors Q,U°¢,D,L,E®) transforming like the fielq H by its lowest Kalu_za-KIein mo;le which has an
left-handed SM Wey! fermionsg(u®,d®,1,e%). Xs-independent wave function. We obtain, for the Yukawa

We also briefly mention how we imagine confining gaugeCoupling

fields to a(3+1)-dimensional wall. A field-theoretic mecha-

nism for localizing gauge fields was proposed by Dvali and SYuk=f d4x;<h(x)|(x)e°(x)f X5 (Xs5) Pec(Xs).
Shifman[14] and was later extended and applied 11 (see (15)
also [15]). The idea is to arrange for the gauge group to

confine outside the wall; the flux lines of any electric sourcesHere ¢,(xs) and ¢.:(xs) are the zero-mode wave functions
turned on inside the wall will then be repelled by the confin-for the lepton doublet and singlet respectively.is a Gauss-
ing regions outside and forced to propagate only inside th¢an centered axs=0 whereasp.c is centered aks=r. The
wall. This traps a massless gauge field on the wall. Since theverlap of Gaussians is itself a Gaussian and we find
gauge field is prevented from entering the confined region,

the thicknesd. of the wall acts effectively as the size of the 2u Y T

extra dimensions in which the gauge fields can propagate. dX5¢|(x5)¢ec(x5)=Tf dxge ™ #Xse T+ S0

Notice that in a picture such as this, the gauge couplings will T

exhibit power law running above the scale !, and so the =g K2, (16)
scenario of 6] for gauge coupling unification may be imple-

mented, without the presence of any new dimensions beyonthis result is in agreement with the intuitive expectation
the large gravitational dimensions. from Fig. 3. Any coupling between the two chiral fermions is
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necessarily exponentially suppressed because the two fields q

are separated in space. The coupling is then proportional to

the exponentially small overlap of the wave functions. ]
Note that we did not impose any chiral symmetries in the

fundamental theory to obtain this result: the couplingan 1

violate the electron chiral symmetry b®(1). Even with g

chiral symmetry maximally broken in the fundamental
theory, we obtain an approximate chiral symmetry in the low FIG. 4. Tree-level proton decay diagram, drawn in position
energy, 4D effective theory. space for the fifth dimension. The quarks stuck at one end of the
wall and the lepton stuck at the other end propagate to some interior
point s where they interact via the higher-dimensicQ& QL op-
erator. The “free” propagator to go to a point in the bulk is given
Proton decay places a very stringent constraint on mosdy the value of the(Gaussiah zero-mode wave function at that
extensions of the standard model. Unless a symmetry can hgint.
imposed to forbid either baryon or lepton number violation, ) . .
proton decay forces the scale of new physics to be extremely L. Once again, even if baryon and lepton number are maxi-
high. In particular one might be tempted to conclude thatMally broken in the 5D theory at short distances, the cou-
proton decay destroys all attempts to lower the fundamentd?ling generated in the 4D theory is exponentially suppressed
Planck scaleM, significantly beneath the grand unified @nd can be harmless. .
theory (GUT) scale, unless continuous or discrete gauge In the folloyvmg subsectlon,_we present an alterna.te way
symmetries are invoked. We now show that these no-gé’f understanding th_e suppression of proton decay vyhlch also
theorems are very elegantly evaded by separating wave fun8hows that corrections to this picture, either coming from
tions in the extra dimensions. Consider for simplicity a one-quantum loops or exchange of new degrees of freedom, can
generation model in five dimensions where the standar§e harmless.
model fermions are again localized in tlxe direction by
coupling the five-dimensional fields to the domain wall sca-
lar ®. Assume that all quark fields are localized near There is an alternative way of understanding aérn’
=0 whereas the leptons are ne@rr as depicted schemati- ghnression which is physically transparent and shows that
cally in Fig. 1. We allow the five-dimensional theory to vio- 4 radiative corrections are also suppressed by the same ex-
late both baryon number and lepton number maximally, anthonential factor. Even though it applies equally well to the
we assume that we can parametrize this violation by locakase of Yukawa couplings we will only describe the analysis
operators. Then we can expect the following dangerousqr hroton decay here. In order to decay the proton using the
!ookmg five-dimensional baryon and lepton number violat-|.4) QQQL interaction, the quarks and leptons must propa-
Ing operators: gate into the bulk of the wall, away from the points where
5 J dsx(QTCSL)T(UCTCSDC) they are masslessee Fig. 4. Because e.g. the quarks are

B. Long live the proton

C. Long live the proton, again

(17) getting more massive as they move into the bulk, the propa-
Mi gator from the plane where they reside into the bulk is sup-
) ) . . pressed. Intuitively, for each slice betwegnandxs+ 6xs, a
To obtain the corresponding four-dimensional proton decay ykawa propagatoe"*s)%s must be present in the full
operator we simply replace the five-dimensional fields by theyropagator. Therefore, the propagator to reach a final point
zero mode fields and calculate the wave function overlap i is proportional to
Xs. The result is

—e #™ (20)

tede I1 e‘m(XS)%:exp(— " m(xg)dx
—(ql) (l; d ) (18) slices f ( 5) °

*

S~ f d*xé
for m(xs) =2u?xs. This is exactly the wave function for the
where zero mode evaluated g8} , as is intuitively expected and can
also be seen more formally. In order to evaluate the tree level
N N TV S diagram of Fig. 4, we have to integrate over the interaction
5~f e N Y yielding, for the coefficient of the proton decay op-
erator,
Already for a separation ofsr=10 we obtains~10 33
which renders these operators completely safe eveMfpr 5~f dxs[ g X5)13h (Xs), (21)
~1 TeV. Thus we imagine a picture where quarks and lep-

tons are localized near opposite ends of the wall so that ,ecisely reproducing the result from our earlier “overlap of

wave functions” picture. This approach also makes clear

why higher order corrections do not significantly change the

SNon-local operators which result from integrating out massiveresult. Indeed, the most general diagram for proton decay
bulk fields are discussed in the next subsection. takes the form of Fig. 5: the effect of all interactions is en-
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q changes can ever give rise to proton decay. If we make the
single assumption that all delocalized fermions have masses
i of order the cutofM . , then their exchange can at most give
g e M«L contributions which are comparable to tee*b)’

effects we have considered. Note that this argument implies
q that grand unification at a scale as low@a®r M, does not
lead to rapid proton decay, as long as there are no delocal-
FIG. 5. General proton decay diagram including higher orderized fermionic fields with masses beloM, . We cannot

effects. The blobs on the propagators denote the all-order propaggesist the temptation to speculate that the same vacuum ex-
tors, and the blob on the vertex denotes the corrected vertex. T%Ctaﬂon valuegVEVs) which break the GUT symmetry
corrected propagator is nothing other .than. the corrected zero-moggagyr the scal®l, may also be responsible for the separation
vxr/]ave ;U”C_t('jotﬂ' P:ﬁ cforrepted verte}x |st_st|II _'If’k?aldc_’” scales t'r‘;’“gerof the SM fermions in the 5th dimension. For example the
than the width of the fermion wave function. This diagram is there- )
fore well approximated by the overlap between the corrected wav%]:)'/' l;)r];gl(ji.n(é_ ?i)e(lzc(i) l\i\llﬂii:]egqorr:(t)smir:h[ﬁ d\g(E_\f_;) fdzlir ;ltJic-)rn_San;?ne
functions of the qufark and lepton zero modes, which gives thethe SM fermions would be split according to their baryon
enormous suppression of proton decay. and lepton numbers. A VEV in the hypercharge direction

would arrange the fermions according to their hypercharge.
coded in a modified propagator into the bulk and modified We have seen that without imposing any Symmetries on
interaction vertex. The modified propagator has the SImp'Qhe under|ying theory, proton decay can be adequate|y sup-
interpretation of being the wave function of the zero mode inpressed if quarks and |eptons are stuck at different points in
the interaCting theory. The exact form of the modified VerteXextra dimensions. One m|ght then wonder what happened to
is unknown. However, the vertex will still be point-like on the general lore that black-hole—wormhole effects violate all
scales of ordej, because all the interactions modifying it non-gauged symmetries and are therefore dangerous. In
are mediated by particles of mags which can only smear evaluating this argument, we have to recall that it was
the vertex on scales of orderu. Since the propagators Planck-scale-sized wormholes giving the supposedift)
involved are needed at distances-10u ™", the vertex in  symmetry violating effects. Since these have a mass above
Fig. 5 is still effectively point-like, and so the picture of the the cutoff, all their effects can be encoded in terms of local
suppression of proton decay through exponentially smalpperators suppressed By ,=M, . And, indeed, we pre-
wave function overlaps persists, if we replace i)  sumed that such “dangerous” operators were really present
Gaussian zero-mode wave functions by the true interactingh the theory. However, their effects are harmless because
ones. the quarks and leptons are stuck at different points, yet have

So far we have considered proton decay operators induceg be dragged close to each other for the dangerous operators

by short-distance physics above the cuthff . But what  to be operative. Of course, in the effective theory at distances
about effects coming from integrating out fields possiblylonger thanL, the quarks and leptons look like they are on
lighter thanM,, ? In particular, we may worry that while the top of each other, so the above suppression mechanism does
separation of quarks and leptons suppresses highefiot seem to apply. However, only wormholes larger than
dimensional operators linking them, operators involving onlyare admissible in this effective theory, and any effect they

quarks on the one side and violating baryon number or lepinduce will be exponentially suppressed by their action
tons on the other side violating lepton number are not sup-

pressed. If a light field of masa freely propagates inside the
wall, this may induce operators violating bdghand L sup-
pressed only bye ™ (see Fig. 6. However, in order to
specifically induce proton decay, this light field would have
to be fermionic. In particular, no gauge or Higgs boson ex-which is a far larger suppression than the effects we have

computed ~e~ (*D*~e"M«L The largest possible effect
q which might arise from wormholes would come from long
and skinny wormholes which stretch from the proton to the

Foeee /l lepton, butMe\Ifen these are completely safe as their action is at
least~e~ (Mpb),

e—S, SNJ d4+nXM§J2+n)R~(MpL)(2+n) (22)

q D. Neutrino masses

FIG. 6. The exponential suppression of proton decay through Separating quarks and leptons at different points in extra
small wave function overlaps can be avoided if there is a delocaidimensions can easily suppress proton decay without impos-
ized light fermionf with baryon and lepton number violating cou- INg any symmetries on the high-energy theory. On the other
plings as seen above. This amplitude is only suppressed by theand, as already mentioned, operators violating baryon and
Yukawa factore ™. In order to avoid too large a rate for proton lepton number need not be suppressed. In fact, in the absence
decay without imposing any symmetries, we must postulate thadf any symmetries in the high-energy theory, a Majorana
there are no delocalized fermions lighter tHdn . neutrino mass operator
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o LTCsLH*H*
*

(23

turns into an unsuppressed Majorana mass term for the 4D

zero mode,

S fd“ lh™h” 24
~ X (24)

*

since there is no small overlap betweks wave function

PHYSICAL REVIEW 1 033005

be comparable. Therefore, we have three scales in the prob-
lem: the UV cutoffM, , u and the wall thickness scale 2,

with magnitudes related roughly as
M, ~10u~100L "1, (25)
Since we cannot pudh™ ! significantly below~1 TeV, the
fundamental scalévl, is bounded below by~100 TeV.
This is actually desirable from another point of view: in the
absence of flavor symmetries, it is difficult to protect against
flavor changing neutral currents without pushing the scale of

with itself. There are a number of ways of resolving this higher-dimension operators to100 TeV.
problem; we will just mention the obvious strategy of adding “Notice that even though the theory becomes effectively 5

a right-handed neutrino and gauging-{L). Of course B

dimensional abové 1, the theory is perturbative up to the

—L) must be broken in such a way as to not allow largeyy cytoff M, . From the 4-dimensional viewpoint, we have
Majorana masses after breaking. In our framework th'SNKK~(M*L)/27T~10—1OO gauge and Higgs field KK

would be most naturally achieved with 8¢ L) breaking
VEV which is localized within the wall but at some distance
from the lepton field so that the Majorana neutrino mass is
exponentially suppressédin addition one would also get

modes, and so the effective expansion parameter is

h

Ny~O(1)
16’772 KK (

(26)

small Dirac neutrino masses, with the tiny Yukawa couplings

originating from the overlap between right-
neutrino wave functions.

E. Summary of scales

and left-handedhere h, is a generic low-energy gauge coupling or top

Yukawa coupling. From the higher-dimensional point of
view, the theory is on the edge of being strongly coupled at
the UV cutoffM, .

Let us close by giving an account of the various scales we Finally, we wish to give a rough idea of the sort of sup-
are now imagining. Recall that at the edge of the wall, thepressions which are generated by @i°“)" size effects,

fermion masg®) is ~u?L~10u, and must not be larger
than the ultraviolet cutofM, . In fact we will take them to

with ¢=1/2 for Yukawa couplings and=3/4 for proton
decay:

ur 0 1 2 3 4 5 7 10
exp(—cu’r?) 1 1 10! 102 104 106 10 1! 1033
)\t )\e Fproton

It is attractive that forur just ranging between 1 and 10, we

to be performed at the CERN Large Hadron Hadron Collider

can get appropriate sizes for everything from the top YukawdLHC) or Next Linear CollidefNLC) if the wall thickness is

coupling \; (for ur~1), to the electron Yukawa . (ur
~b5), to sufficient suppression for proton decayr (- 10).

IV. CARTOGRAPHY WITH GAUGE FIELDS

While the SM fermion fields are stuck at different points

in the extra dimension, the gauge fields are totally delocall’
ized, and we expect that we can probe the locations of th
fermions using the gauge fields. Cartography of the SM fer-.
mions with gauge fields will become an experimental scienc

5(B—L) could also be broken everywhere within the wall if a
discrete subgroup remains preserved, or it could be broken on
distant wall if B—L) is gauged in the large bulk where gravity
propagate$3,7]. For another approach to neutrino masseq $6¢

as large as-1 TeV L.

To see how this works explicitly, consider a toy example
with two 4D chiral fermions), ¢, transforming identically
under a gauge grou@, but stuck to different points;,s, in
the extra dimensions. At distances larger than the width of
their wave function in the extra dimensions, the dynamics
that localizes the fermions is irrelevant; we can approximate
heir wave functions as delta functions or, what is the same,
gx them to reside n a 3 dimensional wall, while gauge fields

reely propagate in the bulk. The effective coupling to gauge

gelds is fixed by gauge invariance to be

S~ f d*X i TP AL (X,51) + P20 oA, (X,S).
(27

a

Let us Fourier expand , as
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FIG. 7. KK exchange diagrams.

FIG. 8. Since the wave functions of the usual SM gauge fields
(zero modekare flat in the extra dimensions, they have identical
couplings to the quarks and leptons stuck at opposite ends of the
wall, as required by gauge invariance. On the other hand, since the
first KK excitation has a non-trivial wave function, its couplings
can be different. In particular, the product of quark and lepton

* gauge couplings to the first KK excitation has the opposite sign as
+ 2, B (x)sin(kyXs), (28 for the SM.
n=1

(0) ®
A, (X)

% + ngl Al (x)cog kyXs)

AL (X, X5) =

wherek,=(27/L)n. Here A”) corresponds to the massless position dependence of KK gauge couplings raises the inter-

4D gauge field, and th&(!’ and B{Y are KK excitations  esting possibility that some of the KK excitations of various

with massesk,. Inserting this expansion into EG27) we  fields may be leptophobic or baryophobic if the quarks or

find the effective couplings of the tower of 4D KK gauge leptons sit at the nodes of their wave functions. More gener-

fields to the fermions. Note that sinéé” has a flat wave ~ally, the cross sections above are modified to

function in the extra dimensions, it has the same coupling to

both fermions as required by 4-dimensional gauge invari- (171" =AM 1717 ) =0, cod(k,s,) (30)

ance. However, the couplings of the fermions to the massive

KK states,A and B, are proportional to cosines and sines

from the wave functions of the KK states at the locations of o(2t2" =AM 2427 ) =g cod(k,s,)

the fermions’ (3D
Suppose that we are sitting on thehannel resonance for

particle-antiparticle annihilation mediated by timh KK

modes of A and B. Then the relative cross section for

1717 —1%1" (and 2"2”—2%27) as calculated from the = 0,C0(kpS1)C0Z(KpS,). (32

diagrams in Fig. 7 will be different from11~—2%2":

o(1T1" =AM 2%27)

There are clearly other interesting possibilities arising
g(1+1*_>A(”),B(n)_>1+1*)Egn from the non-universal couplings of SM fermions to the KK
excitations. As one example, in our scenario for suppressing
proton decay by separating quark and lepton wave functions,
o(2t2" =AM BM 2 2 ) =4, the non-standard coupling of the quarks and leptons to the
KK modes has an interesting impact on atomic parity viola-
tion (APV). The latest experimental resuftkl] indicate that
+q- () RN _,9+9—y_ _ the measured weak charge of the nucleulvger than the
o(1717 A, B 2727) = orcokn(s1 - 57)], (29  SM expectation by-2.50. If we had a conventional Kaluza-
Klein tower at the~ TeV scale, with standard couplings to
quarks and leptons, this woughhancehe SM contribution
and this can be used to gain information on the distancé® APV. In our case, however, the situation can be different.
betweenys, , ¢, in the extra dimensions. If we impose theF ,s=0 boundary conditions as stated
Actually, there are subtleties in this analysis associate@Pove, then the first Kaluza-Klein excitation has the profile
with the mechanism for localizing gauge fields. For exampleShown in Fig. 8. Notice that the product of the quark and
in the Dvali-Shifman mechanism, confinement outside thdepton couplings to the first KK excitation has the opposite
wall forces specific boundary conditioRs,s=0 at the edges Sign as in the SM, and gives a contribution to atomic parity
of the wall [15]. This then enforcegsA,,(x,xs)=0 at Xs violation that moves in the right direction. The sign of this
—0,L, and theB(™ are eliminated. In addition, the™ may  effect is an inevitable consequence of our mechanism for

now be periodic or anti-periodic, and thks= (7/L)n. The suppressing proton decay, and the correct magnitude can be
obtained if the wall thickness is1 TeV.

"Note that these couplings are valid for the KK modes with wave-
length long compared to the fermion localization width; shorter V. CONCLUSIONS
wavelength KK modes can resolve the fermion wave function and
so the delta function approximation for the fermion wave function  In this paper we have shown that approximate symmetries
is inadequate. can arise in a long-distance theory without any symmetry
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explanation in the underlying short-distance theory. Insteadwould like to emphasize that our mechanism of suppressing
even if symmetries are maximally broken at short distances;ouplings from non-trivial wave functions is generically op-
exponentially small couplings between different fields canerative in higher dimensional theories with chiral fermions,
result if they are “stuck” at slightly different points in extra as most such models obtain chiral matter from modes stuck
dimensions. This opens a new arena for model buildingto a defect in the higher dimensions. This defect may be a
where a specific arrangement of the fermions in extra dimenfield theoretic domain wall in one extra dimension, a cosmic
sions, and not familiar flavor symmetries, determines the ferstring in two extra dimensions, or a D-brane or orbifold fixed
mion mass hierarchy. Furthermore, proton decay can be elpoint in a string model.

egantly disposed of, even in theories with the fundamental
cutoff close to the TeV scale, if quarks and leptons are sepg;

rated from each other by a factor of 10 larger than their Siz‘?\lussinov Michael Peskin. Tom Rizzo and Eva Silverstein

in the extra dimensions. If the effective size of this extra]cor discussions. Our work is suported by the U.S. Depart-
dimension or equivalently our wall thickness is close to the ' PP y > DEP

TeV scale, these ideas can be probed at the LHC and nLcent of Energy under contract DE-AC03-76SF00515.

The smoking gun for our mechanism for would be the detec-

tion non-universality in the coupling of SM fermions to the

KK excitations of the SM gauge fields. A detailed analysis of ®Thee " suppression of Yukawa couplings between twisted sec-
this non-universality could then be used to “map” the loca- tor fields at different orbifold fixed points has been known for some
tions of the fermions in the extra dimensions. In closing wetime; see e.g[17].
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