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We examine the contributions to rare processes that arise in models where the standard model fermions are
localized at distinct points in compact extra dimensions. Tree-level flavor changing neutral current interactions
for the Kaluza-Klein gauge field excitations are induced in such models, and hence strong constraints are
thought to exist on the size of the additional dimensions. We find a general parametrization of the model which
does not depend on any specific fermion geography and show that typical values of the parameters can
reproduce the fermion hierarchy pattern. Using this parametrization, we reexamine the contributions to neutral
meson mixing, rare meson decays, and single top-quark productiefien collisions. We find that it is
possible to evade the stringent bounds for natural regions of the parameters, while retaining finite separations
between the fermion fields and without introducing a new hierarchy. The resulting limits on the size of the
compact dimension can be as low as TéV

DOI: 10.1103/PhysRevD.68.116002 PACS nuntder12.90:+b, 11.30.Hv

I. INTRODUCTION since split fermions will completely miss each other in the
extra dimension$29,30.

In recent years there has been much interest in the possi- This makes the split fermion scenario an attractive possi-
bility that there may exist compact extra dimensions withbility for the origin of the Yukawa hierarchy. However, split
sizes far above the Planck length. In particular, the possibilfermions(like most models of the fermion spectriiare also
ity of TeV~'-sized extra dimensions arises in brane worldcapable of generating large flavor changing neutral currents
theories 1—6]. By themselves, they do not allow for a refor- (FCNO). The magnitude pf these currents in the neutral me-
mulation of the hierarchy problem, but they may be incorpo-SON Sector has been estimated by several groups, and appar-
rated into a larger structure in which this problem is solved ENtly generate strong constraifs,31,33. In this paper we

such as the case of large extra dimensi@hsd]. In the sce- reexamine these computations to derive more model inde-
nario with TeV-! extra dimensions. the standard mc)delpendent constraints on split fermion models arising from

(SM) fields are phenomenologically allowed to propagate inFCNC and show that it is possible to evade the stringent
P gically bropag bounds for natural regions of the parameters.

the bulk. These models are hence subject to stronger experi- This paper is organized as follows. In Sec. Il we set up the

mental constraints and have distinct experimental signaturessp"t fermion scenario in as much generality as possible and

from the case where gravity alone is in the bulk. ive statistical arguments to demonstrate that they can ac-

There are many possibilities for how to place the standardqnt for the observed fermion spectrum. We then describe
sions scenario all fields see the extra dimensions, giving risga|culate the effects on neutral meson oscillation. Section IV
to a conserved parity that relaxes direct productlon and pr%resents the effects on r&jecays, and Sing|e top produc-
cision electroweak constraints, and may provide a dark mation in e*e~ collisions, and Sec. V concludes.

ter candidat¢ 10—13. The effects of universal extra dimen-
sions in rare processes have been considerEtinl7. It is
also possible to localize the fermions without localizing the

bosons, which allows for the gauge fields to propagate freely Here, we construct a very general model that character-
throughout the bulk. More recently it was noticed by Arkani-izes the effects of separating the standard model fermions in
Hamed and SchmaltAS) that one could localize different an extra dimension. We start by examining the original
fermion species at different points in the TeVextra dimen- model considered by AS.

sions[18]. These “split fermion” models naturally suppress  In the AS model there is one extra dimension, which is
many dangerous operators, particularly those inducing protaken to be flat. It is possible that this extra dimension is
ton decay. They also can naturally generate large Yukawactually a “brane” with a finite width embedded in some
hierarchies; and it has been shown by multiple authors thatther extra-dimensional scenario. For this reason Teii-
there exist models which can generate the correct spectrumensions are often called “fat branes,” but they need not be
of fermion masses, as well as the correct magnitudes fatied to other models. Note that if the brane is not a string
Cabibbo-Kobayashi-Maskaw@KM) matrix element$19—  theory object, but arises from some field theory mechanism,
24]. The most stringent generic limits in this case arise fromthen it necessarilyhas finite extent in the extra dimensions.
precision electroweak measurements, which place the conThis makes the study of fat branes essential to building real-
pactification radius aR<2-4 TeV ! [25-28. The specific istic field-theoretic models of extra dimensional scenarios.
fermion locations can be probed in high energy collisions, In this model the standard model fields are localized to the
and at very large energies, cross sections will rapidly vanisibrane. Note that the worlbrane here refers to any mecha-

Il. THE MODEL OF SPLIT FERMIONS
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nism for achieving this localization. It may or may not be the 4q; qi
same as the branes encountered in string theory. Initially, all - -
fields are allowed to propagate in the entire dimension. In
addition to the fields present in the standard model, there is a
real scalar field which couples to the fermions, but not to the g(n) 7(n) ,y(n)
gauge bosons or the Higgs. ’ ’
If the scalar has &,-symmetric potential, then it can
develop a stable solution which tunnels from one of the

> >

vacua to the other, called a kink solution. A mechanism for g g
localizing fermions to a thin but finite width region inside a
domain wall has been known for some tiff&3]. There it FIG. 1. Feynman diagram for the tree-level KK gauge exchange

was noted that in 1 dimensions a massless fermion with a mediating neutral meson oscillation.
Yukawa coupling to a scalar field that has a kink-profile

vacuum expectation will develop a zero mode, with a Gauss: Given this heuristic, it should be reasonable that if the 5D

ian profile centered at the location of the kink. This can be{grm_lol\q /gaszavw]ae?zl' tri]setnhtehglgegt;f t?]f;i-enfau{:ﬁ'gnaﬂgves
trivially extended to more dimensions by considering a do-. yh_ IIL ' f th K d g . ! prr] ! h .
main wall instead of a soliton and making all zero modes. the scale of the VEV. Indeed, it turns out that this is the

. o ~~>case, as was first noted by Arkani-Hamed and Schrafiz
constant in the transverse directions. Note that a five

) . L . ) . This allows different fermion fields to be localized at differ-
dimensional fermion field contains two four-dimensional fer- o« points in the extra dimension. To see why this is desir-
mions, one of each chirality. If the extra dimension is infi- gpje  consider an operat6rthat involves fermions separated
nite, then the zero mode of only one chirality is py g distancel. The effective 4D coupling in the dimension-
normalizable. If the extra dimension is finite, then somethingyjly reduced theory is proportional to the integral over the
else is needed to produce chirality. A standard procedure is tgxtra dimensions of the wave functions of all fields appear-

AME(x) (n=1), (1)

compactify the dimension on a$'/Z, orbifold, which ing in ©. Since the fermion wave functions are Gaussian,
projects out the u.nwanted chirality. A nice side effect of thisipig gives a suppression proportional eéa,ﬁdZ, wherea
is to render the kink absolutely stadle. depends on the operator being considered. This has been
In contrast to the fermion sector, the gauge bosons argnown to be very effective at suppressing dangerous higher-
free to propagate throughout the extra dimension. Since thgimensional operators, such as proton decay. Additionally,
dimension is compact, and flat, the mzasszspgzctrum of thee fact that exponentially different couplings can result from
Kaluza-Klein gauge states is linear with;=n</R", and the  |inear separations provides a natural means of explaining the
orbifold boundary conditions project out the odd solutions.fermion mass hierarchy. Lighter fermions have greater sepa-
so the wave functions along the fifth dimensignwhere  ration between their left and right handed components. In
0O<y=R, are this way Arkani-Hamed and Schmaltz proposed a theory to
explain the Yukawa hierarchy without invoking new symme-
AME(x y) = \/zcos(ﬂ tries, and which is safe from proton decay. Several authors
' R R have proposed specific “geographies” that do indeed repro-
duce the correct fermion masses, as well as the CKM param-
whereR is the size of the extra dimension. Putting all this eters[19—-24.
together allows investigation of brane world models where There are, however, other potentially dangerous effects of
there is a single extra dimension of roughly inverse TeV sizéhe fermion separation which are not suppressed by this
with fermions localized in the center and gauge bosonsnechanism. The gauge bosons will have a Kaluza-Klein
propagating though the entirety. (KK) tower of states. The zero modes, which are flat in the
A more interesting picture can be obtained by consideringxtra dimensions, correspond to the SM gauge fields, and
the fermion localization mechanism. There is a simple heuhave the correct couplings to the fermion zero modes. On the
ristic for why this should occur. The fermion is Yukawa other hand, the excited states have cosine profiles, as given
coupled to a scalar field which develops a non-zero vacuurin Eq. (1).2 The coupling strength of these modes to the
expectation valugVEV). The ordinary fermion Higgs phe- fermions are scaled by an integral over the overlap of the
nomena should then give the fermion a mass. However, thiermion and gauge wave functions. However, since the
VEV is position dependent and in particular there is a placéheight of the boson wave function will be different at the
where it is zergthe center of the kink So the fermion has a locations of the different fermions, there will be non-
position dependent mass, which is somewhere zero. Thughiversal couplings of a single gauge KK state to different
the fermion is the easiest to excite near the zero mass, and frmion species. This leads to the possibility of flavor chang-
most of the probability for the lowest lying statéhe zero ing interactions, including tree-level neutral currents, for the
mode will live near the center of the kink. KK modes of they, Z, and gluon, as illustrated in Fig. 1.
One then expects large effects to come from the tree-level

Y1t is interesting to think that if one invokes a mechanism to lo-
calize the gauge bosons, ag84], then one could have a fat brane  2n general they are plane wave’$¥, but the orbifolding projects
residing in an infinite dimension. out the odd modes.
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contributions of the KK gluon states to FCNC processes, irto the KK boson states. However, since the fermions are
particular to neutral meson oscillation. Calculation of thesdocalized with a width smaller thaR, the scale of the fer-
effects can put limits on the size of the extra dimensionmion excitations will be significantly higher than that of the
Also, note that while this discussion was motivated by theKK gauge states. In addition, the fermion KK modes do not
kink model, these issues will be relevant to any model withparticipate in the processes considered here. We therefore
Sp“t fermions_ Th|s iS an examp|e Of the genera| princip|eon|y consider the fermion zero mOdeS, while we include the
that any attempt to explain the Yukawa hierarchy will neces.complete.KK tower for the bosons. With one extrg dimension
sarily treat flavors differently, and will tend to generate largeth® coupling of thenth KK boson to a flavor localized at the
flavor-changing effects. scale_d positio = x/R is determined by the overlap of wave
In practice, geography independent constraints have bedH"ctions:
difficult to obtain due to the large number of parameters in . )
the model. These arB, o (the width of the fermion wave - (M) () —(y—0)2R% 02
functions which is 14 in the kink mode), and @"—d) po- fo AV PATY)= fo dycosnmy)e
sitions, whered is the number of extra dimensions ands 5 2 o
the number of independent fermion fields. Previous discus- ~cognm()e "R, i)
sions[21,31,32 have put constraints oR only by first ob-
taining a single set of positions that reproduce the Yukawavherey has now been normalized ® For & extra TeV !
couplings of the standard model, and calculating the flavordimensions this generalizes to
changing effects in that particular geography. However, one
would like a more model-independent way of understanding ) g b s
the magnitude of flavor effects in this class of models. C(”)(€)E( H cos{nkw(fk)) g NoIRY 3)
To accomplish this we consider the problem of FCNC in k=1
split fermion models in as much generality as possible. A
specific, realistic model exists in string thed®2], as well ~ The gauge coupling of the gluons, for instance, can then be
as the field theory example just presented. In summary, weritten in flavor space as
abstract from these the following points:
(1) There exist one or more extra dimensions, » _ (MA T~ uTAR(N) T uTARN)
compactified with a radiusR. Lin= 20,7 (dLy* TACLV L+ Oy TACRV )+ (d—0)
(2) Each fermion fieldy; has a chiral zero mode that is +H.c. (4)
localized near the center of the dimensioryatwith Gauss-

ian profilesy~e~ 0 ¥77* where the widthr<R is taken  Here dy () is the vector of left(right) handed down-type

to be the same for all fermion species. If there is more tha'&uarksd=(d sb), g. is the SU3) coupling constant, and
one extra dimension, they are taken to be isotropic in thos%(n)ﬂ is thenth K'K Sluon field. The diagonal matrice(:“s-(”)
" I

dimensionsy~e~ )", _ _are the wave function overlaps given by E8). The factor
(3) The gauge bosons are free to propagate in the entirgs /2 arises from the rescaling of the gauge kinetic terms to
fat brane part of the extra dimensidithere may be a larger he canonically normalized value for al
bulk accessible to gravity. Now, the Higgs zero mode, which is the standard model
(4) The boundary cond|t|ons for the bosons are 'Faken tQ4iggs, is flat in the extra dimensio%«1/R. Then the
be such that the wave function for tmth KK mode isA ‘Yukawa couplings to the 4D Higgs field are given by
~cosfmy/R). Note that these are generally the same condi-
tions that allow chiral zero modes for the fermions. 1 1
(5) The field contentgauge group, number and charge of R)\sf dyHoanR:)\Sf dy e -y)o?g=(y-y))?la?
matter field$ is identical to the standard model, plus what- 0 0
ever fields are necessary to localize the fermions. yi—y)2e?
These assumptions generate an effective four-dimensional =\se V] ' ®)
Lagrangian that reduces to the standard model at low ener-
gies. The new features present are the propagating gauge Kifere\ s is an overall 5D coupling constant that is fixed to be
modes, their couplings, and the fact that the Higgs Yukawa)(1) by the top quark mass. We write the 4D Yukawa cou-
couplings are determined by the fermion locations. plings to (for instance the down-type quarks in the flavor
We now construct the interaction Lagrangian for this scebasis as
nario, focusing on the quark sector in this paper. An analo-
gous treatment of the leptonic sector can be performed. Note r _ gyt (@ ®)
that there are excited states of the fermion fields in addition Yukawa R a¥L

where V™™ V(@ is the matrix of Yukawa couplings with

%In one dimension the compactification$/Z,. In more dimen- ~ €lements given by Eq(5), and Mg is the diagonal mass
sions we take the compactification to be flat and orbifolded in suchmatrix.
a way that it looks like a simple product of single dimensions. We can now write the relevant terms of the Lagrangian as
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FIG. 2. Histograms of 10ran-
dom trials of the size of the fer-
mion  hierarchy, logfy /my),
wherem; is the largest anth; the
smallest mass for a single Yukawa
matrix. Main graph: The split fer-
mion model where the positions
are randomly drawn on the inter-
val [0,15] in units of the fermion
width. Inset: In a null hypothesis
where the Yukawa matrix ele-
ments are randomly drawn from
the interval[ 0,1].
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[0,@max, @nd use these to compute the Yukawa matrices

. - g _
L£=d V"MV dr+u V™MV up+ EWS))ULV“dL from Eq. (5). We then compute the singular values of these
matrices, which are the fermion masses. We can get a sense

0 o o of the hierarchy by taking a particular Yukawa mattsay
+ > [V296 A y*TACd, + dry*TACK di) the up-type and finding the ratio of the largest to the small-
n=1 est singular value. In Fig. 2 we show a histogram of the log
+(d—u)]+H.c. 7 of this ratio for ay,=15. For comparison we have com-

puted the same value for a “null hypothesis” where instead

of the split fermion scenario, the entries of the Yukawa ma-
After the usual transformation to the mass basis, the CKMrices themselves are drawn directly from a distribution flat
matrix is clearly the produdt/(L“)TV(Ld) . Note, however, that on the interval 0,1]. As expected, the case of split fermions
the presence of non-universal couplings prevents the prodtearly generates a much larger hierarchy. What is surprising
ucts UIMW=Vv@TcW\(@ from being trivial, so there are is that one needs to sety,~10—15 before a hierarchy of
flavor-changing interactions in the KK-gluon sector. Thesesix orders of magnitude becomes common, whilg 1f] it
also occur in the excited photon a@dcouplings. However, was claimed that this hierarchy could result fram,,~5.
those are suppressed relative to the gluons by a factor ofhe discrepancy is due to the fact that, while a separation of
g/gs, so we expect that the KK gluons will dominate any =5 will indeed generate a matrix element of the order of
process to which they contribute. 10" 8, the singular valueéwhich are the actual massesf a

Before examining the numerical impact of the tree-levels| yukawa matrix with separations no larger than 5 will

FCNC interaction in rare processes, it will first be useful t0ad to be too large. We note that the full fermion spectrum
get a handle on how far the fermions need to be separated.&hn be generated by as large as 1/15, i.e., without intro-
has been shown by Grossman and Pgt&that there exists ducing a new large hierarchy between the compactification

at least one set of positions that correctly reproduces thgnd fermion localization scales. Also note that,, repre-

observed fermion spectrum and magnitude of the CKM ele_sents the part of the extra dimension in which the fermions
ments. They found that, subject to a certain set of naturalness P

assumptions, there was a single solution. A different solutiof2" b_e localized _and nged not be the same psich is
was found in[21] by choosing different up- and down-type the size of the dimension through which the gauge bosons
Yukawa coupling constants in the 5D theory. Typical separa$an Propagate.

tions in these solutions are from 1-20 units of the fermion

width. In what follows, we parametrize the separation be-

tween 2 fermions in units of the W|dth, .eAy=Y;—VY; Il CONSTRAINTS FROM NEUTRAL MESON
=aqjjo, and treata;; as phenomenological parameters. In OSCILLATION
addition, we find it useful to define=o/R.
As a counterpoint to the studies|[ih9] and[21] we have Significant effects from the flavor-changing gluonic cou-

performed a simple Monte-Carlo analysis in an attempt tglings should show up in neutral meson oscillations. We start
see how large a hierarchy is generated naturally for fermionby examining the effects on kaon mixing. TA&=2 effec-
randomly distributed on an interval. To do this we randomlytive Lagrangian from the single KK-gluon exchange depicted
draw fermion positions from a distribution flat on the interval in Fig. 1 is
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[is=2= d(n | d
39321 MZ.,Z UL U0 diys d; y,,8,
n
2 [cos(mrxd) cos(nwxs)][cos{nwxd) cos{nwxs)] e
:3 E V.(11)V|(12)V1(11)VJ(12)E M2 €
n
XEJ’MSHJ' VuSj- (8

Here, x; are the positions of thd quark fields,y; of thes  fermion, allowing it to resolve the fermion’s wave function,
quark, and we have used the unitarity of tis (here, we and exponentially decouples. The fact that this cutoff arises
have approximated this with>22 unitarity; we discuss the naturally in the field theory model is an attractive feature of
third-generation effects belowWe are especially interested that particular mechanism for fermion localization.

in the form of the sum over the KK modes. While KK sums  In one additional dimension the sum converges even with-
are usually divergent in more than one extra dimension andut the exponential suppression. In this case it is insensitive
require a cutoff, ours contains a natural cutoff arising fromto the value ofp and can be computed analytically by ignor-
the finite width of the fermion zero mode, and hence is coning the exponential factor. To do this we need to evaluate
vergent for a number of extra dimensio@s=1. This is .

simple to understand physically. The cutoff sets in when the [cognmx)—cognmy)]?

wavelength of the KK mode is of the order of the fermion F(xy)= 2 2 ©)
width, which occurs aR/ny,=0o. At higher momenta the

wave function of the boson oscillates many times within theand

n=1 n

[cognmXxy) —cognmyq)][cognmX,) —codnry,) ]
n2 '

G(xl,yl,xz,ygzr; (10)

The computations for these sums are presented in the ApperEm —Re/KO| £ 45=2|K0 2R2(|\/d F(Xq X
dix. The final result is (K" K®)=3gZR%(IV{ 1V 2F( dXs)

w2 X(KOld_y*s.dy 7,50 KO + VR 11 VR 2 ( (Xdep Xse)
F(xy)= 5 [x=Yl (11) o .
X(K®|dry*srdry,SrIK®)

and
+ (V] 1V VREVR 12) G(Xg 1 Xs 1 Xdgp Xsp)

G(X1,Y1,X2,Y2)
72
= 7(|X1—Xz|+ ly1—Yal = [X1= Yol = [X2=va]). (12 + (VR VR IVE LV 1 G(Xa X, Xag Xsy)

X(Kdy YMSLER’Y,MSR| K©)

This tells us that the flavor changing effects depend, as ex- X(K%dgy*sgdy 7,5 [K%), (14
pected, on any non-zero separation between fermion fields.
The hadronic matrix elements for the gluonic contribu- wherexgy . are the positions of the field, andx, _ of s.

tions to Kaon mixing are given bicomputed in the vacuum  Nte that al possible separatiofisetween quark fleldsare
insertion approximation35] present, but some enter with different signs. In principle,
KOTd s O KOy 152 then, the gluonic contribution could be made small for any
(K7 duy*sidyy,si[K®) =5 Fiemy values of R and p by placing the quarks at appropriate
) places. However, the terms involving only right or left
i+} K handed fields occur with the same sign. So, to achieve sig-
12 4\ mi+m? nificant reduction, cancellations must occur between those
terms and the terms which involve both chiralities. This in-
as well as those withl(+~R), which have the same evalua- volves tuning the quark positions to the values of different
tion. Written out in full, the contribution tAmy is then hadronic matrix elements, which introduces a fine-tuning

(KOdy y*s dry,selK®)=f2m, (13)
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problem. Otherwise, it would imply that the UV physics that TABLE I. Top: Representative values of the sty(pa) for
localizes the quarks has information about the IR behavior ofne and two extra dimensions. Bottom: Multiplicatigefactors for
QCD We can therefore expect that cancellations will bemass splittings of the neutral mesonsRFSVV'F (pa). NA
O(1) at most. This is seen clearly in the Monte Carlo trials,stands for not applicable here.
where the random positions have no relation with the had=
ronic matrix elements and no significant cancellation occurs. P
In light of this we can explore the magnitude of the flavor
effects just by looking at a single term in E@.4); for con-
venience we choose the first. We can then describe the con-10"* 1.15 2.33 4.76 NA NA
tributions with only three parameters: the radRyghe scale 1072 0.036 0.23 0.48 1.00 2.45
ratio p, and the separation between one pair of fermians, 1073 0.0012 0.023 0.048 0.097 0.25
The sum over KK modes is then calculable in terms of these
parameters. Sinde enters only in the mass in the KK propa-

a=1 a=5 a=10 a=20 a=50

gator, we can write the contribution in the simple form 107! 2.05 3.82 3.59 NA NA
10?2 2.25 5.27 6.46 7.47 8.22
_2.2¢2 2\ /4
AMg=505TkMcRVas asFp(pa) (19 102 2.27 541 667 808 978
wherevgs'dS stands for the appropriate product of 4 elements Meson B (TeV)
of the VE"‘F’e matrices, two at each vertex, and, as shown in K° 1125.86
Eq. (11), F(x,y) only depends on the difference of it's argu-  B§ 478.01
ments, so we can write it as a function of only a single B2 67.4346
variable, given by the produgi«. The subscript orF re- D 1124.23

minds us that in two dimensions or mdfealso depends on
p directly as the cutoff parameter, in which case it must be

computed numerically. If we demand that this contribution toandV{, 4, appropriate for the Kaon sector, and assuming that
Amg be no larger than the measured valaeconservative V are CKM-like in magnitudéwe discuss that assumption in
assumption from the point of view of constraining the detail below. There are two features note. First, with one

mode) we get extra dimension the constraint is a simple square-root func-
L tion, as can be seen from E{l1l). This means that the
- \/47 flavor-changing effects can be made arbitrarily small by re-
R Px Vasastp(P), (16 ducing p, that is, by increasing the hierarchy between fer-

mion and boson scales. Second, in two dimensions the effect

where By is a coefficient of dimension 1, which depends onseems to be roughly constantdnand flattens off at large.
the meson parameters. This expression immediately generalve know that the sum over the KK states diverges logarith-
izes to other neutral meson systems by using the appropriataically before it reaches the cutoff, and so it should get
coefficient 8, and the appropriate matrix elements \6f  larger asp decreases. However, shrinkipgbrings the fer-
Table | shows the values @8 for cases of interest, along mions closer together making the flavor effects smaller. In
with representative values &f,(p«). two dimensions these two effects are seen to roughly cancel.

The resulting constraints are shown in Figs. 3 and 4, for In three or more dimensions, the divergence of the sum wins
and 2 extra dimensions, respectively, using the valug of completely, and the bounds & * are huge, effectively re-
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FIG. 3. The behavior of the constraint orRkl/
with « for various values op. The area below
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moving these cases from consideration as realistic models. However, in the previous calculation we ignored the third

In Figs. 5 and 6 we display our results for all meson masgeneration when imposing the unitarity condition in E8).
differences, takingp=1/100. For mixing in the kaon sector Transitions between two 4D mass eigenstates will involve all
and BY sector, the bound is set by demanding that the newhree generations in the localizatidflavor) basis. In this
physics produce an effect which is no larger than the obcase the matrice@i(”) will contain the positions of all three
served value. Fob® mixing, the effect is restricted to lie generations of quarks, and the unitarity conditions on\the
below the current experimental bound. There is no experimatrices will be changed. For instance, for the term in Eq.
mental upper bound oB? mixing, so we assume two values; (14) with both left-handed chiralitiesand dropping the.
one, the size expected in the standard model and the othéndex), in place of|V{ 1,V |?F(x4,xs) we should have
about 4 times larger, corresponding to the curves labeled
small and large, respectively. Note that the most stringent |V11?V1aVIgF (Xg,Xs) +ViiV12VEV31G(Xg ,Xs  Xp 1 Xs)
constraints come from mixing involving the first and second
generation.

This pattern suggests a loophole in the otherwise stringent + Va1 2 Vs 2F (Xp , Xs) . (17)
constraints; namely, th¥ matrices need not be CKM-like.
Since the CKM matrix is the produd"V(? | the observed These additional termsincluding the ones not displayed
CKM hierarchical structure could result from a completely above corresponding to right and mixed chiralitiesll en-
different structure at the level of tA¢. If there is small first sure that in any mass splitting observable many mixing
to second generation mixing the kaon @®constraints will angles and fermion separations will enter. It then becomes
be relaxed, and all constraints would then be of the order ofion-trivial to reduceAmy by adjusting mixing alone. How-
a few TeV, even for large values pf ever, it is still possible to reduce the kaon dbti constraints

+ V§1V32VI3V11G(Xb Xs1Xg 1XS)

~
"o ol | | FIG. 5. Constraints from all species of neutral
= E 3 meson mixing for one extra dimension, takipg
e C B,(small) . =1/100. See text for a description of the experi-
> i e mem T e T o mental values used. Note that tKé and D re-
-7 g e sults are separate lines that overlap due to a nu-
100 b= 7 7T By(large) — merical coincidence.

E/, =~ 7

r # ]

by ]

" 4

10—1 1 1 1 1 | 1 1 1 1 I 1 1 1 1 | 1 1 1 1 I 1 1 1 1
10 20 30 40 50
a=y/Rp
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: T T T T T T T T |r T T T T I T T T T : T T T T -
500 — K°, D° ]
100 — —
= C ]
o 50 — —
2 C ]
~ i 7 FIG. 6. Neutral meson constraints for two ex-
g i ) tra dimensions. The area below the curves is ex-
- 10— B,(small) — cluded.
5 :ﬁ' S B —
' /_,__—-_.—..-.--'-—-T‘--—--_-- ---- le """""""" :‘
://, (large) ]
/
1 1 1 1 1 | 1 1 1 1 I 1 1 1 1 | 1 1 1 1 I 1 1 1 1
0 10 20 30 40 50
a=y/Rp
by noticing that the new terms contain fewer diagonal ele- “ cognmz)[cognmx)—cognmy)]
ments. Hence, if the weak and mass eigenbases are not too F’(x,y,z)= > >
badly misaligned, i.e.y' have large diagonal elements and n=1 n
smaller off-diagonal elements, then the strongest constraints 72
may be relaxed somewhat. To get a better sense of what is =— —(|z+x|+|z—=x|=|z+Yy| = |z Y|
typically possible, we again run Monte Carlo simulations. 4
From these we learn that a typical suppression factor is 10 + X2 — my?) (19)

for the factors multiplyings in Eq. (16), 10 2 is not uncom-

mon, and 10* is obtainable, but rare, even for the fairly ,
large valuea,,=15. This is illustrated in Fig. 7. wherez corresponds to the location of the quark at the flavor

All these considerations together show that once the pac_:onserving vertex. This additional complication turns out to

rameter space is thoroughly explored, it is possible to evad_Qe minor as the actual magnitude of the sum is similar to that
the large constraints from meson mixing for natural regiond” e préevious case and does not vary much over the param-
of the parameters. eter space, as can be seen from Fig. 8.

We consider the decay amplitude

IV. RARE DECAYS

2
_ CA2p2 ’
We also consider processes involving only a single flavor- A(B—¢Kg)=305R i,jzleR F'(Xp,: X5, Xs,)

changing vertex. The best examples of this type which re- o o

ceive contributions from KK gluon exchange are r&rele- X (K (s¥"bi)(s;7,5))|B%. (20)
cays, such a8— K5 andB— ¢Kg. The most interesting

aspects of these decays are, of course, their associateme relevant matrix elements af@6]

CP-violating asymmetries. However, since we have no con-

trol of the phases present in split fermion models, we cannot

address the new contributions@P-violating observables in (pKsl(sLyby)(sLy,5)|BY)=3H
a model independent fashion. Nonetheless, there are tree- . .
level strong coupling contributions to these decays, so we <¢KS|(vaiy"bL,j)(sL,j7MsLyi)|B°>=%H
can expect significant contributions to the branching frac-
tions in split fermion models. <¢KS|(;L7#bL)(§R'y,uSR)|BO>:711H
The effective Lagrangian for a process with a single flavor
change is given by (SKSI(SLiv"DL ) (SR ,Sr)[BO=%H. (2D
2 * 1 o o . - . .
rAb=1_2% 2 il UM G v b g v, H_ere,l,J are col(_)r indices, d|s_played explicitly in the non-
eff 3gsn§1 M?2 i,szL,R i(ab) 47 0i9 Y74 singlet terms which now contribute. The common factor is
(18)
H=2(e4 pg)fymiF . (m3), (22)

Since one vertex is flavor diagonal, the sum depends on the
absolute position of the fermions. For instance, the analog oivheree , represents the polarization vector of the phi meson
Egs.(3), (99—(11) is andF_(g?) is the form factor for this decay. There are in
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FIG. 7. Histogram of values of
the factor H= \/ZVZF(x,y)
summed over the appropriate fer-
mion positions andV matrix ele-
ments.

- 10
Log,;oH

addition four matrix elements obtained by taking<¢R).
We use the values, =233 MeV[37], F.(m3)=0.38[38],
andm,=1020 MeV[39].

For the branching fraction we obtafignoring the O(1)
differences among matrix elemehts

R
1 Tev!?

4 2
Vsb,cc)

0.04

B(B— K g)~5.6x 10—5(

X (29

2
> F'(xbi,xsi,xcp) :

i,i=L.R

Demanding that this should not be larger than the observed
rate gives the approximate constraintiR%/1.0 TeV from

B— ¢Ks and 1R=0.5 TeV fromB— ¢)Ks. These are not
competitive with those fronBy and By meson oscillation,
and provide a good consistency check. It is interesting to
note that if a way can be found to reduce the constraints from
the kaon sector to the few TeV scale without disturbing the
b-quark couplinggsay by arranging the mixing ang)eshen

this contribution toB— /Ky, #Ks is of roughly the same
order as that of the standard model. Any new phases in this
scenario will thus contribute to tHeP-violating observables
with equal effects in each decay channel.

FIG. 8. KK sum for processes involving a
single flavor changing vertex as a function of one
of the fermion positions, corresponding to the
case where one of the fermions is localized at the
orbifold fixed point. The position of the thirdla-
vor conserved fermion, z, is varied in steps of
one unit, withz=0 corresponding to the top
curve andz=20 to the bottom. The sum is done
for a single extra dimension of size 20 units.

B(B—>¢KS)=mffbm2)Fi(mfﬁ)
o UET Ud 2
(s~ L(bs)
8 nzl n?
Vi3 RrR \*
~9.1x 106 sh,ss
9110 (0-04 1Tev !
2
X i]_=2LRF’(xbi,xs,i,xs,j)) ]
and similarly
3_ T T T T T T T T T T T T T T T i
2f- -
1 .
N ¥ ]
>‘ - = |
s :
e - ;
i ]
—2[- ]
_3: 1 1 1 1 I 1 1 1 1 I 1 1 1 1 | 1 1 1 :
0 5 10 15

20
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We have also estimated the tree-level KK contribution to

single top quark production at LEE,*e*—Equta(with q

=u,c) which proceeds via KKy andZ(™ exchange. Us-
ing the parametrization ip40] we find an effective anoma-
lous flavor-changing vector coupling given in this case by

“oyyv .yl
Uzeﬁ:(\/EJrZSinaWQ)M\ZNRZi i:ZL R ngl %

(25
2 4
R va
~6.9x10°4 ( “’ee)
1Te\F1) i,szL,R 0.04
X[ D F'(Xe X Xe,) | (26)
i,ji=L,R L

where we have used only tlee—t coupling since it domi-

nates theu—t by a factor of 10. The current constraint on

this effective flavor changing coupling from LEP datavis

PHYSICAL REVIEW D 68, 116002 (2003
274 2,2 12
4GgM fgmymg

4
W

2
4my

Mg

B(Bs—u u)= sRY 1

TC
b yd b d(n)| 2
gL,ZUL(n)_gR,ZUR(n)
2 |

>

n n

4\ ,4
Vb, uu

(0.04)2

=1.15x107°

1Tev?
X191 zF " (Xp, Xq 1 Xe,)

—OrzF' (Xpg XgpXe )%, (29
where we have choseg=s and usedfz=200 MeV. The
function F’ is as given in Eq(19) and has a value in the
range from—2 to +2 as shown in Fig. 8. Taking values of
this function which maximizes the sum over the KK states,
i.e.,F'=2, yields a value of unity for the sum, resulting in a
branching fraction of 1.1810 © for R=1 TeV 1. Thisis a
significant enhancement over the standard model 2@k

— — 79 .
<0.75[41], and so split fermions in the up-quark sector are®f B(Bs—u"pu")=4.0<10"". The experimental bound on

not significantly constrained.

this decayB(Bs—u " u)<2.6x10 6, as determined by

. . _1
Lastly, we examine the potential gauge KK contributionsCDF [43], sets the limitR™~>815 GeV when the sum over

to the purely leptonic decay of neutrdd mesons,Bg

the KK states takes on its maximal value. The sensitivity of

—.¢*¢~, with q=d,s. This process proceeds through tree-this decay mode in probing the size of the additional dimen-

level (™ and (" KK exchange, and could, in principle,
probe fermion splitting in the leptonic sector as well as in th

sion is thus comparable to that 8f mixing and will im-

ghrove with Run |l data at the Tevatrgn4].

quark sector. Here, for simplicity, we will assume that the

leptonic fields are all localized at the same point in the extra
dimension and will ignore any possible flavor changing lep-
tonic interactions. Thab=1 Lagrangian describing this de-

cay is then

XiZELR U?((c;%)gib,aawbigi(,a?i)’#ei, 27

where G, =e and G,=g/cosé,,. The hadronic matrix ele-
ment governing this decay is given by

(0] gf,y/zUﬁ(”)aL Yo+ gg,y/zU‘é(“)aRv“bRI BS>

=ifpphlar U —ag,,,UR"M], (28)

wherepf represents the momentum of tB& meson. Due to

parity, only the axial-vector current contributes to this matrix

V. CONCLUSIONS

Models where the standard model fermions are localized
at specific points along a compact extra dimension offer an
attractive means for constructing the fermion mass hierarchy
and suppressing dangerous operators such as proton decay.
In these scenarios, the fermions obtain narrow Gaussian
wave functions in the additional dimension with a width
much smaller than the compactification scale. The fermion
Yukawa couplings are then generated by the overlap of the
localized wave functions for the left- and right-handed fer-
mions. Lighter fermions are thus more widely separated than
heavier ones.

The gauge fields are free to propagate throughout the bulk
in these scenarios and their KK excitations develop tree-level
flavor changing interactions which are proportional to the
overlap of their wave functions with those of the localized
fermions. Gluons, as well as the electroweak gauge bosons,
then mediate flavor changing neutral current processes at
dangerous levels. Previously, it was thought that the only
way to avoid stringent bounds on the size of the compact
dimensions was to minimize the separation of the fermion
fields, thus endangering the scenario’s natural explanation of
the fermion hierarchy.

In this paper, we have reinvestigated these new FCNC

element. In the case of photon KK exchange, such contribuinteractions and have performed a general, systematic, model
tions are generated when the left- and right-handed fermionimdependent analysis. Our results hold for any such model of
are localized at separate points. Here, we will ignore thighe fermion hierarchy with specific fermion geographies. We

possibility and consider the case where only #& ex-

have employed a model parametrization which contains only

change mediates this decay. The branching fraction is thenthree parameters: the size of the extra dimend®yrthe
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scaled width of the localized fermion=o/R, and the fer- extra dimension of the order of TeV. We note that the KK
mion separation distance expressed in units of the widtlgluon contributions to these rare decays are significant
Ax=ao. We performed a simple Monte Carlo analysis andenough to generate interesting effects in the rel&@etvio-
determined that the fermion mass hierarchy can be reprdation observables.
duced in our parametrization for natural values of the param- |n summary, we have shown that once the parameter
eters. space is systematically explored, it is possible to evade the
We then evaluated the KK gluon tree-level flavor chang-stringent bounds from FCNC in split fermion models for
ing contributions to neutral meson oscillations. We foundnatural values of the parameters and without the introduction
that the sum over the KK states is exponentially damped fobf any additional hierarchies. Lastly, we note that the intro-
higher KK gauge states as the KK states can then resolve thfuction of brane localized kinetic terms are known to signifi-
finite size of the fermion wave function. This allows us to cantly reduce the couplings of gauge KK statés,46 and
perform the KK sum in a scenario with more than one extramay help to even further reduce the constraints from FCNC
dimension. We then evaluated the constraints from kaon mixin these scenarios.
ing in the case of one extra dimension and confirmed previ-
ous results that R=100 TeV for larger values g unless ACKNOWLEDGMENTS

the separation was very small. However, the constraint . . .
shrinks to 1R= few TeV for smaller values op, even for The authors would like to thank Tom Rizzo, Frank Petri-

widely separated fermions, at the expense of introducing gllo, and Jeremy Copeland for helpful discussions. This work
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were found to be much less restrictive. We also performed

the evaluation for the case of two or more additional dimen-

sions and found that the FCNC constraints were much more Here we present a way to perform the sum over KK

difficult to evade. modes analytically in one dimension, and see that the sum is
We next studied the dependence of our constraints on thgxactly linearly proportional to the separati@¥v]. The func-

fermion mass mixing matrices, and found that with a realigntjons that we need are

ment of the matrix elements our bounds could be reduced

further by factors of 10—-100.

APPENDIX

i [cog nmx) —cognary)]?

In addition, we examined the rare meson dec&®s F(X’y)5n=l 2 (A1)
—iyKg,pKg, as well as single top-quark production in
e’e  collisions, and found weaker limits of the size of the and
|
" [cognmx,) —cognwy;)][cog nmX,) —cognry,) ]
G(X1,X2.Y1.Y2)= 2, : . (A2)
n=1 n
|
We can do both of these by evaluating Writing cosfix) as two exponentials and combining the sums
we have
“ cognx)
f0)=2 3(2 (A3) 1 e
nmtoon fxX)== > —. (A6)
2 i70 n?
so that
2
F(X,y)= % f(2mx)+f(2my) +% The functionf is then the solution of the differential equation
1 . 1 & 1
—2f(mx+ wy) = 2f (7x— 7wYy) (A4) f'(x)=—= > eM™=—= > ™= (A7)
2 n#0 2 n=—x 2
G(X1,X2,Y1,Y2) =[f(mX +mX0) + F (X — 7Xp) 1 ”
=—=|2 O(x—2mk)—1].
+f(my+my,) +f(mwy,— 7Ys) 2 Trk;x ( K)
(A8)

—f(mx +my,) — (X — 7Yy5)

—f(m7y,+7Xy)—f(wy,—7X5)]. (A5)  This is solved by
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1 NG
H(X):—E(W|X|—7—?), (Ag)

whereH is defined on the intervdl— 7r,7] and is 2r peri-

odic for other valuegthis takes care of the sum over delta

functiong. We then have

f(X)=H(X)+ ax+ . (A10)

Looking at the original function we see that we must have
ST _f=0 which givesg=0. Also, since is an even function

a=0.

PHYSICAL REVIEW D 68, 116002 (2003

We can then use E¢A10) in Egs.(A4) and(A5) and use

the physical condition that all arguments are positive to get
the final result

2

'
F(X,Y)=7|x—y| (A11)
and
72
G(X1,X2,Y1,Y2)=— T(|X1_X2| +]y1—y2l
—Ix1=yal=lyi=ya).  (A12)
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