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We derive constraints on the Randall-Sundrum scenario with the standard model fields in the bulk. These
result from tree level effects associated with the deformation of the zero mode wave function$\tditldethe
Z once electroweak symmetry is broken. RecentlykG&rlich and Terning pointed out that this implies large
contributions to electroweak oblique parameters. Here we find that when fermions are allowed in the bulk the
couplings of theW and theZ to zero-mode fermions are also affected. We perform a fit to electroweak
observables, assuming universal bulk fermion masses and including all effects, and find constraints that are
considerably stronger than for the case with fermions localized in the low energy boundary. These put the
lowest Kaluza-Klein excitation out of reach of the CERN Large Hadron Collider. We then relax the universality
assumption and study the effects of flavor violation in the bulk and its possible signatures.
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[. INTRODUCTION dimensional coordinate due to the Higgs vacuum expectation
value (VEV). Recently Cski, Erlich and Terning 10] have
Theories with large extra dimensions have been recentlgtudied the effects that result from this deformation of the
introduced as an alternative framework to solve the hierarchgero modes in a scenario with only gauge fields in the bulk.
problem[1]. It is assumed that the geometry is factorizableThey found large contributions to the oblique parametrs
and results in a product of Minkowski space witltompact and T and the bound\,>11 TeV, which is slightly tighter
dimensions. In this scenario, gravity propagates in the extréhan the ones previously obtainggl. In this paper we con-
dimensions so that the strength of its coupling to matter consider a scenario where all or at least part of the fermions can
fined in our four-dimensional world is determined by the propagate in the bulk. It is generally believed that this re-
scaleM %z M" "2V, with M the fundamental scale of grav- laxes the bounds oA, since the couplings of Kaluza-Klein
ity and V,, the volume of the extra dimensions. In this way, excitations of gauge bosons to zero-mode fermions are not as
the hierarchy betweeM and the weak scale results from strong as when fermion are confined to the TeV boundary.
the volume suppression, and the truly fundamental sible Here we show that there are additional effects resulting from
can be of the order of 1 TeV. the modified couplings ofV andZ to the SM fermions that
An alternative scenario by Randall and Sundr(®$) in- propagate in the bulk. Even when we consider these to be
volves the use of a non-factorizable geometry in five dimenflavor universal, they result in non-oblique contributions to
sions[2]. The metric depends on the five-dimensional coor-electroweak observables and stronger constraints onA,

dinatey and is given by than the ones obtained with confined fermions. If flavor
breaking in the bulk is allowed, then there are additional
ds?=e 20y, dx“dx’—dy?, (1)  effects in flavor changing neutral processes.

In Sec. Il we review the bulk SM and the existing bounds

where x* are the four-dimensional coordinates;(y)  ©On the induced low energy scale . In Sec. Ill we obtain
=Kk]y|, with k~M,p characterizing the curvature scale. The the bounds or\, coming from the deviation in the tree level
extra dimension is compactified on an orbif@g/Z, of ra-  couplings of fermions toV and Z, adding this effect to the
diusr so that the bulk is a slice of AdSspace between two contributions discussed in Reff10]. We derive these new
four-dimensional boundaries. The metric on these boundarigg@nstraints by making the simplifying assumption that the
generates two effective scaleltp and Mpe %™, In this effects on the fermion couplings are flayor L_Jnlversal. In S_ec.
way, values of not much larger than the Planck length can \% we study the effects of flavor violation in the bulk. Fi-
be used in order to generate a scale=Mpe ™  nally, in Sec. V we conclude.
=0(TeV), i.e.kr=(11-12), for generating the TeV on one
of the boundaries. Il. THE BULK STANDARD MODEL

In the original RS scenario, only gravity was allowed to
propagate in the bulk, with the standard mo@@M) fields
confined to one of the boundaries. The inclusion of ma’[terby [3.4]
and gauge fields in the bulk has been extensively treated in 1
the literaturg/3—9]. In this paper we are interested in exam- Sa=-— Zf dAXdy\/__gFMNFMN'
ining the situation when the SM fields are allowed to propa-
gate in the bulk. The exception in this so-called bulk SM iswhereg=det(gyy) =€~ *°") and capital latin letters denote
the Higgs field which must be localized on the TeV boundaryfive-dimensional indexes. The field strength is in general
in order for theW and theZ gauge bosons to get their ob- written as
served massd#]. As it was first noted in Ref.7] the wave
functions of theW and Z acquire a dependence on the fifth- Fun=9duAN— INAM T105[ Ay An]- 3

The five-dimensional action for bulk gauge fields is given

@
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We make the choice of gaugk,=0. The Kaluza-Klein
(KK) decomposition is given by

AL (Xy)= —=— 2 AD(x)x"M(y). 4
\/_ =0

Thus, the wave function of the gauge boson in the fifth di-

mensiony("(y) obeys the differential equation

- &y(e_z‘rﬁy)((”)) = mﬁx(n). (5)
The solutions satisfy the normalization condition
i " dy (=g ©6)
2 X
and are
M )=e—g 32 e | vy e 7
Xy N, | 1 % nY1{ 72 .

In Eq. (7), N, is the normalization constant derived from Eq.
(6), and

Jo(m, /k)
Y (MK ®
where we defined
_M krr_Mhn
Xn— k e _Ar, (9)
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> yhR0er fiRy), (13

n=0

W r(XY)=

\/_r

wherey;R(x) corresponds to theth KK fermion excitation
and is a chiral four-dimensional field. Demanding that the
KK fermions have the usual action in four dimensions leads
to the coupled differential equation4,5]

(dy—My) fr(y)=—M,e” fi(y)

(dy+Mp) fi(y) =M, e’ fr(y), (14)
whereM,, is the mass of thath KK fermion excitation. The
corresponding normalization condition reads

1 r
— f dy & f5R(y) FrR(Y) = Sam, (15)
ml Jo

where we have made use of the fact that théy) have
definite Z, parity. The zero mode wave functions are ob-
tained from Eq.(14) for M,=0. They are given by

[karr (1+2v4)
L.R — +V k
fO (y)_ k77r(1+2vf) 1 f ya

with v;=M/k parametrizing the bulk fermion mass in units
of the inverse AdS radiuk. The Z, orbifold projection is
used so that only one of these is actually allowed, either a
left-handed or a right-handed zero mode.

The final piece of the bulk SM is the Higgs field. If it is

(16)

i.e. the mass of the KK excitation in units of the generatedallowed to live in the bulk, it gives a bulk mass term to e
low energy scale. The zero mode is flat in the extra dimenandZ gauge bosons. In order to obtain the correct values of

sion: x(®(y)=1. Imposing continuity ay=(0,7r) results
in the condition[3,4]

Jo(Xn) Yo(xne

which determines the KK masses. For instance, gof'™
=10"1¢, we havex;=2.45, x,=5.6, X3=8.70, x,~11.8,
x5=15.0, etc. with the KK masses given by EE).

The action for fermion fields in the bulk is given p4,5]

_krw):‘JO(Xne_krw) YO(Xn)y (10)

5, | dtxay J—_g|'§«F‘yM[DM—5MW

—Sgr(y)l\/lf‘l"l'], (1
where the covariant derivative in curved space is
1 @ B1\/N
Dy=dwm +§[’)’ v Y IVaVenm (12

andyM=VM 2 with VM =diag(e”,e’,e”,e’,1) the inverse
vierbein. The bulk mass teridl; in Eq. (11) is expected to
be of orderk=Myp. Although the fermion fieldV" is non-
chiral, we can still definePL,RE%(li v5)W. The KK de-
composition can be written as

M andM this bulk mass would have to be extremely fine
tuned[4], in effect recovering the same amount of tuning as
in the SM. In order to avoid this problem, the Higgs field
should be localized on the TeV boundary yat 7rr. The
picture of the five-dimensional SM in the RS scenario is
particularly attractive when we take into account its potential
to generate the hierarchy of fermion masses fil0(1) fla-

vor breaking in the fermion bulk mass parametgr This
was first considered in Ref6] and further examined ifi7].
These authors have shown that allowing different values of
v¢ within the natural constrairltv;|=O(1) results in expo-
nentially generated flavor hierarchies. For instance, one can
generate the top quark mass wjith7] »,=0.5, and the elec-
tron mass withv,=—0.5.

Other model building extensions, such as supersymmetry
in the bulk[6], grand unification11] and dynamical elec-
troweak symmetry breakin§l2] were considered, just to
name a few. Thus, it is of great interest to study in detail
what are the limitations of putting matter in the bulk.

Constraints on the bulk SM vary according to the local-
ization of fermions in the fifth dimension. This is param-
etrized by the bulk mass parameter. Very large positive
values ofv; correspond to fermions highly localized on the
TeV boundary ay= =r, whereas negative; corresponds to
fermions with larger wave functions around the=0
(Planck boundary. When fermions are localized in the TeV
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boundary they couple strongly to KK excitations of bulk = [ g'(v) 2\m2
gauge bosons, with the enhancement over the gauge coupling V=, (ﬁ _‘2’ (20)
being given approximately bj3] =27kr=8.4, resulting n=11 0f my

in a bound ofm;>23 TeV for the mass of the first gauge N ) ,
boson excitation. This constraint is obtained from a fit to"heregs denotes the coupling of }v'he nth gauge boson exci-
electroweak observables of the SM, including the effect ofation to zero-mode fermions, ad" the corresponding SM
KK excitations through the parameterdefined in Ref[3]  coupling. Since, unlike in Ref10], we are considering bulk
and arising from the tree-level exchange of the KK excita-fermions, their couplingg will depend on the bulk mass
tions. However, when fermions are allowed to be in the bulkparameten. The value ofV obtained in Ref[10] is recov-
these bounds can be greatly relaxed. This was noted in Refgred in the large positive limit. In that limit, all KK exci-
[4,6], where the bound for the first KK mode of gauge tations couple witf‘g?zgfsM\/Zwkr. However, with fermi-
bosons is given asn;=2.1(g;/g) TeV, with the ratio ons in the bulk andv|=0(1), only the first KK excitation
(g1/g) depending on the value of the bulk fermion masscouples strongly, and Eq20) can be approximated by its
parameterv;. The localized fermion result is recovered for first term. This results in
large positivevs, v;=0 givesm;=9 TeV, and for negative s 2
values the bounds are much weaker, allowing the 1 TeV V:g—v—k [12(0) 21)
mass rangé.In the next section we will see that new non- 12 A, A
oblique effects result in considerably stronger bounds.

where we defined

Ill. THE EFFECTS OF NON-LOCAL WAVE-FUNCTION

RENORMALIZATION I(v)= o Arev
1— e*kfrrr(l+2v)
In the presence of the Higgs VEV on the TeV boundary,

the “zero modes” of thaV andZ gauge bosons are no longer Lo, da(xqu) +ag Yi(xgu)

flat in the fifth dimensior{7]. The resulting localized mass X fo 13,00) F g Y10 (22)
term repels the wave function in the vicinity of the TeV

boundary. In Ref[10] it was found that this leads to large yjith o given in Eq.(8) andx, defined by Eq(9).

tree level contributions to the oblique paramet&rand T. In Ref. [10] the contributions fronS, T and V are fit to

E-lhoﬁ Z wave function acquires a dependenceyogiven by  glectroweak observables, in a scenario with only gauge fields

propagating in the bulk. Fan,=115 GeV they obtained the
bound [10] A,>11 TeV at 95% confidence levelC.L.).
This constraint on the low energy scalg translates into a
lower bound on the lightest gauge boson KK excitation of
(17) m;>27 TeV, and is slightly stronger than the ones previ-
ously obtained for fermions on the TeV brane and where
only theV parameter had been considered.
Here we show that when fermions are allowed in the bulk
there are additional non-oblique effects in the couplingé/of
andZ to fermions. The electroweak gauge boson wave func-

M2
XD(y)=1+ 4—A22{27Tkr— 1+(1—2ky) e*K=m,

r

where we have assumédi; <A, , and the expression for the
W wave function is obtained by replacing,—M,,. This
leads to contributions t& and T which are approximately

[10] tions are normalized to their SM values at the low energy
boundary. However, the couplings to fermions are a non-
v? local quantity resulting from the overlap of the gauge boson
S=- 47TP kar, (18 and fermion wave functions in the bulk. This effect is present
r even in the couplings to zero mode fermions, and is due to
the y dependence of the gauge boson wave functions. In
m vl general the B coupling of fermions to a bulk gauge bosgn
== mkﬂ, (19 s given by
wherev =246 GeVg,=g/\/g’+g'?, andg,g’ are the four- Sint= 95J d*x dy V=g G,(x.y)
dimensionalSU(2), and U(1)y gauge couplings, respec- . R
tively. In addition, the KK excitations of gauge bosons in- XWi(X,Y)Y*P(X,Y), (23
duce four-fermion interactions parametrized by a shifGin
given by[8] wheregs= y2mr, andf is a fermion flavor index. This index

has been kept since in principle it is possible that the fermion
wave functions(16) are flavor dependent if the bulk mass
Yt should be noted that these bounds are on the mass of the firlarameterv; is not universal. The coupling of the gauge
KK excitation of a gauge boson. But sinoe;=2.45\, (i.e. for ~ boson to a given fermiof relative to its SM value is then
ek =10'), the corresponding bounds @ are weaker. given by
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O 1 [
—QSM)ZF fo dy &6y xQy), (29
f

with A=(L,R) and G=(W,Z). We define the new param-

eter
O¢
G_
Yi=|—=suwl L
(QSM)

f

(29

where f=b, ,bg,t_, ... is the zero mode fermion label.
From Egs.(16) and(17) we have

,_|f5(0)[? (Mz
z_1oT

Ak r A_r

2

Y (I +1,+13), (26)

where we have defined

— (ltZVf)k‘rrr_l
! 1i21/f [e ],

—2kmr

|2: Si 2Vf

Ze—Zk'n'r
3=~ 32, {(kq‘rr—

[e(BtZVf)k'n'r_ 1],

e(3+2v,:)k77r+ .
) 3+ Vs

(27)

and the+ (—) corresponds to left-handédght-handeg fer-

3+ 2Vf

mions. A similar expression can be obtained for the shift i

the W couplings by noting thay}'=c2y# . We first note that
¥$ always defines @ositiveshift in the corresponding cou-
pling. We can also see that fef<—0.5, the quantityy? is
practically independent of; and is given by

2

2 Mz 2mkr—1 0 28
%—Krz( wkr—1) (v;<—0.5). (28

For larger values o, the value ofyfz is reduced by the
vi-dependent terms.
In order to study the effects oifz on the bounds on the
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FIG. 1. Lower bounds (95% C.Lon A, vs the fermion bulk
mass parameter. The top curve correspondsitg,= 115 GeV, the
lower curve is form,,=300 GeV.

Following the standard procedufé&3,14], we redefine the
Weinberg angle by

SuCw(1= YY) = sy . (31)

This means that we recover the standard form of the relation
betweenGg, «, s, and Mz, whereas the neutral current
coupling now is
e e
—
SwCw  SwCw

e
(1+’yz—’yw)=SW—C(1+S\%,’yz). (32)
w

Mhe replacement in Eq31) implies that there is a new con-

tribution to s2 given by

C2
2osd| 14 b
Cw~Sw
where the dots stand for the contributions from §4d and
V parameters. Equatiof83) implies an additional shift in
fermion couplings to th& through the factorT;—Qfs\fv).
We perform a fit to the electroweak observables listed in
the Appendix, where we also show the dependencg dnV
andy“. The data are taken from R¢fL5]. For a fixed value

2y, (33

scaleA, , we will first assume that the bulk fermion mass is Of the fermion bulk mass parameterwe obtain bounds on
universal. In the next section we will study the effects ofthe low energy scalé\, . In Fig. 1 we plot the 95% C.L.
flavor violation in the bulk and the possible signals associfound onA, as a function ofv. The top curve corresponds
ated with it. We then consider, for the remaining of this sect0 My=115 GeV. We can see that the addition of the param-

tion, the case Wheresz — Vi =V for all fermions propa-

gating in the bulk. With this choice, all couplings undergo a

universal shift given by
9r—gr(1+7°), (29

whereG refers to either th&V or theZ coupling. Thus, there

eter y# arising from fermion delocalization results in stron-
ger bounds. The constraint obtained in R&D] for fermions
localized on the low energy brandé (>11 TeV), is recov-
ered in thev>1 limit. It was pointed out in Ref46,16] that

the hierarchy of fermion masses could be naturally obtained
in the bulk SM for values of;<<—0.5 for all fermions ex-
cept the top quark. Since the flavor dependenc¥ ahd y*

is a universal shift in the charged current couplings such thaf €xponentially suppressed for these values, the bounds in

Gr e?

=———(1+yV)2 30
2 BS@CiMi( r") (30

Fig. 1 apply to this model. Thus the 95% C.L. limit dn in
this scenario for generating fermion massed js>20 TeV,
which translates into a mass bound for the first KK excitation
of the gauge bosons which is;>49 TeV.
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] T T T ing operator in Eq(23), it is possible that in reducing to the
i | 4D effective theory the resulting operator may be suppressed
only by the TeV scale due to the presence of the warp factor.

For instance, projecting onto the zero modes results in the
20— —

r | interaction
% I : )
- —
: 15\ Cq 1 2+V e2kﬂ-r(1+y)_1
_ | Ms \2aMgr 2(1+v)  gkmr(1+2)

\ X (fra*"f1)Z,,, . (35)
10—

This implies a contribution to th& couplings to the fermion

I a— 0.0 Y Y f, which for the values of considered here gives approxi-
v mately
FIG. 2. Lower bounds (95% C.Lon A, vs the fermion bulk
. . . . ms B
mass parameter for the case with the third generation confined to — fewx 10 “c,, (36)
the low energy boundary. The top curve correspondsmip z

=115 GeV, the lower curve is fan,=300 GeV. . ) )
where we considered on-shell fermions. As usual, we impose
Increasing the mass of the Higgs weakens the bounds JFi<Ms/4/20 (rtzasulting from asking that the curvature be
A, somehow, as it can be seen from the bottom curve in Figsmaller tharMs) so there are no effects due to strong gravi-
1, for m,=300 GeV. However, the quality of the fit worsens tational interactions. Then, for the couplings we consider
considerably asn, grows. The value of thg? is practically ~here this results in shifts that are typicaliyfewx 10”°c;.
insensitive to they parameter. Varying then, andm,,, the This is at I_east two orders of magnltude smaller than the
minimum x2 is obtained for the lightem, andA y>~6.2 for  €ffects implied by the values of” in Egs.(26) and(28). We
m, =300 GeV. We then conclude that, <300 GeV at 95% conclude that this particular operator can be safely ignored.
C.L. in the bulk SM of the Randall-Sundrum scenario. Nonetheless, we see that it is not suppressed by the Planck
We also study a scenario with the third generation local-Scale relative to the leading operator in EB3). This exer-
ized on the low energy boundary. It was recently suggeste8iSe highlights the faqt t_hat the _effects of higher dlr_nenS|onaI
in Ref. [9] that this is needed in order to avoid potentially OP€rators are noé priori to be ignored and that, in some
large contributions to th& parameter from the KK excita- CaSes, they could have important effect_s at the weak scale.
tions of the top quark. In Fig. 2 we plot the 95% C.L. boundsHowever, for the purpose of our analysis, we assume these
on A, , where the fermion bulk mass parametenow refers will not change considerably the constraints derived in this
to that of the first two generations which live in the bulk. SEction.
Since the third generation does not propagate in the bulk, it
does not feel the effects of*. The resulting bounds are  IV. EFFECTS OF FLAVOR VIOLATION IN THE BULK
somewhat lower than the ones in Fig. 1. However, they are
roughly three times stronger than the ones derivg@jnFor
instance, forv<<—0.5 Fig. 2 implies that the first gauge bo-
son KK excitation must obegn;>41 TeV at 95% C.L. and
for m,=115 GeV. The lower curve corresponds ta,
=300 GeV and, just as for the case of Fig. 1, corresponds t
Ax?=6.2 and thus represents the 95% C.L. valuerfigrin
a fit of A, andmy,.
We end this section with a comment on the possible ef

As was mentioned in the previous section, it is possible to
generate a large hierarchy in fermion masses if we allow
O(1) flavor breaking in the bulk. Then we may allow the
bulk fermion mass parameters to vary as long as they all
are of order ondi.e. all bulk fermions have masses of the
Brder ofm p). This means that the shift in fermion couplings
to the W and Z gauge bosons given in Eq26) may be
non-universal. This necessarily leads to flavor-changing neu-
) . . L ; tral currents(FCNO) of the Z at tree level, as well as non-
fects of h|gher dlmensmnall operators. In pr|_nC|pIe, since th‘imiversal corrections to the charged current interactions. We
5D theory is non-renormalizable we can write down h'gher'concentrate here on the FCNC of tHelue to their danger-

dimensional operators suppressed by the appropriate powegs phenomenological nature. We first show how FCNC

of the relevant 5D scale. As an example we consider th%ome about in the present context. Assuming tj?éts dif-
operator T I
ferent for each fermion induces a flavor-dependent shift in
. the Z coupling given by
l — ~
M—S[‘I’f(x,y)oMN‘I’f(x,y)]gMN(x,y) (34) o
89r=yi ——(T5—Qysd), (37
_ ) SwCw
whereM =My is the cut-off scale of the effective 5D theory
andc; is a dimensionless coefficient which is naturatly whereTg is the third component of weak isospiQy is the
=((1). Although this is suppressed with respect to the leadfermion electric charge and we have dropped the superscript
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Zin ;. The non-universality in these shifts results in FCNCsidering the flavor changing terms, Eg9). The interactions
when fermions are rotated from the weak to the mass eigenp, Eqgs. (40)—(42) will induce K°-K®, Bg_Bg anng—Bg mix-

basis. _ ing, as well as rar& andB decays, all mediated by tree-level
_ Let us first consider the down quark sector. In the weakz ‘aychange. Similar expressions can be written for the up
eigenbasis, th& coupling to down quark types reads quark sector.
) In principle, we have little information on the entries of
re & Su 1 S A-Ror B-R. In order to illustrate how FCNC are generated
- chWZ Y let us examine a simple model for the rotation matrices. Let
us consider the situation wheBt=1 andA-=V . If this
— s@ is the case then we have, for instance for dhe»s, term,
X 2 (1+90)(DLy, DO+ > (1+vp,)
D=d,s,b D=d,s,b
d
— ALS= ')’dLV:qus"' ysLV:chs+ ')’bLV:chts
X(DryuDR) (- (38

In principle, in Eq.(38) there is also a factor of (&) =Mya =), (43)

coming from the effect in charged currents, as in B9).

However, this will be a flavor universal shifas far as the ]

quark flavor goed. As we will see below, this will cancel in  Where the last line results frodVys+VeVes=0 and\

the FCNC effects since these will depend on the differences=0-22 is the sine of the Cabibbo angle. We would also ob-
of quark flavor-dependent quantities. We define the rotatiok@in

of down quarks into the mass eigenbasisthy—A"D, and

Dr—ARDg [hereD"=(dsb)]. There will be analogous ro- db . .

tation matrices in the up sector given by —B-U, , etc., A= (yd, — ¥s)VuaVub™ (Yo, = ¥s) ViaVib

such thatVc = (BY) YAl is the usual quark mixing matrix.

The unitarity of A~ and AR implies that flavor off-diagonal

terms not proportional to a factor afy vanish. Then, off- Asz(ydL— ¥s)VisVubt (Yo, — ¥s)VisVio -
diagonal terms are given by (44)
FCNC e ds 4~ . . .
Lp :—SW—CZ”{AL (dLyust) Although in general there is no reason to believe tBht
W =|, we will refer to this scenaridas well as to the general
+Afb(anbL)+Afb(§LmbL) case in order to evaluate the potential size of the effects in
flavor physics.
+(L—R)+H.c, (39 We first consider FCNC processes in kaon physics in-
duced by theZ exchange. The contribution #°-K° mixing
where we defined is given by

A= Yo, ALT ALt ¥s Azt Asot vo, AST Az, (40)

4G 2/ 18)\?
AmK=—fﬁmK[—( -5 —) Re[(A%%)?]
A= 'YdLAIH Afgt YSLAIEI Azst YbLAgf Az, V2 3\ 23
(41 2\ 2 2
2/(s 1
+3 3““) Re[(AgS)2]—4( -5+ Z—W
AfP= YdLAlig Alst J’sLAlég Agyt '}’bLA|§; Azs. , ,
(42 syl 1 My ds e ds
X 3 Z+5 oy REACPAR]. (45

The analogous expressions far} can be obtained by

—R in Egs. (40—(42). Once again, we notice that iy

=v.=1,, the unitarity ofA-R implies that all off-diagonal Even in the presence of the last term, which is “chirally
terms vanish. Unitarity also implies that Eq40)—(42) ac- enhanced” and dominates, we do not find a large effect. If
tually depend on two independent combinationgygt, e.g. we assume that th& exchange contribution saturates the
(va,— vs) @nd (yp — 7). Then, as mentioned above, any experimental measuremenf15] AmE*=(3.489+0.008)

universal shift in theZ couplings(38) cancels out when con- X10°'°GeV, then considering AP®=A%°, we find

JRE (AT <1x 107
A tighter bound is obtained fronK, —u™ ™. This is
“Here we actually have (23’37 as entering inu decay.  extracted fron{14]
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Br(K,—utu™) —0.5. ForA,>13 TeV, (v4—vs)<0.08, for A,>10 TeV,
m (v_d— v)<0.05, etc. Then, although the bounds imply a cer-
m tain amount of tuning between the bulk mass parameters, this
7K, 8 1 2 is not particularly worrisome. If both bulk mass parameters
= [( ——+s2 +(s§v)2} are (vg,vs)<—0.5, the bound52) is easily satisfied. In the
7(K™) [Vygl? 2 most general case, there is too much freedom in order to use
1 5\%, 2 Eqgs.(49) and(50) to constraintA, and the bulk mass param-
X[| ==+ =] |A%2+(s2)2|A%?]. (46)  eters. This is particularly true in the case zbgs, since—
2 3 even assuming tha"=Vyy holds—we have no informa-

. R .
With [15] Br(K, —u*u )=(7.18-0.17)x10"° and as- tion on A"™. However, the lesson we draw from the bound in

suming that the new contribution saturates the rate, we ob=d- (52) is that K+_’7T+_VV is sensitive to small flavor
tain A95< 4. 8x 10°5. breaking in the bulk, particularly taking into account future
- improvements in the experimental measurements of this

But the best bound oA !$; comes fronK* — 7" v, The 0

contribution to the amplitude is given by mode as well a&, — " vv.

Observables ifB physics turn out to be less sensitive. For

e 1 A instance, following the derivation of E¢45), B-B° mixing
5A:W§{(_§+§)AL (dLyusL) results in the bound\{’y<5x10 %, where again we as-
SwCwMlz sumedAZ®=A% This in general corresponds to a much
sﬁv - — i weaker constraint on)(dL—ybL), as it is illustrated by the
+ 3 AR(drYuSR) Xi:e%, (riy*v)+HeC. scenario WithA"=V¢yy . In this caseA " =\3(yg — ),

47) so that the effect is largely suppressed by the large power of
the Cabibbo angle. The bound gets weaker if we assume only
On the other hand, the SM amplitude can be writtefild  one of them non-vanishing, since the last term in @§) is
still very important(although not dominait Although A%°
G a _— S (e coul_d be large and unsuppressed by powers, dfs effect in
AS'V'_E ES(dWMSL) < . () +Hc, B°-B® mixing is suppressed—relative to thatsf*—by two
v (48) powers of (sﬁ,/S)/(—l/ZJrsﬁ,)zO.lS. The current bounds
from rare semileptoni® decays such as—sl*|I~ are even
whereS=2x10"°. The current experimental measurementweaker. Although a great deal of improvement in the experi-
is [18] Br(K™— 7" vr)=(1.57" 54)*x1071° or an upper mental situation is expected soon in these decay modes,
bound of BrK " — 7" v1)<5x 10", The left-handed term these are still not sensitive mﬁ?R once we consider the

in Eq. (47) interferes with the SM amplitude. If we consider bounds onA, from the previous section.

this term only, we derive the® bound Finally, we consider the effects of flavor violation in the
up quark sector. There is an expression analogous t¢3By.
A9<1.2x1075, (490  for the Z couplings to up quarks, which can be obtained by

. ) ) ~ replacingD by U=(u c t)", and by putting the appropriate
Conversely, if we only consider the right-handed contribu-factors of (T;—Q;s2). There are also expressions b},

tion we obtain A"z andAf', similar to those in Eqs(40—(42), where the
A%< 1.9 1075, (50)  fotation matrix is nowBL'R. The terms involving the top
quark will only surface in top rare decays, which require top
Finally, if we considerA!S=A%8, then the bound is data samples not yet available. We will then concentrate on
ds s the uc terms. Current experimental constraints DA-D°
A R<7.5X10"". (5D mixing [19] result if Amp<4.5x10 4 GeV. The contri-

butions of A{z to Amp can be read off Eq(45). If we

In order to estimate the compatibility of these bounds with AU~ AL we obtain

the ones derived in the previous section from electroweafSSUM
precision measurements, we assuBw*el so we can make

use of Eq.(43) which, together with the bound in E9),

gives

PR<3x107*% (53

Unlike in the case ofA{";, here we do not expect a large
(74, — ¥s ) <5.5x107°, (52 suppression by powers af. For instance, if we assume that
all of the CKM matrix comes from the up sector, iB"
If we now consider as reference the bounds/gnthat we
obtained in the previous section and remember thatvfor
<—0.5y; is vy independent, we can derive bounds on bulk 3This bound is obtained assuming that there is no strong relative
mass differences. For instance, foy>20 TeV, Eq.(52) im-  phase between the doubly Cabibbo suppressed delayK ™7~
plies (v4— v, <0.1, as long as one of them is greater than and the Cabibbo allowed mod2®—K ™ 7.
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=Vexm and At=I1, then A‘L‘°:)\(yuL—yCL), only sup- We also considered the scenario motivated in Ref,
pressed by.. Moreover, it is possible to imagine thAL® is where the third generation is corjfined to .the.low energy
. 0 boundary. The bounds on, are displayed in Fig. 2. Al-
unsuppressed, which Woulfj4mean thet D mixing is S€N- " though these are somehow lower than those in Fig. 1, they
sitive to (yy, — e )=3%10"". If we assume that onljh| are still about three times stronger than the ones obtained in
is non-vanishing, we obtaia{°<5x10™4. If, on the other  Ref.[9].
hand, we assume that only the right-handed term is present, In Sec. IV, we considered the residual effects of flavor
we obtainAR*<5x 10 3. From the bounds derived in the dependence ir’yfZ by allowing O(1) flavor breaking in the
previous section we know that;<1x10"3 for »;<—0.5,  fermion bulk mass parameters. This induces FCNC of the
and that the flavor dependence reduggsas v; becomes Z to zero-mode fermions. We showed that these FCNC ef-
more positive. We then conclude that the flavor universafects are not dangerous once the constraintd pderived in
bounds from electroweak precision measurements are consec. Il are taken into account. We found the most sensitive

patible with the bounds oA [z from Amp, even for rela-  gpservables to be in kaon physics suchkdsk® mixing,

tively large values of #,— v), the difference in the relevant K —u* ", but especiallyK*—m*v». The constraints

bulk mass parameters: Futu.re Improvements in th_e EXPeltom these imply that there should be a certain amount of
mental bound om\ mp will begin to probe flavor violation in degeneracy in bulk masses of the down quark sector. Al-

the t_)ulk I a region where the flavor depend_en_ce/flm:ould though the bounds do not result in fine tuning, better mea-
manifest itself. However, at the moment this is not a con-

+ +. ; ;
straint comparable to the ones derived above from kaon prazurements oK™ — " vy may imply the need of a highek,

cesses. On the other hand, ryalecays receive very small | ON€ iS to avoid 1% adjustments in the bulk masses.
- ’ ; We stress that the effects considered here occur at tree
contributions fromA'%; once the bounds derived frofmp,

: . . . level and are the result of interactions among zero-mode
are taken into account. For instanceDn- (7,p)1 71—, they ; " o

) ) i — gauge bosons and fermions. Additional contributions to ob-
mainly contribute to the four-fermion operatot(y,C)  jique and non-oblique parameters may result from loop ef-
X(ly*vysl). Even when looking at the low dilepton mass fects involving KK excitations. However, in most cases we
region, away from the dominating resonant contributions, thelo not expect the predictions to be well defined. In particular,
effects of Az are small enough to be comparable to thewe expect that cut off dependence would hinder our ability to
remaining hadronic uncertainties presgz]. translate a one loop calculation into a bound on the param-
eters of the theory. This sensitivity to the cut-off can be in-

terpreted as a consequence of the fact that the 5D theory is

V. CONCLUSIONS non-renormalizable, so higher-dimensional operators with

We have derived constraints on the low energy scgle unknown coefficients may absorb the cut-off dependence

induced in the RS scenario, when the SM fields are allowed©M @ naive loop computation. As we show at the end of
to propagate in the 5D bulk. The effects are the result of the>ec. lIl, the effect of higher-dimensional operators could par-

deformation of theZ and W zero-mode wave functions due tally cancel some of the effects discussed here. However, it
to the presence of the Higgs field in the low energy bound2PPears unnatural to expect that they could do so efficiently

ary. When only gauge fields are allowed in the bulk, this only€"0Ugh to loosen the constraint considerably. ,
There are also flavor-violating effects induced by the mix-

leads to the contributions to the oblique parame&endT | ; X o
discussed in Ref10]. If fermions also propagate in the bulk, "9 Of zero-mode fermions with KK excitatiorj@1]. How-

non-oblique effects arise due to the modified couplings of th&Ve": these become irrelevant onteis raised to the values
Z and theW to zero moddermions. We considered these new ShoWn in Figs. 1 and 2.
effects here. In Sec. lll we studied the constraints one obtains
by assuming that the shifts in the couplings to fermions are ACKNOWLEDGMENTS
flavor universal. This is a rather good assumption, as we
point out in the discussion leading to E@8): for values of
the fermion bulk mass parameter< — 0.5, corrections to it
are exponentially suppressed. This is the regiornvothat
can be used in order to generate the fermion masses
pointed out in Refd.6,16]. For v;>—0.5, the dependence of
the bounds orv; is rather mild. Since the mass of the first Xésd?)mDseEgg&%m of Energy under Contract DE-
KK excitation of a gauge boson is given by =2.45\, , we '
conclude that these must be heavier than a few tens of TeV,
putting them out of reach of the Large Hadron Collider at APPENDIX
CERN.

We also found—ijust as in Reff10] for the case of local-
ized fermions—that although the bounds An are some-
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useful comments, and especially Walter Goldberger for use-
ful discussions and suggestions during the course of this
ork. This work was supported by the Director, Office of

cience, Office of High Energy and Nuclear Physics of the

What follows are the expressions of observables used in
the fits of Sec. Il as functions & T, V and y*:

what relaxed as the Higgs mass increases ytheonsider- I,=(T',)M(1-3.8<10°35+0.011
ably worsens. We observe in the bulk Si,<300 GeV at
95% C.L., a bound very similar to the one derived 1. —1.4vV—0.08)%)
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Re=(Re)M(1-2.9x10 3S+2x10 3T A(P,)=(A(P,)SM-0.028+0.020r
—0.26V—0.49%) —2.6V—4y*

R,=(R,)M(1-2.9x1073S+2x10°°T As(P,)=(AP,))M-0.028+0.020r
—0.26V—0.4y%) —2.6V—4y*

R,=(R,)M(1-2.9x10 3S+2x10 3T Ale=(AL:)SM—0.02(6+0.014T — 1.8V — 2.77y*
—0.26V-0.4y%) As=(Ag)SM—0.0165+0.011 — 1.4V — 2.16)7

on=(op)M(1+2.2x10 *S—1.6x 10 *T ALr=(ALr)SM— 0.0285+0.02T — 2.6V — 47
~0.02V-0.96") M= (Myy)SM(1— 3.6x 10~3S+5.5x 10~3T

Ip=(Ip)M(1-4.5x103S+0.011T— 1.4/ —0.71V+0.66/%)
~0.18y%) g2(vN—wN) =[g2(vN— »N)]M-2.7x 107%S

[e=(T¢)*M(1-6.5x10 3S+0.0124 1 6.5% 107 3T— 0.066/— 0.096)2
—1.6V+0.45y%)

g&(vN—vN)=[g&(vN—vN)]3M+9.3x 10 *S

iy = (i) SM(1+7.8<107°T—V+0.46y%) +2.0x107*T+0.1V+0.16)%

fs= (Afp)°V—6.8x10735+4.8x107°T el vE— v€) =[go( ve— ve) M+ 7.2 1073S
—0.62/~0.95/* —5.4X 10 3T +0.65/+ 0.99)%
Atg=(Afp)®"~6.8<10 °S+4.8x107°T Jen(ve— v€) =[gon( ve— re)|SM—3.9x107°T
—0.62V—0.95y% +0.15/—0.23y%
Alg=(Afp)M-6.8x 10 3S+4.8x 10 3T Quw(Cs)=[Qu(Cs)]*M-0.793—0.009T
—0.62V—0.95y% — 0.4V —290.8y~.
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