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1. Introduction

The Standard Model (SM) of particle physics has so far resisted every experimental effort
to refute its validity. Despite its tremendous success, the mere facts that its interactions do
not incorporate gravity and that its gauge couplings do not unify at the grand unification
scale, lead to the strong belief that the SM is just a low-energy approximation of a more
fundamental theory, valid up to some cutoff. With no new physics at the TeV scale, the
SM interpreted as an effective theory further suffers from the hierarchy problem, namely
the issue of how to create and maintain the large separation between the electroweak and
the Planck scale, Mp;, or some other high scale where new physics sets in. An elegant
solution to the hierarchy problem was proposed by Randall and Sundrum (RS) [fl]. The
RS model is formulated in five dimensional (5D) anti de-Sitter space (AdSs) with curvature
k. The fifth dimension is assumed to be compactified on an orbifold S!/Zs with radius r
and is labeled by the coordinate ¢ € [—m, 7w|. Two three-branes, i.e., four dimensional (4D)
Minkowskian subspaces, the ultraviolet (UV) and the infrared (IR) brane, are localized at
the orbifold fixed points at ¢ = 0 and ¢ = m, respectively. The hierarchy between the
electroweak and the Planck scales is then explained by a non-factorizable metric

ds® = 6_20(¢)nuydx“dx” —r2d¢?, o(p) = kr|¢|, (1.1)

where 7, = diag(1,—1,—1,—-1), and 2* denote the 4D Minkowski coordinates. In the
original model, the SM fields were assumed to be localized on the IR brane, where mass



scales are suppressed by the warp factor e %™

, whereas gravity propagates in the bulk,
i.e., the whole five dimensional space-time. The parameters k and 1/r are taken to be of
the order of Mp;, with the product L = krw ~ 37 chosen in such a way as to account for

the ratio of the electroweak and the Planck scales:
e=e L x~10715, (1.2)

It was soon realized that the minimal model could be extended by allowing gauge bosons [
and fermions [[]—f] to propagate in the bulk, without spoiling the solution to the hierar-
chy problem. The Higgs field, however, has to live at (or near) the IR brane. Bulk fermions
also allow the RS model to address the flavor puzzle, namely admit an explanation for the
hierarchical structure of the fermion masses. This is done by localizing the fermions at
different positions in the bulk, for which no hierarchical parameters are required [fJ—f].

In this work we study a SU(2)z x U(1)y gauge theory in the bulk of RS in a covariant
R¢ gauge, including mass terms generated by an IR brane-localized Higgs field. We work
in the decomposed 4D theory. A formulation in R¢ gauge is important for performing loop
calculations, as will be explained in section B.4. Within the 5D formulation, R; gauges
have been studied in [, [[(]. There are two different ways of treating the effects of a brane
Higgs. The first approach consists of solving the bulk equations of motion (EOM) of the
model, without taking into account the Higgs couplings. These are afterwards treated as a
perturbation [B, f, B, §, [1-[L3]. The other approach includes the Higgs-induced mass terms
from the beginning, which enter the EOM through boundary conditions (BCs) [H, [[4-[L6].
We will refer to this as the exact approach. As the first approach is widely used in the
literature and also gives an intuitive explanation of mixings between the modes, we will
employ this technique in the following. A central part of this work is a comparison of the
spectra that one obtains by using the different methods, which provides a cross-check of
the results. Finally, we extend the study to bulk fermions.

Our work is organized as follows. In section [}, the electroweak gauge theory in the
bulk of RS is formulated in R¢ gauge, using a 4D description.! The mass matrices are
diagonalized analytically, and formulas for the masses and mixings are given. In addition
a numerical analysis of the spectrum is performed, comparing the results with the findings
of the exact approach. In section [J, we consider a single bulk fermion and also diagonalize
the mass matrix analytically. We then perform similar numerical studies as in the case of
the gauge boson sector. Our conclusions are presented in section f.

2. Bulk gauge fields in R, gauge

In this section we derive the 4D theory for the electroweak gauge sector in a covariant
R¢ gauge. The IR brane-localized Higgs field is introduced as a perturbation which is
coupled to the (unperturbed) states after Kaluza-Klein (KK) decomposition. After the
fifth dimension is integrated out, the resulting mass matrices for the vector and scalar
fields have to be diagonalized in order to obtain the mass eigenstates. Due to their regular

Tt is straightforward to extend the results to the SU(3)c gauge group.



structure this is possible, despite the fact that the mass matrices are infinite dimensional.
We will find that the Goldstone bosons of the Higgs doublet mix with the scalar components
of the decomposed 5D gauge fields. We split up the 5D action as in [[I]

Seauge = /d4xr/ do (Lw.B + Lhiggs + Lar) + ghost terms, (2.1)

but postpone the rotations from A% = (W', W2 W3, B)T to the physical states (W=, Z, A).
Thus, the bilinear terms resulting from the covariant derivative of the Higgs doublet read

o(lo| —m
Lrigg 2 T () (v -
AT 0,102 + @02 — 20 1 4 + )0 R 7 A0

containing the a x ¢ matrix [[[7]

g5 0 0
(“)F@}:E 0 95 0 2.3
{o7r 2{0 0 g |° (23)
0 0 —gf

The index i counts degrees of freedom perpendicular to the Higgs field, whose vacuum
expectation value (VEV) is denoted by v ~ 246 GeV, and summation over a,b, and i is
understood. The bilinear terms in the pure gauge sector read

1 a rva 6_20 a a a a a 6_20 a
Liwpz = —1Fu P + S (05 450,47 + 9, AS0" AS) — 0" A0, - A% (2.4)

The mixing terms in (.3) and (B.4) could be removed by choosing the following gauge fixing

2

1
Lop=—5p

5 (2.5)

r

0|lpl —7) (a e=20(9)
8MAZ _ga < (’(b‘ )gé )F%Di —|—8¢ = Ag)

2.1 Kaluza-Klein decomposition

The gauge fixing Lagrangian (R.§) contains terms in which the J-distributions get squared.
In [[[§] it was shown, that these terms cancel with §-contributions from derivatives of the
scalar components of the gauge fields, entering through the use of the exact EOM. As we
work with unperturbed fields, the relevant terms in the EOM are absent and we would have
to find a method to deal with the §%-terms, e.g. inserting the completeness relation for one
¢ after KK decomposition. Alternatively, performing the integral over the fifth dimension
before fixing the gauge removes the d-distributions from the theory and we will proceed in
this way. Therefore we first perform the KK decomposition and write

Seauge = /d4x [r/ do (Lw.B + LHiges) + Eé% + ghost terms, (2.6)

—Tr



where we have introduced a purely 4D gauge fixing Lagrangian. The KK decompositions
for the gauge fields read [g, f]

A8(2,0) = — 3 AU @)y (9),
" w1 (2.7)
A8(r,0) = ——= 30 AL (@)= Byxn(6)

The profiles x,, are universal for all gauge fields and form complete sets of even functions
on the orbifold, obeying orthonormality conditions and the well known EOM derived in [g].
As the decomposition of the scalar modes contains the Zy-parity odd term Oyx,,, there is
no zero mode. Thus, the summation starts at n = 1 for that case, whereas it runs from
zero to infinity for the vector fields. This convention will be used throughout the paper.

We define the dimensionless coupling constant ¢(® = g / V2mr and remove the mixing
terms in the decomposed 4D action by introducing the gauge fixing Lagrangian

£GF N _25 Z [8“/1“(” <\/_g Foixn(m) + mnAg(n))]z = _% Z Ga(n)2

(2.8)
Thus, making use of the EOM and integrating over ¢, the bilinear terms in the Lagrangian
finally take the form

a(n va(n 1 a(n)\2 1 ab pa(m b(n
- Z[ 4Fu5 ) praval )_2_&1(5;54“( D2 L3 ), A 4
F (O MNP+ L (Buepr)? + 50, AL 0 AL
2 H 9 nx'n [ s} 5 (29)
a 37 a n a(n)?
& ()i + 2VER ooy P AL+ A0
+ ghost terms.
Here, we have introduced
(m?)2 =m28mndap + 27 X () xn () gD g FLFL, (2.10)
(m)ih, =27 xa(m)? 9" F4FY, (2.11)
containing the expressions [[L7]
g0 0 0
2 2
(@) (b) pa b (a) (b) Ta V| 0g° 0 0
gV g = gV g (FFT )T = — ;
00 —gg ¢ (2.12)
2 2 v? g 0 0
g Ry = g\ <FTF)..=— 0o ¢ o |,
i 4 9 /2
0 0g°+yg

well known from the SM.



2.2 Diagonalization of the mass matrices

Now one has to perform two types of diagonalizations. The first one concerns the two
matrices shown above and is realized by applying the usual field redefinitions

(m)+ _ (n ) 7 ()2 + 1 :
W (W w2y - ,
1,5 \/_( + 14,5 ) P \/5((’01 + ’L(,DQ)
(n) ! (m3 _ 15
Z'Y = (gW dB%), (2.13)
5 2+ g7 15 1,5
1
A(”) — (g/W( n)3 + gB(”))
and ¢” = 3. Thus, the mixing term for the scalars in (2:9) takes the form
a an v n)— - n)+ n
9 P Al = 2 <g(<p+W5( oW 12+ 9?02 )> (2.14)

and the whole Lagrangian decomposes into separate Lagrangians for the fields W=z
and A™).

The second type of diagonalization concerns the mixings of the different KK modes
and was discussed in detail for the case of the SM with a flat extra dimension in [[[§], using
a technique first presented in [IJ]. A glimpse on the ¢-dependent mass term in (R.9) tells us
that the Goldstone bosons mix with the KK tower of the corresponding scalar components
of the gauge fields. Therefore we introduce the infinite dimensional vectors

Wi = (et Wt LT
Zs = (°, 2, 28, )T, (2.15)
As = (0,401 AP )T
The mass terms of the scalar fields in (R.9) then take the form

§z £a

L6 s = —EwWTMS W — 27 TME* 75 — —ATM52A5 (2.16)

mass

The squared mass matrix

D m(n,n) m Yo m @2 B3
n=0"""X X 1My 2 My 3

ME: = mg?”mg 0 m3 0 . (2.17)

contains the bare KK masses m,, (which are equal for all types of gauge bosons) as well as

individual mass terms mg;n’n), X = W, Z that arise from electroweak symmetry breaking

(EWSB) and are given by

mon) 2 g*v?
(mig™)" = 21 S (m) ()

(mm)\2 (8 + g°)0? (2.18)
(mZ ) =27 — X () X0 (T7) .



One might worry about the divergent (0,0) component in (R.17), which is related to the
squared d-distribution in the 5D gauge fixing Lagrangian (R.5). In fact, this divergence
vanishes after diagonalization as we will see below. After implementation of the basis
transformation (2.13) and introducing the vector W = (I/V,iIE © W,it M W,it @ )T and
similarly for Z, and A,,, the mass matrix for the gauge fields (R-10) can also be expressed
in terms of the above definitions (R.1§). It reads [[[J]

m@0%  pOn* m@?’* m @’
m§ 0)? ml + m§ b? m§’2)2 m§’3)2
Mx? = mg? 07 mg 2 m% + m§’2)2 m§’3)2 e (2.19)
mg?’o)z mg’l)z mg’mz m% + mg’?))

and the mass term becomes
1 1
Lonass = WIT My W™+ S ZIM7* 28 + S AL Ma* A (2.20)

Note that for the photon, the mass matrices (B.17) and (B.19) reduce to the same diagonal
matrix, containing the KK masses m,, and possessing a vanishing (0,0) component. For

the W and Z bosons, additional work is required, but it will turn out, that the two matrices
indeed have the same eigenvalues as needed to maintain gauge invariance. Defining

v Va2 +g%v
%, my = %, an = V21 xn(m),
where ag = 1 (see below), we derive from (R.17) and (2.19) the characteristic polynomials

det(M5” — A1) = m% [(1 +n§::1ai - m%{) [Tm2 =2 =" a2m2 [ (m} - A)] ,

n=1 n=1 k#n

my = (2.21)

det(M% — A1) = [[(m2 = \) + mk Z 2 L mi =N . (2.23)

n=0 k#n
After some algebraic manipulation, both equations take the form

2
det(ME" — A1) = < [T m2 - A)> <m§( “A-amk Y mf
n=1

n=1 n

% A). (2.24)

Since v # 0 implies m2 # ), the squared mass eigenvalues \ are given by the transcendental
equation

2
m&—A—Am&mejA =0, (2.25)
n=1 "

which generalizes the result from [[[§] to the case of a warped extra dimension. We stress
that, although the Higgs has been introduced as a perturbation, the latter equation is an
exact result, as long as one does not truncate the sum. In the following we use the notation
M)(?p = \,, for the n-th solution to (.23).



2.3 The spectrum

As equation (P.2F) can not be solved analytically, we perform an iterative solution in
powers of the ratio v? /ME( x» Where My g = ke = ke k™ is the mass scale of the low-lying
KK excitations. This leads to

2 4
0)2 ay m
MP? =3 <1—m§<§ —2+o< B ))
n=1 KK

n

(2.26)

2 4 2.2 6

m m ma, o m

M2 =m? 1+—§ai+—ffai(1+§ — k2)+0 X
mz m; i M~ M Mg

One observes that the mass of the zero mode decreases, compared to the bare value m?X,
whereas the masses of the excitations increase compared to the unperturbed case. Further-
more, the mass of the scalar zero mode is finite.

In order to compare the masses numerically with the results of [[[f], we need the
solutions to the bulk EOM for the gauge fields, entering the above equations. They are given
in [B, fl, [[§). Introducing the variables t = ee?(¢) € [e, 1] [{] and z,, = m,,/Mk, they read

(@) = Ny L), (2.27)
with
et (t) = Yo(zne) J1(znt) — Jo(zne)Ya(ant),
N2 = [ef (D = €[er (),

n n n

(2.28)

for the case of a vanishing Higgs coupling. The masses m,, of the unperturbed states are
derived from the BC 04xn|¢=» = 0, which translates into

¢, (1) = Yo(xpe) Jo(zn) — Jo(zne) Yo(x,) =0, (2.29)
and there exists also a constant zero mode solution xo(¢) = \/%, with mg = 0. In the
exact approach, the masses of the physical states are derived from the condition [[I]

2,2
_ g*v "
xTnc, (1) =— Ler(1). (2.30)
nal) =g e

After truncation we can solve the transcendental equation (R.2§) numerically. In fig-
ure [ we compare the masses of the W boson and its first excitation that we get by the
different approaches of treating the Higgs, illustrating the dependence on the truncation.
Here and in the following we use € = 10710 and Myxx = 1.5 TeV as input parame-
ters. We plot relative deviations of the perturbed masses from the bare ones, denoted by
A; = MISIZ/) /m;—1, where mg = myy. The green (light gray) stars correspond to a numerical
solution of (R.2§), truncating the infinite sum after n modes. The red (dark gray) crosses
visualize the masses that we get from the expansion up to O(m% /M%) (see (2.28)), trun-
cated in the same way, and the straight black lines represent the exact results obtained by
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Figure 1: Dependence of the masses of the W-boson and its first excitation on the truncation.

using the formalism of [[[q] (see (B:30)). One observes that the perturbative approach works
very well for the masses of the gauge bosons. The numerical solutions converge quickly
to the exact values. It is noteworthy that taking into account only the mixing with the
first KK level, i.e., truncating the sum in (2.25) at n = 1, already gives about 70% of the
total correction to the zero mode mass. For the zero mode the limit of the expansion lies
slightly below the true value due to the neglected O(mS /Mp ;) contributions. However,
already the first corrections in the expansion (2.26)) lead to results very close to the exact
value and it’s a good approximation to truncate the sum at low n.

2.4 Eigenvectors

In the following we give the explicit form of the diagonalization matrices for the massive
gauge bosons X = W, Z, defined by

BTMmx*B=M%, BBT =1,

N 3 (2.31)
GTMS G =M%, GGT =1,

where M% denotes the diagonal matrix built out of the solutions ), to (2:2§). We start
with the diagonalization for the 4D vector fields. Calculating the eigenvectors of Mx?, we

get the relation between mass eigenstates X ,(fl) and interaction eigenstates X ,S"):

- 1 QA
x(n BT n,m) x(m) _ X 0 2 : n x (m
" \/1 + Zj:l (m?J—Ann)Q -



In the same way we obtain

2,,2

> (n) _ T(n,m m) __ 1 (0) QAmMMm M X m)
X5 o ZG ( )XS( ) o a2.m,mX X5 B Z m?n — )\n X5
m \/1 + Zj:l m m=1

(2.33)
for the scalars. To get a better feeling for the structure of the mixing matrices, we plug in
the expansions for the mass eigenvalues (2:24) up to O(m% /M%) and arrive at:

X mi X
1 aq m% a9 m% Qa3 m%
. . m %
—Q mj . Qv mZ—m3 [0 %183} m3 zm%
_ X X mx
B=| —ay m2 T o102 ey 1 Q302 —o= 5 )
% 2 5 1 2 3 2
e Mx mx X
(0% m3 a1a3m§_m2 Q3 o~ o 1
2 (2.34)
_ 1.2 Qn mx mx mx
2Mx 2 n=1 m2 a1 1 @2 ma as m3 e
—aq X 1— Lm?2 of m2 M _oear 2 m1_ogog
Ly 2 Xm% X mo mz—m% X msg mg—m%
2
_ P15 _n2 M2 _oiag 1.2 @ 2 ma _aszag
G = 2y My mIn? L7 3MXme X mg miemg
P5d _m2 ms _oiaz 2 m3 a3 _ 1,2 o3
3 g X m2om? X my mZomg LT 27X

From these expressions one can see that for the scalars, the mixings between the zero mode
and the KK excitations is only suppressed by O(mx/Mk), compared to O(m3 /M2y
for the vectors. It is easy to check that the given expansions for B and G diagonalize the
corresponding mass matrices exactly to second order in my /Mg k.

The propagators for the massive gauge bosons and corresponding scalars are easily de-
rived from (R.9), after rotating to mass eigenstates. They look like the standard propagators
for massive gauge and Goldstone bosons. The fact that the same mass M )(? )2 appears in
both, is essential for the cancellation of the dependence on the gauge fixing parameter & in
amplitudes. Indeed, the towers of scalars X, én) play the role of Goldstone bosons which are
absorbed into the longitudinal components of the gauge boson towers. The limit £ — oo
corresponds to the unitary gauge in which the Goldstone bosons are completely removed
from the theory. This gauge has often been used in the literature [J-[, [[1]. However, if
one wants to perform loop calculations involving gauge bosons with massive zero modes,
one has to be careful. In general the integration over loop momenta does not commute
with the limit £ — oo. Thus, removing the Goldstone bosons can lead to problems, when
there are several mass scales in the theory, which is the case in the RS model, where one
deals with mx and Mg . Therefore it is important to perform the gauge fixing in a covari-
ant R¢ gauge. It should be mentioned that inner lines can also be expressed through 5D
propagators, which has the advantage that one does not have to sum over the KK tower [{].



3. Fermions

In the following we consider bulk fermions, coupled to a brane-localized Higgs sector, and
diagonalize the mass matrices in closed form. We restrict ourselves to the case of just one
single fermion, as the internal mixings of N generations lead to additional difficulties (see
end of section f]). This simplified scenario illustrates the capabilities of the perturbative
approach. The KK decomposition of the action as well as the bulk EOM can be found
in [fjj. Remember that in order to reproduce the SM at low energies, one needs (besides
three generations) two sets of fermions, one charged under SU(2), (@), with a left-handed
zero mode, and one singlet (¢), with a right-handed zero mode. Since we consider just one
single fermion, in the following the labels @ (¢) denote particles that are charged (neutral)
under the corresponding gauge group. We introduce the Yukawa action

/d4 /dqﬁx/_ DD eroul? e, ) 5(¢— ). (3.1)

Note that the convention for the 5D Yukawa coupling above differs from that in [[[§] by a
factor of r. Plugging in the KK decomposition and integrating over ¢ leads to the mass term

Ly =— Z m;m’n)zl_)#b(@ (2)YFD (z) + h.c., (3.2)

m,n

with

(m,n) _
my =

% e AP FHQ () R (). (3.3)

After EWSB we can combine waL @) with 1/15 (@) and 1/15 @) with 1/15 (@) into the vectors

~ T
\IJL <L(Q,T/)1 , f(q’ 5(Q7¢L(q ) ’

& R(q) RQ) R  RQ) R T (34
\PRE<¢0q7 1 7¢1q7 2 7¢2q"“) :
The whole mass term can then be written as
L=V MUg+ hee., (3.5)
with
(0 0) (0,1) (0,2)
f1 0 ’ mfl 1 ) mfl 2
m;’)M 1m§£’) 0 m;’)
= 0 0 M1 O 0 (3.6)
= 2,0 2,1 2,2 ) .
mZ0 0 @ oy
0 0 0 0 Myo

where Mg 41, denote the KK masses (before EWSB) [13, fj]. The zeros are due to the
fact that fields that are odd under the Zs-parity vanish at the IR brane.

— 10 —



3.1 Diagonalization of the mass matrix

In order to diagonalize (B.6)) we use the important fact, that the entries of the mass matrix
are not independent from each other. The Yukawa masses can be factorized in terms of
profiles of the corresponding fermions, evaluated at the IR brane. We define

af =N ), o

NG
af = AP £ (m),
so that
v
mgcm’") = 7 ol ok, (3.8)
Now the mass matrix reads
vafafl 0 vakalt 0 vagall ...
valall V2Mg1 valalt 0 valall ...
1 0 0 V2M,; 0 0
M = V2 vakall 0 vakalt \2Mgo vakall ... (3.9)
0 0 0 0 V2M,s ...

Deriving the characteristic polynomial of MM leads again to a transcendental equation
for the (squared) mass eigenvalues of the fermion modes M}m)z = Al,. We find
L2, R12
)\f_)\f2v_22 [aj] [ak] _
m m (M2 _)\f)(M2 _)\f) ’
J,k=0 Q.j m ¢k m

(3.10)

where we have assumed )\;5) to be real-valued. Note that Mg o= My = 0.

3.2 The spectrum

Since the transcendental equation (B.1() can not be solved analytically, we perform again
an expansion in powers of v2 /M%( x and obtain

2 L2 R12 4
M2 (00)2 [1 _v <[a(1)%]2 loa]” + [agf M) Lo(r ] . (311)
f f 2 n; M3, nz::l M2, (M}(K)

One can see that the physical zero mode mass is lowered compared to the leading term in
the expansion. For the KK modes we get

v? 2 [aR]2 v
M2 .4 1+—[aﬁi] n —i—(’)( > , for odd m
M QgL |7 ey HZ:% ME o =Mz, \Mig
2
M2, |1+ f[a%fz o] —i—(’)( vt ) , for even m.
e 2° = n=0 M27% n Mém M?(K

(3.12)

— 11 —
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Figure 2: Dependence of the fermion zero mode mass on the truncation.

Here m labels all diagonal entries of the (diagonalized) mass matrix, and no longer charged
or neutral fields separately. One observes, that to first order in v? /M12< ) Just neutral states
of other KK levels contribute to the mass corrections of the charged fermion and vice versa.

The explicit form of the fermion profiles that enter the above equations was calcu-
lated in [f, [, [d]. Defining cg, = +£mg ,/k, where mg, is the bulk mass term of the
corresponding fermion, the zero mode solutions read

L.R | Le 1/2 4+ cq,
0 (qb) = NL,R ? 1°Q ’ N[2,7R = fl—elWQi]q' (313)

For the excited states (n > 0), we define x(Q"L = Mg qy,n/Mk i and the solutions are given

by

n LEt n
7{LL(Q),R(Q)}(¢) — N(C{Qq},ang{q}) — f+(t,C{Q,q}v$§Q),q})’

(3.14)
n Let _ n
fn{R(Q),L(q)}(¢) — iN(C{Q,q}a‘TE{Q)’q}) sgn(gb) \/;f (t,C{Q,q},ng;,q})7
where
frtea) =J 1 (we) Jeyy (at) £ 1 (ve) Ju1_ (o), (3.15)

N_2(c,a:) = [f,f(l,c,a:)]2 — ¢ [f;’(e, c, x)]2

The (unperturbed) KK masses Mg 41, are now obtained from the BC at the IR brane

P~ (L egquap 7 ) = 0. (3.16)

— 12 —
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Figure 3: Dependence of the masses of the first KK level on the truncation.

In the exact approach the masses M, of the physical fermions are determined by the
equation [[Lf]

1-A8

2 I202 (1 (n)y £+(1 (n)
) v f ( 7CQ7x( )); ( ,CQ,T ) _ 07 (317)
z\")) [~

872 M2 £~ (1,¢cq,2™) f~ (1, cq,2™)
where the index n labels all mass eigenstates.

In figures f] and | we compare the masses obtained from the different approaches,
demonstrating the dependence on the truncation of the infinite sums in the corresponding
expressions. For illustration we consider the top quark and take the values

co=—-0473, ¢ =0339, AV =0.422 (3.18)

from [[[f] as input parameters. We plot again the relative deviations of the perturbed masses
from the bare ones. These would be m;&o) = 140 GeV for the zero mode, Mg = 3.690
TeV for the first charged and M, = 5.419 TeV for the first neutral excitation for our
choice of parameters. The green (light gray) stars correspond to a numerical solution
of (B.10), truncating the infinite sums after n modes. This way, n charged and n neutral
modes are taken into account. The red (dark gray) crosses represent the masses we get
from the expansions (B.11)) and (B.19), truncated in the same way. The black lines show the
exact results obtained by using the formalism of [[[§ (see (B.17)). One observes that the
perturbative approach works quite well. It is interesting to note that taking into account
just the mixing with the first KK level, which includes the first excitation of the charged
fermion as well as that of the neutral one, already accounts for about 70% of the total
shift in the zero mode mass. For the excitations this is not the case, but nevertheless the
convergence is reasonable. Note that also for the fermions the expansion in O(v?/M% )
works well. The eigenvectors, which build the entries of the diagonalization matrices U and
V with UTMV = M, where M is the diagonalized mass matrix, are given in appendix [A].
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For N generations of fermions the entries in the mass matrix (B.6) are replaced by
N x N matrices. Therefore the diagonalization and derivation of the eigenvalues presented
in this section does not work any longer. One could perform the diagonalization, using
an expansion in v2/M% . from the very beginning (see also [[d]). However, this leads to
quite complicated, implicit expressions for the entries of the diagonalization matrices and
the method presented in [If] seems more suitable for the N fermion case.

4. Conclusions

In this paper, we have worked out the effective 4D theory for the spontaneously broken
SU(2)r, x U(1)y gauge symmetry in the Randall-Sundrum geometry, applying the widely
used perturbative approach. We have performed the gauge fixing in a covariant R¢ gauge
and pointed out its relevance for loop calculations in the decomposed theory. The emerging
mass matrices have been diagonalized in closed form and a comparison of the spectrum
with the results obtained by the exact method of [I§] has been presented, emphasizing
that already a low truncation of the KK tower leads to good numerical agreement. Then
we have applied the perturbative approach to the fermion sector, where we restricted
the considerations to the case of a single fermion. In summary, we have validated the
applicability of the perturbative approach. For calculations incorporating N generations
however, the exact method seems to be more suitable.
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A. Eigenvectors in the fermion sector

The relations between mass eigenstates (denoted by a tilde) and interaction eigenstates for
the fermions read:

=(n) ~

/
:ZL W9 o An WL @y ap Mym @)
NUYO aL(M2 _)\f) m P R m >
m=1 " 0 ,m n O[(L)’U(Mq%m—)\n) Zk:()ﬁ
a.k
2
2
NY - 1+2<LO‘;“ f>+ At |
m= Oé() (MQ,m - A1’L) m=1 aOLU(Mq2,m _ A7f1) <zk20 Mzak )\f>
g,k 1
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and

=(n) ~
by =Y viemghy
5 Ly, %Mo m R(@_( QAL f) R(q)
Nn aL2 m R M2 _)\n m )
= oA M) (Do) O
2
L RS 2
vV _ am Mg m aB )\,
o= 12 Ry (1/2 f ap? " (aR(M2 —A£)> .
m=1 aOU(MQ,m_)‘") Zkzom m=1 0 q,m
(A.2)

Looking at these relations one observes a mixing of neutral fermions with charged ones, so

that for the SM gauge group there could be right-handed couplings of zero mode fermions
to the W boson [§, [[3, [3, RJ].

References

[

L. Randall and R. Sundrum, A large mass hierarchy from a small extra dimension,

Rev. Lett. 83 (1999) 337( [hep-ph/9905221].

2]

3]

H. Davoudiasl, J.L. Hewett and T.G. Rizzo, Bulk gauge fields in the Randall-Sundrum model,
[Phys. Lett. B 473 (2000) 43 [hep-ph/9911267].

A. Pomarol, Gauge bosons in a five-dimensional theory with localized gravity, |Phys. Lett. B

486 (2000) 153 [hep-ph/9911294].

[4]

[5]

S. Chang, J. Hisano, H. Nakano, N. Okada and M. Yamaguchi, Bulk standard model in the
Randall-Sundrum background, [Phys. Rev. D 62 (2000) 08402 [hep-ph/9912499].

T. Gherghetta and A. Pomarol, Bulk fields and supersymmetry in a slice of AdS,

B 586 (2000) 141| [hep-ph/0003129.

[6]

[7]

8]

[9]

Y. Grossman and M. Neubert, Neutrino masses and mizings in non-factorizable geometry,
[Phys. Lett. B 474 (2000) 361| [nep-ph/991240§].

S.J. Huber and Q. Shafi, Fermion masses, mixings and proton decay in a Randall-Sundrum
model, [Phys. Lett. B 498 (2001) 256 [hep-ph/0010195].

S.J. Huber, Flavor violation and warped geometry, [Nucl. Phys. B 666 (2003) 269
[hep-ph/0303183.

L. Randall and M.D. Schwartz, Quantum field theory and unification in AdSs, VJHEP 1

(2001) 009 [hep-th/0108114].

[10]

L. Randall and M.D. Schwartz, Unification and the hierarchy from AdSs, |Phys. Rev. Lett. 8§

(2002) 081801 [hep-th/010811§].

[11]

S.J. Huber and Q. Shafi, Higgs mechanism and bulk gauge boson masses in the
Randall-Sundrum model, [Phys. Rev. D 63 (2001) 045010| [hep-ph/0005286].

— 15—


http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PRLTA%2C83%2C3370
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PRLTA%2C83%2C3370
http://arxiv.org/abs/hep-ph/9905221
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHLTA%2CB473%2C43
http://arxiv.org/abs/hep-ph/9911262
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHLTA%2CB486%2C153
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHLTA%2CB486%2C153
http://arxiv.org/abs/hep-ph/9911294
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHRVA%2CD62%2C084025
http://arxiv.org/abs/hep-ph/9912498
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=NUPHA%2CB586%2C141
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=NUPHA%2CB586%2C141
http://arxiv.org/abs/hep-ph/0003129
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHLTA%2CB474%2C361
http://arxiv.org/abs/hep-ph/9912408
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHLTA%2CB498%2C256
http://arxiv.org/abs/hep-ph/0010195
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=NUPHA%2CB666%2C269
http://arxiv.org/abs/hep-ph/0303183
http://jhep.sissa.it/stdsearch?paper=11%282001%29003
http://jhep.sissa.it/stdsearch?paper=11%282001%29003
http://arxiv.org/abs/hep-th/0108114
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PRLTA%2C88%2C081801
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PRLTA%2C88%2C081801
http://arxiv.org/abs/hep-th/0108115
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHRVA%2CD63%2C045010
http://arxiv.org/abs/hep-ph/0005286

[12]

F. del Aguila and J. Santiago, Universality limits on bulk fermions, |Phys. Lett. B 493 (2000)

17 [hep-ph/0008143.

[13]

[14]

[15]

J.L. Hewett, F.J. Petriello and T.G. Rizzo, Precision measurements and fermion geography in
the Randall-Sundrum model revisited, JHEP 09 (2002) 03(] [hep-ph/0203091l].

C. Cséki, C. Grojean, J. Hubisz, Y. Shirman and J. Terning, Fermions on an interval: quark
and lepton masses without a Higgs, [Phys. Rev. D 70 (2004) 015019 [hep-ph/031035§].

J.A. Bagger, F. Feruglio and F. Zwirner, Generalized symmetry breaking on orbifolds,

Rev. Lett. 88 (2002) 101601 [hep-th/010712g].

[16]

[17]

18]

[19]

[20]

S. Casagrande, F. Goertz, U. Haisch, M. Neubert and T. Pfoh, Flavor physics in the
Randall-Sundrum model: i. Theoretical setup and electroweak precision tests,
rXiv:0807.4937.

M.E. Peskin and D.V. Schroeder, An introduction to quantum field theory, Westview Press,
U.S.A. (1995).

A. Miick, A. Pilaftsis and R. Riickl, Minimal higher-dimensional extensions of the standard
model and electroweak observables, [Phys. Rev. D 65 (2002) 085037 [hep-ph/0110391]].

K.R. Dienes, E. Dudas and T. Gherghetta, Light neutrinos without heavy mass scales: a
higher-dimensional seesaw mechanism, |Nucl. Phys. B 557 (1999) 2§ [hep-ph/9811424).

F. del Aguila, M. Pérez-Victoria and J. Santiago, Observable contributions of new exotic
quarks to quark mizing, JHEP 09 (2000) 011| [hep-ph/0007316].

— 16 —


http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHLTA%2CB493%2C175
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHLTA%2CB493%2C175
http://arxiv.org/abs/hep-ph/0008143
http://jhep.sissa.it/stdsearch?paper=09%282002%29030
http://arxiv.org/abs/hep-ph/0203091
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHRVA%2CD70%2C015012
http://arxiv.org/abs/hep-ph/0310355
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PRLTA%2C88%2C101601
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PRLTA%2C88%2C101601
http://arxiv.org/abs/hep-th/0107128
http://arxiv.org/abs/0807.4937
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHRVA%2CD65%2C085037
http://arxiv.org/abs/hep-ph/0110391
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=NUPHA%2CB557%2C25
http://arxiv.org/abs/hep-ph/9811428
http://jhep.sissa.it/stdsearch?paper=09%282000%29011
http://arxiv.org/abs/hep-ph/0007316

