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The anarchic Randall-Sundrum model of flavor is a low energy solution to both the electroweak
hierarchy and flavor problems. Such models have a warped, compact extra dimension with the standard
model fermions and gauge bosons living in the bulk, and the Higgs living on or near the TeV brane. In this
paper we consider bounds on these models set by lepton flavor-violation constraints. We find that loop-
induced decays of the form [ — [’y are ultraviolet sensitive and incalculable when the Higgs field is
localized on a four-dimensional brane; this drawback does not occur when the Higgs field propagates in
the full five-dimensional space-time. We find constraints at the few TeV level throughout the natural range
of parameters, arising from p — e conversion in the presence of nuclei, rare u decays, and rare 7 decays.
A tension exists between loop-induced dipole decays such as u — e7y and tree-level processes such as
M — e conversion; they have opposite dependences on the five-dimensional Yukawa couplings, making it
difficult to decouple flavor-violating effects. We emphasize the importance of the future experiments
MEG and PRIME. These experiments will definitively test the Randall-Sundrum geometric origin of

hierarchies in the lepton sector at the TeV scale.

DOI: 10.1103/PhysRevD.74.053011

I. INTRODUCTION

The standard model (SM) of particle physics is a re-
markably successful description of nature. However, it
contains several unsatisfactory features. In particular, there
are many hierarchies built into the model that have no a
priori explanation. The most famous of these is the huge
separation between the electroweak and Planck scales.
There have been many proposed solutions to this problem.
One possibility is the Randall-Sundrum scenario (RS) [1].
In this model, our four-dimensional space-time is em-
bedded into a five-dimensional anti de-Sitter space. The
extra “warped” fifth dimension is compactified on an
orbifold. This space-time is described by the metric

ds? = e—anqﬁanx#de — r2d¢?, ()

where —7 = ¢ = 7. Three-branes are placed at the orbi-
fold fixed points ¢ = 0 and ¢ = 7 (and its reflection at
¢ = —ar). The brane at ¢ = 0 is called the Planck or
ultraviolet (UV) brane, while the brane at ¢¢ = 7 is called
the TeV or infrared (IR) brane. For sizes of the fifth
dimension kr. ~ 11-12, the TeV scale is obtained from
the fundamental Planck scale via an exponential warping
induced by the anti de-Sitter geometry: Mr.y =
Mple”””v. It was shown that this setup can be naturally
stabilized [2]. The original model placed all SM fields on
the IR brane.

This scenario does not explain all unnatural parameters
in the SM. The fermion Yukawa couplings, except for the
top quark coupling, are small and hierarchical. The mini-
mal RS model offers no solution to this flavor hierarchy
problem. In addition, the flavor sector in the RS model is
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sensitive to ultraviolet physics, and requires a cutoff of
roughly 10 TeV to avoid dangerous flavor-changing neu-
tral currents. This is problematic, as the only cutoff avail-
able is the electroweak scale.

One solution to this problem is to permit some or all of
the SM fields to propagate in the full 5D space [3—5]. The
only requirement for solving the gauge hierarchy problem
is to have the Higgs field localized near the IR brane. This
immediately presents a solution to the flavor hierarchy
problem [4,5], since the Yukawa couplings of the Higgs
field to the fermions become dependent on the position of
the fermion fields relative to the IR brane. By placing
fermions at different positions in the 5D bulk, a hierarchy
in the effective 4D Yukawa couplings can be generated
even with anarchic O(1) 5D couplings. These “anarchic”
RS models set all diagonal and off-diagonal Yukawa cou-
plings to O(1). In addition, allowing fermions to propagate
in the bulk suppresses the operators leading to dangerous
flavor-changing neutral currents [5,6]. Some collider [7]
and flavor physics [§—12] phenomenology of these models
has been considered previously.

Additional work is needed to make this scenario fully
realistic. It was shown that the simplest formulation leads
to large violations of the custodial symmetry in the SM
[13]. There are two known solutions to this problem. The
first extends the bulk gauge symmetry to SU(2); X
SU(2)z; when broken by boundary conditions, a bulk
custodial SU(2) symmetry is preserved [14]. The second
model introduces large brane kinetic terms to suppress
precision electroweak constraints [15]. Both solutions al-
low for the masses of the first Kaluza-Klein (KK) excita-
tions to be as low as 3 TeV, generating interesting
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phenomenology which may be observable at the upcoming
Large Hadron Collider (LHC).

In this paper we probe the anarchic RS scenario by
examining its effects on lepton flavor-violating observ-
ables. We study here a minimalistic model; we assume
the SM gauge group, KK masses of a few TeV or larger, and
an anarchic 5D Yukawa structure. We allow the Higgs
boson to propagate in the full 5D space, which encom-
passes features found in several recent models [16,17].
Specific theories such as those mentioned above with a
left-right symmetric bulk or large brane kinetic terms will
predict slightly different effects than we find here, but we
believe that our analysis captures the most important ef-
fects. We note that the flavor violation we study here is
completely independent of neutrino physics parameters.
We subject the anarchic RS picture to a complete set of
experimental constraints: the rare u decays w — ey and
u* — ete e™, the rare T decays 7 — {e, u}y and trilep-
ton decay modes, and u — e conversion in the presence of
nuclei. We find constraints on the KK scale of a few TeV
throughout parameter space. Interestingly, there is a “‘ten-
sion” between dipole operator decays such as [ — [’y and
the remaining processes. They have different dependences
on the 5D Yukawa parameters, leading to strong con-
straints throughout parameter space. We also find that
when the Higgs field is localized on the TeV brane, the
dipole decays [ — [’y are UV sensitive and incalculable in
the RS theory. This does not occur when the Higgs boson
can propagate in the full 5D space-time. We emphasize the
important role played by several future experiments: MEG
[18], which will improve the constraints on p — ey by 2
orders of magnitude; PRIME [19], which will strengthen
the bounds on u — e conversion by several orders of
magnitude; super-B factories, which will improve the
bounds on rare 7 decays by an order of magnitude. Mea-
surements from these three experiments will definitively
test the anarchic RS picture.

We briefly compare our work to previous papers on
lepton flavor violation in the RS framework. Ref-
erence [20] studied lepton flavor violation in a scenario
where only a right-handed neutrino propagates in the full
5D space-time. The studies in [8,12] allowed all SM
fermions and gauge bosons to propagate in the bulk.
Reference [8] did not incorporate custodial isospin, and
therefore considered KK masses of 10 TeV, while the paper
[12] considered a model with structure in the 5D masses
and Yukawa couplings. None of these studies considered a
bulk Higgs field. They also did not address the UV sensi-
tivity of dipole decays in the brane Higgs field scenario,
nor did they discuss the tension between tree-level and
loop-induced processes. We also present a more detailed
study of future experimental prospects than previous
analyses.

This paper is organized as follows. In Sec. II we present
our notation and describe the model. We discuss in Sec. III
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the u — e conversion and trilepton decay processes, which
are mediated by tree-level gauge boson mixing. We discuss
the loop-induced decays I — I’y in Sec. IV. In Sec. V we
present our Monte Carlo scan over the anarchic RS pa-
rameter space. We summarize and conclude in Sec. VL.

II. NOTATION AND CONVENTIONS

In this section we present our notation and describe the
model we consider. The basic action is

S = fd4Xd¢\/6[£gauge + Lrermion T £Higgs]- ()

The Lagrangian for gauge fields in the bulk, L,,e, has
been studied in [3]. Lrmion Was presented in [4,5,7] using
an IR brane Higgs boson; we will review the relevant
formulae and discuss the transition to a bulk Higgs below.
Our setup of the bulk Higgs field will follow the discussion
in [17].

A. Brane Higgs field

We begin by considering the case of the Higgs field
localized on the IR brane. The Lagrangian in this case is

Ligiges = [D,H(D*H)' — V(H) = Lykawa
X [6(¢p —m) + 8(¢p + 7)), (3)

where D, is the covariant derivative. Ly v, describes the
Yukawa interactions with the fermions. The Lagrangian for
bulk fermions was derived in [4,5,7]; it takes the form

L fermion lq,E%FADM\P - sgn(d))kc\y‘if\l’, (4)

where EY is the inverse vielbein. This Lagrangian admits
zero-mode solutions. The ¢y parameters indicate where in
the fifth dimension the zero-mode fermions are localized:
either near the TeV brane (¢ < 1/2) or near the Planck
brane (¢ > 1/2). The 4D Yukawa couplings of these fer-
mions are exponentially sensitive to the cy parameters. We
perform the KK decomposition of the fermion field by
splitting it into chiral components, ¥ = ¥, + ¥, yield-
ing

2krlg|
vV rC

The ¢ dependence becomes part of the KK wave function

f(L'f}e(¢; ¢); explicit formulas for these wave functions can
be found in [4,5,7].

The SM contains two types of fermions, corresponding
to singlets (S) and doublets (D) under SU(2);. In the SM,
we require that the S fermions are right-handed while the D
fermions are left-handed. However, in five dimensions we
must have both chiralities. To get a chiral zero-mode sector
we use the orbifold parity of RS models. In particular, we
choose (Sg, D;) to be even under the orbifold parity
(Neuman boundary conditions) and (S;, Dg) to be odd

Ve ) =Y ey 4 IO N &)
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(Dirichlet boundary conditions). The odd fields will not
have zero modes, and the even zero modes will correspond
to the SM fermions. We now group these fermions and
their first KK modes into the vectors

(©)

where i is a flavor index (i = e, u, 7)and I = 1...9. We
will show in a later section that higher KK modes have a
negligible effect on our results.

The fundamental 5D Yukawa interaction is

N
-E Yukawa %DZLHSIIQ (7)

Using the vectors in Eq. (6) and substituting in the KK
expansion of Eq. (5) yields

A=
L Yukawa — %\IIQH\I’{Q + H.c,, )
where

A4p MApFr 0O
A=|Fhp FragpFr O 9

0 0 0

Each internal block is a 3 X 3 matrix, with

W) 0 0
Fup=|{ 0 We/f. 0 | (0
0 0 ol 150

These should be evaluated on the TeV brane, since that is
where the Higgs is localized. We find

ij _ €

(0) £(0) yij
4D krcfi fj /\lSJD

(1 - 2Cl)(l - 2C) —etes ii
Z\/(Elzci_l)(elzc,-j_l)fl (erte)) X Adp, (1)

where € = ¢’ and there is no sum over i,j. It is straight-
forward to write down the mass matrix for the fermions:

M, MyFpg 0
M = <FLM0 FrMyFg MKK>, (12)
0 Mxx 0

where Mg = % Aj, is the zero-mode mass matrix. M is
a diagonal matrix that contains the KK masses. M|, is not
diagonal. We can diagonalize this zero-mode mass matrix
in the usual way, by constructing a biunitary transforma-
tion (U;, Ug) so that M = ULMOU,E is diagonal. We can
embed this rotation into the full matrix above by multi-
plying on the left by diag(U;, 1, 1) and on the right by
diag(U}, 1, 1). This gives
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Mp HAx 0
M=|5a A My | (13)

0 Mg O

We have set %AR = ULM()FR = MDURFR and %AL =
FLMOU;E = FLUIMD. A factor of % was extracted to

make it easier to match to the Yukawa matrix. Notice
that the middle entry can also be written in terms of
the diagonal zero-mode matrix: A; = F MyFp =
F; U}iM pURgFg. From now on, we will use this expression.
To find the Yukawa matrix A in this basis, we just divide
Eq. (13) by % and set Mg = 0. We note that this implies

we are considering the exchange of a complex Higgs
boson, which is equivalent to the exchange of the physical
Higgs boson and the longitudinal component of the Z. The
diagonalization of this mass matrix is discussed in the
appendix.

B. Bulk Higgs field

We now discuss the changes that occur when we allow
the Higgs to propagate in the full 5D space. A new cou-
pling of the Higgs boson to the fermion KK states exists:

HS_(LI)Dg) + H.c.. This is not present in the brane Higgs
case because the S; and Dy wave functions vanish identi-
cally on the TeV brane due to the Dirichlet boundary
conditions. The fermion mass matrix becomes

Mp 2Ap 0
M: LAL Al MKK . (14)

V2

A g1 are not the same as in the brane case; they now
include overlap integrals of the KK and zero-mode fermion
wave functions with the Higgs wave function. A, repre-
sents the wave function overlaps between the first KK
modes of the right-handed doublet and left-handed singlet
leptons; the explicit expressions as well as the details of
diagonalizing M can be found in the appendix. We note
that all of the A are proportional to the 4D Yukawa
couplings.

Our discussion of the bulk Higgs field will follow the
presentation in [17]. The 5D profile for the Higgs vacuum
expectation value (vev) is

xu(p) = Nye*?J ,(ixpekrld=m), (15)

Here, x; is the solution of a root equation giving the
tachyonic mass, Ny is a normalization factor, o = kr.¢,
and v is the index of the solution. We will simplify this
further for our discussion by using the asymptotic expan-
sion of the Bessel function for large index, J,(z) ~ z”.
Using this expansion gives the following normalized pro-
file:
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kr.(1+v)

xu($) = We(zw)g_ (16)

This satisfies the constraint
1=2 f " dpe7 ) (), (17)
0

where the factor of 2 comes from the [ — 7, 0] integration.
In our analysis we will vary the index v, without worrying
about its dependence on the model parameters in [17]. This
also makes a connection with the A5 composite Higgs
models in [16], which is approximately realized in this
framework as ¥ = 0. We note that the flavor structure of
the A5 Higgs model and the » = 0 bulk Higgs differ. In the
As model, the 4D Higgs boson is a component of a 5D
gauge field, and it therefore inherits the gauge flavor struc-
ture. This is not the case for a generic bulk Higgs field. One
must therefore be careful when applying our v = 0 results
to the A5 model. We can also make a direct comparison to
the TeV brane Higgs scenario, which is realized by v — oo.

We will now study the effect of the bulk Higgs field on
the gauge boson sector. We begin with the action

Sgauge = f d°x—GGMN(D,,H)t DyH. (18)

Performing a standard KK decomposition, and expanding
H = vyy/+/2r., we arrive at the mass matrix

moz

m,n=0

A AR, (19)

with
Ay = 47 fﬁ dqﬁe_z")(%,)((m))(("). (20)
0

The y™ are the usual gauge wave functions, which can be
found in [3]. We note that )((0) = 1//27r. We show in
Fig. 1 the elements f; = ay; of this mixing matrix. The
expectation is that as ¥ — oo, these should approach the
brane Higgs values of assuming, (— 1)\ 27kr, = +8.42
the value kr, = 11.27; this is indeed what occurs.

‘We must now study the fermion sector, particularly what
form the 4D Yukawa couplings take in terms of the 5D
values. We begin with the action

Sy = )‘SDT ]k” /dsx\/—GHTngtpg, @1

where the v-dependent prefactor is included to reproduce
the correct 4D Yukawa coupling as v — o0. The zero-mode
fermion wave function is €27 £/ /r,, where

kr.(1 —2c)
0) — c L—COo
f \/2(6(]20)]"“77 _ l)c : (22)

Inserting this into the action, and expanding H as before,
we find the following expression for the 4D Yukawa:
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FIG. 1 (color online). f;, the off-diagonal elements of the
gauge boson mass matrix that describe the mixing of the zero-
mode with the ith KK mode.

Ap(l—=2¢) T — .
/\4D_ (ISDZC)erW_ |: kr, (1+ f d¢X e C(Ti|

_ Asp(1—20) [ 1+v o2t v=20)krm _ 1}

e(l—2c)krc77' -1 24 v—2c¢

(23)

For simplicity, we have only presented the diagonal
Yukawa coupling. To reproduce the brane Higgs diagonal
Yukawa coupling in Eq. (11), the bracketed integral should
reduce to e 729%7e7 a5 p — oo, It is simple to check that
this occurs.

C. The anarchic RS parameters

We discuss here the parameters of the anarchic RS
model and give their natural values. We first note that
Eq. (11) relates the diagonal 5D Yukawa couplings to the
fermion ¢ parameters through the measured fermion
masses. The off-diagonal entries are removed after diago-
nalization with U . The preferred size of the Yukawa
couplings can be determined by demanding consistency
with Z — bbh measurements and by the size of the top
quark mass; this yields Asp = 2 [14]. We assume three
couplings (Y,, ¥, ¥;) of this approximate magnitude. The
size of these couplings implies ¢ > 1/2 for all three lep-
tons, indicating that they are localized near the Planck
brane. For simplicity, we take ¢; = cp. We note that this
range of ¢ is the appropriate one for first and second
generation quarks also; for the third generation, ¢;,, =
¢;, ~ 0.45, while ¢, ~ 0.5 and ¢, ~ 0 [14].

We can also estimate the natural sizes of the U, g matrix
elements. For illustration, we consider here a two-family
scenario; it is straightforward to extend this example to
three families. Assuming an anarchic RS scenario, so that
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all of the /\gjb ~ O(1), we can use Eq. (11) to write the 4D
Yukawa matrix as

0)2
Y Y

Ner — Yy Yi A ~ Yo fY 5?)
P Yi, Yo 4D YiofOfy) ’

Yof E? ?
(24)

where we have assumed for simplicity a symmetric 5D
Yukawa matrix. Assuming O(1) Yukawa couplings, the
functional dependences of the fermion masses on the
wave functions are

me~fO%  m, ~ fO (25)

while the mixing matrices take the form

1 -
U~ e (26)
"
We therefore find that |U},| ~ /== Including the 7 then
m
gives |U 3| ~ \/Z: and |Uas| ~ /=2 The diagonal entries
|U;;| ~ 1. We will assume mixing matrix elements of these

approximate magnitudes in our analysis.

D. Operator matching

We discuss in this subsection the formalism we will use
to compare the RS predictions to the experimental mea-
surements. Our presentation closely follows the discussion
in [21]. Trilepton decays of the form [ — ;1,15 and u — e
conversion are mediated by tree-level mixing with heavy
gauge bosons and generate four-fermion interactions,
while [ — 'y occurs via a loop-induced dipole operator.
We can parametrize these effects in the following effective
Lagrangian:

1 1
— Ly = CR(QZ)—Z ero*Fpp + Crlq?)
m, ZmM

_ 4G _ _
X e, at"F,,ug + T;[gS(eRYM/J‘R)(eR'yMeR)

+gaCLyFur)eLy er)
+ gS(éR’y#/U’R)(éL’y,ueL)
+ goe y* mp)(ery er)] + He (27)

The form factors' C; z(¢?) and the couplings g; are then
computed in a straightforward matching procedure. We
will discuss this computation in detail in the following
two sections.

"Note that these form factors are normalized differently than

. 8Grm?
the Ay p in [21]: C = — \%’*A.
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III. TRILEPTON DECAYS AND u — e
CONVERSION

In this section and the next we study the predictions that
the minimal RS model makes for lepton flavor violation.
We focus on processes in the muon sector, such as = —
ete e and u — e conversion in the presence of nuclei,
and rare tau decays of the form 7 — [,1,/5 currently being
studied at BABAR and BELLE. The dipole-mediated de-
cays will be discussed in the next section.

The dominant effects arise from flavor nondiagonal
couplings of the zero-mode Z-boson. Contributions from
exchange of the Higgs boson are suppressed by small
fermion masses, and we will show later that those coming
from direct KK exchange are suppressed by a large fermion
wave function factor. There are also contributions to these
processes from the dipole exchanges denoted by C; ¢ in
Eq. (27), but these are loop-suppressed and small in the
parameter space of interest. We also find that KK-fermion
mixing effects are subdominant in the parameter space of
interest. We derive here the relevant couplings. We denote
the physical basis by Z,, Z;, and the gauge basis by Z(©,
ZW_ For simplicity, we restrict our discussion here to the
first KK level; in our analysis we include the first several
modes. After diagonalizing the gauge boson mass matrix,
we find that these are related via

70 =7, + f ", Z0 =z, —f W (28)
- &0 I» - 41 0-
My Mk

f parametrizes the mixing between the zero and first KK
level. With a brane Higgs field, f = /2k7r, ~ O(10). A
plot of f for a bulk Higgs field is shown in Fig. 1. The
couplings between the zero-mode fermions and Z") are
determined by the appropriate overlap integral. We define
the ratio of these couplings to the SM couplings as «,, «

I,L’
and a,, where g) = agS™; the a; are then given by
a; =227 f " dpe Y V[FOT. (29)
0

Since the fermion wave functions are localized at different
points in the bulk, the «; differ, but they are all roughly
0(0.1) in magnitude. We present a plot of the «; in Fig. 2.
In the fermion flavor basis, the matrix which describes the
ZW couplings takes the form

«, 0 0 er
g M (e, i, 7_'F)Z(1)< 0 a, O ) (MF ) (30)

0 0 o, TF

We must first rotate the fermions to the mass basis. As was
explained in the last section, we introduce unitary matrices
Uy, Ug, so that Ly, = U;Lp, Ryy = UgRp, where Lp
denotes the left-handed flavor basis-vector, L, the left-
handed mass basis-vector, etc. The flavor-basis coupling
matrices C} p = g; rdiag(e,, a,, a,;) are rotated to
Crg = UpgCy xU} ¢. The flavor-violating couplings are
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the off-diagonal entries of C; ; we find
gk = gLaUL UG a, + UK UL @,
+ U U ),
gin” = eLaUs U a + U U, 31
+ Uy Uss ),
$ir = guaUR U a, + UG UG a,
+URUR ),

where g; r are the usual SM couplings. We can use the
unitarity of U g to rewrite these as

1 % %
gk = g UBR UL (@, — @) + U UL (@, — a,)]

gg,gﬂ = gL,R[UéiRUgiR*(ae - a#) + UééRUééR*(aT — aﬂ)],
e = g1 /lUSR UL (@, — @) + U UL (@, — a,))
(32)

Using Eq. (28), the couplings to Z are obtained via multi-

plication by —fm3/M3: gl = —fm3 /Mg ke, etc.

The couplings to Z; are identical to those in Eq. (32), to
leading order in the gauge boson mixing.

We now use these to derive the flavor-violating cou-
plings g3_¢ of Eq. (27):

— 2 —_
1 m
gy = 2gp| gk + aegﬁe)‘“M—zz ,
L KK
~ 2 4
1 m
gh=12g| g+ aeg(L)‘“M—f )
L KK J (33)
_ ] -
85 = 2g1] gk° + augy " |
L KK
- 2
1 m
gl = 2gp| g + a g MZZ
L KK

These are for u — e flavor violation; similar expressions
hold for 7 — w and 7 — e. The first term on each line is
from the Z, coupling, while the second is from direct Z;
exchange. Substituting in the expressions from Eq. (32),
we find
m% R R
"2 (f - ae)[UuUzz (a# - a,)

KK

+ UK US (e, — a,)] (34)

gy = —2¢%

and similar expressions for the other couplings. Since f >
|a,|, we can neglect the direct KK exchange effect.

We will study the decays u~ —e efe”, 7 —
uwutu, T —eete, Touete”, and T—
e utu~. The remaining rare 7 decays studied at

BABAR and BELLE, 7r— e ute” and 7— u etpu™,
require an additional flavor-violating coupling than those
above, and are therefore highly suppressed. The relevant
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branching fractions from [21] are
BR(u — 3e) = 2(1g5“ 1> + 1g5“IP) + g5 1 + le& 1%
BR(T — 3p) = [2(1g3" 1> + 1e2*1?) + le3“1* + lgg“I*]
X BR(1 — evD),
BR(T — 3e) = [2(1g51* + 1g5°IP) + 1gZ* + lggI*]
X BR(7 — evb),
BR(7 — pee) = [lg3"* + |1 + |g5*1* + lgg“I]
X BR(1 — evp),
BR(r — epp) = [1g5°1* + g3l + |81 + lg5°I*]
X BR(1 — evD). (35)

We have used the fact that BR(u — evd) = 1 in writing

the first expression. The u — e conversion rate is given by

[22]

B _ 2peEeG%F§mea3ngf IZV[lg,uelz + |gue|2]
conv WzZFcapt R L 4

(36)

where G is the Fermi constant, « is the QED coupling
strength, and the remaining terms are atomic physics con-
stants defined in [22]. Numerical values for titanium, for
which the most sensitive limits have been obtained [23],
can be found in [21].

We will present a detailed scan of the anarchic RS
parameter space in a later section. For now, to provide
some guidance as to what scales these rare decays can
probe, we perform a few simple estimates. We set the 5D
fermion Yukawas to the values suggested by 5D Yukawa
anarchy, ¥, =Y, =Y, =2. We also use the intuition
described in the previous section to set the mixing matrix
entries to the values
me me

ULR = : ULR = . (37)
12 mM 13 m,

LR _
ui=1,

and similarly for the remaining rows of Uy g; for this
estimate, we set the phases of these elements to zero. We
choose a value of kr, = 11.27. We include the first 3 KK
modes in this estimate, and we have checked that adding
more does not affect our results. Employing these approx-
imations, we check what limits can be obtained on Mgk
from each process. We impose the following bounds:
BR(u — 3e) < 1072, which is the current PDG limit
[24]; B.gpy < 6.1 X 10713, which is the strongest con-
straint obtained by the experiment SINDRUM II [23].
For the rare tau decays, we employ the strongest con-
straints from either BABAR or BELLE, which are BR(7 —
I,1113) <2 X 1077 for each mode [25]. We present the
bounds on Mgk for both the brane Higgs model and the
bulk Higgs scenario with » = 0 in Table I. The limits from
BR(u — 3e) and B,,,, already probe the multi-TeV re-
gion, similar to that possible at the LHC. Although the
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TABLE 1. Constraints on the first KK mode mass, Mg, com-
ing from various measurements for both a brane Higgs field and
for the bulk Higgs case with » = 0. The bounds on Mgk are in
TeV.

Brane Higgs v=20
BR(u — 3e) 2.5 TeV 2.0 TeV
Beony 5.9 4.7
BR(7 — 3u) 0.40 0.33
BR(T — uee) 0.36 0.30
BR(7 — 3e) 0.10 0.09
BR(T — epp) 0.09 0.08

limits from rare 7 decays are lower, they probe different
model parameters which describe the third generation.
These bounds will also improve as the B-factories acquire
more data. We will show that these bounds are generic
throughout the entire parameter space in a later section.

IV. DIPOLE OPERATOR MEDIATED DECAYS

We now compute the decays of the form I — ['y, which
are induced at the loop level by the diagram shown in
Fig. 3. For simplicity, we discuss the decay u — evy. It is
simple to translate our expressions into results for 7 de-
cays. The dominant contributions to these amplitudes
come from exchange of a Higgs boson and KK fermions.
This is because these diagrams contain terms proportional
to the fourth power of the fermion wave function
ratio f, , = Iy /f(o) For ¢ = 1/2, this ratio is f,, =
2mkr, = 70, it grows rapidly for ¢ > 1/2, the values rele-
vant for the muon and the electron. This strong dependence
|
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0.0

FIG. 2 (color online). The ratios of the zero-mode fermion
couplings to ZW over their SM values, for x = e, M, T, as
functions of the Yukawa couplings Y,.

on the fermion wave function was first noted in [26]. There
are also contributions coming from loops of KK Z bosons
and KK fermions. However, as argued in Ref. [11] for the
case of the KK gluon contribution to radiative quark de-
cays, the flavor structure of this diagram is approximately
aligned with the 4D Yukawa matrix and hence gives a
suppressed contribution. The KK fermion-Higgs diagrams
have a different flavor structure than the 4D Yukawa
matrix.
The amplitude for the diagram in Fig. 3 is

dk i( + M) i+ M) ;
Alu — ey) = Z](z ) a(p")(iA ;) Iz M(I;I; (iey*A,) o ME}? (iA;0)u(p) - e
; P MG M
= @y’ Agpi Ao lu(p),
u(P )[ eA#Z (277 (A/z M;{z)Kz)(p _ ME)KZ)(kZ _ m%{) i }u(p) (38)

where pV) = p) + k and A;; are the Yukawa matrices.
This amplitude is computed in the mass basis, so the
external lines correspond to the physical electron and
muon; this is different than the mass-insertion approxima-
tion used in [26]. We will assume the external lines are
massless, which is valid up to subleading corrections in
1/f, .- We have denoted the KK fermion masses by Mf(’}(
Ateach KK level, there are two Vectorhke fermion pairs for
each flavor with masses MKK and MKK, as is clear from
J

em, 1 11—z
o Z,-:AeOi{,/;) dzﬁ) dy

i

—iC(g*) =

{
Eq. (6). The splitting of these masses through mixing will
be important in evaluating this contribution. It is straight-
forward to evaluate this integral to find

1
Alp = ey q?) = 57—

2, a(p) o F,,,u(p) X (—i)C(g?),

(39)

where

M (1= 2)

- (40)

gyl —-—y—2—(01-— z)M%),‘(2 - zm%,}
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We now set g> = 0 to derive

I(m2, /M2
T 2ZA H/(l) Ao, (A1)

where I(x) = 1 — x + O(x?). The branching fraction be-
comes [21]

Clg*>=0) =

B(u— ey) = 27 )2[|CL<0>|2+|CR<0)|2] 42)

(Gpms,
where we have inserted the helicity labels L, R on C. These
helicity labels dictate which elements of the Yukawa ma-
trix A should be used; we will make this explicit in the
following discussion. We now consider separately the
brane and bulk Higgs field cases. We will find that the
brane Higgs prediction for [ — I’y is not calculable be-
cause it is sensitive to cutoff scale physics, while for the
bulk Higgs case we can use our 5D effective field theory to
make robust predictions.

A. UV sensitivity for the case of brane Higgs field

The leading contribution in Eq. (41), with myz = 0 and
I(x) = 1, vanishes up to factors suppressed by 1/f2 for a
brane Higgs field because of the Yukawa matrix structure.
With my = 0, we are only considering contributions pro-
portional to 1 /M(1 2 This mass splitting is cancelled by
shifts in the Yukawa couplings to all orders in v/Mgy. The
leading result therefore comes from 1/ (M(1 2))3 contribu-
tions, and we must consider the m?, terms to obtain these.
The diagonalization of the fermion mass matrix in Eq. (14)
is discussed in detail in the appendix. The result of this
analysis is the following mass splitting:

1 _ 1 _ 3A,
MO M2 My

(43)

This yields the following coefficients of the dipole opera-
tor:

em,
C(0) = W[ARA 1ALl
KK
(44)
Cr(0) = m[ARA AL]E,LL

The Yukawa structures entering C; and Cy differ by a
Hermitian conjugate.

However, it turns out that this result is masked by cutoff
effects. A similar ultraviolet sensitivity of Higgs-fermion
KK loops was also noted in [11]. The expected one-loop
contribution from a given set of KK modes is finite with
size

Chr _ Asp 1

m2, 167 Mgy

(45)

For simplicity, we have not included the relevant mixing
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matrix elements in this estimate. Although the actual one-
loop result for a brane Higgs field vanishes for my = 0, we
cannot find a symmetry that requires this, and we expect it
to be an accident of the one-loop result. The sum over two
independent KK modes would have given a logarithmic
divergence at one loop:

LR
—5— < logNkgk ~
ny

log(Asp/k) ~ log(Asp/Mk).  (46)
Here, Nk is the total number of KK modes in the 5D
effective theory, Asp is the 5D cutoff of order 10" GeV,
and /N\SD is the warped-down 5D cutoff of order TeV.
Similarly, Mgy is roughly the warped-down curvature
scale k. To obtain this logarithmic divergence, it is crucial
that KK fermion-Higgs couplings in the sum are indepen-
dent of the KK index. We expect that higher-loop contri-
butions are strongly power divergent because of the
increasing number of sums over KK modes, and are as
important as the one-loop result provided the cutoff scale
physics is strongly coupled.

This divergence structure can be more easily seen using
power-counting in the 5D theory. Since the 5D Yukawa
coupling has mass dimension [Asp/k] = [—1], the loop
expansion for u — ey has the form

Cik 1 (Asp 210g1&ﬂ) N 1 A;?Az _
m2 167 \Myg k 167% k2 '

47)

In this expression, we have replaced the scale k ~
10'® GeV by its warped-down value My in the overall
coefficient. By simple dimensional analysis, the one-loop
contribution can be log-divergent and the two-loop contri-
bution is quadratically divergent; in KK language, the
power divergence at two loops can be seen from the
independent sums over 4 KK modes. The two-loop result
is comparable to the one-loop prediction if the cutoff
physics is strongly coupled: A%, /k? X A2,/(1672) ~ 1.
Therefore, the KK loop contribution is not calculable in
this case.

Based on the above discussion, we also expect the
higher-dimensional operators in the 5D theory coming
from physics at the cutoff scale to be important. The
relation between the warped-down 5D cutoff in the
Yukawa sector and the KK scale for a brane Higgs field
is Asp ~ Myx/(47/Asp), based on power-counting of the
5D loop factor. To obtain the cutoff operator, we replace
My in Eq. (45) by the cutoff scale /~\5D, and the loop
factor by ~1, since the cutoff effect has no loop suppres-
sion. This shows that u — ey is an UV sensitive observ-
able for a Higgs field on the TeV brane. We can only
parametrize the contribution as:

2
Cosl = g 2B % ULF, (48)
A3p
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where a is an unknown, O(1) coefficient, and we have
included the appropriate mixing matrix element.

We now show that we can reliably calculate dipole
induced decays for a bulk Higgs field. The Yukawa cou-
pling in this case has mass dimension [Asp/vk] = [—1/2],
so the loop expansion is instead

CK% 1 Asp \2[ 1 + 1 A2, 1 Asp
ms 167 <«/—MKK> [MKK 1672 Mgy °g< k )
4
+< ! 2>2 )‘52’3 Asp + }
167°) My

From this 5D power-counting, we see that the one-loop KK
contribution is finite. The two-loop result is logarithmi-
cally divergent, but is smaller than the one-loop prediction
by ~0.1 provided Asp < 4. Three-loop and higher contri-
butions are power-divergent and comparable to the two-
loop result, but are again smaller than the one-loop effect.

Thus, in the bulk Higgs case, the KK effect is calculable.
The effects from cutoff scale operators are suppressed, and
we can reliably make a prediction using the RS theory. In
our numerical analysis, we will include dipole decays for
the bulk Higgs field case. For the brane Higgs scenario we

will simply neglect them, since we cannot make a reliable
prediction.

B. Contributions from a bulk Higgs field

We now consider the scenario when the Higgs boson is
allowed to propagate in the bulk. In this case, the KK mode
result is not overwhelmed by cutoff scale operators. The
my = 0 limit does not vanish for a bulk Higgs. We make
this approximation in our discussion, since the corrections
are O(m3;/M%y). We first work out the Yukawa structure
appearing in Eq. (41). Using the results in the appendix for
the two KK fermions appearing in the diagram of Fig. 3,
we find

@ 1)L ) = [AR[l + Cl( A4AI<2K>Hez(M§<‘1)<>
XHHC: KHAL} @)

e - [af1- (5 22)]] (-5)
-2k

In this expression we must sum over [ = e, u, 7. To sim-
plify this we use the splitting between the KK fermion
masses derived in the appendix:

1 1 A+ A,
— - - _
Mi<1)< M%)( M3y

v3
+ @<M—ﬁk> (50)

We find the following results for the dipole operator co-
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FIG. 3 (color online). The Feynman diagram generating the
dipole operator which mediates / — I’y decays. I are the physi-
cal KK leptons. We have specialized to u — ey in the figure.
There is a similar diagram with L < R.

efficients:
3em
C(0) = W[ARA AL]e;u
em (51
Cr(0 ——[ARALAL ]
R( ) 32 ZMI%K[ R ],u

We note that in the limit of the Higgs boson being localized
on the TeV brane, A, — 0; the result vanishes in this limit,
as required.

An identical analysis can be performed for 7 — w7y and
7 — ey. We simply replace m, — m, and change the
indices of the Yukawa structure appropriately in Eq. (51).
We now perform an estimate of the bounds similar to that
performed in the brane Higgs case. We set ¥, =Y, =
Y, = 2, and set the mixing matrix elements to their ca-
nonical values as described before. We also set v = 0. We
impose the following bounds on each of the three dipole
decays: BR(u — ey) < 1.2 X 107", as obtained from
[24]; BR(T — uy) <9 X 1078, the stronger of the bounds
coming from BABAR and BELLE [27]; BR(7 —
ey) < 1.1 X 1077, again the stronger of the bounds com-
ing from BABAR and BELLE [28]. We find the following
constraints for the canonical parameters:

BR(u — ey): Mgg > 15.8 TeV;
BR(7 — ey): Mgk > 0.9 TeV; (52)
BR(7 — py): Mg > 1.6 TeV.

The constraints, particularly from BR(u — evy), are quite

strong. This arises in part from the large value of the
Yukawa coupling, ¥ = 2, as we now discuss.

C. Tension between tree-level and loop-induced
processes

We now discuss a tension between processes caused by
tree-level gauge boson mixing such as u — e conversion
and [ — [,1,15, and dipole operator decays. These have
opposite dependences on the 5D Yukawa couplings, lead-
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TABLE II. Constraints on the first KK mode mass, Mgg,
coming from p — e conversion and BR(u — e7y), for canonical
mixing angles, » = 0, and for Y = 1, 2.

Yy=1 Yy=2
Beone 6.7 TeV 47 TeV
BR(u — ey) 8.0 15.8

ing to strong constraints for all parameter choices. We first
give a very simple scaling argument to motivate this, and
then present numerical proof.

Our scaling argument uses the dependence of each
process on the zero-mode fermion wave function f}o)
evaluated at the TeV brane. We will work for simplicity

in the large v limit, which mimics a brane-localized Higgs
field. From Egs. (22) and (23), we find that the wave

function scales roughly as f ;0) ~ 1/+/Asp. The wave func-
tion has weak c-dependent factors which we will ignore in
this argument. The quantity that governs the flavor viola-
tion in gauge boson mixing is the difference between «;’s,
as is clear from Eq. (34). In the definition of «; in Eq. (29),
we can divide the overlap integral into two regions, one
near the Planck brane and the other near the TeV brane, to
show that the former is c-independent and that the latter

carries the c-dependence and must be a|on-universal ~

012 . ~1/Asp. We therefore expect the nonuni-
versal part of «;, and hence the flavor violation, to decrease
for larger Yukawa couplings, which is indeed what we
observe in Fig. 2. For the dipole-mediated decays, recall
that in Sec. IV we claimed that the operator coefficients
Cy g scaled as Cp g ~ 1/[f\V]* ~ A2, this can be verified
using Eq. (51) and the results in the appendix. The con-
straints coming from [ — I’y decays will increase with
larger Yukawa couplings, the opposite dependence of the
tree-level processes.

To exhibit this behavior we present in Table II the
bounds on the first KK mode mass for canonical mixing
angles, v = 0, and for the two choices of Yukawa strength
Y, =Y, =Y, =12. We show the two most constraining
processes, u — e conversion and BR(u — e7y). The de-
pendence on the Yukawa couplings agrees with our simple
estimate above. We will find in the next section that this
leads to strong constraint throughout the entire model
parameter space.

V. MONTE CARLO SCAN OF THE ANARCHIC RS
PARAMETER SPACE

In this section we present our Monte Carlo scan of the
RS parameter space, to determine in detail how well the RS
geometric origin of flavor can be tested by current and
future lepton flavor-violation experiments.

We first describe the ranges over which we scan the
various RS parameters. The scenario introduced in the
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previous sections contains the following free parameters:
Y,, Y,, Y;, the overall Yukawa couplings for the electron,

muon, and tau; UsR, the elements of both the left and
right-handed mixing matrices; the KK mass Myy. We
make the following assumptions in our scan.
(i) Werestrict the Yukawa couplings to the range ¥, €
[5,4]. As discussed before, the natural value is
Y, = 2. Values larger than 4 begin to invalidate
the perturbative expansion, while values smaller
than 1/2 introduce an unnatural hierarchy in the
model. We explained in the previous section that
flavor violation cannot be removed by making the
Yukawa couplings either large or small, due to
tension between tree-level and loop-induced
processes.
(i) We implement the anarchy of 5D couplings in our
scan, which indicates that UL®~1, ULF ~
my/m,, UlLéR ~ Jm,/m,, etc. We fix Uﬁ’R =1,
and define the canonical values

[m, [m, . m
“ym, Uis = m, Un = mM'
M T T
(53)

We then vary UL, = Ble?z» with i, € [1/4 4].
We independently vary UE,, U, and UxR in a
similar fashion. Again, we restrict the values to
these ranges to insure no unnatural hierarchies in
model parameters. We generate phases for the six
independent UXR in the range [0, 27].

(iii) We approximately implement unitarity of the mix-
ing matrices by setting U%;X = —(U3*)", etc. This
assures that unitarity is maintained up to correc-

tions of the level \/me/mw \/mﬂ/mT, which is
sufficient for the scan performed here.
We scan over the following 15 independent parameters: the
three Y,, and the six complex mixing matrix elements
ULE, UK, and UK. We generate 1000 sets of 15 random
numbers, and distribute them in the ranges indicated above
for fixed Mgg. We perform two separate scans, one for a
brane Higgs field and one for a bulk Higgs with v = 0. The
v dependence of the bulk Higgs field bounds is studied

separately.

A. Scan for the brane Higgs field scenario

We first perform a Monte Carlo scan of the parameter
space of the brane Higgs scenario. As discussed in Sec. IV,
dipole decays of the form [ — I’y are UV sensitive. We do
not consider these decays in the brane Higgs case, which
leaves us with u — e conversion, u — 3e, and 7 — [,1,15.

We first study the muonic processes w — 3e and . — e
conversion. We show in Fig. 4 scatter plots of the predic-
tions for BR(u — 3e) and B,,,, coming from our scan of
the RS parameter space, for the KK scales Mgx = 3, 5,
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FIG. 4 (color online).
the PDG and SINDRUM II limits, respectively.

10 TeV. The most sensitive probe is the SINDRUM II limit
of Byopy < 6.1 X 10713 [23]. This rules out a large fraction
of the parameter space for Mg <5 TeV, and restricts the
allowed parameters even at 10 TeV. The PDG limit of
BR(u — 3e) < 1072 is less severe: although it rules out
a large fraction of the Mgx = 3 TeV parameter space,
most of the Mxx = 5 TeV space is still allowed. We note
there is an almost perfect correlation between the RS
predictions for the two processes. This is not surprising;
it is clear from Eqgs. (35) and (36) that they depend almost
identically on the same mixing angles.

This result has implications for both the aesthetic appeal
of the anarchic RS flavor picture, and the observation of
this physics at the LHC. Although points with My =
3 TeV are still allowed, it is clear from Fig. 4 that the
model as formulated in our scan prefers KK masses of
5 TeV or larger. Increasing the KK scale to these higher
values introduces a large fine-tuning in the electroweak
symmetry breaking sector and is therefore not favored
[14,16]. With such large KK masses, many associated
states will also be too heavy to observe at the LHC. The
other method of avoiding these constraints, reducing the
UiLj’R matrix elements to the appropriate level, implies
either some additional structure or fine-tuning in the 5D
Yukawa matrix. We have studied the minimal model here,
and it seems likely that more structure in the 5D Yukawa
matrix is needed for a completely natural description of the
first and second generation flavor pattern in the brane
Higgs case.

Another sector of the RS flavor picture to explore is that
involving the third generation 7. This tests different model

Scan of the 4 — 3e and p — e conversion predictions for Mxg = 3,5, 10 TeV. The solid and dashed lines are

parameters than the muonic processes. We show in Fig. 5 a
scatter plot of the RS predictions for BR(7 — 3e) and
BR(7 — 3u) for Mgg = 1 TeV, together with the best
limits coming from BABAR and BELLE. The lowest KK
scale allowed by electroweak precision tests in anarchic RS
models is typically a few TeV. The B-factories are begin-
ning to probe this region in the mode 7 — 3u. There are
plans to build a super-B factory with an integrated lumi-
nosity approaching 10 ab™! [29]. The projected limits from

Mgk = 1 TeV
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103 I i I il
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FIG. 5 (color online). Scan of the 7 — 3e and 7 — 3u pre-
dictions for Mgx = 1 TeV. The solid and dashed lines are the
current B-factory and projected super-B factory limits, respec-
tively.
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Scan of the u — ey and p — e conversion predictions for Mgx = 3, 5, 10 TeV and » = 0. The solid line

denotes the PDG bound on BR(u — e7), while the dashed lines indicate the SINDRUM II limit on u — e conversion and the

projected MEG sensitivity to BR(u — evy).

this experiment are included in Fig. 5. Both the 7 — 3 u
and 7 — 3e modes at a super-B factory will constrain the
anarchic RS parameter space. The LHC also has sensitivity
to rare 7 decays [30]; however, the projected sensitivities
are slightly weaker than the current B-factory constraints,
and have not been included. The expected sensitivities to
rare 7 decays at a future linear collider are also weaker than
the limits set by the B-factories. Although the Mgy ~
1 TeV scales probed with 7— [,1,1; decays are lower
than those constrained by u — e conversion and u — 3e,
we stress that different model parameters are tested by each
set of processes.

B. Scan for the bulk Higgs field scenario

We now present the results of our scan over the bulk
Higgs parameter space. For the scan we set » = 0; we
present separately the v dependence of the most important
constraints.

We again begin by considering muon initiated processes.
The constraints from w — 3¢ and w — e conversion are
highly correlated, as we saw in the previous subsection.
Since the bounds from p — e conversion are stronger, we
focus on this and u — ey. We show in Fig. 6 scatter plots
of the predictions for BR(u — e7y) and B, coming from
our scan of the RS parameter space, for the KK scales
My =3, 5, 10 TeV. For u — ey we include both the
current constraint from the Particle Data Group [24] and
the projected sensitivity of MEG [18]. The current bounds
from w — ey are quite strong; from the Mgy = 3 TeV

plot in Fig. 6, we see that only one parameter choice
satisfies the BR(u — e7y) bound. This point does not sat-
isfy the u — e conversion constraint. We can estimate that
it would satisfy both bounds for My > 3.1 TeV. In our
scan over 1000 sets of model parameters the absolute
lowest scale allowed is thus slightly larger than 3 TeV.
Also, a large portion of the parameter set at both 5 and
10 TeV conflict with these bounds. We again find the need
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FIG. 7 (color online). Scan of the 7— uy and 7 — ey pre-
dictions for Mgx = 3 TeV and v = 0. The solid and dashed
lines are the current B-factory and projected super-B factory
limits, respectively.
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v

v dependence of the RS predictions for u — e conversion and u — ey for canonical mixing angles and for

several choices of Y, and Mky. In the right panel, the Y = 1, Mg = 5 TeV, and the Y = 2, Mg = 10 TeV lines overlap.

for a KK scale of Mgx = 5 TeV or additional structure in
the mixing between the first and second generations to
satisfy the experimental constraints for a significant frac-
tion of model parameter space. In Fig. 7 we present the
anarchic RS predictions for 7 — wvy and 7 — ey, together
with current and future B-factory constraints, for Mg =
3 TeV. The 7 — wy mode is currently probing the few
TeV range, while 7 — ey will begin to test the anarchic RS
scenario during the running of a super-B factory.

To study the sensitivity of the bulk Higgs field scenario
to the location of the Higgs boson in the fifth dimension,
we show in Fig. 8 the dependence of the u — e conversion
rate and BR(u — ey) on v. We set the mixing angles to
their canonical values, and show results for Y, = 1, 2 and
Myk = 5,10 TeV. The u — e conversion results are weak-
est for » = 0, and quickly asymptote to the brane Higgs
result as v becomes large. The variation of u — ey with v
is more intricate. The vanishing of the calculable compo-
nent of this process as the Higgs boson is moved towards
the TeV brane, discussed in Sec. IV, is clearly seen in
Fig. 8. However, we expect cutoff effects to become
more important for large ». There is a strong dependence
of the process on the position of the Higgs field for small v,
with the result varying by an order of magnitude for 0 =
v = 5. The v = 0 case is again the most favorable choice.
Since UV sensitivity of the model is reduced for a bulk

Mg (TeV)
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FIG. 9 (color online).

Higgs field, and since the experimental constraints are
weakest for v = 0, we conclude that there is a preference
for models of the type presented in [16].

C. Future sensitivities of MEG and PRIME

Finally, we emphasize here the importance of future
searches for u — e conversion by PRIME and u — evy
by MEG. Our analysis has shown that with some small
tuning of parameters, particularly for those describing the
mixing of the first and second generation, KK scales of
3 TeV are allowed by current measurements. Alternatively,
KK scales of 5 TeV are permitted with completely natural
parameters. Super-B factory searches for rare 7 decays will
not significantly constrain scales Mxx = 5 TeV. The LHC
search reach for the new states predicted by the anarchic
RS scenario is expected to be around 5-6 TeV. It is there-
fore difficult to definitively test the RS geometric origin of
flavor using data from B-factories and the LHC.

Searches for u — e conversion and u — ey are already
starting to require slight tunings of the model parameters.
The limit on BR(u — e7y) is projected to improve from
1.2 X 107 to 10~ 13 after MEG, while the constraint on
4 — e conversion is projected to improve to 1078 after
PRIME. The bounds on Mgy that these constraints lead to
are shown in Fig. 9. We have plotted the projected bounds
as a function of the overall scale of the mixing angles; we

Mg (TeV)

. [ R [ N

0.01 0.02 0.05 0.10 0.20 0.50 1.00

Projected bounds on Mgy coming from MEG (left) and PRIME (right) for » = 0. We have set the mixing

angles to « times their canonical values, and have varied « in the range [0.01, 1] for Y, = 1, 2.
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have set Up" = ky/m,/m,, U* = kym,/m., etc., and

have varied « in the range [0.01,1]. This tests how far from
the natural parameters these experiments will probe. We
observe that MEG will probe Mygx =5 TeV down to
mixing angles 1/10 times their natural sizes. PRIME will
test Mgg = 20 TeV down to mixing angles 1/10 times
their natural sizes, and will probe Mgk = 10 TeV down to
mixing angles 1/100 times their canonical values.
Together, these experiments will definitively test the anar-
chic RS explanation of the flavor sector.

VI. SUMMARY AND CONCLUSIONS

In this paper, we have studied lepton flavor violation
with the SM propagating in a warped extra dimension. The
principal motivation for this model is a solution to the
Planck-electroweak hierarchy problem. Interestingly, there
is also a solution to the flavor hierarchy of the SM. The
large differences in the quark and lepton masses and mix-
ing angles can be explained by differing profiles of SM
fermions in the extra dimension, even though the 5D
Yukawa coupling are of the same size without any struc-
ture. These profiles can vary substantially with small
changes in the 5D fermion masses; no large hierarchies
are required to account for the flavor hierarchy in the SM.
Since the Higgs field is localized near the TeV brane, the
small masses of the first and second generations are ex-
plained by their localization near the Planck brane.

The localization of fermion fields at different points in
the extra dimension leads to flavor violation upon rotation
to the fermion mass basis. The assumption of anarchic 5D
Yukawa couplings implies that the mixing angles are re-
lated to the ratios of fermion masses. We can therefore
estimate the leptonic mixing angles without a model of
neutrino masses, unlike in the SM. The flavor-violating
couplings are proportional to the 4D Yukawa interactions.
Therefore there is an analog of the Glashow-Iliopoulos-
Maiani (GIM) mechanism in the anarchic RS picture.
However, the sensitivities of lepton flavor-violating experi-
ments are large, so we expect significant constraints.
Bounds from electroweak precision measurements cur-
rently constrain the KK scale to be Mgg =3 TeV,
approximately.

To derive the implications of lepton flavor-violating
measurements for the anarchic RS scenario, we perform
a Monte Carlo scan over the natural parameter space of this
model: O(1) Yukawa couplings and O(1) variations of the
mixing angles around their predicted size. We study both
the case where the Higgs boson is localized in the TeV
brane and when it is allowed to propagate in the full 5D
space-time. We study the processes u — 3e, 7 — I, 15,
u — e conversion, and dipole decays of the form [ — I'y.
In the brane Higgs case, cutoff effects render the dipole
decays incalculable in the 5D RS theory; this arises from
the fact that the 5D Yukawa couplings in this case have
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mass dimension [—1], and cutoff scale effects are as large
as those from KK modes. The bulk Higgs case does not
suffer from this drawback.

We find strong constraints throughout the entire natural
RS parameter space. The minimal allowed KK scale is
3 TeV, and this is permitted only for a very few points in
our scan. In the bulk Higgs case, this occurs partially
because of a tension between the tree-level mediated © —
e conversion process and the loop-induced decay u — evy.
These processes have opposite dependences on the 5D
Yukawa couplings, making it difficult to decouple the
effects of flavor violation. There are a couple of possible
ways to avoid these constraints. First, the KK scale can be
raised slightly to 5 TeV, which allows large regions of the
natural RS parameter space to be realized. However, this
increases the fine-tuning in the electroweak sector, and will
make it difficult to find the KK states present in this model
at the LHC. Another possibility is to reduce the leptonic
mixing angles slightly, implying some structure in the 5D
Yukawa matrix and indicating that the observed flavor
structure cannot be generated completely via geometry.

There are also several possible model-building possibil-
ities to relax these constraints. Models with custodial iso-
spin based on the gauge structure SU(2); X SU(2)g X
U(1)p_; contain an additional Z' and possibly additional
fermions. The coupling of the Z' to the SM fermions is
model dependent [31], and can possibly be used to cancel
some of the flavor-violating contributions we have studied.
These models also contain an additional right-handed neu-
trino that contributes to loop-induced dipole decays. There
is no zero-mode partner of this right-handed neutrino, and
this contribution is therefore independent of the neutrino
mixing parameters. Even an O(1) suppression suffices to
reduce the KK scale to the 3 TeV level, opening up more
parameter space for study at the LHC.

The definitive test of whether the observed flavor struc-
ture can be explained by the anarchic RS scenario will
come from future lepton flavor-violating measurements.
B-factories are currently probing mixing in the third gen-
eration using rare 7 decays. These constraints will improve
by an order of magnitude with data from a super-B factory,
probing KK scales up to 5 TeV. These measurements probe
different model parameters than x — e conversion and rare
 decays, and are therefore complimentary to these other
experiments. Improvements in the sensitivities of uw — ey
and u — e conversion of several orders of magnitude will
be accomplished by the future experiments MEG and
PRIME, respectively. They will definitively test the geo-
metric origin of flavor structure; for example, PRIME will
probe KK scales of My = 10 TeV down to model pa-
rameters 1/100 of their natural size. These experiments
will either confirm or completely invalidate this geometric
origin of flavor.

In conclusion, the anarchic RS picture is an attractive
solution to both the electroweak and flavor hierarchies in
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the SM. Measurements at the LHC, at future B-factories,
and with the experiments MEG and PRIME will determine
whether it is indeed realized in nature.
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APPENDIX

In this appendix we present the expressions that appear
in the fermion mass and Yukawa coupling matrices. We
focus on the case of a bulk Higgs field; the brane Higgs
mass matrix can be obtained by taking the appropriate
limits, as discussed below.

The fermion mass matrix for the bulk Higgs scenario is
given by

M = %AL A Mxk

(AD)

Mp is a3 X 3 diagonal matrix containing the masses of the
zero-mode leptons, and Mgk is the diagonal matrix with
the KK masses before mixing. We assume that it is pro-
portional to the identity matrix, as the deviation from this
limit is small. The other entries can be expressed using the
following two overlap integrals:

i — JZn dPXu( D) (b5 c)fL (3 )
ffw d¢XH(¢)f2(¢; c,-)fg(qﬁ; Cj)’

(A2)

ij f7—r77 d¢XH(¢)fII‘,R(¢; Ci)fi,R(ﬁﬁ; Cj)

LR doxu( ) (dic)fl(bic)
Xxn 1s the Higgs vev profile given in Eq. (16), while the
f"(¢; ¢;) can be found in [7]. The remaining matrices in
|

G (A3)
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Eq. (Al) are
v .. . .
EA% = ULik(UZMDUR)kJ X Fk/, (A4)
U oij t ikt ki
\/_EAL =(ULMDUR)1 URijFl, (AS)
A = (Ut MpUR)T X GY, (A6)
AY = (UIMpUR)T X G, (A7)

where there is no sum over the indices i, j but there is over
the index k.

To see how this reduces to the brane Higgs case, we
replace the Higgs wave function with a delta function on
the TeV brane. This sets G = 0 via the boundary con-
ditions fL(¢ = ) = 0, so that A, = 0 as in Eq. (13).
Also, F'/ = F/, since the i flavor cancels out of the ratio
in Eq. (A2), and G} = F'F/, again matching our results for
the brane Higgs.

We now discuss the diagonalization of this matrix and
the fermion Yukawa coupling matrix. We first diagonalize
the lower 2 X 2 block containing the KK masses, to re-
move the mixing between the KK fermions. We then
diagonalize the full 3 X 3 matrix, to remove mixing be-
tween zero and KK modes. We include only the leading
v/Myy corrections.

We first consider the following simple 2 X 2 matrix,
which simulates the lower block of Eq. (Al):

x 1
= ( Iy )
We assume x, y < 1. This matrix is diagonalized by the
following unitary transformation:

V=i<l+;Ty Ir )
V=5 —+5)

VTV is diagonal with eigenvalues *(1 =1(x +y)) to
leading order in x and y. We now make this the lower 2 X

(A8)

(A9)

2 block of a diagonalization matrix V, identifying X =
xX—y= A‘M;Kfz, and compute M, = VMVT:

Mo BAEOHD BAL-Y)
Mp = \/Lg(l +§)%AL Mgk + A‘;AZ 0 - (A10)
v REAY)
\/Li(l _%)EAL 0 _MKK+ )

We now diagonalize the zero-KK mixing. We accomplish this with the following unitary transformation matrix:
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1 BN L(1-T) AL L(1+T)
=| L2
Y 501 -1) MKKfAL 1 0 , (A1)
_ 1 v/v2
L1+ )52, 0 1
A;+3A,—4M,

where I = . This removes the off-diagonal elements of the mass matrix. The eigenvalues are shifted at
O(v/Myy); this will be important for the Yukawa matrix below. The full diagonalization matrix is YV. We must also
include the phase rotation P = diag(1, 1, —1) to make the eigenvalues positive. We can then determine the masses of the
KK fermions to first order in v/Myx:

A+ A

Mgk = M + =52, (A12)
A+ A

M = Myy — % (A13)

These expressions for the KK masses are used when computing the amplitude for & — e7y. The expression is valid for both
the brane and bulk Higgs scenarios.
We now determine the Yukawa coupling matrix. The Yukawa matrix A in the flavor basis is obtained by dividing by %

and setting Mk = 0 in Eq. (A1). Multiplying YVA(YV)T P, we obtain the Yukawa matrix in the mass basis

Aap FAR+ G = Sm] — Al - (G- 5]
Ap = | F501+ G = FA, - -
S5 — ¢ —32]A,

(A14)

We do not include the lower 2 X 2 block since we do not need it here. Note that A, > M), so we can drop the dependence
on the zero-mode mass matrix in the off-diagonal terms. These correspond to subleading contributions suppressed by 1/£2.
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