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The little Randall-Sundrum (little RS) model receives significantly stronger constraints from the flavor
observables in comparison to the Randall-Sundrum (RS) model. In this paper, we analyze the effect of the
electroweak sector in little RS on flavor-changing decays of charged leptons. We compare the predictions
of the model with the current limits on the flavor-violating branching ratios of 4 — eee, 7 — eee, v — pupy,
T — uee, T — eup, 4 — ey, and uTi — eTi, and we show that the dominant constraint arises from the
uTi — eTi process which strongly limits the KK-1 gauge boson mass (M) to be Z30.7 TeV. We then
derive and show that generalizing the electroweak gauge sector to include the brane localized kinetic term
relaxes this constraint to 212 TeV. Toward the conclusion, we comment on the possibility that the large
flavor-violating currents can be mitigated by relaxing the assumption regarding the unnatural thinness and
rigidity of the UV brane and discuss the possibility of suppression of these currents in the presence of fat

fluctuating branes.
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I. INTRODUCTION

The charged lepton flavor violation (CLFV) has been in
focus ever since intermediate vector bosons were proposed
[1,2]. Even with the inclusion of the neutrino oscillation
phenomena in the Standard Model (SM) of particle physics,
the CLFV processes are predicted to be very small. Hence,
any evidence of CLFV inevitably points toward new physics.
As of now, these processes are strongly constrained at
90% C.L. by the branching ratios B,_,, <4.2x 107" [3],
Byvee < 1LOX 1072 [4], Byriser <43 x 10712 [5],
B oo <2.7x 1078 (6], B._.., <33Xx 1078 [7], Byoye <
3.6 x 10719 [8], and B;_,,, < 7.5 x 1077 [9]. On the other
hand, various beyond-SM scenarios do predict such flavor-
violating processes.

One of the successful extensions of the SM in warped
extra dimensions has been the little Randall-Sundrum (little
RS) model [10,11] with a fundamental scale of ~103 TeV.
Recently, the author studied [12] the correction to eg in
little RS arising from the contribution of tree-level KK-1
gluon exchange in K-K oscillation. There, it was shown
that the strong bound on the imaginary part of the C5?
operator in the effective Hamiltonian [13] ruled out the
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mass scale lower than ~32 TeV. This constraint was shown
to soften significantly in the presence of brane localized
kinetic terms (BLKTs) and minimal flavor protection [14]
flavor symmetry.

In this paper, we discuss flavor violation in the charged
lepton sector of little RS. We choose to work in a basis that
does not mix the left-handed charged leptons. Rather, the
entire mixing is taken to be in the right-handed sector while
keeping the 5D Yukawa coupling anarchic. There can, in
principle, exist mixing in the left-handed charged sector
through the tribimaximal Cabibbo mechanism [15], but
such a choice will affect the neutrino mixing matrix as well.
For brevity, we do not consider such models here. Doing
this, we can study the flavor violations in the charged
lepton sector independent of the neutrino parameters.

We subject the lepton flavor-violating decay predictions
of the anarchic little RS model to observations from rare p
decays such as y — ey, uy — 3e, and u — e conversion in
the presence of Ti nuclei and the rare trilepton decays of 7.
Among these, we will show that 4 — e conversion proves
to be the most constraining, and this constrains the lower
limit of the KK-1 gauge boson mass to be 230.7 TeV. For
comparison, the lower mass limit of the gauge boson in the
Randall-Sundrum model [16,17] that satisfies the y — e
conversion is Mggx 2 5.9 TeV [18]. In line with the
discussion on kaon oscillation in Ref. [12], here, we study
the effect of the BLKT in the electroweak sector of the
model and, in particular, on the Z boson wave function. We
show that this modification relaxes the strong bounds on
the KK-1 mass of the gauge boson to 212 TeV, making the
Kaluza-Klein (KK) gauge boson available at the upcoming
high-energy colliders.

Published by the American Physical Society
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For anarchic 5D Yukawa couplings, since the light
fermions are localized close to the ultraviolet (UV) brane,
it is possible that the unphysical assumption of rigid thin
branes in little RS might have a role to play in these
large flavor violations. If we replace this thin rigid UV
brane with a fat brane, along with its fluctuations, namely,
branons [19-21], then we show that the flavor-violating
couplings get suppressed, lowering the bound on the KK-1
gauge boson mass to 210 TeV.

The paper is organized as follows. In the next section, we
briefly review the little RS model, gauge and lepton field KK
decomposition, and their interactions. In Sec. III, we will
derive the trilepton decay branching ratios and ¢ — e con-
version rate in the model. Then, we will discuss the effect of
BLKT on the interactions and recompute the constraints in
Sec. IV. In Sec. V, we summarize the work and discuss the
effects of fat branes on lepton flavor violation.

II. THE LITTLE RS MODEL

In this section, we briefly recap the little RS model. Our
four-dimensional space-time is assumed to emerge from a
5D anti—de Sitter (AdS) space-time, with a fundamental
scale M = 10° TeV [10,22], upon orbifolding on
M, x S'/Z,. The line element of this 5D space-time is
given by

ds? = gyndxMdxV = e7y, dxtdxt +dy*, (1)

where M and N are five-dimensional space-time indices,
N = diag(—=1,4+1,41,41), and 0 <y < L. The warp
factor is taken to be kL ~ 7 so that the warped down scale
at the infrared (IR) brane becomes Mse L ~ O(1 TeV).

The Higgs field, in order to stabilize its vacuum expect-
ation value from quantum fluctuations, is assumed to be
localized on this IR brane. To avoid large localized flavor
violating and proton decay operators on the brane, we
assume that the gauge fields and fermions propagate in
the bulk. Moreover, we consider these fields to transform
under the adjoint and fundamental representations of the
Standard Model gauge group SU(3)- x SU(2)y, x U(1)y,
respectively.

Below, we describe the five-dimensional gauge and
fermion fields, relevant to the process, and their KK
decompositions. We begin our discussion with a review
of the electroweak sector coupled with the Higgs boson in
five-dimensional space-time.

A. Bulk gauge fields

1. Action of the 5D theory

Let us consider the bulk gauge fields W, and B,,, where
M ={0,1,2,3,5}, of SU(2), x U(1)y, coupled to the
scalar localized on the IR brane. The 5D action for this
system is given by

L
Sgauge = /d4x\/0‘ dy(‘CW.B + ‘C'Higgs)' (2)

The kinetic part of the 5D gauge theory (Ly p) and the
Higgs-sector Lagrangian (Ly;e,,) are given by, respectively,

1

‘CW,B — \/agKMgLN (_4

1
Wi Wi~ BB ) ()
and

Litiges = 8(1y| = L)[(Dy®@)" (DY @) — V()]
V(®) = @' ® + A(@TD)%. (4)

The field strength tensor of the gauge field is denoted
by Wy, and the covariant derivative by

where g5 and g5 are the 5D gauge couplings of W and B
bosons, respectively, and the Higgs doublet can be
decomposed as
1 —iv2¢" (x)
O(x) = — ) (6)
V2 \ v+ h(x) + ig? (x)

with the Higgs vacuum expectation value denoted by v,
and ¢* = (¢! F ip?)/V2.

The o function in Eq. (4) ensures that the Higgs vacuum
expectation value is stabilized to ~O(1 TeV). For simplic-
ity, we also perform the usual redefinitions of the gauge
fields:

1 .
Wy = E(W}w F iWy),
1
Zy = ﬁ(gswfw - glsBM)’
\/ Y5 + 95
1
Ay =W+ gsBu). ()
g5 + 95

2. KK decomposition

After compactification, the Kaluza-Klein decomposition
of 5D gauge field becomes

V,(6.y) =Y Vi ), (8)

where Vi (x) = {A{(x), 20 (x), W™ (x)} are the
four-dimensional KK modes of the photon, Z boson,

and the W* boson and f&,">(y) their wave profiles in
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the bulk. The Euler-Lagrange equation of motion of these
bulk modes are given by

—0s(e*osfy)) = mify). 9)
In this equation, we have used ()ﬂd”fo')(x) = m2V{ (x).
These fields are set to satisfy the boundary condition
(6V#0,V,)]or = 0 and the orthonormality condition

Cayf g = s 10
A v fv nm- (10)

Solving Eq. (9), for m, = 0, we find that the zero-mode
profile of the gauge boson is flat and is given by

Al (11)

R
y)—ﬁ7

For the higher KK modes (m,, # 0), the solution to Eq. (9)
is given in terms of the Bessel J and Bessel Y functions and
is of the form

n n mneky n mneky
f§/)<)’):N§/)eky{11<T>+b§/)Y1< k )] (12)

where N g," ) and bg,rl) are the two constants of integration.

While N if) is fixed by the orthonormality condition, bg,") is
determined using the boundary condition. Demanding
Neumann boundary condition at y = 0 and y = L, we get

Jo(P)
bV = 0k gy =,
Y Yo()
NCPD
bl = 0k aty=L. 13
Vv YO(T”ekL) ( )

The mass spectrum of the KK modes (m, = x,ke )

can be computed from the solutions to the equation
Jo(x,)Yo(x,e7) = Yo (x,)Jo(x,e7*F) = 0, obtained by
equating the relations given above. For future convenience
we denote the KK-1 gauge boson mass by Mgy = m;.

B. Bulk fermion fields

The Clifford algebra in five-dimensional space-time is
defined by gamma matrices, I'* = {y°,y',y?,73,7°}, that
satisfy {I, T8} = 2¢A8, where n2 is the flat metric
defined on the 5D tangent space. Since the algebra is
irreducible, one cannot construct a chirality projection
operator in five dimensions. Thus, the fermion fields
constructed in this geometry have four complex degrees
of freedom, which on compactification leads to vectorlike

four-dimensional fermions. Moreover, due to the lack of
chiral symmetry, the geometry does not prohibit a mass
term in the bulk for the fermions. These mass terms will
become crucial for the geometric Froggatt-Nielsen mecha-
nism to generate four-dimensional fermion mass hierarchy.
Let us start our discussion by constructing the five-
dimensional fermionic action.

1. 5D fermionic action

The 5D action for doublet (2) and singlet (¢) leptons can
be written as

Sfermion = Skin + SYukv (14)

Skin:/dsx\/—g;”(FAEf{’DM—l-mf)?

+/d5x,/——g > E(MEYDy+m,)e.

e=eut

Syu = / Bxy/=g7,(Vsp)i2, H(x)8(y—L) +Hee., (15)

where m, and m, are the bulk masses for the doublet and
singlet lepton fields, respectively, and EY the inverse
fiinfbeins. We denote the tangent space indices with A,
B and the five-dimensional space-time index with M, N.
Since the fiinfbeins satisfy the condition e4,745€% = gyn»
for the geometry given in Eq. (1), they become

efy = (e7™682,1). The five-dimensional anarchic Yukawa

matrix is denoted as (¥sp)¥, with i, j representing the
generational indices. In the above equation, D, represent
the covariant derivative in five dimensions given by
Dy = 0y + wy, where wy = fwyap[T*, T5] and the spin
connection given by

oyap = grvEN (O ES + TRrEL). (16)

where Ef, are the inverse fiinfbeins and I'¥g are the
Christoffel connections.

Upon compactification, the 5D Dirac fermions decom-
pose to two 4D Weyl spinors. To ensure that only the
correct chiral projections survive at the zero mode, we use
boundary conditions

ZL(++), er(++). (17)
at the orbifold fixed points (y = 0,y = L). Here, L and R
stand for the left and right chiral fields, respectively, under
the four-dimensional chiral projection operator, and +(—)
stands for the Neumann (Dirichlet) boundary conditions.

For example, 7 1 (+-+) means that we apply the Neumann
boundary conditions at both y =0 and y = L.
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2. The Kaluza-Klein decompositions

After compactification, the KK expansion of a generic
fermion field (¥) becomes

1 H

W(x,y), =Z AL (O)fyR(vie)  (18)

where W(L'f}g (x) denotes the corresponding four-dimensional
KK modes and f; (y) their extra-dimensional profiles
in the bulk. These wave profiles are set to satisfy the
orthonormality condition

/ dye=3brf0 ) _ 5, (19)

0

The normalized zero-mode profile for doublets and
singlets, with their respective bulk mass parameters
¢y, =my [k and ¢, = —m, [k, can be derived as [12,13]

f( <y7 cf) \/_fﬂ Cbp k} 2 Cf) (Cf,-—O.S)kL’ (20)

SR 0 cq) = VEf (e )P Creela oI (a1)

where

(1 -2c)
1— e—(l—ZC)kL'

fole) = (22)

Using the boundary conditions given in Eq. (17), the
lightest and next-to-lightest modes of chiral leptons in
four dimensions become

W, — (@§§°>,@;’§1>,2§§1>). (23)

3. Yukawa interaction

Using the action in Eq. (15) and the wave function for the
zero-mode leptons given in Eq. (21), the four-dimensional
Yukawa matrix can be derived in terms of the 5D anarchic
Yukawa as

yii_ 0
4D_fL (L cs,) stfge>(L»Ce,)

= (1 —2Cf,-)(1 —2Ce‘/.) e(l_(cfi""c"j))kLYij
(6(1_2%)“ _ 1)(6(1_20‘7)]{1‘ _ 1) 5D*

(24)

For the fermion KK modes given in Eq. (23), the above
mass matrix becomes

My, MyFx 0

M= | FLMy F MyFr Mgg |. (25)
0 Mgk 0
where Fj , = % and Méf:%Yig. Since the
L.R i

fermions are in the flavor basis, we need to rotate this
mass matrix to obtain the physical states. In order to do that,
it will be easier if we first diagonalize the SM part M, with
a biunitary transformation (U, Ug). Acting on the mass
matrix M with diag(U,, 1, 1) on the left and on the right

with diag(U;Q, I, 1), we get

Mp 58 O
M=| 58, & Mg |, (26)

0 Mgx O

where MD = ULM()U;, LAR = ULM()FR = MDURFR’

V2
VA, = F MyUy = F UMy, and A, = F MyFg =

V2
FLU; MpUgFr.

Moreover, since the mixing of higher KK modes with
the zero mode is suppressed by it is convenient and

v
Mgy
informative to diagonalize the lower 2 x 2 part of the
mass matrix. With that, to the leading-order expansion in

X = MA—K'K, the diagonal mass matrix becomes [18]

Mp xpy(1+%) xp5(1-%)
Mp =] x 3(1+%) MKK+% 0 . (27)
xp5(1-3) 0 ~Myx +5

where x; g = \/LE A; . Note that the off-diagonal elements

in this matrix are very small compared to Mgg. Now, the
degeneracy in the KK-1 mode is lifted to

(1 _ A
My = Mgy +7’
M2 Ay

Myg = —Mgg + 5 (28)

4. Couplings with Z boson

Before discussing the flavor-violating effects, we need
to identify the relevant couplings of the gauge boson. For
simplicity, we will consider the couplings of fermion
bilinear with an Abelian gauge field in the bulk of AdS.
Generalization to flavor-violating interactions of the
non-Abelian gauge field is then straightforward. A five-
dimensional action for the U(1) gauge field can be
written as

1
5
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where Fy = dyAy — OyAy 1s the field strength tensor
and g5 the 5D gauge coupling.

In the unitary gauge (A5 = 0), the vector field can be
Fourier expanded as

Axy) =Y AP (), (30)

and the coupling of the zero-mode lepton bilinear with
the gauge KK modes can be computed from the overlap
integral:

n g L 3ky pn 0 0
Girce) =7 / dye ™ [0 ) FLR(v oo FER(Y- o).

(31)

In the above equation, fg”) and f(LO} are as given in
Egs. (12) and (22), respectively. Since the geometric
Froggatt-Nielsen mechanism requires distinct bulk mass
values “c, ,” for the leptons, the couplings Q(er;e are different
depending on the localization of the fermion zero mode.
Replacing the Abelian gauge field with the Z boson, we can
explicitly write these interactions as

n 2i(0 n) 2i(0 n =i(0 n) Ai(0
£ =g/ (e )00 1,207 + g (e, ) ey, 2.
(32)

These couplings, being dependent on the bulk mass
parameter ¢, ,, generate flavor violations in the interactions
of the gauge boson KK modes on rotating the fermions to
their mass basis. With this understanding, we can now
address the consequences of such terms in little RS.

III. FLAVOR-VIOLATING DECAYS IN LITTLE RS

In this section, we focus on the charged lepton flavor-
violating decay processes such as y — ey, y~ — ete e,
uTi — eTi, T~ > e e et T > ueer, and
77 — e~p~ut, in the little RS framework. Among these,
the only loop process is 4 — ey. Though this decay is
divergent in the Randall-Sundrum model with brane
localized Higgs, since little RS is an effective theory with
much lower cutoff ~10° TeV, we expect a need to

FIG. 1. The diagram that generates the process y — ey.

reanalyze this decay. The dominant contribution to the
process u — ey proceeds through a one-loop Feynman
diagram with brane localized Higgs and KK-fermion fields
as shown in Fig. 1. The amplitude of the process, assuming

ME?K to be much greater than the energy scales involved,
thus becomes

_ 1
Ayrey = u(pl){eA”ZWY”

i KK

/ Bk (F A K+ MO+ K+ M)
(2m)*

+7u_R(p,)ale;w”L(p)CR(qz)- (33)

The divergence in this amplitude come through the large

number of fermion KK modes that contribute to this loop
L S
m 16

loops. Thus, the cutoff-dependent part of the Wilson
coefficient has the form [18]

Cor 1 [(Ysp\? Asp 1 A3p
R log( =) 4y, =50y ..
m2 1672 (MKK 2N % ) T1en PR T

(34)

log(Ngg). Their contributions worsen at two

where the first and second terms are the one-loop and
two-loop contributions, respectively.

The Randall-Sundrum model, being UV complete,
requires  Asp = M,; = 10'© TeV to avoid hierarchy.
Moreover, to avoid quantum gravity effects, the curvature
should satisfy the condition k/M ,; < 0.1. Hence, assum-
ing k < 10" TeV, the number of KK modes that contribute
to the process becomes N g = 10. At two loops, dimension
analysis suggests that the amplitude becomes ~N%(K =

(A%)2 2100 [18], which means that the one-loop and

two-loop contributions in Eq. (34) are of the same order
[Log(A—;zD) ~ %% ~ 1]. And the higher loops contribute
strongly and the result is not convergent. This feature
threatens any reliable calculations of the y — ey process in
the Randall-Sundrum model.

In comparison, the little Randall-Sundrum model is
an effective theory with a scale 103 TeV, such that
quantum gravity effects are insignificant. It is straightfor-
ward to find a parameter space, for example, Asp ~
10° TeV and k ~ 800 TeV, in which the number of KK
fermions contributing to the loop can be much smaller
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[Nik ~ 80~ O(1)], and the cutoff-dependent part of the

Wilson coefficient becomes

Crr 1 < Ysp

? Mgk

2
~ 5 ) {0.24+0.008 +---}, (35)
my,  16x

where the two-loop term is much smaller than the one-loop
with the higher-loop terms further suppressed. Though the
amplitude is calculable now, still, the result is sensitive to
the cutoff scale of the model, but this can be cured if we can
dynamically stabilize this scale. Being phenomenological
in nature, little RS requires new physics to do this. One way
this could be achieved is by embedding the model in a
six-dimensional S'/Z, x §'/Z, scenario, for which all the
radii are stabilized [23,24].

The cutoff-independent part of the Wilson coefficient,
C. (g% = 0), can be derived from Eq. (33) as

CL,R (q2 3271_2 Z Ll i) lﬂ’ (36)

where ¥ = Mp/(v/+/2) is the rotated Yukawa coupling

and M;?K are the masses of the first KK mode given in
Egs. (27) and (28), respectively. The branching ratio for this
process now becomes [25,26]

1272

Gl ICLO) +[Cr(O)P].  (37)

B(u — ey) =

where C;(0) and Cg(0) can be derived by using Egs. (27)
and (28) in Eq. (36):

2
o uME

1 1
)= [”W”YMT}

2
m,my

= m [ARA A, ]

m m%_l 1 1
32 YoVi——s MS(I,? + Yezyzﬂ@
2
m,mg;
= M[ARAIAL]ZW (38)

ey’

Cr(0) = e—Lt—=

A; and Ay are the off-diagonal terms in the fermion mass
matrix, and A; is the Yukawa mass of the KK-1 leptons
given in Eq. (26).

This finite part can be computed, and, on comparing
it with the experimental bound on the branching ratio
Bexpt (1 — €y) $0.042 x 107" [27], we obtain the lower
limit on the mass scale Mgx = 1.4 TeV.

A. Trilepton decays and g —e conversions

Before we discuss the trilepton decays in the little RS
model, to study the flavor-violating effects, it is important
and insightful if we identify the model-independent four-
fermion interactions that contribute to the processes.
Adopting the parametrization in Refs. [25,28], the most
general low-energy effective, dimension-6, Lagrangian
responsible for these processes can be written as

4G i ]
—Log = 7; (95 (2irr"ejr) (erY eir)

=+ gf{(?iLV”ij)(sz}’yka)
+ géj(éiRyﬂejR)(?kLprﬂkL)
+ g2 (Zir"¢ L)y enr)] + He.,  (39)

where g3 45 are dimensionless Wilson coefficients. Note
that we have considered only vector operators and not
scalar or pseudoscalar ones. This is because the Higgs
contribution to the flavor-violating process is suppressed
by small masses of the fermions involved. Moreover, the
next-to-leading-order effects from KK fermions mixing are
further suppressed.

Like fermions, the electroweak symmetry breaking with
brane localized Higgs boson also mixes the KK levels
of the Z boson. Details of the symmetry breaking and the
mass matrices of electroweak gauge bosons are given in
Appendix A. To diagonalize this mass matrix, we need to
rotate the gauge basis (Z(®),Z()) to the physical basis
(Z(0)»Z(1)), wherein the admixture enters as

Z©),

zM), Zy = zW —f

2
MKK

(40)

where f(~v/2kL) parametrizes the mixing between the
zero and first KK level. From Eq. (31) it is clear that,
since the extra-dimensional wave profile of Z(©) is flat, it
couples democratically to all the lepton generations,
whereas couplings of the fermion zero mode bilinear with
the Z() are determined by the appropriate overlap integral
and are dependent on the bulk mass parameter c,, . :

o = 2Vn / dye S FD % (s cp )2 (41)

In the above equation, a,, a,, and a, denote the ratios of
couplings given in Eq. (32) to the SM ones. On rotating to
the mass basis of leptons, the matrix which describes the

Zf,l) couplings takes the form

Lin = gL.RWUz.RO‘UL,R}’”‘PZ;g), (42)
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where g; p are the SM gauge couplings, U, p are the
unitary mixing matrices for charged SM leptons,
a = diag(a,, a,, a;), and

€L.R
HLR |- (43)

TL.R

It can easily be seen that the generational dependence of
the Z() boson couplings, in Eq. (41), conspire to create
off-diagonal elements that generate flavor violations.
Moreover, this property of the KK-1 mode of the Z boson
is inherited by the physical Z ;) boson due to the admixture.
Thus, the dominant flavor violation in the electroweak
sector is mediated by the zero mode of the physical Z
boson, and integrating them out from low-energy processes
results in the Wilson coefficients shown in Eq. (39). A
detailed discussion is given in Appendix B.

Now, using the operators in Eq. (39) in Eq. (B4), the
branching ratio for the process u — 3e can be written as

BR(u — 3e) = 2(|¢5°P + |¢h°[) + |51 + |67, (44)
where we have assumed BR(y — ewv) = 1.
The u — e conversion rate [28] becomes
2peEeG%’m3a3 EDZ4fo12\’ e e
Beony = R |G P 4 ) (45)
s ZFcap,

where the couplings g¢;45¢ and g; g are given in
Appendix B, aggp is the QED coupling strength, and the
remaining atomic physics constants are given in Ref. [28].

In order to constraint the little RS model, we impose the
following current PDG limits: BR(u — 3¢) < 10712 [4,29]
and B,ri_.r; < 4.3 x107'? [5,29]. And for the rare tau
decays, we employ the constraints BR(z — eTe e™) <
2.7 %1078, BR(z = utuut) < 2.1 x 1078, and BR(7r —
u-e~et) < 1.8x 1078 [29]. For computing the y — e
conversion, we use the numerical values for titanium from
Ref. [30].

Comparing these limits with Egs. (44) and (45), we can
derive the lower bound on the mass scale in the model. We
present the constraints on M g for little RS and compare it
with the bounds obtained in the Randall-Sundrum model in
Table 1. The details regarding our numerical analysis is
given in Appendix C.

IV. BRANE LOCALIZED GAUGE KINETIC TERMS

Going beyond the simplest possible extension of SM in
little RS, the action of the gauge field in five dimensions,
given in Eq. (29), can be generalized [12,31-33] as

TABLE 1. Constraints on the first KK-mode mass, Mgy,
coming from various measurements for a brane Higgs field in
both the RS and the little RS, except for the BR(i — ey) in the
RS model where we have used bulk Higgs, since the brane Higgs
is not computable in the RS.

Model BR(y — 3e) Biony BR(u — ey)
RS 2.5 TeV 5.9 TeV *8 TeV
Little RS 20.8 TeV 30.7 TeV 1.4 TeV
Model BR(z — 3e) BR(7 — 3u) BR(7 — puee)
RS 0.1 TeV 0.4 TeV 0.36 TeV
Little RS 2.48 TeV 2.43 TeV 2.50 TeV

1
S= Tap dx\/=g{(*™ gV F spF yn)
5

+ (lyvé(y) + hrS(y = L)) g* g FopF, }.  (46)

where /yy and Ly are the localized kinetic term strengths at
the UV and the IR branes, respectively. The origin of these
terms is for the time being unknown, but it is understood
that for correct renormalization of the model such terms are
necessary [34,35]. These terms can be hypothesized to have
their origin in the unperturbative effects of brane localized
matter coupled to the gauge field.

Varying the action in Eq. (46) with respect to the field,
the equation of motion becomes

—05(e7 205 £y = (1 + Iy — L) + Lyyd(y))m2fY,
(47)

where fy)(y) are the wave functions that satisfy the
orthonormality condition:

L
A Y1+ 1d(y) + loyd(y = DIFS S = 6. (48)

The solution to Eq. (47) is given by

n n mn n mn
Ff00) =N et {Jl <ke—ky> L <ke—ky>]’ 49)

where NX” is the normalization constant and bg”) the

integration constant fixed by the modified boundary
conditions

o, f

0 _lUVmngEx”) (0).
y=0

=+ lgml £ (L), (50)

(n)
ayfA y=L
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(n)

Using the above relations, b, becomes

b("):_JO(%)—'—mnlUVJl(k) tv=0

4 Yo%) +myluy Yy (32 ’
Jo (et ) —m, hige*e T (B et

b2n> _ 0(}1/1( ekL) mylr€ l(nlfl ekL) aty:O, (51)
YO(T"‘? )—m,lre Yl(Tne )

where m, = x,ke™** and x, are the roots of the

master equation obtained by equating the two relations
in Eq. (51).

From Egs. (47) and (48), the zero-mode wave function
can be derived as

) — 1

Since the BLKT modifies the bulk gauge field wave
profile, their overlap with the lepton bilinear becomes

n g5 (L sy en
Gk(cre) =2 / dye™ [0 1RO ce)fER(cre).

(53)

where g5 = gov/L + g + lyy, with g, denoting the cou-
pling of the Z(*) boson with the fermion. This generaliza-
tion of the gauge field does not affect the gauge zero-mode
couplings. On the other hand, the higher KK-mode cou-
plings are modified significantly. Since the CLFV is

mediated by the Zf,l), to capture the effect of BLKT, it
is instructive to define the quantity

(1

1
9 (

%(c2) = g k(er)
90

Agt
90

. (54)

where g(Ll’}e(c) is given in Eq. (53).

For illustration, in Fig. 2 we display the coupling
strengths of the KK-1 partner of the Z boson, |ng)| [we

denote g(Ll.}e(c) = ¢;], and lepton bilinears, with the bulk

mass parameters ¢; = 0.8 and ¢, = 0.7, as a function of the
BLKT strengths. The values of |%| for different BLKTs

are given in Table II.

The numerical analysis is similar to the scenario with-
out BLKT but using the modified couplings in Eq. (53).
The probability distribution function of simulated data, for
the processes u — eee and uTi — eTi, is presented in
Fig. 3. For comparison, we have also shown the scenario
without BLKT. These plots clearly show that the branch-
ing ratio and conversion rate constraints relax on imposing
BLKT, bringing down the lower limit on the KK-1 gauge
boson mass scale to ~12 TeV, thus making the model

0.14¢

0.12}

0.10f

0.08f

—

2 0.06}
0.04f
0.02f
0.00E

/90|

0.30¢f
0.25¢
0.20F
0.15¢
0.10¢f
0.05¢f
0.00E

[91/g0|

FIG. 2. (a) The coupling of KK-1Z boson, |g,/g|, with leptons
having bulk mass parameters ¢ = 0.8 (red solid line) and ¢ = 0.7
(black dotted line) as a function of kljz (assuming klyy = 0).
(b) The coupling of KK-1Z boson, |g;/go|,with fermions having
bulk mass parameters ¢ = 0.8 (red solid line) and ¢ = 0.7 (black
dotted line) as a function of klyy (assuming klg = 0).

relevant at upcoming hadronic collider searches. The
bounds on these processes in the presence of BLKT are
summarized in Table III.

V. SUMMARY

As an effective theory below 103 TeV, the little
Randall-Sundrum model has been quite successful in
relaxing the strong constraints from the electroweak
precision observables without introducing custodial

TABLEIL | % | values for the three cases of BLKTs computed
with ¢; = 0.8 and ¢, = 0.7.
kl]R - _5, klIR - O,

BLKT kl[R = klUV - O klUV - O klUV = _5
|24 | 0.013 0.015 0.008

kl]R = 5, kl]R = 0, kl[R = 5,
BLKT klUV = 0 klU\/ = 5 klUV = —5
|84 | 0.003 0.0123 0.002

J0
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FIG. 3. Probability distribution function satisfying (a) the

experimental branching ratio for the process u — eee with
kl[R = 5, klUV =-5 (black solid line) and klUV = O, kl]R =0
(red dashed line) and (b) the experimental u7i — eT'i conversion
rate kljg = 5, klyy = =5 (black solid line) and klyy =0,
klig = 0 (red dashed line).

symmetry. As an added advantage, it also predicts an
enhanced signal at LHC [12] compared to its UV
complete counterpart. On the other hand, the flavor
predictions turn for the worse. In a previous article by
the author [12], the effects of little RS on kaon oscillation
were discussed, where they observed that the contribution
to the ex parameter was enhanced by a tree-level KK-1
gluon exchange diagram. The lower limit on the com-
pactification scale was computed to be ~32 TeV. On the

TABLE III. Bounds on the Mgy for the different BLKTs
considered.
klIR - klUV - O klIR - 5, klUV - —5
B2z 20.8 TeV 7.49 TeV
uTi—eTi 30.7 TeV 12.03 TeV

other hand, these limits were relaxed on including the
BLKT for gluons and the scale was lowered to ~5 TeV.
The relaxation of the constraints was also achieved by
imposing minimal flavor protection, U(3) flavor sym-
metry. This brings us to believe that the simplistic
structure of gauge kinetic terms, considered so far in
the literature, may not be the correct nature of the
Universe. Instead, we need to introduce BLKT. These
generalized gauge kinetic terms are also necessary to
correctly renormalize the gauge sector [34—-38].

In this paper, we extend the study of flavor violation to
the charged lepton sector. The anarchic little RS model
was subjected to a set of experimental constraints from
the rare decays of y — eee, 7 — eee, © — puu, © — pee,
T — eup, u — ey, and uTi — eTi. Unlike the case for
hadrons, here, the flavor violations are mediated by the
SM Z boson through mixing with the KK-1 partners in
gauge basis. We note that the little RS suffers stronger
bounds from the lepton flavor-violating sector, which
constrains the lower limit on the KK-1 gauge boson mass
to Mgg ~30.7 TeV. To mitigate such large constraints
and make the model viable at colliders, in this article, we
proposed brane localized kinetic terms for electroweak
gauge bosons. Here, we considered nonminimal kinetic
terms in both UV and IR branes and found that positive
values of BLKT on IR brane and negative BLKT on UV
brane relax the bounds, effectively reducing the lower
limit to Mgx > 12 TeV. The electroweak sector in little
RS exhibits a very rich flavor phenomenology. These
interactions, discussed in our paper, can also contribute
significantly to processes involving lepton universality
violation.

Before concluding, we note that the flavor violations
discussed here are generated due to the difference in the
localizing wave profiles of fermion zero modes at the UV
brane. If the wave profiles were degenerate, the KK
modes of the Z boson would have coupled democratically
to all the leptons. It is interesting to investigate whether
these large corrections can be mitigated by relaxing our
assumption on the unnatural thinness and rigidity of the
brane. Though beyond the scope of this paper, if we
consider fat branes, we can show that the lower limit on
M g softens significantly. For demonstration, we choose
two scenarios with the ratio of brane width to compacti-
fication radius 0.1 and 0.2, and we have plotted the
probability distribution function satisfying the constraints
on the branching ratio of 4 — eee and u — e conversion
in Fig. 4. For ratio 0.2, it can be seen that the constraints
from u — eee limits Mygg = 8 TeV, while uTi — eTi
limits Mgy 2 12 TeV. Moreover, for flavor violations
arising on the brane, the pseudo-Nambu-Goldstone
bosons of the spontaneously broken translational sym-
metry (branons) are understood [19,39] to suppress the
coupling of gauge boson KK modes with the fermion
bilinear. Hence, a major part of the flavor violation
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FIG. 4. Probability distribution function satisfying (a) con-
straints on the branching ratio of 4 — eee with a fat brane of size
ratio 0.2 (black solid line) and 0.1 (blue dot-dashed line) and a
thin brane (red dashed line) and (b) constraints on the u — e
conversion with a fat brane of size ratio 0.2 (black solid line) and
0.1 (blue dot-dashed line) and a thin brane (red dashed line).

appears outside the brane. This interesting feature dis-
appears as the brane gets thinner and more rigid.
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APPENDIX A: MASS MATRIX
OF GAUGE FIELDS

After spontaneous symmetry breaking of the Higgs, the
mass terms from the Lagrangian given in Egs. (3) and (4)
become

u(n) 4 mg”)z A Am(n)

2
+m{" 2z 70 + % / dyd(y —L)gze™*"

2

m —u(n m n v
< (S ><y>f<w><y>) + 2@+ 05”)

m,n

/ —ZkyZZ zvin

W) )8y = L)dy,

(A1)
where m{”, m{", and m{") are the nth KK masses of the W
boson, photon, and Z boson, respectively.

Mass matrix of these gauge fields computed from the
Lagrangian Eq. (Al): The mass term of A, is

0 0
[ALO)A,S”HO mgn)zMALO)A,S”] (A2)

The zero mode of the photon does not couple with the
Higgs, and, hence, it is massless.
The mass term of W is

Mw _ ms?)zw;"(o)w—ﬂ(O) + mS)QW;MmW_”(])

v? oy N ) yy—a(n) £
+3/g§e S W W £ ()

m,n

x A ()8(y = L)dy. (A3)
This can be represented by the matrix form
-(0)
My = [W;(O)W;(])} [aoo doy (])2} W, -
ayp  ay +my W;< )
(A4)
where a,,,, = g5 e i (L) 3 (L),
Similarly, the mass term of the Z boson is
My =mZ0 200 4 "z ze) —(g5 +5)

/ -Z’WZZ’”Z” )£ m) )£ ()8 — Ldy.

(A5)
boo bo, 7Y
M, = [Z,SO)Z,S”][ mz} | (a6)
by by +m; Z,

where b,,, = 2% 2 e 2L £ (1) £ (L) and 2#©) and z+(")
are in the gauge b351s of the Z boson. This is a feature of
IR-brane localized electroweak symmetry breaking.
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APPENDIX B: COUPLINGS AND [; — 3I;
BRANCHING RATIO

On going to mass basis,
matrices  C} p = g gdiag(a,, a,,a;) get
CLr = UL gCE jU; . Since a, # a,, # a,, in the rotated
basis C; p generate off-diagonal entries that lead to flavor
violation. Using the unitarity of U, p, we get

the flavor-basis coupling
rotated to

—

9ok’ = oe(UT5 U (@, = @) + UP U (a, - ).
1)z * s JR*
g = gr(USFUSE (@, = o) + UnfULE (a, - ),
LR = 0(UTTUS (@, = o) + URUS (o = ).
(B1)
where g; g are the usual SM couplings. Using Eq. (40), the
couplings to Z, are obtained via multiplication by f %
that is,

MZ’

Ll _f

QL
LR = L.R
M

(B2)

With the above equations, it is now relatively simple to
derive the effective Lagrangian given in Eq. (39). The
Wilson coefficients g 4 5 ¢ given in the effective Lagrangian

arise from the processes with the exchange of Z ) and Z(
bosons. These can be derived as
m ()i
20kf =) rgr s
Mk
2
mz ()il
=2 - Z ’
94 g.lf /]M%{K L
2
mz (1)l
=2 - Z i
g8’ =2g,[f - ] P
2
L1 mz ()il
9" = 208lf = o) ot 9" (B3)
KK

where i and j are (e,u,7). The first term in the above
equation is computed from the Z, exchange, while the
second is from Z; exchange.

The relevant branching fractions for the process /; — 3/;
now become [18,25]

Ll 1,1 Ll 1,1
93 P 419 17) + lgs ' > + 19 >
(B4)

BR(l; — 31;) = 2(

APPENDIX C: NUMERICAL ANALYSIS

Here, we present the numerical analysis of the little RS
parameter space, to determine how accurately the little RS

geometric origin of flavor can be tested in current and
future experiments. We will discuss the full parameter scan
of the bulk mass parameters, namely, “c” values, that fit
the lepton mass within the experimental error. We have
assumed anarchic Yukawa in the lepton sector. We choose
the basis in which the left-handed mixing matrix U; =/
and Up, the right-handed mixing matrix, contains the
mixing elements. This means that the flavor violation is
generated in the right-handed sector, and, hence, the model
is independent from fitting the Upyng matrix, which should
happen once neutrino phenomenology is modeled in
little RS.

The 3 x 3 complex matrices of five-dimensional Yukawa
couplings Y, contain nine real and nine complex elements.
Since we have assumed the left-handed sector to be aligned
with SM, the five-dimensional Yukawa should also be
assumed to have some symmetry, which reduces the total
free parameters to six real and three complex phases. For
simplicity, we also choose the basis in which the bulk mass
parameters are diagonal and real.

We restrict the five-dimensional Yukawa couplings to the
range 0.1 < |Y; ;| <3 so that the values do not introduce
unnatural hierarchies and remain below the perturbative
limit in the model. Ignoring the mixing of fermionic KK
modes, for the time being, we can write

{ = U YapUs, (c1)
where Y45 are the 4D Yukawa coupling defined in Eq. (25)
and ¢ is defined as

&= £dlag(m my,,m,). (C2)

Using this, we compute the five-dimensional Yukawa
coupling as

(Ysn)ij = 1O () (ULLURDS O (epy).  (C3)
where U; and Uy are the lepton mixing matrices. We have
run the scan over 10 iterations and collected 5000 points in
the little RS parametric space satisfying the anarchic
Yukawa conditions. The range of ¢ values satisfying the
above condition is given in Table I'V. Using these points, we
calculated the bounds on M g for all decays mentioned in

Sec. III.

TABLE IV. The bulk mass parameter ¢ used in our scan.

Cr1 Ce Cr3 Cel Ce2 Ce3
2.15-2.25 1.1-1.2 1-1.05 0.8-0.95 0.65-0.8 0.55-0.70
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