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Abstract. We study the charged lepton electric dipole moments in the Randall–Sundrum model where the
leptons and the gauge fields are accessible to the extra dimension. We observe that the electric dipole mo-
ment of the electron (muon; tau) reaches a value of the order of 10−26 e cm (10−20 e cm; 10−20 e cm) with
the inclusion of the lepton KK modes.

1 Introduction

CP violation is among the most interesting physical phe-
nomena, and the electric dipole moments (EDMs) of
fermions are important tools to understand it since EDMs
are driven by the CP violating interaction. There are var-
ious experimental and theoretical works in the literature,
and the experimental results of the electron, muon and
tau EDMs are de = (1.8±1.2±1.0)×10−27 e cm [1], dµ =
(3.7±3.4)×10−19 e cm [2] and dτ = (3.1)×10−16 e cm [3],
respectively. Furthermore, the experimental upper bound
of the EDM of the neutron has been found to be dN <
1.1×10−25 e cm [4, 5]. From the theoretical point of view,
the source of CP violation in the standard model (SM)
is the complex Cabbibo–Kobayashi–Maskawa (CKM) ma-
trix, the lepton mixing matrix in the quark, and the lep-
ton sector; and the calculation of fermion EDMs shows
that their numerical values are negligible in the SM.
In [6–9], the EDMs of the quark have been estimated to
be ∼ 10−30 (e cm), which is a small quantity since the non-
zero contribution exists at least in the three-loop level. In
order to enhance the fermion EDMs, one needs an alter-
native source of CP violation and additional contributions
coming from physics beyond the SM. The multi-Higgs
doublet models (MHDMs) and the supersymmetric model
(SUSY) [10] are among the possible models carrying an
additional CP phase. The electron EDM has been pre-
dicted to be of the order of the magnitude of 10−32 e cm
in the two Higgs doublet model (2HDM), including the
tree level flavor changing neutral currents (FCNC) [11]
and, in this case, the additional CP sources are new
complex Yukawa couplings. The EDMs of fermions have
been analyzed in [12, 13], in the 2HDM with the inclu-
sion of non-universal extra dimensions and in the frame-
work of the split fermion scenario. The EDMs of quarks
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were calculated in the MHDMs, including the 2HDM
in [14, 15, 17–22],1 the fermion EDMs in the SM, with
the inclusion of non-commutative geometry, have been es-
timated in [23], the lepton EDMs have been studied in
the seesaw model in [24], the EDMs of nuclei, deutron,
neutron and some atoms have been predicted extensively
in [25–34], and limits on the dipole moments of leptons
have been analyzed in a left–right symmetric model and in
E6 superstring models in [35–37].
In the present work, we analyze the charged lepton

EDMs in the framework of the 2HDM, with the inclusion of
a single extra dimension, respecting the Randall–Sundrum
(RS1) scenario [38, 39]. The extra dimensions are intro-
duced to solve the hierarchy problem between the weak
and Planck scales. In the RS1 model, gravity is localized
on a 4D boundary, the so called hidden (Planck) brane,
and the other fields, including the SM fields, live on an-
other 4D boundary, the so called visible (TeV) brane. The
warp factor, which is an exponential function of the com-
pactified radius in the extra dimension, drives the differ-
ence of induced metrics on these boundaries. With this
factor, two effective scales, the Planck scale MPl and the
weak scale mW, are connected and the hierarchy prob-
lem is solved. If the SM fields are accessible to the extra
dimension, one obtains a richer phenomenology [40–58].
The fermion mass hierarchy can be obtained by consider-
ing that the fermions have different locations in the extra
dimension and it is induced by the Dirac mass term in the
Lagrangian [44, 47–49]. Reference [50] is devoted to this
hierarchy by considering the Higgs field to have an expo-
nential profile around the TeV brane, and [51] is devoted
to extensive work on the bulk fields in various multi-brane
models. The different locations of the fermion fields in
the extra dimension can ensure the flavor violation (FV),
and it is carried by the Yukawa interactions, coming from

1 For a recent review, see [16].
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the SM Higgs–fermion–fermion vertices. The fermion lo-
calization in the RS1 background has been applied to the
high precision measurements of top pair production at the
ILC [56] and the various experimental FCNC constraints
and the electroweak precision tests for the location param-
eters of the fermions in the extra dimension are analyzed
in [57, 58].
Here, we study the charged lepton EDMs in the case

that the leptons and gauge fields are accessible to the extra
dimension with localized leptons in the RS1 background.
We observe that de (dµ; dτ ) reach values of the order of
10−26 e cm (10−20 e cm; 10−20 e cm) with the inclusion of
the KK modes.
The paper is organized as follows: in Sect. 2, we present

EDMs of charged leptons in the RS1 scenario, in the
2HDM. Section 3 is devoted to a discussion and to our con-
clusions. In the appendix, we present a construction of the
SM fermions and their KK modes.

2 Electric dipole moments of charged leptons
in the two Higgs doublet model, in the RS1
scenario

The fermion EDM arises from the CP violating fermion–
fermion–photon effective interaction and, therefore, their
experimental and theoretical search ensure considerable
information on the nature of CP violation. In the SM, CP
violation is driven by the complex CKM matrix elements
in the quark sector and a possible lepton mixing matrix
in the lepton sector. The tiny theoretical values of fermion
EDMs in the SM force one to go beyond present calcula-
tions and the extension of the Higgs sector with FCNCs
at tree level is one of the possibilities in order to enhance
their theoretical values. In the present work, we consider
the 2HDM, which allows the FCNC at tree level with the
complex Yukawa couplings.2 The additional effect coming
from the extra dimension(s) is another possibility to en-
hance the CP violation and, here, we consider the RS1
scenario with localized charged leptons in the extra dimen-
sion. The RS1 background is curved and the corresponding
metric reads

ds2 = e−2σηµν dx
µdxν + dy2 , (1)

where σ = k|y| with the bulk curvature constant k and the
exponential e−k|y|, with y =R|θ|, is the warp factor, which
drives the hierarchy and rescales all mass terms on the visi-
ble brane for θ = π. Here R is the compactification radius
in the extra dimension that is compactified onto a S1/Z2
orbifold with two boundaries, the hidden (Planck) brane
and the visible (TeV) brane. In the RS1 model, all SM fields
live in the visible brane, however, gravity is accessible to
the bulk and it is considered to be localized on the hid-
den brane. With the assumption that the gauge fields and

2 Here, we assume that the CKM type matrix in the lepton
sector does not exist, the charged flavor changing (FC) interac-
tions vanish and the lepton FV comes from internal new neutral
Higgs bosons, h0 and A0.

the fermions also may access the extra dimension, the par-
ticle spectrum is extended and the physics becomes richer.
In the present work, we consider this scenario with the
addition of a Z2 invariant.

3 The Dirac mass term in the
Lagrangian of bulk fermions that results in fermion local-
ization in the extra dimension [41, 43, 44, 46, 47, 49, 50] is

Sm =−

∫
d4x

∫
dy
√
−gm(y)ψ̄ψ , (2)

wherem(y) =mσ
′(y)
k with σ′(y) = dσ

dy and g=Det[gMN ] =

e−8σ, M,N = 0, 1, . . . , 4. Here the bulk fermion is ex-
panded as

ψ(xµ, y) =
1

√
2πR

∞∑
n=0

ψ(n)(xµ)e2σχn(y) , (3)

with the normalization

1

2πR

∫ πR
−πR

dyeσχn(y)χm(y) = δnm . (4)

Using the Dirac equation and the normalization condition,
the zero mode fermion is obtained as follows:

χ0(y) =N0e
−rσ , (5)

where r =m/k and the normalization constantN0 reads

N0 =

√
kπR(1−2r)

ekπR(1−2r)−1
. (6)

On the other hand,

χ′0(y) = e
−σ2 χ0(y) (7)

is the appropriately normalized solution, and it is localized
in the extra dimension. The parameter r is responsible for
the localization and for r > 12 (r <

1
2 ) it is localized near the

hidden (visible) brane.
The action that is responsible for the charged lepton

EDMs in the RS1 background is

SY =

∫
d5x
√
−g
(
ξE5ij l̄iLφ2EjR+h.c.

)
δ(y−πR) ,

(8)

where L and R denote chiral projections L(R) = 1/2(1∓
γ5), φ2 is the new scalar doublet, liL (EjR) are lepton dou-
blets (singlets), ξE5ij , with family indices i, j, are the com-
plex Yukawa couplings in five dimensions, and they induce
the FV interactions in the lepton sector. Here, we assume
that the Higgs doublet φ1, living on the visible brane, has a
non-zero vacuum expectation value to ensure the ordinary
masses of the gauge fields and the fermions; however, the

3 The fermions have two possible transformation properties
under the orbifold Z2 symmetry, Z2ψ = ±γ5ψ and the combi-
nation ψ̄ψ is odd. The Z2 invariant mass term is obtained if the
Z2 odd scalar field is coupled to the combination ψ̄ψ.
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second doublet, which lies also on the visible brane, has no
vacuum expectation value:

φ1 =
1
√
2

[(
0

v+H0

)
+

(√
2χ+

iχ0

)]
,

φ2 =
1
√
2

( √
2H+

H1+ iH2

)
, (9)

and

〈φ1〉=
1
√
2

(
0
v

)
; 〈φ2〉= 0 . (10)

The gauge and CP invariant Higgs potential that sponta-
neously breaks SU(2)×U(1) down to U(1) reads

V (φ1, φ2) = c1
(
φ+1 φ1− v

2/2
)2
+ c2
(
φ+2 φ2

)2
+ c3
[(
φ+1 φ1− v

2/2
)
+φ+2 φ2

]2
+ c4
[(
φ+1 φ1

) (
φ+2 φ2

)
−
(
φ+1 φ2

) (
φ+2 φ1

)]
+ c5
[
Re
(
φ+1 φ2

)]2
+ c6
[
Im
(
φ+1 φ2

)]2
+ c7 ,
(11)

with constants ci, i = 1, . . . , 7. The choice (10) and the
potential (11) leads to the fact that the SM particles are
collected in the first doublet and the new particles in the
second one. This is the case that no mixing occurs between
CP even neutral Higgs bosons H0 and h0 in the tree level
and H1 and H2 in (9) are obtained as the mass eigenstates
h0 and A0, respectively.
The lepton doublet and singlet fields in (8) are ex-

panded to their KK modes by

liL(x
µ, y) =

1
√
2πR
e2σl

(0)
iL (x

µ)χiL0(y)

+
1

√
2πR

∞∑
n=1

e2σ
(
l
(n)
iL (x

µ)χliLn(y)+ l
(n)
iR (x

µ)χliRn(y)
)
,

EjR(x
µ, y) =

1
√
2πR
e2σE

(0)
jR (x

µ)χjR0(y)

+
1

√
2πR

∞∑
n=0

e2σ
(
E
(n)
jR (x

µ)χEjRn(y)+E
(n)
jL (x

µ)χEjLn(y)
)
,

(12)

where the zero mode leptons χiL0(y) and χjR0(y) are given
in (5) with the replacements r→ riL and r→ riR, respec-
tively. For the effective Yukawa coupling ξEij , we integrate
out the Yukawa interaction (8) over the fifth dimension by
taking the zero mode lepton doublets, singlets, and neutral
Higgs fields S = h0, A0:

V 0RLij =
ξE5ij

2πR

∫ πR
−πR

dyχiR0(y)χjL0(y)δ(y−πR)

=
e−kπR(riR+rjL)k

√
(1−2riR)(1−2rjL)√

(ekπR(1−2riR)−1)(ekπR(1−2rjL)−1)
ξE5ij .

(13)

Here, we embed the vertex factor V 0RL(LR)ij into the coup-

ling ξEij
(
(ξEij)

†
)
and fix the numerical value of ξEij

(
(ξEij )

†
)
by

assuming that the coupling ξE5ij in five dimensions is flavor
dependent. In this case the hierarchy of the new Yukawa
couplings is not related to the lepton field locations. On
the other hand, we need the vertex factors due to S–KK
mode charged lepton–charged lepton couplings V nLR(RL)ij
since charged lepton KK modes exist in the internal line
(see Fig. 1). After the integration of the Yukawa interac-
tion (8) over the fifth dimension, the S-zero mode lepton
singlet (doublet)–KK mode lepton doublet (singlet) vertex
factor (see the appendix for the construction of KK mode
charged lepton doublets and singlets) reads

V nRL(LR)ij =
ξE5ij
(
(ξE5ij)

†
)

2πR

∫ πR
−πR

dyχiR0(iL0)(y)χjLn(jRn)(y)

× δ(y−πR) , (14)

and

V nRLij =NLne
kπR(1/2−riR)

×
(
J 1
2−rjL

(
ekπRxnL

)
+ cLY 1

2−rjL
(ekπRxnL)

)

×
1

πR
√
ekπR(1−2riR)−1
kπR(1−2riR)

ξE5ij ,

V nLRij =NRne
kπR(1/2−riL)

×
(
J 1
2+rjR

(ekπRxnR)+ cRY 1
2+rjR

(ekπRxnR)
)

×
1

πR

√
ekπR(1−2riL)−1
kπR(1−2riL)

(ξE5ij)
† ,

where cL (cR) is given in (A.4) (A.7) with the replacements
r→ rjL (r→ rjR). Here the effective S-zero mode lepton
singlet (doublet)–KK mode lepton doublet (singlet) coup-
ling ξEnij (ξ

En
ij )

† reads

ξEnij
(
(ξEnij )

†
)
=
V nRL(LR)ij

V 0RL(LR)ij
ξEij . (15)

Notice that the strengths of the S–KK mode charged
lepton–charged lepton couplings are regulated by the loca-
tions of the lepton fields and we use two different sets, set I
and set II.4

The effective EDM interaction for a fermion f reads

LEDM = idf f̄γ5σ
µνfFµν , (16)

where Fµν is the electromagnetic field tensor, ‘df ’ is the
EDM of the fermion; it is a real number by hermiticity
(see Fig. 1 for the one-loop diagrams that contribute to the
EDMs of fermions).

4 In this scenario, the source of FV is not related to the
different locations of the fermion fields in the extra dimen-
sion [54, 55], but it is carried by the new Yukawa couplings in
four dimensions and the additional effect due to the extra di-
mension is the enhancement in the physical quantities of the
processes studied.
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Fig. 1. One-loop diagrams contributing to EDM of l-lepton
due to the neutral Higgs bosons h0 and A0 in the 2HDM. The
wavy (dashed-solid) line represents the electromagnetic field
(h0 or A0 fields, charged lepton fields and their KK modes)

Now, we present the charged lepton EDMs with the
addition of KK modes in the framework of the RS1 sce-
nario. Since there is no CKM type lepton mixing matrix
according to our assumption, only the neutral Higgs part
gives a contribution to their EDMs, and the EDM of lepton
l ‘dl’ (l = e, µ, τ) can be calculated as a sum of contribu-
tions coming from the neutral Higgs bosons h0 and A0. For
l = e, µ we get5

dl =−
iGF√
2

e

32π2
Qτ

{
1

mτ

((
ξ̄E∗N,lτ

)2
−
(
ξ̄EN,τ l

)2)

× ((F1(yh0)−F1(yA0)))+
∞∑
n=1

((
ξ̄En∗N,lτ

)2
−
(
ξ̄EnN,τ l

)2)

×
(
G(ynL,h0 , ynR,h0)−G

(
ynL,A0 , ynR,A0

))}
, (17)

where

G(ynL,S , ynR,S) =G1(ynL,S, ynR,S)+G1(ynR,S , ynL,S)

+G2(ynL,S , ynR,S)+G2(ynR,S , ynL,S) ,
(18)

with

F1(w) =
w(3−4w+w2+2lnw)

(−1+w)3
,

(19)

and

G1(ynL,S , ynR,S) = ynR,S [mnL(ynR,S−1)ynR,S
−mnR(ynL,S(ynR,S−2)+ynR,S)]

×
1

m2S(ynR,S−ynL,S)
2(1−ynR,S)2

ln ynR,S ,

G1(ynR,S , ynL,S)

=G1(ynL,S, ynR,S)|ynL,S⇔ynR,S ;mnL⇔mnR ,

G2(ynL,S , ynR,S) =
ynL,SmnL

m2S(ynR,S−ynL,S)(1−ynL,S)
,

G2(ynR,S , ynL,S)

=G2(ynL,S, ynR,S)|ynL,S⇔ynR,S ;mnL⇔mnR . (20)

5 In the following we use the dimensionful coupling ξ̄EN,ij in

four dimensions, with the definition ξEN,ij =
√
4GF√
2
ξ̄EN,ij where

N denotes the word “neutral”.

The EDM of the tau lepton reads

dτ =−
iGF√
2

e

16π2
Qτ

{
1

mτ

((
ξ̄E∗N,ττ

)2
−
(
ξ̄EN,ττ

)2)

×

∫ 1
0

dx

∫ 1−x
0

dy(x−1)

(
yh0

Lh0
−
yA0

LA0

)

+
∞∑
n=1

∫ 1
0

dx

∫ 1−x
0

dy

×

((
ξ̄EnN,ττ

)2
(mnRy+mnL(1−x−y))

×

(
1

m2
h0
Ln,h0

−
1

m2
A0
Ln,A0

)

−
(
ξ̄En∗N,ττ

)2
(mnLy+mnR(1−x−y))

×

(
1

m2
h0
L′
n,h0

−
1

m2
A0
L′
n,A0

))}
, (21)

where

LS = x+(x−1)
2yS ,

Ln,S = x+x(x−1)yS+yynR,S+(1−x−y)ynL,S ,

L′n,S = Ln,S|ynL,S⇔ynR,S . (22)

Here yS =
m2τ
m2
S

, ynL(nR),S =
m2
nL(nR)

m2
S

and Qτ is the tau lep-

ton charge. In (17) and (21) we take into account only the
internal τ -lepton contribution, respecting our assumption
that the Yukawa couplings ξ̄EN,ij , i, j = e, µ, are small com-
pared to ξ̄EN,τii= e, µ, τ (see Sect. 3 for details). Notice that
we make our calculations in arbitrary photon four momen-
tum square q2 and take q2 = 0 at the end. For the Yukawa
couplings we used the parametrization

ξ̄EnN,τ l =
∣∣ξ̄EnN,τ l∣∣ eiθl , (23)

where l = e, µ, τ . Here, θl is the CP violating parameter,
which is the source of the EDM of the lepton.6

3 Discussion

In this section, we study the effects of lepton KK modes
on the EDMs of charged leptons in the framework of the
RS1 scenario, with extended Higgs sector. The source of
fermion EDMs is the CP violating interaction that arises
from a CP violating phase. Here, we assume that this
phase comes from the complex Yukawa couplings appear-
ing in the tree level fermion–fermion–new Higgs inter-
actions, in the framework of the 2HDM. In the case of
charged leptons, the leptonic complex Yukawa couplings

6 The Yukawa factors in (17) can be written as

((
ξ̄En∗N,lτ

)2
−
(
ξ̄EnN,τ l

)2)
=−2i sin 2θl

∣∣∣ξ̄EnN,τ l
∣∣∣
2
. (24)
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ξ̄EN,ij , i, j = e, µ, τ , are responsible for the EDMs and they
are free parameters in the model considered. Here, we ex-
pect that the Yukawa couplings ξ̄EN,ij , i, j = e, µ, are weak
compared to ξ̄EN,τi, i = e, µ, τ , and the couplings ξ̄

E
N,ij in

four dimensions are symmetric with respect in the indices
i and j. Finally, we consider the coupling ξ̄EN,τe, (ξ̄

E
N,τµ,

ξ̄EN,ττ) to be dominant among the others. This is the case
that the tau lepton and its KK mode appear in the inter-
nal line (see Fig. 1). The numerical value of the coupling
ξ̄EN,τµ is chosen by respecting the experimental uncertainty,
10−9, in the measurement of the muon anomalous mag-
netic moment [59] (see [60] for details).7 This upper limit
and the experimental upper bound of BR of µ→ eγ de-
cay, BR≤ 1.2×10−11, can give clues about the numerical
value of the coupling ξ̄EN,τe [11], and we take it to be of
the order of 10−2 (GeV). For the coupling ξ̄EN,ττ there is no
stringent prediction and we consider an intermediate value
that is greater than the coupling ξ̄EN,τµ. For the CP violat-
ing parameter that drives the EDM interaction we choose
the range, 0.1≥ sin θe(µ,τ) ≥ 0.7.
In the present work, we study the charged lepton EDMs

in the RS1 background with the assumption that the lep-
tons may also access the extra dimension. The inclusion
of extra dimensions brings about additional contributions
that come from the KK modes of leptons in the 4D effect-
ive theory after compactification. Here, we assume that the
lepton fields are localized in the extra dimension with the
help of the Dirac mass term ml = rσ

′, σ = k|y|, see (2),
in the action. This is the case that the SM leptons, the
right and left handed parts, are located in the extra di-
mension with exponential profiles (see (5)), which makes it
possible to explain the different flavormass hierarchies (see
the appendix for the construction of the SM fields and their
masses).
The gauge sector of the model should necessarily live

in the extra dimension if the leptons exist in the bulk and,
therefore, their KKmodes appear after compactification of
the extra dimension. These KK modes result in additional
FCNC effects at tree level coming from the couplings with
charged leptons and they should be suppressed even for low
KK masses, by choosing the lepton location parameters cL
(cR) appropriately [57, 58]. Here, we use two different sets
of locations of charged leptons (Table 1) in order to obtain
the masses of different flavors, and we verify the various
experimental FCNC constraints with KK neutral gauge
boson masses as low as few TeVs. In both sets, we esti-
mate the right handed locations of the leptons by choosing
the left handed charged lepton locations to be the same.
For the case that the left handed charged lepton locations
are near the visible brane (see set II), the strengths of the
couplings of leptons with the new Higgs doublet living in
the 4D brane become stronger and, therefore, the physical
quantities related to these couplings are enhanced.
Throughout our calculations we use the input values

given in Table 2. Furthermore, the curvature parameter k

7 In [60], the upper limit of the coupling ξ̄EN,τµ is estimated
to be ∼ 30 (GeV) in the framework of the 2HDM, and here, we
take a numerical value that is less than this quantity.

Table 1. Two possible locations of charged lepton fields. Here
rL and rR are left handed and right handed lepton field location
parameters, respectively

set I set II
rL rR rL rR

e –0.4900 0.8800 –1.0000 0.8860
µ –0.4900 0.7160 –1.0000 0.7230
τ –0.4900 0.6249 –1.0000 0.6316

Table 2. The values of the input parameters used in the nu-
merical calculations

Parameter Value

mµ 0.106 (GeV)
mτ 1.78 (GeV)
mh0 100 (GeV)
mA0 200 (GeV)
GF 1.16637×10−5 (GeV−2)

and the compactification radius R are the additional free
parameters of the theory. Here we take kR = 10.83 and
consider the region 1017 ≤ k ≤ 1018 (see the discussion in
the appendix and in [49]).
In Fig. 2, we present the parameter k dependence of

the electron EDM de, for ξ̄
E
N,τe = 0.01 (GeV) and two dif-

ferent values of the CP violating parameter sin θ. Here,
the lower–upper solid (dashed, small dashed) line repre-
sents the de for sin θ = 0.1–0.5 without KK modes (with
KK modes set I, II). It is observed that the de is of the
order of 10−29–10−28 e cm for sin θ = 0.1–0.5 without KK
modes. The inclusion of the KK modes enhances the de 50
times-two orders for set I–II for the values of the curva-
ture scale k ∼ 1017 (GeV) and this enhancement becomes
weak for k ∼ 1018 (GeV). For set II, the enhancement in de
is almost two times larger than the case of set I. This is

Fig. 2. The dependence of the electron EDM de on the pa-
rameter k, for ξ̄EN,τe = 0.01 (GeV). Here, the lower-upper solid
(dashed, small dashed) line represents de for sin θ = 0.1–0.5
without KK modes (with KK modes set I, II)
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due to the fact that the left handed leptons (zero and KK
modes) are near the visible brane and their couplings to
the new Higgs scalars become stronger for the case of set
II. The experimental upper limit is de = (1.8±1.2±1.0)×
10−27 e cm and this numerical value can be reached even
for small values of the CP parameter sin θ ∼ 0.1 with the
inclusion of charged lepton KK modes.
Figure 3 is devoted to the dependence on the param-

eter k of dµ, for ξ̄
E
N,τµ = 1 (GeV) and for two different

values of the CP violating parameter sin θ. Here, the
lower–upper solid (dashed, small dashed) line represents
dµ for sin θ = 0.1–0.5 without KK modes (with KK modes
set I, II). We observe that dµ is of the order of 10

−25−
10−24 e cm for sin θ = 0.1–0.5 without KK modes. With
the inclusion of the KK modes dµ increases to values
of the order of 10−23; 2.0×10−23 e cm for sin θ = 0.1 and
5.0×10−23; 10−22 e cm for sin θ = 0.5 in the case of set I
and set II, for values of the curvature scale k ∼ 1017 (GeV).
With the choice of ξ̄EN,τµ = 10 (GeV), which is the numeri-
cal value near the upper limit that is obtained by respect-
ing the experimental uncertainty, 10−9, in the measure-
ment of the anomalous magnetic moment of the muon [60],
dµ reaches a value of 10

−20 e cm for sin θ ∼ 0.5, with the in-
clusion of charged lepton KK modes in the case of set II
and k ∼ 1017 (GeV). This is a numerical value close to the
experimental upper limit dµ = (3.7±3.4)×10−19 e cm.
Figure 4 represents the parameter k dependence of

dτ , for ξ̄
E
N,ττ = 10 (GeV) and two different values of the

CP violating parameter sin θ. Here, the lower–upper
solid (dashed, small dashed) line represents the dτ for
sin θ = 0.1–0.5 without KK modes (with KK modes set
I and II). Here it is observed that dτ is of the order of
10−23–10−22 e cm for sin θ = 0.1–0.5 without KK modes.
The inclusion of the KK modes causes dτ to be en-
hanced to values of the order of 10−21; 2.0×10−21 e cm
for sin θ = 0.1 and 5.0×10−21; 10−20 e cm for sin θ = 0.5
in the case of set I and II, for values of the curvature
scale k ∼ 1017 (GeV). The experimental upper limit of dτ ,
|dτ | < (3.1)× 10−16 e cm is almost two orders away from
the theoretical value obtained, even with the strong coup-

Fig. 3. The same as Fig. 2, but for dµ and ξ̄
E
N,τµ = 1 (GeV)

Fig. 4. The same as Fig. 2, but for dτ and ξ̄
E
N,ττ = 10 (GeV)

ling ξ̄EN,ττ ∼ 100 (GeV), and it needs more sensitive experi-
mental measurements.
Now, we analyze the dependence on the CP violat-

ing parameter sin θ of the charged lepton EDMs, for
completeness.
In Fig. 5, we present the parameter sin θ dependence

of de; dµ; dτ , for ξ̄
E
N,τe = 0.01 (GeV); ξ̄

E
N,τµ = 1.0 (GeV);

ξ̄EN,ττ = 10 (GeV) and for k = 10
18 (GeV). Here, the lower–

intermediate–upper solid (dashed, small dashed) line rep-
resents the de–dµ–dτ without KK modes (with KK modes
set I and II). Here it is observed that the EDMs are not
so sensitive to the location of lepton fields in the bulk for
large values of the curvature parameter k, k ∼ 1018 (GeV)
and the enhancements in the EDMs are %6(%12) for set I
(set II). This sensitivity becomes weak for a small value of
the CP violating parameter sin θ.
With more accurate experimental investigations of the

charged lepton EDMs it will be possible to understand
the mechanism behind the CP violation and one will get

Fig. 5. The dependence of de; dµ; dτ , on the parameter sin θ
for ξ̄EN,τe = 0.01 (GeV); ξ̄

E
N,τµ = 1.0 (GeV); ξ̄

E
N,ττ = 10 (GeV)

and for k = 1018 (GeV). Here, the lower–intermediate–upper
solid (dashed, small dashed) line represents de–dµ–dτ without
KK modes (with KK modes set I, II)
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powerful information on the effects of warped extra dimen-
sions, if they exist.

Appendix :

The SM fermions are constructed by considering the
SU(2)L doublet ψL and the singlet ψR, satisfying two sep-
arate Z2 projection conditions: Z2ψR = γ5ψR and Z2ψL =
−γ5ψL (see for example [41]). The zero mode fermions can
get mass through the Z2 invariant left handed fermion–
right handed fermion–Higgs interaction, ψ̄RψLH

8 and one
gets the location parameters of the left and the right
handed parts of the fermions and obtains the current
masses of fermions of different flavors. If we consider the
SM Higgs field to live on the visible brane, the masses of
fermions are calculated by using the integral

mi =
1

2πR

∫ πR
−πR

dyλ5χiL0(y)χiR0(y)〈H〉δ(y−πR) ,

(A.1)

where λ5 is the coupling in five dimensions, and it can be
parametrized in terms of the one in four dimensions, the di-
mensionless coupling λ: λ5 = λ/

√
k. Here the expectation

value of the Higgs field 〈H〉 reads 〈H〉= v/
√
k, where v is

the vacuum expectation value, v = 0.043MPl, in order to
provide the measured gauge boson masses [49] and choose
kR= 10.83 in order to get the correct effective scale on the
visible brane, i.e.,MW = e

−πkRMPl is of the order of TeV.
Since the EDMs of fermions exist at least in the one-

loop level, there appear the S-charged lepton–KK charged
lepton vertices. The Z2 projection condition Z2ψ =−γ5ψ
are used to construct the left handed fields on the branes,
and as a result the left handed zero and KKmodes appear,
and the right handed KK modes disappear on the branes.
Here the boundary conditions, coming from the Dirac mass
term in the action (2), are

(
d

dy
−m

)
χliLn(y0) = 0 ,

χliRn(y0) = 0 , (A.2)

where y0 = 0 or πR. The left handed lepton χ
l
iLn(y) that

lives on the visible brane,

χliLn(y) =NLne
σ/2
(
J 1
2−r
(eσxnL)+ cLY 1

2−r
(eσxnL)

)
,

(A.3)

is obtained by using the Dirac equation for the KK mode
leptons. Here the constant cL is

cL =−
J−r−12

(xnL)

Y−r−12
(xnL)

, (A.4)

8 Here, we consider different location parameters r for each
left handed and right handed part of different flavors.

where NLn is the normalization constant and xnL =
mLn
k
.

The functions Jβ(w) and Yβ(w) appearing in (A.3) are the
Bessel function of the first kind and of the second kind,
respectively. The right handed zero mode fields on the
branes can be constructed by considering the Z2 projec-
tion condition Z2ψ = γ5ψ and this ensures that the right
handed zero mode appears, and the right (left) handed KK
modes appear (disappear) on the branes with the bound-
ary conditions

(
d

dy
+m

)
χEiRn(y0) = 0 ,

χEiLn(y0) = 0 . (A.5)

Similarly, the right handed lepton χEiRn(y), which lives on
the visible brane, is calculated to be

χEiRn(y) =NRne
σ/2
(
J 1
2+r
(eσxnR)+ cRY 1

2+r
(eσxnR)

)
,

(A.6)

by using the Dirac equation for the KKmode leptons. Here
cR reads

cR =−
Jr−12

(xnR)

Yr−12
(xnR)

, (A.7)

where NRn is the normalization constant and xnR =
mRn
k .

Notice that the constant cL, the nth KK mode mass mLn
in (A.3) and the constant cR, the nth KK mode mass
mRn in (A.6), are obtained by using the boundary condi-
tions (A.2) and (A.5), respectively. For mL(R)n	 k and
kR
 1 they are approximated as

mLn � kπ

(
n−

1
2 − r

2
+
1

4

)
e−πkR ,

mRn � kπ

(
n−

1
2 + r

2
+
1

4

)
e−πkR for r < 0.5 ,

mRn � kπ

(
n+

1
2 + r

2
−
3

4

)
e−πkR for r > 0.5 .

(A.8)

References

1. E.D. Commins et al., Phys. Rev. A 50, 2960 (1994)
2. J. Bailey et al., J. Phys. G 4, 345 (1978)
3. Particle Data Group, D.E. Groom et al., Eur. Phys. J. C
15, 1 (2000)

4. K.F. Smith et al., Phys. Lett. B 234, 191, 2885 (1990)
5. I.S. Altarev et al., Phys. Lett. B 276, 242 (1992)
6. I.B. Khriplovich, Yad. Fiz. 44, 1019 (1986) (Sov. J. Nucl.
Phys. 44, 659 (1986))

7. I.B. Khriplovich, Phys. Lett. B 173, 193 (1986)
8. A. Czarnecki, B. Krause, Acta Phys. Pol. B 28, 829 (1997)
9. A. Czarnecki, B. Krause, Phys. Rev. Lett. 78, 4339
(1997)

10. C.R. Schmidt, M.E. Peskin, Phys. Rev. Lett. 69, 410
(1992)



590 E.O. Iltan: The effects of lepton KK modes

11. E. Iltan, Phys. Rev. D 64, 013013 (2001)
12. E. Iltan, JHEP 0404, 018 (2004)
13. E. Iltan, Eur. Phys. J. C 44, 411 (2005)
14. S. Weinberg, Phys. Rev. Lett. 58, 657 (1976)
15. N.G. Deshpande, E. Ma, Phys. Rev. D 16, 1583 (1977)
16. H.Y. Cheng, Int. J. Mod. Phys. A 7, 1059 (1992)
17. G.C. Branco, M.N. Rebelo, Phys. Rev. Lett. B 160, 117
(1985)

18. J. Liu, L. Wolfenstein, Nucl. Phys. B 289, 1 (1987)
19. C.H. Albright, J. Smith, S.H.H. Tye, Phys. Rev. D 21, 711
(1980)

20. D. Atwood, S.B. Shalom, A. Soni, Phys. Rev. D 51, 1034
(1995)

21. E. Iltan, J. Phys. G 27, 1723 (2001)
22. E. Iltan, Phys. Rev. D 65, 073013 (2002)
23. E. Iltan, JHEP 065, 0305 (2003)
24. B. Dutta, R.N. Mohapatra, Phys. Rev. D 68, 113008
(2003)

25. V. Baryshevsky, hep-ph/0402209
26. O. Lebedev, K.A. Olive, M. Pospelov, A. Ritz, Phys. Rev.
C 70, 016003 (2004)

27. A.G. Rodriguez, M.A.H. Ruiz, A. Santiago, Phys. Rev. D
69, 073008 (2004)

28. R.E. Mischke, AIP Conf. Proc. 675, 246 (2003)
29. M. Endo, M. Kakizaki, M. Yamaguchi, Phys. Lett. B 583,
186 (2004)

30. D. Kawall, F. Bay, S. Bickman, Y. Jiang, D. DeMille, Phys.
Rev. Lett. C 92, 133007 (2004)

31. I. Masina, C. Savoy, Phys. Lett. B 579, 99 (2004)
32. J. Hisano, Y. Shimizu, Phys. Lett. B 581, 224 (2004)
33. A. Syntfeld, H. Mach, W. Kurcewicz, B. Fogelberg,

W. Pociennik, E. Ruchowska, Phys. Rev. C 68, 024304
(2003)

34. T. Suzuki, H. Sagawa, K. Hagino, Phys. Rev. C 68, 014317
(2003)

35. A.G. Rodriguez, M.A.H. Ruiz, L.N.L. Noriega, Mod. Phys.
Lett. A 19, 2227 (2004)

36. A.G. Rodriguez, M.A.H. Ruiz, B.J. Valdes, M.A. Perez,
Phys. Rev. D 74, 053002 (2006)

37. A.G. Rodriguez, M.A.H. Ruiz, M.A. Perez , Int. J. Mod.
Phys. A 22, 3493 (2007)

38. L. Randall, R. Sundrum, Phys. Rev. Lett. 83, 3370 (1999)
39. L. Randall, R. Sundrum, Phys. Rev. Lett. 83, 4690 (1999)
40. W.D. Goldberger, M.B. Wise, Phys. Rev. Lett. D 83, 4922
(1999)

41. S. Chang, J. Hisano, H. Nakano, N. Okada, M. Yamaguchi,
Phys. Rev. D 62, 084025 (2000)

42. A. Pomarol, Phys. Lett. B 486, 153 (2000)
43. H. Davoudias, J.L. Hewett, T.G. Rizzo, Phys. Lett. B 473,
43 (2000)

44. T. Gherghetta, A. Pomarol, Nucl. Phys. B 586, 141
(2000)

45. B. Batell, T. Gherghetta, Phys. Rev. D 73, 045016 (2006)
46. S.J. Huber, C.A. Lee, Q. Shafi, Phys. Lett. B 531, 112
(2002)

47. Y. Grossman, M. Neubert, Phys. Lett. B 474, 361 (2000)
48. S.J. Huber, hep-ph/0211056 (2002)
49. S.J. Huber, Nucl. Phys. B 666, 269 (2003)
50. S.J. Huber, Q. Shafi, Phys. Rev. D 63, 045010 (2001)
51. I.I. Kogan, S. Mouslopolous, A. Papazoglou, G.G. Ross,
Nucl. Phys. B 615, 191 (2001)

52. T. Gherghetta, A. Pomarol, Nucl. Phys. B 602, 3 (2001)
53. K. Ghoroku, A. Nakamura, Phys. Rev. D 65, 084017
(2002)

54. K. Agashe, G. Perez, A. Soni, Phys. Rev. D 71, 016002
(2005)

55. K. Agashe, A.E. Blechman, F. Petriello, Phys. Rev. D 74,
053011 (2006)

56. E.D. Pree, M. Sher, Phys. Rev. D 73, 0 955006 (2006)
57. G. Moreau, J.I.S. Marcos, JHEP 0603, 090 (2006)
58. F. Ledroit, G. Moreau, J. Morel, hep-ph/0703262 (2007)
59. Muon g-2 Collaboaration, M. Deile, et al., Nucl. Phys.
Proc. Suppl. 116, 215 (2003)

60. E. Iltan, H. Sundu, Acta Phys. Slovaca 53, 1717 (2003)



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


