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The flavor changing decays of the top quark are severely suppressed in the standard model by virtue of
the Glashow-Iliopoulos-Maiani mechanism. Many beyond the standard model extensions predict the decay
rates at a level that is observable in the LHC. We perform a complete one-loop calculation of the flavor
changing top quark decays t → cγ and t → ch in the universal extradimensional model. Apart from
considering the decay rates in the minimal version of the model, we also calculate the rates in the
nonminimal scenario where the presence of boundary localized terms interestingly modifies the setup. We
find that the decay rates in the minimal variant of the model do not change much from their standard model
values. In the nonminimal version of this model, these decay rates can be higher for specific choices of the
boundary localized parameters for a certain range of inverse compactification radius. But these model
parameters lead to Kaluza-Klein particle masses that are in tension with various searches at the LHC.
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I. INTRODUCTION

The discovery of the Higgs boson at the LHC [1,2]
marks the completion of the standard model (SM) of
particle physics. Moreover, the SM is immensely success-
ful in explaining almost all the observations from high
energy colliders like Tevatron and the LHC. Nevertheless,
there are other observations, e.g., the existence of dark
matter (DM), the confirmation of neutrino mass, etc., which
demand some physics beyond the SM (BSM). One inter-
esting possibility is to consider the existence of spacelike
dimensions beyond the usual three. These types of exten-
sions of the SM are termed extradimensional theories.1

Now, many variants of these models are possible depending
on the following: the number of extra spatial dimensions,
the intrinsic geometry of the full space-time continuum,
and obviously the possible ultraviolet completions of those
theories. In this paper we take the case of the simplest of
these, namely the universal extra dimension (UED).
Among many variants of extradimensional models,

UED, proposed by Appelquist et al. [5], among other
things, addresses the DM problem in an elegant way. In
UED one considers one or more2 extra spatial dimensions
and unlike other extradimensional models (e.g., Arkani-
Hamed-Dimopoulos-Dvali (ADD) [6] or Randall-Sundrum
(RS) [7,8]) in UED the extra flat spatial dimension is open

to all the SM fields. The extra dimension (y) is compacti-
fied on a circle (S1) of radius R. The compactification gives
rise to an infinite tower of Kaluza-Klein (KK) modes with
increasing masses for any field, called the KK tower.
However, to ensure the presence of chiral fermions in
the SM one further needs to orbifold (by imposing one
extra symmetry y ↔ −y) the extra dimension and impose
appropriate boundary conditions on the fermionic fields.
The resulting manifold of the extra dimension is called the
S1=Z2 orbifold. As it stands, the orbifolding breaks the
translational invariance along the extra dimension and
consequently the momentum in the fifth direction p5,
viz. the KK number is violated. Even then there remains
an accidental discrete symmetry (y → yþ πR), called KK
parity, which for the nth KKmode particle is ð−1Þn. An SM
field is identified as the zeroth mode of the infinite KK
tower. Clearly, the conservation of KK parity ensures the
stability of the lightest KK particle (LKP), which can be a
good DM candidate [9–12]. However such a setup gives
rise to an almost degenerate mass spectrum. But radiative
corrections lift this degeneracy [13]. Since the five-dimen-
sional (5D) theory is nonrenormalizable, UED can be
considered to be an effective field theory valid under a
cutoff3 scale Λ. Evidently the radiative corrections that lift
the degeneracy in the mass spectrum depend on Λ. This
one-loop corrected UED is known in the literature as the
minimal UED (mUED). Since UED is an effective theory in
four dimensions (4D), one should take into account all
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1Extra dimensions are ubiquitous in string theories. However,

the possibility of a TeV scale extra dimension was first put
forward in [3,4].

2In this work we stick to the one extra spatial dimension
scenario.

3Recent vacuum stability studies on Higgs boson mass and
couplings in the context of minimal UED suggest ΛR ∼ 6
[14,15].
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operators that are allowed by the SM gauge symmetry and
Lorentz symmetry. This type of operator can be in the
bulk or localized in the fixed points or the boundary of the
orbifold. Actually in mUED all the boundary localized
terms (BLT) are assumed to be vanishing at the cutoff
scale Λ, but these terms are generated radiatively at the
low scales [13]. The setup with the nonvanishing BLTs is
termed nonminimal UED (nmUED) [16]. In the nmUED
the mass spectrum as well as the couplings are dependent
on the BLT parameters. Therefore, nmUED has a
rich phenomenology compared to the mUED scenario
thanks to the presence of the BLT parameters. Some of
the recent studies on the phenomenology of the BLTs can
be found in [17–28]. Now, an important aspect of SM is
the absence of flavor changing neutral current (FCNC)
interactions at the tree level. Moreover, in the loop level
FCNC is possible, but that too is strongly suppressed
by the Glashow-Iliopoulos-Maiani (GIM) mechanism.
Normally these types of loop-driven processes involve
two different generations of fermions in the initial and
final states and all possible generation of fermions
running in the loop. These FCNC processes are strongly
suppressed in the SM; so the discovery of any such
process would be a clear hint of some BSM physics.
Clearly in the case of the BSM scenario for these types of
processes no BSM particle has to be produced on shell but
their effects in the loop would be enough to look into the
picture at hand. This is particularly important in a time
when there is a lack of any direct evidence of new physics
at the LHC.4 In this same vein many BSM scenarios are
studied through these type of FCNC processes. One nice
place to look for such FCNC processes is the rare decays
of top quark in the context of some new physics model.
There have been many studies to consider the rare decays
of the top quark in the SM [31–43] as well as in various
BSM scenarios, e.g., in supersymmetry [44–51], two
Higgs doublet model [52–56], warped extra dimension
[57], UED [58], etc. A model independent effective field
theory based study of FCNC top decays can be found in
[59,60]. In this paper we consider the rare decays t → cγ
and t → ch in the context of minimal as well as non-
minimal UED.
This paper is organized as follows. In Sec. II we briefly

describe the mUED and nmUED model. The general
features of the rare top quark decays to cγ and ch are
discussed in Sec. III. In Sec. IV we elaborate on the results
that we obtain for the SM as well as in the cases of mUED
and nmUED. Section V is dedicated to the electroweak
precision and FCNC related issues. Finally, we summarize
and conclude in Sec. VI. In the appendix we list the relevant
Feynman rules.

II. MODEL DESCRIPTION

In this section we briefly review the model to set the
notations and conventions. For completeness first we
describe the general setup of nmUED with BLTs and as
we proceed we point out how to revert to mUED. For a
more detailed discussion of the model see [16–28].

A. Lagrangians and interactions

To begin with, consider the 5D action for the quark5

fields in the presence of boundary localized kinetic terms
(BLKT),

Squark¼
Z

d4x
Z

πR

0

dy½Q̄iΓMDMQ

þrffδðyÞþδðy−πRÞgQ̄iγμDμPLQ

þ ŪiΓMDMUþrffδðyÞþδðy−πRÞgŪiγμDμPRU

þD̄iΓMDMDþrffδðyÞþδðy−πRÞgD̄iγμDμPRD�:
ð1Þ

The five-dimensional four-component quark fields (Q, U,
and D) are comprised of two-component chiral spinors and
their KK excitations and they can be written as

Qðx; yÞ ¼
X∞
n¼0

�
Qn

LðxÞfnLðyÞ
Qn

RðxÞgnLðyÞ

�
; ð2aÞ

Uðx; yÞ ¼
X∞
n¼0

�
Un

LðxÞfnRðyÞ
Un

RðxÞgnRðyÞ

�
;

Dðx; yÞ ¼
X∞
n¼0

�
Dn

LðxÞfnRðyÞ
Dn

RðxÞgnRðyÞ

�
: ð2bÞ

In the effective 4D theory the zero modes of Q give rise to
the SUð2ÞL doublet quarks whereas the zero modes of U
(D) are identified with the up- (down-) type singlet quarks,
i.e., after compactification and orbifolding the zero modes
of Q are the left-handed doublet comprising SM tL and bL,
whereas tR and bR emerge from the U and D, respectively.
The latin indices in Eq. (1) run from 0 to 4 and the greek
indices from 0 to 3. We use the mostly minus metric
convention, i.e., gMN ≡ diagðþ1;−1;−1;−1;−1Þ. The
covariant derivative DM ≡ ∂M − i~gWa

MT
a − i~g0BMY,

where ~g and ~g0 are the five-dimensional gauge coupling
constants of SUð2ÞL and Uð1ÞY , respectively, and Ta and Y
are the corresponding generators. The 5D gamma matrices
are ΓM ¼ ðγμ;−iγ5Þ. In Eq. (1) the terms containing the
parameter rf are the BLKTs. Clearly in the mUED, rf is
assumed to be vanishing. It is worth mentioning that by
setting BLKT parameters to 0 one can translate from
nmUED to mUED.4Recent 750 GeV scalar resonance observed, although not with

extreme significance limit, by ATLAS and CMS may be the first
hint to physics beyond SM [29,30]. 5Leptonic fields will follow a similar procedure.
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Now, from the variation of action and considering
appropriate boundary conditions, one can obtain the
y-dependent mode functions f and g,

fLðyÞ ¼ gRðyÞ ¼ NQn

8<
:

cos½MQn ðy−πR
2
Þ�

CQn
for n even;

− sin½MQn ðy−πR
2
Þ�

SQn
for n odd;

ð3Þ

and

gLðyÞ ¼ fRðyÞ ¼ NQn

8<
:

sin½MQn ðy−πR
2
Þ�

CQn
for n even;

cos½MQn ðy−πR
2
Þ�

SQn
for n odd;

ð4Þ

with

CQn
¼ cos

�
MQn

πR

2

�
; SQn

¼ sin

�
MQn

πR

2

�
: ð5Þ

The orthonormality conditions satisfied by fs and gs are
given as

Z
dy½1þ rffδðyÞ þ δðy − πRÞg�kðmÞðyÞkðnÞðyÞ

¼ δmn ¼
Z

dylðmÞðyÞlðnÞðyÞ; ð6Þ

where k can be fL or gR and l corresponds to gL or fR.
From the above condition one can obtain the normalization
factors as

NQn ¼
ffiffiffiffiffiffi
2

πR

r "
1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ r2fM
2
Qn

4
þ rf

πR

q #
: ð7Þ

In passing note that rf ¼ 0 implies the usual mUED

normalization
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2=ðπRÞp

. The quantityMQn in the previous
equations represents the KK mass and is given by

rfMQn ¼
8<
:

−2 tan
�
MQnπR

2

�
for n even;

2 cot
�
MQnπR

2

�
for n odd:

ð8Þ

Clearly for rf ¼ 0 we get back the mUED KK mass n=R.
In Fig. 1 we show the dependence of KK mass on the
BLKT parameter; here we have taken 1=R to be 1 TeV.
After discussing the fermions we now describe the

actions for gauge and scalar fields and the Yukawa
interactions. The respective actions are given by

Sgauge ¼ −
1

4

Z
d4x

Z
πR

0

dy
�X

a

ðFMNaFa
MN

þ rGfδðyÞ þ δðy − πRÞgFμνaFa
μνÞ

þ BMNBMN þ rGfδðyÞ þ δðy − πRÞgBμνBμν

�
;

ð9Þ

Sscalar ¼
Z

d4x
Z

πR

0

dy½ðDMΦÞ†ðDMΦÞ

þ rΦfδðyÞ þ δðy − πRÞgðDμΦÞ†ðDμΦÞ�; ð10Þ

SYuk ¼ −
Z

d4x
Z

πR

0

dy½~ytQ̄ ~ΦU þ ~ybQ̄ΦD

þ rYfδðyÞ þ δðy − πRÞg
× ð~ytQ̄L

~ΦUR þ ~ybQ̄LΦDRÞ þ H:c:�; ð11Þ

where a is the gauge index, the field strength Fa
MN ≡

ð∂MAa
N − ∂NAa

M þ ~gfabcAb
MA

c
NÞ is associated with SUð2ÞL,

and the field strength BMN ≡ ð∂MBN − ∂NBMÞ is with
Uð1ÞY . The standard Higgs doublet is denoted by Φ, and
~Φ ¼ iτ2Φ�. The BLKT parameters for gauge and scalar
fields are rG and rΦ, respectively, whereas rY denotes the
boundary localized Yukawa parameter. The tilde in the
gauge (and Yukawa) couplings labels them as 5D cou-
plings, which are actually dimensionful quantities and
related to the dimensionless 4D couplings via appropriate
scalings, e.g.,

g ¼ ~gffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
rG þ πR

p : ð12Þ

The KK mode functions for gauge and scalar fields are
similar in form to the fermionic mode functions (like fL
or gR). The mass of the KK excitations of gauge and scalar
fields MGn and MΦn follows the same transcendental
equation given in Eq. (8) with rf replaced appropriately.
In our analysis we consider the boundary localized kinetic
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FIG. 1. Dependence of first KK level mass on the BLKT
parameter for 1=R ¼ 1 TeV.
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terms for fermions, gauge bosons, and scalars as well as the
boundary localized Yukawa terms. Moreover, we assume
equal BLKT parameter for gauge and scalar fields, i.e.,
rG ¼ rΦ. In a general setting one can take rG ≠ rΦ, but then
the differential equation satisfied by the mode functions of
the gauge bosons contains a term proportional to the rΦ
after the electroweak symmetry breaking and thus the
solutions of the mode functions are not of a simple form
as mentioned in our Eq. (3) [61]. To avoid this unnecessary
complication we stick to rG ¼ rΦ. Also note that since the
fifth component of a gauge field (e.g., W5, A5, etc.) is
projected out by the Z2 symmetry, the y-dependent mode
functions of it are given by a similar form as in Eq. (4)
[24,62]. We use ’t Hooft-Feynman gauge in our calculation
and it is important to spell out the gauge fixing action in this
scenario. This action, following [27,62], is given by

SW
GF¼−

1

ξy

Z
d4x
Z

πR

0

dyj∂μWμþ

þξy½∂5W5þ− iMWϕ
þf1þ rΦðδðyÞþδðy−πRÞÞg�j2;

ð13Þ

where MW is the W-boson mass and ξy is related to the
physical gauge fixing parameter ξ as

ξ ¼ ξy½1þ rΦfδðyÞ þ δðy − πRÞg�; ð14Þ

and in ’t Hooft-Feynman gauge ξ → 1 whereas in Landau
gauge ξ → 0.
Since in this work we are interested in calculating the

widths of various rare decays of the top quark we need to
consider the interactions between the top quark (and final
decay products) and various higher KK excitations, which
show up in the loop-induced decay processes. The standard
procedure to calculate the effective 4D couplings for this
type of interaction is to write the original 5D interaction
term and then replace each field by its corresponding KK
expansions and then integrate out the extra coordinate y. In
mUED these types of couplings are equivalent to their SM
counterparts and most of the time can be read off from the

Lagrangian itself. But in the case of nmUED, the couplings
get modification from the overlap integrals of the form

Iijk ¼
Z

πR

0

dyfiαðyÞfjβðyÞfkγðyÞ; ð15Þ

where the greek indices (subscripts) denote the type of field
and the latin indices (superscripts) refer to the KK level of
the respective fields. This type of modification in coupling
is characteristic to the nmUED scenario. The root of this
modification lies in the fact that unlike mUED, the KK
mode function in nmUED has BLT parameter dependence,
explicitly in normalization factors and implicitly in KK
masses. Also note that if ðiþ jþ kÞ is an odd integer then
these overlap integrals vanish due to the conservation of
KK parity.
At this point we mention a few overlap integrals that

appear in our calculations,

Ijk1 ¼
Z

πR

0

dy½1þ rffδðyÞ

þ δðy − πRÞg�fðjÞQtL
ðyÞfðkÞΦ ðyÞfð0ÞbL

ðyÞ; ð16aÞ

Ijk2 ¼
Z

πR

0

dyfðjÞQtR
ðyÞfðkÞW5

ðyÞfð0ÞbL
ðyÞ; ð16bÞ

Ik3 ¼
Z

πR

0

dy½1þ rffδðyÞ

þ δðy − πRÞg�fð0ÞQtR
ðyÞfðkÞWμ

ðyÞfð0ÞbL
ðyÞ: ð16cÞ

These are the overlap integrals that modify the respective
couplings. In Fig. 2 we show characteristic behavior of the
overlap integrals with respect to various BLT parameters. It
should be kept in mind that even though for some choice of
BLT parameters the numerical value of the overlap integrals
can be greater than unity, the final values of the relevant
couplings remain within the perturbativity limit.

FIG. 2. Characteristic dependence of overlap integrals on the BLT parameters. Here RΦ;f ¼ rΦ;f=R and we take only first KK modes
into account, i.e., we take j, k ¼ 1 in Eqs. (16).
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B. Physical eigenstates

In the effective 4D theory, the presence of higher KK
modes of various fields mixes to give rise to physical fields.
This type of mixing is present in the fermionic as well as
scalar/gauge sector.
In the quark sector the strength of mixing is proportional

to the quark mass. Thus, it is significant for the top sector.
However, to incorporate the GIM mechanism and our
further analysis, we consider the mixing in the down sector
too. This mixing matrix can be diagonalized by separate
unitary matrices for left- and right-handed quarks,

UðnÞ
L ¼

�−cosαn sinαn
sinαn cosαn

�
; UðnÞ

R ¼
�
cosαn − sinαn
sinαn cosαn

�
;

ð17Þ
where αn ¼ 1

2
tan−1ð mb

MQn
Þ with mb denoting the SM bottom

quark mass. In the nth KK level, the mass term can be
written as

ð Q̄ðmÞ
jL

D̄ðmÞ
L Þ

�−MQnδ
mn mjα1Imn

mjα1 MQnδ
mn

� 
QðnÞ

jR

DðnÞ
R

!
þ H:c:;

ð18Þ

where MQn are the solutions of transcendental equations
given in Eq. (8). Imn is an overlap integral of the formZ

πR

0

½1þ rYfδðyÞ þ δðy − πRÞg�fmL ðyÞgnRðyÞdy;

and

α1 ¼
πRþ rf
πRþ rY

:

In general Imn is nonzero whether n ¼ m or n ≠ m.
However, the n ≠ m case would lead to the (KK) mode
mixing among the quark of a particular flavor. An interest-
ing point to note is that for the choice rf ¼ rY , Imn ¼ δmn

and obviously α1 ¼ 1. Thus to get a simpler form of the
fermion mixing matrix and avoid the mode mixing we stick
to the choice of equal rY and rf. Taking into account these

matrices one can now relate the gauge eigenstates QðnÞ
j

[DðnÞ] and mass eigenstates Q0ðnÞ
j [D0ðnÞ] as (in this notation

j refers to the down quark flavor)

QðnÞ
jL=R

¼∓ cos αnQ
0ðnÞ
jL=R

þ sin αnD
0ðnÞ
L=R; ð19aÞ

DðnÞ
L=R ¼ � sin αnQ

0ðnÞ
jL=R

þ cos αnD
0ðnÞ
L=R: ð19bÞ

The mass eigenstates, in this case, share the same mass
eigenvalue,

m
Q0ðnÞ

b
¼ mD0ðnÞ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

b þM2
Qn

q
≡Mbottom: ð20Þ

A similar procedure follows for the up sector also.
In the scalar sector, the 4D effective Lagrangian also

contains bilinear terms involving KK excitations of the fifth
components of W� (Z) bosons and the KK excitations of
ϕ� (χ0), which basically are the components of the Higgs
doublet. Now, using Eqs. (9), (10), and (13) one can write,

in Rξ gauge, the bilinear terms of W�ðnÞ
5 and ϕ�ðnÞ as

follows:

L
W�ðnÞ

5
ϕ∓ðnÞ ¼ −ðWðnÞ−

5 ϕðnÞ− Þ

×

�
M2

W þ ξM2
Φ −ið1 − ξÞMWMΦn

ið1 − ξÞMWMΦn M2
Φn þ ξM2

W

�

×

�
WðnÞþ

5

ϕðnÞþ

�
: ð21Þ

This mass matrix upon diagonalization gives rise to a
tower of charged Goldstone bosons GðnÞ� and charged
Higgs bosons HðnÞ� with masses

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ξðM2

Φn þM2
WÞ

p
andffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

M2
Φn þM2

W

p
, respectively. In the component form they

can be written as

GðnÞ� ¼ MΦnW�5ðnÞ ∓ iMWϕ
�ðnÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

M2
Φn þM2

W

p ; ð22aÞ

HðnÞ� ¼ MΦnϕ
�ðnÞ ∓ iMWW�5ðnÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M2

Φn þM2
W

p : ð22bÞ

Thus, in the ’t Hooft-Feynman gauge (ξ → 1) the fields
GðnÞ�, HðnÞ�, and WμðnÞ� have a common mass eigenvalue
MWn ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M2

Φn þM2
W

p
. It is worth mentioning that these

combinations of charged Higgs bosons and Goldstones
ensure vanishing of the γð0ÞHðnÞ�WðnÞ∓ coupling, where
γð0Þ is the SM photon.

III. RARE TOP DECAYS

In this section we discuss some of the rare decays of the
top quark in the model presented above. The flavor
changing rare decays of top quarks occur at loop level
in the SM. On top of this loop suppression, there is
Cabibbo-Kobayashi-Maskawa (CKM) and GIM suppres-
sion [36,37,52]. In the present work we consider the
decays, t → cγ and t → ch. Clearly in the present model,
the higher KK mode particles contribute in these loop-
driven processes. In the following first we discuss the
general Lorentz structure for each decay width and present
the corresponding Feynman diagrams in this model. We use
’t Hooft-Feynman gauge in our calculation as the diver-
gences are more manageable in this gauge but at the cost of
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having extra diagrams with unphysical scalars. We present
the important Feynman rules in the appendix.

A. t → cγ

We are now going to lay down the details of the
calculation of the decay width of t → cγ in this model.
The most general form of the amplitude of the decay
tðpÞ → cðk2Þγðk1Þ for on-shell quarks and real photons can
be presented as [36,60]

Mðt→ cγÞ ¼ i
mtþmc

ūðk2Þ

× ½σμνk1νðALPLþBRPRÞ�uðpÞϵ�μðk1Þ; ð23Þ

where u, ū, and ϵμ are the incoming, outgoing spinors and
photon polarization respectively; PL;R ¼ ð1 ∓ γ5Þ=2 are
the usual projection operators. The coefficients AL and BR
contain the information about couplings, CKM matrix
elements, and the loop momenta integration. We ignore

FIG. 3. Feynman diagrams for the process t → cγ in the ’t Hooft-Feynman gauge in nmUED. Note that the particles in the legs contain
no KK indices as they represent the SM particles and their KK indices are assumed to be 0. Having said that we also emphasize that the
indices n can also be 0 if that vertex is allowed by KK parity. We consider those types of diagrams also but do not show this explicitly in
this set of diagrams to reduce cluttering.
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FIG. 4. Feynman diagrams for the process t → ch in the ’t Hooft-Feynman gauge in nmUED. Diagrams with vertices where n is 0, i.e.,
diagrams with vertices with KK numbers 00m, are also considered (but not shown) if they were allowed by the KK parity.
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the effect of KK particle contribution on the CKM
elements; for details see [63]. Note that when writing
the full amplitude for the process t → cγ following all the
Feynman rules [in the SM or (n)mUED] one may come
across terms proportional to γμPL;R in the amplitudes6 of
Feynman diagrams. But when the amplitudes of all the
diagrams are summed and the GIM mechanism7 is incor-
porated, the terms proportional to γμPL;R cancel. In the
process all the apparent divergences that appear in the
individual diagrams also get canceled. These remarks are
true irrespective of whether mc is taken to be 0 or not. At
this stage it is worth mentioning that in the limit mc → 0,
which is a reasonable approximation, the coefficient AL
vanishes. In the mc ≠ 0 case, however, both AL and BR
contribute. The apparent divergences in these loop-driven
processes get canceled among the triangle and self-energy-
type diagrams. In the general nonvanishing mc case the
decay width is given by

Γt→cγ ¼
1

16π

ðm2
t −m2

cÞ3
m3

t ðmc þmtÞ2
ðjALj2 þ jBRj2Þ: ð24Þ

The Feynman diagrams for this process are presented
in Fig. 3. In these diagrams, the superscripts (n) or (m)
represents the n (or m) -th KK mode of the correspond-
ing particle. Also, since in mUED KK number is
conserved in any specific vertex we always have
m ¼ n; but in the nmUED case m and n can be different,
obviously satisfying the conservation of the KK parity.
Evidently the quantities AL and BR contain the sum over
the KK modes. In our analysis we took the KK sum up
to level 5 (we have checked that the results of the KK
sum up to level 10 are almost the same as that of the sum
up to level 5) as the contribution for higher modes
decouples. Also from Fig. 5 we see that the mass of mc
plays an insignificant role in the total decay width.
Unless otherwise stated we take a vanishing mc in our
numerical analysis.

B. t → ch

One of the other important rare decays of the top quark is
its flavor violating decay to the charm quark and Higgs
boson. The most general form of the amplitude of the decay
tðpÞ → cðk2Þhðk1Þ is given by

Mðt → chÞ ¼ ūðk2Þ½FS þ iγ5FP�uðpÞ; ð25Þ

where the FS and FP are scalar and pseudoscalar form
factors, respectively. The assertions we made in the case
of t → cγ regarding the divergence cancellation etc. hold
true here also. Moreover, we keep the information of
couplings, CKM elements, and loop momenta embedded
in these form factors.
It is straightforward to calculate the decay width for

the process t → ch from the amplitude mentioned above.
The decay width is given by

Γt→ch ¼
1

16πm3
t

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðm2

t − ðmc þmhÞ2Þðm2
t − ðmc −mhÞ2Þ

q
× ðfðmc þmtÞ2 −m2

hgjFSj2
þ fðmc −mtÞ2 −m2

hgjF0
Pj2Þ; ð26Þ

where F0
P ¼ iFP and in the last piece, i.e., the form factor

squared quantities, the KK sum is taken. Also, for mc ¼ 0
the two form factors are equal, i.e., FS ¼ F0

P. The relevant
Feynman diagrams for this process are shown in Fig. 4. The
KK indices m and n satisfy the same set of assertions
mentioned in the previous Sec. III A.

IV. RESULTS

A. t → cγ

Before presenting the mUED and nmUED results it is
important to relook at the SM results. First of all the
dominant decay mode of the top quark is to a bottom quark
and a W boson; this decay width is given by

Γt→bW ¼ g2

64π
jVtbj2

�
1 − 3

�
mW

mt

�
4

þ 2

�
mW

mt

�
6
�
: ð27Þ

For mW ¼ 80.39 GeV, mt ¼ 174.98 GeV [64], Γt→bW is
approximately 1.5 GeV. This being the most prominent
decay mode of the top quark any branching ratio can be
given as

FIG. 5. The decay width of the process t → cγ as a function of
the inverse compactification radius 1=R in the case of mUED. For
the mc ≠ 0 case, the charm quark mass is taken to be 1.275 GeV.

6To be precise, in the mc ¼ 0 case only γμPL appears and for
the mc ≠ 0 case both γμPL;R are present.

7Basically by incorporating the GIM mechanism, we mean the
utilization of the relation, V�

tjVcj½iMðmjÞ� ¼ V�
tbVcb½iMðmbÞ−

iMðmsÞ�, where M represents the sum of the amplitudes of all
the Feynman diagrams and ms is the strange quark mass that we
take to be 0.
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BRðt → XYÞ ¼ Γt→XY

Γt→bW
: ð28Þ

The SM prediction for the branching of t → cγ is

BRðt → cγÞ ¼ ð4.6þ1.2
−1.0 � 0.4þ1.6

−0.5Þ × 10−14; ð29Þ

where the first uncertainty is due to the uncertainty in
bottom mass, the second from the CKM mixing angle
uncertainties, and the third from the variation of the
renormalization scale between mZ (þve sign) and 1.5mt
(−ve sign) [36]. Taking the pole mass of the b-quark to be
4.18 GeV [65] our SM prediction for the t → cγ branching
ratio is 2.4 × 10−13 and for the running mass m̄bðmtÞ ¼
2.74 GeV the branching ratio becomes 5.18 × 10−14.
Clearly the exact value of this decay width, as well as
the other flavor violating decays of the top quark, is highly
sensitive to the bottom quark mass, as has been pointed
out in [37]. For the numerical evaluations we have used
Package-X [66] and LoopTools [67].
From these numbers it is evident that the branching ratios

for flavor changing top quark decays in the SM are
exorbitantly suppressed, making the prospect of its detec-
tion at the LHC or even higher energetic Future Circular
Collider (FCC) quite bleak. We discuss the present LHC
reaches in our summary Sec. VI. On the other hand, as a
positive side if any signature of these types of decays is
found with a measurable amount of enhancement that must
arise from some new physics beyond the SM.

1. mUED results

In the mUED scenario the loop-induced decay of the top
quark to charm quark and photon gets additional contri-
bution from the higher mode KK particles running in the
loop. The representative Feynman diagrams are shown in
Fig. 3. Since in mUED, KK number is a conserved quantity
the KK indices m and n in each vertex of the diagrams
respect this symmetry; to be more precise, in all the
diagrams, for mUED at least, m and n should be equal.
As has been mentioned in the model description, see

Sec. II, the only relevant parameter for the mUED setup is
the inverse of the compactification radius 1=R and the
masses of all the KK particles are dependent on this
quantity. The important difference from the SM in
mUED is basically the presence of KK counterparts of
SM particles in the loop as well as the presence of charged
KK scalars. Moreover, the mixing in the KK fermion sector
plays an important role. Figure 5 summarizes the t → cγ
decay width in mUED. We have calculated the decay width
by taking the SM as well as the new physics, i.e., the
mUED, into account. Clearly for a higher value of the
inverse compactification radius 1=R the masses of the KK
modes become too heavy and they decouple, effectively
making a negligible contribution. The red (dash-dotted)
line shows the SM only value that we obtained using the

pole mass of the b-quark. At the higher values of 1=R
the convergence of the blue (solid), for mc ¼ 0, and black
(dotted), for mc ≠ 0, line with SM line only reflects the
decoupling of the KK modes. We take mc ¼ 1.275 GeV
[65] for the mc ≠ 0 case.
The lower values (less than 1 TeV) of 1=R are disfavored

from the LHC data [68]. Moreover, from Fig. 5 we see that
even for the lower values of 1=R the order of magnitude of
the decay width does not change much. Thus, one can
conclude that the mUED setup cannot enhance the branch-
ing ratio of t → cγ to any significant level from that of the
SM value while remaining in the allowed ranges, obtained
from the LHC, of the inverse compactification radius.
However, the situation is different in the case of nmUED,
as we see shortly.

2. nmUED results

The presence of BLKT parameters makes the situation
quite different from the minimal scenario. It has already
been mentioned that the BLKT parameters control the mass
spectrum via the transcendental equation [see Eq. (8)], as
well as the couplings via the appropriate overlap integrals.
Like the mUED scenario, here also the loop-induced
t → cγ process gets contributions from the higher KK
excitations in the loop. But in this case the BLT parameters
play a significant role in determining the masses of those
particles running in the loops as well as the relevant
couplings. One other important distinction from the
mUED scenario is that in nmUED, KK number is no
longer a conserved quantity, but still the conservation of
KK parity holds due to the presence of the same BLKT
parameters at the two orbifold fixed points, y ¼ 0 and πR.
Consequently, unlike mUED, the couplings of particles
with KK numbers 0-0-n, where n is even, are present at tree
level. Thus, there are extra Feynman diagrams contributing
in the process, e.g., in Fig. 3 the appropriate diagrams with
n being 0 also contribute.
We have already discussed that in the most general

scenario each field present in the model can have its own
independent BLT parameters. However, that would give
rise to many new independent parameters. In this study, to
keep the situation more tractable, we take universal BLT
parameters rf for all the fermions and for gauge and scalar
fields a common BLT parameter rΦ. As these BLT
parameters are dimensionful parameters we use the dimen-
sionless quantity RX ¼ rX=R when presenting our results.
The parameters RX can, in principle, have small negative
values but RΦ;fð≡rΦ;f=RÞ < −π can lead to tachyonic zero
modes, as can be guessed from a cursory look at Eq. (7).
Moreover, RΦ < −π can also lead to imaginary gauge
couplings. In our study we strictly use only the positive
values of these parameters.
We now discuss the results in the nmUED scenario.

Note that we have two BLT parameters RΦ and Rf at our
disposal. Thus we consider two cases, one being the
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universal BLT case, i.e., RΦ ¼ Rf, making the same BLT
for all types of fields and another being the case of
RΦ ≠ Rf. First, take the case of universal BLT, i.e.,
RΦ ¼ Rf ≡ r=R. Note that in this scenario all the overlap
integrals that modify the couplings become unity by virtue
of the orthonormalization conditions; see Eqs. (16) and (6).
Therefore, the effect of the common BLT parameter r=R is
only to determine the masses of the KK particles running in
the loop. Clearly this situation is almost like the mUED but
with the freedom that the KKmasses can now be tuned with
the BLT parameter r=R. In Fig. 6 we present the results for
the same BLT case for different values of the parameter.
The black (dash-dot-dot) line represents our SM value for
the t → cγ decay width; the red (solid), blue (dotted),
and green (dash-dotted) curves are for BLT parameter
r=R ¼ 1.0, 5.0, and 10.0, respectively.
We see that the contribution from the KK particle

decouples at lower values (compared to the mUED case)
of the compactification radius for lower values of r=R. This
is expected as the higher values of r=R imply a lower
(compared to the mUED case) KK mass for a specific value
of the inverse compactification radius 1=R. Clearly for a
specific value of 1=R, a higher value of the BLT parameter
would lead to a lower KK mass than in the mUED,
thus making the propagator suppression less effective.
Consequently it is evident that the higher value BLKT
parameters result in a decoupling for higher values of 1=R.
However, like in mUED, in the universal BLT case also the
value of the decay width does not change its order of
magnitude from its SM value even for lower 1=R. But
unlike mUED a lower value of 1=R is not much constrained
from LHC data in the nmUED scenario. To the best of our
knowledge the only collider studies made in nmUED to
date are [22,24]. A detailed study of nmUED in the light of
LHC data is underway.
Now we take up the case of different BLTs, i.e.,

RΦ ≠ Rf. Clearly in this case the KK excitations of
fermions and the KK scalar/gauge bosons have different

masses depending on their respective BLT parameters.
Moreover, the couplings in this case get modified by the
appropriate overlap integrals, mentioned in Eqs. (16). The
variation of the t → cγ decay width for various choices of
BLT parameters is shown in Fig. 7. Different choices of
BLT parameters give rise to distinct features in the 1=R
dependence of the decay width. Unlike the mUED or
universal BLT scenario, here the total decay width (SM plus
nmUED) can be smaller than the SM value for some choice
of parameters. Moreover, the higher values of the BLT
parameters (see the figure in the lower right panel of Fig. 7)
can enhance the decay width by several orders of magni-
tude from the SM value, in the lower 1=R region. For
example, for Rf ¼ 8 and RΦ ¼ 15 and 1=R ¼ 500 GeV the
decay rate can be ∼4.1 × 10−12 GeV. But, for these sets of
parameter values the masses of first KK level particles are
less than 200 GeV, to be precise ∼190 GeV for first KK
level fermions and ∼140 GeV for first KK level bosons;
and the second levels are of ∼570 GeV (fermions) and
∼540 GeV (bosons). We elaborate on the implications of
this in Sec. V. At this point it is worth mentioning that we
find that the specific nature of the curves is mostly
determined from the contribution from the Feynman dia-
grams that involve the KK excitations of the scalars.
Moreover, as far as the nature of the curves are concerned,
a naïve interpolation to the same BLT scenario from the
different BLT scenario is not possible. In the different BLT
case there are overlap integrals that modify the appropriate
couplings. These overlap integrals depend on the KK
masses and, in some cases, on the difference of the KK
masses between two different types of particles (e.g., in our
case some overlap integrals depend on the difference
between MΦn and MQn). Also, in the amplitude of the
diagrams the differences in the physical masses (physical
masses,mX ¼ MX=R) play a significant role. Thus depend-
ing on the choice of different BLT parameters the difference
betweenmQn andmΦn can be positive or negative, which, at
the amplitude level, can positively or negatively contribute
to the SM amplitude. So in the different BLT case, it is
possible for some parameter region that the overall decay
width be less than that of the SM prediction, leading to the
specific nature of Fig. 7. The reverse is also possible, e.g.,
we have checked that for 1=R ¼ 600 GeV, RΦ ¼ 6.0, the
KK contribution is always positive if Rf < 0.58 and in that
case one can get the nature of Fig. 7 similar to that of Fig. 6,
i.e., the curves show a monotonic increase as 1/R decreases.
Clearly, if in future experiments the t → cγ decay width
comes out to be a larger value than the SM calculations then
the higher BLT scenario will be favored provided the
constraints on the 1=R from other observations are met.
We end the discussion on the t → cγ decay width in

nmUED with the caveat that in our study we take a
common BLT parameter for fermions Rf and for gauge/
scalar fields a common RΦ and thus the situation can be
generalized by considering different types of BLT

FIG. 6. The decay width of the process t → cγ as a function of
the inverse compactification radius 1=R in the case of nmUED for
different BLT parameters. In this case we consider a universal
BLT parameter r.
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parameters for different fields and that eventually results in
richer details of this decay width.

B. t → ch

The loop-induced flavor changing top quark decay to
charm quark and Higgs boson was first calculated in [52].
For mt ≃ 175 GeV and mh ∈ ½40 GeV; 2mW �, according
to [52], BRðt → chÞ≃ 10−7–10−8. However, this result
was erroneous, which was subsequently pointed out and
corrected in [34]. According to this, for mt ¼ 175 GeV,
mc ¼ 0, mb ¼ 5 GeV, and mh ¼ 120 GeV,

Brðt → chÞ ¼ 4.605 × 10−14: ð30Þ

The SM prediction for the same process has recently been
calculated in [37,51,56] and according to these references,8

the branching ratio is ∼10−15. Again, the root of all these
differences in the exact value of the branching ratio is
that the choice of values of various SM parameters, most
crucially the value of mb, differs in each studies. For mh ¼
125 GeV and taking the pole mass of the b-quark to be
4.18 GeVour SM prediction for the t → ch branching ratio
is 1.99 × 10−14 and for the running mass m̄bðmtÞ ¼
2.74 GeV the branching ratio becomes 3.63 × 10−15. We
again emphasize that the exact estimation of the decay

width is highly sensitive to the b-quark mass,mb. After this
discussion we present our results in mUED and nmUED.

1. mUED results

The relevant Feynman diagrams for the process t → ch
in the case of mUED can be found in Fig. 4. Again, the KK
indicesm and n have to be taken appropriately maintaining
the conservation of KK number. Also, the other details,
inherent to the model itself, remain the same as discussed in
the case of t → cγ; see Sec. IVA 1.
In Fig. 8 we present our results for the decay width of

t → ch in mUED. Like the t → cγ case, here also we take

FIG. 7. The decay width of the process t → cγ as a function of the inverse compactification radius 1=R in the case of nmUED for
different values BLT parameters Rfð¼ rf=RÞ and RΦð¼ rΦ=RÞ.

FIG. 8. The decay width of the process t → ch as a function of
the inverse compactification radius 1=R in the case of mUED.

8The branching ratio is 3 × 10−15 in [37], ð3.00� 0.17Þ ×
10−15 in [56], 5.8 × 10−15 in [51], etc.
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the pole mass of the b-quark. In this figure, the black (solid)
line represents our SM value of the decay width and the red
(dash-dotted) curve is for the decay width in the case of SM
combined with the mUED spectrum. In this case also we
find no order of magnitude enhancement of the branching
ratio for any reasonable values of 1=R. The situation is
almost similar in the nmUED scenario also, as we discuss
in the next subsection.

2. nmUED results

In Fig. 9 we present the results for the universal BLT
scenario, i.e., RΦ ¼ Rf ≡ r=R. For this case also we find

that the value of the decay width is of the same order as that
of the SM for all choices of r=R.
The same thing happens in the distinct BLT (RΦ ≠ Rf)

case also, as can be seen from Fig. 10, where we plotted the
t → ch decay width for various choices of BLT parameters.
In this case also a very high value of BLT parameters can
significantly enhance the decay rate.

V. S, T, U PARAMETERS, FCNC,
AND OTHER ISSUES

The Peskin-Takeuchi parameters, i.e., S, T, and U
parameters, encode the oblique corrections to the electro-
weak gauge boson propagators [69]. These parameters put
stringent constraints on many BSM physics scenarios. In
nmUED these electroweak precision constraints are dis-
cussed in [16,24,28,70]. Clearly in these cases the under-
lying action and some assumptions are different from our
setup. For completeness we spell out these constraints in
our case.
The effects on electroweak precision observables arise

due to modifications to the Fermi constant GF at tree
level. Actually in nmUED second level KK gauge bosons
have tree-level couplings with SM fermions, and this
modifies the effective four Fermi interactions and thus
the GF. Note that this is in contrast with the mUED
scenario where there is no 2-0-0 coupling at the tree
level. The corrected Fermi constant in case of nmUED
can be given as

FIG. 9. The decay width of the process t → ch as a function of
the inverse compactification radius 1=R in the case of nmUED for
different BLT parameters. In this case we consider a universal
BLT parameter r.

FIG. 10. The decay width of the process t → ch as a function of the inverse compactification radius 1=R in the case of nmUED for
different values of BLT parameters Rfð¼ rf=RÞ and RΦð¼ rΦ=RÞ.
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GF ¼ G0
F þ δGF; ð31Þ

where G0
F (δGF) comes from the s-channel SM (even

KK) W�-boson exchange. More precisely they can be
written as [28]

G0
F ¼

g22
4
ffiffiffi
2

p
M2

W

and δGF¼
X
k≥2
even

g22
4
ffiffiffi
2

p
M2

WðkÞ
ð
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
rΦþπR

p
Ik3Þ2;

ð32Þ

where Ik3 is given in Eq. (16c). Now, in terms of these
quantities the electroweak precision observables can be
written as [24,28]

SnmUED¼ 0; TnmUED¼−
1

α

δGF

GF
; UnmUED ¼ 4sinθ2W

α

δGF

GF
:

ð33Þ

Now, the most recent fit to the electroweak precision data
gives [71]

S ¼ 0.05� 0.11; T ¼ 0.09� 0.13; U ¼ 0.01� 0.11;

ð34Þ
from which we write

Ŝ ¼ 0.05; σS ¼ 0.11;

T̂ ¼ 0.09; σT ¼ 0.13;

Û ¼ 0.01; σU ¼ 0.11:

The S, T, and U parameters are not independent
parameters but are correlated. The correlation coeffi-
cients are given by [71]

ρST ¼ 0.90; ρSU ¼ −0.59; ρTU ¼ −0.83: ð35Þ

Now, constraints from S, T, U parameters can be
imposed by evaluating the χ2, given by

χ2 ¼ XTC−1X ; ð36Þ

where XT ¼ ðSnmUED − Ŝ; TnmUED − T̂; UnmUED − ÛÞ and
the covariance matrix C is given by

C ¼

0
B@

σ2S σSσTρST σSσUρSU

σSσTρST σ2T σTσUρTU

σUσSρSU σUσTρTU σ2U

1
CA: ð37Þ

For a maximal 2σ (3σ) deviation, given the two degrees
of freedom, we need χ2 ≤ 6.18 (9.21) [65]. In Fig. 11 we
show the allowed region of parameter in the RΦ − Rf

plane consistent with electroweak precision data at 2σ
(and 3σ) deviation for inverse compactification radius,
1=R ¼ 500 and 1000 GeV. Note that the larger values of
BLT parameters RΦ;f lead to a larger allowed parameter
space that is in agreement with the result shown in
Fig. 11 of Ref. [24]. We mention that the dominant effect
on the electoweak precision observables comes from the
modification of the Fermi constant. From the one-loop
contribution of KK particles another set of subdominant
modification in the precision observables results.
However, a detailed one-loop contribution from the
KK particles in the case of nmUED is subject to further
study.
Normally BSM models suffer from the presence of tree-

level FCNCs and appropriate symmetry etc. are imposed
to get rid of them. In the most general setup of nmUED
every field present in the model can have different BLT

FIG. 11. The shaded region, in the RΦ − Rf plane, represents the 2σ (dark blue) and 3σ (light blue) deviation region satisfying the
electroweak precision constraints for 1=R ¼ 500 (left) and 1000 GeV (right).
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parameters. If there are different BLT parameters for
fermions of different flavors then that leads to tree-level
FCNCs. However, it has been shown in [70] that there exist
no FCNCs if the fermion BLT parameters are flavor blind,
i.e., the BLT matrices are proportional to the unit matrix in
flavor space. In our case we have used a universal BLT
parameter for all fermions; clearly there is no tree-level
FCNC in our present setup, no matter what the values of
BLT parameters are.
We have seen, at least in the case of t → cγ, that

somewhat large values of BLT parameters can result in
an order of magnitude increment to the decay rate as
compared to the SM. As it stands larger BLT parameters
lead to smaller KK masses. In this regard a few points are in
order. Presently the bounds on new physics particles are
quite high as can be seen from the exotic particle searches
of ATLAS and CMS [72,73]. In the case of mUED, LHC
dilepton searches put constraints on second KK level
particles to be mKKð2Þ ≥ 1.4 TeV [74]. Now, for the BLT
parameters and R−1 that lead to a larger Γt→cγ compared to
the SM the second level KK particles become much lighter.
Clearly, a qualitative comparison with [74] shows that a
lighter KK particle implies significant propagator enhance-
ment leading the dilepton cross section to a degree that is
ruled out by LHC dilepton data. We have checked that even
the modification in couplings via the overlap integrals is not
enough to evade these bounds. Thus the parameter space
leading to an apparent enhancement in Γt→cγ is already
ruled out from LHC dilepton searches.
In passing we mention that the collider signatures of

nmUED can mimic supersymmetry (SUSY). However, one
must remember that n ¼ 1 KK masses in nmUED are more
closely spaced than the masses of SUSY partners in any
conventional SUSY models. This hinders one from directly
translating available bounds on conventional SUSY models
to nmUED models. So recasting the SUSY bounds on the
nmUED parameters is an altogether different project and is
beyond the scope of this work.

VI. SUMMARY AND CONCLUSIONS

We have performed a complete one-loop calculation of
flavor changing top quark decays (t → cγ and t → ch) in
the context of minimal and nonminimal UED.We have also
verified, in the SM, the results of branching ratios of these
decays with the existing literature. As far as the exper-
imental searches are concerned, both ATLAS and CMS
collaborations have performed some searches of FCNC top
decays. For example, using the 19.6 fb−1 data at

ffiffiffi
s

p ¼
8 TeV the CMS collaboration puts an upper bound on the
rare decay to cγ as Brðt → cγÞ < 0.182% [75]. On the
other hand for the t → ch channel, the ATLAS collabora-
tion puts a bound of Brðt → chÞ < 0.51% using 4.7 fb−1

data at
ffiffiffi
s

p ¼ 7 TeV and 20.3 fb−1 at
ffiffiffi
s

p ¼ 8 TeV [76];
whereas according to the CMS collaboration

Brðt → chÞ < 0.56% by using 19.5 fb−1 data at
ffiffiffi
s

p ¼
8 TeV [77]. Also see [78] for the projected limits for higher
energies on top FCNCs at the LHC and ILC. From these
numbers it is evident that even in the higher energetic run II
of the LHC the sensitivity does not reach the limit to judge
the small branching ratios as obtained from the theoretical
calculations in the SM. However, there are many BSM
scenarios in which these branching ratios are quite high and
at the level that can be probed in run II of the LHC. The aim
of this paper is to look into this issue of rare decays in one
of the interesting BSM scenario, i.e., mUED and nmUED.
We show that both the decay widths of t → cγ and

t → ch do not change much from the SM value in mUED
for any reasonable choice of the inverse compactification
radius 1=R. This result is somewhat contrary to what has
been obtained in [58] by using various simplifying assump-
tions. In passing we note that a similar picture arises for the
rare B- and K-decays in the case of mUED [63]. On the
other hand in the nonminimal case, i.e., in the presence of
BLT parameters, if Rf;Φ ≥ 10 and Rf ≠ RΦ the t → cγ
decay width can, in principle, enhance up to four orders
of magnitude from its SM value while respecting the
electroweak precision data. But the required R−1 along
with such higher values of BLT parameters are not viable
from the LHC data. For the case Rf ¼ RΦ we found no
such enhancement. However, in the case of t → ch,
irrespective of whether Rf and RΦ are equal or not the
decay width does not get any enhancement compared to its
SM result. Actually the GIM suppression is still at work,
even though the KK particles are contributing the proc-
esses, and the decay widths remain, in most of the cases,
almost the same level as the SM.
It is also worth noting that in the KK parity conserving

nmUED scenario the lightest KK particle is stable and can
play the role of dark matter. But in this regard it is to be kept
in mind that for some choice of BLT parameters it may so
happen that some specific KK fermion becomes the LKP.
Now, a KK fermion LKP is not preferable as it can have
electric charge or if it is a KK neutrino it is excluded, as a
viable dark matter candidate, by direct detection observa-
tions. KK parity can be broken if there are asymmetric
BLTs. Thus taking asymmetric BLT parameters in a way
that guarantees enough KK parity breaking to make the
LKP unstable and sufficiently short lived, the dark matter
constraints can be relaxed.
Finally we add a few comments about the possible

extensions in the ambit of this model. First, the effect of KK
contribution on the CKM matrix elements can be system-
atically taken into account in the calculation of various rare
top decays. Secondly, in nmUED by utilizing the freedom
of taking different BLT parameters for different types of
fields one can, in principle, get a richer model setup to look
into these decays. Thirdly, and perhaps most importantly,
by taking different BLT parameters at two orbifold fixed
points for the same kind of field one can break KK parity.
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The violation of KK parity would lead to a host of new
KK-parity violating vertices that can significantly modify
the decay widths. It is imperative that these effects, which
can lead to some interesting observations, be examined in
detail.
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APPENDIX: FEYNMAN RULES

All the momenta and fields are assumed to be incoming.
To avoid cluttering we suppress the indices in the overlap
integrals. Basically by I3 we mean Im3 and by I1;2 we imply
In;m1;2 . Also β ¼ ðπþRΦ

πþRf
Þ. Obviously in mUED the BLT

parameters are vanishing and so the overlap integrals
and β are unity and αn ¼ 1

2
tan−1ð mj

n=RÞ and MΦk ¼ k=R.
Moreover, for mUED, the conservation of KK number
ensures that there is no 0-0-n-type coupling.
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0n
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