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Abstract. The flavor changing neutral top quark decay t — c¢X is computed, where X is a neutral standard
model particle, in an extended model with a single extra dimension. The cases for the photon, X =+, and
a standard model Higgs boson, X = H, are analyzed in detail in a non-linear R¢ gauge. We find that the
branching ratios can be enhanced by the dynamics originating in the extra dimension. In the limit where
1/R > my, we have found Br(t — ¢y) ~ 10710 for 1/R = 0.5 TéV. For the decay t — cH, we have found
Br(t — cH) ~ 10719 for a low Higgs mass value. The branching ratios go to zero when 1 /R — oo.

1 Introduction

Flavor changing neutral currents (FCNC) are very sup-
pressed in the standard model (SM): there are no tree level
contributions and at one loop level the charged currents
operate by the Glashow-Iliopoulos—-Maiani (GIM) mech-
anism. The branching ratio for top quark FCNC decays
into charm quarks are of the order of 107! for ¢t — cg and
10713 for t — ¢v,(Z) in the framework of the SM [1-6].
This suppression can be traced back to the loop ampli-
tudes: they are controlled by down-type quarks, mainly
by the bottom quark, resulting in a mj /M3, factor, which
can be compared with the enhancement factor that ap-
pears in the b — s7 process, in which the top quark mass
my 1s involved instead of my in this factor. This fourth
power mass ratio is generated by the GIM mechanism and
is responsible for the suppression beyond naive expecta-
tions based on dimensional analysis, power counting and
Cabibbo—Kobayashi-Maskawa (CKM) matrix elements in-
volved. The top quark decay into the SM Higgs boson is
even more suppressed [1—6]: Br(t — cH) ~ 10713-10715 for
My < My < 2Myy. These rates are far below the reach
of any foreseen high luminosity collider in the future. The
highest FCNC top quark rate in the SM is ¢ — cg, but this
value is still six orders of magnitude below the possibility of
observation at the LHC.

The discovery of these FCNC effects would be a hint
of new physics because of the large suppression in the SM.
These FCNC decay modes can be strongly enhanced in
scenarios beyond the SM; some of them could even be
observed at the LHC or ILC. New physics effects in ex-
tended Higgs sector models, SUSY and left—right symmet-
ric models were studied in [1-21]. For example, in various
SUSY scenarios the branching ratios may reach the value
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1075 for the decay t — cg. Also, virtual effects of a Z’ gauge
boson on these rare top quark decays were studied. The de-
cay t — ¢y has been analyzed in [22], and it has been shown
that Br(t — cy) is at the 1076 level in topcolor assisted
technicolor models for m/, =1 TeV, which would allow for
the detection of this process at future colliders.

On the other hand, the use of effective Lagrangians
in parameterizing physics beyond the SM has been
studied extensively in FCNC top quark couplings and
decays [23—29]. This formalism generates a model-inde-
pendent parameterization of any new physics character-
ized by higher dimension operators. Under this approach,
several FCNC transitions have also significantly been con-
strained: t — ¢y [30,31], t — cg [31,32], ; — ;v [33] and

New physics effects have also been introduced in models
with large extra dimensions (ED) [35—38]. In recent years,
these models have been a major source of inspiration for
physics beyond SM in ongoing research. In these scenarios
the four dimensional SM emerges as the low-energy effect-
ive theory of models living in more than four dimensions,
where these extra dimensions are orbifolded. The infinite
towers of Kaluza—Klein (KK) modes present are remnants
of the extended dimensional dynamics at low energies. The
size of the extra dimensions can be unexpectedly large,
with 1/R at the scale of a few TeV without contradict-
ing the present experimental data [39—48]. Then, if these
KK modes are light enough, they could be produced in
the near future at the next generation of colliders. Sce-
narios where all the SM fields, fermions as well as bosons,
propagate in the bulk are known as models with “univer-
sal extra dimensions” [49-52]. In these theories the number
of KK modes is conserved at each elementary vertex and
the coupling of any excited KK mode to two zero modes
is prohibited. Then the constraints on the size of the ex-
tra dimensions obtained from the SM precision measure-



920

ments are less stringent than in the case in which there is
no conservation of the KK particles (non-universal extra
dimensions).

The impact of the new physics coming from UED
models has been widely studied and constraints on the
parameter 1/R have been obtained. Analysis of the pre-
cision electroweak observables led to the lower bound
1/R = 700-800 GeV for a light Higgs boson mass and to
1/R 2 300—400 GeV for a heavy Higgs boson mass [53,
54]. On the other hand, using the process b — sv, the
resulting bound on the inverse compactification radius
is 1/R 2 250 GeV [565-57]. Moreover, a recent analy-
sis making use of the exclusive branching ratio B —
K*~ shows that under conservative assumptions 1/R 2
250 GeV [58]. Also, from the inclusive radiative B — Xy
decay, a lower bound of 1/R 2 600 GeV at 95% C.L. can
be obtained, and this is independent of the Higgs bo-
son mass value [59]. Contributions from UED models
have been considered in several FCNC processes, and
[60] has found that the processes K, — nlete™, AM,,
Kt = ntup, Ky, — b, Bgs — Xavv, Ky, — wtp,
Bas— utu~, B— X,utp~ for 1/R ~300GeV are en-
hanced relative to the SM expectation and the processes
B — Xv,B — Xg,€' /e are suppressed with respect to
the SM. In general, the present data on the FCNC pro-
cesses are consistent with 1/R 2> 300 GeV [60, 61]. Exclu-
sive B— K*I*tl~, B— K*vv and B; decays [58,62] have
been studied in the framework of the UED scenario and
also rare semileptonic Ay, decays [63, 64].

In this paper we study the FCNC decays of the top
quark in a universal extra dimension theory in which all the
SM fields live in five dimensions. In particular, we compute
the t — ¢y and ¢t — cH decay modes in a non-linear R..
This gauge has the advantage of a reduced number of Feyn-
man diagrams as well as simplified Ward identities. These
facts facilitate and clarify the calculation.

The paper is organized as follows. In Sect. 2 we present
the general framework for the five dimensional Lagrangian
and derive the corresponding four dimensional Lagrangian
and Feynman rules. In Sects. 3 and 4 we compute the de-
cay modes t — ¢y and t — cH, respectively, and discuss the
hypothesis implicit in the calculation. Finally, in Sect. 5
we present some conclusions. In the appendix we show the
terms in the Lagrangian that are important for the Feyn-
man rules in our calculation.

2 The model

We begin by presenting the SM Lagrangian in five dimen-
sions; let z = 0, 1, 2, 3 be the normal coordinates and z* =y
the fifth one. The fifth extra dimension is compactified on
the orbifold S*/Z5, an orbifold of size R, which is the com-
pactification radius. We consider a generalization of the
SM in which the fermions, the gauge bosons and the Higgs
doublet propagate in the five dimensions. The Lagrangian
L can be written as

L:/d4xdy(ﬁA+£H+ﬁF+£Y)a (1)
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with

La= _EWMNGW&N - %BMNBMN )
Ly =(Dud)' DMV (9),
Lr=[Q(r™Da)Q+T(ir'™Dar)U +D(ir™ Dys) D]

Ly = —QY,9°U — QY4®D +h.c. (2)

The numbers M, N =0,1,2,3,5 denote the five dimen-
sional Lorentz indices, Wyy = OMWx — ONWi;+
get Wb W5 is the field strength tensor for the SU(2)L,
electroweak gauge group and By;n = 0y By — OnByy is
that of the U(1)y group. The gauge fields depend on x
and y. The covariant derivative is defined as Dys = O —
igWg, T —ig' ByY, where g and ¢’ are the five dimen-
sional gauge couplings constants for the groups SU(2)r,
and U(1)y, respectively, and T* and Y are the corres-
ponding generators. The five dimensional gamma matri-
ces I'yy are I, =y, and I’y = iys with the metric tensor
given by gun = (+,—,—, —, —). The matter fields Q, D
and U are fermionic four components spinors with the
same quantum numbers as the corresponding SM fields.
To simplify the notation we have suppressed the SU(2)
and color indices. The standard and charge conjugate
doublet standard Higgs fields are denoted by &(z,y) and
°(z,y) = iT?®*(x,y); Yu,q4 are the Yukawa matrices in the
five dimensional theory responsible for the mixing of differ-
ent families whose indices were suppressed in the notation
for simplicity. We have not included in (2) the leptonic
sector nor the SU(3). dynamics because they are not rele-
vant for our proposes. The low-energy theory will only have
zero modes for fields that are even under Z, symmetry:
this is the case for the Higgs doublet that we choose to be
even under this symmetry in order to have a standard zero
mode Higgs field. The Fourier expansions of the fields are
given by

Bulos) = = B0w)+ 2 3 B )cos (L)

D(z,y) ﬁnfsg? (2)
+ W—\/ini_o:l [D% ) (z) cos (%) + D" sin (_y)]
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The expansions for B, and Bs are similar to the ex-
pansions for the gauge fields and the Higgs doublet (but
the latter one without the p or 5 Lorentz index). It is by
integrating the fifth y component in (1) that we obtain
the usual interaction terms and the KK spectrum for ED
models.

The interaction terms relevant for our calculation will
be written in a non-linear R¢ gauge [18,65,66]. For ex-
ample, in this gauge there is no mixing between the gauge
bosons and the charged and neutral unphysical Higgs
fields. Besides, the interaction terms are simplified in such
a way that there are no trilinear terms such as W; GwAu,
where Gy;, is an unphysical Higgs field. We are interested
in the third family of quarks and an) and Ql()") are the up-
per and lower parts of the doublet Q. Similarly, the Ut(")
and Dl()") are the KK modes of the usual right-handed sing-
let top and bottom quarks, respectively. There is a mixing
between the mass and gauge eigenstates of the KK top
quarks (an) and Ut(n)), where the mixing angle is given
by tan(2a}) = my/m, with m, =n/R. For the b quark
the mixing is quite similar, but at leading order the only
masses that remain are m; and m,,, and in this limit the
mixing angle is zero. This leads to the spectrum mQp =mn
and mgn =myn = /m; +m2 for the excited modes of the
third family. After dimensional reduction, the fifth com-
ponents of the charged gauge fields, Wg("), mix with the
KK modes of the charged component ¢~ (™) of the Higgs
doublet. The unmixed states are thus the charged physical
boson, the excited G;V(") state, and a would be Goldstone
boson, qﬁé(n), that contributes to the mass of the KK gauge
bosons:

n . n n#0
é(n) _ mnW;( )+1MW¢i( ) MV;A—“) Wf)i(n)
/m2 + Mg,
: +(n) +(n n7#0
Gﬁ/(n) _ 1MWW5 +mn¢ (n) My —0 ¢j:(n) (4)

/m2 + M,

The final expression for the Lagrangian can be found in
the appendix, where we show the terms that contribute to
the decays we are interested in.

3 The t — c7 decay rate

In this section, we present the calculation at one-loop level
of the t — ¢y process in the framework of a five dimen-
sional universal ED model. We start with a naive calcu-
lation comparing the decay widths calculated in the SM
and ED model and assuming that in the ED model only
the third generation is running in the loop. The one-loop
SM width for the top quark decay into a charm quark plus
a gauge boson can be approximated by

4 2\ 2
It—cV) e~ |Vbc|2aa§mmt<ﬁ> (1—m—‘2/> , (5)
My
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where for a photon, the neutral gauge boson and a gluon we
have o = aem (V =7,2) or a = as (V = g), respectively.
These results can be compared to the ones expected for
extra dimensions, where the ratio my/Myy is replaced by
My /my,. Using these approximations we can naively esti-
mate the ratio

I(t—cy)ep l(znmw/mn)?f] '

Tt o~ | (mu/Mm)? (6)

The sum on the KK tower of excited states can be evalu-
ated as we will explain later in the text, and we obtain

F(t—) C'}’)ED _ ’/T_4 |:(Mw/(1/R
(my /M)

I(t—cy)sm 36
for R~ ~ 0.5 TeV. We have already mentioned that the
SM prediction for the branching fraction for the decay ¢ —
¢y is of the order Br(t — ¢y) ~ 107 !2. Then, from (7) the
branching fraction for ED models is Br(¢t — ¢y)gp ~ 1 x
10719 for R~ = 0.5 TeV.

The naive result on the I'(t — ¢y)gp motivates a com-
plete analysis of the one-loop amplitude in extra dimen-
sions. The general transition g; — g; +y for arbitrary quark
flavors 4, j in a non-linear R¢ gauge was studied in [65, 66],
where it was found that a reduced number of Feynman
diagrams as well as simplified Ward identities greatly facil-
itate the calculation in this R¢ gauge.

For on-shell quarks and real photons the transition ma-
trix element is given by

))r ~1.2x10%* (7)

M, =ioy, k" (Fyme P+ Fym Pr) (8)

where k,, is the photon momentum, Pgr 1, = (1£+5)/2, and
the magnetic transition form factors F,"™ are

2FFm. = (By + B3 +2Bs)m; — Agme + A1a — 2411,  (9)
Flmy = (Ay + A3 +2A5)m; — Bsme+ Bia —2B11, (10)

where the A; and B; form factors are gotten from the
most general Lorentz structure of the renormalized proper
vertex [65, 66].

Electromagnetic gauge invariance restricts the ampli-
tude of this decay to the form

s 42
1eg * o ———e
M(t — C’}/) = quku (2F2Rmt)uco #PRU/t y
(11)

where cw is the cosine of the Weinberg mixing angle and
the form factors Fii* and F* are related by

2
€g R

FRmy=——+~2 _ FR, 12
2 1t 32¢%,m2my 2 (12)

The decay width for this process can be written as

3
I't—=cey)= o

= S| ~48x 1077 E (13)
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In order to perform the one-loop calculation, we con-
sider two scenarios. The first one, in which the mass of the
excited states associated to the quarks from the three low-
energy families are quasi-degenerate at tree level, is with-
out any kind of radiative corrections to the KK masses.
In this case, when the excitations coming from the other
quarks are taken into account, the transition amplitude for
the process ¢t — ¢y takes the form

< Y ViVi

m
i=d,s,b +

* 1 mb

@ (n/R)? (n/R)?’
where the last line can be obtained using the unitarity of
the CKM matrix and considering the electroweak correc-
tions of the first two families to be of order zero. m; is the
mass of the down quark running into the loop. Therefore
in this scenario we notice that the naive expectation of the
decay width I'(t — ¢vy) given by (7) is suppressed by the
factor (myp/(n/R))%, and then the final result, including the
KK states, is smaller than the SM value.

In the second scenario, we consider the most import-
ant contribution to the loop correction to come from the
excited KK states associated to the third generation. This
is a more realistic scenario, because there is a mass hier-
archy in the KK states from the different families, such
as at low energy. We should mention that in universal ex-
tra dimension theories, the fixed points from the orbifold
break the translational symmetry of the extra dimension
and it is possible to introduce new interactions on the
branes. In these new interactions, there are counterterms
that cancel the divergences of the radiative corrections,
mass terms, and mixing terms from the different family KK
modes [67-70]. All our results are presented in the context
of this scenario.

Some of the Feynman rules for the model of Sect. 2 can
be found in the appendix, where all the relevant terms are
shown. In Fig. 1, we illustrate the topology of the one-loop
diagrams that are contributing.

In all the decays we are interested in, we neglect correc-
tions of order (m./My)?. The mixing angles between the
gauge and mass eigenstates for the KK excitations of the
quarks are written in Sect. 2 and are zero for the leading

~ Vi (14)
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order approximation. Other possible contributions are neg-
lected due to the Yukawa coupling constants. For example,
diagrams involving G, n)Q(" Cr ©) are proportional to the
Yukawa coupling A. and therefore to m2. Diagrams with

Gg‘,(”)Dg”)tio) in the loop are proportional to A and also to
mj and can be neglected.

The leading contributions of type 1 diagrams (see
Fig. 1) to the decay come from the following particles cir-

culating in the loop:

Gy Qe G/ DDy, (15)

where the external photon is coupled to the fermion in the
loop. The sum of all these diagrams gives for the form fac-
tor FI* the following expression:

2 1—2z
26y = 30" eV Vi g 2/ dz/

[z+ (1—-w) —|—zM—2} , (16)

where the factor X comes from the dimensional regular-

ization tricks of the product of inverse propagators of the
particles circulating in the loop,

)Z:mfzz—kmfwz—mfz—kmi. (17)

The main contribution of type 2 diagrams (see Fig. 1) is

the one with a KK excitation of the standard model gauge

boson or a scalar field circulating in the loop, coupled to
the external photon:

W,EH)W;Sn)Ql(,n) : Wén)Wén)Ql()n) 7 GE/I?}) G%;)Dl()n) 7
e, (e e o)

(18)

These terms contribute to the Fit form factor by the fol-
lowing expression:

Fig. 1. Diagrams contributing to the
t — cy decay in the non-linear R gauge
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“T6m o 5’/ dz/

X ; {4(2 - 3w —4z+4 2wz +227)

2FR =

—(1—w—2) [(w+z)—(w+z_1/2)m—§v”
(19)

For a mass scale of the excited states much higher than
the electroweak scale, i.e., my > mq, the denominator can
be approximated by X ~m?2. We also consider the ex-
cited quarks to rotate from interaction to mass eigenstates
with the same matrix as that of the ordinary quarks. So,
in the Yukawa Lagrangian the interactions QbLtg) )G;V(")
and Qchg )G;V(”) are proportional to V;, and V., respec-
tively, in the mass eigenstates. If we compare the leading

contribution coming from these diagrams to the SM contri-
bution [4-6], we find

1 mg 1
m2 M2, (20)
The numerical estimation of all these contributions is
straightforward. All the excited mass terms are propor-
tional to n/ R, except for the electroweak correction coming
from the symmetry breaking. From the numerical point of
view this correction does not change the results and can be
neglected without modifying the final estimates Based on
these hypotheses, we can also take X ~ m?2, and then the
sum over all the KK excited states can easﬂy be done:

B
2 TR 102"

0 (%)
where in any numerical estimate 1/ R ~ O(1) TeV.
Thus, within this approximation, the sum over all the
excited KK states is equivalent to multiplication of the re-

sults obtained for the first KK excited state by the factor
72 /6. The sum of all contributions using (16) and (19) gives

1z
‘/tbcb162/d2/

x ; {—22+ 35w — w451z — 30wz — 2927

mi
2M3Z,

(22)

(21)

2F} =

+ (422 — 4wz + 10z + 6w + 3)

2 : 2
ge L 1 5
~ V. 1125
T8m2 Vi Cb167r2{ 3 T }

By using (13) and (12), the numerical value for the decay
width is

I'(t—cy)=1.65x10"12GeV, (23)
for R~! = 0.5 TeV, and the branching fraction is
I't—cy) ~10
Br(t =— <=1 1 . 24
r(t — cy) T = W) 08 x 10 (24)
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This result shows a branching ratio two orders of magni-
tude above the SM one.

4 The t — cH decay rate

The invariant amplitude for the flavor changing decay of
a top quark into a charm quark plus a SM Higgs particle
can be written as

M(t — cH) =71.(p)(FL P+ FrPr)us(k), (25)
where F1, and FRr are form factors. In our notation we iden-
tify the external scalar Higgs field H with the zero mode
Higgs field h(?). From this amplitude we can compute the
decay width

2
my

t

2
) (FLE+IFRl?).  (26)

The leading diagrams that contribute to the decay are
shown in Fig. 2. The leading group of type 1 diagrams in
Fig. 2 is the one with KK excitations of the SM quarks
circulating in the loop, which are coupled to the external
Higgs:

WeDE, Gaer . WiNgy D, e
In this case, the external Higgs is coupled to the excited
quark Qj generating a flavor changing Q™ Dy h(®) (see the
appendix), which is proportional to the bottom quark mass
my. The contributions to the Fi, and Fr form factors are of
the order of zero at leading order, i.e. F{, = Fr ~ 0.

The leading diagram of type 2 in Fig. 2 is the one with
KK excitations of the standard model gauge bosons and
scalar fields circulating in the loop, which are coupled to
the external higgs boson h(?):

wtwirer . e e, wivwimey
(WieR e + e wivam) (28)

and these contribute to the form factor by the following
expressions:

1—=z
1
FL:g?’thme 2/ dz/ dwi{ (1 —w)m¢ My
my

—[(z—1)<w+z>m%+w<z—2)mi}—} ,

mw
1—=
FR = g?’thVb 16 3 / dZ/ dw = {wthW} (29)
After evaluating the parametric integrals, the form factors
are given by

5m3
Mw

Tm2my
+¢}’

3 .
g
=2V, 80,
L= Gmz Vo Ve g, 2{ wmt Imw

L i
Fr = Vis Vi ——={Mwm:} . (30)
1672

9
6m2
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3)

Finally, the type 3 diagrams in Fig. 2 coming from a renor-
malized flavor changing fermion line do not contribute at
leading order to the decay width. The first one of these dia-
grams is proportional to the charm quark mass, because of
the Higgs coupling, and therefore is negligible. For a simi-
lar reason, the second diagram has a top quark mass factor,
but the self-energy part introduces the charm quark mass
and this contribution is suppressed with respect to the
leading order.

From these form factors and (26), we compute the
t — cH decay width. Finally, the branching ratio is Br(t —
cH)=1.08 x 10710 for mpy = 120 GeV.

5 Conclusions

We have computed the decay widths I'(t — ¢y) and I'(¢ —
cH) in a universal extra dimension model with a single
extra dimension, where we have considered the most im-
portant contribution to the loop correction to come from
the excited KK states associated to the third generation.
The results show a branching ratio that is above the SM
one. The branching ratios for these two decay widths are of
the order of 1010,

There is a strong dependence on the top quark mass
my; in the amplitude of the ¢ — cH process; it comes from
the type 2 diagrams in Fig. 2 with an excited scalar in the
loop, resulting in a m$ /M3, factor. When we take the limit
My, > my, we find that the decay widths for the t — ¢, (H)
processes are decoupled with respect to the new scale 1/R,
and they go to zero. Considering the excited states of the
quarks to be quasi-degenerate and the CKM matrix to be
unitary, the amplitudes for the flavor changing decay t—c
due to the contribution of the excited states of the quarks
are suppressed by the factor (m;/(n/R))?, and the pre-
dicted values are smaller than the SM predictions.

| Fig. 2. Feynman diagrams for the
t — cH decay in extra dimensions

Acknowledgements. R. Martinez acknowledges the financial
support from Fundaciéon Banco de la Republica.

Appendix

The Lagrangian can be separated in different terms as in
the following sum:

(A1)

L= Y iLﬁ,’;).

m=1,2,3n=1

After symmetry breaking the interaction terms are in-
cluded in the terms L§”> up to Lé”). The first one, Lg”),
is

n gmy ~(n),(0 —(n
O L

gmp  =(n),(0) ~—(n
I G e

(A.2)

The second term, Lé"), has the excited gauge boson—
fermion interactions

n 2 2133 n — (N —(n
) = 2eAD (01140 + o)
g n) An 0
+{EW’“‘+( )t
+ieAD Gy oG + Wy Morw ]
g 5(n),(0 —(n
LG sy )

+ Qe%ALO) (W, W W] h.c.} .
(A23)
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And the third term has the neutral Higgs boson interac-

tions:
L(") — _ gme A ")U(”)h(O) _ gmep ‘(n)D(n)h(o)
3 2MW Qt t 2MW b b
+ gMy Wy W RO 4 gy w W, RO
2
IMp, ~+(n) ~—=(n) 1 (0)
—-—"@ G h
2MW w w
:G N rrr(n) ~+(n) -9 n —(n)
+h.c.} . (A4)
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