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ABSTRACT: We study the physics of Kaluza-Klein (KK) top quarks in the framework of a
non-minimal Universal Extra Dimension (nmUED) with an orbifolded (S'/Z,) flat extra
spatial dimension in the presence of brane-localized terms (BLTSs). In general, BLTs affect
the masses and the couplings of the KK excitations in a non-trivial way including those
for the KK top quarks. On top of that, BLTs also influence the mixing of the top quark
chiral states at each KK level and trigger mixings among excitations from different levels
with identical KK parity (even or odd). The latter phenomenon of mixing of KK levels
is not present in the popular UED scenario known as the minimal UED (mUED) at the
tree level. Of particular interest are the mixings among the KK top quarks from level ‘0’
and level ‘2’ (driven by the mass of the Standard Model (SM) top quark). These open
up new production modes in the form of single production of a KK top quark and the
possibility of its direct decays to SM particles leading to rather characteristic signals at
the colliders. Experimental constraints and the restrictions they impose on the nmUED
parameter space are discussed. The scenario is implemented in MadGraph 5 by including
the quark, lepton, the gauge-boson and the Higgs sectors up to the second KK level. A
few benchmark scenarios are chosen for preliminary studies of the decay patterns of the
KK top quarks and their production rates at the LHC in various different modes. Recast
of existing experimental analyzes in scenarios having similar states is found to be not so
straightforward for the KK top quarks of the nmUED scenario under consideration.
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1 Introduction

The top quark is altogether a different kind of a fermion in the realm of the Standard
Model (SM) sheerly because of its large mass or equivalently, its large (Yukawa) coupling
to the Higgs boson. Even when the discovery of the Higgs boson was eagerly awaited, the
implications of such a large Yukawa coupling was already much appreciated. Many new
physics scenarios beyond the SM (BSM), which have extended top quark sectors offering
top quark partners, derive theoretically nontrivial and phenomenologically rich attributes
from this aspect. At colliders, they warrant dedicated searches which generically result in
weaker bounds on them when compared to their peers from the first two generations.

Naturally, ever since the confirmation of the recent discovery of a Higgs-like scalar
particle came in, the top quark sectors of different new physics scenarios have been in the
spotlight triggering a spur of focussed activities. While popular supersymmetric (SUSY)
scenarios are excellent hunting grounds for such possibilities and have taken the center
stage during the recent past and at a time of renewed drives, there exist other physics
scenarios that offer interesting signatures at the colliders with phenomenologically rich top
quark sectors. Scenarios with Universal Extra Dimensions (UEDs) are also no exceptions
even though the setups are not necessarily tied to and/or address the ‘naturalness’ issue of
the Higgs sector like many of the competing scenarios do thus requiring relatively light ‘top
partner’ (O(1) TeV). However, on a somewhat different track, attempts to understand the
hierarchy of masses and mixings of the (4D) SM fermions while conforming with the strong
FCNC constraints for the first two generations often adopt mechanisms that distinguish the
third generation from the first two [1]. This could also lead to lighter states for the former.
Thus, in the absence of a robust principle that prohibits them and until the experiments
exclude them specifically, it is important that these should make a necessary part of the
search programme at the colliders. This is further appropriate while being under the cloak
of the so-called ‘SUSY-UED’ confusion [2] which may not allow us understand immediately
the nature of such a newly-discovered state.

Thus, there has been a reasonable amount of activity involving comparatively light
KK top quarks of the UED scenarios in the past [3-8] and also from recent times post
Higgs-discovery [9-12]. The latter set of works have constrained the respective scenarios
discussed to varying degrees by analyzing the Higgs results. In this work, we study the
structure of the top quark sector of the so-called non-minimal universal extra dimensions
(nmUED), the nontrivial features it is endowed with and their implications for the LHC.

The particular nmUED scenario we deal with in this work is different from the popular
minimal UED (mUED) scenario [13, 14] (an incarnation of the so-called generic TeV-scale
extra dimensions [15]) in the fact that the former takes into consideration the effect of
brane-local terms (BLTs) which are already non-vanishing at the tree level! [16-18] and
that develop at the two fixed points? of S'/Z, orbifold on which the extra space dimension
of such a 5-dimensional scenario is compactified. As is well-known, BLTs affect both
properties of the KK modes (corresponding to the fields present in the bulk) that crucially

!Note that BLTs get renormalized and thus cannot be set to zero at all scales.
2A possibility with multiple fixed points (branes) are helpful for explaining the fermion flavor struc-
ture [19, 20].



govern their phenomenology: they modify the masses of these KK modes and alter their
wavefunctions thus affecting their physical couplings in four dimensions.

The phenomenology of such a scenario at the LHC has recently been discussed in [21]
with reference to strong productions of the KK gluons and (vector-like) KK quarks from
the first excited level.> It was demonstrated how such processes could closely mimic the
corresponding SUSY processes. There, such a scenario was also contrasted against the pop-
ular mUED scenario. Tentative bounds on these excitations were derived from recent LHC
results. However, for the KK quarks, such bounds referred only to the first two generation
quarks.

The top quark sector of the mUED had earlier been studied at the LHC in ref. [24].
In the present work we take up the case of KK top quarks in the nmUED scenario. These
are ‘vector-like’ states and can be lighter than the KK quarks from the first two gener-
ations. This is exactly the reason behind the current surge in studies on ‘top-partners’
at the LHC [25-32]. From phenomenological considerations, the nmUED scenario under
consideration is different from the mUED scenario in the following important aspects: (i)
the KK masses for these excitations and their couplings derived form the compactification
of the extra dimension can be very different* from their mUED counterparts for a given
value of the inverse compactification radius R~! and (ii) the mixing between the (chiral)
top quark states driven by the top quark mass (which is a generic feature of scenarios
with extended top quark sector) can be essentially different. Further, we highlight a rather
characteristic feature of such an nmUED scenario which triggers mixing of excitations
from similar KK levels of similar parities (even or odd). Such level-mizings are triggered
by BLTs [33, 34] due to non-vanishing overlap integrals and arise from the Yukawa sector.
Hence, such effects depend on the corresponding brane-local parameter. These induce tree
level couplings among the resulting states (mixtures of corresponding states from different
KK levels). Note that in mUED, such couplings are only present beyond Born-level and are
thus suppressed. Also, as we will see later in this work, such mixings can be interesting only
for the KK fermions from the third generation and in particular, for the top quark sector
thanks to the large top quark mass. Moreover, in the context of the LHC, the only relevant
mixings are going to be those involving the SM (level ‘0’) and the level ‘2’ KK states.

In the nmUED scenario, the general setup for the quark sector involves BLTs of both ki-
netic and Yukawa type. This was discussed in appropriate details in [21] for the level ‘1" KK
excitations including the third generation quarks. In this work, we extend the scheme to in-
clude the level ‘2’ excitations as well with particular emphasis on the top quark sector. It is
demonstrated how presence of level mixing may potentially open up interesting phenomeno-
logical possibilities at the LHC in the form of new modes of their production and decay
some of which would necessarily involve KK excitations of the gauge and the Higgs bosons
in crucial ways. This would no doubt have significant phenomenological implications at the
LHC and could provide us with an understanding of how the same can be contrasted against
other scenarios having similar signatures and/or can be deciphered from experimental data.

3Phenomenology of KK-parity violating BLTs are discussed in [22, 23].
4An extreme example of decoupling the mass scale of new physics form the compactification scale can
be found in ref. [1].



The paper is organized as follows. In section 2 we discuss the theoretical framework
of the top quark sector at higher KK levels along with those of the gauge and the Higgs
sectors which are intimately connected to the theory and phenomenology of the KK top
quarks. The resulting mass spectra and the form of the relevant couplings are discussed in
section 3. In section 4 we discuss in some details the experimental constraints that poten-
tially restrict the parameter space of the scenario under consideration. A few benchmark
points, which satisfy all these constraints, are also chosen for further studies. Section 5 is
devoted to the basic phenomenology of the KK top quarks at the LHC by outlining their
production and decay patterns. In section 6 we conclude.

2 Theoretical framework

We consider the top quark sector of a 5D nmUED scenario compactified on S1/Z5 in the
presence of tree-level BLTs that develop at the orbifold fixed points. The compactification
is characterized by the length parameter L where L = wR/2, R being the radius of the
orbifolded extra space dimension. The two fixed points of the S!'/Zy geometry are taken
to be at y = L. The derivations broadly follow the notations, the conventions and the
treatments adopted in reference [21]. The phenomenological relevance of the KK gauge and
Higgs sectors prompts us to incorporate them thoroughly in the present analysis, including
even the level ‘2" KK excitations in some of these cases. In the following we outline the
necessary theoretical setup involving these sectors. We start with the gauge and the Higgs
sectors first since the issue of Higgs vacuum expectation value (VEV) is relevant for the
top quark (Yukawa) sector.

2.1 The gauge boson and the Higgs sectors

The gauge boson and the Higgs sectors of the nmUED scenario had been discussed in some
detail in ref. [35] with due stress on their mutual relationship and the implications thereof
for possible dark matter candidates of such a scenario. We closely follow the approach
there and summarize the aspects that are relevant for our present study.

We consider the following 5D action [35] describing the gauge and the Higgs sectors of
the nmUED scenario under study:

L
1 Loy 1
S = /d4x/Ldy{ = LGN G Y = Wi W — By BYY

+ (Dy®) (DM®) + 20Td — %(@TCD)Q

_ _ "G ra qapy "Wy yipy  TB v
+ (5(y L)+6(y+ L)) [ 26,6 W, W 2B, B

+7g(D,®) (DF®) + 130T — Zb(@*@)?} } (2.1)

where y represents the compact extra spatial direction, the Lorentz indices M and N run
over 0,1,2,3,y while y and v run over 0,1,2,3. G,y, Wj/[N and Bjsny are the 5D field-
strengths associated with the gauge groups SU(3)¢, SU(2)w and U(1)y respectively with



the corresponding 5D gauge bosons G¢,, W}w and Bjs. a and i are the adjoint indices for
the groups SU(3)¢ and SU(2)w, respectively. The 5D Higgs doublet is represented by ®
with its components given by
+
o=, ¢ . (2.2)
75 (0(y) + H +ix)

where ¢ is the charged component, H and y are the neutral components and 9(y) is the
5D bulk Higgs VEV. Dj; stands for the 5D covariant derivatives and j and A represent
the 5D bulk Higgs mass and the Higgs self-coupling, respectively.

We take Z; eigenvalues for the fields Gy, Wﬁ, By, H, x, ¢" to be even at both the
fixed points to realize the zero modes (that correspond to the SM degrees of freedom) have
vanishing KK-masses from compactification. This automatically renders the eigenvalues of
Gy, W;, B, to be odd because of 5D gauge symmetry for which there are no corresponding
zero modes.

As can be seen in equation (2.1), the BLTs (proportional to the d-functions) are intro-
duced at the orbifold fixed points for both the gauge and the Higgs sectors. The bulk mass
term and the Higgs self-interaction term are considered only for the latter for preserving
the 4D gauge invariance. The six coefficients rq, rw, 7B, rg, up and Ay influence the
masses of the KK excitations and the effective couplings involving them. As is well-known,
due to the existence of the BLTs, momentum conservation along the y direction is violated
even at the tree level (in contrast to the mUED where this could happen only beyond the
tree level), but a discrete symmetry, called the KK-parity, under the reflection y — —y is
still preserved. KK-parity ensures the existence of a stable dark matter candidate which is
the lightest KK particle (LKP) at level ‘1’ obtained on compactification.

In this work, for simplicity, we focus on the following situation:

42 Apip?
'Lf = ﬂ and T =Tp = TEW.- (23)
A Ab

The first condition ensures a constant profile of the Higgs VEV over the whole space, i.e.,

A 42 dpp?
o(y) — — =4/ — = 7, 2.4
(y) =/ T\ (2.4)

while with the second condition® we can continue to relate the 5D W, Z and the photon

>

() states (at tree level) via the usual Weinberg angle Oy at all KK levels, i.e.,

Wi — Wi, FiWg, AT, _ cosOw sinfy \ (W3, . 25)
V2 Y —sin Oy cos Oy By

SFor rw # 7B, obtaining the correct value of the Weinberg angle in the SM sector is nontrivial. We,

thus, do not consider this possibility in the present work although the same could have interesting phe-
nomenological implications both at colliders or otherwise (see ref. [35] that discusses its implication for
possible KK dark matter candidates).



The gauge-fixing conditions along with their consequences are discussed briefly in ap-
pendix A. We choose the unitary gauge. For the fields Gy, I/VJr Z,, H, x, ¢ and for the
ones like O I/VyJr , OyZy, the mode functions for KK decomposmon and the conditions that
determine their KK-masses are summarized below.

COS(MF(n)y)
o for even n,
Fn
fF(n> (y) = NF(n> X sin(M> Y) 20
2w g odd n,
SFmy
mi,, = mp+ Mg, >0
(e, ) [Tg, forevenn 25)
Mp,,, +1/TF<n) for odd n

with the following short-hand notations:

MF 7TR MF TI'R MF 7TR
Cr,, = cos <<;)> . SF,, =sn <(;)> , Tg,, =tan <<;)> . (2.9)

The normalization factors IV, Fln) for the mode functions fF(n) (y) are given by

1 R
2rp + o W2 +— i sin(Mp,,mR)| for even n,
F,
N2 = Fn) ) (2.10)
(n) 1 ™R 1
2rp + @() 5 2MF( ) s1n(MF( )7TR) for odd n.

Here ME,, MF, Mp<n), rr and mpy stand for the physical mass, the bulk mass, the KK
mass, the coefficient of the corresponding brane-local kinetic term (BLKT) and brane mass
term of the field F', respectively. Inputs for the mass-determining conditions for all these
fields are presented in appendix A. Further, following conditions must hold to ensure the
zero-mode (SM) profiles to be flat which help evade severe constraints from electroweak
observables like the Z-boson mass, sin? §yy etc.

TEW = TH for WJ, ZIM
rg(20%) =2uf  for H. (2.11)

Non-compliance of the above relations could result in unacceptable modifications in the
level-‘0’ (SM) Lagrangian [35].

Also, with the above two conditions, equation (2.8) reduces to the following simple
form:

T for n even,
reMp,, =4 oo ORI OV (2.12)
1/TF,,, forn odd



Figure 1. The generic profile of the variation of Mp,,, /R~ as a function of 1 (= rpR™") for the
cases n =1 and n = 2.

where Mp, =0 (thus ensuring vanishing KK masses for the level ‘0" (SM) fields). A the-
oretical lower bound of rp > —’T—QR must hold to circumvent tachyonic zero modes. In
figure 1, we illustrate the generic profile of the variation of M F(n)/ R~! as a function of
' (= rpR7Y) for the cases n =1 and n = 2.

On the other hand, vanishing KK masses at level ‘0’ are always realized for ¢ and
x which are eventually “eaten up” by the massless level ‘0’ WJ , Z,, states respectively as
they become massive. However, no zero mode appears for I/Vy+ , Zy since they are projected

out by the Zs-odd condition. The mode functions for the fields VVyJr , Zy are given by

sin(Mp,,y)
C for even n,
_ Fin)
fF(n) (y) — NF(n) X COS(MF<n>y) (213)
for odd n
SFn)

with the mass-determination condition as given in equation (2.8). Use of equation (A.4)
allows one to eliminate x in favor of Z, and ¢* in favor of W;\. Correct normalization of
the kinetic terms requires Z, and T/VyJr to be renormalized in the following way:

M2 —-1/2 M2, —-1/2
n Y(n) n n Y(n) n
Z{m — <1+M2> AN Wit — <1+ W) WMt (2.14)
Z w

Note that un(,n) is the pseudoscalar Higgs state and Wé"” is the charged Higgs boson from
the n-th KK level which has no level ‘0’ counterpart. In subsequent phenomenological
discussions we use the more transparent notations AM® and H™™ for Zy(”) and ngn)-ﬂ-’
respectively. Thus, up to KK level ‘1’; the Higgs spectrum consists of the following five
Higgs bosons: the SM (level ‘0’) Higgs boson (H) and four Higgs states from level ‘17,
i.e., the neutral C'P-even Higgs boson (H(l)o) which is the level ‘1’ excitation of the SM
Higgs boson, the neutral C'P-odd Higgs boson (A(l)o) and the two charged Higgs bosons
HDO* | For the rest of the paper, we use a modified convention for the (KK) gluon to be
g™ instead of G for convenience.



2.2 The top quark sector

We start with the following general framework for the fermion sector where, in addition to
fermion BLKTs, we incorporate brane-local Yukawa terms (BLYTs):

Seuark = /d4:c /LL dy 23: { + UM Dy UL + 10, (5(y S L)+ oy + L)) [iﬁ{F“DMPLU{}
- i=1
+iDITM Dy D+ 1, (5(y —L)+6(y+ L)) [iﬁ;F“DMPLDQ}
+ W T Dygutl, + 74, (§(y L)+ (y+ L)) [iEF“DHPRuQ}
+id T Dyrd] + 14, (6(y — L)+ 8y + L)) [iE;F“DHPRdQ] } (2.15)

Sy = /d m/ dy {— (14 76y — L) + 80y + L) [TQu + ViQid;@ + e } (2.16)
1,7=1

where U], D}, u},d} correspond to the 5D SU(2)y up-doublet, down-doublet, up-singlet
and down-singlet of the i-th generation, respectively and @, = (U/, D})* is the compact
notation used for the i-th 5D doublet. ry, and r,, are the coefficients of the corresponding
BLKTs. The field ® represents the 5D Higgs scalar with ® = ioo®*, o9 being the second
Pauli matrix. ry is the universal coefficient for the brane-local Yukawa term. We adopt
the 5D Minkowski metric to be nyn = diag(l,—1,—1,—1,—1) and the representation
of the Clifford algebra is chosen to be I'™ = {y* iy5}. The 4D chiral projectors for (4D)
right /left-handed states are defined following the standard convention i.e., Pr = (1£73)/2.
D)y stands for the 5D covariant derivative. "

In the presence of non-vanishing BLKT in the gauge sector (see equation (2.2)), the
5D VEV of ® is given by

0 0
@ = ]={. ", (2.17)
ﬁ ﬁ VT RA2rgw

where v = 246 GeV is the usual 4D Higgs VEV associated with the breaking of electroweak

symmetry. The 5D Yukawa couplings Yij, Yd are related to their 4D counterparts YZQJL, Yd as

Su/d

Y~
) A R— (2.18)
i T JrRtorew

The free part of Squark has already been discussed in [21] and hence we skip the details.
Using that we can KK-expand the mass terms in Syyiawa as follows:

LT

2]1

w OO / 0,0
{Y”FU Pl + vaEE O )dZ(L>d](R)+hc} (2.19)

where, for simplicity, we only present the zero-mode part with fields redefined (to make
them appear more conventional) as uIi(LO) = Uiléo), d’i(LO) = D;%)). The fermionic mode

functions for KK decomposition are described in an appropriate context in section 3. The



concrete forms of the factors Fu/ d,(0.0) (

which arise from the mode functions of the L, R
type fields participating in equatlon (2.19)) are

F0.0) _ 2ry + ™R d,(00) _ 2ry + ™R (2.20)
g V2ry, + TR\ 21y, + TR Y \/ZrD + mR\/2rq, + TR '
The 3 x 3 matrices K?Fg’(o’o) and YZ‘;F;; (00 are diagonalized by the following bi-unitary
transformations
0 0 0 0
0 = Uenigayy), @iy = Ugn)isaly  (for ¢ = u,d), (2:21)
as follows:
/d4xz { o zL zR ) 4+ y” zL + h.c. (+ KK excitations)}, (2.22)

where V! and yg are the diagonalized Yukawa couplings for up and down quarks, respec-
tively. We discuss later in this paper that the diagonalized values do not directly correspond
to those in the SM due to level mixing effects. Also, from now on, we would consider uni-
versal values of the BLKT parameters rg for the quarks from the first two generations
and rp for those from the third generation replacing the many different ones appearing
in equation (2.15). We will see later, this provides us with a separate handle (modulo
some constraints from experiments) on the top quark sector of the nmUED scenario under
consideration. Further, this simplifies the expressions in equation (2.20).

3 Mixings, masses and effective couplings

Mixings in the fermion sector, quite generically, could have interesting implications as these
affect both couplings and the spectra of the concerned excitations. Fermions with a certain
flavor from a given KK level and belonging to SU(2)y doublet and singlet representations
always mix once the electroweak symmetry is broken. Presence of BLTs affects such a
mixing at every KK level. On top of this, the dynamics driven by the BLTs allows for
mixing of fermions from different KK levels that have the same KK-parity. Both kinds
of mixings are proportional to the Yukawa mass of the fermion in reference and thus, are
pronounced for the top quark sector.

As pointed out in the introduction, since level-mizing among the even KK-parity top
quarks involves the SM top quark (from level ‘0’), this naturally evokes a reasonable curios-
ity about its consequences and it is indeed found to give rise to interesting phenomenologi-
cal possibilities. However, the phenomenon draws significant constraints from experiments
which we will discuss in some detail. We restrict ourselves to the mixing of level ‘0’-level ‘2’
KK top quarks ignoring all higher even KK states the effects of which would be suppressed
by their increasing masses. Also, we do not consider the effects of level-mixings among KK
states from levels with n > 0, including say, those among the excitations from levels with
odd KK-parity. Generally, these could be appreciable. However, in contrast to the case
where SM excitations mix with higher KK levels, these would only entail details within a
sector yet to be discovered.



3.1 Mixing in level ‘1’ top quark sector

We first briefly recount [21] the mixing of the top quarks at KK level ‘1. In presence of
BLTs, the Yukawa part of the action embodying the mass-matrix is of the form

—/d4x{ {T(l)’ E(l)}
L

with “input” top mass m;” (which is an additional free parameter in our scenario) and

T71)
+@)

/ in
MT<1) Tr11My

+ h.c.}, (3.1)
R

/ in
—Rpyymy MT(1)

/ o 1 L 2
= o [ (1 Gl =D+ 6+ 1))

2 i L sin(Mr, 7R
2rp + 7R s T<1> [ 2 2Mrg, sin( T ﬁ
T X , (3.2)
Ty 7T R 1 .
2rr + g T(l) [”2 ~ 2, Sln(MT(l)TrR)]
1 L
Rpyy = RTOO/L dy<1 +ry (0(y —L) +d(y + L)) )9%(1)
2, 1
- 2ry + 7R W . '
Y S%l [QR + 2M1T sln(MT(l)ﬂ'R)]
(1) (1)
where Rrqp is given by
L
2ry + TR
St oy — L) +3(y+ 1)) ) Syt 3.4
Rew= [ dy(1+ry @=L+ 80+ D))y = st B4)
fr,, and 97, represent the mode functions for n-th KK level and are given by [21]:
( cos(Mr,,,,y)
. for n even,
Py = e = Tty = N1y X sin(Mr,,,y) (3.5)
5 for n odd,
( T
sm(MT(n)y)
c for n even
— _ _ Tn)
91,y = fror = = Jftir = N1,y X cos(Mr,,y) (3.6)
5 - for n odd
\ Tin)
with
MTn TR . MTn TR
Cr,,, = cos <<2)> . St =sin <<2>> (3.7)
and the normalization factors Nrt,,,, for the mode functions are given by
1 R
2rr + —5 UEL. sin(Mr, . wR)| for n even,
9 CT( ) 2 2Mr,, "
Tiny — 1 Irr (3.8)
2rp + ?() 5 = ZMT( | sin(Mr,,7R)| for n odd.

~10 -



The KK mass MT(H) for the ‘n’-th level top quark excitation follows from equation (2.12)
where chiral zero modes occur.’ Note that the off-diagonal terms are asymmetric and pick
up nontrivial multiplicative factors. This is because two different mode functions, fT(n)
and 9709 (associated with the specific states with particular chiralities and gauge quantum
numbers), contribute to them. On the other hand, the diagonal KK mass terms are now
solutions of the appropriate transcendental equations. When expanded, the diagonal en-
tries of the mixing matrix involve the L and R components of the same gauge multiplet (T
from SU(2)y doublet or ¢ from SU(2)yy singlet). In contrast, the off-diagonal entries are of
Yukawa-origin (signalled by the presence of mi®) and involve both 77 and ry. These terms
represent the conventional Dirac mass-terms as they connect the L and the R components
belonging to two different multiplets. It may be noted that even when either rp or ry
vanishes, the mixing remains nontrivial. Only the case with rp =ry =0 trivially reduces
to the (tree-level) mUED.

The mass matrix of equation (3.1) can be diagonalized by bi-unitary transformation
with the matrices V;(Ll) and Vt(]? where

o [t
=ViL OIS
h
L L

Then, equation (3.1) takes the diagonal form

(1)
m. (1) t
4, |z(1)  Z(1 t l
_/d @ [tz( ) >] o L(l)] (3.10)
¢ ] L
(1)

where ;7 tg) are the level ‘1’ top quark mass eigenstates and (mt(1>)2 and (mt(l))2 are
l l

T71)
+@)

T71)
+@)

AR, tl(l)
=Yir || - (3.9)
)
R R

the mass-eigenvalues of the squared mass-matrix with m LD > M. Note that, for clarity
h l

and convenience, we have modified the notations and the ordering of the states in the
presentations above from what appear in ref. [21].

3.2 Mixing among level ‘0’ and level ‘2’ top quark states

The formulation described above can be extended in a straight-forward manner for the
level ‘2” KK top quarks when this sector is augmented by the level ‘0’ (SM) top quark.
Thus, the mass-matrix for the even KK parity top quark sector (keeping only level ‘0’ and
level ‘2" KK excitations) takes the following form:

my" 0 miRpgy | |
-/ d%{ 10, T 8] iRy M, mir, || TO +h-c-} (31)
0 —m{" Ripgy My, t? R

SHere, we consider a situation where the fields Télk and t<Ll>R are rotated by the same matrices Ugr and
Uqr (of equation (2.21)) from the basis used in equations (2.15) and (2.16). We ignore the diagonal and
non-diagonal modifications in the boundary conditions. In our scenario, these modifications are Cabibbo-
suppressed (see equation (B.4)) and hence such a treatment is justified.
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where 1799, Ripgy, Ripge are defined as follows, in a way similar to the case for level ‘1’ top
quarks:

/ _ 1 L 2
i = o [ dy(ry Gl — L)+ 8y + 1)),

_ 2rp+ TR % o C%@) [ " 2M T2) Sln(MT(2)7rR)] (3.12)
2 R ’ ‘
ry +m 2rr+ 2 — [ + 2M SID(MT<2>7TR)]
T(z) T(2)
g 2
R = 3 / dy(l +ry (6(y — L) +0(y + L)) )gT(2)
T00 J—L
2ry (S1,, /O )2 + m— | B — g sin(Mr,, 7R)
_2r+4nR @/ "Te) T ez "2 T 2, @ 5.13)
N 2r + TR - . ) .
Y %L [QR — ﬁ SIH(MT(Q)WR):|
&) @
/ 1rh
Riop = [ dy(1+ v (0l = L)+ 8y + 1) ) Frg i
T00 J-1L
_ 2re + 7R y 2ry + 2(ST(2)/MT(2)CT(2)) (3 14)
2ry + ™R ’ '

\V2rT +7TR\/27°T + C%
T(2)

B 4 2M o SIH(MT(2)7TR):|

with Rpgp given by equation (3.4). The lower 2 x 2 block of the mass-matrix in equa-
tion (3.11) is reminiscent of the level ‘1’ top quark mass-matrix of equation (3.1). Beyond
this, the mass-matrix contains as the first diagonal element the ‘input’ top quark mass, m%“
and two other non-vanishing off-diagonal elements as the 13 and 21 elements. Obviously,
the latter two play direct roles in the mixings of the level ‘0’ and level ‘2’ top quarks. Note
that all the off-diagonal terms of the mass-matrix are proportional to mi® which is clearly
indicative of their origins in the Yukawa sector. The zeros in turn reflect SU(2)y invariance.

Diagonalization of this 3 x 3 mass-matrix yields the physical states (3 of them) along
with their mass-eigenvalues. Thus, the level ‘0’ top quark (i.e., the SM top quark) ceases
to be a physical state and mixes with the level ‘2’ top states. Given the rather involved
structure of the mass-matrix, neither is it possible to express the eigenvalues analytically
in a compact way nor they would be much illuminating theoretically. We, thus, diagonal-
ize the mass-matrix numerically. Similar to the case of the level ‘1’ states, we adopt the
following conventions:

¢(0) ¢ $(0) t
T =y @ 1] =y @ (3.15)
] £ L] #2 .

with the physical masses mfhy , (2) and m (2 and with the ordering m? s o (2 <

m (2
h
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Figure 2. Masses of level ‘1’ and level ‘2" KK top quarks as functions of 4. for given r{. and R~!
with mi® = 173 GeV.

3.3 Quantitative estimates

As can be seen from the equations above, the free parameters of the top-quark sector in
the nmUED scenario under consideration are R, rr and ry. For the latter two, we use [21]
the dimensionless quantities 7/, and r{. where 7% = rpR™! and r{, = ry R™!. In addition,
mi serves as an extra free parameter from the SM sector.

3.3.1 Top quark masses

In figure 2 we illustrate the variations of the masses, as functions of 77, of the two KK top
quark eigenstates from level ‘1’ and the two heavier mass eigenstates that result from the
mixing of level ‘0’ and level ‘2’. The plot in the middle, when compared to the one in the
left, demonstrates how the spectrum changes as ry varies with R~ held fixed. We set the
input top mass mi® to 173 GeV in all the plots of figure 2. In turn, the effect of changing
R~! can be seen as one goes from the plot in the middle (R~! = 1TeV) to the one on
the right (R™! = 2TeV). An interesting feature common to all these plots is that there is
a cross-over of the curves for m (1) and m (2), i.e., as a function of rT, at some point, the
lighter of the mixed level ‘2’ state top quark eigenstates becomes less massive compared to
the heavier of the level ‘1’ KK top quark eigenstate. The cross-overs take place at smaller
values of 77, when r{ is increased for a given R~! and at larger values of 7, when R~!
increased with 74 held fixed. Accordingly, the mass-values at those flipping points also go
down or up, respectively. Here, the dominant role is being played by the ‘chiral mixing’
while level-mizing is unlikely to have much bearing. These plots also reveal that achieving
a ‘flipped-spectrum’ (in the above sense) is difficult if one requires the light level ‘1’ KK
top quark to be heavier than about 400 GeV. Nonetheless, the overall trend could provide
easier reach for a KK top quark from level ‘2’ at the LHC. Thus, it may be possible for up
to three excited top quark states (mtl(l), My, mtl(z)) to pop up at the LHC.

3.3.2 Top quark mixings

In this subsection we take a quantitative look at the mixings in the top quark sector from
the first KK level discussed earlier in section 3.1. The mixing is known to be near-maximal
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Figure 3. Variations of the (1,1) elements of the matrices Vt(Ll) (left) and Vt(Ll) (right) as functions
of 7. for fixed set of values of R™! and r/,. Conventions used for different sets of R~ and 7/, values
are: bold red for R~! = 1TeV and 7}, = 1, dashed black for R~! = 1 TeV and 7}, = 10, bold green
for R~! = 2TeV and 4, = 1 and dashed blue for R~! = 2TeV and 7}, = 10.
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Figure 4. Same as in figure 3 but for the variations of the (1,2) elements of the matrices Vt(Ll)
(left) and Vt(Ll) (right). The respective (2,1) elements can be obtained from the orthogonality of
these matrices.

in the case of quarks (fermions) from the lighter generations [21]. Deviations from such
maximal mixings occur in the top quark sector due to its nontrivial structure.” Such mix-
ings are expected to follow similar trends at level ‘2’ (and higher) KK levels and hence we
do not present them separately. However, some deviations are expected in the presence of
level-mizings which can at best be modest for the case of t(©) — ¢(2) gystem that we focus
on in this work.

The elements of the V-matrices in equation (3.9) give the admixtures of different partic-

ipating states in the KK top quark eigenstates. To be precise, Vt(l) and Vt(l)

L Liz2) represent

the admixture of TS) in tl(i) and t(Ll) in t;llg respectively while Vt(Ll()m) and ‘/;(Ll()m) indicate
(1)

the same for ¢; 7 in tl(i) and Tg) in tgfj in that order. Similar descriptions hold for the VIS)
matrix. In figures 3 and 4 we illustrate the deviations from maximal mixing in the level ‘1’
top quark sector in terms of these components of the V' matrices as functions of /.. Each
figure contains multiples curves which present situations for different combinations of R~!
and 74 (see the captions for details). Note that the abrupt changes in sign of the mixings
that happen between —1 < r/, < 2 can be understood in terms of the trends of the red and
blue curves in figure 2 (the blue curves smoothly evolve to the red ones and vice-versa).

"This is in direct contrast with competing SUSY scenarios where mixings in the light sfermion sector
are always negligible while for top squark sector it could attain the maximal value.
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The flat, broken magenta lines indicate maximal mixing (|Vt(L1()1 1)] = |Vt(L1()1 2)| =1/V2).
It is clear from these figures that there can be appreciable deviations from maximal mixing
in all these cases. As can be seen, the effects are bigger for larger values of 77, and smaller
R~!'. Some dependence on 14 is observed for smaller values of r/.. However, it is to be
kept in mind that the effective deviations arise from the interplay of these elements which

is again neither easy to present nor much illuminating.

3.4 Effective couplings

As mentioned earlier, not only masses undergo modifications in the presence of BLTs but
also the wavefunctions get distorted. The latter affects the couplings through the overlap
integrals. These are integrals over the extra dimension of a product of mode functions of
the states that appear at a given interaction vertex. In this section we briefly discuss the
generic properties of some of these overlap integrals which play roles in the present study.
Assuming the wavefunctions to be real, the general form of the multiplicative factor that
scales the corresponding SM coupling strengths is given by

L
g0 0 =N [ dy[ LG 0 = 1)+ 8+ D) | £ )7 ) (3.16)

where 17, j, k represent different interacting fields and fi(l), f;m), flgn) are the corresponding
mode functions with the KK indices [, m,n, respectively, as defined in sections 2.1, 3.1
and 3.2. The factor rg’,;n’n) stands for relevant BLT parameter(s) while the normalization
factor Ajji is suitably chosen to recover the SM vertices when l=m=n=0 (except for the
Yukawa sector of the nmUED scenario under consideration).

The key to understand the general structure is the flatness of the zero-mode (n = 0)
profiles in our minimal configuration. For these, the factor takes the following form:

L
9500 om0 = Nigi fy” / dy| LY 6l - 1) + 5y + 1) 1 W) ), (7)

where we see the zero-mode field has been taken out of the integral in equation (3.16).
For i = j, the overlap integral reduces to Kronecker’s delta function, d;,, and the overall
strength turns out to be identically equal to 1. Orthonormality of the involved states con-
strains the possibilities. In table 1 we collect some of these interactions and group them
in terms of their effective strengths (given by equation (3.17)). This list, in particular, the
set of couplings in the third column, is not exhaustive and presented for demonstrative
purposes only.

In addition to these, mixings in the top quark sector in the form of both chiral mixing
and level-mixing play roles in determining the effective couplings. In this subsection we
briefly discuss such effects on some of the important interaction-vertices involving the
top quarks, the gauge and the Higgs bosons from different KK levels. As in section 3.3,
we further introduce the dimensionless parameters ri;y (= R 'rgw), ro (= R™1rg) and
re (= R~'rg) replacing rew (= 1), rg and rg, the BLKT parameters for the electroweak
gauge boson and Higgs sectors, the first two generation quark sector and the gluon sector,
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Table 1. Classes of different effective (tree level) couplings (given by equation (3.17)) involving
the gauge boson (V'), Higgs (H) and the left- and right-handed, SU(2)y doublet (@) and singlet
(¢) quark excitations and their relative strengths (shown in the last row) compared to the
corresponding SM cases.

respectively. In addition, we also introduce a corresponding universal parameter r, for the
lepton sector which we will use in section 4.3. Later, in section 5, we will refer back to this
discussion in the context of phenomenological analyses of the scenario.

3.4.1 Effective couplings involving the gauge bosons

The set of couplings that we briefly discuss here are those that would appear in the pro-
duction of the KK top quarks at the LHC and their decays. In figure 5 we illustrate the
coupling-deviation (a multiplicative factor of the corresponding SM value at the tree level)
gP-q0-¢O) (left) and ¢g-¢?-¢(® (right) in the generic T, — T‘/Q/T/L plane. In both of
these plots, the mUED case is realized along the diagonals over which r, = TIQ' In the
first case, the mUED value is known to be vanishing at the tree level since KK number
is violated. Hence, the diagonal appears with the contour-value of zero. For vertices in-
volving the top quarks, 17, replaces rb. For a process like pp — t_l(Q)t + h.c., the former
kind of coupling appears at the parton-fusion (initial state) vertex while the latter shows
up at the production vertex. The combined strength of these two couplings controls the
production rate for the mentioned process. Further, the situation is not much different for
the level ‘2’ electroweak gauge bosons except for some modifications due to mixings present
in the electroweak sector. In general, it can be seen from the first plot of figure 5 that the
coupling ¢@-¢(©-¢(® picks up a negative sign for rg > r’Q. This could have nontrivial
phenomenological implications for processes in which interfering Feynman diagrams are
present. On the other hand, ¢@-¢®-¢(©) remains always positive as is clear from the sec-
ond plot of figure 5. Note that the three-point vertex V(©-V(©_-1(2) and the generic ones
of the form V©-f©)_f are absent because the corresponding overlap integrals vanish
due to orthogonality of the involved mode functions.
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Figure 5. Contours of deviation for the generic couplings V2)-F(©O)_-F©) (or V(2)- fO)_£(0)) (left)
and VR-FR_FO) (or V2 f)_f0) (right) from the corresponding SM values in the r{, — Q)L
plane. V, F and f stand for generic gauge boson, SU(2)y doublet and singlet fermion fields (with
corresponding chiralities), respectively. Note that when V' is the (KK) W boson, types of the two
fermions involved at a given vertex are different.
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Figure 6. Same as in figure 5 but for the generic couplings V(2)—F£1)—FL(1) or V(Q)—fl(%l)—f](;zl) (left)
and V(g)-fél)—fg) or V(Q)-Flgl)—F](;) (right).

In figure 6 we present the corresponding contours of similar deviations in the couplings
involving the level ‘2’ KK gauge bosons and the level ‘1’ KK quarks. The plot on left
shows the situation for the left- (right-) chiral component of the SU(2)y, doublet (singlet)
quarks while the plot on right illustrates the case for left- (right-) chiral component of the
SU(2)w singlet (doublet) quarks. These are in conformity with the mode functions for
these individual components of the level ‘1’ KK quarks. However, it should be noted that
the KK quarks being vector-like states, each of the SU(2)y doublet and singlet partners
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Figure 7. Contours of deviation in the r/. — - plane for the generic couplings H (0)—T£0)-t§g) (left)
and H (0)—T£2)—tgg) or H (0)—T£O)—tg) compared to the corresponding SM cases.

have both left- and right-chiral components. Thus, the effective couplings are obtained
only by suitably combining (with appropriate weights) the strengths as given by the two
plots. In the case of KK top quarks, the situation would be further complicated because
of significant mixing between the two gauge eigenstates. For brevity, a list of relevant cou-
plings is presented in table 1 with mentions of the kind of modifications they undergo in the
nmUED scenario. It is clear from these figures that these (component) couplings involving
level ‘2 KK states are in general suppressed compared to the relevant SM couplings except
over a small region with T‘/Q /L < 0.

3.4.2 Effective couplings involving the Higgs bosons

The association of the Higgs sector with the third SM family is rather intricate and has deep
implications which unfold themselves in many scenarios beyond the SM. SUSY scenarios
provide very good examples of this, some analyses have been done in the mUED [36] and
the nmUED scenario is also no exception. The couplings among the Higgs bosons and the
KK top quarks of the nmUED scenario can deviate significantly from the corresponding SM
Yukawa coupling. However, the zero-mode (SM) Higgs Yukawa couplings do not depend
upon 1y (= rgyw)- In the left panel of figure 7 we illustrate the possible deviation in the
SM Yukawa coupling itself in the 7/, — r{, plane. Along the diagonal of this figure (with
. = ry) the SM value of the Yukawa coupling is preserved. Note that the latest LHC
data still allows for significant deviations in the H-t-t coupling [37-40].

In the right panel we show deviations of the generic H-t®)-t which appears at the tree
level in nmUED. Unlike in the case of the interaction vertex V(-2 f(0) (where v s
a massive SM gauge boson) where the involved coupling vanishes in the absence of level-
mizing between f2) and f©), the analogous Higgs vertex remains non-vanishing even in
the absence of level-mizing between the fermions. However, in this case, for 7. = i, the
coupling vanishes. This implies that the more the Yukawa coupling involving the level ‘0’
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fields appears to agree with the SM expectation (from future experimental analyses), the
weaker the coupling H -t®@)-¢ in such a scenario would get to be. In both cases, however,
we find that the coupling strengths get enhanced for smaller values of /. with /. < r{.
All these indicate that production of the SM Higgs boson via gluon-fusion and its decay
to di-photon final state can receive non-trivial contributions from such couplings and thus
might get constrained from the LHC data. The issue is currently under study.

4 Experimental constraints and benchmark scenarios

Several different experimental observations put constraints of varying degrees on the pa-
rameters (like R, 17, rg: Ty and the input top quark mass (mi™)) that control the KK
top quark sector. First and foremost, R~! is expected to be constrained from the searches
for level ‘1’ KK quarks and KK gluon at the LHC. In the absence of any such dedicated
search, a rough estimate of R~! > 1TeV has been derived in ref. [21] by appropriate recast
of the LHC constraints obtained for the squarks and the gluino in SUSY scenarios.

As discussed in the previous subsection, observed mass of the top quark restricts the
parameter space in a nontrivial way. Also, important constraints come from the experi-
mental bounds on flavor changing neutral currents (FCNC), electroweak precision bounds
in terms of the Peskin-Takeuchi parameters (S, 7" and U) and bounds on effective four-
fermion interactions. In this section we discuss these constraints briefly and choose a few
benchmark scenarios that satisfy them and are phenomenologically interesting.

4.1 Constraints from the observed mass of the SM-like top quark

In figure 8 we show the allowed regions in the r/, — r{, plane that result in top quark
pole mass within the range 171-175 GeV [41] (which is argued to be a more appropriate
range than what the experiments actually quote [42]) for given values of R~! and input

top quark masses. Some general observations are that the physical top quark mass (m?hys)

rarely becomes larger than the input top quark mass (m;n) This means, to have mfhys at
least of 171 GeV, mi" has to be larger than 171 GeV. Further, increasing mi" beyond around
175 GeV, as we go over to the second row of figure 8, opens up disjoint sets of allowed islands
in the rf, —r, plane with increasing region allowed for negative r{, (and extending to larger
7l values) at the expense of the same with positive r4,. Increasing mi® further (beyond say,
180 GeV) results in allowed regions diminishing to an insignificant level. These features re-
main more or less unaltered as R~! is increased, as we go from left to right along a horizontal
panel. A palpable direct effect that can be attributed to increasing R~! is in the moderate
increase of the region in the 77, —r{, plane consistent with m} hYs 'in particular, for negative
74, values and when mi® is not terminally large (i.e., below 190 GeV, say) for the purpose.

Although a moderate range of input top quark mass 171 < mi* < 190 is consistent with
171 < mfhys < 175GeV in the space of R~! — 7 — 1%, the allowed region there is rather
sensitive to the variation in mi®. Thus, the allowed range of the mP™* restricts the nmUED
parameter space in a significant way which, in turn, influences the masses and the couplings

of the KK top quarks. An important point is to be noted here. The level ‘1’ top quark sec-
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Figure 8. Regions (in green) in the r}. —r{ plane for three R~ values of (1.5, 2 and 3 TeV, varying
along the rows) and for different suitable values of mi® (indicated on top of each plot) that are con-
sistent with physical (SM-like) top quark mass (m?™*) being within the range m?™* = 17342 GeV.

tor, though does not talk to either level ‘0’ or level ‘2’ sector directly (because of conserved
KK-parity), is influenced by these constraints since /., r4, and R~ also govern the same.

4.2 Flavor constraints

The BLKTs (rg) and the BLYTs (ry) are matrices in the flavor space. Hence, their generic
choices may induce large FCNCs at the tree level. It is possible to choose a basis in which
the BLKT matrix is diagonal. This ensures no mixing among fermions of different flavors
or from different KK levels arising from the gauge kinetic terms. However, with the Yukawa
sector included, off-diagonal terms (mixings) appear in the gauge sector on rotating the
gauge kinetic terms into a basis where the quark mass matrices are diagonal. These terms
could induce unacceptable FCNCs at the tree levels and thus, would be constrained by
experiments. In figure 9 we present the tree level diagram that could give rise to unwanted
FCNC effects.

A rather high compactification scale (R™! ~ O(10°) TeV; the so-called decoupling
mechanism) or a near-perfect mass-degeneracy among the KK quarks at a given level

( igl) < 1079 across all three generations) could suppress the FCNCs to the desired
level [43]. While the first option immediately renders all the KK particles rather too
massive, the second one makes the KK top quarks as heavy as the KK quarks from the
first two generations thus making them quite difficult to be accessed at the LHC. A third

option in the form of “alignment” (of the rotation matrices) [43] can make way for signif-
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Figure 9. Feynman diagram showing the induced FCNC vertex.

icant lifting of degeneracy thus allowing for light enough quarks from the third generation
that are within the reach of the LHC. In such a setup, FCNC occurs in the up-type doublet
sector. Hence, the strongest of the bounds in terms of the relevant Wilson coefficient (C})
comes from the recent observation of D° — DY mixing [44] (and not from the K or the B
meson systems) and the requirement is |C})| < 7.2 x 1077 TeV 2 [45], attributed solely to
the gluonic current which is by far the dominant contribution. The essential contents of
the setup are summarized in appendix B.

In the left-most panel of figure 10 we demonstrate the allowed /disallowed region in the
h— T,Q plane for rj; = 1 with R = 1 TeV. The panel in the middle demonstrates the corre-
sponding regions in the 17 — ¢ plane for 7, = +1. It is seen that some region with 7. < 0
is disallowed when r, is large, i.e., when the level ‘2° KK gluon is relatively light. The right-
most panel illustrates the region allowed in the same plane but for rlQ = —1. The bearing
of the FCNC constraint is most pronounced in this case. It can be noted that the smaller
the value of r¢, is, the heavier is the mass of the level ‘2’ gluon and hence, the stronger is
the suppression of the dangerous FCNC contribution. Such a suppression could then allow
r7 to be significantly different from ¢, but still satisfying the FCNC bounds. This feature
is apparent from the rightmost panel of figure 10. Note that a rather minimal value for
R~ (=1TeV) is chosen for this demonstration. A larger R~! results in a more efficient
suppression of FCNC effects and hence, leads to a larger allowed region. In summary, it
appears that FCNC constraints do not seriously restrict the third generation sector as yet.

4.3 Precision constraints

It is well known that the Peskin-Takeuchi parameters S, T' and U that parametrize the
so-called oblique corrections to the electroweak gauge boson propagators [46, 47] put rather
strong constraints on the mUED scenario. These observables are affected by the modifica-
tion in the Fermi constant G (determined experimentally by studying muon decay) due to
induced effective 4-fermion vertices originating from exchange of electroweak gauge bosons
from even KK levels. These were first calculated in refs. [11, 48-51] assuming mUED tree-
level spectrum while ref. [52] expressed them in terms of the actual (corrected) masses of
the KK modes.

As discussed in refs. [53-57], the correction to G can be incorporated in the elec-
troweak fit via the modifications it induces in the Peskin-Takeuchi parameters and con-
trasting them with the experimentally determined values of the latter. Note that in the
nmUED scenario we consider, level ‘2’ electroweak gauge bosons have tree-level couplings
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Figure 10. Regions in the rp — rg (for fixed rg; the left-most plot) and ry — rg (for fixed rg;
the middle and the right-most plot) planes for R=! = 1 TeV that are allowed (in green) by FCNC
constraints. For the first two figures, thin strip(s) of the disallowed regions (in red) are highlighted
for better visibility.

to the SM fermions and these modify the effective 4-fermion couplings. These effects are
over and above what mUED induces® where such KK number violating couplings appear
only at higher orders. It is thus natural to expect that usual oblique corrections to S,
T and U induced at one-loop level would be sub-dominant when compared to the above
nmUED tree-level contributions. Thus, in our present analysis, we neglect the one-loop
contributions but otherwise follow the approach originally adopted in ref. [57] and which
was later used in ref. [52]. The nmUED effects are thus parametrized as:
-2
ShmUED = 0, ThmUED = —ldG—F, UnmUED = dsin” b 0Gr
a Gp « Gr
where « is the electromagnetic coupling strength, 6y is the MS Weinberg angle, both
given at the scale Mz and G is given by

(4.1)

Gp = GOF +0GF (4.2)

with G% (0GF) originating from the s-channel SM (even KK) W¥ boson exchange. The
concrete forms of these effects are calculated in our model following ref. [57]. Using our
notations, these are given by:

2 9 ¢ 1 9
Go — 92 §Gp — 92 4.3
P42 M3’ g nz;en 442 m%,v(n) (gL(O) W<n>L(o>) ’ (4.3)
L
9L 0y Wiy L0y neeven = For o /;L dy (1 +rew [6(y — L) +d(y + L)]) fL(o) fW(n)fL(O) (4.4)

Mw(n>7rR

2V 4rew + 2R (Mw(n)m + tan <f>)

M TR M TR
Mw,,, (2rL + TR) \/4TEW + TR sec? <W(+)> + 2tan (W(f")) /Mw,,,

8To be precise, in general, the mUED type higher-order contributions (usual one-loop-induced oblique
corrections) would not be exactly the same as that from the actual mUED scenario. However, as pointed out
in ref. [57], in the “minimal” case of rw = rp = rg along with the requirements on the relations involving
u-s and A-s as given in equations (2.3) and (2.11), exact mUED limits for the couplings are restored while
departures in the KK masses (from the corresponding mUED values) still remain.
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Figure 11. Regions (in green) in the 74w — R™! plane allowed by electroweak precision data at
95% C.L. The black asterisks represent the global minimum in each one of them: y2. = 8.8 x 107
at (rgw, R71) = (6.11 x 1073,1229 GeV) when v}, = 0, x2,, = 3.9 x 1079 at (rgw,R!) =
(0.505,1029 GeV) when r}, = 0.5, x2,, = 1.5x107% at (rgw, R~!) = (2.02,1306 GeV) when 7} = 2.

where MW(n) is determined by equation (2.12). Even though the KK leptons do not appear
in the process, the BLKT parameter 77, in the lepton sector (to be precise, the one for the
5D muon doublet) inevitably influences the coupling-strength given in equation (4.4). We,
however, assume a flavor-universal BLKT parameter r7, (just like what we do in the quark
sector when we take rg = rp) which help trivially circumvent tree-level contributions to
lepton-flavor-violating processes.

We perform a 2 fit of the parameters SuymueD, TamUED and UnmUED (with G eval-
uated for n = 2 only) for three fixed values of 7, (r}, = r,R™! = 0, 0.5 and 2) to the
experimentally fitted values of the allowed new physics (NP) components in these respec-
tive observables as reported by the GFitter group [58] which are given by

Snp = 0.03 £ 0.10, Tnp = 0.05 £ 0.12, Unp = 0.03 + 0.10,
the correlation coefficients being
pstT = +0.89, psu = —0.54, pru = —0.83,

and the reference input masses of the SM top quark and the Higgs boson being m; =
173 GeV and mpy = 126 GeV, respectively.

In figure 11 we show the 95% C.L. allowed region in the rgy — R~ plane as a result
of the fit performed. As can be expected, the bound refers to rf,y as the only brane-local
parameter which, unlike in ref. [52], can be different from the corresponding parameters
governing other sectors of the theory. Such a constraint is going to restrict the mass-
spectrum and the couplings in the electroweak sector which is relevant for our present study.
It is not unexpected that for larger values of rgw which result in decreasing masses for the
electroweak gauge bosons, only larger values of R~! (which compensates for the former
effect) remain allowed thus rendering these excitations (appearing in the propagators)
massive enough to evade the precision bounds. Interestingly, it is possible to relax the
bounds by introducing a positive r; as shown in figure 11, a feature that can be taken
advantage of as we explore the nmUED parameter space further. This is since the coupling

involved Ire, gets reduced in the process (see the left plot in figure 5).

Win)L(0)
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4.4 Benchmark scenarios

For our present analysis, we now choose some benchmark scenarios which satisfy the con-
straints discussed in the previous subsection. The parameter space of these scenarios mainly
spans over %, r4-, R~ and, as a minimal choice, ry = ;.2 We also include r{;, T/Q and 77
which are the BLKT parameters for the KK gluon, the KK quark and the KK lepton sectors,
respectively. 7 has some non-trivial implications for the couplings of the KK top quarks to
the gluonic excitations as discussed in section 3.4. The parameter rb, though enters our dis-
cussion primarily through FCNC considerations (see section 4.2 and appendix B), governs
the couplings V@-¢(0)_¢©) (as shown in figure 5) that control KK top quark production
processes. Both 7, and T'/Q serve as key handles on the masses of the KK gluon and the KK
quarks from the first two generations, respectively. Similar is the status of 77 which enters
through the oblique parameters and controls the masses and couplings in the lepton sector.
In search for suitable benchmark scenarios, we require the following conditions to be
satisfied. We require the approximate lower bound on R~! to hover around 1TeV which
is obtained by recasting the LHC bounds on squarks (from the first two generations) and
the gluino in terms of level ‘1’ KK quarks and KK gluons in the nmUED scenario [21].
Further, the lighter of the level ‘17 KK top quark (tl(l)) is required to be at least about
500 GeV. This safely evades current LHC-bounds on similar excitations while lower values
may still be allowed given that these bounds result from model-dependent assumptions.
The above requirements together calls for a non-minimal sector for the electroweak
gauge bosons (rgyw 7 0) such that the lightest KK gauge boson, the KK photon (v
is the lightest KK particle (LKP, a possible dark matter candidate).'® Incorporation of a
non-minimal gauge sector affects the couplings of the gauge bosons which, as we will see,
could be phenomenologically non-trivial. The choice 7y = 7 renders the KK excitations
of the gauge and the Higgs boson very close in mass thus allowing them to take part in the
phenomenology of the KK top quarks. In the present scenario, other BLT parameters in
the Higgs sector, pp and Ay, are constrained by equations (2.3) and (2.11) in addition to the
measured Higgs mass as an input. Therefore, these are not independent degrees of freedom.
In table 2 we present the spectra for three such benchmark scenarios: two of them
with R~! = 1TeV and the other with R™' = 1.5 TeV. The BLKT parameters [, and O
are so chosen such that the masses of the level ‘1’ KK gluon are in the range 1.6-1.7 TeV
(i.e., somewhat above the current LHC lower bounds on similar (SUSY) excitations) while
the KK quarks from the first two generations are heavier.!’ Note that in both cases we are
having negative ry, and rb. In the top quark sector, the BLKT parameter 77, are fixed at
values for which both light and heavy level ‘1’ KK top quarks have sub-TeV masses and
hence expected to be within the LHC reach. Also, 4, the BLT parameter for the Yukawa

9Departure from this assumption makes the gauge boson zero modes non-flat and hence correct values
(within experimental errors) of the SM parameters like aem, Gy, mw,mz can only be reproduced in a
constrained region of riw — ry parameter space [35].

!0This is a possible choice for the dark matter candidate in the nmUED scenario. Ref. [35] explores other
possible candidates in such a scenario.

1Guch a hierarchy of masses opens up the possibility of level ‘1’ KK top quarks being produced in the
cascade decays of the KK gluon and the KK quarks.
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sector, has been tuned in the process to end up with such spectra. Note that the choices of
values for 77, and r{, are consistent with the constraints from the physical top quark mass
as discussed in section 4.1 and the flavor constraints discussed in section 4.2. Larger values
of R~! would tend to make the level ‘2" KK top quark a little too heavy (<1.5TeV) to be
explored at the LHC while if one requires the lighter level ‘1’ KK top quark not too light
(< 300 GeV) which can be quickly ruled out by the LHC experiments even in an nmUED
scenario which we consider. Nonetheless, the lighter of the level ‘2’ top quark may anyway
be heavy and only the level ‘1’ top quarks remain to be relevant at the LHC. In that case,
larger values of R™1 also remain relevant. Values of 7y are so chosen as to have A1
as the LKP with masses around half a TeV. This renders the level ‘2’ electroweak gauge
bosons to have masses around 1.5 TeV thus making them possibly sensitive to searches for
gauge boson resonances at the LHC [59, 60].12

In table 2 we also indicate the masses of the level ‘2> KK excitations. It is to be noted
that the lighter of the level 2" KK top quark may not be that heavy (< 1.5TeV). Level
‘2’ gluon, for our choices of parameters, is pushed to around 3 TeV and hence, unless their
couplings to quarks (SM ones or from level ‘1’) are enhanced, LHC may be barely sensitive
to their presence. This is a rather involved issue which again warrants dedicated studies
and is beyond the scope of the present work.

For the first benchmark point (BM1) with R~! = 1TeV, the mass-splitting between
the two level ‘1’ top quark states is much smaller (~ 100 GeV) with a somewhat heavier tl(l)
when compared to the second case (BM2) for which R~! = 1.5 TeV. We will see in section 5
that such mass-splittings and the absolute masses themselves for the KK top quarks have
interesting bearing on their phenomenology at the LHC. Further, the relevant couplings do
change (see figures 5, 6 and 7) in going from one point to the other. The third benchmark
point BM3 is just BM1 but with different 74, and mi®. BM3 demonstrates a situation with
enhanced Higgs-sector couplings and its ramifications at the LHC. It is found that for all
the three benchmark points, the coupling V(- f(0)_f(©) get enhanced when level 2’ W or
Z boson is involved.

Note that the KK bottom quark masses are also governed by r/. and 7} for a given
R~!'. However, since the splitting between the two physical states at a given KK level is
proportional to the SM bottom quark mass, the KK bottom quarks at each given level are
almost degenerate (just as it is for the KK quark flavors from the first two generations) in
mass unlike their top quark counterparts. Thus, some of the KK bottom quarks can have
masses comparable to those of the corresponding KK top quark states and hence would
eventually enter a collider study otherwise dedicated for the latter. A detailed discussion
on the involved issues are out of the scope of the present work.

12The caveats are that these level ‘2’ gauge bosons could have very large decay widths (exceptionally
fat) due to enhanced V. f 0. f ©) couplings as opposed to narrow-width approximation for the resonances
assumed in the experimental analysis [60] and hence need dedicated studies for them at the LHC [61].
Further, the involved assumption of a 100% branching fraction for the resonance decaying to quarks may
also not hold. These two issues would invariably relax the mentioned bounds on level ‘2’ gauge bosons.
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BM1

R'=1TeV,rg=—1,r5 =—1.2, 70 =1,y = 0.5, rigw = 1.5, r, = 0.4, m}" = 173 GeV

Gauge m,a) = 556.9, mya) =m a0 =564.4, my )+ =myqy+ = 562.7, mya) = 1653.8
bosons m (2 = 13014, my@) = m @0 = 1304.6, m, 5= =My @x = 1303.9, m =) = 2780.2
& Higgs My 1y = 570.8,m ;20 = 1307.4

m,a = 1711.5, m ) = 2816.9
Quarks S = 172.6, m, 1) = 620.4, m, ) = T14.5
1 h
& mtgz) = 1359.67 mt§2) = 1471.7
Leptons

myy = 638.3, my2) = 1395.8
m;1y = 802.3, my2) = 1631.8
BM2

R™'=15TeV, rg =—0.1, 75 = —1.1, rp =4, ry =8, rigw = 5.5, r, = 2, mi" = 173 GeV

Gauge m. ) =487.3, mza) =m qyp =495.7, my,q)x = mym= = 493.9, m ) = 1601.6
bosons m.(2) = 1655.9, my@) =m0 = 1658.4, m 5+ = Mm@+ = 16578, My(2) = 3200.8
& Higgs

M0y = 503.0,m 0 = 1660.6

my) = 2527.5, My2) = 4200.2
Quarks mP™* = 172.4, m, ) = 504.2, m,) = 813.3
L h
& mtl(z) = 1366.3, mtf) = 2220.2
Leptons

my) = 561.9, my2) = 1706.6
myy = 750.0, my ) = 1865.1

BM3 Input values same as in BM1 except for 7y = 5 and mi® = 176 GeV
Gauge
bosons Masses same as in BM1
& Higgs
Quarks Masses same as in BM1 except for mP™* = 173.4 and
& m,a) = 626.3, m ) = 710.5
1 h
Leptons

mtl(g) = 1350.7, mtf) = 1488.6

Table 2. Masses (in GeV) of different KK excitations in three benchmark scenarios. With 7, =
riw, the level ‘1’ Higgs boson masses are very much similar to the masses of the level ‘1’ electroweak
gauge bosons. Choices of the input parameters satisfy the experimental bounds discussed earlier.
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5 Phenomenology at the LHC

Given the nontrivial structure of the top quark sector of the nmUED it is expected that
the same would have a rich phenomenology at the LHC. A good understanding of the same
requires a thorough study of the decay patterns of the KK top quarks and their production
rates. In this section we discuss these issues at the lowest order in perturbation theory.
Towards this we implement the scenario in MadGraph 5 [62] using Feynrules version
1 [63] via its UFO (Univeral Feynrules Output) [64, 65] interface. This now contains the KK
gluons, quarks (including the top and the bottom quarks), leptons'® and the electroweak
gauge bosons up to KK level ‘2°. Level ‘1’ and level ‘2° KK Higgs bosons are also incorpo-
rated. The mixings in the quark sector, including ‘level-mixing’ between KK level ‘2" and
level ‘0’, have now been incorporated in a generic way. In this section we discuss these with
the help of the benchmark scenarios discussed in section 4.4. We then consolidate the in-
formation to summarize the important issues in the search for such excitations at the LHC.

5.1 Decays of the KK top quarks

Decays of the KK top quarks are mainly governed by the two input parameters, /. and
Taw for a given value of R~1.' The dependence is rather involved since these two param-
eters not only determine the spectra of the KK top quarks and the KK electroweak gauge
bosons but also the involved couplings. The latter, in turn, are complicated functions of
the input parameters as given by equation (3.17) and as illustrated in figures 5, 6 and 7.
In the following, we briefly discuss the possible decay modes of the KK top quarks and the
significance of some of them at the LHC. In table 3 we list the branching fractions for the
three benchmark points presented earlier in table 2.

For our choices of input parameters, two decay modes are possible for tl(l): tl(l) —
bW and tl(l) — bHM" | Decays to tZW /tyM /tHD® /tAM" are also possible when the
mass-splitting between tl(l) and Z(l)/y(l)/H(l)O/A(l)0 is larger than the mass of the SM-like
top quark. In our scenario, its decays to b;l) and bg) are prohibited on kinematic grounds.
Unlike in some competing scenarios (like the MSSM) where channels like, say, 1 — by
and t; — txV) could attain a 100% branching fraction, the spectra of the involved KK
excitations in our scenario would not allow tl(l) decaying exclusively to either W DF or
tv(1). The reason behind this is that WO and ~+(1) are rather close in mass and hence
if decays to t(1) is allowed, the same to bW s also kinematically possible. Further,
even the latter mode has to compete with tl(l) — bHW" a5 My, @+ & Mo+ . Translating
constraints on such KK top quarks from those obtained in the LHC-studies of, say, the top
squarks is not at all straight-forward since the latter explicitly assume either £; — b)dr =
100% [66, 67] or t; — tx{ = 100% [67]. Further, WOF (and also ZM), being among the
lighter most ones of all the level ‘1’ KK excitations, would only undergo three-body decays
to LKP (’y(l)) accompanied by leptons or jets that would be rather soft because of the

13The KK leptons would eventually get into the cascades of the KK gauge bosons.
1411 the present analysis, the level ‘1’ KK gluon is taken to be heavier than all three KK top quark states
that are relevant for our present work, i.e., the two level ‘1’ and the lighter level ‘2’ KK top quarks.
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BM1 | Y - s ™" = 0597 | ¢V oW ®F =0.615 | £ - bMWD = 0.351

bHM" = 0.403 bHW" = 0.370 #V AW’ = 0.177
M7z =0.016 bW+ = 0.062
tH = 0.062

bV HMY = 0.057
BV HMOT = 0.055
tZ = 0.031

BM2 | ¢ - pbHO —0.842 | 1) = bV Wt = 0305 | 2 — VA0’ = 0.377

bW F = 0.158 7z = 0.180 BV HMO" = 0.208

B = 0.141 BV HMLT = 0.200

tAD" = 0.130 MV HO" = 0.109

Y H =0.126 M AM° = 0,055

bHM" = 0.069 tH = 0.014

bW ™ = 0.020 bW+ = 0.0022

tH1’ =0.015 tZ = 0.00058

BM3 | ¢ — bHMT =0.946 | £V - pHOT = 0.941 t® s tH = 0.448
pW D" = 0.054 sW T = 0.060 N AW’ = 0.102

A" = 0.092
MV HO" = 0.082
tVHM® = 0.063
bW = 0.046
tZ = 0.022

Table 3. Decay branching fractions of different KK top quarks for the three benchmark points
presented in table 2. Modes having branching fractions less than about a percent are not presented
except for the ones with a pair of SM particles in the final state. Tree level decays of tl(2) to SM
states are shown in bold in the right-most column.

near-degeneracy of the masses of the level ‘1’ KK gauge bosons. This would lead to loss of
experimental sensitivity for final states with more number of hard leptons and jets [66].

The situation with tél) is not qualitatively much different as long as decay modes sim-

ilar to tgl) are the dominant ones. This is the case with BM1. Under such circumstances,

they could turn out to be reasonable backgrounds to each other (if their production rates
are comparable) and dedicated studies would be required to disentangle them. In any case
(1) 1)
t t

l h

(even in the absence of good discriminators), simultaneous productions of both and
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would enhance the new-physics signal. On the other hand, in a situation like BM2, more
decay modes may be available to tg) although decays to level ‘1’ bottom and top quarks
along with SM W# and Z are the dominant ones. The ensuing cascades of these states
would inevitably make the analysis challenging. However, under favorable circumstances,
reconstructions of the W+ and/or Z bosons along with b- and/or top-tagging could help
disentangle the signals. Thus, it appears that search for level ‘1’ KK top quarks involves
complicated issues (some of which are common to top squark searches in SUSY scenarios)
and a multi-channel analysis could turn out to be very effective.

We now turn to the case of level ‘2’ top KK top quarks. The lighter of the two states, tl@)
can have substantial rates at the LHC which is discussed in some detail in section 5.2. This

motivates us to study the decay patterns of tl(2). In the last column of table 3 we present the

decay branching fractions of tl@). As can be seen, the decay modes that are usually enhanced
involve a pair of level ‘1’ KK excitations which would cascade to the LKP. We, however,
strive to understand to what extent tl(Z), being an even KK-parity state, could decay directly
to a pair of comparatively light (level ‘0’) particles (and hence, boosted) comprising of an
SM fermion and an SM gauge/Higgs boson.'® Thus, in the one hand, these decay products
are unlikely to be missed in an experiment while on the other hand, new techniques to re-
construct (like the study of jet substructure [68, 69] etc.) some of them have to be employed.

In scenario BM1, the total decay branching fraction to SM states (shown in bold) is
just about 15% while in scenario BM2 such decays are practically absent. Given the large
phase space available, such small (or non-existent) decay rates to SM particles can only
be justified in terms of rather feeble (effective) couplings among the involved states. The

couplings of tl(g) to the SM gauge bosons and an SM fermion would have vanished (due to

the orthogonality of the mode functions involved) had tl(z) been a pure level ‘2’ state. The
smallness of these couplings thus readily follows from the tiny admixture of the SM top

t§2) state and thus, results in its small branching fractions to SM gauge

quark in the physical
bosons. The same argument does not hold for the corresponding coupling tl(2)—t—H that
controls the other SM decay mode of tl(Z), ie., tl(2) — tH. However, it is clear from figure 7
that this coupling is going to be small for both the benchmark points BM1 and BM2.

Since direct decays of tEQ) to SM states could provide the ‘smoking guns’ at the LHC
in the form of rather boosted objects (top and bottom quarks, Z, W* and Higgs boson)
that could eventually be reconstructed to their parent, this motivates us to study if such
decays can ever become appreciable. We find that the coupling tl(Q)—t—H gets significantly
enhanced with a slight modification in the parameters of BM1 (called BM3 in table 2) by
setting 4, = 5 (see figure 7) and mi® = 176 GeV while keeping other parameters untouched
and still satisfying all the experimental constraints that we discussed. As we can see, the
branching fraction to tH final state could attain a level of 50% which should be healthy for
the purpose. Efficient tagging of boosted top quarks [70-73] and boosted Higgs bosons [74]
would hold the key in such a situation. Some such techniques have already been proposed
in recent literature [28], in particular, in the context of vector-like top quarks or more
generally, in the study of ‘top-partners’.

5These may be contrasted with the popular SUSY scenarios (sparticles carrying odd R-parity) where
such possibilities are absent.
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R7'=1.2 TeV, ry=1, m =173 GeV

FEw

rr
Figure 12. Region in r} — 1)y plane where the decays 2 — t{MyM) ¢z pWpp@" are
kinematically prohibited (in yellow), ") is the LKP with m.y > 400GeV (in red) and m,e) <
1.5 TeV (in blue). The entire region shown is compatible with the acceptable range of the malss of
the top quark and other precision constraints.

On the other hand, since the tl(z)—t—Z and 161(2)—1)—1/[/'i are dynamically constrained, these
could only get enhanced if the competing modes (decays to a pair of level ‘1’ KK states)
face closure. As the couplings involved in the latter cases are generically of SM strength,
these could only be effectively suppressed by having them kinematically forbidden. From
figure 12 we find that, by itself, this is not very difficult to achieve (in yellow shade) over
the nmUED parameter space. However, rather conspicuously, the simultaneous demands
for the KK photon to be the LKP with m. ) > 400 GeV (the red-shaded region) and that
of mtl(z) < 1.5TeV (in blue shade) leave no overlapping region in the nmUED parameter

space. It may appear that one simple way to find some overlap is by moving down in r/..

)
in the first place. Although the interplay of events that leads to this kind of a situation is

However, this implies tl( becomes more massive thus loosing in its production cross section

not an easy thing to follow, the issue that is broadly conspiring is the similarity in the basic
evolution-pattern of the masses of the KK excitations as functions of the BLKT parameters
(see figure 2 and ref. [21]).

5.2 Production processes

In this section we discuss different production modes of the KK top quarks at the 14 TeV
(the design energy) LHC with reference to the nmUED parameter space. These are of
following four broad types (in line with top squark phenomenology in SUSY scenarios):

e the generic mode with two top quark excitations in the final state that receives
contributions from processes involving both strong and electroweak interactions,

o exclusively electroweak processes leading to a single top quark excitation
e the associated production of a pair of KK top quarks and the (SM) Higgs boson and

e production from the cascades of KK gluons and KK quarks.
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Figure 13. Feynman diagrams for the associated tl(Q) —t© (left) and tl(l) — tgll) productions at the
LHC. The gluon-initiated processes are only mediated by ¢(?) while the quark-initiated processes

are mediated by both ¢ and other electroweak gauge bosons from level ‘0’ (Z) and level ‘2’
(v?, Zz@).

5.2.1 Final states with a pair of top quark excitations

These are the processes where two similar or different kind of top quark excitations are
produced in the final state. The interesting modes in this category are pair-production

of tl(l) and tgll) along with the associated productions of tl(l)tg) and tl@)t. The latter two

processes are possible in an nmUED scenario and the corresponding Feynman diagrams'
are presented in figure 13. Note that the requirement of current conservation does not allow
the massless SM gauge bosons (gluon and photon) to mediate these processes while the pair-
productions receive contributions from all possible mediations. Also, these two associated
production modes have no counter-parts in a competing SUSY scenario like the MSSM.
In figure 14 we illustrate the variations of the rates for these processes with r/. for
R71=1TeV (left) and 2 TeV (right). As can be seen, pair production of tl(l), has by far the
largest cross section for r. > 3 reaching up to 10 (1) pb for R~ = 1.5 (2) TeV. This is

not unexpected since tl(l) is the lightest of the KK top quarks. In this regime, the yields

for tg)—pair and tl(l)tgl) associated productions are very similar touching 1 (0.1) pb for R~1
= 1.5 (2) TeV. The corresponding rates for tl(z)t associated production do not lag much
notching 0.5 (0.05) pb, respectively. Further, the tl(z)—pair has a trend similar to that of
the tl(l) -pair in this respect but, rate-wise, falls out of the competition.

Note that with increasing /. masses of all the KK states decrease. Interestingly enough,
this effect is reflected in a straight-forward manner only in the case of tl(l)-pair for which the
rates increase with growing /.. For other competing processes mentioned above, the curves
flatten out. This behavior signals non-trivial interplays of the intricate couplings involved.
These have much to do with when all these rates become comparable for 7/, < 3.17 In the
process, the rate for usual t¢ pair production also gets affected to some extent. However,
our estimates are all being at the tree level, these do not pose any immediate concern while

facing the measured tt cross section which is much larger and agrees with its estimation at

6 All the Feynman diagrams in this paper are drawn by use of Jaxodraw [75], based on Axodraw [76].

"It may be noted in this context that an effective SU(3) coupling involving a set of KK excitations is not
necessarily stronger than the effective electroweak coupling among them and these might even have relative
signs between them (see figures 5, 6 and 7). Thus, contributions from different mediating processes heavily
depend on the nmUED parameters.
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Figure 14. Cross sections (in picobarns, at tree level) for different production processes involving
the KK top quarks as functions of r/. at the 14 TeV LHC for R~ = 1.5 TeV (left) and R™1 = 2TeV
(right), ry = 3, r; = 0.5 and the other parameters are chosen as in the BM2. CTEQ6L1 parton
distributions [77] are used and the factorization/renormalization scale is set at the sum of the

masses in the final state.

Benchmark tl(l)t_gl) tl(l)fgl) t,(ll)t_gll) tt_l(Q)
(pb) | (pb) | (pb) | (pb)

BM1 0.63 0.10 0.35 | 0.07
BM2 2.24 0.35 0.76 0.21
BM3 0.76 0.11 0.30 | 0.07

Table 4. Production cross sections (in picobarns, at tree level) for different pairs of KK top quarks
for the benchmark points. Contributions from the Hermitian conjugate processes are taken into
account wherever applicable. The choices for the parton distribution and the scheme for determining
the factorization/renormalization scale are the same as in figure 14.

higher orders in perturbation theory. Also, in table 4 we present the cross sections for the
three benchmark points.

The bottom-line is that the production rates of three different KK top quark exci-
tations remain moderately healthy over favorable region of the nmUED parameter space
at a future LHC run. With the knowledge of their decay patterns (see table 3) and the
associated features discussed in section 5.1 it is required to chalk out a strategy to reach
out to these excitations.

5.2.2 Single production processes

We consider two broad categories of single production of KK top quarks which are closely
analogous to single top production in the SM once the issue of KK-parity conservation is
taken into account. In the first case, a level ‘17 KK top quark is produced in association
with level WO or p() quark. The second one involves the lighter of the level ‘2" KK
top quarks along with an SM W= boson or an SM bottom quark. The generic, tree-level
Feynman diagrams that contribute to the processes are presented in figure 15.
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Figure 15. Generic Feynman diagrams for the single production of a KK top quark along with
KK excitations of W boson (upper panel) and KK bottom quark (lower panel) at the LHC.
Superscripts m and n standing for the KK levels can be different (like ‘0’ and ‘2’) but should
ensure KK-parity conservation.

Benchmark | ¢V M~ | ¢ | @y 1 OFD g 1 i g | i g & g g
(pb) (pb) | (pb) | (pb) (pb) (pb) (pb) | (pb)

BM1 0.01 0.11 | 011 ~107® | ~107* | ~1073 | 0.03 | 0.24
BM2 0.04 021 | 013 | 0.73 5.39 0.17 0.11 | 1.25
BM3 ~ 1073 023 | 011 | ~107* | ~1073 0.01 0.04 | 2.21

Table 5. Cross sections (in picobarns, at tree level) for single and (SM) Higgs-associated KK top
The mass of the SM Higgs boson is taken to be
125 GeV. Contributions from the Hermitian conjugate processes are taken into account wherever
applicable. The choices for the parton distribution and the scheme for determining the factoriza-

quark productions for the benchmark points.

tion/renormalization scale are the same as in figure 14.

Single production of level ‘1’ top quarks. Single production of level ‘1’ top quarks
along with a level ‘1’ W* boson proceeds via gb fusion in s-channel and gb scattering in
t-channel. The rates are at best a few tens of femtobarns as can be seen from table 5.
On the other hand, the mode in which a level ‘1’ bottom quark is produced in association
proceeds through s-channel fusion of light quarks and propagated by W+ and W@~ bosons.
The cross sections are found to be rather healthy ranging from 110fb to 230fb. The

1 1),(1
M (10

observed rates for ¢, wn* production appear to be consistently lower than that for ¢

production. This can be traced back to the presence of enhanced q—q’—VV(Q)i coupling.
Moreover, cross sections for other combinations involving heavier states of t!) and v in

the final state could have comparable strengths because of such enhanced couplings.

Single production of level ‘2’ top quark. The associated tl(2)

W~ production involves
the vertex tl(Q)—Wi—b which, as we discussed earlier (see sections 3.4.1 and 5.1), vanishes

but for a small admixture of level ‘0’ top in the physical state ¢2). Hence, the rates in this
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Figure 16. Generic Feynman diagrams for the associated (SM) Higgs production along with a pair
of KK excitations of the top quark. Superscripts k, m and n can be different (like ‘0’ and ‘2’) but
should ensure KK-parity conservation.

mode turn out to be insignificant. Further, the W*-mediated diagram in the associated

)

contribution here comes from the diagram mediated by W

b production also has the same vertex and thus contributes negligibly. The only
(2* Wwhich is somewhat massive.
Thus, the prospect of having healthy rates for the single production of t(2) depends entirely
on the coupling strength tl(z)-W(z)i—b and W(z)i—q—q (see figure 5). Fortunately, this is
the case here and the cross sections for all three benchmark points, as can be seen from
table 5, are above and around 100 fb.

We also looked into the production of tl(2) along with light quark jets which is analogous
to, by far the most dominant, ‘¢-channel’ single top production process (the so-called W-
gluon fusion process) in the SM. However, in our scenario, such a process with somewhat
heavy tl(Z) yields a few tens of a femtobarn for all the three benchmark points.

For both the categories mentioned above, the new-physics contributions to the corre-
sponding SM processes are systematically small. This is since these contain the couplings

that involve level-mixing effect in the top-quark sector which is not large.

5.2.3 Associated production of KK top quarks with the SM Higgs boson

The associated Higgs production processes we consider involve both light and heavy level
‘1’ top quarks in pairs and the level ‘2’ lighter top quark along with the SM top quark. The
generic tree level Feynman diagrams are presented in figure 16. Given that the study of the
SM ttH production is by itself complicated enough, it is only natural to expect that the
same with its KK counterparts would not be any simpler. Cross sections for such processes
are listed in table 5 for the benchmark points we consider. To have a feel about the their
phenomenological prospects, these can be compared with similar processes in the SM and
a SUSY scenario like the MSSM. In the MSSM, the lowest order cross section is around
a few tens of afb for the process #;t; H with m;, ~ 300GeV and for the most favorable
values of the involved couplings [78, 79] while for the SM the corresponding rate is about
430fb [80, 81]. It is encouraging to find that the yield for ttl(Q)H is either comparable
(for BM1 and BM3) or larger (BM2) than what can at best be expected in MSSM. Note
that the level ‘1’ lighter KK top quark is somewhat heavier (with mass around or above
500 GeV) for our benchmark points when compared to the mass of the top squark as
indicated above. For other processes, BM2 consistently leads to larger cross sections. The
interplay of different Feynman diagrams (see figure 16) along with the modified strengths
of the participating gauge and Yukawa interactions play roles in some such enhancements.
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In the last column of table 5 we indicate the lowest order cross sections for the SM
process ttH which now gets affected in an nmUED scenario. Note that for BM1 the cross
section is smaller than the SM value of ~ 430 fb while for BM2 and BM3 the same is about
3 and 5 times as large, respectively. Such deviations can be expected if we refer back to the
left panel of figure 7 that illustrates how the ¢-t-H coupling gets modified over the nmUED
parameter space. Note that, non-observation of such a process at the LHC, till recently,
could only restrict the rate up to around five times the SM rate [37-39]. Thus, benchmark
point BM3, as such, can be considered as a borderline case. But given that t¢H cross section
depends on other nmUED parameters like ry, r’Q etc., one could easily circumvent this re-
striction without requiring a compromise with the parameters like r/. and 74, that define the
essential feature of BM3, i.e., the enhanced couplings among the top quark excitations and
the SM Higgs boson. It is interesting to find that in favorable regions of parameter space,
the cross section for Higgs production in association with a pair of rather heavy KK top
quarks could compare with or even exceed the ttH cross section. Note that in the MSSM,
such enhancement only happens for large mixing in the stop sector and when mz < my [79].

Further, once the level ‘1’ KK Higgs bosons are taken up for studies, the associated
production of a charged KK Higgs boson (from level ‘1’) in the final state btl(l)H * would
become rather relevant and may turn out to be interesting as the total mass involved in
this final state can be comparatively much lower. The prospect there depends crucially on
the strength of the involved 3-point vertex though.

5.2.4 Production of KK top quarks under cascades

KK gluon(s) and quarks, once produced, can cascade to KK top quarks. This would result
in multiple top quarks (upto four of them) in the final state at the LHC. In our benchmark
scenarios where mga) < My, KK gluons would directly decay to KK top quarks while KK
quarks from the first two generations would undergo a two-step decay via KK gluon to yield
a KK top quark. The latter one has thus suppressed contribution. We find that the branch-
ing fraction for g — ¢t is around 50% for all three benchmark points (the rest 50% is to
level ‘1’ bottom quark states). With strong production rates for the g(l)—pair, g(l)q(l) and
q(D-pair ranging between 0.01 pb to 2.6 pb (in increasing order), the yield of a single level ‘1’
KK top final state could be anywhere between 10 fb to a few pb. These seem quite healthy.
However, one has to cope with backgrounds which now have enhanced level of jet activity.

6 Conclusions and outlook

We discuss the structure and the phenomenology of the top quark sector in a scenario
with one flat extra spatial dimension orbifolded on S'/Z; and containing non-vanishing
BLTs. The discussion inevitably draws reference to the gauge and the Higgs sectors. The
scenario, by construct, preserves KK-parity.

The main purpose of the present work is to organize and work out (following ref. [35])
the necessary details in the involved sectors and explore the salient features with their
broad phenomenological implications in terms of a few benchmark scenarios. This lay
down the basis for future, detailed studies of such a top quark sector at the LHC.
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The masses and the couplings of the Kaluza-Klein excitations are estimated at the low-
est order in perturbation theory as functions of R~! and the BLT parameters. For the KK
top quarks, the extended mixing scheme (originating in the Yukawa sector) is thoroughly
worked out by incorporating level-mizing among the level ‘0’ and the level ‘2" KK top quark
states, a phenomenon that is not present in the popular mUED scenario. In addition, un-
like in the mUED, tree-level couplings that violate KK-number (but conserve KK-parity)
are possible. We demonstrate how all these new effects, together, attract constraints from
different precision experiments and shape the phenomenology of such a scenario.

The nmUED scenario we consider has eight free parameters: R~! and the scaled (by
R~1) BLT coefficients TQs Ty T Ty TG Thw (= Ty = 75 = 1) and mi®. However, in the
present study, the most direct roles are played by 77, 7y, and gy (=r) in conjunction
with R, 7"Q and rg, play roles in the production processes by determining some relevant
gauge-fermion couplings beside controlling the KK quark and gluon masses, respectively.
On the other hand, r} and mi® only play some indirect roles through their influence on the
experimentally measured effects that determine the allowed region of the parameter space.

The scenario has been thoroughly implemented in MadGraph 5. Three benchmark sce-
narios that satisfy all the relevant experimental constraints are chosen for our study. These
give conservatively light KK spectra with sub-TeV masses for both level ‘1’ electroweak KK
gauge bosons (with v(1) as the LKP) and the KK top quarks while having the lighter level
‘2’ top quark below 1.5 TeV thus making them all relevant at the LHC. Level ‘1’ KK quarks
from the first two generations and the KK gluon are taken to be heavier than 1.6 TeV.

Near mass-degeneracy of the electroweak KK gauge bosons and the KK Higgs bosons
(at a given KK level) is a feature. This influences the decays of the KK top quarks. The
lighter of the level ‘1’ KK top quark can never decay 100% of the time to a top quark and
the LKP photon. This is in sharp contrast to a similar possibility in a SUSY scenario like
the MSSM when a top squark can decay 100% of the time to a top quark and the LSP
neutralino, an assumption that is frequently made by the LHC collaborations. Instead,
such a KK top quark has significant branching fractions to both charged KK Higgs boson
and to KK W bosons at the same time. Further, split between the KK top quark and the
KK electroweak gauge bosons that is attainable in the nmUED scenario would generically
lead to hard primary jets in the decays of the former. This is again in clear contrast
to the mUED scenario. However, near mass-degeneracy prevailing in the gauge and the
Higgs sector would still result in rather soft leptons/secondary jets. Limited mass-splitting
among the KK gauge and Higgs bosons is a possibility that has non-trivial ramifications
and hence needs closer scrutiny.

The level ‘2" KK top quark we consider can decay directly to much lighter SM particles
like the W, the Z, the Higgs boson and the top quark. These would then be boosted and
hence may serve as ‘smoking guns’. Recent studies of the vector-like top partners [82-84] are
in context. However, these studies mainly bank on their pair-production and decays that
comprise only of pairs of SM particles like 51+ and/or tZ and/or t H. In the nmUED model
that we consider, these are always accompanied by other modes that may be dominant as
well. The level ‘2’ top quark decaying to a pair of level ‘1’ KK states is one such example.

Thus, phenomenology of the KK top quarks could turn out to be rather rich (and
complex) at the LHC. Clearly, strategies tailor-made for searches of similar excitations
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under different scenarios could at best be of very limited use. Even recasting the analyses
for some of them to the nmUED scenario is not at all straight-forward. This calls for
a dedicated strategy that incorporates optimal triggers and employs advanced techniques
like analysis of jet-substructures etc. to tag the boosted objects in the final states.

In any case, viability of a dedicated hunt depends crucially on optimal production rates.
We study these for the 14 TeV run of the LHC. For all the possible modes in which KK top
quarks can be produced (like the pair-production, the single production and the associated
production with the SM Higgs boson), the rates are found to be rather encouraging and
may even exceed the corresponding MSSM processes, a yard-stick that can perhaps be used
safely (with a broad brush, though) for the purpose.

The LHC experiments are either already sensitive or will be achieving the same soon
in the next run for all the generic processes discussed in this work. Given that the nmUED
provides several top quark KK excitations with different characteristic decays and pro-
duction rates, the sensitivity to them can only be increased if multi-channel searches are
carried out. It is thus possible that the LHC, running at its design energy of 14 TeV (or
even a little less), finds some of these states. However, concrete studies with rigorous
detector-level simulations are prerequisites to chalking out a robust strategy.

Last but not the least, the intimate connection between the top quark and the Higgs
sectors raises genuine curiosity in the phenomenology for the KK Higgs bosons as well.
The nmUED Higgs sector holds good promise for a rather rich phenomenology at the LHC
which has become further relevant after the discovery of the ‘SM-like’” Higgs boson and
hence can turn out to be a fertile area to embark upon.
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A Gauge and the Higgs sector of the nmUED: some relevant details

In this appendix we briefly supplement our discussion in section 2.1 with some nec-
essary details pertaining to the gauge fixing conditions, the inputs that go into the
mass-determining conditions.

A.1 Gauge fixing conditions

We introduce the gauge-fixing terms in the bulk and at the boundaries in the following
way to obtain the physical states:

L 1 1
St = / d's / dyd — 5 [0uA" = €0, A" — — |0 = &w (9,W, +iMwo )|
I 2€A §W
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_ @{ [0,G™ + €64G3] " 8(y — L) + [0,G™ — £apGy]* 6y + L)}} (A1)

where the eight gauge-fixing parameters are &4, {w, &z, ¢ (in the bulk),
Eap, Ewp, E2, gy (at the boundary) and My, Mz are the masses of the W and
Z bosons.'®

Imposing the unitary gauge in both the bulk and at the boundaries by setting

§A7 EW) £Z7 £G7 §A,b7 éVV,b? &Z,b? SG,b — 00 (AZ)

we obtain the following relations:

AyZO, ZyFruMzx =0,

WS FiruMw¢™ =0, Gy =0, at y = +L, (A.3)
A, =0, OyW,S +iMwe¢™ =0,

OyZy + Mzx =0, 9yGy, =0, in the bulk. (A.4)

As we see, Ay and Gy are totally gauged away from the theory as would-be Nambu-
Goldstone bosons. The two mixed boundary conditions in equation (A.3) can be cast into
a set containing the individual fields with the help of equation (A.4) as

X £ radyx =0, == TH8y¢+ =0,
Zy +rpdyZ, =0, wW,; +rgo,W,; =0, at y = +L. (A.5)

A.2 Input parameters for masses of the the KK gauge and Higgs bosons

Input parameters that determine the masses of the KK gauge and the Higgs bosons of
the nmUED [35] (as solutions for the conditions given in equation (2.8)) are presented in
table 6.

B Tree-level FCNCs, the “aligned” scenario and constraints from D° —
D% mixing

It has been demonstrated in ref. [43] that an appropriate short-distance description for
a AF=2 FCNC process like D — DY can be found in processes involving only the even
KK modes (starting at level ‘2’) of the gauge bosons and the ‘0’ mode fermions. In an
effective Hamiltonian approach, such a process would reduce to a four-Fermi interaction

8This part of the action is also symmetric under the reflection y — —y.
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Type mi My, TR

2 2
W/j— M w TH M 1%74 TEW
Z, MZ | ruM% | rgw

H (V20)? | (V2m)? | ru
¢+, ayWJ MI%V THMI%V rH

X, OyZy M% rHM% TH

Table 6. Input parameters that determine the masses of the KK gauge and Higgs bosons. See
section 2.1 for notations and conventions.

whose strength is suppressed by the mass of the exchanged KK gauge boson. The effective
FCNC Hamiltonian can be expressed in terms of suitable fermionic operators and their
associated Wilson coefficients. The latter involve the overlap matrices in the gauge kinetic
terms (by now, suitably rotated to the basis where the quark mass matrix is diagonal)
which are functions of the BLKT parameter, r¢, and r7. Thus, any constraint on the
Wilson coefficients can be translated into constraints in the rb-rip plane.

The gauge interactions in the diagonalized basis involving the level ‘0" quarks and the
KK gluons ¢), with the KK index k being even and k > 2, are given by:

3 -
0 a [k 0 0 a [k 0
gs Y <q¢(L)V“T [(UJL)ZJF;?”[ ](UqL)lj}q]('L)‘FqZ(R)VHT [(UJR)uF;,l[l](UqR)lj}q(Jg))gka),
i7j7l:1
(B.1
where the 4D and the 5D (the ‘hatted’ one) gauge couplings are related by gs =

gs/V2rq +mR. T represents the SU(3) generators, a being the color index. Uy, g

are the matrices that diagonalize the g7, g fields in the Yukawa sector. Fng’l[k] and ng’l[lk] are

the diagonal overlap matrices (in the original bases)

1 L

ol == [ty (110, 8= 1)+ 80+ D) g i S (B2)
A
1 L

A= [Cayaen by - Doy D) ol (B3
g J-L ! !

while the explicit form is shown in equation (4.4). Similar FCNC processes are also induced
by the KK photons and the KK Z bosons. However, because of weaker couplings their
contributions are only sub-leading and henceforth neglected in the present work.

The so-called “aligned” scenario in which the rotation matrices for the left- and the
right-handed quark fields are tuned to avoid as many flavor constraints as possible can be
summarized as

Uur = Ugr = Uy, = 13, Uur = VQKM (B.4)

along with universal BLKT parameters T/Q and 17, for the first two and the third quark gen-
erations respectively, irrespective of their chiralities. In such a scenario, by construct, dom-
inant tree-level FCNC is induced via KK gluon exchange and only through the doublet up-
quark sector. Note that no FCNC appears at the up-quark singlet part and the down-quark
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sector. The latter helps evade severe bounds from the K and B meson sectors. The forms
of the 4D Yukawa couplings, before diagonalization, are determined simultaneously as:

d
3 (VCTKM> Yij Vi fori =3
_ i~ d _ d,(0,0) ’

Yij = Z Fd,(o,(l)) ’ Yij = Fi (B.5)
=1 ij 0 for i # j.

In this configuration, the structure of the vertex ug-i) — dg(g — W: 0 55 veduced to that of

the SM. The overlap matrices in the gauge kinetic sector receive bi-unitary transformations
when these terms are rotated to a basis where the quark mass matrices in the Yukawa
sector are diagonal. These rotated overlap matrices are given by

0

: U.lK] 0

> WUaFy i Uy = § Fy ' 1s + Vexar pu_ pu | Vi

=1 g:33 — Tgll
=AFSH

]
A2)6 —AZ)N5 AN
FOl1y + ARV | — 4200 4201 — 42 (B.6)
AN —AN 1

\ %]

12

where A(= 0.814) and (= 0.23) are the usual Wolfenstein parameters and we use the

relation F' gU 1[f = F [k]

Clearly, the difference of the two overlap matrices in that diagonal
term governs the FCNC contribution and thus, in turn, relative values of the corresponding
BLKT parameters, rb and 77, that shape the overlap matrices, get constrained.

To exploit the model independent constraints provided by the UTfit collaboration [45],
the effective Hamiltonian for the ¢-channel KK gluon exchange process (that describes the
D° — DO mixing effect) needs to be written down in terms of the following quark operators

and the associated Wilson coeflicient:
AHEE=? = Ch (e )@y ch) (B.7)

where a and b are the color indices and we use SU(3) algebra and appropriate Fierz
transformation to obtain

ga( ,UD 2mas(p
Ch= >, — (—A%%F}Vﬂ)? ~ 3nz< )A4A10(AFg[’f1)Q. (B.8)
k>2:even g g

As it appears, the value of C’}) is highly Cabibbo-suppressed. Heavier KK gluons (except
the one from level ‘2) effectively decouples. The QCD coupling at the D°-meson scale
(up ~ 2.8 GeV) is estimated by the relation,

1 M
a;(up) = a;t(My) — o <23 In Wj +25In ZZ’) ~ 1/0.240 (B.9)
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with as(Mz) = 0.1184 [85]. One would now be able to put bounds on the parameter space
by use of the result by the UTfit collaboration [45],

|ICL| < 7.2 x 1077 TeV 2 (B.10)

which, for a given set of values for R~! and r{;, actually exploits the dependence of AF;] k]
(appearing in equation (B.6)) on the BLKT parameters r¢, and 7.
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Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.
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