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ABSTRACT: We study the LHC signatures of TeV scale vectorlike quarks ¥/, t' and y with
electromagnetic charges —1/3, 2/3 and 5/3 that appear in many beyond the standard
model (BSM) extensions. We consider warped extra-dimensional models and analyze the
phenomenology of such vectorlike quarks that are the custodial partners of third gener-
ation quarks. In addition to the usually studied pair-production channels which depend
on the strong coupling, we put equal emphasis on single production channels that depend
on electroweak couplings and on electroweak symmetry breaking induced mixing effects
between the heavy vectorlike quarks and standard model quarks. We identify new promis-
ing gg-initiated pair and single production channels and find the luminosity required for
discovering these states at the LHC. For these channels, we propose a cut that allows one
to extract the relevant electroweak couplings. Although the motivation is from warped
models, we present many of our results model-independently.
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1 Introduction

The standard model (SM) of particle physics suffers from the gauge hierarchy and flavor
hierarchy problems and many beyond the standard model (BSM) extensions have been
proposed to solve these problems. The extra particles in these BSM extensions are being
searched for at the CERN Large Hadron Collider (LHC). Some BSM extensions contain
vectorlike colored fermions, for example, having electromagnetic (EM) charges 5/3, 2/3,
and —1/3, which we denote as x, t' and ¥’ respectively. For instance, warped-space extra-
dimensional models with bulk fermions contain these vectorlike fermions.

In this work we consider the LHC signatures of the x, ¢ and &. We present a few
warped-space extra-dimensional models that contain these states, specify realistic parame-
ter values, and extract the couplings of these vectorlike fermion states with SM states. We



identify promising pair and single production channels at the LHC and find the luminosity
required for discovering these states at the LHC. We emphasize that the signatures we
identify and the search strategies are common to many other BSM theories that contain
such vectorlike quarks. A particular emphasis is the single-production of the heavy colored
fermions in addition to their pair-production, since single-production couplings depend
more directly on their electroweak quantum numbers, while pair-production is dominated
by its coupling to the gluon which is given by the SU(3)c gauge coupling gs, and thus hides
its electroweak aspects. Although measuring the branching ratios using pair-production
channels gives information on the electroweak couplings, it is only the ratios of couplings
that is determined and not their actual values. But single-production can fix the actual
values of the couplings. Moreover, compared to pair-production, single production also
have less complications from combinatorics. Depending on the coupling, some single pro-
duction channel can even be the dominant production channel for heavy vectorlike quarks
due to the phase-space suppression in pair-production.

In ref. [1], we analyzed the LHC signatures of a vectorlike &’ in a model-independent
fashion. We highlighted there many general aspects of vectorlike fermions and contrasted
them with chiral (4th generation) fermions in how they decay and their resulting signatures
at the LHC. In this work we extend this to include the x and ¢’ also.

Other than in extra dimensional theories, vectorlike quarks appear in many new-physics
models such as composite Higgs models [2-5], little Higgs models [6-9], some supersym-
metric extensions [10-12], quark-lepton unification models [13] etc. Extensive studies on
vectorlike fermions are available in the literature. Here we briefly survey some references
that are relevant to our study. Vectorlike fermions in the context of Higgs boson production
have been considered in refs. [14-18]. Based on the recent discovery of a Higgs boson at the
LHC [19, 20], refs. [21, 22] constrain vectorlike fermion masses and couplings from the recent
data. It has been pointed out [23-26] that vectorlike fermions can address the forward-
backward asymmetry in top quark pair production at the Tevatron. Refs. [27-33] analyze
vectorlike fermion representations and mixing of the new fermions with the SM quarks and
the relevant experimental bounds. Refs. [34-42] study the LHC signatures of V', ¢’ and x
vectorlike quarks. Ref. [36] studies the LHC signatures of vectorlike b’ and x in the 4-W
channel. Ref. [41] studies multi-b signals for ¢ quarks. The LHC signatures of vectorlike ¢’
and b’ decaying to a Higgs boson are discussed in ref. [40]. Ref. [42] studies pair-production
of the vectorlike quarks followed by decays into single and multi-lepton channels and the
pair-production of the Kaluza-Klein (KK) top is explored in ref. [43]. Ref. [44] studies the
signatures of vectorlike quarks resulting from the decay of a KK gluon. Ref. [45] analyzes
the single production of ¢’ and ¢’ via KK gluon and finds that these channels could be
competitive with the direct electroweak single production channels of these heavy quarks.
Model independent LHC searches of vectorlike fermions have been discussed in refs. [46—
49]. Many important pair and single production channels for probing a vectorlike " at the
LHC in the context of a warped extra-dimension were explored in ref. [50]. Mixing of the
SM b-quark with a heavy vectorlike b’ and partial decay widths were worked out in ref. [51].
In ref. [52], the LHC phenomenology of new heavy chiral quarks with electric charges —4/3
and 5/3 are discussed. Exploiting same-sign dileptons signal to beat the SM background,



refs. [34, 35] show that the pair-production at the 14 TeV LHC can discover charge —1/3
and 5/3 vectorlike quarks with a mass up to 1 TeV (1.5 TeV) with about 10fb~! (200 fb~1)
integrated luminosity. Ref. [37] considers pair production of charge 5/3 vectorlike quarks
and shows that with the search for same sign dilepton the discovery reach of the 7TeV
LHC is about 700 GeV with 5fb~! integrated luminosity. The LHC signatures of ¢ vec-
torlike quarks have been discussed in [38] using pp — t't' — bW bW~ channel with the
semileptonic decay of the W’s and the reach is found to be about 1TeV with 100fb~!
integrated luminosity at the 14 TeV LHC. With 14.3fb~! of integrated luminosity at the
8 TeV LHC, ATLAS has excluded a weak-isospin singlet ' quark with mass below 645 GeV,
while for the doublet representation the limit is 725 GeV [53]. With 4.64 fb~! luminosity,
using single production channels with charged and neutral current interactions, vectorlike
b, t" and x quarks up to masses about 1.1 TeV, 1 TeV and 1.4 TeV respectively have been
excluded [54], for couplings taken to be v/M, where v is the Higgs vacuum expectation
value (VEV), and M the mass of the vectorlike quark. In ref. [55] the CMS collaboration
presents the results for the search of a charge 5/3 quark at the 7TeV LHC. With 5fb~!
luminosity and assuming 100% branching ratio (BR) for the y — tW channel a y quark
with mass below 645 GeV is excluded. With the 8 TeV LHC, the CMS collaboration has
improved their limit on the x quark to 770 GeV [56]. In ref. [57] the ATLAS collaboration
shows the exclusion limits for a ¢’ quark in the BR(¢' — Wb) versus BR(t' — th) plane.
In this work, we detail some warped models with different SU(2);, ® SU(2)g fermion
representations that have been proposed earlier in the literature. For each of these we care-
fully work out the couplings induced by electroweak symmetry breaking (EWSB) relevant
for single production of the vectorlike quarks after diagonalizing the mass matrices includ-
ing the EWSB contributions. We show what sizes of the relevant couplings are realistic by
varying the parameters of the theory. For these warped models with the couplings above,
and for vectorlike quark masses of about a TeV, the direct single production channels that
most of the studies above focus on have too small cross-sections and therefore extraction of
the electroweak couplings from these are difficult. Typically these quark initiated processes
have small rates. In this work, we identify channels which are gg initiated but yet sensitive
to electroweak couplings after our cuts. For vectorlike quark masses of about a TeV, the
channels are signal rate limited and the backgrounds under control after cuts. We show
that these channels can be observed above background. These are our main contributions.
This paper is organized as follows: in section 2 we give the details of the warped
models both with and without custodial protection of the Zbb coupling, show the mass
mixing terms and their diagonalization, and work out the couplings in the mass basis
relevant to the phenomenology we consider. In A we give the fermion profiles that we use
to compute the couplings, and the dependence of the mass eigenvalue on the c-parameter
that parametrizes the fermion bulk masses in units of the curvature scale of the extra-
dimension. In B we give some analytical results of the diagonalization and the resulting
couplings in the small mixing limit for the model with custodial protection of Zbb. In
section 3 we give details of the parameter choices we make in the warped models and show
the vectorlike fermion couplings and their dependence on the c-parameter. Readers not
wanting to know all the details of the warped models can go directly to the next section,



although the above sections will guide which channels we consider in later sections. In
section 4 we give the decay partial widths and the branching ratios into the various decay
modes. In section 5 we discuss some promising discovery channels for the vectorlike quarks
and present the reach for the 8 and 14 TeV LHC. We offer our conclusions in section 6.

2 Warped models

The Randall-Sundrum model [58] is a theory defined on a slice of AdS space which solves the
gauge hierarchy problem. Due to the AdS/CFT duality conjecture [59], this construction
may be dual to a spontaneously broken conformal four dimensional strongly coupled theory.
By letting SM fields propagate in the bulk, the fermion mass hierarchy of the SM can also
be addressed [60, 61] without badly violating the flavor-changing neutral current (FCNC)
constraints. The bulk mass parameters cy, are chosen so that the SM fermion masses match
the measured values.

Precision electroweak constraints place strong bounds on such extensions of the SM.
Gauging SU(2) g in the bulk offers a custodial symmetry that protects [62] the T-parameter
from receiving large tree-level shifts, but can still lead to problems due to an excessive shift
to the Zbb coupling. This can also be protected [63] by taking the third generation Qp, as
a bi-doublet under SU(2);, x SU(2)g, i.e. Qr = (2,2).

An equivalent 4D theory can be written down by performing a KK expansion. For LHC
phenomenology, it is sufficient to keep only the zero-mode and the 1st KK excitation with
mass M. EWSB makes some zero-modes massive like in the SM, and mixes various KK
modes, and after diagonalization the light eigenmodes are identified with the SM states.
In this work, we ignore mixings between zero-mode and 1st KK modes in the gauge sector
as this mixing is of order vkmR v? /M3 ;- and will be a few percent effect. We keep the
(0) — (1) mixing in the fermion sector to fermions with Dirichlet-Neumann (—, +) boundary
conditions (BC) as these can be bigger owing to the smaller mass of the (—, +) custodians.

The SU(2) g symmetry implies extra exotic 5D fermions not present in the SM, and the
light zero-modes of these which are not observed in Nature are “projected-out” by imposing
(—,+) BC on the bulk fields. The first KK excitation of such (—,+) fermions, i.e. the
custodial partners, especially of third generation quarks can be significantly lighter [62, 64—
66] than the gauge KK excitations, leading to measurable signals at the LHC.

In warped space extra-dimensional theories, in order to relax electroweak constraints,
SU(2)r is gauged in the bulk [62] to provide a custodial symmetry in the gauge-Higgs
sector that protects the T parameter. We therefore take the bulk gauge group as
SU(2)r, xSU(2)r xU(1)x. We start with the simplest realization of this in section 2.1
although the constraint coming from the shift of the Zbb coupling is quite strong. In order
to avoid this constraint, the SU(2)r can also be used to protect this coupling [63], and
we present this model in section 2.2. The most important aspect, as already pointed out,
is that the new heavy fermions (the first KK fermion modes in particular) are vectorlike
with respect to the gauge group. In this work we focus on the LHC signatures of three
such custodial vectorlike quarks, namely the vy, ¢ and b’. This complements other studies



of warped KK states at the LHC, for example, KK graviton in ref. [67] and KK Gauge
bosons in refs. [68-73].

Following usual practice, we denote the field representations as (I, r) x where [, r denote
the SU(2)z and SU(2)g representations respectively, and X denotes the U(1)x charge. In
all the Lagrangian terms in the following, we will not show terms that are the same as in
the SM, but will only show the terms either new to this BSM theory, or SM couplings that
are shifted.

2.1 Model without Zbb protection (DT model)

We start with the quark representations

Qr
Yy,

(2, 1)1/6 = (tr,br),
(1, 2)1/6 = (t/,bR), \I/tR = (172)1/6 = (tR,b/) .

The representation for the Higgs field, responsible for the EWSB, is

¥ =(2,2)p.

We refer to this model as the doublet-top (DT) model. The extra fields ¢ and b (the
“custodians”) are ensured to be without zero-modes by applying Dirichlet-Neumann (—, +)
BC on the extra dimensional interval [0, 7R], and their KK excitations are vectorlike with
respect to the SM gauge group, while the SM particles are the zero-modes of fields with
Neumann-Neumann (+,+) BC, and are chiral. As mentioned above, the (—, +) fields are
most likely the lowest mass KK excitation, and, among them the b’ couplings to SM states
are larger due to a larger mixing angle. This is because the mixing angle is inversely
proportional to My which is smaller due to the ¢, choice required for the correct top-
quark mass. Therefore, the b’ promises to have the best observability at the LHC, and we
will only study its phenomenology and will not comment further on the ¢ for this model.
Elsewhere in the literature, sometimes the L, R subscripts on fermion fields denote the
gauge-group, but in our notation here, the b’L, g Will mean the two Lorentz chiralities of the
vectorlike ¥'.

Electroweak symmetry is broken by (X) = diag(v,v)/v/2 (the Higgs boson VEV is
v &~ 246 GeV). The Goldstone bosons of electroweak symmetry breaking (¢) are contained
in ¥ = (v/v/2)e2®"T*/v written in the nonlinear realization, where T are the generators
of SU(2). We work here in the unitary gauge for which we absorb the Goldstone bosons
as the longitudinal polarization of the gauge bosons. Nevertheless, for completeness and
to have a clear understanding of the couplings involved, a derivation of the couplings using
Goldstone boson equivalence is presented in appendix A of ref. [50]. The theory as written
above has also been presented before in ref. [50].

The Yukawa couplings are given by

Lsp D —MQrLEV:,, — QLI , (2.1)

where )\ ;, are the 5D Yukawa coupling constants. We write down an equivalent 4D theory
by a Kaluza-Klein expansion. After EWSB, the zero-mode b mixes with the b due to



off-diagonal terms in the following mass matrix:

o )\Q b v/\/i )‘Q b v/\/§ br
L — / LoR LR h.c. 2.2
4D - (bL bL) (AbRblL’U/\/i Mb’ b/R * o ( )

where Ag, . is the zero-mode b-quark Yukawa coupling, the My is the vectorlike mass,
and \j;v/ V2 terms are induced after EWSB. In this work we set )\bRblL to zero since this
will always be the case we are interested in.

The above mass matrix written in the (b,d") basis is diagonalized by bi-orthogonal ro-
tations, and we denote the sine (cosine) of the mixing angles by sg"R (ceL’R). We denote the
corresponding mass eigenstates as (b1, b2). We define the off-diagonal mass m = A LV /2
for notational ease. The mixing angles are

2x 2xb§c

tan (20) =~ o —pzy ¢ R =~ oy

(2.3)

where x, = (AQ,b,0/V2)/My and & = 1m/My. The mass eigenvalues to leading order in
xp are:

(AQLbrv/V2)/V1 + 2 and Mb/\/(l + 22)(1 + 222%/(1 + 2)?). Although we do not show

the mass matrix for the top sector, analogously, the top mass is given by m; =~ Ag,¢,v/ V2.

The b’ mixes with the zero-mode b due to off-diagonal terms in the mass matrix induced
by EWSB as shown in eq. (2.2). Diagonalizing this, we go from the (b, b’) basis to the (b1, ba)
mass-basis and write an effective Lagrangian relevant for this model in the mass-basis as [1]

e - e _ _
Lyp D — gbw“blAu - gbﬂ“bzAu + gsbiy" Tb1gy, + gsbay" T bagy,
— (%ftth,WMblLW; —i—KétWﬁL’}/MbgLWJ +h.C.)
+ Kb LY b1 2 + Ky, bary bar. 2y
+ (HébZEILfy'ubQLZ/,L + hC)
+ Kbt RY* 01 RZ + Kby 7b2RY 2R ) (2.4)

and the Higgs interactions as [1]*

L4p D —h [Ehbpbpb1Lb1R + Khbyybypb2rbor
+"<ﬂthbgREILb2R + thszRl_)QLblR] +h.c.. (2.5)

We have not introduced ngbzggR’y“blRZ“ + h.c. or Hgtwfm’y“bgRW}j + h.c. in eq. (2.4)
since these couplings will not arise in this model. For convenience, we use b and b; in-
terchangeably, and also b’ and by interchangeably, but it should be clear from the context
which one we mean.

'Our convention of the Higgs coupling x’s here differ by a factor of v/2 compared to that in ref. [1].



For mixing with a single ¥, the effective couplings x as defined in egs. (2.4) and (2.5)
are given by

900 ) 930 )
KbtW \f bth \f
1,2 1 1,2 1
L 2 L 2
’%szQZ( 509 +3 3 W) ; “bgbgzzgz< 289 + 33W> 3
L Ll R L, R 1,
Kpobz =92Cq So B i Kz =9z gSW ; Kboyboz =97 gSW ; (2.6)
1 R LR 1 R L R
Khbpbr = ﬁ(ce Cp )\QLbR + cq'sp )‘QLbIR) ) Khbyrbog = ﬁ(se Sg /\QLbR — S9Cp )\QLbIR) ;
1 L. .R L R 1 L R L.R
Khbpbog = ﬁ(_ce Sp )\QLbR +cycy )‘QLbIR) ) Khbypbr = ﬁ(—se Cp )\QLbR — S0 50 )‘QLb/R)'

From eq. (2.6) we see that ﬁlsz is shifted, and experimental constraints require that this
shift be less than about 1 %, roughly implying sg <0.1,ie. My 2 10m ~ 3 TeV. But as
we have mentioned, since we have in mind application to the model in ref. [63] where this
coupling is protected by the custodial symmetry, we consider much lighter M when we
discuss the phenomenology.

For this model, the effective 4D Yukawa couplings parametrized in eq. (2.2) are given by

b -
vty =05 Aauon = 15 fau (TR) fon (TR)EM™™ 5 (27)

T At T
)\QLb ko RfQL (TrR)fb’R(TrR)ek " ) AQutr = ﬁfQL(TrR)ftR(WR)ek R7

where A, is the b-quark Yukawa coupling, Ag,:, is the top-quark Yukawa coupling,
j\b,t are the (dimensionless) 5D Yukawa couplings 5\57,5 = kM, and fy are the fermion
wavefunctions which depend on the fermion bulk mass parameters cy, [61]. We present the
fermion profiles in A.

1)
also induces the Wtb' coupling, and this mixing is of order (v/Mx)? with an additional
VEkmR enhancement for an IR-brane-peaked Higgs. The contribution to the b’ decay rate
due to b’ <+ b mixing is proportional to (/M )?, while due to WIEO) > W](%l) mixing it

2
is proportional to (\/ kmR(gr/gr)m¥y, /M2 ;{) , and it should be noted that the gauge KK

boson mass (i.e. My ) is constrained to be 2 2 TeV by precision electroweak constraints

The mixing in the gauge boson sector i.e., VM(O) ~ Vu( mixing, where V,, = {W,, Z,},

(see ref. [74] and references therein). Thus, the contribution due to gauge KK mixing is
about 1.3 % of the fermion KK mixing contribution for My = MW/ = 2 TeV, and even
smaller for lighter & masses. We thus do not include the W(© « W(l) mixing contribution
in our study. See ref. [36] for another discussion of the W(® « W®) mixing contribution.
For the model without custodial protection of Zbb, we ignore t <+ t' mixing since this
mixing angle is small, being suppressed by the larger My (above 3 TeV) due to the choice
of the ¢, required for the correct b-quark mass. We also ignore mixings to the heavier KK
modes in both the gauge and fermion sectors.



2.2 Model with Zbb custodial protection

In order to ease precision electroweak constraints on warped models, the custodial symme-
try can be used to protect the Zbb coupling as proposed in ref. [63]. One way to achieve
this is to complete the 3rd generation left-handed quarks into the Q1 = (2,2)2/3 bi-doublet
representation and the theory made invariant under a discrete L <+ R symmetry defined
as Prr. The kinetic energy (KE) term for @y, is

Lk D Tr[Qriv'D,QL] (2.8)

and ¥ = (2,2)g is the bidoublet Higgs, and their component fields are

[t x [ 5 oF
(). =-(37) .

EWSB is due to {¢g) = v/v/2 and Im(¢?) are the Goldstone bosons. Note that to complete
the bidoublet representation, two new fermions have been introduced, namely y and #/,
with electromagnetic charge 5/3 and 2/3 respectively. The extra-fields y and ¢’ (the “cus-
todians”) are ensured to be without zero-modes by applying Dirichlet-Neumann (—,+)
boundary conditions (BC) on the extra dimensional interval [0, 7R|, and their KK excita-
tions are vectorlike with respect to the SM gauge group, while the SM particles are the
zero-modes of fields with Neumann-Neumann (+,+) BC, and are chiral. Elsewhere in the
literature, sometimes the L, R subscripts on fermion fields denote the gauge-group, but in
our notation, the subscripts L, R on the fields denote the left and right (Lorentz) chiralities.
The above £ in eqgs. (2.8) implies the following couplings of the component fields
LKE D %Wgu [fL'y“tL — l_)L’YubL + )Z’)’“X - t_,")/ut/] + % [WIZL (EL’y“bL + )Z’)’“t/) + h.C.]

V2

1. 1- 7 7_
+¢'B,, [Gtmm + b + XX+ Gt’fy“t’} : (2.10)

The SU(3). QCD interaction of the colored fermions are standard and are not shown.
We go to the electroweak gauge boson mass basis by the usual orthogonal rotation

B [ w —Sw A
)= () (),

defined by the weak mixing angle ey = cos (Ow) = gr/+\/97 + g% sw = sin () =

d'/+\/97 + g%, and the electric charge as e = gr.¢'/+/97 + ¢'%.
After KK reduction, we obtain, in addition to the SM neutral current (NC) and charge
current (CC) interactions, the following new interactions

5 1 5 _
Lﬁ% ) EEI](\;/[ + |:€IXXA <3) Ap+ 92Tz <2 - S%VB) Zu] X7 x
2 1 2 -
+ |:€It/tlA <3> AM +gZzt’t’Z <—2 — S%[/3> ZM:| t/"}/'ut/, (212)
gL

L& o L3 + = TawWi, xa"t +he., (2.13)

V2



where gz = 4/ g% + ¢/, and the overlap integrals are given by

1 TR .
Tow = =5 [ e ) v ).

Since U(1)gas is unbroken Zyya = 1; Zyyz and Zyyw differ from unity by a few percent
due to EWSB (0) — (1) gauge boson mixing effects, and since we are neglecting this small
effect, we take all the 7 = 1.

It is possible to write down an invariant top quark Yukawa coupling with either the
tr = (1,1)9/3 or with tg C (1,3)9/3 @ (3,1)3/3. We refer to these possibilities as the
singlet top (ST) and the triplet top (TT) models respectively, and will elaborate on both
these possibilities in the following subsections. We will show the couplings relevant to
the phenomenology we are interested in, controlled by the (diagonal) coupling of the new
heavy fermions to the gluon (set by gs), and a model dependent (off-diagonal) coupling
of one heavy fermion, a “light” SM fermion and a gauge boson or the Higgs boson. The
off-diagonal couplings are induced by mass mixings between the zero-mode and 1st KK
mode fermions, which in turn is governed by the Yukawa couplings. We will elaborate on
these couplings below.

2.2.1 Model with tg = (1,1)2/3 (ST model)

For the case of tg = (1,1)y/3 the kinetic-energy term is

Life O triv"Dyutr, (2.14)

and the top Yukawa coupling is the invariant combination (2, 2), /3(2, 2)o(1,1)9/3 written as

Lyuk O A Tr[QrX] tg +hec.. (2.15)

The above L in egs. (2.14) and (2.15) adds in addition to eq. (2.10) the following couplings
of the component fields

Lxe D ¢ By, Bt}g’y”t}g} , (2.16)

Lyuk D At (ELtrdy — brtrd™ + Xtro™ + t'treo) + hec.. (2.17)

In the fermion sector, the mass matrix including zero-mode and (light) KK mixing but
neglecting the smaller mixings to heavier KK states is

o my 0 tp - v
Lonass O <tL tL) <Th Mt/> <7§’R> + by, <>\bﬂ> br + h.c., (2.18)

where my, m = Xt(v/ﬂ)ft(g) (TI'R)ft(an, (mR)eF ™8 /(knR), \; = k) is the dimensionless 5D
'L

Yukawa coupling, and we have not shown mixing terms in the b-quark sector since in this

model the new heavy charge —1/3 vectorlike fermions could only arise as the partners of the

br but we ignore them since they are very heavy. The above mass matrix is diagonalized by

tr) _ [cL —so) (tir) | tr) _ (¢r —Sr) [tiR (2.19)
tlL S1, Cj, tQL ’ t}% SR CR tQR '



where {t1,t2} are the mass eigenstates (ignoring mixings to higher KK states), with the
mixing angles given by

—2mym —2m M

tan (20r,) = ; tan (20R) = . 2.20
( L) (Mt/z—m%—i-frﬂ) ( R) (Mt,g_m%_mg) ( )
The mass eigenvalues m; 2 are given by
M/2

mi,y = Tt [(1 + 224+ 3% F \/(1 + 2?2 + 32)2 — 4333] , (2.21)

where x; = m; /M| and & = m/M]. In the limit of large M/, i.e., x4, < 1, we have

5'2

mi =my [1+0(xh)] ; mo = M| [1 + 5+ O(ac4)} . (2.22)

In the mass basis the final interactions we obtain are as below. The charged current
interaction is

gr - - _ _
Lcc D NG (cptipy"br, — sptarY'br + spxeY tin + coxoy tar

+SrXRt1R + CRXRI2R) qu +h.c.. (2.23)

The neutral current interaction is

5 — 2 _ 2 _ 1
[,NC oe |:X"}/'u‘ <3> X + tl"}/‘u (3) t1 + t2fyﬂ <3> to + b’}/‘u (_3) b:| AM
_ 1 2 B 1 9
T 9z {tlL’W [2 cos 201, — 3812/1/] tir + tary" [—2 cos 207 — 33124/] tar,

[ 1
+ (tar" (—2 sin 29,;) tir + h.c}
1 2 5 2

_ _ 1
+ tiry" [—25% - 35Wj| tir + tary" [—202 - 35%4/} tar

[ 1
+ th’y“ (_23RCR> tir+ h.C.]

S ) PO Y N PR

where gz = 1/9% + ¢’%. The y interactions above include both the L and R chiralities.
The Higgs interactions are got by replacing v — h in eq. (2.18), after which going to the
mass basis using eq. (2.19) we get

Ly > j)%h [(chtL + SLft'L> tin + (CLft’L - SLftL) 524 (crtir — SRl2R) ftRZ]:; +h.c.,

m m\ - m me\ -
=h |:(th + SL> tir, + <CL — SLt> tZL] (crtir — Srtar) + h.c., (2.25)
v v v v
where the wavefunctions are evaluated at 7R, i.e., ftL7tlL (mR) is implied in the first line

above, and in the second line above we have written the Higgs couplings in terms of my, m
defined below eq. (2.18).
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2.2.2 Model with tg C (1,3)2/3 @ (3,1)2/3 (TT model)

Here we pursue another option detailed in ref. [63] in which the ¢x can be embedded into
a (1,3)y /3 representation, and as explained there, due to the required Prp invariance, a
(3,1)2/3 must also be added. Thus, the multiplet containing the ¢ is

Y "o tR/\/§ X tﬂ/\/E X"’
Vi = Yy, @Yy, = ( " —tR/\/§> @ ( o —t”/ﬂ) : (2.26)

where 1, . = (1,3)2/3 and ¥}, = (3,1)2/3. The top Yukawa coupling is obtained from
L8 D —V2NTr [QL2v), ] — V2N Tr [Qrif, 2] + hee., (2.27)

and Ppp invariance requires \; = A/ (which we will just denote as A; henceforth), and also

CwéR = Cd’gR'

After EWSB due to (po) = v/+/2, with the restrictions mentioned in the previous
paragraph, the mass matrix is

0 \/imbb/ \/ﬁmbb” br

Lo > = (B b, 0) [0 My 0 W,
0 0 My blé
- Myt 0 My lr
- (t_L t/L t,[/l) —mt/t Mt/ —mtlt// t,R (228)
0 —mt/t// Mt” tl}l{
o My \/émxx/ \/imxx“ XR
- ()‘(L X'r X’i) V2my, M,y 0 Xg | +he.,
"
V2my 0 My XR

where the M; are the vectorlike masses, and the EWSB generated masses m;; are given by

v 1 (n)

M =AM B kR

(wR) £ (xR)e T (2.29)
R
:\t = k) is the dimensionless 5D Yukawa coupling.

We will work out next the couplings in the mass basis. We write ¥ = (¢ ¢/ ¢")7
and the mass eignestates as ¢ = (1 ¥ ¥3)T for each of the 1) = {b,t, x} sectors (here 1
for the t-sector is really what we have called ¢'). We perform a bi-orthogonal rotation (we
take the masses to be real for simplicity) ¥ = RiiLl/)E and ¢ = R%ijé to diagonalize
each of the mass matrices in eq. (2.28).

The Z couplings for the ¢ = {b, t, x }-sectors in unitary gauge in the mass basis are

LD gz g [ {'ZZLR (Qi%ﬂ - Qws%/v> RZ‘;R} V' Ly 291, R » (2.30)

where the ¢3L are the Wg charges and (), are EM charges as given below and we ignore dif-
ferences in the overlap integrals and take Z = 1. The Wg charges are qchxL ={-1/2,0,-1},
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g = {0,0,-1}, ¢if = {1/2,-1/2,0}, ¢if = {0,-1/2,0}, 3% = {1/2,0,1}, 3% =
{1/2,0,1}. The EM chages are Q, = —1/3, Qt =2/3 and Qy = 5/3.
The Higgs couplings in the mass basis are

o meB
LS LRy mTRﬁ;%h +he., (2.31)

where m®? are the off-diagonal EWSB induced masses in eq. (2.29).
The charged current W¥ interactions, in addition to those in eq. (2.13), are

E(Ii*vc Sgr (t_//'}’“b”It//b”W _ Q’v“t”lx"t"W) W;u + h.c., (2.32)
which in the mass basis in unitary gauge are
gL [+ i* 515 i 2j
LY > NG [?LR,}; Ry A1), + ( RY" R¥ i) (2.33)
FV2ER RIS RY A1), — xR R RY ) ) (Lo R)] W, +he.,

and again we ignore differences in the overlap integrals and take 7 = 1.

In B we present analytical expressions for the mixing matrices in the b-quark sector in
the limit of m;;/Mys < 1, and the resulting couplings in the mass basis. We present this
for illustration only and have used exact numerical diagonalization in all our results.

One way to generate the bottom-quark mass is to have a Yukawa coupling that re-
spects the custodial symmetry. With Qp = (2,2)y/3, the br can be embedded into the
representation wl’)R = (1,3)2/3 and the b-quark Yukawa coupling obtained from, E%’f‘lk D

-\ Tr [Q LEl/JéR} + h.c. This breaks the Ppp symmetry but the resulting shifts are accept-
able since the ¢, choice required to get the correct b-quark mass makes the new vectorlike
fermions in the 1, multiplet all very heavy (> 3 TeV). In our analysis we have there-
fore ignored the mixing effects and the signatures of these heavy fermions. Many more
possibilities for br representations are discussed in ref. [63].

3 Parameters and couplings

The vectorlike fermions can mix among themselves and with SM fermions. We take this
into account and denote the mass eigenstates by a subscript, i.e., X, denotes the n'" mass
eigenstate of X type quark except for the SM quarks where we use t or ¢; and b or by
interchangeably.

We parametrize the relevant vectorlike quark couplings model-independently as

Ly D Fptygw X LW + kg pw XirY ' tirW,5 + hec. (3.1)
Ly D Eiyytyph 2Ltirh + Kiyptoph tintarh

+hity o 2 1Y t2n. 2y + Kty ptonz tLRY t2RZ,

Fhty W 2LV XTI Wy + Btypy g t2rY X1RW),, + hec. (3.2)
Liy D Kbypbyyz b2n7" 0102 + Kbypbypz b2rY'D1RZ,
+ Kby by gh D2Lb1RP + Kbygby h barbizh + hec.. (3.3)

Wherever possible we show results model-independently as functions of the k’s de-
fined above.
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Figure 1. M,, y,y, as functions of ¢,, in the ST and TT models with A =1, =1 and
MKK =3TeV.

In the following, we present the parameter choices we make for the different warped
models discussed in section 2 for which we present numerical results. The analytical ex-
pressions for the fermion mass eigenvalue, the fermion profiles along the extra dimensions,
and their dependence on the c-parameters are given in A.? Using these profiles, we com-
pute the overlap integrals and determine the couplings of the vectorlike fermions to the SM
states relevant to our study. Various choices of the three relevant c-parameters, namely
Cqp»> Ctp and ¢y, are possible that reproduce the measured masses and couplings (see for
e.g. refs. [75, 76] and references therein). Furthermore, there is freedom to choose the 5D
Yukawa couplings A which we set to 1, and Mg x which we take to be 3TeV. After these
choices and imposing the constraint that the lightest eigenvalues in the top and bottom
quark sectors correspond to the measured top mass (172 GeV) and bottom mass (4.2 GeV)
respectively, there is one free parameter remaining which we take to be ¢,, . In the follow-
ing, we show some representative benchmark points for the various warped models detailed
in section 2, for each of the x, ' and ¥'.

3.1 x parameters and couplings

The x for the warped model are as detailed in section 2. In figures 1 and 2, we show M, ,
Koyt w and Ky, o o as functions of ¢, for the Zbb protected ST and TT models. There
is no x state in the DT model. In the TT model, after x-x’-x” mixing, the x2, x3 becomes
much heavier than y; because the appearance of the large off-diagonal term in the y mass
matrix causes a significant split between M,, and M,, ,. Therefore, for both ST and
TT models, we focus only on the phenomenology of x1. In the TT model M,, in figure 1
shows an unusual behavior — with increasing cq, , it first increases and then decreases.
This is an effect of the diagonalization of eq. (2.28), with ¢,, < 0 having M, < M, while
cq, 2 0 has M, > M,,, and the maximum of the eigenvalue is attained when M, = M,,.

In table 1 we explicitly display the benchmark parameters and couplings in the ST model
that we use for our numerical computations when we discuss x; phenomenology. In the

2We find that after mixing the couplings relevant for our study are largely insensitive to the choice of
knR and Ap¢; for instance, for Mxx = 3 TeV, varying k/Mp; between 0.1 and 1 changes the couplings by
at most 1% and varying Ay between 1 and 2 changes couplings only about a few percent.
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Figure 2. £, w’s as functions of ¢, in the ST and TT models with A = 1, A, = 1 and
MKK =3TeV.

X Cqr, Cip Chp sin 07, sinfpr
Xy -0.463 0.206 0.586 -0.136 -0.394
Xo -0.414 0.216 0.585 -0.058 -0.253
X3 -0.350 0.202 0.584 -0.033 -0.192
Xy -0.274 0.177 0.583 -0.022 -0.159
X5 -0.186 0.137 0.581 -0.016 -0.140
Xs -0.088 0.078 0.578 -0.013 -0.129
x| My (GeV) FxirtirW | FxaptitW | BxirtarW | Fxaptar W
Xy 500 0.182 0.063 0.424 0.458
Xy 750 0.117 0.027 0.447 0.461
X3 1000 0.089 0.015 0.453 0.462
Xy 1250 0.074 0.010 0.456 0.462
X5 1500 0.065 0.007 0.457 0.462
Xs 1750 0.060 0.006 0.458 0.462

Table 1. x benchmark parameters (parameter set denoted by X) and couplings obtained using
A =1, =1and Mgg = 3TeV in the ST model. The ¢ values for all the benchmark parameter
sets reproduce correct top and bottom quark masses after mixing.

ST model, we restrict ourselves to ¢,, < 0, i.e. with the g;, partners peaked towards the
IR brane, since otherwise the partners become very heavy and this may be out of reach at
the LHC.

In the TT model we have M,/ = M,» due to the Prr symmetry of the theory and we
find the x2x1h couplings (both L and R) to be zero as a consequence of this. The yaxsh
coupling is also zero. Furthermore, the Ppr symmetry also constrains m,.,» = m,,~ and
as a result we find x3x1Z (both L and R) couplings to be zero.
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Figure 3. M, ., as functions of ¢4, in the ST and TT models with A = 1, N =1and Mgg =
3TeV.

3.2 t’ parameters and couplings

The « for the warped model are as detailed in section 2. In the model with no Zbb protection
(DT model), the ¢’ is quite heavy (above 3 TeV) due to the choice of the ¢, required for
the correct b-quark mass, making its LHC discovery challenging. We therefore will not
discuss further the ¢’ in the DT model, and will restrict ourselves to the Zbb protected ST
and TT models. In figure 3 we show the My as functions of ¢, in the ST and TT models.
For the T'T model, we note that the mass eigenvalue M;, shows a similar behavior as M, ,
i.e., with increasing cg, , it first increases and then decreases. We also find for the TT
model that the to-x1 mass-difference is larger than my, which allows the to — x1W decay
mode. We show the ¢3 couplings in figure 4 for the various models as functions of ¢, .
Ktoyaw 18 large since it is given by the t'xW or ¢”x”W couplings, and is not proportional
to any small off-diagonal mixing-matrix elements. In table 2 we display the benchmark
parameters and couplings in the ST model that are used for our numerical computations.

3.3 b/ parameters and couplings

The k for the warped model are as detailed in section 2. As already mentioned, our
convention of the Higgs coupling x’s appearing in eq. (2.5) differ by a factor of v/2 compared
to that in ref. [1]. We display My,, Kpp,p and kp,p, z as functions of ¢,, for the DT and
TT models in figures 5 and 6. In the TT model we have My = My due to the Prp
symmetry of the theory and we find that the bebih couplings (both L and R) to be zero
as a consequence of this. The bob3h coupling is also zero. Furthermore, the Prr symmetry
also constrains mpy = mpyy and as a result we find b3b1Z (both L and R) couplings to be
zero. These are explicitly seen in the analytical formulas shown in B in the small mixing
limit. In table 3 we show the parameters for some benchmark points in the TT model.

R;z and R;Ii are as defined in section 2.2.2. We have Vy, = R%Ll*Rll,i, and for the lower 0/
masses this may be somewhat close to the experimental limit quoted earlier. In B we give
the analytical expressions in the T'T model in the small mixing limit for illustration, and

use exact numerical diagonalization in our results.
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Figure 4. The «’s for t as functions of ¢,, in the ST and TT models, with A =1, ) =1 and
Z\/[KK =3TeV.

T Cqy Cip Ch, sinfp, sin Op
Th -0.471 0.196 0.586 -0.167 -0.442
T -0.419 0.216 0.585 -0.062 -0.262
T3 -0.356 0.204 0.584 -0.034 -0.195
T4 -0.279 0.179 0.583 -0.022 -0.161
T -0.191 0.140 0.581 -0.016 -0.141
Ts -0.094 0.082 0.578 -0.013 -0.130

T Mtz(GeV) Ktaptirh | Btiptorh | BtoptigZ | KtaptipZ

Ti 500 0.806 0.277 0.148 0.123
T2 750 0.769 0.176 0.094 0.046
T3 1000 0.778 0.134 0.071 0.026
Ta 1250 0.807 0.111 0.059 0.017
Ts 1500 0.851 0.098 0.052 0.012
Te 1750 0.915 0.090 0.048 0.010

Table 2. t; benchmark parameters (parameter set denoted by 7) and couplings obtained using
A =1, =1and Mgg = 3TeV in the ST model. The ¢ values for all the benchmark parameter
sets reproduce correct top and bottom quark masses after mixing.
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Figure 6. The x’s for by as functions of ¢4, in the DT and T'T models, with S\t =1, S\b =1 and
Z\/[KK =3TeV.
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12 12
B Cqr Cig Cbr RbL RbR

B 0.259 -0.464 0.562 -0.400 -0.0034
Bs 0.247 -0.414 0.566 -0.299 -0.0017
B3 0.226 -0.350 0.569 -0.242 -0.0010
By 0.197 -0.274 0.571 -0.207 -0.0007
Bs 0.156 -0.186 0.574 -0.186 -0.0005
B 0.098 -0.088 0.577 -0.173 -0.0004
B | My, (GeV) | Kbyt W | Kborb112 | KboptarW | KbogtagW
B1 500 0.118 0.210 0.300 0.322
By 750 0.077 0.158 0.311 0.321
B3 1000 0.060 0.128 0.313 0.319
By 1250 0.050 0.109 0.311 0.315
Bs 1500 0.044 0.098 0.303 0.306
B 1750 0.041 0.091 0.283 0.286

Table 3. by benchmark parameters (parameter set denoted by B) and couplings obtained using
A =1, =1and Mgx = 3TeV in the TT model. The ¢ values for all the benchmark parameter
sets reproduce correct top and bottom quark masses after mixing.

4 Decay width and branching ratio

Here, we present the decay width and branching ratios (BRs) of vectorlike quarks. As
concrete examples we take the different models detailed in section 2, namely the DT, ST
and T'T models.

The analytical expressions for the vectorlike fermion partial decay widths are3

3
r v = L M, [(m2+/@2){(1—x2)2+x2 (1—|—x2)—2x4}
q2—q1 L R q1 1% q1 %

321 M2
- IZ&L/-@RacqlzL‘%/] x (1+ 1'31 +z — 2x§1 — 22} — ZxZIx%/)% (4.1)
Lysgin = ?,Q%qu [(H% + n%) {(1 - azgl - .1‘%)2} + 4mLf<cqu1}
x (1+ a:31 + xf — 29521 — 2% — Qx?]lm,%)% , (4.2)
where the k1, r are the couplings parametrized as in section 3, and x4, = Mg, /My,, vv =

My /Mgy, and z, = Mp/M,,. We can obtain the total width and BRs in any model
containing vectorlike fermions using the above equations. Next, we present some results
for the warped models.

3The egs. (3)—(5) of ref. [1] are special cases of these formulas. We point out a minor error in eq. (5) of
ref. [1] introduced by an ambiguity in specifying a number multiplying the 4 x 4 identity in the program
FORM. The decay width I'(b" — bh) shown in eq. (5) of ref. [1] should read as shown here in eq. (4.2). Since
the error is in terms suppressed as my /My, which is small, the error does not change any of the results of
that paper.
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Figure 7. Total decay width and branching ratios of bs as functions of M;, in the model without
Zbb protection for the DT model.

My, (GeV) | 500 750 | 1000 | 1250 | 1500 | 1750 | 2000
by — t1W | 0.452 | 0.480 | 0.489 | 0.493 | 0.495 | 0.497 | 0.498
by = b1Z | 0.292 | 0.269 | 0.261 | 0.257 | 0.255 | 0.254 | 0.253
ba — bih | 0.255 | 0.251 | 0.250 | 0.250 | 0.249 | 0.249 | 0.249

Table 4. by branching ratios for the warped-space DT model.

In the warped model without custodial protection of the Zbb coupling, presented in
section 2.1 (DT model), the new vectorlike fermions are the ' and ¢'. We first focus on
the on the b’ here, and will present the ¢’ decay width and BRs in the context of the ST
and TT models later. In figure 7 we show the total decay width (left) and BRs (right) as
functions of My, for the b in the DT model. The total width is a few percent of the mass.
Its roughly linear dependence on Mj, can be understood by noting from egs. (4.1) and (4.2)
that (in the large M,, limit) s} oc 1/M,,, cf ~ 1, leaving a T'; ~ Mj, behavior for all the
partial widths. All three modes have comparable branching ratios. For the tW channel,
for My, not too much bigger than m;, the phase space suppression due to the large top
mass is significant, but is overcome for large M;,. The bZ and bh BR curves are quite
similar, particularly for large Mp,, since, neglecting the (small) xp, the bab1Z and babih
couplings are proportional to gzcgsg and Cg)\QLb;? respectively. Since sé: x )‘QLb’R and in
the b7 partial width the factor of g% cancels against the 1/m2Z, the two BRs end up being
equal as can be shown using eq. (4.1). In table 4 we give the by branching ratio for each
of the three channels as a function of its mass in the DT model. In figure 8 we show the
total decay width and BRs of the by and b3 for the TT model. An additional decay mode
by — t2W opens up at large My,. Since this BR is not too big for the masses of interest,
we do not consider this mode further.

In figure 9 we present the t5 decay width and branching ratio for the ST model, and
in figure 10 for the T'T model. We notice that the to — bW decay width becomes small
at large ms. The reason for this is that there is no Tb¢™ coupling in eq. (2.17) and it will
be generated after mixing as a tab¢™ term. This is of O(Z) and is negligible in the large
mo limit. In the TT model, the additional decay mode to — x1W is present, and ends
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Figure 8. Total decay width (left) and branching ratios of by (center) and b3 (right) as functions
of their masses in the model with Zbb protection for the TT model.
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Figure 9. Total decay width and branching ratios of 5 as functions of M, in the model with Zbb
protection for the ST model.

up being the dominant decay mode. The reason for this is the large coupling relevant here
for the reason mentioned in section 3.2. For the T'T model, we show different plots for
¢q;, < 0 and ¢4, > 0, because My, is two-fold degenerate for different ¢,, as can be seeen
from figure 3. For ¢,; < 0 the t3 — tZ BR is quite small while for ¢,, > 0 it increases to
about 0.2.

In figure 11 we show the x; total decay width for the ST and TT models. The x; BR
is 100 % into the tW mode as this is the only channel accessible. For the TT model, we
show different plots for ¢,, < 0 and ¢, > 0 as, like My,, M, also shows degeneracy as a
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Figure 10. Total decay width and branching ratios of ¢, as functions of M;, in the model with Zbb
protection for the TT model. For the TT model, we show different plots for ¢,, < 0 and ¢4, > 0
becuase M;, is two-fold degenerate for different c,, as can be seen from figure 3.
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Figure 11. Total decay widths of x; as functions of M,, in the ST and TT models. For the TT
model, we show different plots for ¢,, < 0 and ¢, > 0 because M,, is two-fold degenerate for
different c,, as can be seen from figure 1.

function of ¢4, (see figure 1). In the TT model, the additional decay mode x2 — x1Z is
present, and ends up being the dominant decay mode (with BR about 0.8). The reason

for this is the large coupling. Interestingly, xo has many more decay modes, namely tW
(with BR of about 0.2), x1Z, x1h, and t2W, but we do not consider the ys as we expect
its production c.s. to be smaller owing to its larger mass.
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5 LHC signatures

In this section we study the LHC signatures of the x (EM charge 5/3), ' (charge 2/3) and
b (charge -1/3) vectorlike quarks. We present many of our results model-independently
and also show specific signatures and the reach for the different warped models detailed
in section 2, namely, the model without custodial protection of Zbb (DT model), and the
two cases with custodial protection, singlet ¢t (ST model) and triplet ¢tz (TT model). The
warped model parameter choices we use for our numerical studies are given in section 3.

Generally, at the LHC, the dominant production channel of these quarks is their pair
production. However in this paper, in addition to the pair productions, we also look
into some of their important single production channels. The single production channels
can give useful information about model dependent weak coupling parameters and thus,
help us to identify the underlying model at colliders. Single production can also have
less complications from combinatorics compared to pair-production. Moreover, in general,
depending on the coupling, some single production channel can even be the dominant
production channel if the vectorlike quark is too heavy due to the phase-space suppression
in pair-production. For instance, for electroweak size couplings, the single production starts
to dominate for masses roughly above 700 GeV.

Due to mixing of the SM top and bottom quarks with the ¢ and ¥’ respectively, V};, can
be shifted. The current measured value of |Vy| from the direct measurement of the single
top production cross section at the Tevatron with /s = 1.96 TeV is |Vj| = 0.88 £ 0.07
with a limit [77] of |Vi| > 0.77 at the 95% C.L. assuming a top quark mass m; = 170 GeV.
While presenting the results for the warped models, the parameters we use for numerical
computations satisfy the above |Vjp| constraint.

For each of the x, ¢/, and b’ we identify promising pair and single production channels,
compute the signal cross-section and dominant SM backgrounds, and compute the lumi-
nosity required (Ls) for 50 significance, i.e. S/v/B = 5, and additionally (L1¢) for obtaining
10 signal events. We take the larger of L5 and L9 as the luminosity for discovery.

We have implemented the warped model Lagrangian in FeynRules version 1.6.0 [78]
and generated the model files for the Monte-Carlo event-generator MadGraphb [79], using
which we obtain the signal cross-sections. We use CTEQG6L1 Parton Distribution Functions
(PDFs) [80]. We perform a patron-level study, and do not include hadronization and
detector resolution effects in this first level of study.

5.1 x LHC signatures

We assume that the only decay is x — tW, which is the case in many BSM scenarios.
We parametrize the x couplings model-independently as shown in eq. (3.1). At the LHC,
we consider the xtW production process as we find this to be the dominant y production
channel. As shown in figure 12, this includes (i) the double resonant (DR) pair-production
x1X1 (both on-shell) followed by the decay of one of the on-shell y to tW, and, (ii) the
single resonant (SR) channel including x; X} (one of the x off-shell), and in addition, the
strict single-production of y; shown in (b). We include both DR and SR and focus on
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Figure 12. Sample Feynman diagrams contributing to the pp — x1tW process. In (a) when both
the x’s are on-shell, we have a DR contribution, while when one of them is off-shell we have the
SR process; the other contribution to SR comes from strict single production diagrams like the one
shown in (b).

the channel
pp — x1tW — tWitW — tWitlv . (5.1)

If the W’s (including the ones coming from the tops) decay hadronically, then the signature
for this channel would be bblHp + jets. If the tops can be reconstructed, then the main
SM background for this signature would be pp — tt + jets, ttV + jets, ttV'V + jets (where
V = {W,Z}), tth + jets etc. In addition to the tops, if the hadronically decaying W is
also reconstructed, then pp — tWtW becomes the dominant background. Therefore, for
the background we consider the SM process pp — tWitW — tWitlv. We consider it at
the tWitW level keeping in mind that the top-jets can be tagged with high efficiency using
advanced top-tagging algorithms. We have discussed this issue in C in more detail. We
obtain the signal and background cross-sections at the ttW /v level i.e., only one W decays
leptonically. We perform our analysis at this level because for the signal we expect the
lepton coming from the W to have large pr, whereas it is less probable for the background
to have a high pr lepton. This feature of the lepton can be used to isolate the signal from
the background. The lepton can be used as a trigger. We consider the bb 65 (H7 final
state where j includes only “light” jets (u, d, ¢, s) and ¢ includes e and p. From the tWtly
level cross-section, we compute the rate for the final-state of interest by multiplying with
appropriate branching ratios.

In order to select the signal while suppressing the background, we apply the following
“basic” and “discovery” cuts and present the signal and the background cross sections in
table 6 (table 7) for the 14 TeV (8 TeV) LHC:

1. Basic

(a) [y(0)] < 2.
(b) pr(f) >10GeV

2. Discovery

(a) ly(0)] <25
(b) pr(f) > 125GeV
(¢) pr(W) > 250GeV.
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The second set of cuts is chosen to optimize the signal over background ratio. It is our
“discovery cut” motivated by the fact that in the signal, there are two high-py W’s present
at the ttW W level and one of them decays to a high-pr lepton. To account for the various
efficiencies we multiply both signal and background cross sections with a factor

2
Tha = (egag)2 X (Gy[e/c)g X (Ef"ec) X (BRWﬁjj)S) ~ 0.082, (52)

w
rec

where efag is the b-tagging efficiency, €y, is the W reconstruction efficiency from jj, €L, is

the ¢ reconstruction efficiency from bW. Combinatorics might be an important issue for

reconstruction but at our level of analysis we ignore this complication. We take elt’ag = 0.5,

t 1 6W
9

6I"GC rec

= 1 and W — jj branching ratio BRy _;; = 0.69. As explained earlier,
we then compute L5 for 50 significance and Liy for obtaining 10 signal events, and the
larger of L5 and L1g is the discovery luminosity. In C we present a more sophisticated
analysis by including additional 2-jets background and identify cuts that can bring them
under control without sacrificing the signal much. The x can be probed by isolating the
SR contribution. Typically, for the range of the coupling arising in warped models, the
contribution of the second type of diagrams shown in figure 12(b) to the total cross-section
is very small. This means the tW pair in the SR production of x; is dominantly coming
from an off-shell heavy quark - xj. At the x1tW level we isolate the SR contribution by

applying only the kinematical cut on the invariant mass M (tW),
|M(tW) — MXI’ 2 Oécuthl; Qeut — 005, (53)

which ensures that the ¢ quark and the W do not reconstruct to an on-shell 1, i.e. this cut
removes the DR contribution. To understand why the cross-section after the a..,; scales as
#?2, let us consider the k£ dependent part of the cross-section (from the type of diagram in

figure 12(a)),

HQ

Oy1tW X
Xl (p2 B M)%l)2 + P?CIM)%I ,

(5.4)

where p is the momentum carried by the internal x;. The cut of eq. (5.3) is chosen such that
[p®> — M?, | dominates over I'y, My, and one can neglect I'y, M, compared to |p* — M |,
ensuring that o, ;i scales as x2. In figure 13 we show the ¢tV invariant mass distribution
for the pp — x1tW process, and in table 5 the cross section before and after the acyt.
We observe that the total cross section before the cut is almost constant but decrease
slightly with increasing x due to finite width effects. The contribution in the off-shell
region increases with & since the total width grows as 2 which makes the Breit-Wigner
distributions wider.* This is seen more quantitatively in table 5, where the cross section
after the ey scales as k2 (for k not too large). As r increases, the oy s value after
the acyy cannot increase arbitrarily as it remains bounded by the o, value before the
cut. This can be seen by keeping in mind that I'y, depends on «, and from the fact that
for a fixed value of aeyt, the x? scaling behavior of o breaks down as I'y, increases with
increasing x and at some point the I'y, M,, term in the denominator starts dominating
again. Therefore, to be sensitive to ogg, the choice of .y is crucial (see ref. [81] for more

*A similar plot for a b’ is shown in ref. [81].
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Figure 13. The tW invariant mass distributions for the pp — x1¢tW process for different rxy, ¢, zw
(denoted as k), for M,, =750 GeV at the 14 TeV LHC.

Fxartizw | 0P = x1tW) | o(pp — xatW)
(fb) before cut | (fb) after cut
0.05 239.37 4.945
0.10 238.91 21.09
0.15 236.31 45.92
0.20 233.52 79.71
0.25 229.40 118.71

Table 5. Scaling behavior of pp — x1tW single production cross-sections after the invariant mass
cut defined in eq. (5.3), for M,, = 750 GeV at the 14 TeV LHC.

details). Taking .yt too small will spoil the scaling because of the contamination from the
pair production, but it should not be too large either as that will make the cross-section
very small. In the warped Zbb protected model (ST and TT models), the  of eq. (3.1)
are given in egs. (2.23) and (2.33) and shown in figure 2 and table 1 respectively. For all
M, considered here, we find L5 < L19, and therefore in table 6 we present only L1g. From
table 6 we find that using o, i.e. including both SR and DR, the 14 TeV LHC can probe
My, up to 1.5TeV (1.75TeV) with 100 fo=! (300 fb~!) of integrated luminosity for the
ST model. The numbers in table 6 show that for the parameter ranges we are interested
in, the pp — x1tW process is dominated by the DR production. Hence, we do not display
the cross sections and discovery luminosity separately for the TT model as the difference
between them is only due the SR production (which depends on the ky, 4w coupling).

As mentioned, the k can be probed by isolating the SR contribution. To present our
results model-independently such that it is useful for other models with a xtW coupling, we
show in figure 14 the luminosity requirement (Lp) to observe the pp — x1tW SR production
process assuming the x; — tW BR to be 100%, where, Lp = Max(Ls,L19). The blue
and green dots show the reach for the SR process for the warped ST and TT models
respectively. Although we compute Lp at the xtW level multiplied by the appropriate
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X M, Otot osr | cuts S BG L
(GeV) | (fb) | (f0) (fo) | (fb) | (fo71)
A1 | 500 2566 | 261.5 | Basic | 977.5 | 3.257 -
Disc. | 146.1 | 0.115 | 0.826
Xo | 750 | 260.0 | 29.31 | Basic | 99.99 | 3.257 -
Disc. | 42.74 | 0.115 | 2.824
X3 | 1000 | 46.47 | 5.198 | Basic | 17.92 | 3.257 -
Disc. | 11.36 | 0.115 | 10.63
Xy | 1250 | 11.22 | 1.231 | Basic | 4.305 | 3.257 -
Disc. | 3.226 | 0.115 | 37.42
Xs | 1500 | 3.242 | 0.364 | Basic | 1.235 | 3.257 -
Disc. | 1.010 | 0.115 | 119.5
Xe | 1750 | 1.040 | 0.121 | Basic | 0.393 | 3.257 —
Disc. | 0.339 | 0.115 | 355.8

Table 6. Signal (S) and background (BG) cross sections (in fb) for pp — xtW — ttW (v channel
at the 14 TeV LHC for the ST model. For the BG we have considered pp — ttW v process within
the SM. The X;’s correspond to the parameter sets detailed in table 1. The luminosity requirement
(L) is computed using oot after including the factor 7,, defined in eq. (5.2). The oot is computed
at the x1tW level with no cut applied. ogg is computed at the xtW level with only an invariant
mass cut applied on tW as defined in eq. (5.3).

X M, Otot osr | cuts S BG L
(GeV) | (fb) | (fb) (fo) | (fb) | (fo°1)
X1 | 500 | 374.2 | 36.63 | Basic | 144.0 | 0.622 -
Disc. | 18.40 | 0.011 | 6.560
Xo 750 25.61 | 2.741 | Basic | 9.927 | 0.622 -
Disc. | 4.103 | 0.011 | 29.42
X3 | 1000 | 2.817 | 0.315 | Basic | 1.092 | 0.622 -
Disc. | 0.680 | 0.011 | 177.5
Xy | 1250 | 0.381 | 0.042 | Basic | 0.147 | 0.622 -
Disc. | 0.109 | 0.011 1105

Table 7. Same as in table 6 for the 8 TeV LHC.

BRs, with only the invariant mass cut of eq. (5.3), we expect that the inclusion of the
full decays and the basic and discovery cuts should change L£p only by a small amount.
Here we vary y, ¢, ,w keeping the other coupling &y, ¢, w zero (since this is the case in
the ST and TT models). The plot will look identical if we instead vary sy, ¢, w keeping
Kyigtinw = 0. The background for the x1¢W SR production is computed at the tWtW
level after demanding that any one of the tW pair satisfies the cut defined in eq. (5.3).
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Figure 14. Luminosity requirements (Lp, in fb~!) for observing the pp — x1tW single resonant
(SR) channel as functions of Ky, s, zw for different M,, (in GeV) at the 14TeV LHC. Lp is
computed after including all BRs and b-tagging efficiency. The blue and green dots correspond to
the ST and TT models respectively.

This can be expressed as
M (tiW5) — My, | > acusMy, AND |[M(t2W;) — My, | < ocut My, (5.5)

where t’s and W’s are pp-ordered and i,j = {1,2} with ¢ # j. The kinks in the graphs
appear because of the transition from L5 to L1 along the increasing values of the coupling.
For getting the SR reach in the warped model, tables 6 and 7 give the SR cross-section
ogg for the ST model.

Finally, we note that there are other single production channels for y; at the LHC
like the W+ mediated pp — xit or pp — xitq (studied in ref. [34] in the context of
composite Higgs models). However, unlike the pp — x1tW process, these are electroweak
processes due to which we find their cross-sections to be much smaller. Also, we expect
o(x2x2) < o(xix1) due to the larger M,,, and since already the x; pair-production is
signal rate limited, we do not explore the x2 production and the subsequent yo — x1h or
X2 — X1Z channels.

5.2 t’ LHC signatures

At the LHC, apart from the usual pair production channel, a charge 2/3 vectorlike t3 can
be produced through the following single production channels

pp — oW, tab, tot, tobW, tot Z, toth . (5.6)

In models where the t20W coupling is much smaller than the others (as for instance in the
warped ST and TT models), we can ignore the single production channels toW, tob, tobW
channels. We parametrize the totZ and toth interaction terms model-independently as
shown in eq. (3.2).

Similar to the discussion for the x in section 5.1, here too we identify the double
resonant (DR) and single resonant (SR) channels, and consider the thth final state. As
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Figure 15. Sample Feynman diagrams contributing to the pp — tath process. In (a) when both
the x’s are on-shell, we have a DR contribution, while when one of them is off-shell we have the
SR process; the other contribution to SR comes from the strict single production diagrams like the
one shown in (b).

shown in figure 15, this includes (i) the double resonant (DR) pair-production sty (both
on-shell) followed by the decay of one of the on-shell to — th, (ii) the single resonant (SR)
channel including tot5 (one of the to off-shell), and in addition, the single-production of 5.
We therefore include DR and SR and consider the process

pp — tath — thth — tbbtbb (5.7)

and focus on the 6 b+ 4 j final-state, where j includes only “light” jets (u,d,c,s). We
obtain the signal cross-sections at the tbbtbb level and multiply by appropriate branching
ratios relevant to the above final state. We take the Higgs boson mass to be 125 GeV
in all our computations. We assume a b-tagging efficiency ei’ag = 0.5, and demand only
four of the six b-jets to be b-tagged (ref. [82] also follows a similar approach) to get a
better signal rate. We require the two top-quarks to be reconstructed from two b-tagged
jets and four J (where J stands for either a light-jet or an untagged b-jet) and then
the two h to be reconstructed from the remaining two b-tagged jets and two J. Here
we do not deal with any complications of combinatorics. For this channel the main SM
background come from pp — ttV}, + jets, ttVVy, + jets (where Vi, = {W, Z, h}) processes.
We compute the background cross-sections at the ttbbJJ level, i.e. pp — ttbbJJ process
which includes all tree level SM processes leading to ttbbJJ final state. However, due to
requiring the four jets to reconstruct to the two h by applying the invariant mass cuts, the
SM QCD contribution to the pp — ttbbJJ process becomes negligible and the dominant
SM background contribution comes from the pp — tthh process. To keep most of the signal
events while suppressing the background, we apply the following “basic” and “discovery”
cuts on the ttbbJJ events:

1. Basic

(a) |y(J)| < 2.5
(b) AR(JJ) > 0.4
(¢) pr(J) > 25GeV

2. Discovery

(a) [y(J)] <2.5
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(b) AR(JJ) > 0.4

(¢) For pr ordered jets:
Pt (J),p2d(J) > 175GeV and p3rd(J), pith(J) > 25 GeV

(d) |M(Ji, Jj) —mp| <10GeV and |M (Jg, J;) —myp| < 10 GeV where i # j # k # L.

where AR(ij) = \/m is the angular separation between any two jets, ¢ is the
azimuthal angle and 7 is the pseudo-rapidity. The “discovery cut” is motivated by the fact
that for the signal, there is at least one high-pr Higgs coming from the heavy to decay, and
we expect the b-quarks coming from the Higgs decay to have a large pr. We multiply both
signal and background cross sections with a factor

Mty = (ehag)® X ()2 % (hee)? X (BRw—5)? ~ 0.0299 (5.8)

where we take e}, = 0.5, el,. = 1, . = 1 and W — jj branching ratio BRy_,;; = 0.69.

In the warped models detailed in section 2, the tobWW coupling (i.e. k) becomes very
small for heavy t5 as explained in section 3. As a result, the production cross sections for
the pp — toW, t9b, tobW channels are small compared to the rest of the single production
channels. Among the other channels, the pp — tot channel is weak interaction mediated®
(the tot pair actually comes from an off-shell Z or h) and so is less significant than the
pp — totZ or pp — toth channels, and we do not consider the former due to the small
BRy_,p. Thus in the warped models, the pp — toth channel that we have focused on
is a promising channel. As already mentioned, the t» in the warped model without Zbb
protection (DT model) is very heavy making its discovery very challenging. We therefore
do not consider further the ¢ in the DT model. The « in the warped models with Zbb
protection (ST and TT models) are given in section 2. We present our results for the
ST model at the 14 TeV (8 TeV) LHC in table 8 (table 9) after the cuts shown above.
Defining as before, L5, as the Luminosity for S/ VB = 5 and L, that for 10 events, we
find that L5, < L1p in most of parameter-space, except for M;, = 1250 GeV for 14 TeV
LHC, and we present the maximum of L5, and Lqg in table 8. From oy,t = opr + osr, we
find that the 14 TeV LHC can probe M, of the order of 1 TeV with 100 fb~! of integrated
luminosity in the ST model.

As mentioned earlier, the SR process can give important information on the electroweak
couplings  (while the DR depends dominantly on gg). To explore this aspect, we compute
the pp — toth SR production cross-sections from the pp — toth signal events by applying
the kinematical cut

|M(th) — My,| > ccutMiy; aeur = 0.05. (5.9)

The background for the toth SR production is computed at the thth level after demanding
that any one of the th pairs satisfies the invariant mass cut defined in eq. (5.9). This cut
can be expressed as

’M(tlhz) — Mt2| 2 acutMtQ AND ‘M(tzh]) - Mt2’ S acutMtQ (510)

®However, this could also arize from the decay of the KK Gluon; see ref. [44].
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T | M, Otot osr | cuts S BG L
(GeV) | (fb) | (fb) (fo) | (fb) | (fo71)
T 500 1247 | 223.0 | Basic | 237.4 | 102.7 -
Disc. | 52.38 | 0.389 | 6.379
T 750 122.3 | 18.30 | Basic | 22.67 | 102.7 -
Disc. | 13.25 | 0.389 | 25.22
73 | 1000 | 20.33 | 2.715 | Basic | 3.088 | 102.7 —
Disc. | 2.421 | 0.389 | 138.0
Ts | 1250 | 4.444 | 0.590 | Basic | 0.477 | 102.7 —
Disc. | 0.415 | 0.389 | 1889.2

Table 8. Signal (S) and background (BG) cross sections (in fb) for pp — toth — ttbbbb channel at
the 14 TeV LHC for the ST model. For the BG we have considered the SM pp — ttbbJ.J process
where the dominant contribution comes from pp — tthh. The 7;’s correspond to the parameter sets
detailed in table 2. The luminosity requirement £ is computed using oo after including the factor
N, defined in eq. (5.8). These numbers are obtained using BRy_,pp = 0.8. The oot = 0pgr + osr
is computed at the toth level with no cut applied, whereas ogg is computed at the toth level with
only the tW invariant mass cut of eq. (5.9) applied.

T | M, Otot osr | cuts S BG L
(GeV) | (fb) | (fb) (fo) | (fb) | (fo71)
T 500 181.3 | 32.48 | Basic | 35.83 | 16.43 —
Disc. | 6.702 | 0.035 | 49.85
T> 750 11.96 | 1.690 | Basic | 2.353 | 16.43 -
Disc. | 1.325 | 0.035 | 252.3
T3 | 1000 | 1.222 | 0.168 | Basic | 0.206 | 16.43 -
Disc. | 0.162 | 0.035 | 2056.8

Table 9. Same as in table 8 for the 8 TeV LHC.

where t’s and h’s are pp-ordered and i,j = {1,2} with 7 # j. Just as in the case of x;
production, for the parameter ranges we are interested in, pp — toth process is dominated
by the DR production. We have also verified that with our choice of ayt the ogp scales as
Hthh. Since the SR production can give us information about the off-diagonal toth coupling,
in figure 16 we present model-independently the luminosity required for pp — toth SR
production channel assuming BRy, s, to be 100%. In doing this we vary ky,, ¢, .5 keeping
the other coupling k¢, ¢,,n to zero (as is the case for instance in the warped model). We
find that pp — toth events are signal rate limited (i.e., £19 > L5) in the parameter range
we have considered. In figure 16 we show the luminosity required for the warped ST model
as blue dots and the T'T model as green dots.

In the ST or TT models, for heavy to, the branching ratios for to — th and to — tZ

are comparable, i.e.,

BRtg—)th ~ BRtg—}tZ- (511)
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Figure 16. Luminosity requirements (Lp, in fb~!) for observing the pp — ta2th SR process as
functions of k¢, t, ,n for different My, (in GeV) at the 14 TeV LHC. The luminosity is computed

after including all BRs and b-tagging efficiency. The blue and green dots correspond to the ST and
TT models respectively.

Hence one could as well study the following processes:

pp — tath — (tZ)th — bW ZbWh, (5.12)
pp — tatZ — (th)tZ — bWhbW Z, (5.13)
pp — 1ol Z — (tZ)tZ — bW ZbW Z. (5.14)

Of these the first two can even lead to 4b + 65 final states which is exactly what we have
used for our analysis by demanding only 4 b-tagged jets. We don’t expect the LHC reach to
be very different for these two channels from what we have estimated. This is because, the
main difference between these two channels and what we have considered comes from the
facts that the Higgs boson is a bit heavier than the Z and BRy_ ., > BRz_, 75. However
for the last process, i.e. pp — totZ — (tZ)tZ, we cannot demand 4 b-tagged jets anymore
and as a result we must consider one of the Z decaying leptonically to act as the trigger.
Since BRy .40y < BRz_, 77, in this case the signal rate will be quite small.

5.3 b’ LHC signatures

The important single production channels of a vectorlike b’ were explored in ref. [50], which
included tt/, bb', b'h, b'Z, qtb', qbb’, bb'Z, bb'h, qb' Z, qb'h, t’ W and qb'W processes. As
mentioned earlier, ref. [45] studies the bb’ production via KK-gluon. The ¢tb’ process has
been studied in ref. [34] in the context of composite Higgs models. A detailed study of
the collider signatures and discovery reach for o’ pair production and o'Z and b'h single
production channels is already presented in a model independent manner in ref. [1]. Here
we consider another b’ single production process, thus adding to the study of ref. [1]. The
process we consider is shown in figure 17, namely

pp — bobZ — bZbZ (5.15)

and select the bbllJJ channel. To obtain the luminosity requirements, we multiply the

— 31 —



(b)

Figure 17. In (a) when both the by are on-shell, we have a double resonant (DR) contribution,
while when one of them is off-shell we have the single resonant (SR) process; the other contribution
to SR coming from the strict single production diagram is shown in (b).

cross-section obtained at the bZbZ level by the factor

My = 2 % (byg)? X €le7?) 5 eld77%) % (BRy_yy5) % (BRz—u) ~0.023,  (5.16)

to take into account the various BR and efficiencies. Here eﬁﬁfﬁz) and es,;]CJHZ) stand for

reconstruction efficiency of Z from ¢¢ and JJ respectively. We take elt’ag = 0.5, e%fﬁz) =1

and é;fg’*z) = 1 and the branching ratios BRz_,;;5 = 0.69 and BRz_ .4y = 0.068. The extra

2 factor appears because either of the Z can decay to the £ pair. We parametrize the bybZ
interaction terms model-independently as shown in eq. (3.3). Analogous to the previous
subsections, we have both double resonant (DR) and single resonant (SR) contributions
to the bobZ final state. Isolating the SR contribution can give us information about the
off-diagonal b2bZ couplings. To this end, we compute the pp — babZ SR production cross-
section from the pp — babZ cross-section by applying the kinematical cut

IM(bZ) — My,| > ceus My,;  veut = 0.05. (5.17)

We have also verified that with our choice of o, the oggr scales as Hg2bz. The main
SM backgrounds for the b20Z SR production come from pp — bbZ + jets, bbZV (where
V = {W, Z}) processes. Applying invariant mass-cut around Z-mass one can significantly
reduce bbZ + jets and bbZW contributions. Therefore, we compute the background for the
babZ SR production at the bZbZ level. We demand that any one of the bZ pairs satisfies
the invariant mass cut of eq. (5.17) i.e.

i) — > i) — <
2| = =
\M (b1Z;) — Myy| > acutMy, AND  |M(b2Z;) — My,| < ceut My, (5.18)

where b’s and Z’s are pp-ordered and i,j = {1,2} with ¢ # j. In figure 18 we present
the luminosity requirement for pp — b2bZ SR production channel in a model-independent
manner assuming BRy, 57 to be 100%. The kinks in the graphs appear because of the
transition from L5 to L19 along the increasing values of the coupling. In doing this we
Vary K, b,z keeping the other coupling rp, b,z zero. (This is the case in the warped
models we have considered.) In table 10 we compare the various SR channel cross-sections
model-independently. The bobZ cross-section is after applying the invariant mass cut of
eq. (5.17), while the others are without any cuts. We see that the byZ channel studied
in ref. [1] and the bebZ SR process studied here are comparable in signal cross-section;
however the latter case requires larger luminosity since the background is larger.
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Figure 18. Luminosity requirements (Lp, in fb=1) for observing the pp — b2bZ SR process as
functions of Ky, b, , z for different My, (in GeV) at the 14 TeV LHC. Lp is computed after including
all BRs and b-tagging efficiency as shown in eq. (5.16). The brown and green dots correspond to
the DT and TT models respectively.

My, (GeV) | o(pp — 022) () | o(pp — bab) (Bb) | o(pp — bobZ) (1)
500 81.50 15.86 47.12
750 16.67 3.910 11.10
1000 4.630 1.256 3.933
1250 1.534 0.472 1.722
1500 0.565 0.193 0.804

Table 10. SR production cross-sections of by for different My, with xp,z = 0.1. The bobZ cross-
section is after applying the invariant mass cut of eq. (5.17), while the others are without any cuts.

In the warped models, a b’ is present in the DT and T'T models, and the x of eq. (3.3)
are given in egs. (2.6) and in section 2.2.2 respectively. The « for the DT and TT models
are shown in figure 6, and for the TT model in table 3. We can infer the luminosity required
for the DR process from ref. [1]. For the DT model in the pp — b0/ — bZbZ — bllbjj
channel, the 14 TeV LHC reach is about 1250 GeV with about 500 fb~!. For the TT model,
the BR(Y — bZ) is about a factor of two bigger compared to the DT model; hence the
luminosity being signal-rate limited, is about half. Turning next to the SR process, the
brown and green dots in figure 18 are for the DT and TT warped models respectively. The
corresponding signal cross-sections are shown in table 11. In the T'T model, for simplicity,
we have focused only on the by signatures, although the b3 is quite close in mass; a more
complete analysis can include the bs contributions also. Analogously, one can also look at
the bhbh channel which we have not explored in this work. In the DT model, for the choice
of benchmark parameters discussed in section 3, we have a reach of M;, = 1000 GeV with
about 250 fb~1, and in the TT model it is about M, = 1250 GeV with about 250 fb—1!.
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DT model TT model
My, (GeV) | Ky1by,2 | Obpz (1) || B | My, (GeV) | obpz (fb)
500 0.122 70.49 B 500 210.05
750 0.087 8.341 Ba 750 27.56
1000 0.068 1.829 B3 1000 6.394
1250 0.057 0.569 By 1250 2.054

Table 11. Cross-sections for the process pp — b2bZ in the DT and T'T models for different choices
of My,. The cross-sections are obtained after applying the invariant mass cut of eq. (5.17). The
couplings for the T'T model corresponding to the parameter sets labelled by B; are shown in table 3.

6 Conclusions

We present the phenomenology and LHC Signatures of colored vectorlike fermions x (EM
charge 5/3), t' (EM charge 2/3) and b (EM charge -1/3). Such fermions appear in many
BSM extensions. We take warped extra-dimensional models as the motivating framework
for our analysis. However, our analysis applies to other models that have such fermions,
and we present our results model-independently wherever possible. Our focus is the phe-
nomenology due to the mixing of SM fermions with the new vectorlike fermions induced
by EWSB.

We identify the allowed decay modes of the vectorlike quarks, compute their partial
widths and branching ratios. This guides us in identifying promising channels for discovery
of these vectorlike quarks at the LHC. While pair production via the gluon coupling
usually has the largest cross-section at the LHC for the range of parameters we consider,
a particular focus is single production channels of these vectorlike quarks, which although
challenging, can probe the EW structure of the BSM model.

We consider three different cases of warped models as motivating examples, differing
in the fermion representations under SU(2); ® SU(2)r ® U(1)x gauge group. We label
them by the representation tg appears in, namely, Doublet Top (DT), Singlet Top (ST)
and Triplet Top (TT) models. The first, the DT model, does not have the Zbb coupling
protected and has stronger constraints on it, while the ST and TT models have custodial
protection of the Zbb coupling and have less severe constraints on them. More than one ¥,
t' or b’ can be present depending on the model, and they can mix among themselves and
the SM quarks as a result of off-diagonal EWSB induced mass mixing terms. We identify
the mass eigenstates by diagonalizing the mass matrix, and work out the couplings that
are relevant to the LHC phenomenology we discuss.

At the LHC we have computed the signal cross-sections and the dominant SM back-
ground to x, ¢ and b’ productions, and find the 8 TeV and 14 TeV LHC discovery reach.
For the y, we identify pp — xtW — tWitW in the 2b 65 ¢Hp channel as a promising one.
The pp — xtW process has contributions from: (a) double resonant (DR) process pp — xx
followed by x — tW decay where both y are on-shell, and, (b) the single resonant (SR) pro-
cess pp — xtW where only one y is on-shell. The DR process dominantly depends only on
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the strong coupling gs, while the SR process is directly sensitive to the EW couplings and
mixing effects, and its measurement would give valuable information on the EW structure
of the underlying BSM theory. We show that by applying an invariant mass cut to remove
one on-shell y, we can get sensitivity to the EW couplings. Including both SR and DR,
we find that at the 14 TeV LHC the reach is about m, = 1750 GeV with about 350 b1
In the same vein, for the ¢/, we study the process pp — toth — thth in the 2j 6b (Hr
channel as a promising one, and find that the 14 TeV LHC can probe of the order of 1 TeV
mass with about 150 fb~!. For the b we discuss the process pp — babZ — bZbZ in the
2j 2b ¢4~ channel, and infer that the 14 TeV LHC reach is about 1250 GeV with about
250 fb! for the TT model.
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A Fermion profiles

The fermion KK mode profiles read as [61]

1—2c)krR _,
FOy) = || Gl et (A1)

fw@%=iZTL(Z%M»HMmmn(Z%@H (n=1,2,...) (A2

where a@ = |¢ + 1/2|. J, and Y, are the Bessel functions of order « of the first and the
second kind respectively. These profiles satisfy the following orthonormality condition,

1 s

R
— dye®? {7 (y) f7) (y) = yn, (A.3)
TR 0

from which one can determine the normalization, N,. b,(my) and m,, are determined
through the BC on the branes. For fermions obeying (—,+) BC, which means

FP@)ly=o =0 and (3, + ck)f™ (y)|y=nr = 0. (A.4)

From these two equations one obtains the following condition

Jo (52) (c+3) Jo (Bre™) 4 (BnemhR) J (T emhi)
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This condition can be solved numerically for m,, and b, (my). The first fermion KK mass
mq for (—,4) BC as a function of ¢ is shown in figure 19.
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Figure 19. Masses of the first KK fermion with (—,+) BC as functions of ¢ for different values of
the KK gauge boson masses.

B g triplet case diagonalization

Here we present analytical results for the mass matrix diagonalization and the resulting
couplings in the mass basis in the limit of m;; /My, < 1 for the ¢tz Triplet case (T'T model)
detailed in section 2.2.2.

The m;; in the charge —1/3 mass matrix in eq. (2.28) are the same, and defining
ry = m/M, we find

. -1 ) i) 1 0 0
2 2
Be——L | o APV g o5 k] sy
/14 2r? NG 1 1 0o L L
RVC R YERE

with the mass eigenvalues 0, M, M /1 + 27’?. The by is identified as the SM b-quark, and
the zero eigenvalue will be lifted when A, terms are included.

The Z boson neutral current interactions are (although not shown, the vector index
on the gauge fields and the v#* between the fermion fields are implied)

, 1 _ 1 - 1
L% D gz {blL [—2 - SIQ/VQb] bir + by, [—2 - S%I/Qb} bar, +b3p, [—2 - S%A/Qb] b3+
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_ _ 1 - 1
bip (—siyQp) big + bar <—2 - 5%4/@1;) bap + b3g <—2 - 312/va> b3p+

[@R(é>@R+hﬂ}z (B.2)

where g, = w/g% +¢%, Qp = —1/3. Note that the b1b;Z interactions come out standard
due to the custodial protection. The photon couplings are not shown and as usual has
vectorlike couplings to the fermions given by their electromagnetic charge. We have taken

— 36 —



all Zyyy = 1 as earlier, ignoring corrections to this due to EWSB (0) — (1) gauge boson
mixing which are at most a few percent. The Higgs interactions are got by v — v(1+ h/v)

and are
1 2) bb’ B -~
,Ch D) ( mn ) [blLb3R — \/§Tbb3Lb3R h + h.c. (B3)
£ /14 27“2 v

C x signature in more detail

In this section, we perform a more detailed analysis of the pp — y1tW — tWtW channel
that we discussed in section 5.1. Our aim is to show that the discovery luminosity estimates
that we obtained there stand up to a more detailed analysis. In section 5.1, to estimate the
LHC discovery reach of x, we compute the pp — ttWW — ttW /v as the SM background
for pp — x1itW — tWtlv. For M, =z 750GeV, the top quarks will be quite boosted
and so, instead of using conventional top reconstruction algorithm with b-tagging, one
could use modern top-tagging algorithms [83-85] like HEPTopTagger [83] which has much
higher top-tagging efficiency. These advanced algorithms can achieve a reconstruction
efficiency €, ~ 40 — 50% (mistag rate is only a few percent and can even be reduced
further) in the top-pr ranging from 200 GeV to 600 GeV. With HEPTopTagger, b-tagging
is not necessary and combinatorics issues are automatically resolved by the algorithm. We
note that the hadronic W-tagging efficiency is also quite high. It is around 70-80% for
moderately boosted W [86, 87].

With these in mind, after reconstruction of the two high pp tops (pr > 200 GeV),
for the pp — x1tW — ttW /v signal process, a problematic background can be the SM
pp — ttjjlv. The main contribution for this background will come from the processes
where the jets are from the decay of Z or W, or two QCD jets. We demonstrate here that
these extra backgrounds can be brought under control, for example by using the following
set of cuts on the ttjjlv final state,

o Cut-II:

Ly, ly()| < 2.5, pr(l),pr(j) > 25GeV
2. pr(t) > 200GeV,
3. |M(jj) — M| < 15GeV,

4. (|M(t1jj) — My, | or [M(t25j) — My,|) < 0.2M,,
where t1 and to are the two pp-ordered tops.

In table 12 we display the signal and total background cross-sections with Cut-II for the
x benchmark points. Here the background includes all the processes where the jets are
coming from a EW vector boson or are QCD jets. From the table 12 we can see that
Cut-II is very effective to reduce background for higher M, values and thus, making the
X discovery channel signal rate limited for all benchmark M, values we have considered.
The luminosity requirements obtained here differ from the ones shown in table 6 by about
10-15% only.
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M, o (fb) after Cut-II Lp
(GeV) | Signal | ttjjfv (EW BG) | ttjjlv (QCD BG) | b1
500 136.33 0.18 0.41 0.654
750 33.66 0.16 0.29 2.647
1000 8.006 0.09 0.18 11.13
1250 2.173 0.05 0.10 41.01
1500 0.660 0.03 0.05 135.0
1750 0.217 0.02 0.03 410.6

Table 12. We display the signal and background (EW and QCD) c.s. at the ttjjlv level at the
14 TeV LHC after Cut-II as defined in the text. While computing £p we multiply both signal and
background by a factor n = (€)% x (BRWHjj)Q. We use BRy _,j; = 0.67 and, take ¢, = 0.5.
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