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Nonstandard signatures of vectorlike quarks in a leptophobic 221 model
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We consider vectorlike quarks in a leptophobic 221 model characterized by the gauge group
SU(2), x SU(2), x U(1)y, where the SU(2), is leptophobic in nature. We discuss the pattern of mixing
between Standard Model quarks and vectorlike quarks and how we prevent tree level flavor-changing
interactions in the model. The model also predicts tauphilic scalars decaying mostly to tau leptons. We
consider a typical signal of the model in the form of pair production of top-type vectorlike quarks which
decays to the tauphilic scalars and a third generation quark. We analyze the resulting final state signal for
the 13 TeV LHC, containing > 3(1b)+ > 27+ > 1/ and discuss the discovery prospects of such vectorlike

quarks with nonstandard decay modes.
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I. INTRODUCTION

As the Large Hadron Collider (LHC) churns out more
and more data and gets ready for an energy upgrade, lack of
new physics signal at the high energy frontier only makes
us more intrigued with what picture of beyond Standard
Model (SM) could eventually emerge. The SM itself
highlights the great success of gauge theory and a natural
extension would be in the form of additional gauge
symmetries with new matter fields. We know that all the
three generations of matter fields in the SM are chiral in
nature. The possibility of a fourth generation of chiral
fermions, especially quarks has been excluded by the Higgs
signal strength measurements along with the electroweak
precision data [1]. However the possibility of having
vectorlike quarks (VLQ) whose left- and right-chiral
components transform in the same way under the SM
gauge group still exists and are being searched for at
the LHC.

The collider signatures of a VL.Q depends on its possible
decay modes. The existing searches for VLQs are under the
assumption that they decay to a SM boson and a SM quark.
For example searches on toplike VLQ with electric charge
Q = + 3 assume that it decays to Zz, Wb and hr and for a

bottomlike VLQ with electric charge Q = —%, the decay
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modes are Zb, W™t and hb. Assuming strong pair pro-
duction, both ATLAS and CMS collaborations have
obtained different lower limits on the masses of third
generation VLQs for different branching ratio hypotheses
[2-7]. The most stringent lower bound on the mass of a
toplike VLQ obtained by using the LHC Run 2 data is
1.3 TeV given by CMS [2] and 1.43 TeV given by ATLAS
[6] while the most stringent lower bound on the mass of a
bottomlike VLQ is 1.24 TeV given by CMS [2] and
1.35 TeV given by ATLAS [5]. Since the single production
of VLQs depend on the mixing between VLQs and SM
quarks, based on the searches for single-production of
VLQs both CMS and ATLAS collaborations have given
exclusion limits for the product of production cross section
and branching fraction for different mass values [8—10].
Extensive phenomenological studies on VLQs in standard
decay scenarios exist in literature [11-17].

Exotic fermions are a necessary ingredient in some
gauge extended models for anomaly cancellation, e.g.,
exotic quarks in leptophobic 221 model [18,19], exotic
leptons in hadrophobic 221 model [18] and exotic fermions
in almost all U(1)" extensions [20]. These exotic fermions
become vectorlike once the full symmetry group breaks
down to the SM gauge group. These fermions are qua-
sichiral in nature, i.e., they are vectorlike under the SM
gauge group but chiral under the extra gauge group [20].

VLQs in gauge extended models can have interesting
collider signatures because the rich spectrum of the
model opens up nonstandard decay modes for the
VLQs. In this work we have considered the collider
signatures of certain non-standard decay modes of toplike
VLQ in a leptophobic 221 model characterized by the
gauge group SU(2), x SU(2), x U(1)y. Because of the
presence of the nonstandard decay modes the existing
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constraints on the masses of VLQs will get significantly
relaxed and the VLQ can lie at the sub-TeV scale.
Phenomenological studies of VLQs having nonstandard
decay modes exist in literature for various nonminimal
extensions of SM [21-34]. Collider signatures of vectorlike
quarks in U(1) gauge extensions have been considered
in [35-37].

In general, the mixing between SM quarks and VLQs
which play an important role in the phenomenology of
VLQs also generates tree level flavor-changing neutral
current (FCNC) interactions of SM quarks with the Z
boson. Several studies on the mixing of VLQs with SM
quarks are available in the literature [16,38-43] which take
into account constraints from flavor physics and electro-
weak precision measurements. Mixings are strongly con-
strained from FCNC processes. Even in the presence of
mixings with VLQs the possibility of avoiding tree level
FCNC interactions is possible for judiciously chosen
mixing patterns [44]. We discuss such a mixing pattern
for the leptophobic 221 model which avoids tree level
flavor-changing interactions with the Z and Z’. For general
mixing scenarios between VLQs and SM quarks, all the
neutral scalars present in the model have flavor-changing
interactions, thus making it difficult to get a 125 GeV
neutral Higgs and simultaneously satisfying constraints
from FCNC processes. We show that it is possible to avoid
flavor-changing interactions for certain neutral scalars
(non-FCNH scalars), which can then lie at sub-TeV scale.
In this work we study the collider signatures of the third
generation top-type VLQ decaying to a final state with one
of these non-FCNH scalars (other than the 125 GeV Higgs)
and a third generation SM quark and the scalars then decay
dominantly to tau leptons.

The paper is organized as follows. In Sec. II we discuss
our model. In Sec. III we discuss about the interaction of
the VLQs with the SM gauge bosons. In Sec. IV we discuss
the pattern of mixing between the SM quarks and the VLQs
for which FCNC interactions of SM quarks with Z-boson
and the FCNH interactions with the SM-Higgs boson is
zero at the tree level. In Sec. V we discuss the possible
phenomenology of VLQs in the model and explore the
possible collider signatures in Sec. VI. Finally we conclude
and summarize in Sec. VIIL.

II. THE MODEL

The SU(2) extensions of the SM characterized by the
gauge group SU(3). x SU(2), x SU(2), x U(1)yx are
generally called 221 models in the literature. Depending
on the way the SM fermions transform under the gauge
groups, different versions of 221 models are possible, viz.
leptophobic, hadrophobic and left-right symmetric etc. The
model is called leptophobic when the SM right-chiral
leptons are singlets under SU(2),, hadrophobic when the
right-chiral SM quarks are singlets under SU(2), and left-
right symmetric when both the SM right-chiral quarks and

the right-chiral leptons (with the addition of right-chiral
neutrinos to the model) form doublets under SU(2),. The
most popular among all 221 models is the left-right
symmetric model [45-50]. A general classification of all
221 models has been done in [18] based on two types of
symmetry breaking patterns of the gauge group. The two
patterns are as follows:

(i) Type-I: SU(2), is identified with SU(2), of
SM. The first stage of symmetry breaking is
SU(2), xU(1)y = U(1)y. The second stage of
symmetry breaking is SU(2), x U(1)y — U(1),,,-

(i) Type-II: U(1)y is identified with U(1), of SM.
The first stage of symmetry breaking is SU(2),x
SU(2), —» SU(2),. The second stage of symmetry
breaking is SU(2), x U(1), = U(1),,,-

Certain type of 221 models need exotic fermions for the
cancellation of anomalies. For example, the leptophobic
221 model needs exotic quarks and the hadrophobic 221
model requires exotic leptons. These exotic fermions
become vectorlike after the breaking of the full symmetry
group down to SM gauge group.

In this work we consider the leptophobic 221 model,
which follows the type-I symmetry breaking pattern
described above and the SM leptons are singlets under
the SU(2), gauge group.! We will denote SU(2), as
SU(2), throughout the article. The scalar sector of the
model contains two scalar doublets represented by H; and
H,, and a bidoublet scalar represented by ®. The symmetry
breaking of the full gauge group to U(1),,, by the scalars
occurs in two stages:

em

Stage I: SU(2), x U(1)y 22 u(1),,

Stage 11 SU(2), x U(1), 257 vy, (1)

The first stage of symmetry breaking of the full gauge
group to the SM gauge group (SU(2), x U(1)y) is
achieved by the vacuum expectation value (VEV) of H,,
which is a doublet under SU(2),. The subsequent second
stage breaking of the SM gauge group to the U(1),,, gauge
group occurs, once @, a bidoublet under SU(2); x SU(2),
or H{, adoublet under SU(2), obtains a VEV. The fermion
and scalar field content of the model and their correspond-
ing charges under the symmetry group are listed in Table I.
The left chiral fields Q;; and L;; transform as doublets
under SU(2), and are identical to the left chiral fields of the
SM transforming under the SU(2),. The right handed
quarks (u? R afl0 r) form doublets under the gauge group
SU(2), as it is in case of left-right symmetric model. But
unlike the left-right symmetric model for this version of

'"The model has been considered previously in [19] to explain
the reported excess for a narrow width resonance around 2 TeV in
the WZ, WW, and ZZ channel by the ATLAS collaboration [51]
using the 20.3 fb~! of data of 8 TeV LHC.
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TABLE 1. Fields and their corresponding charges under the
gauge group SU(3). x SU(2), x SU(2), x U(1)y. The model
contains three generations of fermions for i = 1, 2, 3.
0 1 0 i
(Ui (3.2, 1,5) o (uig (3.1,2,5)
o= () =\,
X0, = xu?L (3,1,2,%) xu?R (3,1,1,%)
’ xd}, xd?y (3.1, 1,-1)
L, = (Z/L) (1,2,1,—%) €iR (1,1,1,-1)
€iL
@ (1,2,2,0) H, (1.2.1.-%)
H, (1,1,2,-9)

a 221 model there are no lepton doublets under the SU(2),
gauge group and hence the SU(2), is leptophobic in nature.
Therefore the model contains exotic quarks to ensure
triangle anomaly cancellation. Each generation of the
exotic quark sector of the model contains a field XQ,;
formed out of two left chiral fields xu?, and xd?,, and
transforms as a doublet under the SU(2), gauge group. For
each generation the model also contains two right chiral
fields xu!, and xd? , which are singlets under both SU(2),
and SU(2),. The right handed leptons e;z transform as
singlets under both the SU(2) gauge groups.

Note that the exotic quarks present in the model are
chiral in nature under the full unbroken gauge group.
However, after the stage-I symmetry breaking
SU(2), x U(1)y — U(1)y, the exotic quarks become vec-
torlike under the SU(2), x U(1)y, which is the SM gauge
group. This feature can be realized by following the
definition of hypercharge quantum number Y after the first
stage of symmetry breaking which is given by

Y =T, + Oy, (2)

where T',, denote the diagonal generator of SU(2), and Qx
represents the charge for the gauge group U(1)y. The
hypercharge quantum number for the exotic quarks are
given by Y(xul)=3=Y(xu}) and Y(xd?)=-1=
Y(xd%), ie., they are vectorlike with respect to the
SU(2), x U(1), gauge group.

After the stage II of symmetry breaking, the electric
charge for a field is given by
|

V = —2Tr[®®] —
+ {M,H|®H, + M;H}®"H,} + 4, {Tr[®'®]}? +

{I3TA[®T ] + 43 Tr[@ D]} — y3H H) —

Q:T13+Y7 (3)

where T, denote the diagonal generator of SU(2),.
Following the above definition the electric charges for
the VLQs are given by Q(xu?) = +3 and Q(xd?) = —1

A. Yukawa sector

The Yukawa Lagrangian including the bilinear mass
terms for the model is given by

— A
= Y1090, + Y] 0. D0
+ Y XQxul Hy — WdXQ;LXd
Y440 xd H,
+ i X0:i1Qjp + YijLiLejRHl +He, (4

-L Yukawa

qxu -
Y Qleu/ RHl

where i, j = 1, 2, 3 and we define the fields,

- . 1
®=0,0'0,=(1,2,2,0), H,=io,H|= 1,2,1,5 ,
— 1
H2:l0'2H;E (1,1,2,5) (5)

The Y matrices in the above Lagrangian are Yukawa
couplings. Note that after the scalars get VEVs the Y?j

and ch terms will give masses to the SM quarks while the

Y and qux’j terms give masses to the VLQs. The terms

ij
in the Lagrangian containing Y7, Y7, “4 and the bilinear

term with y;; will generate mixing between the SM quarks
and the VLQs. Since the model does not contain any lepton
doublet under SU(2), gauge group, the charged leptons
will get mass from the VEV of the doublet H; unlike the
quarks which get their mass from the bidoublet ®.

B. Scalar sector

The tree level scalar potential for the model in terms of a
complete set of linearly independent gauge invariant terms
is given by

WiHLH, + {MH | ®H, + M{H,® H,}
{A{Tr[@ D]} + 3{Tr[® ®]}*} + 1, Tr[® D[ Tr[d D]
+ {24 Tr[@ | Tr[dT D] + 1;Tr[®T®|Tr[d' ®]} +ﬂ1Tr[q>*<I>](HIH1

)+ {B,Te[® @) (H[H,) + B3 Tr[@ | (H[H,)}

+ B3H | OO H,| + o Tr[®T®|(HLH,) + {a, Tr(®' @) (H}H,) + o3 Tr[®T D] (H]H,) }
+ azH,) ®'®H, + p)(H{H\)? + p,(HSH,)? + p3(H H, ) (H3 H). (6)
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In general the parameters from the set {u?,u3,u3,
A1, 43, P1s Ba, ay, a3, pi,pa,p3} are real and others are
complex. In this paper, for simplicity we have considered
all the parameters to be real.

The scalar fields in component form can be written as

B )(0) _(1")) _<¢? ¢T>
H, = . H,= , D= . (7
: (1‘ 2 \r- b7 # @)

where
0 __ v + 0r+l 0i — v _|_ +l Ol"
h1= ﬁ( 1+ +ig)), @Y= ﬁ( 2+ Y +idy)
1 ) 1
OZ—U—F Or_|_l' 01’ 0 __ =—(u+ /0r+l/01
X \/E( s+ i), x \/E( X0+ i™.
(8)
The structure of VEVs for the scalar fields are
1 U3 1 u
H) =— , H,) = — ,
= (0 = (7)
1 U 0
D) = — . 9
53 ?) .
The set of tadpole equations { 95;‘3, =0, 8%‘3, =0,
0)(0' = 0’33'0' 0} have been solved in terms of yl, /42,

,u3, U3 4 and are given in the Appendix A. The components of
the mass square matrices for the CP even scalars (M ) in
the (qbor, " 1", x°") basis, for the CP odd scalars (M3%)
in the (¢ ,qbo’, 2, ¥°) basis and for the charged scalars
(M%) in the (¢7.¢5.xT.x") basis are given in
Appendix B 1, B2 and B 3 respectively.

There are four physical CP even scalars in the model.
Two of the four CP odd scalars will be physical and the
other two are massless Goldstone bosons which become
part of the two massive neutral gauge bosons. Similarly
there will be two physical charged scalars and the other two
Goldstone bosons become part of the two massive charged
gauge bosons. Hence, after the spontaneous symmetry
breaking followed by the Higgs mechanism, the physical
spectrum of the scalar sector consists of four neutral CP
even scalars, two neutral CP odd scalars and two charged
scalars (and their antiparticles).

C. Gauge boson sector
The gauge couplings corresponding to the gauge groups
SU(2),,8U(2), and U(1)y are respectively represented by
g1, ¢» and gx. Based on the two stages of symmetry
breaking pattern we define two mixing angles ¢ and 6y, in
terms of which the gauge couplings are given by

e e e

gl:sinGW’ gz:cosHWsinqb’ Ix=

cos@y cosg’
(10)

After the stage I of symmetry breaking SU(2), x U(1)y, —
U(1), the gauge group becomes the Standard Model gauge
group SU(2), x U(1),. The SM hypercharge gauge
coupling gy for the gauge group U(1), is given by the
relation . z= 2 + L. With the stage II of symmetry break-

92 X

ing SU(2), x U(1), — U(1),,, the electromagnetic gauge
coupling constant e is defined by ﬁ :ql%—i—q%y. Here the
angle Oy, denotes the weak mixing angle in the SM. At the
end of the two stages of symmetry breaking the electro-
magnetic charge for any field in the model is defined
by Q = Tl3 + T23 + Qx.

The gauge bosons corresponding to the gauge groups are
denoted by:

W3.

SUQ2),: WELWS;

1 SU(Z)Z

CWEL W3

2.u° U(I)XX

e

(11)

The mass square matrix for the charged gauge boson sector
in the (W7, W5,) basis is given by

Ly
e 1 (gf(v% + 03 +13) —2019201 7, )
Wi—W, = :
T4 —2919,0102 9%(”2 + ”% + ”%)

(12)

Since the vacuum expectation value v; gives masses to
the charged leptons, for simplicity we consider the
situation where v + v3 > v3 and to have the stage II
breaking at a higher scale we consider u > vy, v,, v3.
Based on this we define a small parameter € which is given
by Z, where v = /07 + 03 + v} ~ 246 GeV.

The mass eigenstates for the charged gauge boson sector
in terms of the gauge eigenstates are given by

W= o8Oy SiNOyy \ [ Wi
= ) . (13)
w'E —SinByy  cosOyy ) \ Wi

with the mixing angle given up to order € by the relation

sin ¢ sin 23
tan HW

with f = tan™! (”1) (14)

Uy

coSOyw ~1 and sinfy, ~e€

The mass eigenstate W denotes the observed SM W boson
while the new W’ is heavy with mass at TeV scale. The
mass squared matrix for the neutral gauge boson sector in
the basis (W3, W3, X) is
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9192 (v7 + v3) —919x V3

g (i +v3 +u?)

gi(v] + 03 + 03)

1 —g19:(v7 + v3)

~919x 3 —gagx 1’ gx(u® + v3)
(15)
and the mass eigenstates are given by
VA cosf., —sinf. 0
Z | =| sinf,, cosb,, O
A 0 0 1
1 0 0
x| 0 cos@y —sinfy
0 sinfy cosOy
cos¢p 0 —sing w3
X 0 1 0 wil.  (16)
sing 0 cos¢ X

3 3 =
T W3, +9:To, W3, +9x0.X, = eQA, T Sin0y cosy

e
sin @y, cos Oy,

By observing the term with Z, from Eq. (18) we can
conclude that the interaction strength of the left chiral fields
xu?; (xd?;) with Z boson differs from the interaction
strength for the right chiral fields xu),(xd?;) by a term
proportional to €. This is because the left chiral and the right
chiral fields do not have same 7, value. Hence the
interactions of the BSM quarks with the Z boson are
vectorlike in the limit ¢ — 0. The origin of the € term is due
to the Z— 7' mixing. Since we are interested in the
situation where u > v and hence ¢ = Z—Z <1, we have
identified the BSM exotic quarks (xu! and xd?) as VLQs
throughout the article.

Since the exotic quarks are singlets under SU(2), the
interaction strength of the exotic quarks with the W boson
will be very small for small values of W — W’ mixing angle.

IV. FCNC IN THE PRESENCE
OF VECTORLIKE QUARKS

In SM there is no flavor-changing neutral current
(FCNC) interactions of quarks with the Z boson at the
tree level because the quarks with same electric charge have
universal charge assignments under the SM gauge group.
But in models with VLQs this scenario of having universal

—gagxu* |,

{((m _Q)sintp+T)

Among the mass eigenstates, A denotes massless photon,
Z denotes the observed neutral heavy SM weak gauge
boson and Z', the heavier neutral gauge boson that has
mass at TeV scale. Up to order ¢ the Z — Z’ mixing angle is
given by

sin ¢pcos>¢p

cosd..,~1 and -
“ sin Oy,

sinf,, ~ €

(17)

III. INTERACTIONS OF VECTORLIKE
QUARKS WITH GAUGE BOSONS

The covariant derivative for a field determines its nature
of interaction with the gauge bosons. To observe the
vectorlike nature of the interaction of exotic quarks with
the SM gauge bosons we write those terms from the
covariant derivative which contains neutral gauge bosons
and that is given by

{(T\, - Osin®Oy) + ecos’p((Ty, — Q)sin*p +T>,) } Z,

sinOy
sin¢hcos ¢

sin¢cos3¢}zl

in20y, — T
+e(Qsin*Oy, —T1,) Sindy

|

charges under the gauge group of the model having the
same electric charge breaks down. Hence the mixing
between the SM quarks and the VLQs can generate tree
level FCNC interactions for the SM quarks.

In our model this mixing is generated by the terms
proportional to Y l-q;‘d, Y™ and p;; in the Yukawa
Lagrangian in Eq. (4). For models with vectorlike quarks
the possibility of restricting tree level FCNC interactions
exists for special choice of mixing patterns between the
quarks and VLQs [44]. It has been shown in [44] that if one
linear combination of VLQs mix with only one SM quark
mass eigenstate then there will be no Z-boson mediated
FCNC interaction at tree level. This would imply that each
VLQ will have a corresponding SM quark (mass eigen-
state) with which it mixes. We use this formalism [44] and
discuss the scenario in which the FCNC interactions vanish
for our model.

The 6 x 6 dimensional mass matrices for the up-quark
sector and for the down-quark sector are respectively given by

M4 yaru U3 Md qud U3
M= ( U quxu\/i) and M= ( quxdﬁ) ’
V2 H V2

(19)
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The matrices Y4, Y4¥d y*a*d  are 3 x 3 dimensional
whose components are formed out of the Yukawa couplings
in Eq. (4). The 3 x 3 matrices M* and M? are given by

1
My = (Vo + ¥ vo)
1
My = (Voo + Y o). (20)

The quark gauge eigenstates ({f; /R> D, 1) and the mass
eigenstates (U /g, Dy g) are represented by

U= (U" XU p=(u" ¢ 1 xul xud xul)jp

(21)

The matrices M* and M from Eq. (19) will be diagon-
alized by biunitary transformations and are given by

Upp =St e D =5¢xDrr. (22)

where the S% and S¢ are 6 x 6 unitary matrices and can be
represented by

A4 EY Al EY
Sz:<L L), Si:(L L). (23)

F{ Gi F{ Gf

The matrices S% and S% can be obtained from Eq. (23) by
replacing L — R. The matrices A, E, F, G are 3 x3
dimensional and where E and F connect the SM quarks
with the VLQs. To avoid FCNC at the tree level we choose
the mixing pattern such that the matrices for the left chiral
sector take the form

Ap=A{Ci.  Fi=Si. Gi=Ci. Ef=-A{Si.
(24)
where
AR = AT =1,
CY = diag(cos 0}, cos 69, cos b)),
SY = diag(sin 6}, sin 65 ,sin 6} ), (25)

then,

uO

up =cos@ | AuT[ 0 + sin 0% xu?,

L/ 1
u0
xuy, = —sin@ [ A7"[ ¢ + cos 04 xul,
0
VS
u0
— o° ZET 0 in ¢ 0
cp =cost; | A | ¢ + sin 67 xuy; ,
0
)i/ 2
u0
Xiy, = —sin5 | ALT[ 0 + cos 65 xul,
0
)i/
0
t, =cos@ | ALT| (0 + sin @) xu3, ,
0
/i) 3
u0
xuy, = —sin@ | AT 0 + cos 0} xul, . (26)
0
/i) 3

From Eq. (26) it can be seen that each vectorlike quark
mixes with only one linear combination of the SM gauge
eigenstate quarks. The different linear combinations with
which different VLQs mix are characterized by the unitary
matrix ;l‘\lf

Similarly to avoid FCNC in the down-type quark sector
we choose the mixing matrices for the left chiral down-type
quarks in a similar way as above with up-types changed
with down-type quarks:

Af=A{Ct, Fi=S{. Gi=cl. E{=-A{s
(27)
where
Af'A = A4l =1,
C¢ = diag(cos 04, cos &, cos 07,
S¢ = diag(sin 6¢, sin @, sin 62). (28)

The mixing matrices and the mass eigenstates for the right-
handed fields can be obtained by replacing L — R in
Eqgs. (24)—(28). Note that both Eq. (26) and its right handed
counterpart show that in the absence of mixing between the

SM quarks and the VLQs, the unitary matrices KE and Ki
are the matrices which diagonalize the mass matrix for the
up-quark sector of the SM. The same can be concluded for
the down-quark sector also.
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A. CKM matrix in presence of vectorlike quarks

The interaction of the SM left-chiral gauge eigenstates
with the W boson is given by

91 770 91

EW/TUW‘DO = EW;{ULA%TAiVMDL
+ XULE{TA{y*D, + U A} TE{y* XDy,
+ XULEY Edy" XD, }. (29)

Based on the interactions of the SM quark mass eigenstates
with the W boson the Cabibbo-Kobayashi-Maskawa
(CKM) matrix is defined as

VERM — Auiad — cuArT A Cd. (30)
VKM corresponds to the measured CKM matrix. It can be
noted that in the presence of mixing between SM quarks
and VLQs the matrix VEXM is not unitary. The deviation
from unitarity of the measured CKM matrix will put
constraints on the mixing angles contained in the matrices
CY% and CY.
Similarly the interaction term of the SM right-chiral
quark gauge eigenstates with the W’ gauge boson is
given by

g 0 g — au

TS WUk Dl = 5 W TR Afr Dy
+ XURELTA%y* D + UgALTELy* XDy
+ XUREYTESy* XDy} (31)

We define a right-handed CKM matrix given by
VPN —AfAf - AR ARCE ()

B. FCNC interaction with Z and Z’

To see how the choice of mixing pattern that we have
considered avoids FCNC at tree level, we focus on the
terms containing Z boson in Eq. (18). Since all the fields
u?, 9 and #9 carry universal charges under the full gauge
group, we can write their interaction with the Z boson in

terms of U° of Eq. (21) as
e 2., 1
= _Zgin20, | — = 2 2
Sin By cos Oy { (2 300 W) g ccos dsin ¢}
X Z”U_gy”Ug. (33)
The flavor diagonal nature can be seen by writing

U_gy”Ug in terms of mass eigenstates by using the
Egs. (21)—-(24) and is given by

Ul = U.CPr' UL
~ (ULCYS{r*XUL + XULS{CYrUL)
+ XU, S¥2* XU, . (34)

Since CY is a diagonal matrix, the first term in the right
hand side of the above equation is diagonal in the mass
eigenstates u;, c¢; and f;. Similarly, with the equivalent
form of Eq. (34) for UY, XU(Z/R, D%/R and XD(Z/R, and
since S} is also a diagonal matrix, we find that there is no
flavour-changing interactions of the SM quarks with the Z
boson. Again, by expanding the interaction terms for Z’ in
Eq. (18) we find that the Z’ also does not have any flavor-
changing interactions with the SM quarks for the chosen
mixing pattern.

C. FCNH interaction with Higgs bosons

The unitary matrices in Eq. (22) diagonalize the quark
mass matrices, i.e.,

v

03

1 (ya qC g% qxu U3
Sut \/E(Y vty 1)2) Y V2 St — u
L yxaxu R iag®
K NG
L (Y, + Y9Cp1) yod iz
ﬂ( 2 1 V2
SzT< quxdi>8?e - Mgiag’ (35)
K G
where
L (Mﬁiag 0 > wod Ml — <M§iag 0 >
e 0 My, diag o my,)
(36)
And
MGy = diag(my, me, my), M§,, = diag(mg, mg,my,),

XU — q;
Mdiag - dlag(’nxul s My s Mxy, ) ’

Mﬁilag = diag(mxd1 s mxd2 ’ mxd3)' (37)

From Eq. (35) the Yukawa couplings with the bidoublet
in terms of mixing matrices are given by

(Y90, +Y9C03) = Af MYy, Ak" + Ef M3 ExT

diag

L

(Y9, + Y€1) =Ad M4 ALT + ESME

diag diagE%T' (38)
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Solving Eq. (38) for Y7 and Y9€ we get

From the Yukawa Lagrangian in Eq. (4) the interaction of
the neutral components of the bidoublet ® with the SM

V2 . . quarks in the gauge basis is given by
Yl = (v (Al M, AR + Ef M, Ex)
1] = |2
- v3 (AL MG, AR" + E{ME ERT)). Uy (Y99 + Y993 ) Uy + Dy (Y993 + Y4¢1*) Dy (40)
V2 ,
C _ _ il ¥ . . .
Yo = o> = |v2|2( vz(’leletiag‘L‘?e + Ef Mg Ek ) Using Eqs. (39) and (22)—(28) the interactions of the
scalars ¢ and ¢ with the SM up type quarks in the mass
dagd  Adt d pgxd pd 1 2
T (ALMdiagAR + ELM oo Er ))- (39) basis can be written as
|
T7_ Aut(vyvq 40 qC 405\ Au \/E_ * 40 (% u2 pqu u?2 u QU AJXuU QU (MU
UL ALY (YI4) + Y3 )ARUg = U_zUL((Ul¢1 — 023" ) (CL* Mo Ci* + C1 St M, SRCr)
+ (=03 + 013" ) (VENM MG, VRN + AL E{ Mg ERTAR)) U

V2

2
+

0¥
I It—-
v

+

o (VA

diag

_— V-
=2 U (¢9 = (CY*Mi i + C Sy M, SHCH)

diag

Cy? + Cu St M.

u u
diag diag SR CR)

diag

VGKMT | KM Cd -1 gd ppd S%C%‘IV%KMT)}> Ur.  (41)

where the two orthogonal fields ¢° and ¢° are given by [52]

1
P = — (=3} + i),
+

1
¢l = v (v} + v20h7). (42)

And 2 = |v|*> + |v,|*. Similarly the interaction terms for the SM down type quarks in the mass basis is given by

V2

2

DrAf (198 + Vi€ gD = Y5 D (2 = (o

v

_ vy
*

0« 20105
TP
vy

CKM
+ Uy (VL TMgiag

From Egs. (41) and (43) it can be concluded that the
interactions ¢? is flavor-diagonal but the interactions of qﬁ
is flavor-changing. (jﬂ interactions are flavor-changing
because the matrix VSXM which is the measured CKM
matrix is not diagonal. Although the matrix V{XM can be
nondiagonal there is no experimental constraint which
forces it to be non-diagonal and hence VE*M can be taken
to be diagonal by proper choice of Yukawa couplings. In
left-right symmetric model the field ¢° is always flavor-
conserving in nature [52]. But in the 221 model we are
discussing ¢° can also have flavor-violating interactions
for general mixing patterns between VLQs and the SM
quarks. It is the form of the mixing matrices in Eqgs. (24)

CRE

diagC%2 + CgSzMﬁilgSId?C%)

diagc;ii2 + CCLISILngi\gS%C%)

VM 4 vERMECY=Ley My S;c;g-lngM)})DR. (43)

diag

|
and(27) which ensures that ¢° have flavor-conserving
interactions.

In general ¢9 is not a mass eigenstate and when both v,
and v, are nonzero all the neutral mass eigenstates will
contain ¢%.. And hence all of the neutral scalars have to be
heavy to avoid constraints from FCNC interactions.
Therefore when both v; and v, take nonzero values it will
be impossible to get a light mass eigenstate at 125 GeV
which do not have flavor violating interactions. This
scenario has been extensively discussed in the context of
left-right symmetric model in [53].

Hence to have a flavor-conserving Higgs at 125 GeV we
made the choice v, = 0, which gives
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vy =v_ =0y, 9r= (2)*, ¢9:¢(1)- (44)
The VEV v, has been considered as a real parameter. As we
will show it is possible to choose the parameters of the
scalar potential in the model such that (/)g do not mix with
any other scalars and can be made heavy to avoid large
neutral flavor-changing interactions. ¢? will be a part of the
observed 125 GeV Higgs. For v, = 0 the interactions of
flavor conserving Higgs ¢9 with the SM type quarks are

given by

V2
UL(#h(C>Mg

b Ch2 + CUSUMSL SCl))Ug + Hec.,

v diag

V2

Dy 9y (P

UagCR2 + CLSIM3 SGCH))Dg + Hec.

diag
(45)

And the interactions for the flavor-violating Higgs ¢9 are
given by

VI o e ..

o, Uil (Ve MM G VRN + AL E{ M ERTAR)}) U
+H.c.,

V2 ,

DL (VES M VR 4 AL M B AR D
+H.c. (46)

To study the nature of interactions of the neutral
components from the doublets H; and H, we list the
Yukawa couplings in terms of the mixing matrices as below
[for mixing matrices of the form taken in Eq. (24) and
Uy = 0]

= AL

\/i diag

V3 o
yax % = A4 (CyM"

Cr + SiMiy,

U _ QU XU (U
diag SR SLMdiag CR ) ’

0= (S§Mi,,Ch = CLM SE)AR'

diag diag
u
Yquu ﬁ - S]Li Mgiag S?Q + CZ Mg?ag C;le : (47)

Similar relations for the matrices Y€, Y% 4 and Y*%* can
be found by using the mixing matrices for the down-type
quark sector. Note that the mixing angles and the mass
eigenvalues should be such that both the up-quark sector
and the down-quark sector yield the same yx matrix.

The fields y° and y° in Eq. (7) are the neutral
components of the doublets H, and H,, respectively.
The interactions of the up-type SM mass eigenstate quarks
with 4% and " can be derived from the terms proportional
to Y and ¥/, respectively in the Yukawa Lagrangian.
These interactions are given by

Y1 Qipxul  Hy 2 YUY Y XUy,

2
) \;_;XOUL [CZ (CzMglagS??

— SYM

diag C?Q)SIMQ] UR

and  Y[XQ;xul Hy D 7" XU Y XUY

V2o
> TX/OUL [SZ (SZMgiagSIMQ

u pgxu
+ CLM diag

CiSlUR.  (48)
The superset sign (D) has been used in the above equations
to highlight the terms containing only the fields ¥, »’* and
the SM up-type mass eigenstate quarks (U;, Ug). From
Eq. (48) it can be concluded that the scalars y° and y"° do
not have flavor-changing interactions with the SM mass
eigenstate quarks.

Based on the above discussions, we denote the field ¢3
as the FCNH (flavor-changing neutral Higgs) scalar and the
fields ¢%, y° and y”° as the three non-FCNH scalars in the
model. One linear combination of the three non-FCNH
scalars will be the 125 GeV SM Higgs and the other linear
combinations can lie at the sub-TeV scale.

The special cases for the matrices Y** and ¢ which will
play an important role in the phenomenology of the VLQs
are given by:

m;

Y@ =0 = tan@; = (49)

tan 0%
X

and

m;

u=0= tan@, =

tan 0’ , (50)

XU

where i € (u,c,1).
For simplicity we consider the scenario where the three

matrices A¢, A% and A% are equal to 1. The choice for the
Yukawa couplings which will lead to such a scenario can be

made by using A9 = 1, A% = 1 and A% = 1 in Eq. (47).
From Eq. (47) it can be observed that the complete
determination of Yukawa couplings will depend on the
SM quark masses, desired values of VLLQ masses, desired
values of mixing angles, VEVs and on the form of the

matrix AE . The measured CKM matrix will enter through

the matrix AY because, VKM = AuTAd — CuAuTAd Cd

V. PHENOMENOLOGICAL ASPECTS

So far we have discussed about the methodology to get
rid of any tree level Z boson FCNC and to achieve a
125 GeV Higgs with no flavor-changing interactions.
Now we shall discuss some of the phenomenological
implications of the model. To do that we will choose a
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representative mass spectrum for the exotic particles in our
model and then discuss the possible collider signals which
can be explored at the LHC.

A. Scalar and gauge boson mass spectrum

To relate the gauge eigenstates with the mass eigenstates
for the scalar sector, we introduce three 4 x 4 matrices ZZ,
Z9 and Z€ for CP even sector, CP odd sector and charged
sector, respectively. The relations are given by

hy P G, Y
hy | _ ZE Py Gy | _ 70 5
Iy )(/Or ’ A )(/Oi ’
hy P A, Pl
Gf Pt
Gy | _ el ' 51)
hi Va
hy Ve
0999 0 ~10"% 0.034
g _ -0.034 0 ~1077  0.999
0 1 0 0 ’
~—-10"% 0 ~1 ~—=10"7
0.999 0 0 0.028
s _ 0 0.02  0.999 0
—0.028 0 0 0.999
0 0.999 -0.02 0

The mass eigenvalues are: m; ~ 125 GeV, m),~
300 GeV, my,, ~8.5TeV, m;, ~17TeV, m, ~300 GeV,
my, = 8.5 TeV, my+ ~363 GeV and m,,; ~8.5 TeV. We

shall keep this spectrum for the scalars as our choice for the
collider analysis presented later.

The mixing matrices clearly show that the neutral scalars
hs and A,, which are basically ¢9" and ¢9', respectively,
have been kept unmixed with other neutral scalars, because
both ¢9" and ¢9" have FCNH interactions as discussed
earlier.

For the choice u = 12 TeV and for g, = g;, the mass
values for W’ and Z’ are My ~4 TeV and M, ~ 4.7 TeV
respectively, and both of them satisfies the current lower
bounds obtained by the ATLAS collaboration [54,55]. Also
the Z — Z' mixing angle is small (0, ~ 10~*) and satisfies
the constraint from the electroweak precision data [56].
Note that for v, = 0, the W — W’ mixing angle 0,,,, [see
Eq. (14)] is zero.

Here hy, h,, hs, hy are CP even scalar mass eigenstates, A;
and A, are CP odd scalar mass eigenstates and ht, h;r are
charged scalar mass eigenstates. G|, G, are neutral
Goldstone bosons and G{, G; are the charged
Goldstone bosons. As discussed in the previous section,
the field ¢,° will have FCNH interactions while the fields
#1°, ¥° and 4" have no FCNH interactions. Therefore, any
mass eigenstate formed out of the linear combinations of
the three fields ¢,°, y° and y° can lie at sub-TeV scale. A
typical example of the composition of the sub-TeV scalar
states can be arranged through the following choice of the
parameter values in our model:

{My. a1, ar, 1. B2 2. A3, As p3} = 0,

u =12 TeV, M, = -0.3 GeV,
vy, =0, v3 =7 GeV,
p1 =0.1, pr =1, A =0.13,

Py=14 and o3 =1.

For the above choice of parameters the mixing matrices are
given by

0999 0 0.02 0.028

70 -0.02 0 0999 0
-0.028 0 ~-—10"* 0.999

0 1 0 0

(52)

B. Production and decay of the vectorlike quarks

As color triplets, the VLQs will be pair-produced at the
LHC mostly through strong interactions. The pair produc-
tion cross section at LHC with different center-of-mass
energies and as a function of the mass of xu; has been
shown in Fig. 1. We have used NN23LO1 [57] parton
distribution function with default factorization and renorm-
alization scale in MADGRAPHS AMC@NLO for our
estimates.

For a given set of allowed values for the parameters in
the model, the six VLQs (three up-type and three down-
type) will mostly have different signatures depending on
the generation they belong to. To discuss the phenomenol-
ogy and for simplicity we consider the third generation up-
type VLQ xu; to be the lightest one among all VLQs in the
model. Since we have already discussed in detail the
mixing between VLQs and SM quarks, we list the relevant
interaction terms for xus in Table II. As the interactions
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FIG. 1. Production cross section for the VLQ xu; for different
masses for 8 TeV, 13 TeV and 14 TeV LHC.

with the physical scalar fields would look quite cumber-
some and messy, we have chosen to show the interaction of
the physical (mass eigenstates) fermions with the scalars in
the gauge eigenbasis. The interaction terms with the
physical scalars can be obtained by using the rotated fields
in terms of the elements of 4 x 4 matrices Z%, Z° and Z€.
For example, the interaction term for A; will be

Alfxu3: KZO){3K¢?'(C;OI + C¢o, )
+(Z°)55K iy (Cly + Chor”)
+ (291, /0:(C i + CF oY 7))

+ (Z )LK;(O"(CXOI’ + Clniy )]

The possible final states that xu3 can decay to are tZ, th;,
bW, thy, tA, and bh|, since the scalars h3, hy, As, hy and
the new gauge bosons Z’, W’ are heavier compared to the
VLQ xu;. For small mixing angles the “nonstandard”
decay modes (thy, tA,, bh{) will mostly dominate over
the standard decay modes (¢Z, th;, bW™) because of the
presence of direct Yukawa interaction term, Y% in the
Lagrangian. The standard decay modes will start dominat-
ing once Y% tends to zero. This feature is illustrated in
Fig. 2 which shows the branching ratios for different
decay modes for a 800 GeV xu; as a function of mixing
angles, where we have fixed sin@%, = 107 and varied
sin @] accordingly.

We have considered small mixing angles (~1073) to
avoid constraints from flavor sector and electroweak
precision data [16,38—42] and as an example, we have
checked that the contribution of VLQs to the K-K oscil-
lation parameter Amyg is few orders of magnitude less

compared to the SM value. We find that the nonstandard
decay modes dominate the standard decay modes except

s1n
where o 9,

understand this feature of the decay probability by looking
at the interaction terms )((”txug 2% xus and y~bxus from

Table II. In the 11m1t

lies in the small range 0.2-0.23. We can

for

9' =
the interactions )(O’txug and )(O’txug is identically zero.
Moreover, the same limit along with small values of sin 9t
and sin 0% make the coupling strength for the interaction
y~bxus negligibly small. Thus when the ratio of mixing
angles become

sin¢; tan@; m, 173

~ = ~——n~().216,
tan@y  m,,, 800

(53)

3 I
sin 0

the interactions with the scalars h,, A; and i goes to zero.
Consequently the decays of xus to the SM particles
enhances. In the next section we study the possible collider
signatures for the scenario where the branching ratios for
the VLQ xu3 lie away from the standard mode dominated
region such that after production xu3 decays to one of the
final states from th,, tA,, bh.

The collider signatures of xu3 will eventually depend on
the decay modes of the scalars hy, A; and h|. From
Eq. (51) and Eq. (52) we note that the scalar &, is made up
of a very small component (~1072) of one of the real
neutral part of the bidoublet Higgs field (¢°") and a large
component of the real neutral part of H, i.e., ¥°”. From the
Yukawa terms in the Lagrangian it can be seen that H,
gives mass to the charged leptons but there is no Yukawa
interaction term involving SM quarks and H;. Hence the
strength of the Yukawa interaction for the mass eigenstate
h, with the SM quarks is negligible compared to the
coupling strength with the leptons. Hence £, will mostly
decay to leptons compared to the SM quarks. The same
argument is also applicable for A; and &}, because all of
them are largely composed of H,. Note that the charged
leptons get masses from the VEV of the SU(2); doublet
scalar H; which gets a small VEV, \’/—1 ~5 GeV. The

Yukawa coupling strengths for the scalars &,, A;, h{ with
the leptons from different generations follow the mass
hierarchy and with more than 99% probability the scalar &,
and A, will decay to t+7~ whereas ] will decay to t¥u,

C. Benchmark points

For the collider analysis we have chosen three bench-
mark points based on xu; mass. The pair production cross
section and the branching ratios for different benchmarks
are given in Table III. For all the three cases the masses for
the scalars h,, A; and h{ are kept fixed at 300 GeV,
300 GeV and 363 GeV, respectively. Due to the smallness
of the Yukawa couplings with the SM quarks, the scalars /,
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TABLE II. The interaction terms including scalars are of the form ¢K ¢(CS + C

>)xus and including gauge bosons are of the form

a”fKay”(CX + C4y%)xus. The interactions for the physical scalars can be obtalned using the transformations given by Eq. (51).

Pixus Ky Cj %
0rz 1 N N t 1 1ot t ot NS S SN |
@) Txu; —m(ch,cR + 8] My, 5k) cisp T sich ch sk — st ch
0r7 L (b b b b Y Y
Ixu —5—(c'm m CKMY 5k CKMY Sk
' 1xus 20, (€LmyCR + SLMq,S) VI o VI o
+ —
CKM#\  CR5L CKM#\  CR5L
(VL )zb chet (VL )zh L./;C;
0r7 t ‘ P R " tot
2 Exus 2”3 (cpm sy — spmy, ck) chch —shsh ch el + shsh
0rz l t ot t oot toat Al ol
2 Txus (sLm sh+ chwg ch) S CR+ CL 8k st —ch st
0i7 t tot oot t oot t ot
@' 1xus 2@ (cpmich + SL My, SR) CLSR = SLCR CrLSR T SLCR
0i7 b b st st
Ixu CKM\ g CKMY Sk
¢y txus e (cpmyck + spm,sg) (VEEM, & (VSEEM) &
- +
CKMx\  Crsh CKMx)  CgSL
(VL )lb CILIL-IL (VL )lb CﬁcrL
0i7 t N t ot t oot [APN R |
7 Exus 2“ —(cf mysh — st my, ch) ciCr + S8k chch—shsh
0i7 t t [P N | t At 1ot
7 Exu, 5z (87 m sk + cpmy,, ck) spch —chsh spcq sk
-7 1 t bt t t t t bt t t t
¢y bxus Vo —spcg(cpm Ch + sp Moy, sg) spCr(CLmCl 4 1My, Sg)
+ +
b b bt (b b b b
CL*R( LmbCR + Ymed; VR) crspleimycy + Smed3SR)
>b (VEM) ‘ SR (Al ' ‘ '
@5 bxuy f/iplf (ch,cR + 87y, Sk) —g(ch,cR + )My, Sh)
+ —_
st ¢ b s b
Li o (CLmbCR + smed3SR) Z‘Z (CLmbCR + smed3sR)
-1 VCKM* f C’
X bxus Vi ')’*’ {‘(ch Sp = Sp My, CR) F(cpm sk — spmy,ck)
V2us L
_l’_ —
b
b b _ b b ®5L (b b _ b b
L[( (ch,,sR S7 M CR) ot L(cpmySy — )My c})
-7 1 b t t b t t
X' "bxu; el spcr(spmsg 4 cpmy, ck) spCr(spmsp + cp My, ck)
~ +
' b b b b t b(b b b b
cpsp(spmpsg + cimyg cp) cpsp(spmysg + clmyg cp)
- 1% A
a,txus K, o)t cA
7 g ot t ot
Z,txus3 Toosdy sicr sier
W bxu Y ERM =L s
U 3 2\/'( )th o L';_

and A, cannot be produced efficiently at the LHC via gluon
fusion and the production cross sections of them are few
tens of fb for 13 TeV center of mass energy. Hence, the
experimental limits on on their masses are fairly weak.
Note that the Yukawa couplings of these scalars with the
VLQs are also very small and the VLQ loops contribute
very less toward their production. The scenario is almost
same as the lepton-specific two-Higgs doublet model where
the limit on the massive states are of the order of 180—
200 GeV [58]. Since the production cross-section falls off
rapidly for higher masses we have used an integrated
luminosity of 100 fb~! for BP1 whereas 3000 fb~! lumi-
nosity is used for the analysis of BP2 and BP3.

We would like to emphasize that the benchmark points
chosen here are fairly general as long as the mass of xus is

greater than the masses of the scalars /,, A| and hy, such
that the nonstandard decay modes are kinematically
allowed. From Fig. 2 it can be observed that the decay
branchings depend mildly on the ratio of the mixing angles
0; and 6y, once we are away from the narrow peak region.
Also the decay branchings of h,, A| and k] to tau leptons
depend on the Yukawa couplings and are almost indepen-
dent of the masses of the scalars.

VI. COLLIDER ANALYSIS

Now we consider the collider signatures of xus for
13 TeV LHC in the scenario where the pair produced xu;
will decay to the final states th,, tA;, bh;r and the scalars
h,, Ay and h| will further decay to tau leptons. Taking into
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FIG. 2. Branching ratios for different decay modes of the VLQ
xuy as a function of mixing angle 6. For the plot
My, =800 GeV, my, =my =300 GeV, my+ =363 GeV,

Mg, =5 TeV, sin@) =107, sin@% ~ 10~ and sin 0 = 107>.

account all possible decay chains of xus, Fig. 3 shows all
possible final states that can arise from the pair production
of xu;. Since each final state contains at least two tau
leptons and at least one b quark, we choose the final state
with at least two z-tagged jets, at least three non z-tagged
jets among which at least one is b-tagged, and at least one
lepton (> 3j(1b)+ > 27+ > 11) for the collider analysis.

The possible SM processes that can contribute as back-
ground to the above choice of final state are the following:

(1) pp — tf + jets,

(ii) pp — til™l~ +jets and pp — titT7 + jets,

(iii) pp — filty; +jets and pp — firtv, + jets,

(iv) pp - ZZZ,

(V) pp = WE/Z + jets.
Among all the above possible backgrounds the most
dominant one is #f + jets. Although the cross section for
the backgrounds W*/Z + jets is large it is possible to get
rid of this by a large T requirement which we have used in
our analysis. The contribution of ZZZ will be negligible
because of its small cross section. Hence we consider only
the first three of the above list of backgrounds for the
collider analysis in the context of 13 TeV LHC.

TUus Tus

. ~ ' >
tt+4r th+ar+ EBr bb+21 + Bt
FIG. 3. All possible final states resulting from the pair pro-

duction of xu3 and their subsequent nonstandard decay.

To study the collider phenomenology we implemented
the model in the spectrum-generator-generator SARAH [59].
The source code generated by SARAH for the spectrum
generator SPHENO [60] has been used in SPHENO to study
the spectrum of the model. The files generated by SARAH in
the UFO format and the spectrum file generated by SPHENO
has been used in MADGRAPH 5 [61] for event generation for
the signal. The background events have also been generated
using MADGRAPH 5. For showering and hadronization we
used PYTHIA 6 [62] interfaced in MADGRAPH 5. DELPHES 3
[63] within CMS environment has been used to take into
account the detector effects and also for reconstruction of
the final state objects. The anti-k; algorithm with cone size
0.5 have been used for the jet reconstruction. For the
reconstruction of the jets, FASTJET [64] embedded in
DELPHES has been used. MADANALYSIS 5 [65] package
has been used for the event-analysis using the event format
ROOT and LHCO.

The selection criteria for the final state objects in the
reconstructed events are such that a non z-tagged jet with
pr(j) > 20 GeV and |n(j)| < 2.5 is considered in the
event, an electron or a muon with pz(I/) > 10 GeV and
In(l)| < 2.5 are considered in the event, a -tagged jet with
pr(7) > 20 GeV and |(7)| < 2.5 is considered in the
event. Note that here j denotes a non r-tagged jet, 7
denotes a 7-tagged jet. A non z-tagged jet () is either a light
jet or a b-tagged jet. The minimum angular separation
between all final state objects satisfy AR > 0.4. The z-
tagging and mistagging efficiencies are incorporated in
DELPHES3 as reported by the ATLAS collaboration [66].
We operate our simulation on the Medium tag point for
which the tagging efficiency of 1-prong (3-prong) r decay
is 70% (60%) and the corresponding mistagging rate is
1% (2%).

TABLE III.  Different benchmark scenarios we have used in collider analysis.

Benchmarks My, Br(xus — hyt) Br(xus — A1) Br(xuz — hfb) o(pp — xu3,Xu3)
BP1 1 TeV 0.26 0.26 0.48 32.33 fb
BP2 1.5 TeV 0.255 0.255 0.49 1.554 b
BP3 2 TeV 0.25 0.25 0.5 0.113 fb

115002-13



DAS, MONDAL, and RAI

PHYS. REV. D 99, 115002 (2019)

A. BP1: m,, =1 TeV with 100 fb-1

For BP1 the production cross section and different
branching ratios are tabulated in Table III. For the back-
ground simulation we generated pp — ff events up to two
additional jets at the leading order accuracy and used
shower-K matching scheme in MADGRAPH 5 to avoid the
double counting between the partonic events and showered
events. For the event analysis we used the cross section for
13 TeV at the NNLO accuracy for top quark pair produc-
tion, i.e., 815.96 pb [67]. By following the same procedure
we have generated both the 1717~ and ¢7lv, events up to two
additional jets at the leading order accuracy. The obtained
leading order cross section at the parton level for 71T/~ + <
2jets is 96 fb for 13 TeV LHC and to accommodate the
NLO effects we multiplied the cross section with a factor of
1.4 which is the NLO K-factor for 77Z. Similarly for
ftly;+ < 2jets we multiply the leading order parton level
cross section 166 fb for 13 TeV LHC with 1.4 which is the
K-factor for W [61].

After the event selection we compare the phase space
behavior of the signal events with the background and plot
the normalized distributions of the transverse momentum
(pr) of the leading non z-tagged jet and leading z-tagged jet
along with (£7) in Fig. 4. Due to the large mass separation
between the VLQ and the scalars, the leading jet is
expected to be quite hard as the figure shows. In addition,
the 7 which comes from the decay of the scalar which is

— signal

— tt + jets
— ttI'T + jets
— tilv, + jets

—
5
o
T

0 100 200 300 400 500 600 700 800 900
p, (i) (GeV)

around 300 GeV in mass is also quite hard in py. Thus one
can make a quite easy separation of the signal and back-
ground events using the distributions shown in Fig. 4.
Based on the distributions and to further optimize the
signal-to-background ratio, we apply the following kin-
ematic cuts on the final state objects:

pr(j1)>200GeV, pr(7;)>150GeV, E;>150GeV.
(54)

With an integrated luminosity of 100 fb~! the cut flow for
the signal and background events is shown in Table IV(a).
With the above cuts and with 100 fb~! integrated lumi-
nosity, the statistical significance for BP1 is quite large
(~126). We have used \/2((s +b)In(1 +4) —s) to cal-
culate the significance. Thus BP1 seems to be have VLQs
in a mass range which would be very close to the current
sensitivity of the LHC run if such a final state is analyzed
for VLQs decaying in nonstandard channels as in
our model.

B. BP2: m,,, =15 TeV with 3000 fb~!

For BP2 the branching ratios of xu; for the decay modes
hyt, Ayt and hyt are around 25.5%, 25.5% and 49%
respectively. The background events and their correspond-
ing cross sections are same as in case of BP1 and we have

— signal
r — tt + jets
—— tt'T + jets
101 — tflvl + jets
~ C
zle L
Sl L
= L
-z
1072
: 1 1 1 1
0 100 200 300 400 500 600 700

p, (t) (GeV)

1 dN
;—AN dET —
2 2
- T ||||p||||r

— signal

— tt + jets
—— tt'T + jets
— tilv, + jets

°_| T T ITTTT]

N I N I
100 200 300
E, (GeV)

400 500 600 700 800

FIG. 4. Normalized distributions for the transverse momentum for the leading non z-tagged jet (P7(j,)), the transverse momentum for
the leading 7-tagged jet [P (z;)] and the total missing transverse energy E; for BP1 with my,, = 1 TeV.
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TABLE IV. Cut flow table for BP1 with 100 fb~!, BP2 with
3000 fb~! and BP3 with 3000 fb~! luminosity.

(@)

BP1: m,,, =1 TeV, £ =100 b~

No. of Events
Cuts Signal Background
Preselection 365 19677
pr(j1) =200 GeV 320 2959
pr(r)) > 150 GeV 245 839
E; > 150 GeV 188 191

(b)
BP2: m,,, = 1.5 TeV, £ = 3000 fb~!

No. of Events
Cuts Signal Background
Preselection 455 590310
pr(j1) = 300 GeV 401 28547
pr(r)) =200 GeV 307 6050
E; >200 GeV 245 1455

(©
BP3: m,,, =2 TeV, £ = 3000 fb~!

No. of Events
Cuts Signal Background
Preselection 86 856721
pr(j1) = 350 GeV 81 269121
pr(jz) > 100 GeV 78 252922
pr(ty) > 150 GeV 58 57285
E; > 200 GeV 52 11571
Meff Z 26 TeV 40 378

used the same preselection criteria on the events (i.e.,
> 3j(1b)+ > 27+ > 11) for BP2. The differences between
the mass of the VLQ xu3 and the masses of scalars (4,, A,
h) increase as we go higher in values of the mass of xu;
while keeping the mass of the scalars fixed as before. It is
worth pointing out here that even if the mass of the scalars
are made larger, the decay probabilities of the VL.Q do not
change much. Therefore the event rates would remain the
same, albeit the cut efficiencies would change due to new
thresholds for the leading jet and tagged 7. Note that the b
quark that will originate from the decay xu3 — h{ b for a
1.5 TeV xu; will have a large p; compared to the b quark
that originates from the decay of a 1 TeV xu;. Since the
leading non z-tagged jet is most likely the b jet coming
from h{b mode it will be in general harder in BP2
compared to BPI. Accordingly for BP2, we have
applied the following selection criteria on the final state
objects from the reconstructed events to optimize the
significance:

pr(j1)>300GeV, pr(7;)>200GeV, E;>200GeV.
(55)

Notice after the cut on py(j,) to further improve the
significance we have also applied cuts with higher values
on py(z;) and E; compared to the scenario of BP1. For
BP2 with 3000 fb~! luminosity the cut flow can be found in
the Table IV(b). Using the survived events after the £ cut
we get a significance around 6.2¢ for BP2 with the high-
luminosity (HL) option at the LHC. With the possibility
that the LHC will operate at /s = 14 TeV for the HL
option, we estimate that at 14 TeV LHC assuming the same
cut efficiencies in Table IV(b), the significance will be
around 8.7¢ with 3000 fb~! of luminosity.

C. BP3: m,,, =2 TeV with 3000 fb~!

Finally for the last benchmark, we choose a very heavy
mass of 2 TeV for the VLQ. Quite clearly the event rates
would suffer from the very small production cross section
and if we require two isolated 7-jets then the final events
yield becomes extremely low even with an integrated
luminosity of 3000 fb~!. To counter the suppression due
to small production cross section we modify our signal
choice to a more inclusive channel given by: > 3 non z-
tagged jets out of which one is b-tagged, at least one z-
tagged jet and at least one lepton in the final state.

As we go higher in the mass of xu5 the probability for the
jets and the tau leptons for the signal to have higher pr
values is more compared to the backgrounds. Hence for
BP3 with m,, =2 TeV to get a large statistics for the
ft + jets background, we have generated pp — f+2j
events exclusively at the parton level for 13 TeV LHC
with the following criteria:

(i) For each event at least one top quark decays
leptonically, because at the analysis level we have
considered events with at least one lepton in the
final state.

(i) All the jets and leptons satisfy || < 3.0 and the
angular separation (AR) between all pairs of final
state particles are greater than 0.4 (except for leptons
where they are separated from each other with
minimum angular separation 0.2).

(iii) All the final state objects satisfy py > 10 GeV.

(iv) The two leading jets in p; satisfy pr(j;) >
250 GeV and pr(j,) > 100 GeV.

With the above cuts the parton level cross section at the
leading order accuracy for pp — ff + 2j with 13 TeV LHC
is around 6.18 pb. The same events and cross sections as in
the case of BP1 has been used for the other two back-
grounds #7I*1~ + jets and f7lv; + jets. Note that with much
stronger threshold requirements for the final state jets, we
expect that the lesser-order processes involving 77 and 77 +
1j would not contribute much, where the extra jet comes
from the showering. We then follow the usual procedure of
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using the PYTHIA showering and DELPHES 3 simulation to
generate the final objects from the pp — 1 + 2 process.

For our analysis, we further demand the following set of
cuts on our final state events to improve the significance:
pr(j1) > 350 GeV,
pT(Tl) > 150 GCV,

E; > 200 GeV,

pr(ja) > 100 GeV,

Meff > 2.6 TeV. (56)

Here the effective mass variable (M) is defined as the
scalar sum of all the transverse momenta in an event and is
given by

Mg = ZPT(j) + Z pr(l) +Er. (57)

JEjets [Eleptons

The corresponding cut flow can be seen from the
Table IV(c) where we have achieved a signal significance
of 20 for BP3. As before we again estimate the event rates
for the high energy run and find that the expected
significance for 14 TeV LHC with 3000 fb~! is around
3.10, if we assume similar cut efficiencies as in Table IV (c).

We plot the significance as a function of luminosity in
Fig. 5 for all the benchmark points. It is evident that for
BP1 significance of 56 can be achieved with 17.3 fb~! of
data, hence with the already existing datasets of 36.1 fb™!
of data would be sensitive to this mass range. With high
luminosity data the BP2 can be discovered while it is only
possible to exclude a 2 TeV VLQ at 2¢. In fact, an upgrade
in LHC energies and higher luminosities would be required
to access VLQ signals in such models beyond VLQ mass of
~1.8 TeV. This is highlighted in the improvements in
significance when /s = 14 TeV is considered for BP-2
and BP-3. Definitive improvements in the sensitivity is also

8

Significance
N

3
2
1
0 = " "
1 10 100 1000
Luminosity (fb—1)
FIG. 5. Significance as a function of luminosity for BP1

(1 TeV), BP2(1.5 TeV) and BP3(2 TeV) for 13 TeV LHC.

expected with more sophisticated analysis using boosted
studies for the 7 states coming from the decay of the heavily
boosted scalars.

VII. CONCLUSION

In this work we have considered vectorlike quarks in a
leptophobic 221 model. Since SM leptons are singlets
under the second SU(2), exotic quarks are necessary to
cancel triangle anomalies in this model. The exotic quarks
become vectorlike after the symmetry breaking of the full
symmetry group to the SM gauge group. We discussed a
particular mixing pattern between SM quarks and VLQs
which avoids tree level FCNC interactions. We also find
that the same mixing pattern allows for certain neutral
scalars to be flavor-conserving in nature. Two of these
neutral scalars and their charged partner are tauphilic in
nature. These scalars open up nonstandard decay modes for
the VLQs in the model. We studied the collider signatures
for pair production of third generation toplike VLQ when it
decays to final states with any of the tauphilic scalars and a
third generation SM quark. Due to the mass hierarchy in the
charged lepton sector, these scalars dominantly decay to tau
leptons with more than 99% probability. We do an analysis
for the signal of such VLQs, pair produced at the LHC with
/s =13 TeV through the > 3j(1b)+ > 27+ > 1/ final
state, dictated by the decay properties of the VLQ and the
new tauphilic scalars. We use mass threshold driven
kinematic selections for the final state objects and show
the values of the integrated luminosity required for the
discovery of such a toplike VLQ for different benchmark
points. We also briefly discuss how the discovery signifi-
cance improves in case of the 14 TeV HL option of LHC.
We find that the amount of data collected till date by the
ATLAS and CMS collaborations for 13 TeV LHC is
sufficient to confirm or refute the existence of such a
scenario for a 1 TeV toplike VLQ. Heavier VLQ masses up
to 1.8 TeV would be accessible with the HL option of LHC.
This study also highlights an important point of caution for
VLQ searches in the standard decay channels carried out at
the LHC, that any new physics scenario which may have
additional gauge bosons and scalars can alter the VLQ
searches in a significant way and therefore alternative
channels of search should also be considered, as the
VLQ mass limits crucially depend on them [28].
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The

set of tadpole equations {; {/)n, =0,2 3 ¢O, =0,

=0, ‘),0, = 0} in terms of p3, pi3, pi3, p3 is given by

a
|

1

u = m{alu v} — v} — azuPvs + 20,01 + ddva03 — 4030, — 20,05 + V2uvy(Mv; — Myw,)
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1
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The components of the CP even scalar sector mass square matrix(M3) in the (
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APPENDIX B: MASS MATRICES FOR THE SCALAR SECTOR

1. CP even scalars

O @97, °, ") basis is given by

1
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2. CP odd scalars

The components of the CP odd scalar sector mass square
matrix (M3) in the (@07, $97, 4/°1, ¥°7) basis is given by

1

(M%)u :W
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1
(M%’)u:72(1}%_”%){\/5’“}3(1”2”1_MIU2)
+ vy (a3u® = 4(22y — A3) (v} — v3)) + B30 0203}
Mv
M2 _ 713
( P)13 \/z
M u
M? !
(M3 =
1
(M%)zzzi{\/iu%(MzUz M)
2( _”2)
+ v (agu? =422 — 43) (v} — 03)) + B3v30}
M v
M2 2Y3
(M3 ==
Msou
M3)y=——=
( P)24 \/z
v3(Myvy +M,v,)
M3)y=——
( P)33 \/_2‘14
Mvi+M,yv
2. — it 202
( P)34 \/z
u(Myvy +Myv,)
M2, =—— = B2
( P)44 \/51}3 ( )

3. Charged scalars

The mass square matrix for the charged scalars (M%) in

the (¢, 5.4/, xT) basis is given by
1
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