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The current experimental data allow for a sub-TeV colorless weak-singlet scalar or pseudoscalar. If such
a singlet field is present together with TeV-range vectorlike top and bottom partners, there is a possibility
that the heavy quarks decay dominantly to the singlet state and a third-generation quark, and the singlet
state decays to quark and boson pairs. Such a possibility may arise in various models but it has not been
explored experimentally, especially in the context of vectorlike-quark searches. We consider some minimal
models, covering the possible weak representations of the top and bottom partners, that can be mapped to
many well-motivated ultraviolet-complete theories. We chart out the possible interesting and unexplored
signatures of the exotic decay of vectorlike quarks and identify benchmark points representing different
signal topologies for the high luminosity LHC. We perform a general scan of the parameter space with the
relevant direct search bounds and find that large regions, which do not require any fine-tuning, remain open
for the unexplored channels. We also perform a simple projection study in the cleanest channel and indicate
how other new but experimentally challenging channels can be used to probe more regions of the parameter

space.
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I. INTRODUCTION

TeV-scale vectorlike quarks (VLQs) are an essential
ingredient of many new physics models. Because of their
vectorlike nature, they do not contribute to the gauge
anomalies and are less restricted than their chiral counter-
parts by the current experimental data. Ones that couple
with the third-generation quarks (top and bottom partners,
we shall collectively refer to them as top partners) appear in
composite Higgs models with a partially composite top
quark [1-6], extra-dimensional models [7—12], Little-Higgs
models [13-16], etc. However, in the last few years, an
extensive direct search program at the LHC has gradually
tightened the mass bounds on these quarks. For top partners
like the T quark (with electromagnetic charge 2/3) or the B
quark (with charge —1/3), the current exclusion limit
stands as high as ~1.5 TeV [17-21].
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Direct VLQ searches generally assume that they decay
exclusively to Standard Model (SM) particles, i.e., to a third-
generation quark and a heavy vector boson or a Higgs.
However, this assumption need not hold in general, espe-
cially if one looks beyond the minimal models where the top
partners can have new decay modes. For example, a top
partner can decay to another heavy quark or a new boson
[11,22-45]. A possibility that has attracted some interest in
the current literature is that a vectorlike top partner decays
to a new spinless state singlet under the SM gauge group
[i.e., (1,1,0) under SU(3), x SU(2), x U(1)y]and a third-
generation quark. The singlet state could be a naturally
arising pseudoscalar in the nonminimal composite Higgs
models [23,46], a dark matter candidate [24], or just an extra
scalar [22]. One can also achieve such a setup from a bottom-
up perspective by extending the Higgs and top sectors of the
SM. For example, one can add VLQs in two-Higgs-doublet
models [37]. There even have been some claims in the
literature that the current LHC data points to the existence of a
sub-TeV spinless state mainly coupling with the third-
generation fermions (see, e.g., [47-51]).

For the LHC phenomenology of the top-partner models,
the addition of a singlet state looks interesting from two
perspectives. First, in most well-motivated models (e.g., the
ones addressing the gauge hierarchy problem), these quarks
are supposed to be not much heavier than a TeV. Hence, the
possibility of evading the experimental bounds with a new
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decay mode are worth looking into. In other words, instead
of giving up on the models, the strong bounds can be taken
as a motivation for considering next-to-minimal (but
otherwise well-motivated) models with TeV-scale particles.
Second, a new lighter-than-TeV singlet (pseudo)scalar
allowed by the current data leads to a host of new
possibilities to probe the top partners. In this paper, we
attempt to quantify the above points and sketch a road map
for how these possibilities can be explored at the LHC.

We consider some simple phenomenological models
based on the possible weak representations of the top
partners to describe their interactions with a singlet scalar ¢
or a pseudoscalar . With these generic models, we recast
the latest LHC limits on 7 and B to see how low the limits
can go with the increasing branching ratio (BR) in the extra
modes and how that affects the model parameters. For
simplicity, we assume ® = {¢, 5} has exclusive couplings
only with the top partners initially. However, since the
heavy quarks mix with their SM partners after electroweak
symmetry breaking (EWSB), ® can decay to gq final states
at the tree level. Moreover, depending on its mass, it can
also decay to gauge boson pairs through quark loops. Even
though @ has no direct couplings with the light quarks, it
can still be produced directly at the LHC through the loop-
mediated gg — ® process. This allows us to put limits on
the ®gg coupling. Taking these (and the other applicable)
bounds into account, we perform a parameter scan on these
generic models to show that there is no need to fine-tune the
parameters to satisfy the bounds. Since our parametrization
is generic, the parameters easily relate to a broad class of
complete models. We chart out the interesting signal
topologies that the new decay mode could lead to and,
for a fixed heavy-quark mass scale, present a sample set of
benchmark points leading to different decay topologies. We
also explain the intuitions behind the choice of parameter
points so that one can choose a similar set of parameters for
a different heavy-quark mass.

The plan of the paper is as follows. In the next section,
we present the generic parametrization of the phenomeno-
logical models. In Sec. III, we work out the parameter
relations and the decays, in Sec. IV we present the bounds
and parameter scans, and in Sec. V we discuss the possible
new topologies, the benchmark set and a simple projection
study for the T in the tyy mode at the high-luminosity LHC
(HL-LHC). Finally, we conclude in Sec. VI.

II. PHENOMENOLOGICAL MODELS

In general, top partners can have various weak repre-
sentations. However, since the singlet @ is present in our
case, the top partners must be weak singlets or form a weak
doublet to make their interaction with ®@ and the SM quarks
gauge invariant. Therefore, we consider two types of
models: one with one weak-singlet vectorlike top partner
(either T or B) and a @, and the other with a weak doublet
of T and B and a ®. We look into the possibilities

separately. We assume the weak singlet @ does not acquire
a vacuum expectation value and has no direct mixing with
the SM Higgs.

A. Singlet VLQ

Before EWSB, the terms contributing to the masses of
the weak singlets 7' and B [that transform as (3,1,2/3) and
(3,1,—1/3), respectively] can be parametrized as

L5 —{1,(0LHF)qr + wr(QLHr)Fj
+ @pmpF)qp + MpF Fy + He.}, (1)

where F is either T or B with ¢ denoting the corresponding
third-generation quark; Hrp = {H, H} = {ic*’H*,H},
with H being the SM Higgs doublet; Q; is the third-
generation quark doublet; M is the VLQ mass scale; and
Zq, wr, and @y are all dimensionless couplings. In general,
the SM gauge symmetry allows the off-diagonal mixing
term, @pmpF} g+ h.c, between fields with the same
quantum numbers. In the underlying theory, such a term
can come from a high-scale symmetry breaking, or from a
finite overlap in the bulk wave functions of the two fields in
the extra-dimensional theories, etc. However, this is a
redundant degree of freedom as one can always absorb
this term with a simple redefinition:

F, = Fp, qr- (2)

With the above replacements, the additional F’, gg term
disappears and, in the new basis, the previous Lagrangian
looks as

L2 ~{2y(QLHr)qr + 0p(QLHp)Fr
+MFFLFR+H.C.}, (3)

where 4, is now the redefined Yukawa coupling,
A :;1 —C()FCZ)F—. (4)

Hence, we get the following mass matrix after EWSB,
_ A= o qr
Chw=(a, F)( " f)( >+H 5
o=tz P57 ) (3 )

where v is the Higgs vacuum expectation value. The
interactions between ® and F can be written as,

L =8 ®F, TFg— 25, ®F Tqp +He. (6)

nt

where I' = {1, iys} for ® = {¢,n}.
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B. Doublet VLQ

When T and B together form a weak doublet,
F = (TB)T = (3,2,1/6), we can write the terms relevant
for the quark masses after eliminating the redundant
doublet-doublet off-diagonal mixing term (~mpF Q) as

L2 —{4,(0,H)tg + pr(FLH)tg + 2, (0L H)bp
+p3(.¢LH)bR+MFﬁLfR+HC} (7)

From this, we get the following mass matrices:

A% 0 ¢

- = 2 R

‘C‘r}r;ass: (tL TL)( v M )( )
prs Mr ) \Tg

+ (b, BL)</1N% " >(bR>+H.c. (8)

PB\}—% Mpg R

The interactions between ® and the doublet F can be
written as

L2 = —pa DF TFr— b, ®F['Q; +He. (9)

int

III. MASS EIGENSTATES AND DECAYS

The mass matrices in Egs. (5) and (8) can be diagon-
alized by the following biorthogonal rotations,

TP SP CP tZP '
<B > < SP CP)(bl > (11)
P 2P ’

where P = {L,R} is the chiral projection, {c£,sh} =
{cosp,.sinf,} and {q,,q,} are the mass eigenstates.
If we generically express the mass matrix for F as

M:(mq ””) (12)
Hrry Mp 7

we can express the left and right mixing angles as

2(mgppy + Mpppy)
(mg + piy) = (MG + i)

tan (20r,) = (13)

2(mypp + Mppp,)
(mg + py) — (ME + ugy)

tan (205,) = (14)

The mass eigenvalues m, , are given by

92

m2 ., = ! [Tr(MTM)

419> _5

= /[T (MTM) - 4(Det M), (15)

We identify g, with the physical SM quark. The above
expressions indicate for a very heavy F, ie., when
Mp > my, pp, pr, the SM quark and the VLQ effectively
decouple.

A. Decays of the VLQs

There are two new particles, 7, and ¢ (or #), in the
spectrum of the singlet 7’ model. Because of # <> T mixing,
the #, quark can decay to Wb, Zt, and ht final states (from
here on, we drop the subscripts from #; and b, and simply
refer to them as 7 and b, respectively). Moreover, the ¢,
quark can also decay to ¢t (or nt) mode if Mg + M, < M,,.
We list the interactions responsible for these decays.

(1) Interactions with the gauge bosons (W and Z):

- 2gT} -
ﬁDiSLbL}/”tZLW; +LCLSLIL7/”t2LZ”+H.C.,

V2 cosfy,
(16)

where T} = 1/2 is the weak isospin of ;. We drop
the superscripts from ¢! and s? when their meaning
is clear from the context.

(i1) Interactions with the Higgs boson (h):

1 _
L> ” [(m,cpsp + pricLcr)lptor

+ (myspcg — priSpsg)irta ] +He.  (17)
(iii) Interactions with ¢ (or 7):

LD —Agr®(crtay — spf)T(Crtar — Srtr)
— AZJT(D(CLEZL - SLEL)F(CR[R + SRZZR) + H.C.

(18)

In the singlet B model, b, can decay to Wt, Zb, hb, and
@b final states. The interaction terms responsible for the
decay of b, can be obtained from Eqgs. (16)—(18) by
{t,t,} <> {b,b,}. The only exception is the interaction
with the Z boson, which picks up a minus sign since
TS =-1/2.

In the doublet model, the gauge interactions of the VL.Qs
responsible for their decays are given as
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g _
LD—= {(Cfsz - CLSL)(bL}’”szW ZL}’”szW,J{)
V2
+ (stzfzufﬂbu + > C)T(Cgfzx}’”bzx) W,J{}
X=L.R
2g
- Tl ckskigyte
cos 9W( CRSRIRY" TR
+ TEcBsBbry"bor)Z, + H.c. (19)

where T} = —T% = 1/2. The interactions with the Higgs
boson are given as

LD % [(m,clsk — upastsh)i o
+ (m;ckst + upaclch)igty
+ (mycBsB — uprsBsB)b bag
+ (myeRst + ppacicR)brby )i +He.  (20)

and the interactions with @ are given as
LS _Z Aop®(cLdor = 5.GL)T(cRGar — SkGR)
q=t.b
+ 2p®(cr@or = SrGR)T(cLGL + 5.G21)]
+ H.c. (21)

B. Additional decays and generic parametrization

In the singlet VLQ models, we can generically para-
metrize the terms relevant for the ¢, decay as

L> CXZ]YLJ/MQZL Vﬂ + CXQYRyﬂqZRVy
+ C} 4189218 + C2q11.921S + H.c. (22)

where V = {Z, W}, ¢!""' = {q,.¢}}, and S = {h, ¢, n}.
We can express the partial decay widths of ¢, as

(CHPH( -2, - 25
+x3(1 —I—xiv)} — 12Cy Cgx v xy)

r =[{(c))* +

‘12_”1

P(qu, qu, XV)

X (23)
Xy
Cypmgs = {(C1)? + (CR)PH —xg, —x5)°}
+4CiCyx, | X P(M . x,,, Xs). (24)
where x, =M, /M, xy =My/M,,, xg=Mg/M, , and
P(M,x,y) = o 2\/1+x +y* —2x2 = 2y% — 2x%y2.

For My < 2M,,,, the neutral spinless particle ® mainly
decays to gg, vy, Zy, ZZ, and q,q, final states. The decay
to ¢,q, is kinematically forbidden and a singlet ® cannot
decay to WW mode. The decays to the vector bosons are
mediated through ¢, or g, loops. The terms in the Lagrangian
responsible for the decay of @ can be expressed as

LS Zcip(%LFQiR + qirlq;)@. (25)
-T2

The partial width for the tree-level ® — ¢;q; decay is

given by
D—q;q, 8 Mé

and the partial widths of the loop-induced decay channels are
given as [52,53] (also see [54,55])

a*M3N? CL0?% o 4m; \ |?
o = et | Dicin m, F1/2<Mé) . (27)
2103 i 2\ |2
_asMy Co o (4my,
F‘D—’Hg - 12873 Z,’:l,zm—q.Fl/Z M—<2D ’ (28)
a*M3N? M2\3
ooz, = 3 ain? 2 1-—5
327 sin” 0,, cos~6,, M3
_quglVCéI) 4m§, 4m%]z :
x ‘Zi=1,2 my, Iy M%I, ’ M% ’ (29)

where g}, is the vector projection of the Zg;q; coupling:

1 2
g T -2Q, sin 20
Ve @ W}(singletQ), (30)

gy =57 T4 —20Q, sin’y
1 2 .2
gy =(1+s —-20Q, sin“0
y ( f) e }(doublet). (31)
gy = (2= sx)T3 = 20Q,, sinOy

The loop functions F /2( 7) are well known:

+ (1 =)f(),
2tf(z) (32)

F(ll)/z(f) 27[1 +
F]17/2(T>

with

0 = o= 1) sn” (7]

9(1—7)4{111(:\/4_7

The function I4(z, 4) is defined as'

ﬂﬂ (33)

—I(z,4)and I, (7,2) =

"The loop functions, 1,,(z,4) =1,(z,A)
I,(z, 1), in the notation of Ref. [52].
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FIG. 1. Branching ratio plots for t,, b, and ¢ in [(a),(b)] the singlet T model, [(c),(d)] the singlet B model, and [(e),(f), (g)] the doublet
model. The set of parameters for each plot is chosen such that g, = ¢,¢ is the dominant decay mode for a TeV ¢,.
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7A 202 + At = 2)

1y(e.d) = g+ TSR ) - )
A late) - 900 (34)
with
g(z) =0(r = 1) [\/:Tsin—l <\/i%>}
+ o1 —7) [‘/?m C - g— m)] (35)
and
Led) =~ s O - fAL (36)

The above expressions are valid in the doublet VLQ model as
well, if one assumes ¢, = {t, b}, g, = {1, b, } and lets the
summations run over all the four quarks. Generally, the scalar
¢ would also decay to massive vector bosons like ZZ or WW
(in the doublet model). However, since these decays are
smaller than the Zy decay, we ignore their contribution to the
¢ total width. In principle, in the models with two heavy
quarks, @ can also decay to the lighter of the two heavy
quarks if it is kinematically allowed.

We illustrate the decays of the heavy particles in Fig. 1
for a representative choice of parameters in the three
models. In the plots, we only show the scalar ¢, but one
gets similar plots for #. In the following sections, we show
that the model parameter space that yields high branching
for the new decay channels of the heavy quarks does not
require any fine tuning, i.e., it is quite open.

IV. CONSTRAINTS AND THE AVAILABLE
PARAMETER SPACE

We are interested in the parameter region(s) where the
q>» = qP decay is significant. Equations (18) and (21)
indicate that it is possible to get high BR for ¢, — ¢, ®
decay channel for a sizeable /1(“1,’;’2 or A4 However a large

/13)'32 or 245 would enhance the gg — @ production at the

LHC and, hence, might be constrained. We look into the
bounds on ® parameters and the mass bounds on the heavy
quarks for the LHC limits on these models. If Mg > 2m,,
@ decays to gg states. This mode often becomes significant
[note that the coupling of @ to ¢ is suppressed by the sine(s)
of the mixing angle(s)]. However, of all the decay modes of
@, the diphoton mode offers one of the cleanest signals in
the entire mass range of @ in all models [56-58]; we use it
to put bounds on ® parameters.

So far, there have been several searches for heavy
resonances decaying to two photons from the ATLAS
[59,60] and CMS [61,62] Collaborations. We use the latest

ATLAS search data [59] to recast the bounds. Since we are
interested in top partners heavier than ®@, we can consider
the following five-dimensional effective Lagrangian to
model the direct production of @ at the LHC,

2
L‘:)g

;-‘ [k g G, G + K,y nG2,G*].  (37)

The above Lagrangian lets us recast the diphoton bound on
the fiducial production cross section times BR(X — yy) in
terms of kg, X fy,, where 3}, is the BR of ® in the yy mode:

Opa X BR(X - yy)
e x Ko X 010(99 = @)

2

D
Kapgy ¥ ﬂw <

(38)

Kapgy=1

Here, € is the reported efficiency, K¢, is the next-to-next-to-
leading order (NNLO) QCD K-factor, which we take as the
same as for the Higgs, Ko ~ oliy o/010 ~ 2.5 [63]. We
show the recast limits in Fig. 2. The generic parametrization
of the @ couplings allows easy interpretation of the limits in
terms of diagonal couplings of the quarks with ®. However,
the off-diagonal couplings, i.e., 44 and A5 . or 14, and A5,
are unrestricted by these limits.

Similarly, both the ATLAS and CMS Collaborations
have been actively looking for the VLQs as well. The direct
LHC searches for T and B assume they can only decay to a
third-generation quark and an SM gauge or Higgs boson.
With the introduction of @, this assumption breaks down
and we get

ﬁq’lW +ﬁqIZ +ﬁq1h =1 _ﬁqltb? (39)

where ;. is the BR for the g, — f; decay. For M, 2 TeV,
ﬁquw ~ 20,7~ 2P, in the singlet models and 3, 7 ~ f3, 1
s qw R 0 in the doublet models. One can obtain the new mass
exclusion limits from the exclusive pair-production searches
(often presented for 100% BR in one of the SM decay modes)
by rescaling the theory cross section lines with the square of
the corresponding BR. Similarly, it is also possible to
calculate the exclusion limits from the inclusive searches.
Assuming the inclusive signal selection efficiencies remain
unaffected by the presence of an additional decay mode (a
reasonable assumption given the inclusive nature of the

signals), 6™ (pp — §,q, — f; + X) scales with a factor,

Bt =B}, +2) by, =B 2=Br).  (40)

JF

where the factor 2 in the middle comes from combinatorics.
For a value of 8 q,@> WE first recast the relevant limits from the
available exclusive [17,18] and inclusive [19] searches to
select the strongest one. We show the new limits on M, in
Fig. 3. With increasing f3, ¢, the limits on the heavy quarks
relax significantly.
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FIG. 2. Limits on the square of the (a) scalar and (b) pseudoscalar couplings with a pair of gluons times the diphoton branching ratio

from the LHC data [59]. The white regions are excluded.
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decay mode.

There are searches for single production of the singlet top
partners by the ATLAS and CMS Collaborations [20,21].
However, unlike the pair production, single productions are
model dependent, i.e., their cross sections depend on
unknown coupling(s). As a result, the exclusion limits from
single-production searches depend not only on the BRs but
also on the absolute magnitude of the unknown VLQ
coupling parametrized as xy in Ref. [64]. If k7 is of order
1, the single-production search limits on VLQs become
stronger than the pair-production limits. However, for small
off-diagonal mass matrix elements (up /Mg <O0.1), K7
becomes small (< Aqpp) making the single-production limits
weaker than the pair-production ones. For this study, we stick
to the regions of the parameter space where x; is much
smaller than unity by restricting the range of the off-diagonal
elements of the mass matrix, i.e., (up, < 50 for My ~ TeV).

1.4

~ Doublet — ' —
1.35 T Singlet B e
~
~
1.3 B
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“
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- N N
2 115 G
& N\ N
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BR(b2 — b®)
(b)

LHC exclusion limits on (a) ¢, and (b) b, in the singlet and doublet models as functions of the branching ratio in the extra

Apart from the direct search limits, there are limits on the
Z boson coupling to the left-handed b quark, i.e., k75,5, in
the models with a B quark since the coupling shifts from its
SM value due to b-B mixing (unless some symmetry
prevents it—see, e.g., Refs. [11,65]). The measurements
of R, and I';, at LEP [66] restrict Ak, to be less than
about 1% [roughly, (1 —c%)? = (s%)? <0.1]. The direct
limits from flavor-changing neutral couplings [67] also
restrict the mixing parameters between the SM quarks and
their partners from being arbitrarily large.

A. Parameter scans

For the rest of the section, we focus only on @ = ¢ since
the pseudoscalar case is similar. To get an idea about the
available parameter space surviving the bounds, we
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numerically scan over the model parameters incorporating
the recast limits from Figs. 2 and 3 for a benchmark choice
of Mp=12TeV and My =400 GeV. As mentioned
above, we restrict the off-diagonal terms in the mass
matrices, up, < 50. This makes the mixing angles small,
0;,0r < 0.05, which ensures the indirect bounds (like the
correction to k5, etc. mentioned in the previous section)
are respected.

Each of the singlet 7 and B models have three independent
parameters of interest (one off-diagonal mass terms and two
¢q,q, couplings), whereas the doublet model has four, since
the 7" and B mass matrices share common elements [Eq. (8)].
We use the following additional criteria for the scan:

(1) BR(g, = ¢q1¢) should be greater than the
rescaled experimental limits for My = 1.2 TeV
from Fig. 3. For example, for the singlet 7 model,
BR(#, = t¢) = 70%.

(2) The effective coupling k,, and ﬂ,‘éy must satisfy the
limit in Fig. 2. So, for example, 7, ) <27%x107°
for M, = 400 GeV.

(3) In addition, we mark the points that satisfy an
additional criterion on the ¢ — gg branching,
By = 50%.

The last one is not a necessary condition but a choice. Its
motivation differs from the first two. For M, > 2m,,

normally ¢ would significantly decay to a gg pair (a tree-
level process). As aresult, the pair production of 7' can lead to
the exotic 67 signature [33]. However, as we shall see in the
next section, there are other interesting and less explored
signals of ¢ (like ¢ — 2-jets or yy) and the 7" and B quark.
The third criterion takes us to the parameter regions where the
loop-induced decays of the ¢ dominate.

We show the results of the multidimensional scan for the
singlet and doublet models with some projective plots in
Fig. 4. In these plots, all the grey points are allowed—
clearly, there is no need to fine-tune the parameters to make
the exotic decay mode dominant without violating the
experimental bounds. The restriction from the LHC limit
0N Ky X ﬂg’y for a 400 GeV ¢ [Fig. 2(a)] causes the empty
areas on the bottom-right corners in the coupling plots
[Figs. 4(a), 4(c) and 4(e), 4(f), 4(g)]. To understand this, we
can consider, for example, the singlet 7 model. We can
write the diagonal couplings [that enter the ¢p — yy loop, as
shown in Eq. (27)] of ¢ with the ¢ and ¢, quarks from
Eq. (18) as

Ayt (AgrsLer = rSLse) ~ Agrse
j’115’212 - (A;TCLCR + /?'ZTCLSR) ~ _ﬂ’zT‘
In the last step, we have ignored the relatively smaller terms

suppressed by the 7 — 7, mixing and set ¢z /g ~ 1. These

50

Doublet

=l

0 1 1
Agr Hpi Mg Mpa Mg
(a) (d)
50
Singlet T’ Doublet
a ! a a vt s D D
nT nB nD My Hpr Mo Hp
(e ® @ (h)

FIG. 4. Results of numerical scans over the parameter spaces of the three models shown with projections. The bar graphs on the right
[(d),(h)] show the ranges of the off-diagonal mass terms [see Eq. (12)] considered in the scans in GeV. The superscripts on the off-
diagonal elements indicate the model—S for singlet and D for doublet. White regions in the plots are excluded by the constraints from
Fig. 2. The darker shades mark the regions where a loop decay of ® dominates, i.e., % > 0.5.
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imply that enhancing 13, (/lf/,T) increases the 7, ()-loop
contribution to the ¢ — yy decay and there is some
cancellation between the two loops. Since ¢ dominantly
couples to 1,, a large A3 is not favored by the constraint on

Ké qqﬁ%. However, because of the cancellation between the
two quark contributions, it allows ﬂ;T and ﬂgT to be large

simultaneously. Similar arguments can be made in the other

models as well. In the singlet B model, the constraint on

Ké 0 f}, is weaker since the contribution of the loops with

down-type quarks is suppressed than the up-type-quark
loops by a factor of (e,/e,)* = 1/16.

We show the parameter regions where the loop-mediated
¢ decays dominate (i.e., the third criterion is satisfied) with
darker shades. This essentially restricts the ¢ — ¢q;q;
decay. Because of its mass, the top quark mixes easily
with the ¢, quark than b; with b,. Hence, this criterion
restricts the parameter spaces in the singlet 7 and the
doublet models more than that in the singlet B model. We
can understand the behavior of the parameters by looking at
the singlet 7 model once again. To reduce the ¢t coupling,
the left-mixing angle 6; should be small, restricting the off-
diagonal mass element p7; [which appears with My in the
numerator of Eq. (13)]. However, there is another effect at

play. As we enhance ﬂfg, we increase ﬂf’y as well [since they
are proportional to each other; see Eqgs. (27) and (28)], and
thus the limit on Kéggﬁ% becomes more stringent, elimi-
nating the region with large 43T Since the /If’/)T term in the
¢tt coupling is small due to the small left-mixing angle, the
Ky 9 limit becomes insensitive to M. A similar argu-
ment can be made for the doublet model as well. However,
since the ¢ — yy decay is small in the singlet B model,
demanding the gluon mode branching to be more than 50%

does not constrain the couplings further within the range we
consider.

V. LHC SIGNATURES AND A SIMPLE
PROJECTION

Adding the g, — ¢;® decay mode of the heavy quarks
leads to novel LHC phenomenology with several interest-
ing signatures. For example, the pair production (which is
essentially model independent) of ¢, leads to the following
possibilities:

D10 (fry)
t@bW  (2B,0Ppw)

pp =ik 10tZ  (2BoPiz) 1)
1otH  (2Bi0piz)

Here, we have shown the BR in each mode. Considering
the decay modes of ®, we get a broad spectrum of final

states. For example, let us consider the symmetric mode,
i.e., the g®g® mode and the fact that a ® can decay to
either a gg, yy, tt, or bb pair. We can get the six-top
signature (where both ®@’s decay to ¢¢ pairs) [33], or a final
state with four top quarks (only one ® decays to a t¢ pair) or
two top quarks. In the doublet model, one ® can decay to a
tt pair while the other to a bb pair leading to either a 47 4
2b or 2t 4+ 4b final state. We list out the possibilities in
Table I.

We make some general observations below.

(i) In the doublet model, the ¢, — ¢} W decay is more
suppressed than the g, — ¢,Z/h decays (both have
roughly equal BR). Hence, the ¢®¢| W modes (i.e.,
the ones with odd numbers of ¢ and b quarks) are
effectively exclusive to the singlet models and, thus,
can be useful to identify the weak representation of
the heavy quarks. In the singlet models, when the

TABLEI Possible pair-production signatures when at least one
heavy quark decays via the g, — ¢;® mode. The signatures
exclusive to the doublet model are indicated with a hash (#). We
have ignored @ — Zy and the ¢ decays to heavy vector bosons as
the corresponding modes are suppressed by the decays of the
vector bosons.

Possible Final States

9292
Decay G =1 4 = by
qPq® 2t +4j 2b+4j
2t +2y +2j [37] 2b 42y +2j
2t + 4y [37] 2b + 4y
2t 4+2b+2j (#) 2b 4+ 2t +2j (#)
20+ 2b + 27 (#) 2b + 21 4 27 (#)
2t 4 4b (#) 2b + 41 (#)
4t +2j 4b +2j
4t + 2y [37] 4b + 2y
4t +2b (#) 4b + 21 (#)
61 [33] 6b
1® bW or bd tW t+b+4j t+b+4j
t+b+2y+2j t+b+2y+2j
t+b+2j+f+E t+b+2j+¢+E
t+b+2y+C+E t+b+2y+¢+E
3t+b+2j 3b+1+2j
3t+b+¢+E 3b+t+2y+¢+E
q® q,Z or q® q,h 2t +4j 2b +4j
2+ 4y 2b + 4y
2042b+2j 2b+2j 42y
2t +2b +2y 2b+2j+2¢
204+ 2j+2y 2b+26+ 2y
2420 +2j 2b + 2t + 2 (#)
20420+ 2y 4b +2j
2t + 4b(#) 4b + 2y
4t + 2y 4b +2¢
4t +2b 4b + 21 (#)
4t +2j 6b
4t +2¢
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TABLE II. For a representative choice of M “w = 1.2 TeV and three values of Mg = 300, 400, 700 GeV, benchmark points with
significant contribution to the exotic decay mode (g, — ¢;®) are indicated in the three models. The parameters are chosen such that
Hi2 <50 GeV and 2% < 1. We also comment on the dominant topology of the exotic decay. Benchmarks with non-negligible SM
decays (i.e., ¢, = q1h, q,Z, ¢} W) are marked with an asterisk (*).

b - X q, > q®
BP  u; (GeV) s (GeV) up (GeV) 1°  2* Mg (GeV) 2 By, P Po  Bro Exotic ¢, Decays
92 = q1¢
Singlet T
T$l 9 03 05 300 1 -« o« 1 oo No¢—thty =t + Proosted
T$2 9 03 02 400 05 --- 05 09 - 1y = 11,1 + Proosted
T¢3 38 0.5 0.8 400 ~0 - 1 0.8 t, > ttt
iz 11 0.6 0.2 700 06 --- 04 07 Mostly t, » t+2j
T¢p5 16 0.9 0.7 700 02 --- 0.8 09 Mostly 1, — ttt
Singlet B
Bop1* 14 04 0.1 400 05 05 - - 0.4
B2+ 26 0.1 02 400 ~0 1 e e 04 by = bbb, b + Proosed
B¢3 7 0.7 0.9 700 09 01 - - 1 Mostly by — b + 2j
B4 8 0.7 0.9 700 08 02 -+ - 1 Mostly b, — bbb
Doublet
D1 e 2 4 03 0.2 300 07 03 --- 1 1
D¢2 . 35 25 0.6 0.6 300 o 1 - 09 09 No¢ -t g — G+ Proosed
D¢3 4 4 03 0.2 400 09 01 ~0 1 1
D4 13 27 0.1 06 400 ~0 1 ~0 1 09 G2 = G+ Pooostcds Gbb
D5 49 2 0.8 0.9 400 01 ~0 09 09 1 Mostly g, — gtt
D6 e 4 4 04 02 700 09 ~0 ~0 1 1 Mostly ¢, — ¢ + 2j
D¢7 . 17 45 0.5 08 700 ~0 09 01 1 08 Mostly ¢, — gbb
D¢8 23 9 02 0.7 700 ~0 02 08 09 1 Mostly g, — gtt
q> = i1
Singlet T
Tyl ~0 02 02 300 10« oo 1 o Nog—tt ty =+ Hhoosed
Tn2 6 03 05 400 05 -~ 05 1 - 1y = 11,1+ Nooosted
53 50 0.7 09 400 ~0 - 1 0.8 ty — tit
Tn4 1 02 0.5 700 08 -+~ 02 1 .- Mostly t, — t +2j
05 35 03 0.8 700 ~0 - 1 08 - Mostly #, — ttt
Singlet B
Bnl* 37 09 03 400 02 08 .- - 0.4
Bn2* 13 0.5 0.1 400 08 02 -+ - 04 by — bbb, b + Nyeosed
B3 4 02 0.1 700 1 ~0 -+ - 08 Mostly by — b + 2/
Bn4 30 0.6 04 700 01 08 .- - 0.6 Mostly b, — bbb
Doublet
Dnl 9 2 0.1 0.2 300 09 01 --- 09 1
D2 e 5 7 03 0.7 300 01 09 - 1 1 Non—tt ¢ = G+ fooosed
Dn3 e 1 6 0.1 0.1 400 0.8 02 ~0 1 0.9
D4 e 21 50 04 09 400 ~0 1 ~0 1 09 @ = G+ NMooosed gbb
Dn5 46 4 03 0.8 400 01 ~0 09 09 1 Mostly g, — gtt
D6 4 8 02 0.1 700 09 01 ~0 09 07 Mostly g, — ¢ + 2j
Dn7 12 21 03 05 700 02 07 01 09 08 Mostly g, — gbb
Dn8 39 7 0.6 0.9 700 0.1 ~0 09 09 1 Mostly ¢, — qtt
VLQ is heavy, the BRs of ¢| W, ¢, Z, and ¢, h modes or the b+t + ¢ + Ep+ jets signatures can come
are in approximately 2:1: 1 ratio. (A few of the final from the g,q, = qh ¢\ W decay.)
states can arise from the conventional decays of the (i1) The photons channels are cleaner than the hadronic
heavy quarks as well. For example, the 3b + 7+ jets ones [37]. However, these modes suffer from low BRs.
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The BR of the ® — yy decay is a few orders of
magnitude smaller than BR(® — gg). For example, in
the singlet models,

BR(® — yy) _ 9 o
BR(® — gg9) 227

(42)

where Q, is the electric charge of the heavy quark. This
factor is about 0.004 in the singlet 7 model and about
0.0003 in the singlet B model. Hence the channels
involving the ® — yy decay are negligible in the
singlet B model.

(iii) We do not consider the channels with the ® — Zy
decay since ﬂ% is small. While in the doublet model
one gets ﬂqz’y > ﬁf;,, the effective signal cross sections
in these modes are reduced by the Z decays. A similar
argument is applicable for the ¢p — V'V decays. The
® — Zy decay mode is analyzed in Ref. [37].

(iv) In a fully hadronic analysis, one can use some
kinematic features of the signal in different regions
of the parameter space. In the models with a T quark,
if M,, > M, both @ and the top quark produced in
the #, — t® decay would be boosted. Similarly, if
Mg, > 2m,, the top quarks produced in the ® — ¢
decay would be boosted. The three-pronged nature
of the boosted top quark(s) can efficiently enhance
the signal over background ratio.

(v) Similarly, the final states produced in the standard
decays of a TeV range g, would be boosted (i.e., a

1400
1300 |
1200 |
1100 |
1000 |
900
800
700 |
600
500 |
400 [
300
200

100 /

0

Mg

® — 7 reach, 4

5
Inclusive mode
‘ Singlet T .
pp — tata — (dt) (1)
BR = 23, 8 = 0.004 s

L=3ab! 1

M,
(a)

FIG. 5.

600 800 1000 1200 1400 1600 1800 2000

boosted hadronically decaying vector boson or a
Higgs boson) and give raise to two-prong fatjets.

(vi) A two-prong fatjet can also come from a ® through
the ® — gg, bb decays. As we have seen from the
parameter scans, ¢ decays dominantly to two jets in
significant parts of the parameter space in all
models. In the singlet B model, this is the signature
of @ in the entire parameter space. So far, a boosted
two-prong @ jet has not been used in any analysis of
these models in the literature, even though it could
be the dominant signal. We are currently analyzing
the prospects of identifying the signal with a boosted
two-prong @ jet. We shall present our results in a
future publication.

A. Benchmark points

In Table II, we show a representative set of parameters
for M, = 1.2 TeV for an intuition about how the param-
eters relate to the various signal topologies described
above. We consider three values of Mg: 300, 400, and
700 GeV. The first one is less than 2m,; hence, a @ cannot
decay to a ¢t pair in this case, but it can in the second and
third cases. In the second case, the @ is boosted since
M o> Mg + my whereas in the third case, it will not be
for g =t The choice of the heavy quark mass is a
representative one since it is clear from Fig. 3 that M, ~
TeV is allowed if the BR(¢, — ¢,®) is not small. Hence,
the parameters are such that the g, - ¢;® decay domi-
nates, except for the points in the singlet B model marked
with an asterisk (*). The b, decays to the standard modes

1400 : . : — :
1300 F / 1
1200 | . 1
1100 F / %f ;
1000 F : ;
900 | //// ;
800 | . ;

<700 ¢ .
600 F ;
500 F 1
400 [ - 77 reach, 1
300 | Dontiot (15) ]
500 L ! ppﬁté?{zz(gt) (@1) |
1m)f’," L=3ab ;

0 L L L L L L
600 800 1000 1200 1400 1600 1800 2000
M, to

(b)

Reach at £ =3 ab™! in the pp — o1, — tt +yy + X channel in the (a) singlet 7 and (b) doublet models, assuming

BR(#, = 1®) ~ 100%. The benchmark points for Mg = 300, 400, and 700 GeV and M,, = 1.2 TeV (Table II) are shown as blue

diamonds.
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are non-negligible at these points [this is allowed by the
relatively weaker limits from Fig. 3(b) making the deter-
mination of the heavy quark representation relatively easier
near these points]. From Fig. 3 we also see that as the
masses of heavy quarks increase, the lower limits on
BR(g, — ¢, ®) relax. Hence, we can find similar param-
eter points with significant standard decays more easily. In
the table, we also point out the dominant signature of the
heavy quark(s) for clarity.

B. Prospects at the HL-LHC

Estimating the optimal discovery/exclusion prospects for
all the models is a nontrivial task, especially in the channels
with the ® — gg decay. The results of our study in these
channels will be presented elsewhere. Instead, here we
present a simple significance projection in the clean ¢, —
t® — tyy mode at the HL-LHC as an illustration. We rely
on the findings of Ref. [37] where the pair production of ¢,
and their decay to 1® — tyy is considered. We use the cross
sections for the background processes and the estimates for
the signal and background selection efficiencies shown
there to estimate the projected signal significance in the
inclusive pp — t,t, — tt + yy + X channel.

We present our results in Fig. 5 where we plot the 2¢ and
5o contour lines. Since we are interested in the maximum
reach, for every combination of {M M ®}» we choose the
parameters such that ﬂ% is maximum. For the singlet
model, it is easy to obtain 7, ~ 1. So we just take Sy, ~
0.004 following Eq. (42) in the entire M, —Mgq range we
consider. Clearly, despite being the cleanest, because of the
low branching, the @ — yy channel is not suitable to probe
most of the parameter space. However, as indicated by
Table II, there are other signatures that can be used (like the
signals with a boosted @ jet) to probe parts of this region.

So far, we have discussed only the pair production of
the top partners. However, the top partners can also be
produced singly. The single-production channels could also
lead to interesting new signatures in the presence of the
singlet state. The cross sections of the single-production
channels would depend on the coupling between the VL.Qs
with the SM particles. Analysing the single productions
would require different strategies (see, for example,
Refs. [68-70] for strategies to probe single productions
of colored particles) than the pair-production searches but,
depending on these couplings, single productions could be
the dominant production mode of the top partners.

VI. SUMMARY AND CONCLUSIONS

Exhaustive searches for VLQs in the standard channels,
where they decay to the SM fields, and nonobservation of
any deviation from the SM predictions at the LHC motivate
us to look for them in new decay channels. In this paper,
we have charted out the possibility of exploring heavy
vectorlike top and bottom partners decaying to a new

weak-singlet colorless scalar or pseudoscalar and a third-
generation quark. As indicated in the Introduction, such
possibilities can arise in many new physics models.
Therefore, exploring these new decays of the VLQs in
the upcoming run 3 of the LHC would be of prime
importance. We have considered simple phenomenological
models covering the possible weak representations of the
VLQs that can couple with a SM-singlet pseudo(scalar).
We have reinterpreted the latest mass-exclusion limits for T
and B quarks in terms of the BRs in the new decay modes.
With the increasing branching in the extra decay mode, the
existing limits on VLQs can relax by up to ~300-500 GeV.
Beyond their weak representation, the recast limits are
independent of the exact nature of the additional decay
modes; hence, they are applicable in a broader range of
models than those considered here.

Incorporating the reinterpreted direct-search limits on
VLQs and the (pseudo)scalar, we found that the parameter
space is wide open and does not need any fine-tuning or
abnormally large mixing with new quarks or large off-
diagonal couplings. Hence, on the theoretical side, the
next-to-minimal avatars of most well-motivated models
featuring VLQs and a (pseudo)scalar can be easily mapped
to the open parameter space. For example, the off-diagonal
couplings involving third-generation quarks and their vector-
like partners tend to be small in the warped extra-dimension
models (see, e.g., Ref. [11]). So, following our results, one
can consider such a setup with an extra spinless field (e.g.,
Ref. [22]) without conflicting with the LHC data. On the
experimental side, we have charted out a host of interesting
and unexplored collider signatures. We have presented a set
of benchmark points to probe different signatures as a
guideline for future VLQ searches at the LHC. We have
also performed a simple projection study in the clean ® — yy
channel and indicated how other channels could be used to
probe additional regions.

We point out one channel of particular interest where a
VLQ decays to a pseudo(scalar), which decays to two
gluons. The digluon mode is the dominant decay of the
singlet if the tree-level decays are kinematically forbidden.
However, even if the tree-level decays are allowed, the
loop-induced decay to a pair of gluons can still dominate
over the tree-level ones—our random scans have shown
that this is the case over a large region of the available
parameter space of every model. Hence, in those regions, it
can act as the discovery channel (we will report the HL-
LHC prospects of this channel in a forthcoming paper).

There are some cases where our results would not be
directly applicable. For example, we have assumed that
before EWSB, ® does not couple exclusively with the SM
fields. However, one can think of models where ® couples
with the Higgs field. In that case, one might need to
consider additional decays and the corresponding exper-
imental bounds. Similarly, one can consider models with
more than one singlet/doublet VLQs or other heavy fields
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that couple with the VLQs and ®. One can easily follow our
prescription to obtain the available parameter space in all
such cases.
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