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Extensions of the Standard Model that include vector-like quarks commonly also include additional
particles that may mediate new production or decay modes. Using as example the minimal linear
o model, that reduces to the minimal SO(5)/SO (4) composite Higgs model in a specific limit, we
consider the phenomenology of vector-like quarks when a scalar singlet o is present. This new
particle may be produced in the decays T — to, B — bo, where T and B are vector-like quarks
of charges 2/3 and —1/3, respectively, with subsequent decay o — W*W~, ZZ, hh. By scanning
over the allowed parameter space we find these decays may be dominant. In addition, we find
that the presence of several new particles allows for single 7" production cross sections larger than
those expected in minimal models. Existing searches are sensitive to these new signatures.
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1. Introduction

The Minimal Linear o0 Model (MLoM) [1] represents the only example of a renormalisable
realization embedding the Minimal Composite Higgs Model (MCHM) [2-5]. It is based on the
global spontaneous symmetry breaking SO(5) — SO(4) atan energy scale f and on the introduction
of a real scalar SO(5) quintuplet that contains as degrees of freedom the three SM GBs, the Higgs
and an additional EW singlet o-. Moreover, the spectrum is enlarged with several exotic vector-like
fermions in the trivial and fundamental SO(5) representations that will give rise to the fermion
partial compositeness mechanism [6—8] responsible of the SM fermions masses.

Based on Ref. [9], in this text it is presented the phenomenology associated with the exotic
vector-like quarks (VLQs) of the MLoM. In particular, the focused is on its lightest top and bottom
partners.

2. The MLoM Fermionic Sector

Following the original MLoM proposal, that only considers third generation SM quarks and
their corresponding VLQs, the renormalisable fermionic Lagrangian can be written as follows [1]

Zy=q il ar +Tril) tg +briPbg

Y [iD - M|y + X [iD— M| x+§ i - My +% [iD - M| x’

— [Y\0LoxR +Y2UrbXL + YU LOXR +Y5URDX], (1)
+ A1 (ApA2sR) + Ao (Asxitr) + AsXptr

+ A7 (AL Absk) + ST (Al br) + ASX bR +he]

where qy, is the left-handed (LH) SU(2), doublet, tg and bg are the right-handed (RH) SU(2)r
singlets, ¢ is the scalar quintuplet and " and y(” are the exotic VLQs in the fundamental and
trivial SO (5) representations, respectively. Unprimed fields are related to the top sector, whereas
primed to the bottom one. The first line of Eq. (1) contains the canonical kinetic terms for the
elementary quarks. The second one describes the kinetic and mass terms for the exotic quarks.
The proto-Yukawa interactions among the exotic fermions and the scalar quintuplet are written in
the third line. Finally, the last two lines show the SO(5) breaking interactions between the exotic
and the elementary quarks: the terms A;’is and Aggl denote spurion fields [10—14] that connect the
exotic and the elementary sectors and are the responsible of the light fermion masses. According
to the fermion partial compositeness paradigm, no direct elementary fermion couplings to ¢ are
allowed.

In terms of the SU(2);, quantum numbers, the scalar quintuplet ¢ and the VLQs can be
decomposed as follows

o=H,H, s)'', y~®QTs)', x~Ti, ¥ ~(@Q.K,Bs)", x' ~B;, ()

where H is the SM SU(2);, doublet, with H = iocpH*, s is the scalar singlet, K and Q) are
SU(2)1, doublets and T; 5 and By s are singlets. The rest of the charge assignments can be seen in
Table 1.
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Charge/Field K Q Ty s Q K’ By s
=) +1/2 -1/2 0 +1/2 -1/2 0

SUR) xU(ly | (2,+7/6) (2,+1/6) (1,+2/3) (2,+1/6) (2,-5/6) (1,-1/3)

U(l)x +2/3 +2/3 +2/3 -1/3 -1/3 -1/3
K = +5/3 | Q* = +2/3 Q" =+2/3 | K" =-1/3

UDEm +2/3 -1/3
K9 =+2/3 | @ =-1/3 Qd=-1/3 | K4 =-4/3

Table 1: Decompositions of the exotic fields and their charge assignments. The global U(1)x is added to
ensure the correct hypercharge assignments for the SM fields. The hypercharge is given by Y = Eg) + X,
with X the U(1)x charge and 2;3) the third component of the global SU (2)g, which is part of the residual
SO(4) group after the breaking of SO(5).

Light fermion masses arise via a series of interactions a la Seesaw and once the Higgs doublets
develop a VEV v, = 246 GeV. A first-order approximation for the values of the top and bottom
quark masses is given by

AiA3 v AiA; v 3)

m:; = yi s
t yMlMS\/E

3. Constraints

The inclusion of exotic scalar and fermionic degrees of freedom modifies the lightest states
interactions with respect to the SM. These deviations can be seen in several observables that will set
constraints on the parameter space. On one hand, due to the mixing between the SM bottom and its

partners, the Zbb-coupling deviates form the SM value and thus there are constraints from the ratios

b
FB’

parameter A, from the LR FB asymmetry [15, 16]. On the other hand, there are also bounds from

of partial widths R, and R, the forward-backward (FB) charge asymmetry A, and the coupling
T and S oblique parameters [1, 17, 18], since new scalar and fermionic mass eigenstates couple to
EW gauge bosons.

In addition, there are experimental and theoretical constraints to the Higgs-singlet mixing sin y.
Bounds in the (m,,, sin? y) plane are shown in Fig. 1. Since siny universally suppresses the Higgs
coupling to EW bosons, its possible to derive an upper bound from the latest ATLAS analysis of
Higgs signal strengths with 80fb~! at /s = 13 TeV [19]. Using a y? fit, this bound is

sin?y < 0.11 (at 95% C.L.), )

which is highlighted by the excluded red shaded region of Fig. 1. There are also constraints from
ATLAS searches for scalar resonances in diboson final states [20]. The respective 95% C.L. limits
are represented by a blue region in Fig. 1 and were obtained assuming VLQs do not contribute
to the o gluon fusion production: only SM top quarks run in the loop with a SM-like Yukawa
coupling to o weighted by sin y. It was checked this was a good approximation in most regions of
the parameter space. Finally, the yellow region of Fig. 1 is theoretically forbidden in the MLo M,
as there the SO (5) symmetry is not spontaneously broken.
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Figure 1: Constraints on the mass (m) and mixing angle (sin® y) of the new scalar o (see text for details).
Only the white region is allowed by both experimental and theoretical constraints. Other lines are shown
where vlz1 /f* = 1 and where the SO(5) preserving parameter of the MLo-M scalar potential, A, either takes
particular values or is equal to the SO(5)-breaking parameters « and f3.

4. Lightest VLQ Phenomenology

The lightest VLQs of the model are phenomenologically the most interesting ones, as they
would be generically the easiest to produce at colliders. Quarks with exotic charges 5/3 and —4/3
are present in the model, however, since they are not coupled to the new scalar o, its phenomenology
is quite similar to that of minimal models. In the mass basis, interactions determining the production
and decay of the lightest top partner (7') with charge 2/3 and bottom partner (B) with charge —1/3
are given by

_ _ 14
Zc = g5 (TY"T +By"B) G-

Bvoq = %[Ty”VTLb PLb+7y"V) PLB+ (L - R) |W] +hec.,

8
Q
<

|

= —Zf |1y X/ PLT by X[y PLB + (L > R) | Z, +he., ®)
w

Zhoq = |1y PLT +by)y PLB+ (L — R) |h+hec.,

Liroq = |15 PLT +byg;" PLB+ (L = R) |o +he.,

where 1¢ are the Gell-Mann matrices, a is a colour index, ij are the gluon fields, g is the SU(3),
gauge coupling, (L — R) indicates the respective RH piece must be considered, Pr 1, = (1 £y5)/2
are the usual chirality projectors, g is the SU(2)r gauge coupling, cw = cos Oy, with Oy the weak
mixing angle, ¢ and b are respectively the physical top and bottom quarks, W and Z are the EW
gauge bosons and & and o are the scalar mass eigenstates of the model, with /4 the 125 GeV Higgs.

VL’R, XL’R, yh, L,R and ya', L,R

are the resulting partner couplings due to the mixing between the
exotic fermions and the SM ones. Last term in Eq.(5) leads to different phenomena with respect to

MCHMs and to what standard experimental analyses consider for VLQ searches: new decay modes
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Figure 2: (a) Values of the branching ratio BR(T — ot) as a function of the top partner mass mr
for the allowed points from our MLoM parameter scan (only points where T is the lightest VLQ are
included). Branching ratios of o are approximately BR (o0 = W*W~) ~ 40%, BR (o0 — ZZ) ~ 30%,
BR (00 > hh) ~ 20% and BR (o0 — tf) ~ 10%. (b) T pair production (blue) and single production for
Vry = 0.15 (red) and Vrp = 0.05 (green) cross sections at 13 TeV LHC, as a function of the VLQ mass mr.

are possible and, since o~ mainly decays to WW, ZZ and hh, the possibility of a plethora of new
multi-bosonic signatures at the LHC is opened, as long as these fermions are significantly produced
through either QCD pair production or single production with the interchange of an EW boson.
As an example, Fig. 2 (a) shows the results for the BR(T — ot) from a numerical scan over a
region of the parameter space where T is the lightest VLQ. All points are consistent with top and
bottom quark masses and with bounds discussed at Sec. 3, which are satisfied for M;, Ml’ , \; around
afew TeV and A} around a few hundred GeV. As can be seen, in a significant number of scenarios
with different masses the exotic decay mode is relevant and even the dominant one in few cases.

Regarding T production, QCD pair production only depends on the quark mass, while the

dominant contributions to single production are also controlled by Vyp = \/ (VTLb)2 + (Vfb)z,
which for some benchmarks in Fig. 2 (a) takes sizable values Vr;, ~ 0.1. However, this coupling
appears to be anticorrelated with BR(T — ot): the larger Vrp, the smaller the ratio to ot (see
Ref. [9]). Fig. 2 (b) shows T pair production and single production for Vy, = 0.15 and Vyp = 0.05
cross sections. It becomes clear that, for Vi, ~ O(0.1), the single T production cross section
becomes more important than the pair production one above mr ~ 1 TeV. This is a consequence
of the interplay among the new VLQ states and the third generation SM quarks and represents a
salient feature of realistic models as opposed to simplified VLQ models [16].

Present LHC searches are sensitive to the new decay modes. The ATLAS search for same-
sign di-leptons or three leptons plus b-tagged jets [21] can be taken as an example. This analysis
primarily targets the process pp — BB — W™t W*f — W-W*hW*W~b, with two same-sign or
three leptons produced from the decays of the W bosons. The events are required to have a large
amount of missing transverse energy Er, as well as large transverse energy Hy. This search is
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also sensitive to the processes pp — BB — obob with ¢ — W*W~, which yields the same final
state as the ATLAS target. It can be shown the normalised kinematical distributions of E7, Hy and
leading lepton transverse momentum pr can be similar for the ATLAS target process with a standard
VLQ decay mode (B — Wt) and the process pp — BB — b ob with ¢ — W*W~ [9], and,
consequently, despite being designed for a specific decay mode, the ATLAS search [21] is flexible
enough to provide limits on non-standard VLQ decay modes. This and other examples (see Ref. [9])
indicate that event selections that require high Hy or large effective mass mey = Hy + Er and leptons
or b quarks are sensitive to the new VLQ decay channels. The results of these searches can be
reinterpreted by relaxing the condition that all standard decay ratios sum to one and introducing the
exotic decay modes.
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