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ABSTRACT: The existence of new vector-like quarks is often predicted by models of new
physics beyond the Standard Model, and the development of discovery strategies at colliders
is the object of an intense effort from the high-energy community. Our analysis aims at
identifying the constraints on and peculiar signatures of simplified scenarios containing two
vector-like quark doublets mixing with any of the SM quark generations. This scenario is
a necessary ingredient of a broad class of theoretically motivated constructions. We focus
on the two charge 2/3 states t’172 that, due to their peculiar mixing patterns, feature new
production and decay modes that are not searched for at the LHC: single production of
the heavier state can dominate over the light one, while pair production via electroweak
interactions overcomes the QCD one for masses at the TeV scale.
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1 Introduction

The search for particles beyond the Standard Model (SM) is one of the main goals of the
Large Hadron Collider (LHC). In the midst of the Run II, a new range of energies is
being explored, thus playing a crucial role in finding new phenomena or setting bounds on
various aspects of New Physics (NP) models. The progress in the understanding of the
Higgs sector via the Higgs coupling measurements at the LHC is also a major advance in
the exploration of NP, as it allows to test the extensions of the SM either in new channels
at colliders or to envisage new complementary ways to explore the presently explored final
states. Among the many NP states searched for at the LHC, vector-like quarks (VLQs)
play a prominent role in terms of experimental effort. A large number of searches have been
performed by both ATLAS and CMS, exploring pair and single production of VLQs in a
wide range of possible final states and signatures. No evidence of their existence has been
observed so far, giving rise to mass bounds in the TeV range. The precise values depend on



assumptions on the allowed decay channels and particular mixing with the SM quarks, and
the bounds are overall robust if the mixing of the VL.Qs is mainly to 3rd generation quarks.

The fact that VLQs are the object of such an extensive exploration did not happen
by chance: in fact, they are predicted or suggested by a large number of extensions of
the SM, especially in relation with the top quark. As examples, VLQs appear as top
partners in composite Higgs models [1-4], extra-dimensional models [5-9], gauge-Higgs
models [10], models with gauge coupling unification [11, 12], little Higgs models [13-15]
and models with an extended custodial symmetry [16, 17]. Typically, the experimental
searches have been based on simplifying assumptions guided by the expectations in specific
models, like mixing with the third generation of SM quarks and decays into a W, Z or
Higgs plus a top or bottom quark [18-27]. In general, however, the mixing with the first
and second SM generations needs to be considered [28-33], and a few LHC searches are also
available [34, 35]. Furthermore, decays into a non-SM boson [36-40] or Dark Matter [41-45]
are recently receiving increasing attention.

Apart from the specific set-up required by these models, it is interesting to study VLQs
in a more general context, and we consider this possibility in the following. A common
situation in NP models is the presence of extended global symmetries that require several
VLQ multiplets, which remain close in mass. These multiplets mix with the SM quarks
and among each other via Yukawa-type interactions of the Higgs field. This in turn affects
the tree-level and loop-level bounds on masses and coupling strengths, modifying the re-
sults and the expectations obtained in simplified analyses. In the present work we further
generalise the analysis we performed in [46] by considering general structures and mixing of
more than one VLQ multiplet mixing s with the three SM quark generations. We take into
account updated bounds both from direct searches, Higgs physics and Electroweak Pre-
cision Tests (EWPT). In particular we shall focus on the case of non-degenerate SU(2)[,
doublets, which is of particular interest for model building with extended custodial sym-
metry. Furthermore, these multiplets feature a cancellation at low energy that relaxes the
typically very strong bounds coming from precision electroweak observable.

Our main objective is to explore signatures that are characteristic of this specific bi-
doublet configuration, and that can be used to distinguish models containing these multi-
plets from other generic VLQ models. We will identify configurations where the observation
of the heavier VLQs is favoured with respect to the lightest one of the multiplets, and spe-
cific decay patterns for the charge 2/3 VLQs. Finally, we point out the importance of pair
production of two VLQs via electroweak interactions, which can dominate over the QCD
pair production for large (allowed) mixing. This feature was, to the best of our knowledge,
first noted in ref. [47].

The paper is organised as follows: in section 2 we recall the structures and properties
of VLQ doublets, their relevance in well known models and the typical cases in which they
feature cancellations that allow to reduce their impact on low-energy observable. In section
3 we discuss indirect bounds from EWPT, tree level and loop level contributions to the
Z and Higgs couplings, and bounds from current direct searches. In section 4 we discuss
the main new features that lead to novel signatures at the LHC, before presenting our

conclusions in section 5.



2 Vector-like multiplets: models with two doublets

The general description of the first few VLQ multiplets is given in [46], where they are
classified in terms of both their quantum numbers and their particle content (multiplets
containing top partners, bottom partners, or both). In addition to partners of the standard
quarks, these multiplets may contain other exotic charged VLQ particles. The VLQ multi-
plets that can mix with SM quarks and a SM (or SM-like) Higgs boson have been studied,
rather extensively, in the literature [18, 22, 26, 29-31, 48]. In the following we focus on the
specific case of VLQ doublets, as it is of particular importance in various extensions of the
SM with an extended custodial symmetry (see, e.g., refs. [16, 17]).

The doublets we consider allow to have mixing with the SM and one state with same
quantum numbers in the two multiplets, and in the main text we focused on the situation
in which each doublet contains a top-partner. The doublets are the following are ¢ =
(2, %) = <g11> and 19 = (2, %) = (Xé)“). The exotic state X°/3 has electromagnetic
charge +5/3 e. The presence of VLQ élultiplets generically allows to add new Yukawa
interactions between the VLQ multiplets and the SM quarks, or among VLQ multiplets,
mediated by scalar fields from the Higgs sector. Gauge invariance requires that new VLQ
doublets couple with the SM right-handed singlets (if the Higgs sector is not modified).
For VLQ multiplets with the same quantum numbers as the SM quarks, a direct mass
mixing can be written down but it is not physical, as it can be removed redefining the
fields corresponding to the SM and VLQs.

Lv_syp = —)\If l/leﬁu’f% — /\’fd 1;1LHd’f% — /\]2C QEQLHU% + h.c., (2.1)
with k being the generation index (= u, ¢, t). No Yukawa coupling between the two VLQ

multiplet is allowed, therefore one can use two free phases to remove one phase in )\’f and
one in )\]2“ (therefore only four new phases are present). The mass Lagrangian is:

Lmass = _ylfUlLullg% - yldelLdljc-z - yé:UQLu’;{
—My ULUig — My D1, Dig — My Uy ,Usgp — Mo X25£3X%3 +he, (22

with y’f = )\’}%(I =1,2), y’fd = )\’}d% and mass matrices are:

(mup)3X3 O3x1 O3x1 (mdown) 0351
My=| (hixas Mi 0 |, Mg= ) 3x3 A | M =M. (2.3)
1 1
(¥5)ixs 0 My 1d/1x3

It is also possible to have two bottom partners A, giving rise to the following two cases
of either two T” VLQs or two B’ VLQs.This features an exotic charged bottom-partner,
and we will consider its phenomenology in a follow-up work.

A detailed account of the Yukawa structure and mixing patterns can be found in [46].
In the remaining of this section we will consider, in detail, the relation between the general
formalism we use in this paper and composite (pseudo-Nambu-Goldstone) Higgs models.



2.1 Relation to composite top partners

In models of composite top partners, where the elementary tops pick up a mass via mixing
with composite operators [49], bi-doublets like the ones we consider in this paper arise
naturally. This is due to the fact that the symmetries of the composite sector need to
include the full custodial SO(4)~SU(2);,xSU(2)r symmetry of the Higgs sector [50], and
top partners embedded in a bi-doublet are preferred by the absence of dangerous tree
level corrections to the Z couplings to the left-handed bottom quarks [16]. The main
difference between the composite case and the Lagrangian we adopted in eq. (2.1) (for the
case relevant for the top mass generation) is twofold: on the one hand, in the effective
Lagrangian for partially composite tops [23], the elementary fields corresponding to the
SM tops do not couple directly to the Higgs boson but mix linearly with the composite
operators via a mass term generated by the condensate; on the other hand, the Higgs field
enters non-linearly in the couplings, thus higher order couplings are implicitly included.

To establish a bridge between our study and models with partially composite tops, we
detail here the correspondence between our parameters and the ones of a model based on
the symmetry breaking SO(5)/SO(4) (so-called minimal composite Higgs), where the top
partners are allowed to transform as a 4 of the unbroken symmetry SO(4) [2, 16]. This
discussion is actually valid for any symmetry breaking pattern, as long as an unbroken
custodial SO(4) is contained in the unbroken subgroup. We will follow the notation of
ref. [51], where the mass mixing in the effective Lagrangian description reads:

Loy D — My (TLTr+ BrBr + X530.X5/3r + Xo/30X2/3R)
. . L0
— yL4f <bLBR + COS2 5 tLTR + Sln2 5 tLX2/3R>

— ZM\/;IHH(TLtR — XQ/SLtR) + h.c. (2.4)
where (T, B) and (X553, X5/3) are the two doublets that share a common mass My; f is
the decay constant of the pions in the composite sector (including the Higgs boson) and
the angle # parameterises in a non-linear way the Higgs vacuum expectation value (VEV),
such that v = fsin§. Note that the SM elementary doublet (¢, b) mixes with the composite
doublet with strength yr4f not suppressed by the Higgs VEV, so that we can remove this
term by redefining:

yraf
\/ M3 +yi,f?
and analogously by, = sgr. D11 + caLd% and By, = cgr. D11, — saLd?. Upon identifying the

fields tp = u?}’%, Tr = Uir, Xo/3 = Uz and X553 = X5/3_ at leading order in the Higgs VEV
the parameters in our Lagrangian (2.1) match the composite ones as follows:

My =\/M}+y2,f2, My= My (< M), (2.6)

_yR4fsin9 _ YRrafsind 3 _ YRraf sinf > 3 )

3
S 5 = ——FC , .

3 3 :
tr, = sorUrL +coruy, T = corLUrL — seruyj , sgr, = sinfy, = , (2.5)

and

ik = (2.7)



The above formulas show that composite models indeed prefer masses for the two doublets
that are not equal (and in particular, the hierarchy My < M; is an outcome) as well as
unequal Yukawa y3 > 3,

Another interesting possibility, which has deserved attention in the literature, is that
the right-handed top component is itself a fully massless composite state [24, 52]. In this
case, a direct coupling of the left-handed elementary tops is allowed:

Loir D — My (TeTr+ BrBr+ X530 X538 + Xo/30X2/3R)

- 0 _ o0 -
—yraf (bLBR + cos? 3 t. TR + sin? 3 tLX2/33>

S
- yf“i;;ulthL +he. (2.8)

where we see that the coupling between the right-handed top and the heavy doublets is
replaced by a direct Yukawa with the light left-handed top. The same rotation among dou-
blets can be done as before, now leading to the following identification of Yukawa couplings:

mup _ thf SiHQCGL yg . thf sin@seL
33 — T ) lu — T s

while the masses of the heavy doublets are the same as above.

y3 =0; (2.9)

3 Constraints on the parameter space

We examine, in the following, the scenario with two doublets of hypercharge 1/6 and
7/6 respectively, each containing a charge 2/3 top partner, labeled as Uj 2 in the gauge
eigenstate basis and ¢} , in the mass one, where m,; < my,. The relation between the masses
of t/1,2 and the Lagrangian parameters Mo after the diagonalisation of the mass matrix
is described in appendix B. In the numerical study, we considered benchmark values for
the mass parameters in the Lagrangian (i.e. the VLQ mass terms in the gauge eigenstates,
before mixing) as follows: M; = 1000 GeV and My = {1100, 1200, 1400} GeV. We will
thus show selected results from those benchmarks. Note that in composite Higgs models,
one typically expects the opposite mass ordering for the multiplets, however experimental
bounds go rather in the opposite direction as the bounds on the X?/3 exotic charge member
(belonging to the second multiplet) are strong. We take, therefore, benchmark points that
take this fact into account and that allow to explore in a first step an overall lower range
of masses which are within immediate or close reach for the LHC.

Indirect constraints on the spectrum and couplings of the VLQs arise both at tree level,
via modifications to the couplings of the Z and Higgs (and W) to the SM quarks [18], and
at loop level via contribution to the observable in the EWPT [22, 28, 53-55] and loop-
induced couplings of the Higgs [55, 56]. These constraints give a first indication of the
available parameter space that is still interesting to further explore in direct searches at
the LHC. Note, however, that we are working under the assumption that the only light
NP states are the new VLQs. Thus, the effect of other states to EWPT is not taken into
account, and they may affect the results even if the new particles are heavier than the
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Figure 1. Tree level (yellow area is excluded at 30), EWPT (blue continuous line corresponds
to the 30 bound, green dashed to 20, red dotted to lo, the strip between the lines is allowed)
and LHC single VLQ production bounds (vertical black line, excluded region on the right) in the
case of mixing of two VLQ multiplets with the first (top panels) or second (bottom panels) SM
quark generation. Plots on the left column correspond to benchmark masses M; = 1000 GeV and
Ms = 1100 GeV, while on the right to M; = 1000 GeV and M = 1400 GeV.

VLQs. The reader should be wary, therefore, that the loop-level indirect bounds should
not be considered as absolute bounds, but rather they should be taken as an indication in
models that contain other particles contributing to these corrections. Tree level bounds,
on the other hand, are more solid as they arise directly from the mixing.

A combination of the numerical results we obtained are shown in figures 1, 2 and 3
for a selection of benchmarks. The details of the bounds we impose are described in the
following sub-sections 3.1 and 3.2. The general trend is that, for VLQs that couple mainly
to the first and second SM quark families, the bounds from EWPTs (curved lines) and
tree level Z-couplings (excluded yellow area) tend to cover the same parameter space.
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Figure 2. EWPT bounds (blue line is the 30 bound, green dashed 20, red dotted 1o, the strip
between the lines is allowed) in the case of mixing of the two VLQ multiplets with the third SM
quark generation.
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Figure 3. First generation mixing bounds from Higgs couplings data, Blue dotted line is 68%
CL and Red line corresponds to 95% CL. Values of the Yukawa couplings below the corresponding
curve are allowed.

This was also remarked in [46], where the specific case of degenerate or quasi degenerate
multiplets was considered. For earlier discussion of the degenerate case, we refer the reader
to refs. [28, 57]. In the cases we cover here, with less degenerate masses, we see that
the allowed region shifts in the parameter space of the two Yukawa couplings, while the
approximate overlap between tree and loop level bounds is conserved. The vertical black
line gives a constraint on the Yukawa coupling coming from direct searches for a VLQ



bottom partner at the LHC Run-II (more details in the following sub-section 3.3). We
remark that bounds also arise from modifications to the Higgs couplings, mainly due to
loops of VLQs to the couplings to gluons and photons. However, such bounds (shown in
figure 3) are much weaker and do not significantly affect the allowed parameter space.

The case of third generation is quite different, as there are no tree level bounds due to
our poor knowledge of the couplings of the Z boson to the top quark. Furthermore, the
loop contribution to the Higgs coupling features an interesting cancellation, thus leading
to very weak constraints. The loop level EWPTs, however, give similar constraints to the
ones from light families, as shown in figure 2, and also features a characteristic shape due
to a cancellation that allows large values of the couplings.

3.1 Tree level bounds

Among the long list of processes at tree level, we consider here only the most significant
and effective one to obtain bounds on the parameters of VLQs. Specifically, we use bounds
on the modifications to the Z couplings induced by the mixing between VLQs and SM
quarks. The generic expressions of the same are given in [58]. The couplings of VLQs to
gauge bosons are given in the appendix B of [46]. In the models under consideration, only
the mixing of top partners with up-type SM quarks will induce this type of effects. The
diagonalisation of the mass matrix is obtained through two unitary matrices Vi, and Vg,
defined by

M, =V, - M3es .yl (3.1)
and the mass eigenstates can be obtained by rotating the flavour eigenstates with the same
matrices:

u ul
c u?
t Vg | v . (3.2)
tll Uy
/
ty L/R Uz L/R

The above rotations modify the couplings of SM and VLQs with the gauge bosons, affecting
in turn well measured processes, in particular observables involving the Z boson. The
expressions of couplings of VLQs, SM quarks and the gauge bosons of the SM are provided
in appendix C. The modifications to the couplings with respect to the SM values are
proportional to the VL4/I r and the VL‘E’/I  elements of the mixing matrices, and we recall that
for doublets larger mixing angles are obtained in the right-handed sector, while the ones
in the left-handed sector are suppressed by the ratio between the SM quark mass and the
VLQ masses [28, 31, 59, 60].

Strong constraints on the Z coupling with first generation SM quarks come from the
weak charge measurement in atomic parity violation experiments [54, 61, 62]. The cou-
plingsof the Z to the second generation quarks were tested in detail at LEP [63]:

g5, = 0.3453 £ 0.0036, g% = —0.1580 & 0.0051, corr. = 0.30. (3.3)



We remark that the bounds shown in Figs 1 and 2 are calculated at 30. For couplings to
the third generation, the Wy, couplings were measured both at TeVatron and LHC. The
value of Vy, is affected by the mixing of the top with the VLQs in the left-handed sector:

V> =1- )" [V/OP. (3.4)
K=4,5

A complete list of direct measurements and lower bounds on Vj, can be found in [64].!
Again for more detailed formulas we refer to [16, 46, 58, 65]. Numerically, the bound from
Vi are rather weak and do not significantly affect the parameter space for heavy VLQs.

3.2 Electroweak precision tests and Higgs bounds

Electroweak precision measurements, or EWPT, are a standard tool to constrain physics
beyond the SM. They can be used to constrain the parameters of VLQs [22, 53], but only
under the strong hypothesis that, except for the considered contributions, other heavy
particles decouple or give negligible contributions. Seen the level of precision in the mea-
surement, this is a rather strong assumption and may strongly bias the applicability of the
results to specific models. For this reason, in the following, we will consider the bounds
from EWPTs as an indication and not as a general exclusion, contrary to the tree level
bounds. The Higgs measurements are also entering a precision era and, already at present,
give valuable information and limits on the possible extensions of the SM. Model of VLQs
are no exception and looking to the Higgs data gives useful constraints [55, 56]. EWPT
and Higgs couplings measurements give rather complementary bounds on the parameters
space of VLQ models.

Bounds from EWPTs are usually given in term of the oblique parameters S and T, as
defined in refs. [66, 67]. We have considered the following reference SM values: my, yef =
125 GeV, my s = 173 GeV and myref = 4.2GeV. Taking U = 0, as it is the case in the
models under scrutiny, the experimental values for the S and T' parameters are [68]:

S =0.06+£0.09, T =0.10£0.07, (3.5)

where the correlation between S and T in this fit is 0.91. For more details and the complete
list of formulas we refer to [46] (previous calculations can be found in refs. [16, 58, 65]).

The EWPTSs, complemented by the tree-level bounds for the light generations, tend
to favour situations in which the two Yukawa couplings of the VLQ doublets to the SM
are of similar size (see figures 1 and 2), giving rise to a funnel region that extends to large
value of the Yukawas along the diagonal. In the non-degenerate VLQQ mass case, the funnel
is simply rotated away from the exact diagonal, shifting closer to the axis relative to the
heavier multiplet. This, as expected, derives from stronger bounds on the Yukawa of the
lighter multiplet.

Concerning Higgs data, the direct measurement of the couplings to quarks is very
challenging: only very recently the observation of production of the Higgs in association

'Note that the strong constraints from the unitarity of the CKM matrix cannot be used, as the mixing
with VLQs destroys such unitarity.



with tops has been reported by ATLAS [69] and CMS [70] that measured the signal strength
with a 30% accuracy, while the couplings to light quarks (with the exception of the bottom)
is out of reach. Thus, the only bounds come, indirectly, from loop effects on the couplings
to gluons and photons. Being generated at loop level, they also suffer from the possible
presence of additional contributions that would thus affect the bounds in more complete
models. The combined ATLAS-CMS constraints on . and kg4 are given in ref. [71]. The
presence of new VLQs, which enter the loops allowing the Higgs boson to couple to photons
and gluons, modifies these effective couplings giving rise to bounds on the parameter space
of VLQs. We use therefore those combined constraints in the following to establish bounds
on the parameter space for VLQ bi-doublets as shown in figure 3. These bound put an
upper limit on the funnel region which was unrestricted by tree-level and EWPT data. The
results of second generation mixing with VLQs are similar to those for the first generation
mixing. On the contrary the third generation mixing case does not allow to put any extra
constraint using the Higgs results.

3.3 Bounds from direct searches at the LHC

As we already pointed out, VLQs are widely searched for at the LHC. Most efforts, so far,
have been addressed towards VLQs that decay into third generation quarks and are pair
produced via QCD interactions. For a top partner, the considered final states are Wb, Zt
and Ht. In the case of doublets, the rate into the charged current is nearly negligible, thus
leading to bounds ranging from 1270 GeV to 1300 GeV from the latest CMS results [72, 73],
while ATLAS [74, 75] gives 1170 to 1430 GeV. Interestingly, for CMS the stronger bound
corresponds to decays exclusively into Zt, while for ATLAS into tH. For completeness,
similar bounds can be obtained for decays into Wb final states [76, 77]. The bounds on the
charge —1/3 B and charge 5/3 X, which decay uniquely into W, range between 1100 GeV
(for same sign lepton channels) [78] to 1300 GeV (for single lepton channels) [79] for CMS.
In the approximations considered in the searches, those bounds do not depend on the value
of the mixing angles with the SM quarks. Searches targeting single production channels,
which are proportional to the mixing angles, are also available within the latest dataset.
CMS has published a search for B in the final state Ht [80] and for T in the final state
Zt [81], while ATLAS has a search in Wb for the 2015 dataset [82]. Only the search in
the Zt channel can, in principle, be used to set bounds on the Yukawa-like couplings in
our model. However, we have checked that the cross sections we obtain are always smaller
than the observed bounds.

Fewer searches also cover the case of the couplings to light generations, and are limited
to Run I data. From QCD pair production [35], the bounds range between 430 GeV for
exclusive decays into Ht to 605 for Zt. Thus, our benchmark points are well above the
current exclusion. In this case, however, single production can be very important thanks
to the couplings to valence quarks [28, 31]. However, interpreting the bounds is more
challenging, as they depend on the structure of the couplings to the light quarks that enter
the single production. For the charge 2/3 partners, in our case the dominant production
is via the couplings to the Z, which is however not covered in the CMS analysis. Thus,
the only bound we could directly apply to our scenario is for the single production of a
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Figure 4. Cross sections for single production of a bottom partner B in pp — Bgq, as a function
of the y{ (in GeV) for first and second generation mixing. The mass is fixed to 1000 GeV, and the
cross sections are compared to the 95% CL bound from [35] at 8 TeV (black horizontal line).

bottom-type VLQ, B in the SM-like multiplet, as cross-sections are bound by the limits for
pp — Bgq from the CMS analysis [35] at 8 TeV. In turn this provides an upper bound on the
maximal value of the Yukawa couplings for the SM-like doublet, y¥/ ©. To extract the bound,
we have calculated the production cross section at LO, using the model implementation
described in more details in section 4.2, and compared it to the excluded value at 95%
CL. Note that the mass of the B VLQ is equal to Mj, which is fixed to 1000 GeV in
our benchmarks. The result is shown in figure 4, where we compare the production cross
section for couplings to up (in violet) and charm (in red) quarks to the exclusion limit at
a cross section of ~ 250 fb. Note that we only consider the central value here, and that an
increase of the cross section due to QCD NLO effects should be expected [83]. Theoretical
errors from scale variation are strongly reduced at NLO. The net bounds on y?/ ¢ amount
to y' < 130 GeV and y§ < 485 GeV, and they are shown as a black vertical line in figure 1:
the region on the left side of the line is allowed.

4 LHC phenomenology

Having determined the allowed region in parameter space, we now perform a phenomeno-
logical analysis of the signatures expected at the LHC. Compared to the current search
strategies, which are based on simplified scenarios with a single VLQ, we will consider here
in detail the interplay between the two VLQ doublets with hypercharges ¥ = 1/6 and
Y = 7/6. We will show that peculiar patterns in the decay rates can be observed, as well
as new production channels.

Among the key properties of this scenario is the presence of two top partners that mix
and have different masses and decay patterns. One feature common to all top partners
coming from doublets is that the decay via charged currents, i.e. a W boson, are very
suppressed, thus searches based on this decay channel (which give the strongest bounds)
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Figure 5. Masses in GeV of t{ (blue contours) and ¢, (red contours) mixing with the light quarks,
for the benchmark M; = 1000 GeV and Ms = 1200 GeV. The contours are shown at intervals of
10 GeV unless specified. Results for mixing with the top quark are numerically almost identical.

will be ineffective. As we will see, peculiar decay patterns may be used to effectively tag
this kind of scenario.

4.1 Masses and branching ratios

The analytical expressions of the masses and branching ratios (BRs) are reported in ap-
pendices B and D respectively. We recall that the values of the masses for ¢} and t}, are
not constant but depend on the values of the two Yukawas, as shown in figure 5. We
show results for the light quarks and for the benchmark masses M; = 1000 GeV and
Ms = 1200 GeV. For mixing with the top, the results are qualitatively similar and quanti-
tatively very close too, as the VL.QQ masses are already constrained to be much heavier that
the top, as discussed in the previous section. On the other hand, the bottom-partner B
and exotic charged X 5/3 have masses fixed, respectively, to My and Ms, and BRs of 100%
into B — W~-u/c/t and X°/3 — Wtu/c/t.

For the branching ratios, in this section we present sample numerical results for the
intermediate benchmark scenario with M; = 1000 GeV and Ms = 1200 GeV, as the results
for the other two cases as well as for heavier masses are qualitatively similar.

We start from the lighter top partner, ). The decay modes of t| are t| — Wt d;; t| —
Z ui;  t) — H w;, with ¢ = 1,2,3 is the SM generation index. The charged current decay
rate of ¢} is negligibly small and hence we have not shown their results. In figure 6 we
show contours of the BRs of a ¢} that mixes with the up quark. The contours are shown
in the plane identified by the two Yukawa couplings. Results for mixing to the charm are
nearly identical (differences only depend on the mass of the charm, which is much smaller
that the VLQ masses), so we superimpose on the same plot the regions excluded by tree
level constraints for the two cases: orange for the charm, with the pink area additionally
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Figure 6. Branching ratios of ¢} mixing with the up/charm quark. The contours are show for
values of the BR spaced by steps of 2.5%. For the light quarks, the orange region is excluded for
the charm, while the orange plus pink areas are excluded for the up. The dashed line indicate the
region excluded by EWPTs for mixing to the charm.

excluded for the up. The orange line marks the additional portion of parameter space that
would be excluded at 30 by the loop-level EWPTSs, in absence of additional contribution
from New Physics and for mixing to the charm (for the up, the tree level bounds are
always dominant). We notice that the charged current is absent, and that the decay rates
are mostly sensitive to the value of the Yukawa for the second multiplet. For small values
of y4, the rates are almost equal between Z and Higgs, while at large values the Z tends to
dominate. The analogous BRs for mixing of ¢} to the top are numerically very similar, due
to the smallness of the top mass compared to the VLQ ones while , however, the excluded
region is different (recall the absence of tree-level constraints).

For the heavier t,, we show the BRs in Figs 7 for couplings to light generations. The
decay modes of th are th — WT d;; th — Z wy; th — Hwuy th— Zt; th— Zt.
We note the same pattern in the balance between the Z and Higgs final states, but with
inverted roles: it is the BR into the Higgs that dominates, in this case, for large values
of the Yukawa with the first doublet, y{. In addition, decays into the lighter VLQ ¢t} are
also allowed, but with very small rates that only increase above the few percent for large
Yukawa couplings.

It is useful to remark that, for mixing to the up quark, the allowed parameter region
is very small, thus the values of the BRs are constrained to almost fixed values. For both
t} and t5, the rates into uZ and uH are close to 50%, while decays ty — t|Z/H are always
bound to be below 1%.

4.2 Cross-sections

The production cross-sections at the LHC also show distinctive patterns. For the calcula-
tion, we have used a modified version of the FEYNRULES [84] VLQ model files provided in
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Figure 7. Branching ratios of ¢, mixing with the up/charm quark. The contours are show for
values of the BR spaced by steps of 2.5% (unless specified). The orange region is excluded for the
charm, while the orange plus pink areas are excluded for the up. The dashed line indicate the
region excluded by EWPTs for mixing to the charm.

ref. [83]. A modification is necessary for including couplings between VLQs from different
multiplets and SM gauge and Higgs bosons.? Such modifications allow an estimation of
processes where VLQs of different multiplets are produced in association, as pp — tt5.
We have used Madgraphb version 2.6.1 [85] for the estimation of cross-sections at LO in
QCD, using the NN23LO1 parton distribution functions for the proton.

We computed the production cross-sections at 13 TeV for the production of the charge
2/3 VLQs t’172 in the parameter space allowed by precision, low energy and LHC@8TeV
constraints, determined in section 3. We also focus on mixing to the up quark, which

2The modified FeynRules file is available here: http://deandrea.home.cern.ch/deandrea/VLQ_v4.fr
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Figure 8. Scatter plot of production cross-sections at LHC@13TeV, scanning over the Yukawa
coupling of 3, for the production processes (from top left clockwise): t; +h, t; + Z, it} and t] + jet

with (4,7 = 1,2) and with M; = 1000 GeV and M3 = 1200 GeV. The cross-section include also the
production of the anti-particle states f;’ je

allows for sizeable single production rates thanks to the couplings to a valence quark in the
proton. We chose, as representative benchmark, the set of input parameter M; = 1000 GeV
and My = 1200 GeV and scanned over the allowed values of the Yukawa couplings in the
Y} - y& plane. Specifically, we have considered processes of single production of | and t}
in association with SM objects, pp — t/1,2 +{h,Z,j}, and pair production of top partners
of same or different kind, pp — t;t; with 4,5 = 1,2, therefore including both QCD- and
EW-strength couplings. In all cases we have considered both the production of particle
and anti-particle states. Our results are summarised in figure 8.
A number of conclusions can be derived:

e In the allowed region of parameter space, it is always possible to obtain configura-
tions in which the production cross-section of the heavier VLQ (t}) is comparable
or even larger than the cross-section for the lighter VLQ (¢}). For single production
channels, this switch happens for values of y}' smaller than 60 = 80 GeV, while for
pair production channel the production of t is comparable to ¢} for values of y}
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Z.h

Figure 9. Strong (top row) and weak (bottom row) tree level Feynman Diagrams for contributions
to the pair production of Vector Like Top quarks.

around the upper allowed limit. From a phenomenological point of view, this re-
sult can be very interesting because the decay patterns of the heavier top-partner
are different from the ones usually considered in experimental searches. This in-
cludes the possibility of chain-decays to the lighter ¢}, thus opening new channels for
experimental exploration.

e The cross-section for production of a pair of VLQs of same kind exhibits an interesting
pattern that indicates the dominance of EW production mechanism for large values of
Yukawa couplings. In fact, QCD production only depends on the mass, which depends
only mildly on the Yukawas. From the bottom-right plot in figure 8, however, we
see a marked increase in the cross-section of both VLQs for y}" > 60 = 80 GeV. In
addition, the pure electroweak production of the two VLQs together, t|t}, becomes
sizeable in the same parameter region, and it even dominates over pair production for
the largest allowed values of the Yukawa couplings. This may be extremely relevant
for phenomenological analyses as the kinematics of processes of production of a pair
of VLQ with different masses will be different from the one usually considered in
experimental searches where the same VLQ is produced in pairs only through QCD-
driven processes. A similar effect was noted in ref. [47] for VLQs in the context of
Little Higgs models with T-parity and, more recently, the same phenomena was noted
in [83, 86]. The Feynman diagrams for the pair production of VLT quarks are given
in figure 9. The reason of dominance of EW process as compared to QCD lies in the
topology of production processes. For larger values of the VLT masses the s-channel
processes goes as 1/s whereas the t-channel exchange diagrams starts to dominate
in forward region i.e. cosd = 1 where 0 is the angle between initial and final state
particles in centre-of-mass frame.

The results we highlighted show novel channels that deserve a thoroughly investigation,
as they may give rise to detectable characteristic signatures at the LHC. Furthermore, an
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analysis at NLO in QCD [83, 87] is needed to go beyond a simple cross-section calculation,
together with the addition of detector and reconstruction effects.

5 Conclusions

We have considered VLQs in a more general framework than the usual simplified models,
namely we study the presence of two doublets with general mixing structure with the SM
quark generations. This template, inspired by situations which are typically present in
various NP models, shows that present bounds in the general case are weaker than those
assuming a single VLQ multiplet and coupling only to the third SM quark generation.
Moreover we focused on the two “top-partner-type” heavy VLQs present in the case of
the two studied multiplets. Due to their peculiar mixing patterns with the SM quarks,
they feature production and decay channels that are usually not considered in experimen-
tal searches. In particular, we remark areas in the parameter space for sizeable Yukawa
couplings where the single production of the heavier partner dominates, thus leading to
cascade decays. Furthermore, in the same parameter region, production of the two mass
eigenstates in association can dominate over QCD and EW pair production. These new
features deserve to be included within the exploration programs for NP at the LHC, thus
allowing to test these situations in detail.
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A Multiplets

Doublet Y = 1/6 and doublet Y = —5/6. We have not considered in the main text
the case of two bottom partners as it requires a different study, implying also the use of
quite different bounds. We give it here for completeness and future reference for further
studies. In this case the the Lagrangian Ly _gys differs from the one of the previous case
due to the different weak hypercharge of the second doublet:

Lv_sy = - Huby — Xy Hdby — NE by Hd% + hec. (A1)

17 -



where the VLQ fermions are ¢; = (2, %) = (Ul,Dl)T and 1y = (2,_%) = (D2,y2*4/3)T_

The mass Lagrangian is:

Lonass = —yrUrpuly — y¥yDipdy — y5,Dordy, — My Uy pUig — My Dy Dig

—My Dy Dap — My Yy, 3V 4 4 he. (A.2)
and mass matrices are:
~d
(M*)3c3 O3x1 (") g Ot Osa
Mu = (yk)l >; Ml 5 Md = (ylfd>1><3 M1 0 5 MY74/3 — MQ . (A3)
. (Y5 )1x3 0 M

B Masses

In the top-type bi-doublet case we consider, both VLQ multiplets only couple to the right-
handed SM quarks:

Ly_sy = =Ny Huby — X8 apyp Hd% — N5 opop Hub, + hec. (B.1)
where ¢ = (2,3) = (Uh D1)T and iy = (2,%) = (X§/3 UZ)T. In this case, no Yukawa

coupling between the two VLQ multiplet is allowed, therefore one can use the two free
phases to remove one phase in )\If and one in )\é, so that only 4 new phases are present
in this model. Once again, we will set )\’fd = 0. The mass Lagrangian and mass matrices

become:
Lnass = —y1,U1uly — yiyDipdy, — ysUspufy
— My Uy Usg — My DypDig — My UppUsg — My Xop2 X2 4 hee.,  (B.2)
and
(M) 33 03x1 O3x1 - down
0
My=| (Wixs My 0 |, My= ( (m(o) )axs ;;1> , Mys;s =My, (B.3)
(¥5)ixs 0 My e 2
The masses of B’ and X%/3 are:
my = Mo, (B.4)
Mxs/3 = MQ . (B5)
We define the dimensionless X and Y parameters as
kN2 kN2
X _ (2y1) o Y — (2y2) 5 <B6)
Mi —mg, M5 —mg,

where k = u, c¢,t. In the bi-doublet model, the top Yukawa coupling and masses of heavy
top partners can be written as

mZ=m?(1+X+Y), (B.7)
Am%

m?/l = m% — 2 ¢ 5 (B8)
Am?2
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with
s  ME1+X)+M2(1+Y)

mtl - 3

2

2 mQ
Amj = 24y [mj — MPM3—5 .
m

t/
t
For My = My = M, these can be written as

112 t\2
ﬁﬁ:m? <1+(y1) +(y2) >’

M2 —m?
m?&:M2,

t\2 t\2
2 ag2 (1) + (v3)

If M >yt yh:

72 = m? (1 N (yi)Qﬂ}rQ(yé)2> Lo <1> ’

A= (7 + ") (1+ 528 ) 40 (515 ) -

(B.10)

(B.11)

(B.12)

(B.13)

(B.14)

(B.15)

(B.16)

As we showed in the main text, after imposing precision and low energy constraints in the

parameter space of Yukawa couplings, a diagonal band is allowed by both the constraints

even for large Yukawa couplings. When the gauge eigenstate masses of VLQ T-quarks are
degenerate (i.e. My = Ms) then BR(t) — ¢Z) = 100%. This changes when VLT quarks

are non-degenerate.

C Couplings to gauge bosons

In the gauge basis, the general expressions for the couplings of W= bosons in the two VLQ

multiplets models are given by

dj,
2
g L d,
Ly = —= (ﬂ};a uz, u}, Uir, U2L> oAt Ay | W
vz D
1L
Doy,
s
g _ _ dp
T <_}%a %, U, Uk, U2R> OpeAt | dh [ W +he,
V2
Dir
Dog
with
I3x3 03x3
o, = a1 , Op= aq ,
a2 (%)
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where the values for the «; coefficients are reported in table 5 of ref. [46]. In the mass
basis, the left- and right-handed couplings can be written as

9 LI _ 9 u

gL = EVCKM = EVLT oV (C.3)
9 GRIJ _ 9 u

GiR = \/§VC’KM - ﬂVRT “OR - Vﬁla (C.4)

where VC@K o and VCRK s are the left- and right-handed CKM matrix, respectively and Vi, r
are the mixing matrices in the left- and right-handed sectors respectively.

The general expression for the left-handed couplings of the Z in the up quark sector
can be written as:

uy,
- ; ug
L7z = % (a}l,@%,ﬂ%, Uir, U2L) . |:<2 — QUSTQ/V> Isy5 — ATg(up):| ’y“ . u% Z,u, (05)
Ui
Usr
with:
03x3
AT = AT , (C.6)

AT

where I55 is the 5 x 5 unit matrix and ATék’u) =1/2 —Ték’u) is the differences between the
SM top-type quark and k-th generation VLQ. In the mass eigenstate basis, the left-handed
coupling becomes:

g 1 k7 * : kl El
a7 = (2 —Qus%v> 61— 37 AT (v v (C.7)
ow k=12
Analogously for the right-handed couplings we obtain:
g k7 * bl bl
gyi = o | (Qust) 8 30 T ) ()
k=1,2

In the interaction basis, the Yukawa interactions in top-type quarks can be written as:

1

Ugp
1 o Uiy
Lyg= ; (ﬁi,ﬂ%,ﬂ%,UlL,UgL) . [Mu—M] . u% h+ h.c., (CQ)
Uir
Uar
with:
O3x3
M = My . (C.10)

My
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In the mass eigenstate basis the coupling of top-type quark reads:

Mdiag,IJ M
17 k k+3,1 k+3,J
Oyt = == 2 S ET T (©.11)
k=1,2
Mdiag,IJ M,
1J k x\k+3,1 k+3,J
Cp'l = == Y (Vv (C.12)
k=1,2
For bottom-type quark, we obtain:
MdiagJJ M, k+3,1 k+3,J
i =—t—- ) (VR ) (VL> ’ (C-13)
k=1,2
aydiag s M kt3,1 k3,7
d,1J k d d
=== ) () (€40
k=1,2

D Branching ratios

In the top-type bi-doublet case we consider, the VLQ ¢} and ¢}, (uj—4 and uj—5) can decay
at tree level to d; W+ and X5/3W~ via a charged current and to Zuy and hu; via a neutral
current. The partial width of charged current u; — d;W™ decay is expressed as

{(IQ#LF + givrl?)

(m?” — m?lJ)T
2
myy,

1
A2(1,mfl]/mgl,m%v/mgl)

F(u[ — dJW+) = 3970
ur

X mzl—l—m?h —Qm%y—l-

—12 (ReggylLRegI‘/]VIR + Img{,TVILImgI‘/]VIR) mujde} ,

where I = 4,5 and J = 1,--- ,4, Ma,b,¢) = a® + b + ¢® — 2ab — 2ac — 2bc is the phase
space function, and Re and Im indicate the real and imaginary part, respectively.
The partial width of u; — X5/3W~ decay is expressed as

D(uy — X°BPW™) =

1
A2 (1,m%s /My, miy /m,) (gx5/3,15‘2 gX5/3,I5’2>
32, WL WR
2
(m%[ - m§{5/3) :|

2
My

X [mzl + mis/S —2mi, + (D.2)
X5/3 1 X5/3 1 X5/3 1 X5/3 1
—12 (RegWL ’ 5RegWR A5 + Imgyy, 5ImgWR ' 5) My, M x5/3 ¢ -

The partial width of neutral u; — u;Z decay is

F(ul — UJZ) =

1 2 2 2 2
)\2(1,muJ/mu17mZ/muI){(’g%,I{J‘Q + ‘g;,II%J 2)

32mmy,
2 2 \2
m —m
X [miI +mi, —2my + (i = ) — us) } (D.3)
Z

12 (RegtReat! + g gl ) g,

where I =4,5and J =1,2,--- < I.
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The partial width of u; — ush

1
A2(1,m2 /m2 ,m?/m?

32mmy,,

(o, 2, =) (15 + 0P

Hmumy, (ReCp! ReC! + Imcgv”lmc;v”)] . (D)

where I =4,5and J =1,2,--- < I.

The total decay width of u; is given by

4
Ftotal(ul) = 11(”[ — X5/3W7) + Z F(UI — dJW+)
J=1
+Z(F(U1—)UJZ)+F(UI —)’LLJh)) . (D,5)
I>J
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