PHYSICAL REVIEW D 109, 055016 (2024)

Probing charged Higgs bosons in the two-Higgs-doublet model type 11
with vectorlike quarks

R. Benbrik®,"" M. Boukidi®,"" and S. Moretti®>**
1Polydisciplinary Faculty, Laboratory of Fundamental and Applied Physics, Cadi Ayyad University,
Sidi Bouzid, B.P., 4162 Safi, Morocco
2Depaerent of Physics and Astronomy, Uppsala University, Box 516, SE-751 20 Uppsala, Sweden
3School of Physics and Astronomy, University of Southampton, Southampton SO17 1BJ, United Kingdom

® (Received 18 December 2023; accepted 5 February 2024; published 12 March 2024)

We study the phenomenology of charged Higgs bosons (H*) and vectorlike quarks (VLQs), denoted
as T, the latter possessing a charge identical to the top quark one, within the framework of the two-Higgs-
doublet model type II (2HDM-II). Upon examining two scenarios, one featuring a singlet (7))
[2HDM-II + (T)] and another a doublet (TB) [2HDM-II + (TB)], we discover that the presence of
VLQs has a significant effect on the (pseudo)scalar sector of the 2HDM-II. In particular, this leads to a
reduction in the strict constraint on the mass of the charged Higgs boson, which is imposed by B-physics
observables, specifically B — X,y. The observed reduction stems from modifications in the charged Higgs
couplings to the Standard Model top and bottom quarks. Notably, the degree of this reduction varies
distinctly between the singlet 2HDM+(T) and doublet 2HDM + (TB) scenarios. Additionally, our
investigation extends to constraints imposed by the oblique parameters S and 7 on the VLQ mixing
angles. Furthermore, to facilitate efficient exploration of the “2HDM-II 4+ VLQ” parameter space, we
present results on pair production of VLQs T (pp — TT), followed by T — H*b and H* — tb decays,
yielding a distinctive 2¢4b final state. This investigation thus provides valuable insights guiding the search

for extended Higgs and quark sectors at the Large Hadron Collider (LHC) at CERN.
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I. INTRODUCTION

Evidence of either a light or heavy charged spin-0 boson,
H*, with a fundamental (i.e., pointlike) structure would be
a crucial piece of evidence suggesting physics beyond the
Standard Model (BSM), as such a state would not replicate
any of those existing within the SM. The latter, in fact,
includes charged bosons, but these are spin-1. Conversely,
it includes a spin-O boson, but this is chargeless. As a
consequence, the search for charged Higgs bosons in recent
years has received a great boost at existing accelerator
machines like the Large Hadron Collider (LHC) at CERN.
However, despite all the efforts being made, still no H*
signals have been seen. Thus, data from direct H* searches
from both the ATLAS and CMS experiments have
excluded large areas of the parameter spaces pertaining
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to BSM scenarios incorporating these new states. In
particular, this has been done for a two-Higgs-doublet
model type II (2HDM-II), including its supersymmetric
incarnation, the minimal supersymmetric Standard Model
(MSSM). However, while the latter is able to escape LHCb
indirect limits on H* states via, chiefly, b — sy driven
decays of B mesons [thanks to new (s)particles in the
corresponding loops canceling the H* contributions], this
is not possible for the former. Therefore, in the 2HDM-II,
a rather stringent lower limit applies on its mass, my=, of
580 GeV or so, quite irrespectively of the other model
parameters.

Such a constraint can, however, be lifted if the 2HDM-II
is supplemented with additional objects flowing inside the
loops, enabling the b — sy transitions, similarly to what
happens in the MSSM. The purpose of this paper is to
investigate whether a similar phenomenon can be triggered
by the presence of vectorlike quarks (VLQs) alongside the
particle states of the 2HDM-II. VLQs are (heavy) spin-1/2
states that transform as triplets under color, but, differently
from the SM quarks, their left- and right-handed (LH and
RH) couplings have the same electroweak (EW) quantum
numbers. They are predicted by several theoretical con-
structs: e.g., models with a gauged flavor group [1-4], non-
minimal supersymmetric scenarios [5-10], grand unified
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theories [11,12]), little Higgs [13,14] and composite
Higgs [15-22] models, to name but a few. In most of
these frameworks, VLQs appear as partners of the third
generation of quarks, mixing with top and bottom quarks.
Further, if their mass is not exceedingly large for the LHC
kinematic reach, they can be accessible in its detectors in a
variety of final states [23-27], so that some of these have
already been explored by the ATLAS and CMS collabo-
rations [28-52].

Here, rather than invoking a complete theoretical scenario
embedding VLQs (like, e.g., compositeness), we adopt a
simplified approach by manually extending the 2HDM-II
with two VLQ representations (singlet and doublet), in the
spirit of Refs. [27,53-57], i.e., for the purpose of assessing
the phenomenological consequences of such modifications
in general, irrespectively of the underlying theory. Indeed,
we will be able to prove that the VLQ loops entering b — sy
transitions can cancel the large contributions due to H ones,
thereby reducing the aforementioned limit on my: down
to approximately 200 GeV for the doublet scenario (2HDM
+7B) and to around 500 GeV in the singlet scenario
(2HDM + T). However, we shall see that achieving this
reduction relies on large mixing angles, a condition largely
contradicted by constraints imposed by the oblique param-
eters S and 7. The focus then will shift to the production of
H* states through pp — TT and T — H*b, with H* — tb,
resulting in a final state characterized by two top and four
bottom quarks (2¢4b).

The plan of this paper is as follows: The next section is
devoted to introduce our 2HDM-II 4+ VLQ framework.
Then we proceed to discuss both theoretical and exper-
imental bounds on it. Section IV presents our numerical
results for the two chosen VLQ representations in turn,
including providing benchmark points (BPs) amenable to
further phenomenological investigation aimed at extracting
signatures of the 2HDM-II + VLQ scenario at the LHC.
Finally, we conclude. (We also have some Appendixes.)

II. MODEL DESCRIPTIONS

In this section, we only provide a brief overview of the
2HDM-II 4+ VLQ realizations that are relevant to our work.
Let us begin with recalling the well-known CP-conserving
2HDM scalar potential for two doublet fields (@, ®,) with
a discrete Z, symmetry, ®; - —®,, which is only violated
softly by dimension-2 terms [58,59]:

V=, ®]0) + 3010, — (mh,0}0; + He)
1 1 ,
+54 (dj@,) + 3 (D)®@,)% + 1, 0], @D,

1
+ 4D, D, + s (®]®,)* + He.|. (1)

Here, all parameters are real. The two complex scalar
doublets @, , may be rotated into a basis, H ,, where only

TABLE I. Singlet and doublet VLQ representations under the
SM gauge group.

Component fields (T (TB)

U(l)y 2/3 1/6

SU2), 1 2

SU®3)¢ 3 3

one obtains a vacuum expectation value (VEV). Using the
minimization conditions of the potential for the implemen-
tation of EW symmetry breaking (EWSB), the 2HDM can
be fully described in terms of seven independent param-
eters: my, my, my, My, tan f(= v,/vy), sin(f — a) and the
soft breaking parameter m3,. When we impose that no
(significant) tree-level flavor changing neutral currents
(FCNCs) are present in the theory, four Yukawa versions
of the 2HDM can then be realized, depending on how the
Z, symmetry is implemented into the fermion sector. These
are: type I, where only @, couples to all fermions; type II,
where @, couples to up-type quarks and @, couples to
charged leptons and down-type quarks; type Y (or flipped),
where @, couples to charged leptons and up-type quarks
and @, couples to down-type quarks; type X (or lepton
specific), where ®, couples to quarks and ®; couples to
charged leptons.'

We now move on to discuss the VLQ side of the model
and we start by listing the representations of two gauge-
covariant multiplets [(7) and (7B)] in Table I, where the
fields 7 and B have electric charges 2/3 and —1/3,
respectively. Specifically, the 7" is chosen as triplet under
the color group SU(3). and singlet under the EW group
SU(2); x U(1)y. Furthermore, the RH and LH compo-
nents Tg’ r have the same EW and color quantum numbers.
The mixing of VLQs with the first and second generations
of SM quarks is heavily constrained by low energy physics
measurement constraints. One such example of such
constraints originates from the EW precision observables
(EWPOs), including oblique parameter corrections, these
being radiative corrections to quantities such as the W=
boson mass (my=) and to the effective mixing angle
(sin? @y,) at high orders [60,61]. Such corrections may be
sensitive to VLQs and may impose restrictions on their
masses and couplings. Additionally, as mentioned, VLQs,
especially the third generation, may also affect the proper-
ties of top and bottom quarks through the mixing of
fermions [62]. This may have implications for processes
like the decay of the Z boson into bottom quarks, which
were measured with high precision at the LEP eTe”
collider at energies near the Z resonance [63,64].
Deviations from SM predictions in such measurements
have the potential to provide strong constraints on the

'In this paper, we will be discussing only type II.
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properties of VLLQs. We thus focus on scenarios in which
the VLQs interact solely to third-generation SM quarks.

In the Higgs basis, the Yukawa Lagrangian can be
written as

—L 2 y"Q) Hyuly, + y* Q) H df + MO uf
+ M%d? d% + H.c. (2)

Here, uy actually runs over (ug,cg,tg,Tg) and dg
actually runs over (dg, sg,bg, Bg) while y*¢ are 3 x 4
Yukawa matrices. When only the top quark “mixes” with T,
the relation between mass eigenstates (7 z) and weak

eigenstates (79 5) can be factored into two 2 x 2 unitary
matrices U g, such that

( LR ) _ e &
Ty bR T ¢

u
- cos 0 p
sin @4 e~

)k
() :

where 6 is the mixing angle between mass and weak
eigenstates and ¢ is a possible CP-violating phase which
will be ignored in our work. In the weak eigenstate basis,
the diagonalization of the mass matrices makes the
Lagrangian of the third generation and heavy quark mass
terms such that

Yiss Yas\ /8

P 35 Vs /1%
Linass = _(tL TL) u v MO 70
Y4z 5 R

d v d v
(B BO)<Y33\/§ y34\/§><b%)
L PL v
yff3ﬁ M° By

+He., (4)

—sin 0% e
u
cos 07

where M° is a bare mass and the y; ;s are Yukawa coup-
lings. For the singlet case y,43 = 0, while for the doublet one
has y3, = 0. Using standard techniques of diagonalization,
the mixing matrices are obtained by

UZMCI(U?Q)T = Mgiag’ (5)
with M7 the two mass matrices in Eq. (4) and MZiag the
diagonalized ones. The mixing angles in the LH and RH

sectors are not independent parameters. Using Eq. (5) and
depending on the VLQs representation, one can find

tan 0% = ™4 tan 01 (singlet),
o

tan 07 = "4 tan 0%  (doublet), (6)
m

0

with (q,mq,mQ) = (u,m;,my) and (d, my,, mg).

III. THEORETICAL AND EXPERIMENTAL
BOUNDS

In this section, we list the constraints that we have used
to check the validity of our results. From the theoretical
side, we have the following requirements:

(1) Unitarity constraints require the S-wave compo-
nent of the various (pseudo)scalar-(pseudo)scalar,
(pseudo)scalar-gauge boson, and gauge-gauge bo-
sons scatterings to be unitary at high energy [65].

(ii) Perturbativity constraints impose the following con-
dition on the quartic couplings of the scalar poten-
tial: |4;| <8z (i =1,...5) [58].

(iii) Vacuum stability constraints require the potential to
be bounded from below and positive in any arbitrary
direction in the field space; as a consequence, the 4,
parameters should satisfy the conditions as [66,67]

)“1 > 0, /12 > 0, 13 > —\/)«1),2,
ﬂ3 +A4 — |/15| > —\//11/12. (7)

(iv) Constraints from EWPOs, implemented through the
oblique parameters,2 S and T [70], require that, for a
parameter point of our model to be allowed, the
corresponding y2(S2HPM-I 4 GVLQ 72HDMI 4 7VLQ)
is within 95% confidence level (CL) in matching the
global fit results [71]:

S = 0.05 £ 0.08,
psr =092 £0.11.

T =0.09 £ 0.07,

Note that unitarity, perturbativity, vacuum stability,
as well as S and T constraints, are enforced through
the public code 2HDMC-1.8.0° [72].
From the experimental side, we evaluated the following:

(1) Constraints from the SM-like Higgs-boson proper-
ties are taken into account by using HIGGSSIGNAL-3
[73,74] via HIGGSTOOLS [75]. We require that the
relevant quantities (signal strengths, etc.) satisfy

To compute the S and T parameters for the VLQ representa-
tions investigated in this study, we employed dimensional
regularization by employing the FEYNARTS and FORMCALC
packages [68,69].

The code has been adjusted to include new VLQ couplings,
along with the integration of analytical expressions for Sy o and
Ty s outlined in Appendix C.
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TABLE II.  Yukawa couplings of the charged Higgs bosons H* to the third generation of quarks in the 2HDM-II
and 2HDM-II 4 VLQ representations studied here [(T) and (TB)]. Here s; p = sinf; ; and c¢; x = cos 0y .
Models Ky Kp

2HDM-II cotf —tanf

2HDM-II + (T) cpcotfp —cp tan

54
2HDM-II + (TB) COtﬁ C;{CZ + é (SZZ

— S%Z)ei(ffiu—(/)d)

_tanﬂ CZC;{ + d (SZZ dz)ei(‘/’u_(/)d)

these measurements at

Ay = — A for
95% CL (Ay* < 6.18).

(2) Constraints from direct searches at colliders, i.e.,
LEP, Tevatron, and LHC, are taken at the 95% CL
and are tested using HIGGSBOUNDSs-6 [76-79] via
HIGGSTOOLS. Including the most recent searches for
neutral and charged scalars.

(3) Constraints from flavor physics are taken at 95% CL
from experimental measurements and are accounted
for via the public code SUPERISO_v4.1 [80]. Specifi-
cally, we have used the following measurements for
the most relevant branching ratios (BRs):

(@) BR(B = X,7)|g <1.6Gev = (3:32£0.15) x 107
[81],

(b) BR(BT = tty,) =

(©) BR(B, —» u™p~) =

(d) BR(B® = uty~) =

(1.06 +0.19) x 10~* [81],
(3.8370:38) x 10~ [82],
(1.2708) x 10710 [83,84].

IV. NUMERICAL RESULTS

In this section, we present our numerical results by first
describing the Lagrangian terms relevant to b — sy tran-
sitions in the 2HDM-II + VLQ scenarios considered, then
by characterizing the implications of the latter in the case
of the (T) and (T'B) representations chosen here in turn,
and, finally, by presenting some BPs amenable to exper-
imental investigation.

A. Charged Higgs boson contributions
to flavor observables

In the following, we shall discuss the results of the most
relevant B-physics constraints, from b — sy transitions,
onto the 2HDM-II 4+ VLQ scenarios considered.

The Lagrange density, which defines the interactions of
the charged Higgs boson with third generation fermions,
can be written as

2_
_£H+ — _t(KtthL - KbmbPR)bH+ + H.C., (8)
v

where Py g = (1£y°)/2 are the chiral projection oper-
ators. For the 2HDM-II, 2HDM-II + (T'), and 2HDM-II +
(TB) cases, the couplings «, and k, take the values

presented in Table II. We emphasize here the role of the
Yukawa couplings, as it is the changes of the latter

occurring in the presence of VLQs which are responsible
for the forthcoming results, as opposed to the role of the
VLQs in the loop observables that we will be describing,
owing to the far too large values of their masses (of order
750 GeV or more).

The Table summarizes the Yukawa couplings of charged
Higgs bosons to quarks of the third generation for three
distinct representations: 2HDM-II, 2HDM-II + (T'), and
2HDM-II + (TB), providing insights into the modification
patterns in different scenarios. As indicated, the couplings
of the charged Higgs boson to SM quarks, specifically to
the top () and bottom (b), undergo modifications in both
VLQ representations.4 These alterations lead to significant
changes in observables related to B-physics processes,
such as b — sy and B, — upu~. The contributions to
the corresponding Wilson coefficients (C;g) are propor-
tional to x;x7, where the terms can be further decomposed
into two parts Detailed expressions of Cf,x,,x,* can be found

in Ref. [85].

The contributions’ to C™! take the form
t,model t,model t,model
C; = Kkpk; Gl T KK Cloee (9)

The outcomes of these modifications will be presented in
the following subsections.

B. 2HDM-I1 +(T)

We start with Fig. 1, where we present explicitly the
excluded parts of the (1=, tan ) plane at 95% CL by B —
X,y (hatched areas) alongside Bg — utu~ (green), BY —
utu~ (orange, which is hardly visible in the plots), and
B, — tv (blue). This figure illustrates that higher values
of s; lead to a less stringent constraint from B — Xy,
driving the exclusion regions towards smaller values of the
charged Higgs boson mass, reaching approximately m .+ ~
500 GeV for s; =0.45. Conversely, the limits from

*For the detailed analytic calculation of charged Higgs boson
couplings, please refer to Appendix A.

In this study, we neglect contributions from Feynman dia-
grams involving VLQs, focusing solely on diagrams that involve
SM quarks. This deliberate exclusion stems from the observation
that the impact of VLQ diagrams is negligible when contrasted
with the diagrams incorporating SM quarks.
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FIG. 1.

Excluded regions of the (m:, tan ) parameter space by flavor constraints at 95% CL. Plots are presented for the 2HDM-II +

(T) singlet with s% = 0 (left), s¥ = 0.2 (middle), and s¥ = 0.45 (right).

B, — uTp~ become more restrictive as s; increases,
excluding tanf <7 for s; =0.25 and tanf <5 for
s; = 0.45. Here, it is important to note that the new term
introduced in the relevant H*tb coupling depends solely on
the mixing angle s;, which thus controls the inclusion of
VLQs in the 2HDM-II, as discussed previously.

However, the potential for this reduction is moderated
by the oblique parameters S and 7, as will be discussed
subsequently. These parameters restrict the range of the
mixing angle s;, thereby playing a critical role in prevent-
ing a substantial decrease in the charged Higgs mass limit,
particularly by constraining the possibility of larger mixing
angles.

In Fig. 2, we show the result of the analysis for our scan
over the (S,7) plane. The color coding indicates the
difference with respect to the x2(S,T) values, and the
black lines show the 68% CL (solid) and 95% CL (dashed)
contours. The scanned 2HDM-II + VLQ parameters(’ are
given in Table III. In the remainder of our analysis, we
will present results from the 2HDM-II + (T) regions
within the 2¢ band also compliant with flavor constraints.
It is important to highlight that the shape of these points
is a result of the cancellation between the contributions
from the 2HDM and VLQ states to the oblique parameters
Sand T.

Figure 3 illustrates the excluded regions at 95% CL by S
and T in the (my, s}) plane, considering the fixed para-
meters my = 532.80 GeV, my = 524.26 GeV, and my= =
588.02, with tan = 5.19. From this figure, it is evident
that the imposed constraints only permit low mixing angles,

We performed a systematic random scan over the parameters
cited in Table III using a modified version of 2HDMC-1.8.0.

AX*(S,T)
0 1 2 3
T J
0.15 T T LB TT T T T pa
g —— 1o ellipse for x*(S,T) ]
----- 20 ellipse for x%(S,T)
0.10F
0.05F
& E 7’
< F ///
0.00F ~
o /
/
o /
F ,’
—0.05F ’
r /
\ -
S
_ Eeovvniy Liiini Lo IR Ly
0'1—00.20 —0.15 —0.10 —0.05 0.00
AS

FIG. 2. Allowed points by all constraints (HIGGSBOUNDS,
HIGGSSIGNALS, SUPERISO, and theoretical ones) superimposed
onto the fit limits in the (S, ') plane from EWPO data at 95% CL
(with a correlation of 92%), with the color code indicating
Ay?(S,T). Results are presented for the 2HDM-II + (7).

specifically s} < 0.1. Additionally, the stringency of the
constraint increases with rising VLQ mass, my.

In Fig. 4, we illustrate the BR(T — H*b) (left) and the
ratio 'y /my (right) as a function of m and tan f. It is clear
from the left plot that the 2HDM-II + (T) scenario cannot
ultimately predict dominant production rates for a H*
emerging from a heavy 7T quark, no matter its final
decay pattern. Specifically, the decay rate of T — H*b
reaches a maximum value of 23% for tanf < 1.5 and
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TABLE III. 2HDM and VLQs parameters with their scanned
ranges for both VLQ representations considered here. Masses are
in GeV. (Note that we have taken the lightest CP-even neutral
Higgs boson, 4, to be the one observed at ~125 GeV).

Parameters Scanned ranges
2HDM

my [130, 800]

my [80, 800]

M= [80, 800]

tan 8 (0.5, 20]

sin(f — a) 1
2HDM-II + (T)

S [-0.5, 0.5]

my [750, 2600]
2HDM-II + (TB)

s;é,d [-0.5, 0.5]

mr [750, 2600]

my > 1500 GeV and becomes negligible for tanf > 4,
essentially due to the dependence of the BR on the mixing
angle s;. Recall, in fact, that the latter is constrained to
be rather small by the oblique parameters S and 7. One
can also read from the right panel of the figure that the
heavy quark total width can be at most 10% of its mass
at low tan f (indicated by dark blue points), so that this
state is generally rather narrow and then can (tentatively,
depending on the H* decays) be reconstructed in LHC
analysis.

We then present in Fig. 5 the BR*(T — H'b) x
BR*(H* — tb) (left) and the production cross section
o(pp - TT)" followed by BR*T — H'b) and
BR*(H* — tb) in the (my,my:) plane. Clearly from
the left panel, the decay H* — tb as this is the dominant
one for a heavy H™ state with my+ > m,. In the left panel,
BR*(T — H*b) x BR*(H" — tb) reaches around 4% for
tan <2 while, in the right panel, o7 x BR*(T —
H*b) x BR*>(H" — tb) can exceed 0.2 fb for my <
1000 GeV and for small tan . The emerging 2¢4b signal®
can then potentially be pursued at the LHC [88].

C. 2HDM-I11+(TB)

In this section, we discuss the case of the 2HDM-II +
(TB). In the SM extended with such a VLQ multiplet, both
mixing angles in the up- and down-type quark sectors enter
the phenomenology of the model. For a given 6%, 0%, and
my mass, the relationship between the mass eigenstates and

"The cross section o(pp — TT) is computed at leading order
using MADGRAPH5_AMC@NLO-3.4.0 [86] for /s = 14 TeV, with
CTEQ6L [87] as the parton distribution functions (PDFs) with
default settings.

$A similar signal has been investigated within the 2HDM-II+
VLQs framework in [88].

0.200 T T T r

0.175F 1
DBy (g

0.125F > T)

=5 0.100F 1

0.075F E

0.050F E

0.025f E

1000 1500 25000 5500
mr [Ge\/]

FIG. 3. Exclusion regions by (S, T) in the (my, s%) plane with
fixed parameters: mpy = 532.80, my = 524.26, and mpy: =
588.02 GeV, with tanf = 5.19.

the mixing angles is given by [27]

2 (12 o2 O 24in2 ot 2 Gin2 gb 2 gb
my = (mTcos 0% + mj sin” 0% — mj sin GR)/COS 0%.

(10)

Using the above relation, one can then compute mp for a
given m; and mixing angles 0% and 6%. Additionally, the
left mixings 62, 6, may be calculated using Eq. (6).

In Fig. 6, we once again present the excluded regions
over the (my-=, tan ) plane at a 95% CL. The exclusions are
derived from B — X,y (depicted as hatched areas) as well
as from BY — utpu~ (depicted in green), BY — ptu~
(depicted in orange), and B, — v (depicted in blue).
Notably, in this representation, the limit imposed by B —
X,y can be further diminished compared to the singlet
scenario. The exclusions shift the regions for B — X,y
towards smaller values of the charged Higgs boson mass,
particularly reaching my- ~ 400 GeV for s4 = 0.2 and
My ~ 180 GeV for s% = 0.45, maintaining a fixed value
of sy at 0.05 in both cases. Similarly to the previous
scenario, the constraints from B, - u*u~ become more
stringent than in the 2HDM case in this representation,
excluding all values above tan ff ~ 5.

Following the scan described in Table III, we again
present in Fig. 7 our 2HDM-II + (T'B) surviving points in
the (S,7) plane, wherein the color illustrates the usual
difference in ¥ (S, T) values. As previously, we will define
the dataset to be used for additional analysis as the one
lying within the illustrated 26 band. As evident, in this
representation, the shape differs from the one presented in
the previous representation, and this is again attributed to
the cancellation of contributions from 2HDM-II and VLQ
states to the oblique parameters S and 7.
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FIG. 4. BR(T — H'D) (left) and I';/my (right) plotted over the (my,tan ) plane. Results are presented for the 2HDM-II + (7).
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plane. Results are presented for the 2HDM-II + (T'). The two selected BPs are highlighted in green stars (see later).

Figure 8 illustrates the exclusion region derived from the  display I';/my as a function of m; and tan 5, where it can
oblique parameters S and T at 2¢. It is evident from the plot ~ be seen that the total decay width of the T state can reach

that EWPOs impose a stringent limit on the mixing angles. 30% of my. Hence, unlike the singlet case, here we are
Specifically, as the mixing angle s} increases, the exclusion ~ normally in the presence of a rather sizable T — H*b rate,
region expands, covering the entire mass range of my.  which is affected by phase space effects only for light T
Similarly, for the mixing angle s, an increase in the VLQ states. Conversely, though, the T state can be quite wide,
mass my results in a larger exclusion region. thereby rendering attempts at reconstructing its mass from

From Fig. 9 (left), in contrast to the previous VLQ  kinematic analysis potentially more difficult than in the
realization, it is clear that charged Higgs boson production  singlet case.
from T decays can reach more than 90% in the correspond- In Fig. 10, we present in the (mg,tanf) plane the
ing BR for medium tan $. In the right plot of the figure, we ~ aforementioned distribution of points mapped against
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FIG. 7. Allowed points by all constraints (HIGGSBOUNDS,
HIGGSSIGNALS, SUPERISO, and theoretical ones) superimposed
onto the fit limits in the (S, 7') plane from EWPO data at 95% CL
(with a correlation of 92%), with the color code indicating
Ay?(S.T). Results are presented for the 2HDM-II + (TB).

BR*(T — H*b) x BR?>(H" — tb) (left panel) and 6,7 X
BR*(T — H*b) x BR*(H" — tb) (right panel). One can
see from these plots that the signal 274b could reach values
up to 100 fb for medium tan S and for m; < 1000 GeV.
Therefore, owing to the enhanced coupling TH™"b in this
scenario, a much larger cross section is observed for this
signature compared to the 2HDM-II + (T') case.

D. BPs

Before concluding, in order to encourage experimental
analyses of these scenarios at the LHC, we propose three
BPs in Table IV for the 2HDM-II + (T'B) representation,
which exhibits a more substantial cross section compared to
the 2HDM-II + (T') one. The chosen BPs feature 7' masses
within the range of approximately 800 to 1300 GeV.
Furthermore, the H* masses are set to be heavy, enabling
attempts to extract charged Higgs boson signatures in its b
decay, presenting a significant signal in the form of 24b
final states originating from the pair production of the new
VLQ 7, followed by T — H"b and H" — tb decays.

V. CONCLUSIONS

This paper goes into great detail about how charged
Higgs bosons are made with a new top partner 7" in two
different forms: 2HDM-II + (7') (singlet) and 2HDM-II +
(TB) (doublet). Our findings reveal a compelling capability
of VLQs to alleviate the stringent limit imposed by
B — X,y on the charged Higgs mass (my-). Specifically,
in the singlet scenario, the mass limit can be reduced to
around 500 GeV, while in the doublet case, it can decrease
to approximately 200 GeV, particularly when the mixing
angles are large. However, the inclusion of constraints
from the oblique parameters S and 7 implies additional
limitations, allowing only small VLQ mixing angles, in
turn somewhat restraining the reduction in the afore-
mentioned limit on my+. Consequently, in the 2HDM-II +
(T) scenario, the mass limit decreases to about 567 GeV,
and in the 2HDM-II+ (TB) scenario, it reduces to
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FIG.9. BR(T — H"b) (left) and I'y/my (right) plotted over the (m7, tan ) plane. Results are presented for the 2HDM-II + (TB).
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TABLE IV. The full description of our BPs. Masses are in GeV.

2HDM-II + (TB)

Parameters BP, BP, BP;
my, 125.00 125.00 125.00
my 42591 572.13 532.80
my 414.07 568.50 524.26
My 448.66 546.59 588.02
tan 8 4.85 6.00 5.19
my 828.66 1123.98 1271.68
mg 841.84 1137.92 1282.16
sk -0.0201 —0.0089 0.0018
sk —0.0011 —0.0007 0.0005
4 -0.0964  —0.0579 0.0129
54 -0.1992  —0.1660 0.1283
BR(H* — XY) in %
BR(H" — th) 96.97 93.83 96.17
BR(T — XY) in %
BR(T — W+b) 7.74 4.53 5.66
BR(T — Zt) 0.79 0.26 0.03
BR(T — ht) 1.04 0.30 0.03
BR(T — H*b) 90.43 94.92 94.28
I in GeV
[(T) 95.64 283.32 196.11
o (fb)
orp X BRY(T — H*b) 99.86 14.09 6.22

xBR?(H* — tb)

approximately 360 GeV, compared to the typical 580 GeV
in the 2HDM-IL

Furthermore, we observed a remarkable distinction
between the 2HDM-II + (7'B) and 2HDM-II + (T) repre-
sentations. The former exhibits a substantial production
rate of charged Higgs bosons, approaching nearly 100%,
while the latter achieves only 25%, in terms of the
BR(T — H"b). Our study thus further delved into the
pair production of T (pp — TT), followed by the decays
T — H*b of both VLQs. In both scenarios, the charged
Higgs boson subsequently undergoes decay into tb, yield-
ing a distinctive final state characterized by two top and
four bottom quarks (274b). Notably, our results indicate that
this signal can reach 100 fb in the 2HDM-II + (TB),
whereas for the 2HDM-II + (7') case, the corresponding
rates are significantly smaller, so as to be of little relevance
for the forthcoming LHC runs. Hence, we finally produced
three BPs in the 2HDM-II 4 (7TB) amenable to experi-
mental investigation.

While a comprehensive analysis of H* decays has not
been performed in this study, we are confident that the
H* — tb channel (2t4b final state) from TT production
and decay is a promising avenue for further exploration.
This endeavor, most likely during run 3 and certainly at the
High Luminosity LHC, awaits a future publication where a
detailed analysis of H* decay channels will be performed.
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APPENDIX A: CHARGED HIGGS BOSON
COUPLINGS

In this section, we provide further elaboration on the
charged Higgs couplings within the 2HDM-II + (T') and
2HDM-II + (TB) frameworks.

1. 2HDM-I1 + (T)

The Yukawa Lagrangian of the 2HDM-II + (T') can be
expressed as’

Ly = _y;'legié)zu%j + y;‘ijgiq)ldORj

- 400 ,®,ul, + He., (A1)
where @, are the Higgs doublets, ®; = ic,®;, 09, =
(a); dy;)is the weak isospin quark doublet, and uf;, u3,
and d% ; are weak isospin quark singlets.

Assuming that the new VLQs predominantly mix with
the third generation (i, j = 3), we can express this as

, L [cos ah + sinaH — i(sin BG° + cos A
Ly =-y4(al; dis) \/i[ s &l s
—(sinpG" + cos pH™)
1 . . . 0
Sy (a, @) - [cosah + sinaH — i(sin BG® + cos pA)] ),
—(sinpG* + cos pH™")

d 0 o —cosfiG™ +sinffH™ o 5
7 . . . H.c. A
+y5 (g djs) —%[—51nah+cosaH+z(cosﬁGO—smﬂAﬂ ry +HLC (A2)
Let us focus on the charged Higgs boson H~:
B , 0 L - 0 . - sin fH*
LyD y33(”(L)3 de)s ) (cosﬁHi>ug3 +)’34(”23 d23) <cosﬂHi>u%4 +y§l3(”23 dg%) < 0 >d%3
D yid?yu, cos BHE + y4,d0ul, cos BHE + y4L i d% sin pHE (A3)
_ _ u * u ok ﬁO dO
Ly= (& &) <y33 V34 ) <_§3> cos pHE + y&y (a0, @, ) ( §3> sin H*. (A4)
0 0 Upy dpy
—————
(*)
Given our assumption that the new VLQs primarily mix with the third generation, we can write
UL3.R3 " U23 k3 CLR —sj ge'”" U735 p
=Uir| o I R u 0 : (AS)
Ura r4 U4 R4 Spr€ " CLR U4 R4
Now, let us express () in the form of the mass matrix M":
(y;z* y§‘4*) _Q(l 0) (y%‘w”z yé‘da) (A6)
0 0 v \0 0 o M/
——
Y() M
Consequently, Eq. (A4) can be formulated as
20, - - u )
Ly = V2 {( 3 dL4)UgY0UzTUzM"UyU;3Uy( R3) cos f+ my (cliipsdrs + sy it adgs) smﬂ} H*
v S—— UR4
giag
V2T, - - m,ct  mpst\ [u .
= {(dm dL4)< E)L f) L)( R3> cosﬁ+m,,(c,LjL"¢L3dR3+sZﬁL4dR3) smﬁ]Hi. (A7)
URg

Note that in the 2HDM-II, &, = (_HFEO) couples to down quarks and @, = (_’;}L) couples to up quarks.
d u
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Subsequently, we obtain

H*th = —mmtc”cosﬂ—mmbcz sinp
—_ \/%YL’W {c,‘fcotﬂ—f—ﬁ—i’cﬁtanﬂ} (A8)
Hin:—mstZcosﬂ—mmbsz sinf
:—\/Q;ZW [sg cotﬂ+”:—l;sz tanﬁ] . (A9)
Hence,
Zp=ci Zf="Le
‘

Zi = v ZTh = Z—isg. (A10)

In Fig. 11, the BRs of T and H* in the 2HDM-II + (T)
scenario are illustrated as functions of their respective
masses. The left panel indicates that the BR(T — H"b)
can reach a maximum of 25% for my > 2000 GeV. This
limitation is due to the coupling depicted earlier, which is
proportional to the mixing angle sj, a parameter con-
strained to be very small by the oblique parameters S and 7.
Shifting to the right panel, clearly we can see that the
charged Higgs boson predominantly decays through the
fermionic channel H* — tb achieving approximately 100%
across the entire range of charged Higgs masses.

2. 2HDM-11+(TB)

The Yukawa Lagrangian for the doublet (TB) case can
be expressed as

Ly = _y?ngi,jA(i’z”?ej + yz[',ingi,qu)ld??j
~ 400, ;4 ®ottpy + 34,00, 4P1dpy +Hee.  (All)

Following the same steps as in the previous scenario, we
can express the charged Higgs Yukawa Lagrangian as

d 0 dO
e =y ) () () sinp

)’iz 0 R4

*

u 0
s @) (5 ) (1 oo, (ar2)

viz 0 Upy
—

*k

Now, let us express (*) and (xx) in the form of the mass
matrices M" and M¢:

(A0 2
¢ 0) v \yh,z M/)\0 0
Va3 Y4375
M re
“oQ sz O 1 0
<Y33 0>:£< s MO) <0 0)' (A1
yu v U v
43 y43\/§
M Yo

Then Eq. (A12) can be written as
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0
[(ﬁ% ﬁ24>MdY0<d%3> sinf + <C?(Z3 6?24>M“Y0<u§3> cosﬁ}HjE
dpy URs

, d
K i3 dpg > UL Ut U MH UL ULYO U < K > sin
—— dR4

Ly =

Md

diag
- - (U
+ (dL3 dL4>UZUZTUZM“U§*U%Y°U%T< R3> cosﬂ} H*
S—— MR4
M

diag

V2[( cief +sis{ cisi—sicl\ [ c&’my  skeimy\ (drs
T Uiz Ura wpd _ uod d.d d2 sin

u od u .d
sicf —cis)  sis) +cici /) \sgegmp  SgTmp dpy

M,

d .u du d u d .u u? U U
- - crcy + 878 C;S; —8;¢C Cp™m SpCpmm u
(lL_’, YL4>< zL (I;L L°L LL)( R t R*R t)( R3>Csﬁ:|Hi- (AIS)

sjef —cfsp  sisp +cfcl ) \skckmy  sgPmy URg
My
For the coupling of H*tb,
. g
H¥th = ——~— sin M, [1,1] - ————cos M1, 1
VM, cos PM (1, 1] VM, sin BM,[1, 1]
gtan
- _ NGIY {mbcﬁz (c,‘ic,‘f + s,‘js,‘f) + mpshcd (c,’fsz - SZCZ)]
w
t
- [m,c;?(cicz o+ sfst) + mrsiei (e st - sicz)], (A16)
w
we use
u,d
u,d mq CL ud
a_ Mg’ Al7
CR my SZ’d SR ( )
we get
d u
gm, SL mp SL
H*th = — cdet + 2L (542 — gu2) cot f+ —2 |cted + L (592 — 542) | tan B, Al8
v, |t SZ(L k*) cotpp m, | L si(L &) p (A18)
then we get
d u
u S u u mb u s
Zih = cfct + =L (542 — s42) Zih =—2 [chﬁ + =L (542 —s;’ez)]. (A19)
s m, s¢
For the coupling of H*Tb,
HTh=—— T inpM 2.1 - cos pM,[1.2)]
V2My, cos B V2My, sin 8
gtan
- _ NGIY, [mbcjiez (SZC‘Z - ch”L’) + mpshes (sﬁsi - CZC‘Z)]
w
gcotp

{m,s}‘ec}‘e (cdct + sdst) + mpsi?(cd st — sicﬁ)] , (A20)

V2My

we use Eq. (A17) and we get
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FIG. 12. The same as Fig. 11 but for 2HDM-II + (TB).

d
m s
HETh — — T [cisﬁ + é (s42 — s4?) cot B

V2My,

+ 20 [cgsz +L (592 - ng)] tanﬂ} . (A21)
mry SL

Finally, we get

d
s
Zp? = st + % (517 = )
L
Zrh = M [cisz + C—s (sféz - siz)] . (A22)
mr St

Similar to Fig. 11, we illustrate in Fig. 12 the BRs of T'
and H* as functions of their respective masses, but within
the context of the 2HDM-II + (TB) scenario. Beginning
with the left panel, in contrast to the previous scenario

1.50 F =— ATLAS Obs [arXiv:2305.03401] E

== ATLAS Exp [arXiv:2305.03401]

1.25 f = ATLAS Obs [arXiv:2307.07584] 3

==+ ATLAS Exp [arXiv:2307.07584]
100E © Allowed points

T Singlet

139 fb=1(13 TeV)

(2HDM-II + (7)), the production of charged Higgs from
the new top quark 7 dominates for my > 1000 GeV,
reaching nearly 100%. Shifting to the right panel, and as
anticipated for heavy charged Higgs masses, the primary
decay channel remains the fermionic one H+ — tb, achiev-
ing approximately 100% BR across the entire range of
charged Higgs masses.

APPENDIX B: LHC LIMITS ON VLQs

In this section, we evaluate the compatibility of our
results with the latest LHC constraints. Figure 13 presents
our data as orange points, juxtaposed with the ATLAS
limits, represented by blue [89] and green [90] lines, on the
(m7, k) plane. The coupling k, explained further in [26,91],
takes the form of 5% ¢} in the singlet scenario (2HDM + 7))
and s%c} in the doublet scenario (2ZHDM+T B). Importantly,
as discussed previously, the oblique parameters S and T

2.0 T T T T
= ATLAS Obs [arXiv:2305.03401]
== ATLAS Exp [arXiv:2305.03401]
= ATLAS Obs [arXiv:2307.07584]
1.5F =~ ATLAS Exp [arXiv:2307.07584]
o Allowed points

10F T Doublet 139 fb=!(13 TeV) ]
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FIG. 13.
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Allowed points in the (my, k) plane for (T) singlet (left) and (TB) doublet (right). Blue lines represent ATLAS limits [90]

(solid for observed, dashed for expected), while green lines represent [89]. Notably, our analysis includes an extrapolation of these limits
to expand the mass range downward to 750 GeV, considering that the original dataset commenced at ~1000 GeV.
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impose stringent constraints on the mixing angles, limiting
them to small values. This confinement is pivotal, ensuring
our scenarios comply with the existing LHC limits and
simultaneously allowing exploration of a broader VLQ mass
(myg) range.

APPENDIX C: VLQ CONTRIBUTIONS TO
THE OBLIQUE PARAMETERS

Herein, we derive and present analytical and general
expressions for the two VLQ representations,10 T and TB.
These expressions are formulated as functions of the scalar
Passarino-Veltman functions, which are a standard in this
area of study. The oblique parameters are expressed in
terms of the two-point functions of the gauge bosons, as
detailed below:

S:4S%VC%V2Re |:H}/y(’2n%) sz(mz) sz(o)
a mZ
(i =S I, (m%) +sz )
CwSw
1 I,,(0) 11 0) 25y Iz, (0)
e e B
Z 14 w Z
U= ﬁiﬂe [HWW<O) - Fww(mw)
a my,
2 I1,,(0) — Mz (m7) ) HyZ(O) - HyZ(m%)
—Cw 2 — 4SwCw B
mz mz
11 2
S W(Tﬂ (c3)
mz

Here, a denotes the fine-structure constant, while ¢y, and
sw represent the cosine and sine of the Weinberg angle,
respectively.

For the analytical calculations of the self-energy of
gauge bosons, as depicted in Egs. (Cl) and (C2), we
employ the FEYNARTS/FORMCALC public codes. These
calculations specifically address scenarios where VLQs
interact exclusively with third-generation SM quarks. We
concentrate on the contributions from these heavy quarks,
namely the SM top and bottom quarks, along with the
newly introduced VLQs, since the other contributions
remain the same as in the SM. With this focus, the
expressions for the electroweak gauge boson self-energies
can be formulated as follows:

~Mz Zgﬂ Cfo’Cfo’ Qf7mf9 %) (C4)

!%We have ensured that the oblique parameters S, 7, and U are
UV finite and independent of the renormalization scale p.

_Hry(qz) = ZgVV<Qf’ Qf7 mjzﬁ m?'v q2) (CS)
f

_sz(qz) = 2250<|in - Qf,|)gvv

fi#fj
L R 2 2 2
X (szifj’ CZfifj’ mfi’ mfj’ q )
+ > ovv (G chppomiomiq?) - (CO)
f

) = Z5I(|Qf,- - Qf,-|)gvv
fi#f;

- HWW((]

L R 2 2
x (c Wiify Cwrify M 10 4 ). (C7)
Here, cy; represents the couplings between the gauge
boson Z or W and two fermions (f = ¢, b, T, B), detailed in
the next Sec. C 1. The functions g, including gyy and gz,

are defined as

= 2502+ (Ao(md)
— 2Byo(k*, mi, m3)
+ 2B, (2, k. m3))

+ ((x2 +y2)m? — nymlmz)

QVV(X, Y, m% m% kz)

x Bo(k2, m}., m3)| (C8)

-N,
e {(X +3)Q(Ag(m?)
- 2B00(k2, mz, mz)

Gpe(x.y. Q. m? %) =

+ 2B, (K2, m? mZ))} (C9)
N, represents the color factor, set at N, = 3 for quarks. The
functions Ag, By, Bgy, and B, are the standard Passarino-
Veltman functions.

1. Gauge interactions of VLQs

The introduction of VLQs modifies the neutral and
charged current interactions. The couplings between these
exotic quarks and the third-generation SM quarks, as well
as the electroweak massive gauge bosons, are described as
follows:

__¢ L R
Zdq= 25,,Cy 7 (Zg L+ K5y R):

e
Wq'q = 72 7 (K gL+ K8y R, (C10)

L.R
Vd'q
handed couplings of the Z and W bosons. Note that these

where « are the components for both left- and right-
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couplings depend on the chosen representations of VLQs as
follows:

a. (T) singlet

In the SU(2), vectorlike singlet scenario with 7, the
LR

charged current couplings «; /g ATe
L __ AU R _
Kyww = CL» Ky = 0,
ol R —
Ky = S Kwrp = 0. (C11)
The neutral current couplings Kéfq are defined as
L _ (.u)2 2 R _ 2
Kz = (cf) _§SWv Kzt = _gsw’
2 2
L _ 2 R _“2
Kzpp = —1 + 2 Sy, Kzbb = 35w
3 3
4 4
L _ ()2 2 R _ 2
Kzrr = (51) _§SW’ Kzrr = _§SW7
L __ u,.u R __
Kzir = SLCL> Kz = 0. (C12)

b. (TB) doublet

In the (TB) doublet scenario, the couplings of 7', B, and
the third-generation SM quarks with the W boson are as
follows:

d

L U ad u od R )
Kyyp = CLCL T S1ST, Kwip = SRSR>

L _ auad u od R _ aund
Kyrp = CLCL + S15T, Kwre = CRCR>

L ol ad u od R _ u od
Kwrp = SLCL — CLSL» Kwrp = —CRSR»
L o od u d R _ u .d
Kwip = CLSL — SLCL» Kwip = —SRCR- (C13)

The neutral current couplings to the Z boson are
expressed as

4 4
L _ 2 R _ ()2 2
Kz =1 _gsw’ Kz = (SR) _§SW’
2 2
2 R _ dy\2 2
Kzpp = 1 35w Kzop = —(5k) 35w
4 4
2 R _ (,u\2 2
Kzrr = 1 _gsvw Kzrr = (Ck) _gsz
Kzpp = 3SW’ Kzpp = —\CR 3SW7
L R __ u .u
kzr =0, Kzir = —SRCR»
L _ R _ d,.d
kzpp = 0, Kzpp = SRCR- (C14)

2. Passarino-Veltman functions

The Passarino-Veltman functions are defined as follows:

Ag(mi) = Z) 2 / Pg

’
171'2 d]

(C15)

2 )P 1: gt ghg
By; B, B*(p3, m3, m3) :( ”'.u) /qu 799

lﬂ'2 d1d2
(C16)

The denominators d; are defined by d; = ¢ — m} and
dy = (q+ p;)* —m3, with u being the renormalization
scale. p; represents the external momentum, and ¢ is the
internal momentum which is integrated out.

The functions B* and B* are decomposed as

B! = pB,

B" = ¢"By, + pipiBy;. (C17)

The functions By, and B, can be calculated by con-
tracting B* and B* with p; and g,,, respectively:

1
B, (2, m3) = 3 [Ag(m) = Ag(m3) = (p? + m — m3)

x Bo(p*,m7, m3)] (C18)
By (p?, m}, m3)
=30 ) | B )
18 3
N Ao(m3) + (p? + mi —m3)By(p?, mi, m3) (C19)
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