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Abstract This paper investigates rare flavor-changing
decays of the top quark in the Bestest Little Higgs Model
(BLHM). As a result, flavor-changing phenomena are intro-
duced in the BLHM for the first time. In this study, we incor-
porate new flavor mixing terms between the light quarks of
the Standard Model (SM) and the fermions and bosons of
the BLHM. We compute the one-loop contributions from the
heavy quark (B) and the heavy bosons (W=, ¢%, nt, H).
Our findings demonstrate that the branching ratios of decays
t > qgVandt — qho, where g = u,candV = Z,y, g,
can reach larger branching ratios compared to their coun-
terparts in the SM, except for the gluon case. Moreover,
we observe that the processes with the highest sensitivity
are Br(t — ¢Z) ~ 1075, Br(t — c¢y) ~ 107° and
Br(t — ch® ~ 10~% within the appropriate parameter
space.

1 Introduction

As the heaviest elementary particle in nature, the top quark
provides the best opportunity to discover evidence of new
physics Beyond the Standard Model (BSM). On the other
hand, Electroweak Symmetry Breaking (EWSB) is a mech-
anism adaptable to various extensions of the SM that yields
fields whose properties characterize the physics of these
models. These components represent the primary theoretical
foundations in different SM extensions for proposing new
physics [1-8]. The BLHM [9, 10] is a type I Two Higgs Dou-
blets Model (2HDM) that offers an exciting solution to the
hierarchy problem without fine-tuning and is formulated to
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solve some issues present in the great majority of Little Higgs
models, such as the problem of dangerous singlets in the
scalar sector, a pathology where collective symmetry break-
ing does not suppress quadratically divergent corrections to
the Higgs mass; and strong constraints from electroweak
precision data. Instead, the BLHM generates a successful
quartic Higgs coupling where the real singlet field o is no
longer a dangerous singlet, meaning that it no longer devel-
ops a divergent tadpole from radiative corrections [9,11].
On the other hand, it avoids the tight constraints from pre-
cision measurements through the implementation of a cus-
todial SU (2) symmetry [12] that protects the model from
developing large deviations to electroweak precision mea-
surements and dissociates the masses of the new quarks and
heavy gauge bosons. The latter is achieved by incorporat-
ing two separate symmetry-breaking scales, f and F' with
F > f. This leads to top quark partners with masses pro-
portional only to the f scale, while the new heavy gauge
bosons develop large masses proportional to the combination
of f and F, which reduces their contribution to the preci-
sion electroweak observables. Some of the early Little Higgs
type models that precede the BLHM are the Littlest Higgs
Model [1], the Little Higgs Model [13], the Simplest Little
Higgs Model [ 14], and the Littlest Higgs Model with T-parity
[15]. These models were proposed between 2002 and 2005,
while the BLHM [9, 10] was introduced by Schmaltz in 2010.
The recent creation of the BLHM makes it an underexplored
and under-recognized model. Additionally, not all Feynman
rules for the interaction vertices in the BLHM, which are
an essential element to study any process in particle physics,
are provided in the literature [ 16—19]. These particularities of
the BLHM and its quite promising features mentioned above
motivate our research in such a scenario. On the other hand,
it is worth mentioning that in the experimental aspect, it is
more difficult to produce the heavy particles predicted in the
BLHM than the light particles of the Simplest Little Higgs
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Model or Littlest Higgs Model with T-parity. At colliders,
the probability of generating heavier particles is tiny because
few collisions are sufficiently energetic to produce new heavy
particles. This is another reason the BLHM is less frequently
considered than other more popular Little Higgs models. Cur-
rently, research on the BLHM has been intensified by calcu-
lating its effects on some observables. The reported results
have yielded promising predictions, challenging experimen-
tal data in the chromomagnetic dipole moment of the top
quark (ft; ~ —10~*)[16], the sensitivity of the weak dipole
moments of the top quark (a,W ~ 10~ [17], the electromag-
netic and weak dipole moments of the 7 lepton (a; ~ 10719,
aXV ~ 10_9) [18], and the electromagnetic and weak dipole
moments of the top quark (a, ~ 1074, atW ~ 10_5) [19].

Regarding Flavor Changing Neutral Currents (FCNC),
there have been studies primarily in the Little Higgs Model
with T-parity (LHT). In Ref. [20], they calculate some observ-
ables involving particle-antiparticle mixing in the LHT for
the first time. In [21], the first study on rare decays of the
top quark is presented, yielding significant results such as
Br(t — cg) ~ 1072, Br(t — ¢Z) ~ 107>, and Br(t —
cy) ~ 1077, Thorough examinations of the decays of K,
B, and D mesons are conducted in [22-24], utilizing vari-
ous parametrizations of the Cabibbo—Kobayashi—-Maskawa
(CKM) [25] extended matrices within the LHT.

In the article [26], rare decays of the Higgs boson and the
Z boson are investigated, yielding interesting results such as
Br(Z — bs) ~ 1077, In Ref. [27], the authors calculate the
branching ratios of the decayst — cX andt — c¢X X, where
(X = Z,y, g, h), with results of Br(t — cX) ~ 1072 —
1073 and Br(t — c¢XX) ~ 1073 — 1078. These results
represent significant improvements over their counterparts
in the SM, often by several orders of magnitude.

Our research focuses on the rare decays t — ¢V and
t — qho, where ¢ = u,c and V = g, y, Z, within the
theoretical framework of BLHM. We calculate their respec-
tive branching ratios to quantify the contributions of heavy
quarks and heavy bosons in flavor-violating processes within
a model that represents an improvement over the previous
LHM. Additionally, our study allows us to constrain new
parameters in BLHM, such as angles and phases of proposed
CKM-like matrices, and explore their potential applications
in other flavor and CP-violation studies.

The article is structured as follows: Sect. 2 introduces the
BLHM, covering both the gauge boson and fermionic sec-
tors. Section3 considers the flavor mixing in the BLHM.
Section4 is dedicated to constructing the parameter space
utilized in our study. Moving on to Sect.5, we delve into
the phenomenology of flavor-changing rare decays of the
top quark within the BLHM framework, employing various
extended CKM matrices. Lastly, we present our conclusions
in Sect. 6. Appendix 1 contains the graphs of the individual
contributions of each field (W’ =, qﬁi, ni, H i) to the total
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branching ratio and Appendix 1 includes the Feynman rules
for flavor mixing in the BLHM.

2 Brief review of the BLHM

The BLHM [9] originates from a symmetry group SO (6) 4 x
S O(6) g, which breaks at the scale f towards SO (6)y when
the non-linear sigma field ¥ acquires a vacuum expectation
value (VEV), denoted as (X) = 1. This leads to the emer-
gence of 15 pseudo-Nambu Goldstone bosons, parameter-
ized by the electroweak triplet ¢¢ with zero hypercharges
(a =1, 2, 3) and the triplet n“, where (11, 172) form a com-
plex singlet with hypercharge, and 73 is a real singlet,

S = i T/F 2T/ GiTl/f | 1)
daT] +naTg 0 0
= 0 0 io/V2], 2
0 —io/v/2 0
O4x4 h1 h2
m,=|-hT 0 0], 3)
—hI 0 0

where th = (hi1, hi2, hiz, his), (i = 1, 2), represent Higgs
quadruplets of SO (4). The scalar field o ! is required to gen-
erate a collective quartic coupling [9]. T} , denote the gen-
erators of SU(2), and SU(2)g. ’

2.1 Scalar sector

In the BLHM, two operators are required to generate the
quartic coupling of the Higgs through collective symmetry
breaking; none of these operators alone allows the Higgs to
acquire a potential:

Ps =diag(0,0,0,0,1,0),
Ps =diag(0,0,0,0,0, 1). “)

In this way, we can write the quartic potential as [9]
_ 1 4 T 1 4 T
Vy, = Z)»65f Tr(PexPsX' ) + Z)\56f Tr(PsXPsX")

1 1
= Zxésf“@és)z + me“(zsoz, 5)

where Asg and Ags are coefficients that must be nonzero
to achieve collective symmetry breaking and generate a
Higgs quartic coupling. The first part of Eq. (5) breaks
SO(6)a xS0O6)p — SO(5)a5 x SO(5)ps, with SO(5) a5
preventing h; from acquiring a potential and SO(5)ps
doing the same for h;. The second part of Eq. (5) breaks
SO6)4 x SO6)p — SO(5)a6 x SO(5)ps. If we expand

! It is not a dangerous singlet.
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Eq. (1) in powers of 1/f and substitute it into Eq. (5), we
obtain

A65 I 7 2
Vo= (o= it
As6 I 7 2
—_— —hih ) 6
+2 (fa—i—\/z 1ha + ) (6)

From Eq. (6), each term alone seems to generate a quartic

coupling for the Higgses, this can be eliminated by a redef-
D

. . V2
signs of this transformation correspond to the first and sec-

ond operators in Eq. (6), respectively. Collectively, though,
the two terms in Eq. (6) produce a tree-level quartic Higgs;
this occurs after integrating out o [9,11,28]:

inition of the field o0 — +

where the upper and lower

As6A6s

7 Xse + Aes

(h{h2)2 = %xo (thhz)z. %)
The expression obtained has the desired form of a collec-
tive quartic potential [9,11].
In this way, we obtain the form of a quartic collective potential
proportional to two different couplings [9]. We can observe
that Ao will be zero if Asg, Ag5, or both are zero. This illustrates
the principle of collective symmetry breaking.
If we exclude gauge interactions, not all scalars gain mass,
and therefore, we need to introduce the potential,

| .
R R

f2
e (mgﬁss + m%E66> , (8)

where mg4, ms, and mg are mass parameters, and (Xss, Xe6)
are matrix elements of Eq. (1). Here, Mg is a matrix that
contracts the SU (2) indices of A with the SO (6) indices of
E’

1 (001i00
M26_ﬁ(1 —i0000>' &

The A operator arises from a global symmetry SU (2)¢ x
SU (2) p that is broken to a diagonal SU (2) at the scale F >
f when it develops a VEV, (A) = 1. We can parameterize it
in the form

A=M/F = xa%“ (a=1,273), (10)

where the matrix I1; contains the scalars of the triplet y, that
mix with the triplet ¢,, and t, represents the Pauli matrices.
A is connected to X in such a way that the diagonal subgroup
of SUR)A4 x SUR)p C SO(6)4 x SO(6)p is identified as
the SM SU (2), group. If we expand the operator A in powers

of 1/F and substitute it into Eq. (8), we obtain

Vs = % (méqﬁﬁ + m%ng +mih] hy + m%hzT}U) ’ an
where

= w2 =}

m3 = %(mi +m3),

m5 = %(m% + mg). (12)

To trigger EWSB, the next potential term is introduced [9]:
Vi, = m3g f*Ese + mgs £ Ses, (13)

where the mass terms m5¢ and mg5 correspond to the matrix
elements Xs5¢ and X¢s, respectively. Finally, we have the
complete scalar potential,

V=V;+V;+ Vg, (14)

We need a potential for the Higgs doublets; therefore, we
minimize Eq. (14) concerning o and substitute the result
back into Eq. (14), obtaining the expression:

1
Vi =3 [m%h{hl +m2hThy — 2B, h T hy + xo(h{hzf] ,
(15)
where
AsemZ + A m2
B, =226 T "0s6 (16)

As6 + Aes

The potential (15) has a minimum when mim, > 0, and
EWSB requires that B, > mmy. Here, we can observe that
the term B,, disappears if A5 = 0 or A¢5 = 0 or both are
zero in Eq. (16). After EWSB, Higgs doublets acquire VEVs
given by
(h1) =v1, (h2) = v2. (17)
The two terms in (17) must minimize Eq. (15), resulting in
the following relationships

1 my

2
vy = )\‘_O_ml (B/L —mimy), (18)
2= LM ) (19)
= —— —mimy),
2 Ao my " 172

and it is defined the 8 angle between v and v; [9], such that,

tan 8 = A = — =, (20)

@ Springer
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in this way, we have

v2=v]2+v%

_ i m% —l—m%
Ao mimy

) (B — mymy)

2

~ (246 GeV)?. (1)

After the EWSB, the scalar sector [9,28] produces massive
states of h° (SM Higgs), A%, H* and H? with masses

m2G0 = sz:t = 07 (22)
mo = mps = mi +mj, (23)
B
m%_l() = — a
sin2f
BZ
] 5= — 2hoBuv? sin 2B + AJv* sin? 28, (24)
sin“ 28

where G” and G* are Goldstone bosons that are eaten to give
masses to the W=, Z bosons of the SM.

2.2 Gauge boson sector
The gauge kinetic terms are given by the Lagrangian [9,28]
f2

F2
£=1r (D57 s) + 17 (D,ATDMA), @5)

where D, ¥ and D, A are covariant derivatives,

D% =iy (eaAf,T{E — A, =Tf)
a

+ig'Bs (TAE - =713) (26)
i
Dt = 5" (8aAf, Tl — 8545, A7) @7)
a
while (A{ w Af ,,) are gauge boson eigenstates, g’ is the cou-

pling of U(1)y, and g is the coupling of the SU (2),. They
are related to SU (2)4 x SU(2) p couplings g4 and gp in the
following way

8A8B

8= ﬁ, (28)
V84 + 83
. 8A
sg =8Nl = ———, 29)
Ve +ek
Co = COS 0 = ——52 (30)

V& + ek

here, 0, is the mixing angle, and if g4 = gp,thentan6, = 1.

In the BLHM, both the masses of the heavy gauge bosons
W'%, Z' and those of the SM bosons are also generated [9,
28].

@ Springer

2.3 Fermion sector

The fermion sector of the BLHM is governed by the
Lagrangian [9]
L =yfQISTSU+nfQ/TU

+y3f QTR UL + yp fqf (-2iTRD)US +he., (31)

where (Q, Q') and (U, U’) are multiplets of SO(6)4 and
SO (6)p, respectively, given by:

1
o' = ﬁ[ = (Qa1 + 0p2),i(Qu1 — Op2),

(Qu2 = Q1. i(Qa2 + Q1) O, Qs . (32)
where (Qu1, Qu2) and (Qp1, Opp) are SU(2); doublets.

(Qs, Q) are singlets under SU(2);, x SUQ2)gr = SO4).
While

1 .
W = [ = Wiy + U, iUy = Uy,

(Ufy = U iU + U, US, UG |, (33)
where (US,, —U;,) and (—=Uy,, U;,) are doublets of SU(2)
along with the singlets (Us, Ug). And

1 . :
0F = = (0101, 0/ 1042.0.0) G4
U¥” =(0,0,0,0, UL, 0), 4

are a doublet of SU(2)4 and a singlet of SU(2)4_p, respec-
tively. S = diag(1,1,1,1, —1, —1) is a symmetry opera-
tor, (y1, y2, y3) represent Yukawa couplings, and the term
(g3, Uy) in Eq. (31) contains information about the bottom
quark. The BLHM implements new physics in the gauge,
fermion, and Higgs sectors, which implies the existence of
partner particles for most SM particles. Since top quark loops
provide the most significant divergent quantum corrections
to the Higgs mass in the SM, the new heavy quarks, in the
BLHM scenario, will be crucial for solving the hierarchy
problem. Those heavy quarks are: T, T3, T®, T2/3, T5/3,
and B, all of which have associated masses [9]:

9u2y2y2y2
2 2 22 1Y1Y2)3
my = +y)f"+ - , (36)
O+ D3 —¥d)
Qu2y2y2y2
2 2 2\ 42 1123
mys = (i +y3)f° — ) 37
r O+ D3 —¥9)
m?.() = szz/z = m2T5/3 = y12f2’ (38)
my = ypf> =071+ (39)

In the quark sector Lagrangian [9], the Yukawa couplings
must satisfy 0 < y; < 1. The masses of ¢ and b are also
generated by the Yukawa couplings y; and yj [28].
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Table 1 A measure of the

TeV v
fine-tuning in the BLHM for 1 ]
different values of the f scale 1.0 0.54
1.5 1.22
2.0 2.17
2.5 3.39
3.0 4.88
2 2.2
my =y vy, (40)
2y2 of
2 _ 2.2 b Y1
my = y,vi 35in2,3 f2' 41
The coupling y;,
9Y{y3¥3
2 17273
Vi (42)

O]

is part of the measure of fine-tuning in the BLHM, W, defined
by [28]

1112 + |y2/?

og i
Iy11? + [y31?
(43)

_ 217 PPl
82020 cos? B |y2]? — |y3|?

According to the numerical values listed in Table 1, we
find that the size of the fine-tuning when the energy scale
f = 1.5 TeVis W =~ 1.2 indicates that there is no fine-
tuning in the BLHM. The absence of the fine-tuning prevails
up to W ~ 2.2 [9], i.e., for values of the scale f close to
2 TeV. Even though fine-tuning starts to become significant
above f = 2 TeV, our best results for the branching ratios
are found within 1 < f < 2 TeV, giving enough margin for
the possible detection of the rare decays of the top quark. On
the other hand, if the new particles surpass the f = 2 TeV
limit, this would only affect the exotic quark sector but not
the scalar bosons or the gauge bosons that can be adjusted
with the second scale F.

3 Flavor mixing in the BLHM

In the SM, FCNCs are highly suppressed due to the GIM
mechanism, leading to rare decays. In the original devel-
opment of the BLHM, the authors [9] avoided introducing
interactions between the heavy quarks and the two lighter
generations of SM quarks. This omission prevents the con-
struction of extended CKM matrices and the calculation of
rare decays.

Our goal is to maintain the intrinsic properties of the
BLHM. To achieve this, we will detail a specific procedure.
We restrict our focus to interactions involving the light quarks
of the SM with both vector and scalar-charged gauge bosons,

H 6% 0" N

\

(c) (d)
Fig. 1 Feynman diagrams for the flavor-changing top quark rare
decays in the BLHM considered in this paper: 1 — ¢V and t — gh®
vertices, with V. = Z, y, g,and g = u, ¢

Fig. 2 Feynman diagrams for the flavor-changing top quark rare
decays in the BLHM considered in this paper: 1 — gV and t — gh®
vertices, with V. = Z, y, g,and g = u, ¢

as well as the heavy B quark. In the BLHM, the couplings
gaW'*q, and g;5%¢q, do not exist, where g4 = (d, s, b),
qu = (u,c),and ST = (H*, ¢, »*). This limitation holds
even with the extension proposed in this work. As a result,
there is no avenue to introduce additional Feynman diagrams.

If we were to introduce couplings between the heavy part-
ners of the top quark and the light SM quarks, it would
necessitate modifications to the fundamental multiplets of
SO(6)4,p. This could drastically change the current cou-
plings due to new contributions that emerge from combi-
nations of the SM and BLHM fields. However, with the B
quark, this issue is circumvented since its original multiplet
is straightforward and provides the required interactions for
the Feynman diagrams shown in Figs. 1 and 2.

Within the BLHM framework for (Z, Z’), there are no
couplings like QZq or QZ'q, where Q = (T, T°, T, T?/3,
73/3)and g = (u, ¢). Such couplings are vital for the decays

@ Springer
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t — gZ. Altering the multiplets associated with the heavy
partners of the top quark would lead to implications similar
to the rationale we provided for our exclusive focus on the B
quark.

Therefore, we introduce the necessary terms to these inter-
actions by adding the following terms to the Lagrangian (31)

YEfqI(=2TEE)dS, ypfar(—2iTaE)ds, (44)

where y% = yl2 + y% is the Yukawa coupling of heavy B
quark, g and g are multiplets of light SM quarks

1
ql = ﬁ(—u, iu,d,id,0,0),

1
qu = E(—c,ic,s,is,o, 0), (45)

and d§ is the new multiplet that we have introduced
dg" =(0,0,0,0, B,0). (46)

This inclusion facilitates the mixing between scalar fields
(Hi, ¢i, ni) and the B quark with the (u, c, d, s) quarks,
which significantly enriches the phenomenology associated
with the BLHM. The Lagrangian (31) retains its gauge invari-
ance, ensuring that the new terms do not intermingle with the
heavy partners of the top quark. To delineate the interactions
of the quarks (u, c, d, s) with the (W=, W'%) bosons and the
B quark, we introduce the following terms:

1

0 = —(0,0,B,iB,0,0), (47)
T2

and

q/" =(0,0,0,0,4¢¢,0), (48)

where qf represents the quarks (u, ¢, d, s), in the part of the
Lagrangian for gauge—fermion interactions that involve the
fields W+ and W'+ [28]

2
L= Z i6,q, D*q; +i5, 0" D" Q
i=1
+i5, Q" "D* Q' +i5,UTD*UC, (49)
such that we have the extended Lagrangian
2
L= iouq D qi +i5,Q"D"Q
i=1

+i5, Q" "D* Q' +i5, U DFUC

2 4
+Y i6,05D" g + > iGuq D'UC, (50)
i=1 i=1
where (q1, g2) are defined as in Eq. (45). The 6* is given by
—o ™, representing the Pauli matrices, and D,, encapsulates

@ Springer

information regarding (W*, W'%). The extended Lagrangian
(50) maintains gauge invariance and avoids mixing with the
top quark’s heavy partners. Expressing the Lagrangian (50)
in Dirac notation, we have:

2
L= Z\pquuPLDH\I/qi + i‘i’Q)/MPLD”"-I’Q
i=1
+iV oy, PLD" Wy + iWyey, PRVye
2 4
+i Y W,y PLD" Wy +i Y Wiy, PRD" Wye.

i=1 i=1

(D

From Lagrangian (51), any of its covariant derivatives in the
mass eigenstate basis takes the form [28]:

2
D' =0k +iYy gsAMTS
a=1
= oM
i
+S2 [ (WH 4+ W) 4 51 (W W]
V2
igA + - I+ ’—
+==[pr2(WHH — W™H) + §1p(WTH — W],
V2 [ ]

(52)

where (p11, p12) and (811, 812) encompass model constants
and a dependency on (9(v2 /(f 24+ F 2)). To elucidate the
generation of the elements of the extended CKM matrix Vg,
within the charged currents of the BLHM, we focus on the
fifth term of the Lagrangian (51) and examine the W’ ’Bq,-
interaction:

Ay Vv PLW Wy, (53)
V2
where
2
Veu = 811 — 812 %k<m), (54)

where k depends on the model constants in such a way that
it can be constrained by the values of the extended CKM
matrix.

4 Parameter space of the BLHM

The initial parameter spaces for the BLHM were constructed
based on the decays of heavy quarks into final states within
the SM, adopting an intertwined parametrization of the
Yukawa couplings (y1, ¥2, y3) [28,29]. The same parame-
ter space is employed in the work of [30], but constraints are
solely applied to the heavy quarks following experimental
limits. The study in [10] suggests a comparable parameter
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Table 2 ATLAS experiment
searches set 95% C.L. upper
exclusion limits for heavy quark T 1.37
searches [31]

Quark Mass [TeV]

B 1.34
T3/3 1.64

space for the BLHM, imposing the constraint m o = 125.25
GeV and permitting both A? and H® to span across all the
production modes and decay channels examined by ATLAS
and CMS at that juncture. This eliminates potential degener-
acy between these fields.

In subsequent studies [16—19], a parameter space devoid
of degeneracy is articulated for the neutral Higgs states. The
Yukawa couplings remain unchanged, yet the model con-
stants retain their values as in preceding works. This compli-
ance aligns with the prevailing experimental constraints on
heavy quarks and bosons.

Notably, the BLHM posits five heavy partners for the
top quark and merely one for the bottom quark. Empirical
research has ruled out masses for these entities below the
thresholds outlined in Table 2.

In this study, we manipulate the angle corresponding to the
ratio of the VEVs of the two Higgs doublets, tan , to dictate
all non-fixed parameters while satisfying the experimental
bounds.

We initiate by confining the Yukawa couplings within the
domain 0 < y; < 1[9]. This ensures conformity with both
Eq. (40) and Eq. (42), such that m; = 172.13 GeV [32].
Concurrently, we resolve Eqgs. (23) and (24), ensuring that
the parameters Ag, m go, m 40, and B uphold m ;0 = 125.25
GeV [33], alongside the conditions 19 < 47, tan B 2 1, as
informed by the findings in [10].

1 1
2 2 2 2
m m
24+2(1- 22 1 -
m*o dmv
5 5 5 . (55
miq mio —my,
AN P i
m,240 4 v?
The BLHM designates the parameter m4 as a free variable,
ensuring that both mgo and M0 remain unconstrained, espe-
cially given that their one-loop corrections are insignificant
[9]. Accordingly, we delineate the range 30 < m4 < 800
GeV, leading to the masses tabulated in Table 2. Further-

more, the BLHM incorporates the mixing angle o between
h and HO.

(tan B)> < —1 +

1
t. =—+——|B t2
ane B, — Aov?sin2p ( peot2p

Euz 2 2
+ 2x0B,v%sin2B + Ajvtsin® 28 |,
sin% 28 05 0

(56)

Table 3 BLHM parameters

Parameter Interval Units
B (1.35,1.49) rad
o (—0.42, -0.26) rad
v (0.54, 4.88) -

3 (0.32,0.33) -

m 40 (0.31,2.21) TeV
m o (0.91,2.38) TeV
mgo 0.50 TeV
m, o 0.50 TeV

Table 4 Masses of the heavy quarks in the BLHM

Quark Mass (1 < f < 2) [TeV]
T (1.15,2.28)
7> (0.74, 1.53)
76, 723, 75/3 (0.70, 1.40)
B (1.14,2.28)

in a manner such that the condition sin(8 — «) ~ 1 is met.
In Table 3, we showcase the initial parameters with y; = 0.7
and y» = 0.9 kept constant.

With the calculated Yukawa couplings and satisfying all
the conditions that led us to the results in Table 3, we present
the masses of the heavy quarks in Table 4 according to Eqs.
(36)—(39).

The most recent reports [34] with the same dataset from
the period 2015-2018 from the ATLAS detector for the 7 —
Ht and T — Zt processes exclude masses below 1.6 and
2.3 TeV at 95% C.L., respectively, for the production of the
singlet 7', according to the chosen parameters, and 1.7 and
1 TeV for the production of the doublet 7" under the same
considerations. In [35], masses of the B quark below 1.33
TeV at 95% C.L. are excluded according to the B — Wt
process. In both cases, the masses of the top and bottom
quark partners in the BLHM are within the limits.

There have been recent and compelling experimental
results and simulations regarding the neutral bosons H° and
A®. In the study conducted by ATLAS [36], the process
AY — ZhO is analyzed, ruling out the mass of A° below
1 TeV at 95% C.L. for all types of 2HDM. The CMS study
[37] also excludes the boson’s mass A? below 1 TeV.

In [38], type I 2HDMs are studied by simulating the pro-
cess e"et — AYHO — ZHOH® — jjbbbb for the SiD
detector at the ILC with an integrated luminosity of 500
fb~!. This gives ranges of 200 < m 40 < 250 GeV and
150 < mpyo < 250 GeV. The experimental evidence and
simulations in the realm of neutral scalar bosons support our
usage of the discovered ranges for the masses of A? and H°.
The neutral scalar bosons ¢° and 1° in the BLHM were intro-

@ Springer
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Table S Masses of the heavy bosons in the BLHM

Boson Mass (1 < f <3, F =5)[TeV]
myy (3.32,3.80)
my (3.32,3.80)
mpy+ (0.30, 1.69)
m g+ (1.58,1.70)
My (0.50,0.97)

duced with anticipated masses below 100 GeV [9]. However,
even though these types of light scalar mediators are more
prevalent in dark matter models [39], we have also opted
to use the range 30 < my4 < 800 GeV and specifically
my4 = 500 GeV [17], which has minimal influence on the
masses mg+ and m= [10].

We have adopted values for f in the range [1, 3] TeV and
set ' =5 TeV. These choices align with the current experi-
mental constraints, as illustrated in Tables 3 and 4. However,
it is worth noting that adjusting these values to accommo-
date future experimental results would be feasible, ensuring
the model’s requisite condition f < F is maintained. Both
F and f have a pronounced impact on the masses of the
vector bosons W'* and Z’, as well as on the masses of the
scalar bosons (qbi, ni). Using the parameters we derived,
the masses of these vector and scalar bosons are enumerated
in Table 5.

Where the mass of the bosons ¢* and n* are dominated
by one-loop corrections [10].

In the ev channel, both the ATLAS and CMS collabora-
tions have constrained the mass of m - to be below the 7 TeV
at95% C.L., based on data collected at »/s = 13 TeV with an
integrated luminosity of 139 fb~! [40,41]. These experimen-
tal constraints on the W’* boson mass maintain the BLHM
in a favorable position, as the mass of W'E has the potential
to increase with F.

Searches by ATLAS and CMS collaborations for Z’
decays into eTe™ and uTu~ have set a lower bound of
4.9 TeV on the Z' mass [42,43]. On a different note, the
7' — t 7t~ decay process sets aconstraint where mz: > 2.4
TeV [44] at 95% C.L. In the decay channel Z' — bb, CMS
has analyzed a mass value of 1.8 < my < 8 TeV [45],
while ATLAS has covered values between 1.3 < myz < 5
TeV [46]. Across all the mentioned channels, our calculated
results for the Z’ mass are consistent and fit comfortably
within these bounds.

The mass of the charged scalar boson H* also emerges
naturally through the variation of the B angle. The range
we obtained encompasses experimental studies, particularly
in processes like H* — h9W=. The outcomes from these
studies fall within the values 0.3 TeV < mgx+ < 0.7TeV
[47].

@ Springer

5 Phenomenology of flavor-changing top quark rare
decays

The permissible Feynman diagrams for the decays t — ¢V
and t — qho, where ¢ = (u,c) and V = (Z,y, g), are
illustrated in Figs. 1 and 2. For both Case II and Case III,
we computed fifty-two amplitudes utilizing the Mathematica
packages FeynCalc [48] and Package X [49].

Each amplitude for the decay ¢t — ¢V adopts the follow-
ing structure:

M = ii(p) (Fipf 1+ Fapl'y® + Fay" + Fay"y™ ) u(po).
(57)

The form factors F1, F», F3, and F4 encapsulate the masses
and momenta of the external and internal quarks and gauge
bosons in both the BLHM and the SM. These are incorporated
within the Passarino—Veltman scalar functions. For the decay
t — gh®, each amplitude displays a unique structure

MH* =ii(p;)) (f1 - fzys) u(pi), (58)

/1,2 contains terms from the BLHM and SM with Passarino—
Veltman scalar functions.

5.1 Cases for the CKM matrix in the BLHM

In various BSM theories, the mass eigenstates do not neces-
sarily align with those of the SM. This misalignment intro-
duces new contributions from both vector and scalar fields to
processes involving FCNCs. A salient advantage of these
models is that they circumvent suppression via the GIM
mechanism [50]. Within the BLHM framework, one must
consider radiative corrections to capture the essence of fla-
vor violation, as the model inherently lacks it at the tree level.
Our analysis uses the methodology delineated in [20,22,23]
to craft the extended CKM matrices.
We need two CKM-like unitary matrices

Vuu, VHa (59)
such that
Vekm = Vi Via. (60)

Actually, we are familiar with Vg js; hence, the relation
Viaa = Vau,Vckm holds true. The matrices presented in
Eq. (59) characterize flavor-violating interactions between
SM fermions (u, ¢) and bosons (Z, y, g, ho). In the context
of this paper, the interactions also involve the BLHM fermion
B mediated by bosons (W', ¢*, H¥). We can generalize
the CKM extended matrix as the product of three rotation
matrices, as documented in [22,51].



Eur. Phys. J. C (2023) 83:1093

Page 9 of 13 1093

1 0 0
od
Vua =10 6‘213 s23e 102
d isd d
0 —s53e'°3 5
d d ,—is?
i3 O sj3e "
X 0 1 0
od
—s13¢"13 0 ¢,
d d ,—i&4
iy ) sipe 12 0
« | _.a is d )
shez ¢y, 0 (61)
0 0 1

where the Cf'i‘ and sl.d. are in terms of the angles (612, 623, 613)
and the phases (812, 823, 813). We choose the following cases:
Case L. Vy, = 1, this implies Vyg = Vekm.

In this case, the condition Vg, = 1 does not allow for
the contribution of the extended matrix or the CKM matrix
since there are no quarks or bosons from the SM within the
calculated loops. Only the model constants and the masses
of the charged scalar bosons will be present.

Case IL Vyq = 1, this implies Vi, = Vi, ,,-

In this case, the contribution comes from the CKM matrix,
in which we will have suppression due to more minor terms
such as V,;, and V.

Case IIL 5%, = 1/+/2, 5%, = s, = 0,84, = 64, = 6, = 0.
Substituting the values of case III into the matrix Vg, in Eq.
(61), we obtain the matrix:

1 0 0
Vea=10 1 1/V2], (62)
0—1/v2 1

and through the product Vg, VCJf x p» We obtain the matrix:

1.08 —0.250.00
Ve =1 —0.25 1.05 0.66 | . (63)
0.17 —0.81 1.03

In case III, we follow the parametrization made in [20,22]. Of
all the matrix elements, the only one suppressed is |Vp,| =
0.006; however, the branching ratios of the decays turned out
to be much larger than their counterparts in the SM. We have
not considered other scenarios for the extended CKM matrix
because one of the objectives of this study was to broaden the
flavor structure in the BLHM. Future studies on CP violation
will consider other cases.

5.2 Branching ratios for the reactions t — ¢V and
t — gh® in the BLHM

Using the parameter space detailed in Sect.5 and the matrix
Vi, from the second and third cases in Sect.5.1, we have
calculated the branching ratios of the processes 1 — gV and

Table 6 CaseIl. The branching ratios for the top-quark decay via flavor-
changing neutral current couplings at the BLHM

Decay Brgru Brgru
f=1TeV f=3TeV
t—>uZ 5.8 x 10710 5.0 x 1071
r— uy 4.0 x 10711 3.6 x 10712
t— ug 6.7 x 10717 7.2 % 10720
t — uh 1.3 x 10712 9.8 x 10715
t—cZ 12x1078 1.0 x 1077
t—cy 8.8 x 1010 7.9 x 10~
t—cg 1.4 x 1071 1.5x 10718
t — ch® 2.9 x 1071 2.1x 10713

Table 7 Case III. The branching ratios for the top-quark decay via

flavor-changing neutral current couplings at the BLHM

Decay BrpLu Brpru
f=1TeV f=3TeV
t—uZ 3.5 % 10710 3.0 x 1071
t— uy 2.5 x 1071 22 x 10712
t— ug 4.0 x 10717 4.2 x 10720
t — uh® 8.2x 10713 59 x 1071
t—cZ 3.7 x 1073 3.1 x 1070
t—cy 2.6 x107° 2.3 %1078
t— cg 42 x 10713 45 x 10710
t — ch® 8.5 x 107° 6.2 x 10711

t — qh®, where ¢ = u,cand V = Z, y, g. Our results are
shown in Tables 6 and 7.

5.2.1 Case Il

In this section, we present the branching ratios calculated
using the extended matrix Vg, = Vg xu- Lhe numerical
results for the top quark decay branching ratios are listed in
Table 6, where we observe that the smallest ratios involve
the up quark. The decays involving the charm quark are also
small compared to those obtained through the matrix of Case
III. Thus, it is evident that the contribution of the extended
matrix and the model itself increase the branchings.

In Fig.3, we plot B(t — ¢V, ch®) against the breaking
scale f, with lower intensities compared to the equivalent
branchings in Fig. 5. In Fig. 4, we observe a different situation
as the B(t — uV,uh®) have similar magnitudes to their
counterparts in Fig. 6, indicating that the form of the extended
matrix for Case III practically did not increase the sensitivity
in the up quark branching ratios.

This difference in contributions from the extended matri-
ces will allow us to study more cases where obtaining larger

@ Springer
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1.0 1.5 2.0 2.5 3.0
f[TeV]

Fig. 3 Case II. Total contributions to Br(t — cZ, cy, cg, ch®) as a
function of the scale of energy f, withmp = (1.14) f and F = 5 TeV

_
ot

5

)
& — wy
10—17 us
—_— uhO

1.0 1.5 2.0 2.5 3.0
f[TeV]

Fig. 4 Case II. Total contributions to Br(t — uZ,uy, ug, uh®) as a
function of the scale of energy f, withmp = (1.14) f and F = 5 TeV

magnitudes in these same decays relative to experimental
limits is possible.

5.2.2 Case 1ll

In this section, we present the branching ratios for the
extended matrix of Case III, along with the corresponding
graphs. We consider it necessary to showcase the individual
contributions of the fields (W'¥, ¢, n*, H*) in the BLHM
to the branching of each field (Z, y, g, ho) and the quarks
u, c, B in Appendix 1. We can observe that the scalar field
¢+ was the most significant contribution to the branching
ratios for both decay processes  — ¢V and t — ch®. This
highlights the significance of the scalar field contributions in
the BLHM in conjunction with the extended CKM matrix.
The best sensitivity on the branching ratios might reach
up to the order of magnitude of O(10~% — 107>). As can be
seen from Table 7, the decay channels t — cZ,t — cy, and
t — chV exhibit good sensitivities compared to the branching
ratios reported in the literature [21,27]. Experimentally, the
data provided by ATLAS and CMS place the latest searches
for t — gZ with a limit of 10~% [52]. In [53], for the decay
of the top quark to a photon accompanied by a charm quark
or an up quark, they report Br(t — gy) ~ 107>. For the

@ Springer
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Fig. 5 Case III Total contributions to Br(t — ¢Z, ¢y, cg, ch®) as a
function of the scale of energy f, withmp = (1.14) f and F = 5 TeV
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10—17 L | llg
— uh?
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Fig. 6 Case III. Total contributions to Br(t — uZ, uy, ug, uh®) as a
function of the scale of energy f, withmp = (1.14) f and F = 5 TeV

process t — gg, the branching ratio is around 10~* [54]. In
[55], the estimation Br(t — gh®) ~ 1073 is published.

Figure 5 shows the branching ratio of the decays t — cV
and t — ch, where V = (Z, v, g), as a function of the
breaking scale energy f in the range [1, 3] TeV. Since the
masses of the bosons (W/i, ¢i, ni, Hi) and the quark B
depend on the scale f, they also vary their contribution for
each point of the branching ratio in the plot of Fig.5. It is
important to emphasize that for the parameters (8, «, Ag, ¥3),
their lower limits given in Table 3 were used. In general, we
could calculate the branchings for any value of § within the
range [1.35, 149], but even though the masses of A% and HO
would be more significant, this would not significantly alter
the scenario in the plot of Fig. 5 since the masses of W'* and
Z' reach much higher values as a function of f and F.

In the case of the decays t — uV and t — uh®, under
the same parameters, the branching ratios were found to be
more suppressed, as shown in Fig. 6. Given the records men-
tioned in the literature, it was expected that the BLHM would
produce similar ranges for these decays. On the other hand,
we can compare our results with those calculated in the SM,
Table 8. We also summarize the current experimental limits
for the investigated branching ratios in Table 9.
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Table 8 SM Branching ratios

fort — gV and t — gh® where Decay Brsw
g=(u,c)andV =(Z,y,8) t—>uZ 8.0 x 10717
[56) —16
t— uy 3.7 x 10
t— ug 3.7 x 10714
t — uh® 2.0 x 10717
t—cZ 1.0 x 10714
t—cy 4.6 x 10714
r—cg 4.6 x 10712
t — ch? 3.0 x 1071
e oy el upper Doy
Br(t — qh®) [54,57] t—qZ 50 x 10~
r—qy 1.8 x 1074
t— ug 0.6 x 107
t—>cg 3.7 x 1074
t — uh® 1.2x1073
t — ch? 1.1 x1073

6 Conclusions

In this paper, we investigate the impact of one-loop contribu-
tions from heavy gauge bosons W'*, the heavy quark B, and
the new scalars (c/)i, ni, H jE) predicted by the BLHM on the
top quark rare decay processes t — ¢V and t — gh®. We
summarize our results for Br(t — qV) and Br(t — qho)
in Tables 6 and 7 and illustrate them in Figs. 3, 4, 5, 6, 7,
8, 9 and 10. Our analysis reveals that the dominant contri-
butions to the branching ratios are observed in the channels
Br(t = ¢Z) =3.7x 1073, Br(t — c¢y) = 2.6 x107%,and
Br(t — ch®) = 8.5 x 1073, assuming symmetry-breaking
scales f =[1,3] TeV and F = 5 TeV within the BLHM.

We establish a relationship between the scale f and fine-
tuning, as shown in Table 3, which guides our choice of the
f range. However, the scale F is only required to satisfy
the condition F > f to adhere to the model’s properties. It
can also be adjusted to match experimental requirements for
the masses of heavy gauge bosons. The rare decay modes
t — c¢Z and t — cy studied in this article could be probed
with high sensitivity in the High Luminosity (HL) and High
Energy (HE) phases at the LHC [58]. These processes may
also be accessible in the Future Circular Hadron-Hadron Col-
lider (FCC-hh). Lepton colliders such as the Compact Linear
Collider (CLIC) [59,60] and the muon Collider with HL and
HE [61] have also included top quark physics in their research
agendas.

In summary, this study explores the potential to con-
strain the branching ratios Br(t — uZ,uy,ug, uho) and
Br(t — cZ,cy,cg, chY) within the BLHM framework.

Furthermore, we provide the first estimates for constraining
these couplings. Considering the solid theoretical basis and
convincing phenomenological characteristics that the model
presents, it is desirable that the BLHM could be a good
motivation for possible future experimental initiatives. In
addition, our results complement other studies on the flavor-
changing top quark rare decays in the context of the LHMs
and other extensions on the SM.
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Appendix A: Individual contributions from
WI:I: ¢:|: Y]i H:l:
b b b

In this appendix, we present the graphs corresponding to the
individual contributions of the fields (W’ +, d)i, ni, H jE) in
the BLHM to each field (Z, y, g, ho) in the SM, where the
quarks (u, ¢) and B are also involved.

In Fig.7, the contributions of ¢;—L dominate. In Fig. 8, HC:t
and ¢ are the largest contributors. In Fig. 9, ¢ is the dom-

10°6F 1
Virtual
10-11F 1 p
i
< [— +
3 jp-f ] i
N L
T "
= — — &
= -21
& 10721 1
— Hj
10726 ] T
—_— W‘ﬁ
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107311 1 we
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Fig. 7 Individual contributions from W'*, ¢+, n* H* tor — qZ
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Fig. 10 Individual contributions from W=, ¢*, n*, H* to r — gh°

inant contributor. Finally, in Fig. 10, ¢>Ci has the highest con-
tribution to the branching ratio.

Appendix B: Feynman rules in the BLHM

In this appendix, we derive and present the Feynman rules
for the BLHM necessary to calculate the flavor-changing top
quark rare decays.

Tables 10, 11 and 12 summarize the Feynman rules
for the 3-point interactions: fermion-fermion-scalar (FES),
fermion-fermion-gauge (FFV), gauge-gauge-gauge (VVV),
and scalar-gauge-gauge (SVV) interactions.

@ Springer

Table 10 Essential Feynman rules in the BLHM for studying the
flavor-changing top quark rare decays are the 3-point interactions
fermion-fermion-scalar (FFS), fermion-fermion-gauge (FFV), gauge-
gauge-gauge (VVV), and scalar-gauge-gauge (SVV) interactions

Vertex Rule (factors in Tables 11 and 12)
_— —igspv
W'~ Bt Ayy*Pr(Viy)
a2y ‘
e iggaA
W'~ Bu P (VHu)
Zﬁgg 4 !
= igga
W'~ Bc YH*PL(VHy)
2\/§g3 ‘
- 4im%v
n~ Bt N Pr+ Y2PR)(VHu)
282/ + 307 +yD)
71} lmBSI%P (V )
u _
n Zfﬁ L\VHu
B "ash Vi)
n~ Bc — L(VH
212 *
¢~ Bt FuFp(X1 P + X2 PR) (Vi)
- i Fsg [my +mp + (my, —mp)y?]
¢~ Bu (VHu)
2fV2/ 2+ F?
_ iFs}[me+mp+ (me —mp)y’]
¢~ Be £ (Vi)
2fV2 2+ F2
_ —32mwegs 2
H B MBI (Vi)
fey 3t + 9307 +59)
_ 5 8mpsap
H™ Bu ——— P (Vyu)
4«/§mw “
_ 5 gmpsap
H~Bc ——Pr (Vi)
4ﬁmw !
ZBB 18 32, — 752 )pr
6cw
- 1
yBB —gigsw}/“
Zy Wi Wi igew [8gu A1 + 8au A2 + 8ap A3
w-w'+ 28mwSa+p
Table 11 Factors from Table 10
Factor Expression
Ay ¥»32y7 =y OF +yD*07 + )
Y, B+ B>
Y, B3 + By
2 2
F, »32yi —¥7)
OF + ¥y + 93
F
F _ 758
2fV2(f*+ F?)
X1 Al + Az + Ag
X7 Ay + Ay + As
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Table 12 Factors from Table 11

B
B
B3
By
Ay

A

Az

Ay

As

Ag

Ay
An
Az

Y1201 + 3¢5

3 1 2
yiy2sg — Eylyzygs,s
/8
o y32y? +5yD)\/v? + y3sp
mw

—y3y3sp — %yl(}’g +¥3)sp
—dmwegy1y2(vf + 53)
spy3(2y7 — ¥3)
fg =y} —mwspysy§ —3y2yt2y7 — ¥3)
—y0(3y3 +y3) — yiy3(v3 +3y3)
—dmwy3yay3
2yt — 3
8mwy; (y3 + ¥3)
2y} — y3
—4mwyf
2y — y3
dmw y3ya
y32yf —y3)
Po = Ga
qp — kg
ku — Pu
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