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Abstract: In  this  study,  we  investigated  the  anomalous  Chromomagnetic  Dipole  Moment  (CMDM),  denoted  as
, of light quarks   within the framework of the Bestest Little Higgs Model (BLHM) as an ex-

tension  of  the  Standard  Model  (SM).  Our  investigation  encompassed  novel  interactions  among  the  light  quarks,
heavy  quark  B,  and  heavy  bosons  ,  incorporating  the  extended  Cabibbo-Kobayashi-Maskawa
(CKM)  matrix  characteristic  of  the  BLHM.  We  thoroughly  explored  the  permissible  parameter  space,  yielding  a
spectrum of CMDM values ranging from   to   .
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I.  INTRODUCTION

(u,c,d, s,b)

µ̂SM
t

The  CMDM  of  the  top  quark  has  been  extensively
studied  theoretically  within  the  framework  of  the  SM
[1−5], with the most accurate experimental measurement
reported  in  [6].  Extended  models  in  the  literature  have
also explored both the CMDM and chromoelectric dipole
moment (CEDM) [7−10], yielding results and theoretical
implications  that  vary  depending  on  each  model  beyond
the SM (BSM). The prevalence of studies on the CMDM
and CEDM of the top quark over the light quarks of the
SM  in  BSM  is  precisely  owing  to  the  magnitude  of  its
mass and the experimental framework in the last decade,
in  which  interactions  with  heavy  particles  above  1  TeV
were expected to  be found.  In  this  regard,  we calculated
the  CMDMs  of  the  light  quarks  and  established  new
bounds on the parameters of the BLHM. Several  experi-
mental  reports  showed  advances  toward  increasingly
higher energies and hence hypothetical particles that may
even exceed 5 TeV [11]. In this regard, the calculation of
the  CMDMs  for  light  quarks    within  the
framework of certain BSM scenarios may seem unneces-
sary  in  the  absence  of  experimental  measurements.
However,  it  is  important  to  mention  that  a  central  value
for    already  exists,  and  the  CEDM is  bounded.  This
uniquely contributes to the understanding of the the BL-

(q2 = −m2
Z)
(q2 = +m2

Z)
(q2 = ±m2

Z)

q2 = −m2
Z

αs(Q2 = −q2 = m2
Z) = 0.1179 αs

q2 > 0

HM,  complementing  existing  studies  on  the  subject  [10,
12−14]. The CMDMs of the light quarks were calculated
within  the  framework  of  the  SM  in  [15]  for  spacelike
value  ,  while  in  [16],  they  were  obtained  for
timelike  value  .  In  [17], the  authors   recalcu-
lated them for both values  , providing detailed
results  for  the  individual  contributions  received  by  each
light  quark  from  the  chromodynamic  and  electroweak
parts.  A  large  gluon  momentum  transfer,  ,  was
used  to  avoid  an  infrared  divergence  in  the  triple  gluon
vertex  contribution  to  the  CMDM of  the  top  quark  [15]
and  because  in  perturbative  QCD,  the  strong  running
coupling  constant  is  found  at  conventional  scale

.  Although    is in  the  space-
like regime, its value is also used in strong interactions in
the timelike domain,   [18].

(u,c,d, s,b)

(q2 = ±m2
Z)

In  this  study,  we  calculated  the  CMDM  of  light
quarks    in  the  BLHM  (it  was  shown  in  [19]
that the CEDM does not exist in this model) for both val-
ues    of  the  off-shell  gluon  and  with  the  on-
shell  quarks.  In  this  case,  we  found  differences  in  both
scenarios,  mainly  for  values  greater  than  2  TeV  in  the
symmetry  breaking  scale  of  the  model.  The  BLHM is  a
type-I  Two Higgs Doublets  Model  (2HDM) that  has  not
been  explored  as  much  as  other  models  in  the  Little
Higgs  Model  (LHM)  family  because  it  considers  larger
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F > f

masses whose  experimental  observation  was  more   diffi-
cult.  However,  for  the  latest  CERN  update,  we  expect
results from models such as BLHM to stand out. Among
other  objectives,  the  BLHM was  constructed  [20] to  ad-
dress certain issues in the LHM family such as divergent
singlets,  masses  of  heavy  bosons  smaller  than  those  of
heavy quarks, and custodial symmetry [21]. A unique as-
pect of  this  model  is  its  modular  structure,  which   re-
quires two distinct breaking scales, f and F, under condi-
tion  .  Thus,  the  heavy  quarks  depend  on  scale  f,
whereas the heavy gauge bosons depend on both f and F,
where F can be as large as necessary. The BLHM also of-
fers a highly enriched phenomenology owing to its fermi-
onic  and  bosonic  contents,  whose  contributions  to  the
light quarks may provide interesting insight for signals of
new physics in the leading medium-term planned experi-
ments.

The rest of this paper is organized as follows. In Sec.
II, we provide a brief introduction to the BLHM. In Sec.
III,  we  discuss  the  effective  Lagrangian  containing  the
magnetic dipole moment form factor. In Sec. IV, we de-
scribe the parameter space of the BLHM and the experi-
mental limits that constrain it. In Sec. V, we develop the
phenomenology  of  the  CMDM  of  light  quarks  and
present  our  results.  Finally,  in  Sec.  VI,  we  provide  our
conclusions.  Appendix A details  the new Feynman rules
used. 

II.  A BRIEF REVIEW OF THE BLHM

SO(6)A×
SO(6)B

SO(6)V Σ

⟨Σ⟩ = 1

The  BLHM  [20]  comes  from  group 
,  which  experiences  a  breaking  at  scale  f  toward
 when non-linear sigma field   acquires a vacuum

expectation value (VEV),  , 

Σ = eiΠ/ f e2iΠh/ f eiΠ/ f . (1)

ϕa

(a = 1,2,3) ηa (η1,η2)
η3

σ

T a
L,R

SU(2)L SU(2)R

This  results  in  15  pseudo-Nambu  Goldstone  bosons,
parameterized  through  electroweak  triplet    with  zero
hypercharges    and  triplet  ,  where 
forms  a  complex  singlet  with  hypercharge,  and    be-
comes a real  singlet.  Scalar  field    is required to gener-
ate  a  collective  quartic  coupling  [20],  and    denotes
the  generators  of  the    and    groups.  Thus,
we have 

Π =

Ü
ϕaT a

L +ηaT a
R 0 0

0 0 iσ/
√

2

0 −iσ/
√

2 0

ê
. (2)

Πh hT
i = (hi1,hi2,hi3,hi4) (i = 1,2)

SO(4)
In matrix  ,  ,  ,  represent

the Higgs quadruplets of  , 

Πh =

Ü
04×4 h1 h2

−hT
1 0 0

−hT
2 0 0

ê
. (3)

 

A.    Scalar sector
In the context of the BLHM, two operators are neces-

sary to induce the quartic coupling of the Higgs via col-
lective symmetry breaking; none of these operators alone
enables the Higgs to develop a potential: 

P5 = diag(0,0,0,0,1,0),

P6 = diag(0,0,0,0,0,1). (4)

Thus, we can express the quartic potential as [20] 

Vq =
1
4
λ65 f 4Tr(P6ΣP5Σ

T )

+
1
4
λ56 f 4Tr(P5ΣP6Σ

T )

=
1
4
λ65 f 4(Σ65)2+

1
4
λ56 f 4(Σ56)2, (5)

λ56 λ65where   and   are the non-zero coefficients necessary
to  realize  collective  symmetry  breaking  and  produce  a
quartic coupling for the Higgs.

SO(6)A×SO(6)B SO(5)A5×SO(5)B6 SO(5)A5

h1 SO(5)B6

h2

SO(6)A×SO(6)B SO(5)A6×
SO(5)B5 1/ f

The  initial  segment  of  Eq.  (5)  induces  a  breaking  of
  to  ,  whereby 

prohibits   from acquiring a potential, and   per-
forms the same function for  . The latter portion of Eq.
(5)  leads  to  a  breaking  of    to 

. If we expand Eq. (1) in powers of   and sub-
stitute it into Eq. (5), we obtain 

Vq =
λ65

2

Å
fσ− 1√

2
hT

1 h2+ . . .

ã2

+
λ56

2

Å
fσ+

1√
2

hT
1 h2+ . . .

ã2

. (6)

σThis potential generates a mass for  , 

m2
σ = (λ65+λ56) f 2. (7)

σ ± hT
1 h2√
2 f

According to  Eq.  (6),  it  seems  that  each  term   indi-
vidually contributes  to  the  generation  of  a  quartic   coup-
ling for the Higgs fields. However, this effect can be nul-

lified by redefining field   as  , where the positive
and negative signs correspond to the first and second op-
erators in Eq. (6), respectively. In combination, however,
the two expressions  in  Eq.  (6)  yield  a  quartic  Higgs  po-
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σtential  at  a  tree  level;  this  occurs  after  integrating 
[20−22]: 

Vq =
λ56λ65

λ56+λ65

(
hT

1 h2
)2
=

1
2
λ0
(
hT

1 h2
)2
. (8)

λ0

λ56 λ65

The expression obtained has the desired form of a col-
lective quartic potential [20, 21]. Thus, we derive a quart-
ic collective potential form that is dependent on two dis-
tinct  couplings  [20].  Note  that   will  be  zero whenever

  and/or    are  zero.  This  exemplifies  the  concept  of
collective symmetry breaking.

Excluding  gauge  interactions,  not  all  scalars  acquire
mass.  Consequently,  it  becomes  necessary  to  introduce
the potential, 

Vs =−
f 2

4
m2

4Tr
(
∆†M26ΣM†26+∆M26Σ

†M†26

)
− f 2

4
(
m2

5Σ55+m2
6Σ66

)
, (9)

m4 m5 m6

(Σ55,Σ66)
M26 SU(2)

∆ SO(6) Σ

where  ,  ,  and    represent  mass  parameters,  and
 denote the matrix elements from Eq. (1). In this

context,    is  a  matrix that  contracts  the    indices
of   with the   indices of  , 

M26 =
1√
2

(
0 0 1 i 0 0

1 −i 0 0 0 0

)
. (10)

∆

SU(2)C ×SU(2)D

SU(2) F > f ⟨∆⟩ = 1

Operator    originates  from  a  global  symmetry
, which is spontaneously broken to diag-

onal   at scale   upon acquiring a VEV,  .
We can parameterize it in the following form: 

∆ = e2iΠd/F , Πd = χa
τa

2
(a = 1,2,3), (11)

Πd χa

ϕa τa

∆ Σ

SU(2)A×SU(2)B ⊂ SO(6)A×SO(6)B

SU(2)L

∆ 1/F

where  matrix    incorporates  the  scalars  of  triplet  ,
which undergo mixing with triplet  ;  denotes the Pauli
matrices.   is linked to   in a manner such that the diag-
onal  subgroup  of    is
recognized as the SM   group. If we expand operat-
or   in the powers of   and substitute it in Eq. (9), we
obtain 

Vs =
1
2
(
m2
ϕϕ

2
a+m2

ηη
2
a+m2

1hT
1 h1+m2

2hT
2 h2
)
, (12)

where 

m2
ϕ =m2

η =m2
4, m2

1 =
1
2

(m2
4+m2

5), m2
2 =

1
2

(m2
4+m2

6). (13)

To trigger  EWSB,  the  next  potential  term  is   intro-
duced [20]: 

VBµ = m2
56 f 2Σ56+m2

65 f 2Σ65, (14)

m56 m65

Σ56 Σ65

where   and   are the mass terms that correspond to
matrix  elements    and  ,  respectively.  Finally,  we
have the complete scalar potential, 

V = Vq+Vs+VBµ . (15)

σ
A  potential  for  the  Higgs  doublets  is  necessary;

hence,  we minimize Eq. (15) with respect to   and then
substitute the resulting expression back in Eq. (15), yield-
ing the following expression: 

VH =
1
2

î
m2

1hT
1 h1+m2

2hT
2 h2−2BµhT

1 h2+λ0(hT
1 h2)2

ó
, (16)

where 

Bµ = 2
λ56m2

65+λ65m2
56

λ56+λ65
. (17)

m1m2 > 0 Bµ > m1m2

Bµ λ56 = 0 λ65 = 0

The  potential  given  by  Eq.  (16)  reaches  a  minimum
when  ,  and  EWSB necessitates  that  .
Note  that  term    vanishes  if  either  ,  ,  or
both  are  zero  in  Eq.  (17).  Following  EWSB,  the  Higgs
doublets acquire VEVs given by 

⟨h1⟩ = v1, ⟨h2⟩ = v2. (18)

The  two  terms  in  Eq.  (18)  are  required  to  minimize
Eq. (16), leading to the following relationships: 

v2
1 =

1
λ0

m2

m1
(Bµ−m1m2), (19)

 

v2
2 =

1
λ0

m1

m2
(Bµ−m1m2), (20)

β v1 v2where the   angle between   and   [20] fulfills the ex-
pression 

tanβ =
⟨h11⟩
⟨h21⟩

=
v1

v2
=

m2

m1
, (21)

and we thus have that 

v2 = v2
1+ v2

2 =
1
λ0

Å
m2

1+m2
2

m1m2

ã
(Bµ−m1m2) ≃ (246 GeV)2.

(22)

Chromomagnetic dipole moments of light quarks in the bestest little Higgs model Chin. Phys. C 48, 103109 (2024)

103109-3



h0 A0 H±

H0

Following EWSB, the scalar sector [20, 22] gives rise
to massive states such as   (the SM Higgs),  ,  , and

, each having their respective masses: 

m2
G0 = m2

G± = 0, (23)

 

m2
A0 = m2

H± = m2
1+m2

2, (24)

 

m2
h0 ,H0 =

Bµ
sin2β

∓
 

B2
µ

sin2 2β
−2λ0βµv2 sin2β+λ2

0v4 sin2 2β,

(25)

G0 G±

W±
where   and   represent the Goldstone bosons that are
absorbed to confer masses to the   and Z bosons of the
SM. 

B.    Gauge boson sector
The  Lagrangian  including  the  gauge  kinetic  terms  is

given by [20, 22] 

L = f 2

8
Tr
(
DµΣ†DµΣ

)
+

F2

4
Tr
(
Dµ∆†Dµ∆

)
, (26)

DµΣ Dµ∆where   and   are the covariant derivatives, 

DµΣ = i
∑

a

(
gAAa

1µT
a
LΣ−gBAa

2µΣT a
L

)
+ ig′B3

(
T 3

RΣ−ΣT 3
R

)
, (27)

 

Dµ∆ =
i
2

∑
a

(
gAAa

1µτa∆−gBAa
2µ∆τa

)
, (28)

(Aa
1µ,A

a
2µ)

U(1)Y

SU(2)L

gA gB SU(2)A×SU(2)B

where   represent the eigenstates of the gauge bo-
sons,  g'  is  the  coupling  constant  of  ,  and  g  is  the
coupling  constant  of  .  These  terms  are  related  to
couplings   and   of   as follows: 

g =
gAgB√
g2

A+g2
B

, (29)

 

sg = sinθg =
gA√

g2
A+g2

B

, (30)

 

cg = cosθg =
gB√

g2
A+g2

B

, (31)

θg gA = gB tanθg = 1where   is the mixing angle; if  , then  .

W ′± Z′
In the context of the BLHM, the masses of both heavy

gauge  bosons  ,  ,  and  those  of  the  SM  bosons  are

also generated from [20, 22] 

m2
Z′ =

1
4

(g2
A+g2

B)( f 2+F2)− 1
4

g2v2

+

Å
2g2+

3 f 2

f 2+F2
× (g2+g′2)(s2

g− c2
g)
ã

v4

48 f 2
,

(32)

 

m2
W′ =

1
4

(g2
A+g2

B)( f 2+F2)−m2
W . (33)

 

C.    Fermion sector
The Lagrangian that governs the fermion sector of the

BLHM is given by [20] 

Lt = y1 f QT S ΣS Uc+ y2 f Q′Ta ΣUc

+ y3 f QTΣU ′c5 + yb f qT
3 (−2iT 3

RΣ)Uc
b +h.c., (34)

(Q,Q′) (U,U ′) SO(6)A

SO(6)B

where   and   are the multiplets of   and
, respectively, defined by 

QT =
1√
2

î
− (Qa1+Qb2), i(Qa1−Qb2),

(Qa2−Qb1), i(Qa2+Qb1),Q5,Q6

ó
, (35)

(Qa1,Qa2) (Qb1,Qb2) SU(2)L

(Q5,Q6) SU(2)L×
SU(2)R = SO(4)

where    and    represent  the 
doublets,  and    are  the  singlets  under 

. Meanwhile, 

(Uc)T =
1√
2

î
− (Uc

b1+Uc
a2), i(Uc

b1−Uc
a2),

(Uc
b2−Uc

a1), i(Uc
b2+Uc

a1),Uc
5,U

c
6

ó
, (36)

(Uc
a2,−Uc

a1) (−Uc
b2,U

c
b1)

SU(2)L (U5,U6)
where    and    represent  the  doublets
of   along with singlets  . In addition, 

Q′Ta =
1√
2

(
−Q′a1, iQ

′
a1,Q

′
a2, iQ

′
a2,0,0

)
(37)

 

U ′cT
5 = (0,0,0,0,U ′c5 ,0), (38)

SU(2)A SU(2)A,B

S = diag(1,1,1,1,−1,−1)
(y1,y2,y3)

(q3,Uc
b)

are a doublet of   and singlet of  , respect-
ively.   represents a symmetry op-
erator,   denote the Yukawa couplings, and term

  in  Eq.  (34)  encodes  information  regarding  the
bottom quark.  The  BLHM introduces  novel  physics  into
the  gauge,  fermion,  and  Higgs  sectors,  leading  to  the
presence  of  partner  particles  for  the  majority  of  SM
particles. Given  that  top  quark  loops  contribute   signific-
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T 5 T 6 T 2/3 T 5/3

antly  to  the  divergent  quantum  corrections  of  the  Higgs
mass in the SM, the new heavy quarks introduced in the
BLHM framework are  expected to  play a  pivotal  role  in
addressing the  hierarchy  problem.  The  heavy  quarks   in-
clude T,  ,  ,  ,  ,  and B, each  having  the   fol-
lowing assigned masses [20]: 

m2
T = (y2

1+ y2
2) f 2+

9v2
1y2

1y2
2y2

3

(y2
1+ y2

2)(y2
2− y2

3)
, (39)

 

m2
T 5 = (y2

1+ y2
3) f 2− 9v2

1y2
1y2

2y2
3

(y2
1+ y2

3)(y2
2− y2

3)
, (40)

 

m2
T 6 = m2

T 2/3 = m2
T 5/3 = y2

1 f 2, (41)

 

m2
B = y2

B f 2 = (y2
1+ y2

2) f 2. (42)

0 < yi < 1

yt yb

In  the  Lagrangian  of  the  quark  sector  [20],  the
Yukawa couplings are constrained to  . Addition-
ally,  the masses  of  the top (t)  and bottom (b)  quarks are
generated by Yukawa couplings   and   [22] as follows: 

m2
t = y2

t v2
1, (43)

 

m2
b = y2

bv2
1−

2y2
b

3sin2 β

v4
1

f 2
. (44)

ytCoupling  , given by 

y2
t =

9y2
1y2

2y2
3

(y2
1+ y2

2)(y2
1+ y2

3)
, (45)

is a part of the measure of fine-tuning in the BLHM [22],
defined as 

Ψ =
27 f 2

8π2v2λ0 cos2 β

|y1|2|y2|2|y3|2
|y2|2− |y3|2

log
|y1|2+ |y2|2
|y1|2+ |y3|2

. (46)

β
β

Ψ ⩽ 2

In  this  study,  we  implemented  a  parameter  space  in
which  angle    assumes  the  role  of  most  important  free
parameter. Given that Eq. (46) also depends on  , it is es-
sential to keep its values bounded, that is, , to avoid
model fine-tuning [20]. 

D.    Flavor mixing in the BLHM

(T,T 5,T 6,T 2/3,T 5/3,B)
(u,c,d, s)

In  the  original  development  of  the  BLHM  [20],  the
authors did not include interactions between heavy quarks

  and  light  quarks  of  the  SM
. This  omission  prevents  the  calculation  of   ob-

servables such  as  the  one  proposed  in  this  study.  There-
fore, we implemented the  extension to  the  BLHM intro-
duced in [19]. This extension allowed us to obtain inter-

actions and contributions from heavy quarks to the chro-
modipole moments of light quarks. The best approach to
perform this is by adding terms 

yB f q1(−2iT 2
RΣ)dc

B, yB f q2(−2iT 2
RΣ)dc

B, (47)

y2
B = y2

1+

y2
2 q1

q2 dc
B

(H±,ϕ±,η±)
(u,c,d, s)
(W±,W ′±)

to  the  Lagrangian  expressed  by  Eq.  (34).  Here, 
  is the Yukawa coupling of the heavy B quark,   and
 are the multiplets of the light SM quarks,  and    is  a

new multiplet  containing the  heavy B quark. This  modi-
fication  leads  to  the  interactions  among  scalar  fields

,  heavy  quark  B,  and  light  SM  quarks
.  The  vectorial  interactions  among  fields
,  heavy  quark  B, and  light  SM  quarks  are   al-

lowed  by  adding  the  following  terms  to  the  Lagrangian
that describes the fermion-gauge interactions [20, 22]: 

2∑
i=1

iσ̄µQ†3Dµqi,

4∑
i=1

iσ̄µq′†i DµUc, (48)

σ̄µ = −σµ QT
3 = (1/

√
2)

(0,0,B, iB,0,0) q′Ti = (0,0,0,0,qc
i ,0) i = 1,2

Dµ
(W±,W ′±)

VHu VHd VCKM = V†HuVHd

VCKM

(h0,H0,A0,ϕ0,η0,σ,Z,Z′,γ)

where    are  the  Pauli  matrices, 
,  and   with  . Co-

variant  derivative    contains  information  about
. With these changes, we can introduce two ex-

tended  matrices  of  the  Cabibbo-Kobayashi-Maskawa
(CKM) type [23],   and  , such that  ,
where   is the CKM matrix of the SM. Regarding the
interactions of light quarks with the neutral heavy bosons

and  quark B, they  are  also   in-
cluded in Eqs. (47) and (48). 

III.  THE CMDM IN THE BLHM

gq̄iqi qi = u,c,d, s
The effective  Lagrangian  describing  the   contribu-

tions of vertex  , where  , is expressed as 

Leff = −
1
2

q̄iTaσ
µν
(
µ̂qi + id̂qiγ

5
)

qiGa
µν, (49)

Ga
µν Ta

SU(3)C µ̂qi

d̂qi

where    represents  the  gluon  field  strength  tensor, 
denotes  the  colour  generators  of  ,  denotes  the
CMDM, and   represents the CEDM, such that
 

µ̂qi =
mqi

gs
µqi , d̂qi =

mqi

gs
dqi . (50)

Leff mqi

gs =
√

4παs

µqi

The definitions provided by Eq. (50) are the standard
relations for the CMDM and CEDM commonly found in
the literature,  given that   has  dimension 5.  Here, 
denotes the mass of each light quark and   rep-
resents the  coupling  constant  of  the  group.  In  our   scen-
ario,  we  solely  need  to  evaluate  chromomagnetic  form
factor   originating from one-loop contributions of scal-
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A0,H0,H±,h0,σ,ϕ0,ϕ±,η0,η±

Z0,Z′,W±,W ′± T,T 5,T 6,T 2/3,T 5/3,

B

ar  fields  ,  vector  fields
,  and  heavy  quarks 

. Concerning the CEDM, it was demonstrated [5] to be
identically zero within the BLHM framework, thus neces-
sitating no further consideration in this study. 

IV.  PARAMETER SPACE OF THE BLHM

(y1,y2,y3) (θ12, θ13)

y2 < y3

y3 < y2

0 < yi < 1

mt = 172.13

0.15 ⩽ β ⩽ 1.49
mh0 = 125.46 λ0 < 4π

tanβ > 1

β 0.79 < β < 1.49
Ψ

0 < Ψ < 2

A0 H0 H±

α h0 H0

cos(β−α) ≈ 0 σ

m2
σ = 2λ0Kσ f 2

η0 = m4

Two types  of  parameter  spaces  have been utilized in
the different studies on the BLHM. The initial studies on
the  model  [22, 24−26]  parameterized  Yukawa couplings

  in  terms of  two angles    that  divide the
space into two parts,  leading to heavy quark masses that
acquire  two hierarchies  depending  on  whether   or

. By contrast, the parameter space employed in this
study is the same as that proposed in [5, 19, 27]. It can be
optimized  more  easily  without  dividing  it  into  two  parts
or inducing hierarchies in the masses of heavy quarks. In
this implementation,  the  Yukawa  couplings  of  the   BL-
HM are  maintained in  the  range  ,  ensuring that
the relation given by Eq. (45) is satisfied under the condi-
tion  given  by  Eq.  (43)  and  value   GeV [28].
We solved Eq. (25) to deduce the masses of the scalar bo-
sons in the model considering   radians and

 GeV [29] under condition   [26]. The
authors  of  the  BLHM  imposed  condition  ,
thereby ensuring that the contributions from radiative cor-
rections at one-loop from the top quark and heavy tops to
the Higgs mass are minimized. This narrows down the in-
terval  for    to    radians.  According  to  the
constraints deduced in [27] to maintain fine-tuning  (Eq.
(46)) within interval  , we also adopted the same
values for all  parameters of the BLHM, as shown in Ta-
ble 1. This table is  divided into minima and maxima ac-
cording to the different intervals of breaking scale f; note
the  allowed  masses  for  scalar  fields  ,  ,  and  .
Parameter   is the mixing angle between fields   and 
[22],  such  that  the  alignment  limit  is  satisfied,

  [30].  The  mass  of  scalar  boson    is  the
largest  among  those  of  the  scalars  of  the  BLHM and  is
given  as    [26],  which  is  equivalent  to  Eq.
(7) but more easy to calculate. For scalar  ,  where

m4

30 ⩽ m4 ⩽ 800

ϕ± η±

ϕ0 m4

1 ⩽ f ⩽ 3 F = 5

  is  a  free  parameter  of  the  model  [20],  we  set  the
 GeV range[19] owing to the growing mag-

nitudes  of  masses  for  experimentally  sought  new
particles. In the case of charged scalar bosons  ,   and
neutral  , their masses also depend on   as well as both
breaking scales, f and F, and one-loop contributions from
the  Coleman-Weinberg  potential  [20,  24].  Note  that

 TeV and   TeV in Table 2.
(W ′±,Z′)

F = 5
The  masses  of  heavy  vector  bosons   depend

on scales f and   TeV. To determine their masses, we
used  Eqs.  (32)  and  (33).  The  results  are  shown  in
Table 3.

β
(y1,y2,y3)

1 < f < 3

The masses of the six heavy quarks introduced in this
model  are  given  by  Eqs.  (39)−(42),  in  which  we  do  not
observe  a  dependence  on  angle    but  only  on  Yukawa
couplings  and  breaking  scale  f.  This  allows  for
simpler calculation of these masses in the   TeV
interval; their values are shown in Table 4. 

A.    Experimental limits for the BLHM

A0 H0

230−800
mA0 130−700 mH0

A→ ZH 139 −1
√

s = 13

A→ Zh A0

A0

e−e+→ AH
−1

200 < mA0 < 250
150 < mH0 < 250 H±

H±→ HW± √
s = 13

138 −1

mH± 300−700
H+→ tb̄√

s = 13 −1

mH+ 200−2000

Experimentally, the pursuit of a heavy neutral scalar,
such as   and  ,  is  in line with the mass range of the
BLHM. In [31], masses in the range of   GeV for

  and   GeV for   were  explored  in  decay
,  based  on  an  integrated  luminosity  of    fb

from pp  collisions  at   TeV recorded  by  the  AT-
LAS detector  and  interpreted  within  the  2HDM   frame-
work. A study based on ATLAS data [32] analyzed pro-
cess   excluding masses of   below 1 TeV at 95%
C.L. for all  types of 2HDM. Similarly, in [33], based on
CMS  data,  masses  of    below  1  TeV  were  also  ruled
out. In [34], type-I 2HDMs were investigated through the
simulation  of  process   using  the  SiD detector
at  the  ILC,  with  an  integrated  luminosity  of  500  fb .
This  resulted  in  ranges  of    GeV  and

  GeV.  For  ,  a  study  [35]  examined
process    at  CMS  in pp  collisions  at 
TeV with an integrated luminosity of   fb , consider-
ing    in  the  range  of   GeV.  Additionally,  in
[6],  decay    was  explored  in  pp  collisions  at

  TeV  using  139  fb of  data  from  ATLAS,  with
considered  in  the  range  of   GeV. The  ex-

 

Table 1.    Parameters and scalar masses constrained in the BLHM.

Parameter
f (1TeV) f (2TeV) f (3TeV)

Min Max Min Max Min Max Unit

β 0.79 1.47 0.79 1.36 0.79 1.24 rad

α −0.99 0.00 −0.99 −0.16 −0.99 −0.31 rad

Ψ 0.096 2.11 0.38 2.03 0.87 2.04 –

mA0 125.0 884.86 125.0 322.75 125.0 207.07 GeV

mH0 872.04 1236.06 872.04 921.42 872.04 887.53 GeV

mH± 125.0 884.86 125.0 322.75 125.0 207.07 GeV
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ploration for heavy Higgs bosons seems to be highly act-
ive in various channels and theoretical frameworks, such
as 2HDM.  Furthermore,  all  the  mass  ranges  either   en-
compass or are encompassed by those investigated in this
study.

(ϕ,η)

σ

T → Ht
T → Zt √

s = 13
−1

1.6−2.3

5/3

The  presence  of  neutral  and  charged  fields,  denoted
by  ,  derived  from  pseudo  Goldstone  bosons,  is  a
common feature shared with other LHM frameworks and
proposals  for  dark  matter.  However,  experimental
searches  primarily  focus  on  fields  associated  with  the
Higgs rather than scalars of this nature [36−38]. Another
distinctive characteristic of the BLHM is real scalar field
, which is anticipated to be the heaviest among the scal-

ars.  Nevertheless,  its  contribution to the CMDM of light
SM quarks  is  nearly  negligible  owing  to  certain   con-
straints imposed by the CKM extended matrix. Within the
domain  of  heavy  quarks,  decay  channels    or

 were examined in [39]. This study analyzed pro-
ton-proton  collisions  at   TeV  with  an  integrated
luminosity of 139 fb  at ATLAS, revealing no signific-
ant signals at the 95% confidence level for the mass of T
in the range of   TeV. Similar searches for T and
B were reported in [40−42]. In [40], the authors also ex-
plored  the  potential  decay  of  quarks  with  charge  ,

T 5/3 Wt mT 5/3

1.42
mT 5/3 = mT 6 = mT 2/3

780−2100
W ′± Z′

W ′

mW′

2.2 4.8
Z′

4.7 800−
3700

such as  , to  , establishing a lower limit for   of
 TeV. For the BLHM within our parameter space, we

found  that    span  the  range  of
 GeV, as shown in Table 4. In the BLHM, we

introduced  additional  vector  bosons    and  ,  whose
masses were constrained to be equal based on the proper-
ties chosen  for  our  parameter  space.  Several   investiga-
tions on the existence of  the   boson have been repor-
ted.  In  [43],  various  mass  ranges  for    were  con-
sidered within the theoretical  framework of  different  ex-
tended models,  with values ranging from    to  TeV.
Regarding the   boson,  recent  searches  indicate  that  its
mass exceeds   TeV [44] and is within the range of 

 GeV [45]. 

V.  PHENOMENOLOGY OF THE CMDM OF THE
LIGHT QUARKS

(u,c,d, s,b)

Regarding the CMDM, the permissible one-loop dia-
grams  involving  scalar  and  vector  contributions  are
shown  in Fig.  1. The  amplitudes  associated  with  the  di-
pole  diagrams  for  each  of  the    quarks  are  as
follows: 

Mµ
qn

(S ) =
∑

i, j

∫
d4k

(2π)4
ūn(p′)(S ∗n j+P∗n jγ

5)δAα1

×
ñ

i
̸ k+ ̸p′+mQ j

(k+ p′)2−m2
Q j

δα1α3

ô(
−igsγ

µT a
α2α3

)
×
ñ

i
̸k+ ̸p+mQ j

(k+ p)2−m2
Q j

ô
(S n j+Pn jγ

5)δBα4 un(p)

×
Ç

i
k2−m2

S i

å
V∗H jqn

VH jqn (51)

and 

Mµ
qn

(V) =
∑

i, j

∫
d4k

(2π)4
ūn(p′)γa1 (V∗n j+A∗n jγ

5)δAα1

×
ñ

i
̸k+ ̸p′+mQ j

(k+ p′)2−m2
Q j

δα1α3

ô(
−igsγ

µT a
α2α3

)
×
ñ

i
̸k+ ̸p+mQ j

(k+ p)2−m2
Q j

ô
γa2 (Vn j+An jγ

5)δBα4 un(p)

×
ñ

i
k2−m2

Vi

Ç
−gα1α2 +

kα1 kα2

m2
Vi

åô
V∗H jqn

VH jqn ,

(52)

T a
αnαm

SU(3)
(S n j,Pn j,Vn j,An j)

Q̄ jS iqn q̄nS †i Q j

Q̄ jViqn q̄nV†i Q j

where    represents  the  generators  of  .  Coeffi-
cients   encompass all  contributions from
the  BLHM,  quantified  by  vertices  ,    for
scalar and pseudoscalar interactions, and  , 
for vector and axial interactions, respectively. Matrix ele-

 

Table 2.    Scalar masses of the BLHM.

Mass
Values

f (1TeV) f (3TeV) Unit

mσ 1414.2 4242.6 GeV
mϕ0 836.1 999.3 GeV

mϕ± 841.9 1031.9 GeV

mη± 580.0 1013.9 GeV

 

Table 3.    Vector masses of the BLHM.

Mass
Values

f (1TeV) f (3TeV) Unit

mW′± 3328.63 3806.44 GeV

mZ′ 3327.65 3805.58 GeV

 

Table 4.    Quark masses of the BLHM.

Mass
1 ⩽ f ⩽ 3 TeV

Min Max Unit

mT 1140.18 3420.53 GeV

mT 5 773.88 2321.66 GeV

mT 6 780.0 2100.0 GeV

mT 2/3 780.0 2100.0 GeV

mT 5/3 780.0 2100.0 GeV

mB 1140.18 3420.53 GeV
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V∗H jqn
VH jqn

FeynCalc

Package X Mathematica

ments    pertain  to  the  extended  CKM  matrix.
The amplitudes  given  by  Eqs.  (51)  and  (52)  were   com-
puted  utilizing  the    package  [46]  and

 [47] available in  .

VCKM = V†HuVHd

V†Hu

VHd

In  interactions  involving charged bosons,  both  scalar
and vector, the extended CKM matrix for the BLHM, de-
noted  as   and  introduced in  [19],  must  be
taken  into  account.  Here,  unitary  matrix    represents
transitions  from  heavy  quarks  to  light  up-type  quarks,
while    represents  transitions  from  heavy  quarks  to
light  down-type  quarks.  The  CKM extended  matrix  can
be  conceptualized  as  the  product  of  three  rotation
matrices [48, 49], 

VHd =

Ü
1 0 0

0 cd
23 s23e−iδd23

0 −sd
23eiδd23 cd

23

ê
×

Ü
cd

13 0 sd
13e−iδd13

0 1 0

−s13eiδd13 0 cd
13

ê
×

Ü
cd

12 sd
12e−iδd12 0

−sd
12eiδd12 cd

12 0

0 0 1

ê
, (53)

cd
i j sd

i j

(θ12, θ23, θ13) (δ12, δ23, δ13)
where  parameters   and   are  expressed  in  relation  to
angles   and phases  .

VHu VHd

In [19] and [27], the authors chose three cases to para-
meterize matrices   and   in such a way that results
with  greater  variation  could  be  obtained.  However,  in
[27], the authors mostly found the same behavior for the
three cases of the extended CKM matrices. For this reas-
on, in this study, we chose to use only the third case, giv-
en that we also calculated the CMDM.

sd
23 = 1/

√
2 sd

12 = sd
13 = 0 δd

12 =

δd
23 = δ

d
13 = 0 VHd

We  constructed  the  extended  CKM  matrix  by  first
substituting  values  ,  , 

 into matrix   in Eq. (53), obtaining matrix 

VHd =

Ü
1 0 0

0 1/
√

2 1/
√

2

0 −1/
√

2 1/
√

2

ê
, (54)

(V†Hd)−1V†CKMand through product  , obtaining matrix
 

VHu =

Ü
0.973 0.221 0.008

0.160 0.692 0.746

−0.156 −0.686 0.687

ê
. (55)

According  to  the  experimental  values  of  the  CKM
matrix of the SM and the properties of unitarity, the fol-
lowing relations between its  rows hold,  and similar ones
hold for the columns: 

3∑
i=1

|Vui|2−1 = −0.0004±0.0007

3∑
i=1

|Vci|2−1 = +0.11±0.08

3∑
i=1

|Vti|2−1 = +0.00±0.2 (56)

Similarly, the  unitarity  conditions  for  the  matrix   ex-
pressed by Eq. (55) are satisfied: 

3∑
i=1

|VHu1i |2−1 = −0.002±0.0002

3∑
i=1

|VHu2i |2−1 = +0.062±0.03

3∑
i=1

|VHu3i |2−1 = −0.031±0.004 (57)

VCKM = V†HuVHdBased  on  relation  ,  the  existence  of  a

 

(u,c,d, s,b) Q = (T,T 5,T 6,T 2/3,T 5/3,B) S i

A0,H0,h0,H±,ϕ0,η0,σ,ϕ±,η± Vi Z0,W±,γ,Z′,W′±
Fig.  1.      Left:  interactions  of  SM light  quarks    and  BLHM heavy  quarks   with  scalar  fields  :

. Right: interactions of the same quarks with vector fields  :  .
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VHu

VCKM

VCKM

certain level of congruence between    in Eq. (55) and
the   matrix is natural. However, note from Eqs. (56)
and  (57)  that  the  flavor  constraints  are  less  strict  than
those found in the   matrix. Similarly, when the GIM
mechanism is applied in the SM, significant suppressions
are expected for processes such as rare decays; this does
not happen with  the  extended CKM matrices  in  the  BL-
HM [19]. 

A.    Results
(u,c,d, s,b)

(h0,Z,γ,W±)
(W±,W ′±,H±,ϕ±,η±)

VHu VHd

(T,T 5,T 6,T 2/3,T 5/3)
(u,c,d, s)

(H0,A0,ϕ0,η0,σ,Z′)

(q2 , 0) (q2 = −m2
Z)

(q2 = m2
Z)

A0

B0 C0

We computed the CMDMs of light quarks 
under one-loop contributions from heavy quarks and bo-
sons  in  the  BLHM.  We  also  included  interactions  with
fields    of  the  SM.  Interactions  with  charged
bosons   were mediated by the matrix
elements of   and  , that  is,  Eqs.  (55) and (54),   re-
spectively.  Given  that  the  virtual  quarks  in  the  dipole
could only  be  the  quarks  from  the  BLHM,  certain   con-
straints emerged  for  the  contributions  of  the  model   to-
ward the light quarks of the SM. One of them arose with
the  charged  bosons  because  in  most  valid  vertices,  only
interactions with heavy quark B occurred (see Tables 12
and  13  in  Appendix  A).  Although  heavy  quarks

  do  not  interact  with  light  quarks
,  the  contributions  from the  BLHM,  because  of

the  interactions  with  fields  ,  enhance
their CMDMs in relation to  those of  the SM. We evalu-
ated the CMDM of the light quarks taking gluon off-shell

  in two scenarios: spacelike   and time-
like  .  By  solving  the  amplitudes  given  by  Eqs.
(51) and (52), the expressions of the magnetic form factor
in  terms  of  the  Passarino-Veltman  functions  of  type  ,
, and   were obtained.

O(10−8) β = (0.79, 1.24, 1.49)

Figures 2 and 3 show the CMDM plots of the up and
charm quarks.  Owing  to  the  BLHM contributions  to  the
dipoles  of  these  two  quarks  having  similar  magnitudes,

,  we  plot  them  together  for 
radians.  It  is  important  to  note  that  they  only  received
contributions  from  the  B  quark,  both  with  charged  and

neutral bosons.

10−5

Figures 4 and 5 depict the dipoles of the strange and
down  quarks,  respectively,  for  the  same  mentioned
angles.  They  receive  contributions  of  the  order  of  ,
both in spacelike and timelike configurations.

Figures  6  and  7  show  the  improved  contributions

 

β = (0.79,1.24,1.49) 1 < f <

3 F = 5
µ̂u µ̂c

Fig.  2.      (color online) Dipole  of  the  u  and  c  quarks  in  the
spacelike  scenario  for    radians, 
 TeV, and   TeV. The behavior of the CMDMs as scale f
increases  shows  the  natural  decoupling  of    and    in  the
BLHM.

 

β = (0.79,1.24,1.49) 1 < f <

3 F = 5

µ̂u µ̂c

Fig.  3.      (color online) Dipole  of  the  u  and  c  quarks  in  the
timelike  scenario  with    radians, 
 TeV, and   TeV. As in the spacelike case, the same de-
coupling occurs for   and   as f increases.

 

β = (0.79,1.24,1.49) 1 < f < 3
F = 5

µ̂s

µ̂d

Fig.  4.      (color online) Dipole  of  the  s  and  d  quarks  in  the
spacelike  scenario  with    radians, 
TeV, and   TeV. In this case, although the curves are sim-
ilar  to  the  timelike  version,  there  are  differences  between 
and  .

 

β = (0.79,1.24,1.49) 1 < f < 3

F = 5 µ̂d µ̂s

10−5

q2 = ±m2
Z

Fig.  5.      (color online) Dipole  of  the  s  and  d  quarks  in  the
timelike  scenario  with    radians, 
TeV, and   TeV. In observables   and  , magnitudes of
the  order  of    are obtained  that  quickly  tend  toward   de-
coupling for both schemes,  .
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10−3

(u,c,d, s)

from  the  BLHM  quarks  and  bosons  to  the  SM  bottom
quark. Both spacelike and timelike CMDMs are of the or-
der  of  .  These  results  indicate  that  it  is  necessary  to
add new interactions between heavy quarks of the T type
with light quarks  .

f = 2 f = 3
f = 1

10−20

µ̂BLHM
c

µ̂BLHM
b µ̂SM

b

In  the  plots  shown  in  Figs.  2−7, differences  are   ob-
served between the dipoles evaluated in the spacelike and
timelike  scenarios;  in  particular,  no  negatives  values  are
found  in  the  first  one. Tables  5  and  6  show that  the   di-
poles  for    TeV  and    TeV do  exhibit   differ-
ences  with  respect  to  the    case,  as  presented  in
Tables 7−10. We must clarify that we have not included
the imaginary  parts  of  the  CMDMs  because  their   mag-
nitudes  are  generally  of  the  order  of  . We  have   in-
cluded the  CMDMs of  the  light  quarks  calculated  in  the
SM (see Table  11;  note  that  we  have  not  included  their
imaginary parts either). If we compare them with those of
Tables  5 and 6,  only    is  lower  than its  counterpart
in the SM. By contrast,   exceeds the order of  .
According to the charm mass, one might expect the con-

 

β = (0.79,1.24,1.49) 1 < f < 3

F = 5 µ̂b

q2 = ±m2
Z

10−3

Fig. 6.    (color online) Dipole of the b quark in the spacelike
scenario  with    radians,    TeV,  and

 TeV. The decoupling for   occurs in the same manner
for  both  schemes,  . However,  in  these  cases,  it   oc-
curs  with  a  negative  sign  at  the  order  of  ,  where  the
curves  are  very  similar,  unlike  the  other  CMDMs,  whose
curves differ in shape and order from each other.

 

β = (0.79,1.24,1.49) 1 < f < 3
F = 5 µ̂b

q2 = ±m2
Z

Fig.  7.      (color online) Dipole  of  the b  quark  in  the  timelike
scenario  with    radians,    TeV,  and

  TeV.  The  contributions  of  the  heavy  quarks  to    in
both  schemes,  ,  are  notable  in  terms of  the  shape  of
the curves.

 

µ̂BLHM
qi

(β, f ) f =

F = 5

Table  5.      Numerical  values  for    spacelike  at 
1 TeV and   TeV.

β 0.79 1.24 1.49

µ̂BLHM
u −6.80×10−9 −7.71×10−9 −8.23×10−9

µ̂BLHM
c −1.04×10−7 −1.04×10−7 −1.05×10−7

µ̂BLHM
s 1.54×10−5 1.92×10−5 1.91×10−5

µ̂BLHM
d 2.61×10−5 3.17×10−5 1.7×10−5

µ̂BLHM
b −2.44×10−3 −1,75×10−3 −2.01×10−3

 

µ̂BLHM
qi

(β, f ) f =

F = 5

Table  6.      Numerical  values  for    timelike  at 
1 TeV and   TeV.

β 0.79 1.24 1.49

µ̂BLHM
u −6.89×10−9 6.45×10−10 −8.16×10−9

µ̂BLHM
c 5.4×10−8 5.14×10−10 5.33×10−8

µ̂BLHM
s 1.55×10−5 1.46×10−5 1.93×10−5

µ̂BLHM
d 2.83×10−5 3.68×10−5 1.59×10−5

µ̂BLHM
b −2.99×10−3 −2.08×10−3 −1.97×10−3

 

µ̂BLHM
qi

(β, f ) f =

F = 5

Table  7.      Numerical  values  for    spacelike  at 
2 TeV and   TeV.

β 0.79 1.24 1.49

µ̂BLHM
u −2.64×10−9 −3.58×10−9 −4.12×10−9

µ̂BLHM
c −5.15×10−8 −5.22×10−8 −5.26×10−8

µ̂BLHM
s 1.53×10−5 1.89×10−5 1.88×10−5

µ̂BLHM
d 2.56×10−5 3.11×10−5 1.67×10−5

µ̂BLHM
b −6.0×10−4 −4.37×10−4 −5.0×10−4

 

µ̂BLHM
qi

(β, f ) f =

F = 5

Table  8.      Numerical  values  for    timelike  at 
2 TeV and   TeV.

β 0.79 1.24 1.49

µ̂BLHM
u −2.68×10−9 5.95×10−10 −4.08×10−9

µ̂BLHM
c 2.75×10−8 4.34×10−10 2.66×10−8

µ̂BLHM
s 1.54×10−5 1.91×10−5 1.89×10−5

µ̂BLHM
d 2.78×10−5 3.60×10−5 1.56×10−5

µ̂BLHM
b −7.48×10−4 −5.19×10−4 −4.9×10−4

 

µ̂BLHM
qi

(β, f ) f =

F = 5

Table  9.      Numerical  values  for    spacelike  at 
3 TeV and   TeV.

β 0.79 1.24 1.49

µ̂BLHM
u −1.25×10−9 −2.20×10−9 −2.74×10−9

µ̂BLHM
c −5.15×10−8 −3.46×10−8 −3.50×10−8

µ̂BLHM
s 1.53×10−5 1.88×10−5 1.87×10−5

µ̂BLHM
d 2.56×10−5 3.10×10−5 1.66×10−5

µ̂BLHM
b −6.09×10−4 −1.93×10−4 −2.20×10−4
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(T,T 5,T 6,T 2/3)
µ̂BLHM

b

tributions to the dipole to be of a magnitude close to that
of the bottom; however, they turned out to be very small.
This  means  that  the  contributions  of  the  quarks

  are  much  more  significant  than  those  of
all the heavy bosons because the order of   is much
higher owing to the heavy up-type quarks. 

VI.  CONCLUSIONS

(u,c,d, s,b)
(h0,Z,γ,W±)

(q2 = −m2
Z)

(q2 = m2
Z)

O(10−3)

(u,c,d, s)

(u,c,d, s)
VHu

VHd

VCKM

µ̂qi

We calculated  the  dipoles  of  light  quarks  of  the  SM
 with contributions from heavy quarks and bo-

sons of the BLHM, as well as bosons   of the
SM,  both  in  the  spacelike    and  timelike

 scenarios. We found that the magnitudes of our
results are  greater  than  similar  ones  in  the  SM.  The   di-
pole for which we obtained the largest contributions from
the  BLHM is  the  CMDM of  the  bottom quark,  ,
which  receives  contributions  from  all  heavy  quarks  and
bosons. By contrast, the dipoles of the other light quarks

 only  receive  contributions  from heavy quark B
and  heavy  bosons  [19],  as  can  be  observed  from  the
Feynman rules in Tables 12 and 13. Accordingly, we con-
clude that it is also necessary to extend interactions of the
heavy up-type quarks to all four light quarks  . In
this study, we also used extended CKM matrices   and

,  parameterizing only one case of them in relation to
the   matrix.  The  elements  of  the  extended  matrices
further constrained dipoles   in comparison with the di-
poles  calculated  for  the  top  quark  in  [27], as  in  the  BL-
HM.  The  magnitudes  of  the  CMDMs  calculated  in  the
BLHM, mainly for the bottom quark, encourage us to ex-
pect  new experimental  signals  that  may provide  hints  of

 

µ̂BLHM
qi

(β, f ) f = 3

F = 5

Table 10.    Numerical values for   timelike at 
TeV and   TeV.

β 0.79 1.24 1.49

µ̂BLHM
u −1.27×10−9 5.86×10−10 −2.71×10−9

µ̂BLHM
c 1.87×10−8 4.19×10−10 1.77×10−8

µ̂BLHM
s 1.54×10−5 1.90×10−5 1.88×10−5

µ̂BLHM
d 2.78×10−5 3.59×10−5 1.55×10−5

µ̂BLHM
b −3.31×10−4 −2.29×10−4 −2.16×10−4

 

µ̂SM
qi

Table  11.      Numerical  values  for    in  the  SM,  spacelike
and timelike [17].

q2 = −m2
Z q2 = m2

Z

µ̂SM
u −1.15×10−10 −1.15×10−10

µ̂SM
c −1.16×10−5 1.15×10−5

µ̂SM
s −1.38×10−7 1.37×10−7

µ̂SM
d −5.07×10−10 −5.04×10−10

µ̂SM
b −1.61×10−4 1.55×10−4

 

Table  12.      Essential  Feynman  rules  in  the  BLHM to  study
the CMDM of light quarks are the 3-point interactions fermi-
on-fermion-scalar  (FFS)  and  fermion-fermion-gauge  (FFV)
interactions.

Vertex Rule

W′− B̄u
iggA

2
√

2gB
γµPL(VHu)

W′− B̄c
iggA

2
√

2gB
γµPL(VHu)

η− B̄u −
imBs2

β

2 f
√

2
PL(VHu)

η− B̄c −
mBs2

β

2 f
√

2
PL(VHu)

η0 B̄d −
imBs2

β

4 f
PL

η0 B̄s −
imBs2

β

4 f
PL

ϕ− B̄u
iFs2
β

[
mu +mB + (mu −mB)γ5

]
2 f
√

2
√

f 2 +F2
(VHu)

ϕ− B̄c
iFs2
β

[
mc +mB + (mc −mB)γ5

]
2 f
√

2
√

f 2 +F2
(VHu)

ϕ0 B̄d
iFmBs2

β

4 f
√

f 2 +F2
PL

ϕ0 B̄s
iFmBs2

β

4 f
√

f 2 +F2
PL

H− B̄u
gmBs2β

4
√

2mW
PL(VHu)

H− B̄c
gmBs2β

4
√

2mW
PL(VHu)

H0 B̄d −
gmBsαsβ

4mW
PL

H0 B̄s −
gmBsαsβ

4mW
PL

 

Table  13.      Essential  Feynman  rules  in  the  BLHM to  study
the CMDM of light quarks are the 3-point interactions fermi-
on-fermion-scalar  (FFS)  and  fermion-fermion-gauge  (FFV)
interactions.

Vertex Rule

h0 B̄d
gmBcαsβ

4mW
PL

h0 B̄s
gmBcαsβ

4mW
PL

A0 B̄d −
gmBs2β

8mW
PL

A0 B̄s −
gmBs2β

8mW
PL

σB̄d
mBs2β

4
√

2mW f
PL

σB̄s
mBs2β

4
√

2mW f
PL

ZB̄d − ig2 sW

4g′
γµPL

ZB̄s − ig2 sW

4g′
γµPL

Continued on next page
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new physics.  It  is  important  to  remember  that  the   CM-
DMs or CEDMs of light quarks have not been evaluated
in  other  BSM models  as  we  did  in  this  study.  We  hope
that this will be eventually done to enrich our own work
on this topic. 
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APPENDIX A: FEYNMAN RULES IN THE BLHM

In this appendix, we derive and present the Feynman
rules for the BLHM necessary to calculate the CMDM of
light quarks. The Feynman rules for the b quark and oth-
er fields can be found in references [10, 14, 19].

Tables  12  and  13  summarize  the  Feynman  rules  for
the  3-point  interactions:  fermion-fermion-scalar  (FFS)
and fermion-fermion-gauge (FFV) interactions.

 

 

References 

 R.  Martinez  and  J.  A.  Rodriguez,  Phys.  Rev.  D  55,  3212
(1997)

[1]

 R. Martinez and J. A. Rodriguez, Phys. Rev. D 65, 057301
(2002)

[2]

 R.  Martinez,  M.  A.  Perez,  and  N.  Poveda, Eur.  Phys.  J.  C
53, 221 (2008)

[3]

 D.  Buarque  Franzosi  and  C.  Zhang,  Phys.  Rev.  D  91,
114010 (2015)

[4]

 J. I. Aranda, T. Cisneros-Pérez, J. Montaño et al., Eur. Phys.
J. Plus 136, 164 (2021)

[5]

 G. Aad et al. (ATLAS), JHEP 06, 145 (2021)[6]
 L.  Ding  and  C.  X.  Yue,  Commun.  Theor.  Phys.  50,  441
(2008)

[7]

 A.  I.  Hernández-Juárez,  A.  Moyotl,  and  G.  Tavares-
Velasco, Phys. Rev. D 98, 035040 (2018)

[8]

 A.  I.  Hernández-Juárez,  G.  Tavares-Velasco,  and  A.
Moyotl, Chin. Phys. C 45, 113101 (2021)

[9]

 J.  I.  Aranda,  T.  Cisneros-Pérez,  E.  Cruz-Albaro  et  al.,
arXiv: 2111.03180 [hep-ph]

[10]

 S. Rappoccio, Rev. Phys. 4, 100027 (2019)[11]
 E.  Cruz-Albaro  and  A.  Gutiérrez-Rodríguez,  Eur.  Phys.  J.
Plus 137, 1295 (2022)

[12]

 E. Cruz-Albaro, A. Gutiérrez-Rodríguez, J. I. Aranda et al. ,
Eur. Phys. J. C 82, 1095 (2022)

[13]

 E. Cruz-Albaro, A. Gutierrez-Rodrıguez, M. A. Hernandez-
Ruız et al., Eur. Phys. J. Plus 138, 506 (2023)

[14]

 I.  D.  Choudhury  and  A.  Lahiri,  Mod.  Phys.  Lett.  A  30,
1550113 (2015)

[15]

 A.  I.  Hernández-Juárez,  A.  Moyotl,  and  G.  Tavares-
Velasco, Eur. Phys. J. Plus 136, 262 (2021)

[16]

 J.  Montano-Dominguez,  B.  Quezadas-Vivian,  F.  Ramirez-
Zavaleta et al., Int. J. Mod. Phys. A 38, 2350071 (2023)

[17]

 W. Bernreuther and Z. G. Si, Phys. Lett. B 725, 115 (1965),
[Erratum: Phys. Lett. B 744, 413 (2015)]

[18]

 T.  Cisneros-Pérez,  M.  A.  Hernández-Ruíz,  A.  Gutiérrez-
Rodríguez et al., Eur. Phys. J. C 83, 1093 (2023)

[19]

 M.  Schmaltz,  D.  Stolarski,  and  J.  Thaler,  JHEP  09,  018
(2010)

[20]

 M. Schmaltz and J. Thaler, JHEP 03, 137 (2009)[21]
 K. Moats, arXiv: 2403.08021 [hep-ph][22]
 M. Kobayashi and T. Maskawa, Prog. Theor. Phys. 49, 652
(1973)

[23]

 T. A. W. Martin, Examining extra neutral gauge bosons in[24]

non-universal  models  and  exploring  the  phenomenology  of
the  Bestest  Little  Higgs  model  at  the  LHC,  Doctoral  thesis
(Carleton University, 2012)
 S.  Godfrey,  T.  Gregoire,  P.  Kalyniak et  al.,  JHEP 04,  032
(2012)

[25]

 P.  Kalyniak,  T.  Martin,  and  K.  Moats,  Phys.  Rev.  D  91,
013010 (2015)

[26]

 T.  Cisneros-Pérez,  M.  A.  Hernández-Ruíz,  A.  Ramirez-
Morales et al., arXiv: 2403.08021 [hep-ph]

[27]

 A. Tumasyan et al. (CMS), JHEP 12, 161 (2021)[28]
 A.  M.  Sirunyan  et  al.  (CMS),  Phys.  Lett.  B  805,  135425
(2020)

[29]

 N.  Hashemi  and  M.  Ghalati,  Phys.  Lett.  B  830,  137153
(2022)

[30]

 G. Aad et al. (ATLAS), Eur. Phys. J. C 81, 396 (2021)[31]
 G.  Aad  et  al.  (ATLAS  Collaboration),  Phys.  Lett.  B  744,
163 (2015)

[32]

 A. M.  Sirunyan et  al.  (CMS Collaboration),  JHEP 03, 055
(2020)

[33]

 M.  Hashemi  and  G.  Haghighat,  Eur.  Phys.  J.  C  79,  419
(2019)

[34]

 A.  Tumasyan  et  al.  (CMS  Collaboration),  JHEP  09,  032
(2023)

[35]

 J. Wells, Phys. Rev. D 107, 055022 (2023)[36]
 D.  Buttazzo,  A.  Greljo,  and  D.  Marzocca,  Eur.  Phys.  J.  C
76, 116 (2016)

[37]

 U.  Haisch,  G.  Polesello,  and  S.  Schulte,  JHEP  09,  206
(2021)

[38]

 G. Aad et al. (ATLAS Collaboration), JHEP 08, 153 (2023)[39]
 G.  Aad et  al.  (ATLAS Collaboration), Eur.  Phys.  J.  C 83,
719 (2023)

[40]

 M. Aaboud et al. (ATLAS), JHEP 07, 089 (2018)[41]
 A. M. Sirunyan et al. (CMS), JHEP 08, 177 (2018)[42]
 A. Tumasyan et al. (CMS), JHEP 09, 051 (2023)[43]
 A.  Tumasyan  et  al.  (CMS),  Phys.  Rev.  D  105,  032008
(2022)

[44]

 A. M. Sirunyan et al. (CMS), Eur. Phys. J. C 81, 688 (2021)[45]
 V. Shtabovenko, R. Mertig, and F. Orellana, Comput. Phys.
Commun. 256, 107478 (2020)

[46]

 H. H. Patel, Comput. Phys. Commun. 218, 66 (2017)[47]
 M. Blanke, A. J. Buras, A. Poschenrieder et al., Phys. Lett.
B 646, 253 (2007)

[48]

 M. Blanke,  A.  J.  Buras,  A.  Poschenrieder et  al.,  JHEP 01,
066 (2007)

[49]

 

Table 13-continued from previous page

Vertex Rule

Z′ B̄d − iggA

4gB
γµPL

Z′ B̄s − iggA

4gB
γµPL

γB̄d − igsW

4
γµ

γB̄s − igsW

4
γµ

T. Cisneros-Pérez, E. Cruz-Albaro, A. Y. Ojeda-Castañeda et al. Chin. Phys. C 48, 103109 (2024)

103109-12

https://doi.org/10.1103/PhysRevD.55.3212
https://doi.org/10.1103/PhysRevD.55.3212
https://doi.org/10.1103/PhysRevD.55.3212
https://doi.org/10.1103/PhysRevD.55.3212
https://doi.org/10.1103/PhysRevD.55.3212
https://doi.org/10.1103/PhysRevD.55.3212
https://doi.org/10.1103/PhysRevD.55.3212
https://doi.org/10.1103/PhysRevD.55.3212
https://doi.org/10.1103/PhysRevD.55.3212
https://doi.org/10.1103/PhysRevD.65.057301
https://doi.org/10.1103/PhysRevD.65.057301
https://doi.org/10.1103/PhysRevD.65.057301
https://doi.org/10.1103/PhysRevD.65.057301
https://doi.org/10.1103/PhysRevD.65.057301
https://doi.org/10.1103/PhysRevD.65.057301
https://doi.org/10.1103/PhysRevD.65.057301
https://doi.org/10.1103/PhysRevD.65.057301
https://doi.org/10.1103/PhysRevD.65.057301
https://doi.org/10.1140/epjc/s10052-007-0457-6
https://doi.org/10.1140/epjc/s10052-007-0457-6
https://doi.org/10.1140/epjc/s10052-007-0457-6
https://doi.org/10.1140/epjc/s10052-007-0457-6
https://doi.org/10.1140/epjc/s10052-007-0457-6
https://doi.org/10.1140/epjc/s10052-007-0457-6
https://doi.org/10.1140/epjc/s10052-007-0457-6
https://doi.org/10.1140/epjc/s10052-007-0457-6
https://doi.org/10.1140/epjc/s10052-007-0457-6
https://doi.org/10.1103/PhysRevD.91.114010
https://doi.org/10.1103/PhysRevD.91.114010
https://doi.org/10.1103/PhysRevD.91.114010
https://doi.org/10.1103/PhysRevD.91.114010
https://doi.org/10.1103/PhysRevD.91.114010
https://doi.org/10.1103/PhysRevD.91.114010
https://doi.org/10.1103/PhysRevD.91.114010
https://doi.org/10.1103/PhysRevD.91.114010
https://doi.org/10.1103/PhysRevD.91.114010
https://doi.org/10.1140/epjp/s13360-021-01102-x
https://doi.org/10.1140/epjp/s13360-021-01102-x
https://doi.org/10.1140/epjp/s13360-021-01102-x
https://doi.org/10.1140/epjp/s13360-021-01102-x
https://doi.org/10.1140/epjp/s13360-021-01102-x
https://doi.org/10.1140/epjp/s13360-021-01102-x
https://doi.org/10.1140/epjp/s13360-021-01102-x
https://doi.org/10.1140/epjp/s13360-021-01102-x
https://doi.org/10.1140/epjp/s13360-021-01102-x
https://doi.org/10.1140/epjp/s13360-021-01102-x
https://doi.org/10.1140/epjp/s13360-021-01102-x
https://doi.org/10.1007/JHEP06(2021)146
https://doi.org/10.1007/JHEP06(2021)146
https://doi.org/10.1007/JHEP06(2021)146
https://doi.org/10.1007/JHEP06(2021)146
https://doi.org/10.1007/JHEP06(2021)146
https://doi.org/10.1007/JHEP06(2021)146
https://doi.org/10.1007/JHEP06(2021)146
https://doi.org/10.1007/JHEP06(2021)146
https://doi.org/10.1007/JHEP06(2021)146
https://doi.org/10.1007/JHEP06(2021)146
https://doi.org/10.1088/0253-6102/50/2/32
https://doi.org/10.1088/0253-6102/50/2/32
https://doi.org/10.1088/0253-6102/50/2/32
https://doi.org/10.1088/0253-6102/50/2/32
https://doi.org/10.1088/0253-6102/50/2/32
https://doi.org/10.1088/0253-6102/50/2/32
https://doi.org/10.1088/0253-6102/50/2/32
https://doi.org/10.1088/0253-6102/50/2/32
https://doi.org/10.1088/0253-6102/50/2/32
https://doi.org/10.1103/PhysRevD.98.035040
https://doi.org/10.1103/PhysRevD.98.035040
https://doi.org/10.1103/PhysRevD.98.035040
https://doi.org/10.1103/PhysRevD.98.035040
https://doi.org/10.1103/PhysRevD.98.035040
https://doi.org/10.1103/PhysRevD.98.035040
https://doi.org/10.1103/PhysRevD.98.035040
https://doi.org/10.1103/PhysRevD.98.035040
https://doi.org/10.1103/PhysRevD.98.035040
https://doi.org/10.1103/PhysRevD.98.035040
https://doi.org/10.1088/1674-1137/ac1b9a
https://doi.org/10.1088/1674-1137/ac1b9a
https://doi.org/10.1088/1674-1137/ac1b9a
https://doi.org/10.1088/1674-1137/ac1b9a
https://doi.org/10.1088/1674-1137/ac1b9a
https://doi.org/10.1088/1674-1137/ac1b9a
https://doi.org/10.1088/1674-1137/ac1b9a
https://doi.org/10.1088/1674-1137/ac1b9a
https://doi.org/10.1088/1674-1137/ac1b9a
https://doi.org/10.1088/1674-1137/ac1b9a
https://arxiv.org/abs/
https://arxiv.org/abs/
https://arxiv.org/abs/
https://doi.org/10.1016/j.revip.2018.100027
https://doi.org/10.1016/j.revip.2018.100027
https://doi.org/10.1016/j.revip.2018.100027
https://doi.org/10.1016/j.revip.2018.100027
https://doi.org/10.1016/j.revip.2018.100027
https://doi.org/10.1016/j.revip.2018.100027
https://doi.org/10.1016/j.revip.2018.100027
https://doi.org/10.1016/j.revip.2018.100027
https://doi.org/10.1016/j.revip.2018.100027
https://doi.org/10.1016/j.revip.2018.100027
https://doi.org/10.1140/epjp/s13360-022-03496-8
https://doi.org/10.1140/epjp/s13360-022-03496-8
https://doi.org/10.1140/epjp/s13360-022-03496-8
https://doi.org/10.1140/epjp/s13360-022-03496-8
https://doi.org/10.1140/epjp/s13360-022-03496-8
https://doi.org/10.1140/epjp/s13360-022-03496-8
https://doi.org/10.1140/epjp/s13360-022-03496-8
https://doi.org/10.1140/epjp/s13360-022-03496-8
https://doi.org/10.1140/epjp/s13360-022-03496-8
https://doi.org/10.1140/epjp/s13360-022-03496-8
https://doi.org/10.1140/epjp/s13360-022-03496-8
https://doi.org/10.1140/epjc/s10052-022-11076-4
https://doi.org/10.1140/epjc/s10052-022-11076-4
https://doi.org/10.1140/epjc/s10052-022-11076-4
https://doi.org/10.1140/epjc/s10052-022-11076-4
https://doi.org/10.1140/epjc/s10052-022-11076-4
https://doi.org/10.1140/epjc/s10052-022-11076-4
https://doi.org/10.1140/epjc/s10052-022-11076-4
https://doi.org/10.1140/epjc/s10052-022-11076-4
https://doi.org/10.1140/epjc/s10052-022-11076-4
https://doi.org/10.1140/epjc/s10052-022-11076-4
https://doi.org/10.1140/epjp/s13360-023-04125-8
https://doi.org/10.1140/epjp/s13360-023-04125-8
https://doi.org/10.1140/epjp/s13360-023-04125-8
https://doi.org/10.1140/epjp/s13360-023-04125-8
https://doi.org/10.1140/epjp/s13360-023-04125-8
https://doi.org/10.1140/epjp/s13360-023-04125-8
https://doi.org/10.1140/epjp/s13360-023-04125-8
https://doi.org/10.1140/epjp/s13360-023-04125-8
https://doi.org/10.1140/epjp/s13360-023-04125-8
https://doi.org/10.1140/epjp/s13360-023-04125-8
https://doi.org/10.1142/S0217732315501138
https://doi.org/10.1142/S0217732315501138
https://doi.org/10.1142/S0217732315501138
https://doi.org/10.1142/S0217732315501138
https://doi.org/10.1142/S0217732315501138
https://doi.org/10.1142/S0217732315501138
https://doi.org/10.1142/S0217732315501138
https://doi.org/10.1142/S0217732315501138
https://doi.org/10.1142/S0217732315501138
https://doi.org/10.1140/epjp/s13360-021-01239-9
https://doi.org/10.1140/epjp/s13360-021-01239-9
https://doi.org/10.1140/epjp/s13360-021-01239-9
https://doi.org/10.1140/epjp/s13360-021-01239-9
https://doi.org/10.1140/epjp/s13360-021-01239-9
https://doi.org/10.1140/epjp/s13360-021-01239-9
https://doi.org/10.1140/epjp/s13360-021-01239-9
https://doi.org/10.1140/epjp/s13360-021-01239-9
https://doi.org/10.1140/epjp/s13360-021-01239-9
https://doi.org/10.1140/epjp/s13360-021-01239-9
https://doi.org/10.1142/S0217751X23500719
https://doi.org/10.1142/S0217751X23500719
https://doi.org/10.1142/S0217751X23500719
https://doi.org/10.1142/S0217751X23500719
https://doi.org/10.1142/S0217751X23500719
https://doi.org/10.1142/S0217751X23500719
https://doi.org/10.1142/S0217751X23500719
https://doi.org/10.1142/S0217751X23500719
https://doi.org/10.1142/S0217751X23500719
https://doi.org/10.1142/S0217751X23500719
https://doi.org/ https://doi.org/10.1016/j.physletb.2013.06.051
https://doi.org/ https://doi.org/10.1016/j.physletb.2013.06.051
https://doi.org/ https://doi.org/10.1016/j.physletb.2013.06.051
https://doi.org/ https://doi.org/10.1016/j.physletb.2013.06.051
https://doi.org/10.1016/j.physletb.2015.03.035
https://doi.org/10.1140/epjc/s10052-023-12264-6
https://doi.org/10.1140/epjc/s10052-023-12264-6
https://doi.org/10.1140/epjc/s10052-023-12264-6
https://doi.org/10.1140/epjc/s10052-023-12264-6
https://doi.org/10.1140/epjc/s10052-023-12264-6
https://doi.org/10.1140/epjc/s10052-023-12264-6
https://doi.org/10.1140/epjc/s10052-023-12264-6
https://doi.org/10.1140/epjc/s10052-023-12264-6
https://doi.org/10.1140/epjc/s10052-023-12264-6
https://doi.org/10.1140/epjc/s10052-023-12264-6
https://doi.org/10.1007/JHEP09(2010)018
https://doi.org/10.1007/JHEP09(2010)018
https://doi.org/10.1007/JHEP09(2010)018
https://doi.org/10.1007/JHEP09(2010)018
https://doi.org/10.1007/JHEP09(2010)018
https://doi.org/10.1007/JHEP09(2010)018
https://doi.org/10.1007/JHEP09(2010)018
https://doi.org/10.1007/JHEP09(2010)018
https://doi.org/10.1007/JHEP09(2010)018
https://doi.org/10.1088/1126-6708/2009/03/137
https://doi.org/10.1088/1126-6708/2009/03/137
https://doi.org/10.1088/1126-6708/2009/03/137
https://doi.org/10.1088/1126-6708/2009/03/137
https://doi.org/10.1088/1126-6708/2009/03/137
https://doi.org/10.1088/1126-6708/2009/03/137
https://doi.org/10.1088/1126-6708/2009/03/137
https://doi.org/10.1088/1126-6708/2009/03/137
https://doi.org/10.1088/1126-6708/2009/03/137
https://doi.org/10.1088/1126-6708/2009/03/137
https://arxiv.org/abs/
https://arxiv.org/abs/
https://arxiv.org/abs/
https://doi.org/10.1143/PTP.49.652
https://doi.org/10.1143/PTP.49.652
https://doi.org/10.1143/PTP.49.652
https://doi.org/10.1143/PTP.49.652
https://doi.org/10.1143/PTP.49.652
https://doi.org/10.1143/PTP.49.652
https://doi.org/10.1143/PTP.49.652
https://doi.org/10.1143/PTP.49.652
https://doi.org/10.1143/PTP.49.652
https://doi.org/10.1007/JHEP04(2012)032
https://doi.org/10.1007/JHEP04(2012)032
https://doi.org/10.1007/JHEP04(2012)032
https://doi.org/10.1007/JHEP04(2012)032
https://doi.org/10.1007/JHEP04(2012)032
https://doi.org/10.1007/JHEP04(2012)032
https://doi.org/10.1007/JHEP04(2012)032
https://doi.org/10.1007/JHEP04(2012)032
https://doi.org/10.1007/JHEP04(2012)032
https://doi.org/10.1103/PhysRevD.91.013010
https://doi.org/10.1103/PhysRevD.91.013010
https://doi.org/10.1103/PhysRevD.91.013010
https://doi.org/10.1103/PhysRevD.91.013010
https://doi.org/10.1103/PhysRevD.91.013010
https://doi.org/10.1103/PhysRevD.91.013010
https://doi.org/10.1103/PhysRevD.91.013010
https://doi.org/10.1103/PhysRevD.91.013010
https://doi.org/10.1103/PhysRevD.91.013010
https://arxiv.org/abs/
https://arxiv.org/abs/
https://arxiv.org/abs/
https://doi.org/10.1007/JHEP12(2021)161
https://doi.org/10.1007/JHEP12(2021)161
https://doi.org/10.1007/JHEP12(2021)161
https://doi.org/10.1007/JHEP12(2021)161
https://doi.org/10.1007/JHEP12(2021)161
https://doi.org/10.1007/JHEP12(2021)161
https://doi.org/10.1007/JHEP12(2021)161
https://doi.org/10.1007/JHEP12(2021)161
https://doi.org/10.1007/JHEP12(2021)161
https://doi.org/10.1007/JHEP12(2021)161
https://doi.org/10.1016/j.physletb.2020.135425
https://doi.org/10.1016/j.physletb.2020.135425
https://doi.org/10.1016/j.physletb.2020.135425
https://doi.org/10.1016/j.physletb.2020.135425
https://doi.org/10.1016/j.physletb.2020.135425
https://doi.org/10.1016/j.physletb.2020.135425
https://doi.org/10.1016/j.physletb.2020.135425
https://doi.org/10.1016/j.physletb.2020.135425
https://doi.org/10.1016/j.physletb.2020.135425
https://doi.org/10.1016/j.physletb.2022.137153
https://doi.org/10.1016/j.physletb.2022.137153
https://doi.org/10.1016/j.physletb.2022.137153
https://doi.org/10.1016/j.physletb.2022.137153
https://doi.org/10.1016/j.physletb.2022.137153
https://doi.org/10.1016/j.physletb.2022.137153
https://doi.org/10.1016/j.physletb.2022.137153
https://doi.org/10.1016/j.physletb.2022.137153
https://doi.org/10.1016/j.physletb.2022.137153
https://doi.org/10.1140/epjc/s10052-021-09117-5
https://doi.org/10.1140/epjc/s10052-021-09117-5
https://doi.org/10.1140/epjc/s10052-021-09117-5
https://doi.org/10.1140/epjc/s10052-021-09117-5
https://doi.org/10.1140/epjc/s10052-021-09117-5
https://doi.org/10.1140/epjc/s10052-021-09117-5
https://doi.org/10.1140/epjc/s10052-021-09117-5
https://doi.org/10.1140/epjc/s10052-021-09117-5
https://doi.org/10.1140/epjc/s10052-021-09117-5
https://doi.org/10.1140/epjc/s10052-021-09117-5
https://doi.org/10.1016/j.physletb.2015.03.054
https://doi.org/10.1016/j.physletb.2015.03.054
https://doi.org/10.1016/j.physletb.2015.03.054
https://doi.org/10.1016/j.physletb.2015.03.054
https://doi.org/10.1016/j.physletb.2015.03.054
https://doi.org/10.1016/j.physletb.2015.03.054
https://doi.org/10.1016/j.physletb.2015.03.054
https://doi.org/10.1016/j.physletb.2015.03.054
https://doi.org/10.1016/j.physletb.2015.03.054
https://doi.org/10.1007/JHEP03(2020)055
https://doi.org/10.1007/JHEP03(2020)055
https://doi.org/10.1007/JHEP03(2020)055
https://doi.org/10.1007/JHEP03(2020)055
https://doi.org/10.1007/JHEP03(2020)055
https://doi.org/10.1007/JHEP03(2020)055
https://doi.org/10.1007/JHEP03(2020)055
https://doi.org/10.1007/JHEP03(2020)055
https://doi.org/10.1007/JHEP03(2020)055
https://doi.org/10.1140/epjc/s10052-019-6920-3
https://doi.org/10.1140/epjc/s10052-019-6920-3
https://doi.org/10.1140/epjc/s10052-019-6920-3
https://doi.org/10.1140/epjc/s10052-019-6920-3
https://doi.org/10.1140/epjc/s10052-019-6920-3
https://doi.org/10.1140/epjc/s10052-019-6920-3
https://doi.org/10.1140/epjc/s10052-019-6920-3
https://doi.org/10.1140/epjc/s10052-019-6920-3
https://doi.org/10.1140/epjc/s10052-019-6920-3
https://doi.org/10.1007/JHEP09(2023)032
https://doi.org/10.1007/JHEP09(2023)032
https://doi.org/10.1007/JHEP09(2023)032
https://doi.org/10.1007/JHEP09(2023)032
https://doi.org/10.1007/JHEP09(2023)032
https://doi.org/10.1007/JHEP09(2023)032
https://doi.org/10.1007/JHEP09(2023)032
https://doi.org/10.1007/JHEP09(2023)032
https://doi.org/10.1007/JHEP09(2023)032
https://doi.org/10.1103/PhysRevD.107.055022
https://doi.org/10.1103/PhysRevD.107.055022
https://doi.org/10.1103/PhysRevD.107.055022
https://doi.org/10.1103/PhysRevD.107.055022
https://doi.org/10.1103/PhysRevD.107.055022
https://doi.org/10.1103/PhysRevD.107.055022
https://doi.org/10.1103/PhysRevD.107.055022
https://doi.org/10.1103/PhysRevD.107.055022
https://doi.org/10.1103/PhysRevD.107.055022
https://doi.org/10.1103/PhysRevD.107.055022
https://doi.org/10.1140/epjc/s10052-016-3970-7
https://doi.org/10.1140/epjc/s10052-016-3970-7
https://doi.org/10.1140/epjc/s10052-016-3970-7
https://doi.org/10.1140/epjc/s10052-016-3970-7
https://doi.org/10.1140/epjc/s10052-016-3970-7
https://doi.org/10.1140/epjc/s10052-016-3970-7
https://doi.org/10.1140/epjc/s10052-016-3970-7
https://doi.org/10.1140/epjc/s10052-016-3970-7
https://doi.org/10.1140/epjc/s10052-016-3970-7
https://doi.org/10.1007/JHEP09(2021)206
https://doi.org/10.1007/JHEP09(2021)206
https://doi.org/10.1007/JHEP09(2021)206
https://doi.org/10.1007/JHEP09(2021)206
https://doi.org/10.1007/JHEP09(2021)206
https://doi.org/10.1007/JHEP09(2021)206
https://doi.org/10.1007/JHEP09(2021)206
https://doi.org/10.1007/JHEP09(2021)206
https://doi.org/10.1007/JHEP09(2021)206
https://doi.org/10.1007/JHEP08(2021)153
https://doi.org/10.1007/JHEP08(2021)153
https://doi.org/10.1007/JHEP08(2021)153
https://doi.org/10.1007/JHEP08(2021)153
https://doi.org/10.1007/JHEP08(2021)153
https://doi.org/10.1007/JHEP08(2021)153
https://doi.org/10.1007/JHEP08(2021)153
https://doi.org/10.1007/JHEP08(2021)153
https://doi.org/10.1007/JHEP08(2021)153
https://doi.org/10.1007/JHEP08(2021)153
https://doi.org/10.1140/epjc/s10052-023-11790-7
https://doi.org/10.1140/epjc/s10052-023-11790-7
https://doi.org/10.1140/epjc/s10052-023-11790-7
https://doi.org/10.1140/epjc/s10052-023-11790-7
https://doi.org/10.1140/epjc/s10052-023-11790-7
https://doi.org/10.1140/epjc/s10052-023-11790-7
https://doi.org/10.1140/epjc/s10052-023-11790-7
https://doi.org/10.1140/epjc/s10052-023-11790-7
https://doi.org/10.1140/epjc/s10052-023-11790-7
https://doi.org/10.1007/JHEP07(2018)089
https://doi.org/10.1007/JHEP07(2018)089
https://doi.org/10.1007/JHEP07(2018)089
https://doi.org/10.1007/JHEP07(2018)089
https://doi.org/10.1007/JHEP07(2018)089
https://doi.org/10.1007/JHEP07(2018)089
https://doi.org/10.1007/JHEP07(2018)089
https://doi.org/10.1007/JHEP07(2018)089
https://doi.org/10.1007/JHEP07(2018)089
https://doi.org/10.1007/JHEP07(2018)089
https://doi.org/10.1007/JHEP08(2018)177
https://doi.org/10.1007/JHEP08(2018)177
https://doi.org/10.1007/JHEP08(2018)177
https://doi.org/10.1007/JHEP08(2018)177
https://doi.org/10.1007/JHEP08(2018)177
https://doi.org/10.1007/JHEP08(2018)177
https://doi.org/10.1007/JHEP08(2018)177
https://doi.org/10.1007/JHEP08(2018)177
https://doi.org/10.1007/JHEP08(2018)177
https://doi.org/10.1007/JHEP08(2018)177
https://doi.org/10.1007/JHEP09(2023)051
https://doi.org/10.1007/JHEP09(2023)051
https://doi.org/10.1007/JHEP09(2023)051
https://doi.org/10.1007/JHEP09(2023)051
https://doi.org/10.1007/JHEP09(2023)051
https://doi.org/10.1007/JHEP09(2023)051
https://doi.org/10.1007/JHEP09(2023)051
https://doi.org/10.1007/JHEP09(2023)051
https://doi.org/10.1007/JHEP09(2023)051
https://doi.org/10.1007/JHEP09(2023)051
https://doi.org/10.1103/PhysRevD.105.032008
https://doi.org/10.1103/PhysRevD.105.032008
https://doi.org/10.1103/PhysRevD.105.032008
https://doi.org/10.1103/PhysRevD.105.032008
https://doi.org/10.1103/PhysRevD.105.032008
https://doi.org/10.1103/PhysRevD.105.032008
https://doi.org/10.1103/PhysRevD.105.032008
https://doi.org/10.1103/PhysRevD.105.032008
https://doi.org/10.1103/PhysRevD.105.032008
https://doi.org/10.1140/epjc/s10052-021-09348-6
https://doi.org/10.1140/epjc/s10052-021-09348-6
https://doi.org/10.1140/epjc/s10052-021-09348-6
https://doi.org/10.1140/epjc/s10052-021-09348-6
https://doi.org/10.1140/epjc/s10052-021-09348-6
https://doi.org/10.1140/epjc/s10052-021-09348-6
https://doi.org/10.1140/epjc/s10052-021-09348-6
https://doi.org/10.1140/epjc/s10052-021-09348-6
https://doi.org/10.1140/epjc/s10052-021-09348-6
https://doi.org/10.1140/epjc/s10052-021-09348-6
https://doi.org/10.1016/j.cpc.2020.107478
https://doi.org/10.1016/j.cpc.2020.107478
https://doi.org/10.1016/j.cpc.2020.107478
https://doi.org/10.1016/j.cpc.2020.107478
https://doi.org/10.1016/j.cpc.2020.107478
https://doi.org/10.1016/j.cpc.2020.107478
https://doi.org/10.1016/j.cpc.2020.107478
https://doi.org/10.1016/j.cpc.2020.107478
https://doi.org/10.1016/j.cpc.2020.107478
https://doi.org/10.1016/j.cpc.2020.107478
https://doi.org/10.1016/j.cpc.2020.107478
https://doi.org/10.1016/j.cpc.2017.04.015
https://doi.org/10.1016/j.cpc.2017.04.015
https://doi.org/10.1016/j.cpc.2017.04.015
https://doi.org/10.1016/j.cpc.2017.04.015
https://doi.org/10.1016/j.cpc.2017.04.015
https://doi.org/10.1016/j.cpc.2017.04.015
https://doi.org/10.1016/j.cpc.2017.04.015
https://doi.org/10.1016/j.cpc.2017.04.015
https://doi.org/10.1016/j.cpc.2017.04.015
https://doi.org/10.1016/j.cpc.2017.04.015
https://doi.org/10.1016/J.Physletb.2007.01.037
https://doi.org/10.1016/J.Physletb.2007.01.037
https://doi.org/10.1016/J.Physletb.2007.01.037
https://doi.org/10.1016/J.Physletb.2007.01.037
https://doi.org/10.1016/J.Physletb.2007.01.037
https://doi.org/10.1016/J.Physletb.2007.01.037
https://doi.org/10.1016/J.Physletb.2007.01.037
https://doi.org/10.1016/J.Physletb.2007.01.037
https://doi.org/10.1016/J.Physletb.2007.01.037
https://doi.org/10.1016/J.Physletb.2007.01.037
https://doi.org/10.1016/J.Physletb.2007.01.037
https://doi.org/10.1007/JHEP01(2007)066
https://doi.org/10.1007/JHEP01(2007)066
https://doi.org/10.1007/JHEP01(2007)066
https://doi.org/10.1007/JHEP01(2007)066
https://doi.org/10.1007/JHEP01(2007)066
https://doi.org/10.1007/JHEP01(2007)066
https://doi.org/10.1007/JHEP01(2007)066
https://doi.org/10.1007/JHEP01(2007)066
https://doi.org/10.1007/JHEP01(2007)066

	I INTRODUCTION
	II A BRIEF REVIEW OF THE BLHM
	A Scalar sector
	B Gauge boson sector
	C Fermion sector
	D Flavor mixing in the BLHM

	III THE CMDM IN THE BLHM
	IV PARAMETER SPACE OF THE BLHM
	A Experimental limits for the BLHM

	V PHENOMENOLOGY OF THE CMDM OF THE LIGHT QUARKS
	A Results

	VI CONCLUSIONS
	ACKNOWLEDGMENTS
	APPENDIX A: FEYNMAN RULES IN THE BLHM
	REFERENCES

