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We perform a global analysis of a vectorlike extension of the Standard Model, which also features
additional doublet and singlet scalars. The usual Yukawa interactions are forbidden in this setup by an extra
U(1) global symmetry and the masses of the second and third family quarks and leptons are generated
via the mixing with the vectorlike sector. We identify three best-fit benchmark scenarios which satisfy the
constraints imposed by the stability of the scalar potential, the perturbativity of the coupling constants, the
measurement of the muon anomalous magnetic moment and the nonobservation of the flavor violating tau
decays. We show that dominant contributions to the muon (g — 2) originate in this model from the charged
Higgs/neutral lepton one-loop diagrams, thus correcting an inaccurate statement than can be found in the
literature. We also perform a detailed LHC analysis of the benchmark scenarios. We investigate the
experimental constraints stemming from direct searches for vectorlike quarks, vectorlike leptons, and
exotic scalars. While we show that the model is not currently tested by any collider experiment, we point
out that decays of a heavy Higgs boson into two tau leptons may offer a smoking gun signature for the

model verification in upcoming runs at the LHC.
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I. INTRODUCTION

The origin of the flavor structure of the Standard Model
(SM), i.e. the observed hierarchy between fermion masses
and mixing angles of the Cabibbo-Kobayashi-Maskawa
(CKM) matrix, is one of the greatest mysteries of particle
physics that still lacks a convincing and commonly
accepted explanation. A number of new physics (NP) ideas
have been put forward in recent decades to address the
flavor puzzle, among which the Froggatt-Nielsen (FN)
mechanism [1] and extra dimensions [2—4] are those that
admittedly received the most attention and applications.
The underlying concept is to introduce a new quantity that
in some sense would be “larger” than the electroweak
symmetry breaking (EWSB) scale. This could be the
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vacuum expectation value (vev) of a flavon field, or a
distance of a fermion field from the infrared brane. Such a
hierarchy of scales can be then translated into a hierarchy of
masses and mixing angles of the SM quarks and leptons. A
similar idea gave rise to the famous seesaw mechanism of
neutrino mass generation [5—11], where tiny values of the
SM neutrino masses arise as a result of suppression of the
EWSB scale by a very large Majorana mass.

In Ref. [12] a FN-inspired model was proposed to
explain the observed masses and mixing patterns of the
SM fermions. The SM Yukawa interactions are forbidden
in this setup by an extra abelian symmetry U(1)y, which
could be either global or local. The particle content of the
model corresponds to the two-Higgs-doublet model
(2HDM) extended by a full family of vectorlike (VL)
fermions charged under U(1)y, and one U(1)y-breaking
singlet scalar which plays the role of a FN flavon. The large
third-family Yukawa couplings are then effectively gen-
erated via mixing of the SM quarks and leptons with the
SU(2), doublet VL fermions, while the Yukawa couplings
of the second family emerge from a seesawlike construc-
tion, mediated by the heavy VL SU(2), singlets.

The rich structure of the model introduced in Ref. [12]
makes it a perfect framework for providing a combined
explanation both for the flavor pattern of the SM and for the
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miscellaneous anomalies which emerged in recent years in
collider experiments. In this context, lepton-flavor violating
anomalies in the rare semileptonic decays of the B mesons
were analyzed in Refs. [12,13], Z-mediated flavor changing
neutral currents in Ref. [14], and a deviation from the SM
prediction in the measured value of the anomalous mag-
netic moment of muon in Refs. [13,15]. In the latter study,
in which the extra U(1), symmetry was assumed to be
global, five benchmark points were identified that could
account for the muon (g —2) anomaly and, at the same
time, give rise to the mass and mixing patterns of the SM
fermions. The scenarios pinpointed in Ref. [15] were
characterized by relatively low (~200 GeV) masses of
the VL lepton doublets and large (~10) quartic couplings
of the scalar potential, which may indicate a loss of
perturbativity at scales very close to the typical scale set
by the masses of the NP particles in the analyzed model.

In this study, we reassess the findings of Ref. [15]
improving and extending its analysis in several different
directions. Firstly, we thoroughly discuss the impact of the
most recent bounds from direct NP searches at the Large
Hadron Collider (LHC) on the allowed parameter space of
the model, a topic which was not addressed in detail in
Refs. [13—15]. While we show that the model is not
currently tested by any collider experiment, we point out
that decays of a heavy Higgs boson into two tau leptons
may offer a smoking gun signature for the detection of the
model in the upcoming runs of the LHC.

Second, we demonstrate that the quartic and Yukawa
couplings of the model are subject to strong constraints
from their renormalization group (RG) running. In
Ref. [15] it was required that all the dimensionless
parameters of the Lagrangian remain perturbative (in a
loose sense of being smaller than \/4z for the gauge/
Yukawa and smaller than 4z for the scalar potential
couplings) at the characteristic energy scale of the model.
We argue that such a simplistic implementation of the
perturbativity bounds should be taken with a grain of salt.
The breakdown of perturbativity usually calls for an
extension of the theoretical setup by extra degrees of
freedom in order to cure pathological behavior of the
running couplings, or/and for an inclusion of nonperturba-
tive effects (like bound-state formation). If any of those
arose at the scale specific to the original NP model, they
would most likely affect its phenomenological predictions.
Therefore, it is more correct to apply the perturbativity
bounds to the running couplings evaluated at an energy
scale which is high enough that the phenomenology of the
specific NP model can be trusted. Once this improvement
had been implemented in our study, we discovered that all
the benchmark points found previously in Ref. [15] were
disfavored.

Last but not least, we refine the derivation of the stability
conditions for the scalar potential which in Refs. [13,15]
was simplified to the 2HDM case by integrating out the

singlet flavon field. In the current work we derive all the
relevant stability conditions in the full three-scalar setup,
obtaining additional constraints on the quartic couplings.

With all the improvements in place, we identify three
benchmark scenarios that satisfy our theoretical and experi-
mental requirements. While these best-fit points emerge
from a random numerical scan, they present features that
are generic for the model in study. Most importantly, we
point out that a charged Higgs/heavy neutrino loop is a
dominant contribution to the muon (g — 2) anomaly. This
results from the fact that the competing neutral scalar/heavy
charged lepton contributions are governed by the same
Yukawa coupling that determines the tree-level muon mass
and is thus required to be small. Once more, this finding is
qualitatively different from the conclusions obtained in
Refs. [13,15], where only the charged lepton loops were
considered.

The structure of the paper is the following. In Sec. II we
briefly review the field content of the model. We also show
how the SM fermion masses and the CKM matrix are
generated in this framework. Section III is dedicated to the
scalar sector of the theory. Tree-level scalar masses in the
alignment limit are presented, as well as three-field potential
stability conditions. Experimental constraints from the
flavor physics observables (muon (g — 2), rare 7 decays,
CKM anomaly) are examined in Sec. IV. In Sec. V we
discuss the RG flow of the model couplings and we derive
the corresponding perturbativity bounds. Section VI com-
prises the numerical analysis of the model. We discuss the
setup of our numerical scan and we identify three bench-
mark scenarios that satisfy all the theoretical and pheno-
menological constraints. In Sec. VII we present a detailed
analysis of the LHC searches that may test the parameter
space of the model. We summarize our findings in Sec. VIIL
Appendices feature, respectively, explicit forms of the
fermion (Appendix A) and scalar (Appendix B) mass
matrices, derivation of the bounded-from-below constraints
(Appendix C), and the RG equations (Appendix D).

II. GENERATION OF FERMION
MASSES AND MIXING

We begin our study by reviewing the structure and the
main properties of the model introduced in Ref. [12]. In the
following, we focus mostly on these features of the model
which play a pivotal role in the subsequent phenomeno-
logical analysis. Technical details of the model, including
the analytical diagonalization of the fermion mass matrices
and the derivation of the interaction vertices in the mass
basis, can be found in Refs. [12-15].

The particle content of the model is summarized in
Table 1. The SM fermion sector, collectively denoted as y;
;= Qi uig.dig,Liz,e;gp and i =1, 2, 3 stands for a
generation index) is extended by one full family of VL
fermions, indicated collectively as (w4, 4). We adopt the
convention of using the left-chiral two-component Weyl
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TABLE I. The particle content of the NP model considered in this study.

Field Qi wig dig Ly e Qu wag dig Ly esp vag Qup iy diy Lig 8y Dy ¢ H, Hy
Su(3). 3 3 3 1 1 3 3 3 1 1 1 3 3 3 1 1 1 1 1 1
Su(2), 2 1 1 2 1 2 1 1 2 1 1 2 1 1 2 1 1 1 2 2
I S T S T S SR S B R B S BN I
U(l)y 0 0 0 0 0 1 1 1 1 1 1 -1 -1 -1 -1 -1 -1 1 -1 -1

spinors, therefore the subscripts L, R indicate the names of
the fermions, not the chiralities. The scalar sector contains,
besides the usual SU(2), Higgs doublet dubbed as H,, an
extra scalar doublet H, and a scalar singlet ¢. Note that all
the NP particles and the Higgs doublet H, are charged
under an extra global gauge symmetry U(1) , while the SM
fermions are U(1)y singlets. As a result, the ordinary SM
Yukawa interactions are forbidden.

All the renormalizable Yukawa interactions between the
SM and NP fermions which are allowed by the extended
gauge symmetry can be schematically written as:

L3 =yl Hpag + YW Hy g + X0y dar
+ X3 s W jr + MywaWag
+ My Wapar +He., (1)

where H is either H, or H; and M}, (MZ’) denotes the VL
doublet (singlet) mass parameter. Note that with the U(1)
charges given in Table I the scalar H, only couples to the
up-type quarks, while H,; to the down-type quarks and
charged leptons, reminiscent of the 2HDM Type-II model.

A. Hierarchy of masses

Once the neutral components of the scalar fields develop
their vevs, the 5 x 5 fermions mass matrices are generated.
Since their upper 3 x 3 blocks contain only zeros (we recall
that the SM Yukawa couplings are forbidden by the U(1)y
symmetry), one has the freedom to rotate the first three
families. It can easily be shown [12] that this allows one to
choose a flavor basis in which the fermion mass matrices
acquire the following form:

WiR  War W3R V4R V4R
wir | O 0 0 ("a(H) 0
M- wor | 0O 0 0 vy (H®) 0
v war | O 0 0 Yi(H®)  x5,(9)
war | O 0 yi’é (H 0> 0 M Zj
Jar | 0 xXi{d) xi5(9) M 4l7/ 0

2)

In the above, the term in parentheses assumes a nonzero
value in the mass matrix of the down-type quarks, while it

is zero for the up-type quarks and charged leptons. The
exact forms of the matrices M,, M, and M, are
presented in Appendix A.

In order to calculate the masses of the physical quarks
and leptons, the 5 x 5 matrices of Eq. (2) need to be
diagonalized. Due to a large number of free parameters in
the Yukawa sector one may expect that the resulting
functional dependence of the eigenvalues of M,, on the
couplings %, y%. x., x¥, and the masses M""") is highly
nontrivial. It turns out, however, that it is not necessarily the

case and that simplified expressions for the fermion masses
can be derived. Denoting the scalar vevs as

(HY) =v,/V2 (H})=va/V2. ($)=v4/V2 (3)
and defining tanf = v,/v,, the masses of the third and

second family quarks and leptons are approximately given
by (see also Ref. [12] for a related derivation)

. 1 y23x3Q4v¢vu VX Vpu 4)
tN ) ~
2MY
V2 680 +2(MP)? !
e 1 )’ff3x3Q4”¢”d ~y§l4x312”4)”d (5)
hN\/i R} 02 - 2M¢
(X3309)° +2(M7)
o 1 yi3x3L4”¢Ud z)’;ﬂiz%vd (6)
V2 f(skirg P+ 20 20

While Eqgs. (4)—(6) allow determination of the SM fermion
masses with an accuracy within a factor of 2-3 only, they
can be used to gain intuition of which NP Yukawa
couplings play a dominant role in establishing the correct
masses of particular fermions. For example, large x3Q4 and
V4, are expected to fit m,, while y5, < 1 or x}, < 1 would
be required to suppress the charm mass. Similarly, large y¢,
is needed to generate m; = 4.18 GeV. Additionally, in
order to obtain the correct value of the top quark mass, the
singlet scalar vev v, should be of the same order as the VL

mass parameter M?. Note, however, that in our pheno-
menological analysis we always perform the numerical
diagonalization of the mass matrices (A2), (AS), and (AS8).
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One important observation which can be deduced from
Egs. (4) and (5) is that the ratio of the top and bottom
masses, m,/my, ~ 34, puts relevant constraints on the
allowed parameter space of the model. In fact, we have

tan # ~ O(1), a large hierarchy between the up and down
sector couplings, y¢; < y!;, must be imposed.

The masses of VL fermions are given, to a very good
approximation, by the corresponding VL. mass parameters
with small contributions stemming from their mixing with

LN y;ftan A (7) the second and the third family,
my Y3 5 .
1 (M3 yizva)
~ 0y2 02 4Y43%u
The relation (7) leads to two distinct classes of solutions. My, = \/ (M)” + B (vgx34)” — (x20,)? +2(M2)? (8)
In the first one, with both the Yukawa couplings of order 456 4
one, tanf ~ O(10) is required. In the other one, with
|
. 1 . 1 . 2(Miy4v,)?
My, = \/(M4)2 + 5(%"43)2 T3 (vgpxt)* + = )

Mp, ~ \/(M4Q)2 + 5 (g2,

N = N —

1
(U¢XZ3)2+§(U¢’C§2)2 (10)

Mp, = \/ (MF)* +

ME| ~ \/(Mﬁlll)z +

(v,/,x§4)2,

N =] N =

1
Mo, = \JO157 + Lo + S . (1)
In the neutrino sector, the corresponding mass matrix is

7 x 7 and its explicit form can be found in Eq. (A12). The
resulting masses of the heavy neutrinos read

1
My =My, ~ M, MN3:MN4z\/(Mﬁ)2+§(v¢x§4)2.

(12)

By comparing Eq. (12) with Eq. (11), we can pinpoint two
generic features of the model considered in this study:
heavy neutrinos N, are the lightest VL leptons in the
spectrum, while the pair N3 4 is mass-degenerate (at the tree
level) with the charged VL lepton E;. We will later see that
this mass pattern has important consequences for the
resulting phenomenology.

As a final remark, let us notice that one complete VL
family allows us to give masses to the second and third
family of the SM fermions only. To generate the masses for
the first family as well, one extra VL family is required (for
an example of such a construction, see Ref. [15]). Since
such an extension would only increase the number of free
parameters in the model without affecting any phenom-
enological findings, in this study we limit ourselves to its
most economical version.

2(M4)? + (vgx53)* + (v4xhy)?

B. CKM mixing matrix
The full 5 x 5 mixing matrix takes the following form [14]:

Vmixing = V4.diag(1, 1,1, 1,0).V{' (13)

where V¥ and V¢ are the left-handed mixing matrices of
Egs. (A6) and (A9) which diagonalize the up- and down-
type quark mass matrices M, and M ;. The zero element of
the matrix (13) indicates the fact that the singlet VL quarks do
not interact with the SM gauge bosons W*. Following
the strategy of Ref. [14] and working under the assumption
that vuyd/Mf()’”'d < 1, we can approximate the 3 x 3 CKM
matrix as

1- xid/z Xud XuaXa
3x3
VC>I<(M ~ —Xud 1- xid/Z Xd — Xy |> (14)
—XuXud Xy — Xg 1
where

d .d 179 0 d

= YouXas M3 _ VXM Xy = 14 (15)
- k) u - El ud — d
yifaX%M ff )’Z3X3Q4M 4 Vo4

Based on the conclusions from Sec. II A one expects
X, Xg < 1. Note also that:

(i) The element V,; of the CKM matrix is given by
y%,/¥4, in our model. The presence of a nonzero
coupling y‘f4 is thus crucial to generate the Cabibbo
angle of the right size. We also expect y{, ~ 0.22y5,.

(i) The correct value of the element V,,; is generated
automatically once the Cabibbo angle is set.

(iii) To reproduce the correct value of the element V ;,
one needs x;~0.017. It then follows that x, =
—0.023 is required in order to fit the element V,
(it also implies xj; of order one).
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(iv) The only element of the CKM matrix that cannot be
accurately reproduced is V.
To analzye this issue more quantitatively, it is convenient
to rewrite the CKM matrix (14) in terms of the Wolfenstein
parameters [16]. Defining, for example,

/ / Xy X
xd:A/P ’72+p27 xu:Aj?( 7]2+p2_1>’ Xyd = Adv

(16)

one obtains

1-22/2 A AP
VEdl = ! 1—22/2 AR

AP (1=~/*+p*) AR 1
+ 0. (17)
Plugging the Wolfenstein parameters extracted from the
global fit [17] into Eq. (17) and comparing it with the
experimental determination of the CKM matrix elements
reported in Ref. [17], one can estimate to what extent the

measured structure of the CKM matrix can be reproduced
in our model. One obtains

0 0
0 004 0 |. (18
8.88 023 0.0l

VRl - VIS _

It results from Eq. (18) that in the framework of our
model we may not be able to correctly reproduce
all the elements of the CKM matrix (this observation
will be later confirmed by our numerical scan). Once
more, this issue could be solved by introducing an extra
VL family.

To conclude this section, we would like to stress again
that the approximation adopted in the foregoing discussion
hinges on the assumption of the specific mass hierarchy
in the NP sector, which may not be entirely fulfilled.
Therefore, in the phenomenological analysis we will be
always calculating all the elements of the CKM matrix
numerically.

ITII. SCALAR POTENTIAL CONSTRAINTS

In this section, we discuss the constraints stemming from
the scalar potential of the model. In particular, we define the
alignment limit of the SM-like Higgs boson, we derive the
conditions for the scalar potential to be bounded from
below in the presence of three independent scalar fields,
and we verify whether the electroweak (EW) vacuum is
stable.

A. Scalar masses in the alignment limit

In the interaction basis, the most generic renormalizable
scalar potential of the model defined in Table I takes the
form [15]:

1
V= i (HiH,) + pg(HyH o) + (¢ 9) = 5 15,67 + ¢72)

+
1

1 t
A (HLH,)? +§/12(Hde)2 + A3(HLH,) (HYH ) + A (HYH ) (H U H,)

- Eﬂs(einLHf}fﬁz +He) +5(6°9) + 2a(¢"B) (HIH,) + 25(¢" ) (HH ). (19)

where ,ui 4. are dimensionful mass parameters, 4,5

g denote dimensionless quartic coupling constants, and 2, is an

extra mass term which softly violates the global U(1)y symmetry. The main reason to introduce the latter is to prevent a
massless Goldstone boson of the spontaneously broken U(1)y to appear in the spectrum. As we will see below, the soft-
breaking term does not affect the CP-even and the charged scalar masses since it only enters the mass matrix of the
pseudoscalars.

Expanding the fields H,, H,, and ¢ around their vacuum states,

H, =1, Hi : oy | H; = % (va+ Refl+ lmH;) ,
“ 7 (v, + ReH,, + ilmH;)) H
1
¢ = —=(vy + Regp + ilmgp), (20)

V2

'Note that modifying the definitions of the parameters x,,, x,; and x,,, in Eq. (16), one could be able to fit better the element V;, but at
the price of losing the accuracy in reproducing V.
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where the vevs are defined in Eq. (3), one can use the
minimization conditions for the scalar potential (19) to
express the dimensionful mass parameters in terms of the
quartic couplings and the vevs,

1 1 v
ﬂﬁ = —E(ﬂll}ﬁ +/131]§ +)«711§5> —Zﬂs <1}_d> U;,
2 1 2 2 oy Lo (v,
Wy = —E(ﬂ,zvd +/131)u +}~3’U(/)) —115 v—d ’U(/),
1
/«lé = —5(/161)57 +15Ud1)u +/177)L2¢ +/18U§) +/l§b (21)

One must have

U2 <0, u3 <0, pg <0 (22)

in order to generate the nonzero vevs for all the scalar
fields.

The explicit forms of the scalar mass matrices derived
from the potential (19) are collected in Appendix B. The
real parts of the scalar fields, ReHY, ReHg, and Reg,
account for three CP-even Higgs bosons. The correspond-
ing mass matrix MZ,_.., [see Eq. (B1)] can be diagon-
alized with a mixing matrix R, defined in Eq. (B2). The
masses of three physical neutral scalars, 4y, h,, and hs,
correspond to the eigenvalues of M2, ..,

diag{Mj, , M}, M}, } = R,(MZp oen) R} (23)

In the following, we will want to identify the SM Higgs
boson with the lightest neutral scalar /;. To this end, we
choose to work in the so-called alignment limit, defined
as a set of constraints on the quartic couplings 4; under
which h; features the same tree-level couplings with the

SM particles as the SM Higgs. We show in Appendix B that
this assumption requires

Ag c0s? B+ A7 sin® B+ As sin fcos f = 0 (24)
Ay cos? B — Ay sin? B — Az(cos? p—sin? ) =0,  (25)

where the equality imposes a perfect alignment condition.
The masses of the CP-even scalars in the alignment limit
read

M%ll = v?(4, sin? B + A3 cos? ) (26)

1 /

M%lz = /161](2/; - m (323 + 4A%3 + 333) (27)
1

M3, = o0 g (B = 44+ B). - (28)

with A,; and B,; defined in Egs. (B12) and (B13),

respectively, and v = \/v2 + v3 = 246 GeV.

The CP-odd scalar mass matrix in the basis
(ImHY, ImHY, Im¢p), M2,_ 4> is defined in Eq. (B14).
After the diagonalization, the physical CP-odd spectrum
consists of one massless Goldstone boson and two massive
pseudoscalars, a; and a,,

diag{0, Mﬁl J M%lz} = Ra(M%‘P—odd)Rg’ (29)

with the masses given by

A

2 _ 5 2 ¢in2 2

o = _2sin2ﬂ(U sin® 23 + v3) (30)
MZ =243 (31)

Note that A5 < 0 and p3, > 0 are required to guarantee the
positivity of M3 and M2 .

Finally, the charged scalar mass matrix in the basis
(Hy Hy), M@eeqr is defined in Eq. (B15). After the
diagonalization with a mixing matrix Ry, one is left with a
massless charged Goldstone boson and a charged Higgs
boson,

dlag{07 Mii} = Rﬂ(M(tharged)R/T; (32)
The corresponding mass reads in this case

)«4’[)2 _ j'5 1)55
2 2sin2p’

Mfli = (33)

As a closing remark, let us notice that the alignment
condition (25) indicates

ﬂz = 13 + tan2ﬁ(/1| - 13) (34)

In order to preserve the perturbativity of 1, (more on this in
Sec. V), the term in parentheses needs to be fine-tuned with
a precision O(1/tan? B) or better, effectively fixing 13 ~ 4,
with the same accuracy. On the other hand, Eq. (26) implies
that we can identify A, with the quartic coupling of the SM,
A1 = 0.258, as long as tan # 2 3. Similarly, the alignment
condition (24) gives

g = —tan (4, tan f + As). (35)

Perturbativity of lg then requires A; ~ O(1/tan’ ) and
As ~O(1/tan f).

B. Bounded-from-below limits

To guarantee that the minimum around which we expand
the scalar potential (19) is physically meaningful, we must
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ensure that the potential is bounded from below, which
means that it cannot tend to negative infinity along any
direction in the field space. This requirement puts addi-
tional restrictions on the allowed values of the couplings 4;.
To derive the “bounded-from-below” constraints, one
should analyze all possible directions along which the
scalar fields H,,, H ;, and ¢ can flow toward arbitrarily large
values. The details of our derivation are presented in
Appendix C. Here we summarize our findings in the form
of inequality conditions which need to be satisfied by the
quartic couplings of the potential (19):

ﬂg + \ /12/16 >0
17 + \ /11/16 >0
2+ Ik > 0

/13 +/14+ \/ﬂz/h >0
1 (Reks)® + (ImZs)*

4 ﬂ,a + /14 >0
4),[27 — (Reﬂs)z + Re/151m/15 >0
422 — (Imas)? + RedsImis > 0 (36)

where 2, =314 +/13\//17i_/12+/17 j—f—&—lg\/j:z and 4, = /A, 44.

Since in this study we do not investigate the CP violation,
we assume that all the parameters of the lagrangian are real,
indicating ImAs = 0. Note also that several novel condi-
tions with respect to the findings of Refs. [13,15] are
identified in Eq. (36).

C. Vacuum stability

In theories which feature an extended scalar sector, the
scalar potential can easily develop more than one local
minimum. As a result, the theory may tunnel from one
minimum to another. In principle, color and charge break-
ing minima deeper than the EWSB minimum of Eq. (3) can
arise in our model (see, e.g., [18]). Moreover, several
charge and color conserving minima can coexist, in which

|

2

Aa, = Z{—W’:’f"%w P+ DR Q1 (x3) = 0:1 (xi)]
L] i

case we do not know a priori which of them corresponds to
the desired EWSB minimum.

The strong vacuum stability condition for the scalar
potential requires that the EWSB vacuum corresponds to a
global minimum. In such a case the potential is said to be
stable. If, on the other hand, the EWSB minimum is a local
minimum but the tunneling time to a true global minimum
exceeds the age of the Universe, the potential is said to be
metastable. In this study we employ the publicly available
numerical package Vevacious++ [19] (the C++ version of [20])
to find all tree- and one-loop level minima of the scalar
potential defined in Eq. (19) and to calculate the tunneling
time from the EWSB minimum to the deepest mini-
mum found.

IV. FLAVOR PHYSICS CONSTRAINTS

In this section, we review additional constraints which
may affect the allowed parameter space of the analyzed
model. These extra restrictions come from the experimental
measurements of several flavor observables, including the
anomalous magnetic moment of the muon, the lepton flavor
violating decays of the tau lepton, and the elements of the
CKM matrix. We discuss them in the following one by one.

A. Muon anomalous magnetic moment

The discrepancy between the SM prediction [21-42] and
the experimental measurement of the anomalous magnetic
moment of the muon has been confirmed separately by the
Brookhaven National Laboratory [43] and the Fermilab
experimental groups [44.,45], giving rise to the combined
5.16 anomaly”:

Aa, = ;" —aM = (249 £0.48) x 107, (37)

In a generic NP model which features heavy scalars ¢;
and fermions y; coupled to the SM muons via the Yukawa-
type interactions yijgb,-y'/ jPru and y;{qﬁil[/ Prp (Where
Prr = (1 Fy°)/2 are the usual projection operators), a
well-known one-loop contribution to the muon anomalous
magnetic moment reads

]671'2M§§i LR Jj7 2\Aij iI2\Nij s

where M. is the physical mass of a heavy scalar, M, is the physical mass of a heavy fermion, x;; = Mﬁ,j / be[, and the
electric charges of ¢; and y; are related as Q; + Q; = —1. The loop functions are defined in the following way:

*The SM value of the muon anomalous magnetic moment giving rise to the discrepancy of 5.1¢ is based on the data-driven

determination of the hadronic vacuum polarization contributions to a

SM

. However, recent lattice QCD calculations of the same quantity

consistently point toward a significantly higher value [46—54], which would result in reduction of the muon (g — 2) anomaly down to

1.5¢0 [55].
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Fi(x) = ﬁ(2+3x—6x2 + x* + 6xInx)

Falx) = a _1x)3 (-3 +4x— x> —2Inx)

Gi(x) = ﬁ(l — 6x + 3x% + 2x* — 6x? Inx)

Go(x) = (l_lx)S(l—x2—|—2xlnx). (39)

The first addend in Eq. (38) captures the loop chirality-
conserving contributions to Aa,. These are known to be
generically too small to account for the anomaly (37) when
the most recent LHC bounds on the NP masses are taken
into account [56,57]. We will thus focus on the second
addend in Eq. (38), which corresponds to the loop chirality-
flipping contributions to Aa,,.

In the framework of the model defined in Table I, two
classes of contributions to the anomalous magnetic moment
of the muon can arise, induced by one-loop diagrams with
an exchange of neutral (pseudo)scalars and charged VL
leptons, as shown in Fig. 1(a), or charged scalars and
neutral VL leptons, as shown in Fig. 1(b). In the first case,
the chirality-flipping contributions to Aa, read

1 2 3 M
Aaﬁ’*’z—ZZ[ EIRe(cp cp) 0 Fo (M3, /M2 >}

2 2
16 el Mh?
(40)
for the CP-even scalars and
1 2. 2. m ME
Adkim—— NS | Re(epcp) B Fo (M3, /M2,
lor" ==l Mq, ’
(41)

for the CP-odd scalars. The one-loop contributions to Aa,,
from the neutral leptons and charged scalars are given by

~y

}L1,2,3, ay 2

(a)

FIG. 1.
(b) a charged scalar/neutral lepton exchange.

m,My.
Aa}]yhi% 16”22[ ‘Re CLCR)N U QZ(MZ /M ) .

(42)

The parameters c; gz denote the effective couplings
arising from the muon-(pseudo)scalar-VL fermion vertices
in the mass basis. They depend on the lepton Yukawa
couplings of Egs. (1) and (A11), as well as on the elements
of the mixing matrices R, [Eq. (23)], R, [Eq. (29)], and
%43 /R [Eq. (A3)]. The explicit forms of ¢,/ are rather
complex and we refrain from showing them here. Note,
however, that in our numerical analysis we are going to
compute all the contributions to Aa, with the numerical
package SPheno [58,59].

B. Lepton flavor violating decays

Due to the nonzero mixing between the second and the
third generation of fermions, charged lepton flavor violat-
ing processes may occur. The 7 — uy decay receives
contributions from the one-loop diagrams analogous to
those of Aa,. The corresponding branching ratio (BR) is
given by [60]

3 - -
=SS (ALF + ARP). (43)

i

BR(7 — py)

where I', = 2.3 x 1072 [17] indicates the total decay width
of the tau, a,,, is the fine structure constant, and the decay

amplitude Aij reads
A =

(.eryML)[Qj]:l( l/) Qigl(xij)}

1
32752M2_ {

+M, (yf Ly;j;)[QjFZ(xij) - Qigz(xij)] } (44)

The corresponding amplitude Ag is obtained from Eq. (44)
by replacing L < R. Just like it was in the Aa, case, the

Ni234

(b)

The one-loop chirality-flipping contributions to Aa, mediated by (a) a neutral (pseudo)scalar/charged lepton exchange, and
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main contribution to BR(z — py) originates from the
second addend in Eq. (44). The current experimental 90%
confidence level (C.L.) upper bound on BR(z — uy)
from the Belle collaboration reads [61]:

BR(7 = piy)exp < 4.2 % 1078, (45)

The 7 — 3u decay can proceed through the one-loop
penguin and box diagrams. The latter are subdominant in
our model as they do not receive the chiral enhancement.
The corresponding formulas for the penguin-diagram BRs
are lengthy and not particularly enlightening. They can be
found, for example, in Eq. (37) of Ref. [60]. The 90% C.L.
upper bound on BR(z — 3u) by the Belle collaboration
reads [62]:

BR(7 = 34)y, < 2.1 X 1078, (46)

exp

C. CKM anomaly

Among the experimental puzzles which are not
explained by the SM we should also mention various
tensions between three different determinations of the
Cabibbo angle. This observable can be extracted from
the short distance radiative corrections to the f decay, from
the experimental data on kaon decays, and from the lattice
calculations [63—-66]. All these measurements are in tension
with each other, giving rise to two interesting anomalies.

The first anomaly is related to the violation of the CKM
matrix unitarity when one compares the values of |V,,| and
|V | resulting from the f decay and from the kaon decays.
The second anomaly originates from two different mea-
surements of |V ,|: from the semileptonic K — zlv and the
leptonic K — pv decay, respectively.

The experimental upper bound on the CKM deviation
from the unitarity reads [17]

Aok = /1= V2= V3 = V2, <004, (47)

To explain the anomaly of Eq. (47), one can consider
extensions of the SM in which the fermion sector is
enlarged by VL quarks mixing at the tree level with the
SM quarks [64,67-70] and leptons [71,72]. In such a
setting deviations from the unitarity of the three-
dimensional CKM matrix can arise quite naturally. Since
the model defined in Table I contains all the necessary
ingredients to account for the CKM anomaly, we include it
in our list of constraints.

V. PERTURBATIVITY CONSTRAINTS

The model defined in Table I is intended as a phenom-
enological scenario which correctly describes the physics
around the energy scale determined by the typical masses in
the NP sector. Nevertheless, it is important to understand

what is the range of validity of such a model or, in other
words, what is the energy scale at which the model cannot
be trusted anymore and should be embedded in some more
fundamental UV completion. While such a “cutoff” scale
lacks a truly rigorous definition, one can try to estimate it
by simply requiring that whatever extra degrees of freedom
emerge in the theory above this scale to make the model
UV complete, they do not affect its phenomenological
predictions.

As an example, let us consider the muon anomalous
magnetic moment operator, which in the low-energy
effective field theory (EFT) reads

e
A (0, F) =
Zmﬂ RN

>

(B0, Fn).  (48)

Here A is a cut-off scale of the examined EFT while C
denotes a generic Wilson coefficient. Note that since
the operator in Eq. (48) is chirality flipping, it is more
convenient to define C = C‘mﬂ /A. One can now derive
from Eq. (48) rough estimates of the energy scale asso-
ciated with a hypothetical NP contributing to Aa, at
different loop orders,

tree level: C~ 1, A~ 3000 GeV (49)

lloop: C~1/1672,  A~230GeV  (50)

2loop: C~ (1/167%)?, A=20GeV  (51)
and so on.

Going beyond the EFT approximation, let us investigate
a one-loop chirality flipping contribution to Aa, like the
one in Eq. (38). Assuming that it arises from an unspecified
UV completion of our model above the scale A, it can be
estimated by the corresponding UV mass m, and the UV
Yukawa couplings y; /g(A) as

1 m,v
Aafl\ ~ @mi/%h (A)yR(A)~ (52)

By demanding that the new contribution (52) does not shift
our phenomenological predictions for Aa, by more than
30, we can derive a lower bound on the UV mass,

mp 2 \/ YL (A)yr(A)15 TeV. (53)

For the Yukawa couplings at the upper edge of perturba-
tivity, y,(A) = yr(A) = v4x, Eq. (53) translates into a
conservative estimation of the scale of validity of our
phenomenological model,

my 2 50 TeV. (54)
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In other words, the model cannot be UV completed
below m.

An immediate consequence of Eq. (54) is that the
commonly employed perturbativity bounds, which read
<V/4r for the gauge/Yukawa and <4z for the quartic
couplings, need to be imposed on the running parameters of
the model evaluated at the scale A rather than on the bare
couplings of the lagrangian (as it was done, for example,
in Ref. [15]).

To implement the RG-based perturbativity constraints,
we follow the RG flow of all the coupling constants from
the scale pg = 1.5 TeV, which is a proxy for the NP scale
in our model, to A = 50 TeV. The one-loop RG equations
(RGEs) were computed using the publicly available
numerical code SARAH [73,74] and are summarized in
Appendix D. Due to a large number of Yukawa and quartic
interactions in our model, it is not possible to perform the
perturbativity analysis in a generic way as the RGEs are
nonlinear differential equations that cannot be solved
analytically. On the other hand, the perturbativity bounds
are expected to be relevant only for those couplings whose
values must be of order 1 (or larger) for phenomenological
reasons. This observation allows us to reduce the RGE
system and to simplify the analysis.

In the Yukawa sector, the couplings of interest are x3Q4,
Vis, ¥44 and xji; (see Sec. II for the discussion). We find that
the modulus of their value cannot exceed 1.4 at p if they
are to remain perturbative up to 50 TeV. This conclusion is
derived under the assumption that all the other couplings
(but two) are set to 1 at the initial scale uq. The two
exceptions are y{, and y5, (expected to be much smaller
than 1 as the Yukawas of the second generation), whose
values at y are set to 0.7.

In the scalar sector, the perturbativity bounds are
presumably most relevant for the couplings 4;, 4¢ and
A7, whose RGEs feature a power-four dependence on the
large Yukawa couplings yj;, xj; and x3Q4 (cf. Eqgs. (D5),
(D10), and (D11), respectively). In Fig. 2 we illustrate the
RG running of 4;, 4¢ and A; for a randomly chosen
benchmark point which satisfies all the constraints dis-
cussed in Secs. II and III. The running of all the remaining
quartic couplings is very slow in the considered energy
range and does not pose any danger from the point of view
of their perturbativity. Once the whole system is analyzed
with the alignment conditions (24) and (25) in place, it
turns out that the perturbativity requires the modulus of the
quartic couplings to be smaller than 2. A straightforward
consequence of this result is that all the benchmark points
found previously in Ref. [15] are disfavored.

Finally, let us comment on another constraint which may
arise in our model, the so called perturbative unitarity.
Although the S-matrix for a scattering process must be
unitary in the full theory, it may happen that at some order
in the perturbative expansion the unitarity is violated,
signaling the breakdown of the expansion. This is usually

RG equations (1.5 TeV to 1000 TeV)

o ——
-2 \
N -4 — A
< As
-6 — A
-8
-10
0.0 0.5 1.0 1.5 2.0 25

t=Logolk/ ko]

FIG. 2. The RG running of the quartic couplings 4;, ¢ and 1,
for a randomly chosen benchmark point which satisfies all the
constraints discussed in Secs. II and III. The renormalization
scale u ranges from 1.5 TeV to 1000 TeV. py = 1.5 TeV is a
reference scale. We do not show the RG evolution of other quartic
and Yukawa couplings as it is very slow in the considered energy
range.

related to some of the couplings becoming too large. The
perturbative unitarity translates into conditions for the
partial wave amplitudes, which have to be smaller than
1/2. To examine such constraints in our model we
use SPheno, which computes the maximal eigenvalue of a
2 — 2 scattering matrix at the tree-level. On the other hand,
since we already require all the quartic couplings to remain
perturbative up to the energy scale of 50 TeV, we may
suspect that the perturbative unitarity bounds are automati-
cally satisfied. As we will see in the next section, this is
indeed the case.

VI. NUMERICAL ANALYSIS AND
BENCHMARK SCENARIOS

In this section we perform a global numerical analysis of
the model. We begin by discussing the employed scanning
methodology, the definition of the chi-square (y?) statistics
and the initial ranges for all the model’s parameters. Next,
we present three best-fit benchmark scenarios which arise
from the minimization of the y> function. Finally, we
provide a discussion of some experimental signatures that
these benchmark scenarios could produce.

A. Scanning methodology

In Table II we summarize the scanning ranges for
all the parameters of the model. These include the
quartic couplings and the soft-breaking term of the scalar
potential (19), the nonzero Yukawa couplings and the mass
parameters of the Lagrangian (1), the vev of the singlet
scalar, and tan f.

In the scalar sector the alignment conditions (24)
and (25) are imposed, leading to the limited scanning
ranges for 13, 45 and 4, [cf. Egs. (34) and (35)]. For all the
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TABLE II.

Scanning ranges for the input parameters of the model defined in Table I. The alignment limit (cf. Sec. III), the RGE

perturbativity constraints (cf. Sec. V) and a tentative lower bound on the VL mass parameters (see the text) are imposed. In the Yukawa

sector only the nonzero couplings are shown. Dimensionful quantities are given in GeV and GeV>.

Scalar sector

tan [2, 50] vy [1000, 1500] u, [4,64] x 10* A [-2.0,+42.0] A3 [0.24, 0.28]
A4 [-2.0, +2.0] As [-0.2,0.0] Ag [-2.0,+2.0] A7 [-0.01, 4-0.01] Ag [-1.0,+1.0]
Lepton sector
V54 [-0.7,+0.7] Vi3 (1.0, +1.0] Yia [-1.0,+1.0] x 10710 v [-1.0,+1.0] My +[200, 1000]
Y54 [-1.0,+1.0] X4, [-1.0,+1.0] Vo4 [-1.0,+1.0] x 10710 N [-1.0,+1.0] M +[200, 1000]
xky [-1.0,+1.0] X435 [-1.0, +1.0] V34 [-1.0,+1.0] x 10710 b [-1.0,+1.0] Mk +[200, 1000]
Quark sector
Vi, [-1.0,41.0] Vi3 [-1.4,+1.4] v [-0.7,40.7] v, [-1.0,41.0] M4 +[1200, 4000]
Vi [-1.4,+1.4] X4y [-1.0,+1.0] ¥4, [-1.0,+1.0] x4, [-1.0,+1.0] My +[1200, 4000]
x3Q4 [-1.0,41.0] X4 [-1.4,+1.4] e [-1.0,+1.0] x4, [-1.0,+1.0] M? +[1200, 4000]

other quartic couplings the perturbativity bounds discussed
in Sec. V are enforced. Similarly, the Yukawa couplings are
scanned in the ranges consistent with their RGE perturba-
tivity constraints. Finally, small values of some of the
neutrino coupling constants are necessary to generate tiny
masses for the SM neutrinos.

A tentative lower bound of 1200 GeV is imposed on the
VL quark mass parameters. This is a rough (and
conservative) approximation of the constraints from the
direct NP searches at the LHC, which will be discussed in
more details in Sec. VII A. The scanning range for v, then
follows from the requirement of reproducing the correct
mass of the top quark, as discussed in Sec. Il A. Similarly,
we adopt 200 GeV lower bounds on the VL lepton mass
parameters in order to be roughly consistent with the
corresponding LHC constraints, which we examine in
Sec. VII B. Finally, the range for y?, was chosen to make
sure that the mass of the associated CP-odd state

[cf. Eq. (31)] is not excluded by the current experimental
searches [17].

The experimental constraints employed in our numerical
scan are listed in Table III. The central values and the
experimental errors for the quark and lepton masses and
for the CKM matrix elements are quoted after the PDG
report [17]. Since the uncertainties for m, and m, are very
small, rendering the fitting procedure numerically chal-
lenging, we adopt an error of 10% for these two observ-
ables. The experimental constraints from the flavor physics
were discussed in Sec. IV.

We construct the y2-statistic function as

(O;nodel _ Olqen)2
om

2

x = (55)

i

where O™l indicates the value of an observable calcu-
lated in our model, O¢" is the central value of its

TABLE IIl. The experimental measurements which we employ in our numerical scan. Masses are in GeV.
Measurement Central value Experimental error Measurement Central value Experimental error
m, 0.10566 10% V.l 0.97370 0.00014
m, 1.77686 10% [V sl 0.22450 0.00080
me 1.270 0.020 [Vl 0.00382 0.00024
m 0.0934 0.0034 [V eal 0.22100 0.00400
m, 4.18 0.02 |Vl 0.98700 0.01100
m; 172.76 0.30 Vel 0.04100 0.00140
Aa, 2.49 x 10~° 0.48 x 107 [V .4l 0.00800 0.00030
[Vl 0.03880 0.00110
[Vl 1.01300 0.03000
Measurement Upper bound
BR(z — py) <42x10°8
BR(z — 3p) <2.1x1078
Ackm < 0.04
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TABLE IV.
and GeV?2.

Input parameters for three best-fit benchmark scenarios. Dimensionful quantities are given in GeV

Scalar sector

BP1 BP2 BP3 BP1 BP2 BP3
tan 13 8 12 A 0.258 0.258 0.258
vy 2453 2443 245.2 A 0.514 0.153 0.623
vy 18.9 30.5 20.4 A3 0.257 0.260 0.256
vy 1015 1077 1012 A4 0.552 0.304 0.167
u -7.8x 103 —6.6 x 10 -7.6x 103 As —-0.039 —-0.072 —0.061
W -82x 103 —8.6 x 10* -3.4x10* A6 0.370 0.487 0.663
,ué —4.9 x 10* -9.4 x 104 -2.3x10° A7 0.001 0.002 0.002
U3 1.4 x 10° 1.9 x 10° 1.1x10° Ag 0.254 0.423 0.417
Quark sector Lepton sector
BP1 BP2 BP3 BP1 BP2 BP3
Vi —0.051 —0.049 0.050 V54 0.028 —-0.015 0.022
Vi —-0.980 1.185 —1.024 Y54 —0.895 0.612 0.790
x3Q4 0.924 —0.842 —0.877 Xk, 0.616 -0.729 0.724
Vi 1.382 1.093 —1.337 Vi —0.223 0.144 —0.191
X4y 0.550 0.821 —0.595 X4, 0.156 0.165 0.188
X4 1.286 1.261 1.263 X45 —0.168 0.228 —0.205
e, —0.022 0.035 0.026 W4 -2 x 107! 5x 107! 3x 1071
¥4, 0.096 0.151 —0.113 V54 3x 107! 8 x 10712 6x 107!
¥4, —0.684 0.274 0.267 V54 -5 x 107" 9x 107! 9x 107!
e -0.672 —0.489 0.656 v —0.824 —-0.674 -0.674
x4, -0.371 —0.110 0.225 vy —0.895 —0.874 —0.896
x4y —0.160 0.072 —0.127 i 0.701 0.744 —0.812
Mass parameters
BP1 BP2 BP3 BP1 BP2 BP3
My —1317 1405 1334 Mj —517 =575 533
M4 -3644 3068 —2882 M 204 -212 217
Mf —1384 1443 1322 Mk -206 —222 -202

experimental measurement, O™ is the corresponding
experimental error, and the sum runs over all the measured
observables listed in Table III. The upper bounds, corre-
sponding to the last three rows of Table III, are not included
in the y? function, but applied as hard-cuts instead (a point
in the parameter space is rejected if such a condition is not
satisfied).

To minimize the y? function, we adopt the following
strategy. First, we perform an initial scan of the parameter
space consistent with Table II. As a result, we obtain a seed
which is then used to minimize the y? function by iterating
a random walk algorithm with an adaptive step function.
The step function is chosen such that at each iteration all
input parameters are updated by less than k%, and x reduces
with an exponential decay law throughout the minimization
procedure. During each iteration, we discard all the points
that do not satisfy the upper bounds on Acgy, BR(7 = py)

and BR(z — 3p), as well as the boundedness constraints on
the scalar potential given in Eq. (36) and the perturbative
unitarity. Moreover, we investigate the vacuum stability
with Vevacious++ [19] and we keep only those points whose
vacuum is identified as “stable.”

B. Benchmark scenarios

In Table IV we present input parameters for three best-fit
benchmark scenarios identified by performing the numeri-
cal scan discussed in Sec. VI A. The corresponding mass
spectra are summarized in Table V while the breakdown of
individual contributions to the y? function is shown in
Table VI.

In general, the three benchmark scenarios demonstrate
quite similar features, both in terms of the input parameters
and of the resulting NP spectra. This is largely due to the
fact that we aim at reproducing masses and mixings of the
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TABLE V. Mass spectra for three best-fit benchmark scenarios.
All masses are in GeV.

SM fermions

BP1I BP2 BP3 BPI BP2 BP3
m. 1262 1282 1.259 m, 0.110 0.110 0.110
m, 172.7 172.8 172.6 m, 1.864 1.756 1.765
mg  0.089 0.093 0.091 m,, [10719] 4.659 6.587 0.252
my, 4.169 4.196 4.175 m,, [10710] 8.253 18.38 20.95
NP fermions

Quark sector Lepton sector

BP1 BP2 BP3 BPI BP2 BP3
My, 1495 1561 1440 My, 487 596 554
My, 1708 1842 1704 Mg, 543 615 570
Mp, 1534 1579 1464 My, 205 214 218
Mp, 3655 3070 2888 My, 488 598 556

Scalars

BPI BP2  BP3 BP1 BP2  BP3
M, 125 125 125 M, 362 411 433
My, 362 412 435 M,, 532 614 469
My, 617 752 824 M= 384 423 440

SM fermions and this, as we discussed in Sec. II, puts

strong constraints on (some of) the model’s parameters.
Let us first notice that the masses of all the SM fermions
of the third and second generation can be fitted very
precisely. Each individual contribution to the y? function
is smaller than 0.7, with an exception of m, in BPI1, in
which case we have ;(,27 — 1.6. We can also observe that, as
we anticipated in Sec. II, the Yukawa couplings which link
the VL sector with the SM fermions of the third generation
|

TABLE VI. Breakdown of the y* contributions from various
observables implemented in the y? function of Eq. (55). The
CKM contributions which are smaller than 3 are not shown. )(é,
27, and ;(%, indicate total y? contributions from the quark masses,
lepton masses, and the CKM matrix elements, respectively. y3 oy
stands for the total y? function of each best-fit scenario.

Quarks masses CKM elements

BP1 BP2 BP3 BP1 BP2  BP3

72 0.154 0360 0.280 ;(%, 8.225 8.290 5.986

x? 0.022 0.018 0.119 ;(%,“b 1233 1036 9.327

12 1.569  0.014 0.450 ;(%,M 15.69 18.30 24.58

x 0.330 0.640 0.052 ;(%/” 1045 9.796 6.559

;ﬁQ 2075 1.031 0901 4} 5545 5526 5592
Charged leptons masses Aa,

2 0.210  0.170  0.207 )(iaﬂ 0.328 0.657 0.375
2 0.241 0.014 0.004 Total

Vol 0.451  0.183 0211 42, 5830 5731 5741

are in general larger than those associated with the second
generation.

On the other hand, fitting the CKM matrix is a little bit more
tricky and the bulk of the total y stems from this very sector.
As anticipated in Sec. II B, the main contribution to the y?
function is given by the element |V |, with the corresponding
;(%,M ranging from 16 for BP1 to 25 for BP3. Smaller yet still
relevant contributions come from the entries |V ;| and |V .
Finally, an order 10 contribution to the y* function from the
element |V | is mainly due to a very small experimental error
associated with this particular observable. All other elements
of the CKM matrix are fitted within their 1o experimental
ranges. As an illustration, we present below the full 5 x 5
CKM matrix for the benchmark scenario BP1,

0.97394 0.22679 0.00298 1.4 x 1077 0.00008
0.22671 0.97301 0.04296 0.00003  0.00042
|Vexm|BPY = | 0.00681 0.04236 0.99821 0.00968  0.00221 (56)
0.00054 0.00270 0.02853 0.86532  0.00114
0.00082 0.00390 0.02996 0.50113  0.00076

The two remaining best-fit points follow the same pattern.
Incidentally, note that the CKM anomaly is O(10~*) in our
setup, well below the experimental upper bound of
Eq. (47).

Interestingly, in all three cases each quartic (Yukawa)
coupling remains smaller than 4z (v/47) up to 1000 TeV.
We can therefore conclude that the validity range of our
model extends well beyond the putative scale of 50 TeV.

|
We also checked that the maximal eigenvalue of the
scattering matrix computed by SPheno is O(1072) for all
the benchmark scenarios, indicating that the perturbative
unitarity bound is satisfied as well.

Masses of the NP leptons are determined, to a large
extent, by correctly fitting the experimental value of Aa,
(an overall contribution from this observable to the total y?
function does not exceed 0.7 in all the benchmark

035010-13



HERNANDEZ, KOWALSKA, LEE, and RIZZO

PHYS. REV. D 109, 035010 (2024)

TABLE VIL

Contributions to Aa, from the individual one-loop diagrams shown in Fig. 1. The subscript “tot”
indicates the sum of all the contributions of a given type.

Contributions to Aa, x 10°

Charged scalars

CP-even scalars

Loop BP1 BP2 BP3 Loop BP1 BP2 BP3
h*, Ny, —1.076 -0.792 —0.942 hy, E, —0.003 —0.001 —0.009
h*, N3, 3.300 2.898 3.153 hy, E, 0.003 0.001 0.009
h*, Ny, 2.225 2.106 2211 h,, E; —0.409 —-0.520 —0.969
CP-odd scalars hy, E, 0.437 0.548 0.994
a, E; 0.425 0.528 0.938 hs, E; 0.018 0.115 0.076
ai, E, —0.544 —0.611 —1.529 hs, E, —0.017 -0.127 -0.076
a, E,| —0.033 —0.135 -0.071 h, E 0.032 0.027 0.025
a, E, 0.110 0.196 0.621 Total
a, Ey, —0.015 —0.023 —0.041 Aa, 2.215 2.101 2.196

scenarios). Contributions to Aa,, from the individual one-
loop diagrams of Fig. 1 are summarized in Table VII. We
present separately fractions of Aa, generated by the
charged scalars h* and the neutral leptons Nis34, by
the CP-odd scalars a;, and the charged leptons E ,, and
by the CP-even scalars h ;5 and the charged leptons E ,.
We also show the sum of all the contributions of a given
type, indicated by a subscript “tot.”

We observe that the largest contributions to Aa, arise
from the charged scalar/heavy neutrino loops. We thus
disprove the conclusions of Refs. [13,15] where it was
assumed that the charged lepton loops were the only NP
contributions to muon (g — 2) present in the model. As we
show in our analysis, all possible one-loop diagrams
contributing to Aa, should be treated at equal footing
and none of them should be discarded a priori.

Even more interestingly, the observed dominance of the
heavy neutrino contributions to the anomalous magnetic
moment of the muon seems to be a generic feature of the
model which does not pertain exclusively to the identified
benchmark scenarios. The charged scalar/heavy neutrino
loops are determined, among other parameters, by combi-
nations of the y" couplings which are not constrained by
any SM masses and mixing and thus can become relatively
large. Contrarily, the same Yukawa coupling is responsible
for the generation of the neutral (pseudo)scalar/charged
lepton loops and for the correct tree-level mass of the muon.
It is thus required to be small and the corresponding
contributions to Aa, are suppressed. Additionally, one
also observes cancellations between the individual contri-
butions to Aa,, stemming from the (pseudo)scalar diagrams
with different VL leptons, which is a known and common
feature of many NP models with VL fermions (see,
e.g., [75,76] for a discussion).

It is worth to comment on how our results would change
if the lattice-based determination of the SM value of

the muon anomalous magnetic moment [46-54] was
employed. This would require the discrepancy of Eq. (37)
to be reduced to [55]

Aa, = (1.07 +£0.70) x 1072, (57)

imposing a 2¢ upper bound on the size of the overall
NP contribution to Aa,. Since, as discussed in the
previous paragraph, the dominant contributions from
the charged scalar/heavy neutrino loops are driven by
the—otherwise unconstrained—y’ couplings, the upper
bound can be easily satisfied for each of the BPs listed
in Table IV without affecting other predictions of the
model.

Finally, we should mention the size of the BRs for the
lepton flavor violating decays 7 — uy and 7 — 3u in our
model, which are of the order (3 —4) x 1073 for the former
and (6 —9) x 10719 for the latter. Given that in the future
the Belle-II collaboration is expected to improve their
current exclusion bounds by an order of magnitude or
more [77,78], it may turn out that the tau leptonic decays
offer the best experimental way of verifying the predictions
of the NP model analyzed in this study.

VII. LHC STUDY OF THE BENCHMARK
SCENARIOS

In this section we confront the benchmark scenarios
identified in Sec. VI with the null results of the direct NP
searches at the LHC. We analyze, one by one, the
constraints originating from considering the production
of VL quarks, VL leptons, and exotic scalars.

A. Vectorlike quarks

The VL quarks (VLQs) can be copiously produced at the
LHC, either in pairs through the strong interactions or

035010-14



GLOBAL ANALYSIS AND LHC STUDY OF A VECTORLIKE ...

PHYS. REV. D 109, 035010 (2024)

g b,t,t

W+t h,Z

W=, h,Z

9 b,t,%

FIG. 3.

singly through an exchange of the EW gauge bosons. In the
former case, the dominant production channels at the
leading order are gluon fusion and quark-antiquark anni-
hilation, whose production cross sections depend on the
VLQ mass and its SU(3)- quantum numbers only (see
Refs. [79,80] for analytical formulas). Therefore, the
experimental lower bounds on VLQ masses are expected
to be, to a large extent, model independent, bearing only a
slight dependence on the relative strength of the individual
VLQ decay channels.

The most recent analysis from ATLAS, based on the data
from proton—proton collisions at a centre-of-mass energy of
/s = 13 TeV, corresponding to an integrated luminosity
of 139 fb~! [81], considered the pair production of VL top
partners 7 and VL bottom partners B with the decay
channels T — Zt, ht, Wb and B — Zb, hb, Wt and with
large missing transverse momentum. The corresponding
Feyman diagrams are depicted in Fig. 3. The strongest
95% C.L. lower bounds on the VLQ mass derived in
Ref. [81] read

Mypp > 1.41 TeV (58)
for the EW doublets® and

M;>126TeV,  Mg>133TeV  (59)

for the EW singlets.4 The analogous results from CMS can
be found in Ref. [82]. Similarly, by assuming that at least
one of the VLQs decays into a Z boson with the
BR = 100%, the 13 TeV ATLAS search [83] obtained
even stronger bounds,

M;>160TeV, My>142TeV.  (60)

3For the VLQ mass larger than 800 GeV this indicates BR(T —
Zt) = BR(T — ht) = 50% and BR(B — Wt) = 100% [81].

*For the VLQ mass larger than 800 GeV this indicates
BR(T — Zt) =25%, BR(T — ht) =25%, BR(T — Wb) = 50%,
BR(B — Zb) = 25%, BR(B — hb) = 25% and BR(B = W1) =
50% [81].

9

Pair production of the VLQs 7" and B via the gluon fusion at the LHC considered by the ATLAS collaboration in Ref. [81].

At first glance it may seem that all our benchmark
scenarios are consistent with the VLQ exclusion bounds.
On the other hand, in the model considered in this study the
couplings of the physical heavy quarks U, ; and D, with
the third-generation SM quarks and the EW gauge (Higgs)
bosons are generated via tree-level mixing after the EW and
U(1)y symmetries are spontaneously broken (cf. Sec. II
and Appendix A). Since there is a priori no reason for the
resulting BRs to correspond to any of the benchmark cases
considered by ATLAS and CMS in their analyses (exotic
decays to the charged Higgs are possible, for example), we
need to reexamine the experimental results in the frame-
work of our model.

To this end, we calculate with MadGraph5 MC@NLO [84]
the cross sections for the pair production of U, U,, D,
and D,. The results are presented in Table VIII. By
comparing these numbers with the observed experimental
95% C.L. upper bounds on the signal cross section from
Ref. [81] (to give an example, ogsr, (pp = TT) = 4 x
1073 pb for My q =15 TeV) we conclude that our
benchmark scenarios are indeed not excluded by the
current LHC searches for the VLQs, irrespectively of
the actual sizes of their BRs.

It is instructive to investigate the prospects of testing
our model in future runs at the LHC. The total cross
section for the VLQ pair production, followed by a decay
into the third generation quarks and the EW gauge/Higgs
bosons, can be expressed using the narrow width approxi-
mation (NWA) as

5(pp = Q0 = ffVV)
~o(pp — QQ)BR(Q — fV)BR(Q — fV). (61)

where Q = U5, D5, f =t band V=W, Z, hy. Under
the assumption that BR(Q — fV) = BR(Q — h;1/b) +
BR(Q — Zt/b) + BR(Q — Wb/t) =1, the cross sec-
tion (61) reduces to the signal cross section constrained
by the experimental collaborations, g5, & 6(pp = QQ).
If, on the other hand, the three BRs do not sum to one, we
expect the resulting exclusion bounds to be weaker than
the bounds reported by ATLAS and CMS.

035010-15



HERNANDEZ, KOWALSKA, LEE, and RIZZO

PHYS. REV. D 109, 035010 (2024)

TABLE VIII. Cross sections (in pb) for the pair production of the VLQs for our three benchmark scenarios. Masses are in GeV.
My, o(pp = U Uy) My, o(pp = UyU,) Mp, o(pp = DyDy) Mp, o(pp = DyD,)
BP1 1495 1.3 %1073 1708 3.9%x 1074 1534 1.0 x 1073 3655 4.5x107°
BP2 1561 8.9 x 10~ 1842 1.9 x 107 1579 8.1 x10™* 3070 1.6 x 1077
BP3 1440 1.8 x 1073 1704 4.0x 1074 1464 1.6 x 1073 2888 5.0 x 1077
The lightest VLQ in our model, U, is characterized by the following BRs:
BP1: BR(U, — h;t) = 0.188, BR(U, — Zt) = 0.146, BR(U, —» Wb) = 0.040
BP2: BR(U, — h;t) = 0.135, BR(U, — Zt) = 0.101, BR(U, - Wb) = 0.044
BP3: BR(U, — h;t) = 0.209, BR(U, — Zt) = 0.165, BR(U, - Wb) = 0.037 (62)

with the resulting cross sections 657! = 1.8 x 107 pb, 582 = 7.0 x 107> pb and 5 = 3.0 x 10™* pb. The second-to-

the-lightest VLQ, Dy, has

BP1: BR(D, — h,b) = 0.001,
BP2: BR(D, — h,b) = 0.001,
BP3: BR(D; — hyb) = 0.001,

with &BP! = 1.4 x 10~ pb, &P"2 =4.1 x 1075 pb and
&BP3 = 2.4 x 107 pb. We can thus conclude that in order
to probe the VL masses featured by our benchmark scenarios,
at least one order of magnitude enhancement of the exper-
imental sensitivity in the VLQ searches is required.

Finally, we analyze the possibility of testing the model
via processes in which the VLQs are produced one at the
time. The single VL T quark production was analyzed by
ATLAS in Refs. [85-87], while the single VL B quark
production in Ref. [88]. The corresponding Feynman
diagrams are shown in Fig. 4. The 95% C.L. experimental
upper bounds on the relevant signal cross sections are of the
order (1072-10"") pb.

We calculated the cross sections for the VLQ single
productions of our three benchmark points using the NWA.
The hadronic cross sections were obtained with MadGraph5
MC@NLO and the BRs with SPheno. We found that the cross
section for a single production of the VLQs U; is

9 299999990099990900——B——— ¢/ g

b/ty t

W)z

q4>—>—q/,q

BR(D, — Zb) = 0.001,
BR(D, — Zb) = 0.001,
BR(D, — Zb) = 0.001,

BR(D, — Wi) = 0.375
BR(D, —» Wi) = 0.221

BR(D, — Wi) = 0387 (63)

O(1075) pb, while for D; it amounts to O(10~7) pb. We
can thus conclude that in our model the single production is
a less promising search strategy than the pair production.
This was to be expected as the single production is in
general less competitive than the pair production for the
Yukawa couplings smaller than 1, see, e.g., [89,90].

B. Vectorlike leptons

At the tree level, the VL leptons (VLLs) are pair
produced at the LHC via the Drell-Yan processes. The
corresponding cross sections for our three benchmark
scenarios are collected in Table IX. The analysis of all
the possible experimental signatures is in this case much
more involved than for the VLQs as the lepton decay BRs
strongly depend on the presence in the spectrum of the
exotic scalars lighter than the VLLs. The following mass
hierarchies are observed:

g \99990000000999999 ———B———— ¢/ g

t/by b

w/Z T hy

Q4>—>—q/7q

FIG. 4. Single production of the VLQs 7 and B via the EW gauge boson exchange at the LHC, as considered by the ATLAS

collaboration in Refs. [85-87] for T and in Ref. [88] for B.
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TABLE IX. Cross sections (in pb) for the pair production of the VLLs for our three benchmark scenarios. Masses

are in GeV.
Mg, o(pp = E2E;) Mg o(pp = E\E,) My, o(pp— N3uNss) o(pp = ENsy)

BP1 543 1.5%x 1073 487 57%x1073 488 2.7 x 1073 3.6x 1073

BP2 615 8.0x 10 596 1.8 x 1073 598 8.5 x 107° 1.2x1073

BP3 570 1.2x 1073 554 2.8x 1073 556 2.8 %1073 1.8 x 1073
BPl:MN1_2<Mh2’Ma1’Mhi <ME19MN3‘4<Ma2<ME2<Mh3
BPZ:MN|A2<Mh2’Ma|9Mhi <ME|1MN3.4<M02<ME2<M/13
BP3: MN1_2<Mh2’Ma1’Mhi <ML12<ME17MN3_4<ME2<M/’!3‘ (64)

In all the cases the lightest VLLs, neutrinos N, ,, originate
predominantly from the SU(2), singlets and their produc-
tion cross section at the LHC is suppressed, O(107>) pb.

The second-to-the-lightest VLLs, E; and heavy neutrinos
N3 4, come from the same SU(2), doublets and are almost
degenerate in mass. Therefore, three production channels
should be considered simultaneously: pp — Z/y — E|E|,
pp = ZJy > N34N3, and pp > WE - E|N34. The
dominant branching ratios for the subsequent decays of E;
and N3 4, evaluated with SPheno, are collected in Table X. In all
three cases the VLLs decay predominantly to the SM muons,
which is a direct consequence of the fact that we impose Aa,,
as a constraint in our likelihood function and the largish
muon-lepton-scalar Yukawa couplings are preferred.

A closer look at Table X reveals that the relative
strengths of various VLL decay channels are, to some
extent, scenario dependent. Moreover, the final experimen-
tal signatures hinge on the subsequent decay channels of
the scalar particles, which are also pretty complex (we
discuss it in more details in Sec. VIIC). As an example,
let us consider a process pp — E\E, — pjia,a, for the
benchmark scenario BP1. The lightest pseudoscalar can
decay in this case either to a bb pair (with the BR of 28%)
or to vN |, (with the BR of 69%). The decay of the heavy
neutrinos then proceeds as N, — e*/u*W= with the BR
of 56%, or Ny, — vZ with the BR of 28%. We can thus
expect the following distinctive experimental signatures

TABLE X. Dominant BRs for the decays of E; and N3 4.

BR BP1 BR BP2 BR BP3

E] - Ha, 37% El — ua 23%
El - ,Llhz 37% El i ,Mhz 24%
E| > N ,WE  26%

BR BP1 BR BP2 BR BP3
N34 — uh* 70%

E| — Ua, 21%
E| g /lhz 25%
E —1a;, 11%

Ns4 — ph*™  51%
N3‘4 —>va22 12%
N3’4 —>N1’2h1 11%

N34 — uh* 56%

|

emerging from the pp — E\E, — pjia;a, process:
(a) 2 muons + (b)-jets, (b) multileptons + missing energy,
(c) multileptons + jets + missing energy, with the total
signal cross section reduced with respect to the production
cross section reported in Table IX by the product of the
subsequent BRs.

To make the things even worse, there are not many LHC
analysis that would explicitly look for the VLLs. The only
dedicated ATLAS search, based on the 139 fb~! of data
from the 13 TeV run [91], looks for the VLLs coupled
predominantly to taus. The analogous CMS analysis based
on the 77.4 fo~! of data can be found in Ref. [92]. The
decay chains considered by the two collaborations are
shown in Fig. 5. In both cases, the total cross sections for
the VLL production can be probed down to 10~ pb (of
course, the actual value is mass dependent).

In our model all three benchmark scenarios feature very
low BRs for E| and N3, decaying to taus, which do not
exceed 10%. We can thus expect a strong suppression of the
resulting signal with respect to the experimental analysis.
Indeed, using the NWA the total cross section for the process
considered in Refs. [91,92] can be written as follows:

o(pp—7 v 7 17qq)
~ o(pp— E E\)BR(E, -t I"I")BR(E, > 7" qq)
+0(pp = E\N34)BR(E; > 77 I7I7)BR(N3 4 > 77¢7).
(65)

Combining the cross sections from Table IX with the
relevant BRs calculated with SPheno, we obtain

BP1: o(pp = vt 717 qg) = 8.3 x 1077 pb
BP2: o(pp = 7717 1tqg) = 8.1 x 107° pb
BP3: o(pp = 717 1tqg) = 5.3 x 1077 pb. (66)

If we now compare the predictions of Eq. (66) with the
corresponding experimental 95% C.L. exclusion cross
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FIG. 5. Pair production of the VLLs E; and N34 at the LHC, as considered by the ATLAS [91] and CMS [92] collaborations.

sections from Ref. [91], we can conclude that the bench-
mark scenarios identified in Sec. VI are not excluded
by the dedicated LHC searches for the VLLs.> Moreover,
it may also be challenging to test the VLL sector of our
model in future runs at the LHC, if no dedicated exper-
imental strategies for the muon final state signatures are
proposed.

C. Exotic scalars

Finally, we investigate the possibility of testing the
predictions of our model via the LHC searches in the
scalar sector. There is a plethora of experimental analyses,
both by ATLAS and CMS, that look for the non-SM Higgs
bosons (see Ref. [94] for a recent review in the framework
of the 2HDM). At the same time, in our benchmark
scenarios the exotic scalars can decay through a variety
of channels (the dominant BRs, obtained with SPheno, are
collected in Table XI).

To facilitate the analysis, we use the publicly available
code HiggsTools [95], a toolbox for evaluating bounds from
the direct searches for the exotic scalar particles at LEP and
the LHC, whose database contains 258 different limits. We
find that all our benchmark scenarios are tagged as
“allowed” by HiggsTools.

It is instructive to take a closer look at the output of
HiggsTools, as it indicates which searches are most sensitive
to the spectra featured by our best-fit scenarios. This is
quantified by a parameter called “observed ratio”, R,
which is the ratio of the predicted cross section and the
experimental limit at the 95% C.L. The point in the
parameter space is excluded if R, > 1. We observe that
the highest values of R, (0.6 for BP1 and BP3, 0.14 for
BP2) are reached for the 7, — 77~ and a; — 777~ decays
constrained by the ATLAS 139 fb~! analysis [96], despite
very low decay BRs in this channel.

°In principle, some of the SUSY searches looking for the
chargino/neutralino production, e.g., Ref. [93], analyze signa-
tures that could be generated in our model. However, the resulting
cross section for such a process is way too low to allow the
derivation of any constraints.

To investigate it in more details, we calculated the
a;/h, = t77 cross sections with MadGraph5 MC@NLO.
The results are reported in the last three columns of
Table XII. These are to be compared with the 95% C.L.
experimental lower bounds on the cross section reported
in the third column of Table XII. We find a very good
agreement with the output of HiggsTools in terms of the
parameter R, thus confirming that the decays of the exotic
scalars into taus are going to be the most promising way of
testing the predictions of the model at the LHC.

In Table XII we also present other decay channels of a;
and h, that feature the high sensitivity. While the current
experimental bounds on those searches are weaker that
those relative to the 777" final state, they may offer
complementary signatures of the model in future LHC runs.

Incidentally, note that the BRs for the decays of &, and
a, to the EW gauge bosons, yy, ZZ and WW, are O(1078)
and O(107?), respectively, which is orders of magnitude
below the current experimental bounds.

Finally, let us comment on the possibility of testing the
ay/hy — "t~ decay through the measurement of an
effective coupling g, /,,- This scenario was investigated
by CMS in Ref. [104]. Comparing the values of the g, /.
coupling evaluated with SPheno (0.084 for BP2, 0.096

TABLE XI. Dominant BRs (> 5%) for the decays of the exotic
scalars.

Process BP1 BP2 BP3
ay = vNy, 69% 82% 72%
a; — bb 28% 14% 25%
a, = 1t 73% 73% 36%
a, — bb 15%
ay = vNy, 46%
hy = UNy, 69% 84% 72%
hy — bb 28% 14% 25%
hy — 1t 50% 43% 34%
hy = TE, 10% 9% 20%
h* — fiN|, 41% 51% 48%
h* - eNy, 34% 30% 26%
h* — bt 19% 13% 19%
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TABLE XII.

An overview of the LHC scalar searches which present the highest sensitivity to the benchmark scenarios identified in

Sec. VI. The columns show, respectively, the decay channel, the experimental analyses investigating this channel, the experimental
95% C.L. upper bound on the cross section for the mass corresponding to the mass of the scalar in a benchmark scenario, the actual cross

section calculated in the benchmark scenario.

Channel Experiment o4sy, (BP1, BP2, BP3) oBP! oB? oBP3
ay/hy = vt CMS [97] 0.060 0.030 0.020
ATLAS [96] 0.050 0.020 0.016 0.037 0.004 0.011
ay/hy = utu CMS [98] 0.007 0.006 0.005 . ) .
ATLAS [99] 0.009 0.004 0.003 1.3x 107 14 %107 44 %107
ay/hy = b+b~ CMS [100] 6.0 35 3.0
ATLAS [101] 0.554 0.061 0.061
ht = b CMS [102] 0.40 0.30 0.25 . _3 i
ATLAS [103] 0.45 0.30 0.25 76x10 21x10 45x10

for BP3) with the experimental 95% C.L. upper bounds
(0.80 for BP2 and 0.70 for BP3)6 we conclude that no
additional constraint on our model arises from this par-
ticular search.

VIII. CONCLUSIONS

In this study, we performed a global analysis of an
extension of the SM which contains one full family of VL
fermions, an extra SU(2), scalar doublet and an SU(2),
scalar singlet. It also features a U(1), global symmetry
spontaneously broken by the singlet scalar vev. This scenario
was originally proposed in Ref. [12] to generate the masses of
the third and the second family of the SM fermions, as well as
to account correctly for their mixing patterns.

In our analysis we confronted the model with the
experimental bounds from the flavor physics observables,
which include the anomalous magnetic moment of the muon
and the rare decays of the tau lepton. Additionally, the model
was subjected to the theoretical constraints stemming from
the stability of the scalar potential and from the perturba-
tivity of the renormalized couplings. Importantly, we
revisited and corrected the bounded-from-below and the
alignment limits, which in the context of the same model
were previously discussed in Refs. [13,15]. In particular, we
showed that additional constraints on the quartic couplings
arise if the full three-scalar potential is considered.
We also argued that the perturbativity bounds should not
be imposed on the low-scale parameters of the lagrangian
but on the running couplings evaluated at the renormaliza-
tion scale which sets an upper limit of the model’s validity.
These RG-based perturbativity conditions require the
low-scale scalar couplings to be smaller than 2 and the
Yukawa couplings smaller than 1.5.

With all the constraints in place, we performed a
numerical scan of the model’s parameter space and we

*The CMS analysis [104] does not cover the scalar masses
below 400 GeV.

identified three benchmark scenarios that satisfied all
the theoretical and experimental requirements. One dis-
tinctive feature of these solutions is that the charged scalar/
heavy neutrino loops provide dominant contributions to the
observable Aa,. This finding is qualitatively different from
the conclusions obtained in Refs. [13,15] where only the
charged lepton loops were considered. We would like to
emphasize that the dominance of the heavy neutrino
contribution to Aa, is a generic characteristic of the model
and not a mere artifact of the specific benchmark scenarios.
The main reason behind this feature is that the same
coupling which generates the neutral scalar/charged lepton
loops is also responsible for the correct tree-level mass of
the muon and thus it is required to be small.

Wealso performed a detailed LHC analysis of our three best-
fit scenarios. We investigated the experimental constraints
stemming from the direct searches for VLQs, VLLs and exotic
scalars. We found that none of the currently available exclusion
bounds can test the spectra featured by the benchmark
scenarios. This provides a proof of concept that the model
in study is feasible as an explanation of both the SM masses
and mixings and of the relevant experimental phenomena.

Regarding future prospects for experimental verification
of the model, several observations can be made. Firstly,
both charged and neutral VLLs decay predominantly to
muons in our framework. On the other hand, all currently
available LHC analyses focus on taus in the final state, for
which the cross sections obtained in our model are several
orders of magnitude below the experimental sensitivity.
Therefore, we would like to encourage the experimental
collaborations to provide dedicated analyses of the VLLs
coupled to the second family of the SM fermions. Such a
study would not only allow to test the predictions of our
model, but it would prove very useful in any phenomeno-
logical research that aims at explaining the muon (g — 2)
anomaly in a NP framework with VLLs.

Second, the experimental searches for VLQs can become a
fruitful testing ground for our model already in the current run
of the LHC. The cross sections for the pair production of
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VLQs featured by the benchmark scenarios are one order of
magnitude smaller than the current experimental upper
bounds and should be in reach of the dedicated VLQs
searches based on the larger data samples.

Finally, we observed that the most constraining decay
channel for the exotic scalars is a;/h, = z+z~, for which
the ratio of the predicted to the experimental cross sections
is close to 1. It may thus provide complementary signatures
of our model in future runs at the LHC.

However, the ultimate verification of the NP scenario
considered in this study may come from the flavor physics.
The Belle-1I collaboration plans on improving, by at least
one order of magnitude, their experimental bounds on the
rare leptonic decays of the tau lepton. As the corresponding
branching ratios featured by our three benchmark scenarios
are very close to the current 90% C.L. exclusion limits, the
rare decays could be the first experimental signatures to be
tested.
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APPENDIX A: FERMION MASS MATRICES
1. Charged leptons

The mass matrix for the charged leptons, M,, can be
derived from Eq. (1) after identifying the generic fermions
y with the corresponding lepton fields from Table I and the
generic scalar H with H,;. One thus has

vir =L,

War = Lyg.

Yir = €iRr>

War, = Ly,

Y4R = €4R,
War = @y, (A1)
with the following components of the SU(2), doublets:

_ T _ T F o ~ = AT
Lip=i.eir)', Loy = (var, eqr)’ and Lyg = (D4g, 845)" -
As a result, the mass matrix reads

€lR  €R €3 €4 4R

ey | O 0 0 0 0

Mo ey 0 0 0 y&% 0
N 2Y) 0 0 0 y&% —x§4% ’

esr 0 0 ny\L/'—"i 0 -M%

G | 0 xfph xE M 0

(A2)

where M4 (M$) denotes the mass of the VL lepton doublet
(singlet) and x§4 = x5,. To facilitate the comparison with
the corresponding mass matrix defined in SARAH, we adopt
the sign convention used in the code. Note, however, that
such a choice does not affect the conclusions drawn in our
study as we allow all the Yukawa couplings and all the VL
mass parameters to assume both positive and negative values
in our numerical scan.

The 5 x5 charged lepton mass matrix M, can be
diagonalized by means of two unitary transformations
V¢ and V4,

Vi M,V = diag(0,m,,m., Mg ,Mg)).  (A3)
In Sec. II the approximate expressions for the eigenvalues
m,, and m, were provided in Eq. (6), whereas the analogous
formulas for the eigenvalues My and My, were given in
Eq. (11). While those equations are very useful to get a
general idea on which lagrangian parameters are relevant
for generating the physical charged lepton masses, in our
numerical analysis we diagonalize all the fermion mass
matrices numerically, employing the SPheno code generated
by SARAH.

2. Up-type quarks

In analogy to the charged lepton sector, the mass
matrix for the up-type quarks, M, can be derived from
Eq. (1) after taking H = H, and making the following
identification:

vir = Qirs
War = Our.

Yir = UiR>

War = Qar,

WaR = U4g,

Pap = fiap.  (A4)
In Eq. (A4) the SU(2), doublets have the following
c~0mp0nents: ~Q,»L = (uy.dy)", Qs = (usy.dsy)” and
Our = (figg, dsg)T. The corresponding mass matrix with
the SARAH sign convention reads

U Up U3R UgR UgR
w, | 00 0 0 0
M. = Uy 0 0 0 Y34 % 0
S R72Y) 0 0 0 —Y34 % X3Q4 17% ’
Ugr 0 0 -y % 0 ~M
Ugr 0 xj % Xj3 \L/_% My 0

(AS)

with x3Q4 = x4,. The up-type quark mass matrix M,
can be diagonalized via the mixing matrices V} and
Vi as

VM, Vi = diag(0,m.,m,, My, ,My)).  (A6)
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The approximate expressions for the eigenvalues m,. and m,
can be found in Eq. (4), and for the eigenvalues My, and
My, in Egs. (8) and (9), respectively.

3. Down-type quarks
The down-type quark Lagrangian can be obtained from
the generic Lagrangian (1) by taking H = H; and making
the following replacements of the fermion fields,
Wag = dyg,

Wy = dyg -

vir = Qi
War = Our,

Wir = dig,

War = Qur, (A7)

The corresponding down-type quark mass matrix with the
SARAH sign convention reads

dip g dig  dig  dag
dlL 0 0 0 y‘ll4 % 0
doy, 0 0 0 U_\/dg 0
Ma=1 4 0 0 ydl x84
3L Y3473 3473
dy | 0 0 % o0 M
dy | 0 xfof xfE Mj 0
(A8)

Note that, unlike in the case of the up-type quarks
and charged leptons, it is impossible to rotate away the
(1,4) element of the matrix M. The reason is that the
mixing between the SM doublets Q;; and Q,; has already
been used in the up-quark sector to rotate away the
corresponding entry of M, [12]. As a result, the
Yukawa coupling y¢, is present in M,. The down-type
quark mass matrix can be diagonalized by the unitary
matrices V¢ and V¢,

The approximate formulas for the eigenvalues m, and m,,
can be found in Eq. (5), and for the eigenvalues M, and
Mp, in Eq. (10).

Incidentally, the presence of the matrix element y¢,v,
has important consequences for the phenomenology of the
model defined in Table I. As it was discussed in Sec. II, the
first generation of the SM fermions remains massless if
only one complete VL family is added to the spectrum. On
the other hand, the mixing of the d quark with the strange
and bottom quarks is mediated by y¢,v,. As a result, the full
CKM matrix can be generated in this setup and one needs
to include its elements in the global fit.

4. Neutrino sector

Finally, we discuss the neutrino mass matrix which
emerges from the particle content given in Table 1. The
corresponding Lagrangian can be deduced from Eq. (1)
after the following identification:

War = Lag,
H=H,

vir = Lir,

War = Lug,

W4R = V4R,
War = Dag, (A10)

where the SU(2), doublets L;;, L,;, and L, are defined in
Sec. A 1. Note that since there is no vz field in our model,
the couplings yj; and xj; vanish. On the other hand, the VL

neutrino v, is a singlet under the SM gauge symmetry, so
an extra term with H; replacing H, arises. In the end, the
neutrino Lagrangian reads:

Yukawa __ v L T v * o~
Loni™ = yiLip Hyvag + xiLippLag + yisLig HyDay,

+ MELy Lyg + MYy 04, + Hee. (A11)

Equation (A11) defines a mixed Majorana-Dirac neutrino
sector, which after the EWSB gives rise to a 7 x 7 Majorana

d¥ .
ViM,VE = diag(0,my. my, Mp,.Mp,).  (A9)  heutrino mass matrix
J
ViL UL V3L Var V4R Uyt Uyr
VL 0 0 0 -y L\/g Vi \7}’5 0
Usg 0 0 0 -y L\/“E A L\/JE 0
1% 0 0 0 vl e LY
M= |7t Yz Vs X (A12)
v Uyg, 0 0 0 0 0 M‘l{ ’
Var —Via \b/_a —V4 \b/_a V34 \U/_g 0 0 M; 0
D | Vs Yas Yays 00 Mg 0 0
o 0 0 Xk Mj 0 0 0

where once again we chose to work with the SARAH sign convention.
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The neutrino mass matrix is symmetric, it can thus be
diagonalized via an orthogonal mixing matrix V%,

V”MDV"% = dlag((), myz, ml/g’MNl’MNZ?MN3’MN4)'

(A13)
|
vV’
Ay —2s :yf
M2 — 1735
CP-even ,{3 VU4 +,{57

/171Ju1]¢ +/15w /181)d7}¢ +/15%

2

The matrix (B1) can be diagonalized by an orthogonal
matrix R, parameterized with three mixing angles. We will
denote them as ay, for the (H,, H,;) mixing, a3 for the
(H,,¢) mixing, and a,3 for the (H,, ¢) mixing. In this
parametrization, the mixing matrix R, is given by

C12€13 $12€13 S13

Ry=] —$12€23—C12813823  C12C23 — 812513523 C13523 |,

—C12823 — 512513C23 C13C23
(B2)

$12823 — C12813C23

with the standard notation s;; = sina;; and ¢;; = cos a;;.

The elements of the matrix R, determine the couplings
of the physical Higgs bosons with the SM particles. It is
convenient to define a reduced coupling as the ratio
between the coupling of the physical Higgs scalar h;
and the corresponding coupling of the SM Higgs,

_ 9nxx
Cpxx =

(B3)

9
GheuXX

where X stands for the SM fermions and gauge bosons. For
the model defined in Table I, the reduced couplings to
quarks and charged leptons are given by

R.).
Ch,-tt _ ( h)zl

- sing’

_ (R _ (Ru)i
hibb ™" cos B e = cos B

(B4)

while the reduced couplings to the EW gauge bosons
read

Chizz = Chww = (Rp);y sinf + (Ry); cos B. (BS)

In this study we choose to work in the alignment limit,

which is defined as a set of constraints on the quartic

couplings 4; under which the lightest CP-even scalar £, has
the same tree-level couplings with the SM particles as the

APPENDIX B: SCALAR MASS MATRICES

In this Appendix we collect the explicit formulas for the
scalar mass matrices derived from the scalar potential (19)
under the spontaneous symmetry breaking conditions (3).

The CP-even scalar mass matrix in the basis
(ReHY,ReHY, Re¢h) evaluated at the vacuum reads
/131juvd+/15% /17qu¢+/15”d21;¢
’uu’uz ),
},21)‘21—15?; ﬂgvdvd,—FlSl;(ﬁ : (Bl)

/16 1](2/)

[

SM Higgs. This means that the reduced couplings to
fermions should be very close to 1,

COS 1o COS 13

sin @, COS A3
N ~ ) —_— )
sin

oy L (B

It can be easily verify that Eq. (B6) leads to the following
conditions on the CP-even scalars mixing angles,

alz—i—ﬁ:g—i—nﬂ, a;z =2nx, with n=0,1,2...

(B7)

indicating no mixing between the doublet H, and the
singlet ¢. In this setting, the two SU(2), scalar doublets
mix with the mixing angle 7 — 5, while the doublet H,
mixes with the singlet ¢p with the mixing angle a,3. The
CP-even scalars mixing matrix thus reduces to

Sp Cp 0
Ri;llignmc“‘: —CpCa3  SpCr3 23
CpS23  —SpSaz €23
1 0 0 spcp 0
=10 ¢ sy |x|—c 55 0 (B8)
0 —s23 €3 0 0 1

The alignment conditions (B6) translates into the nontrivial
relations between the scalar potential couplings,

AgCh + A7y + Asspcp =0 (BY)

Mch = isy = A3(c; = s5) = 0. (B10)

One can also express the mixing angle a3 in terms of the
parameters of the scalar potential,

035010-22



GLOBAL ANALYSIS AND LHC STUDY OF A VECTORLIKE ...

PHYS. REV. D 109, 035010 (2024)
By; : A Finally, the charged scal trix is given b
c0s(2002) = — : sin(2ay;)=— : ’ y, the charged scalar mass matrix is given by
( 23) \/m ( 23) \/W
Bll v? v, 17 v v
( ) , /14 Ya /15 :@ /14 uzd_isftﬁ
where we define Menrgea = v v o2 v, 0 (B13)
Mt = A5 = ds !
A23 = 27)U¢Sﬁ(€ﬂls + 2/17Sﬂ) (B12)
_ 2 2 _ —
By = 450, + 4spcp(levy — (4 = 4)0%sp).  (BI3) APPENDIX C: DERIVATION OF THE
The CP-odd mass matrix in the  basis BOUNDED-FROM-BELOW CONDITIONS
(ImHY, ImHY, Im¢) reads

In this Appendix, we derive the scalar potential bounded-
from-below conditions shown in Eq. (36). In doing so, we

)

vy Vv, follow the approach of Ref. [105] and we extend it to the
4v, 4 2 three-field case.
Mzc S ﬁ 0,7 vty ) (B14) In Qrder to .de.termine the shape of the. sc?alar potential
4 Ay 2 (19) in the limit of the large fields, it is enough to
Valp  UyVg

bo investigate the behavior of the quartic terms
5

1 + +
Va= Eﬂl(HZHu)z +—/12(HZ1Hd)2 +/13(HuHu)(Hde) + Ay (HiH ) (HyH,,)

SsleyHUHIGE + HLe) + 3 aald B + ho(¢B) (HLH,) + (6" D) (H}H.).

(C1)
|
It is convenient to parametrize each quartic term in the 1 2 1
following way, =- (\/Tla ~/25b)* + 5V + 2y |ab
1
a:HI,HM Z(\/—a— /Iéc)2+ <2\/11/16 +/17)ac
1 1
b:Hled Z(fb /16C)2+ <_\/j—-2_/1;+/18)b6
c=4¢"
v + A4(d* + €*) — (Redsf — Imisg). (C4)
d =ReH,H,
e =ImH}H,

. We are now ready to analyze the asymptotic behavior of
[ = Ree;;H Hyd the potential (C4) in different field directions.
g = Ime,; Hi,H),. (C2)

1l.a=0

The parameters d, e, f, g automatically vanish, see
Eq. (C3), and the global potential reduces to

To make our results more general, we allow A5 to be
complex. Note that a, b, ¢ > 0 by definition, and

ab > d* + ¢? V4(a:d:g:f:g:())
abc® > 2 + ¢ > 2fg. (C3)

= L (Vb = Vge) + (1 + Vg)be. (CS)

In terms of the new parameters, the scalar potential (C1)
can be rewritten as

giving rise to the condition
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g + \/Ankg > O.

(Co)

2.6=0

In analogy to the previous case, one obtains
Vib=d=e=f=9g=0)

L (Va= VR + 4 VT ac

which gives

(C7)

Ay 4+ /A > 0. (C8)

3.¢=0

This time, only the parameters f and g vanish and the
reduced scalar potential reads

Vie=f=g=0) (\fa—\/_b)
+ (A3 + VAidy)ab + A4(d* + €2).
(C9)

In order to determine the fate of the scalar potential V, at
the large field values, we need to analyze additional

directions in the field space. We first choose a direction
along which a = %b and d = e = 0. Inserting these

expressions into Eq. (C9), we arrive to the following
condition

A + /A dy > 0.

(C10)

Choosing another direction, a = j—?b and ab = d?* + €2,

we obtain

13 +l4 + /11].2 > 0. (Cll)

— /2 — /A
4.a= [ b=\ fhe

Under this assumption the scalar potential (C4)
reduces to

Vi = g0+ A4(d* + €*) — (Redsf —Imisg), (C12)

where one defines

3 A As
Ao ==4¢+ 4 A A C13
a26+3\//1—ﬂ,2+7ﬂ+812 ( )
From Eq. (C3) one has
ks
c? _d2+e2’ (C14)
leading to
P+q
Va>2, e 2+/14(d2+e )—(Redsf—Imig,g).  (C15)

The right-handed side (rhs) of Eq. (C15) can now be
rewritten as

ReA Imis )\ 2
rhs—(f— eS) +<g+c—5>
1 1

1
—7((Re/15)2+(1m/15)2)+/14(J2+e2), (C16)
1
where
Aa
%

Choosing an additional direction in the field space, f =

and g = Tf5 we can derive the following condition,
1 (Reds)? + (ImAs)?
_Z( els) j( S 1 >0, (C18)

Finally, let us rewrite the rhs of Eq. (C15) in yet another
way,

ths = <%— Ag(d® + e2)>2

—+ 2\/ C2/14 - (Re/15f - Im/15g), (Clg)

where
=22+ A=Ay (C20)

Analyzing the quartic potential along the direction
V2 = \4(d® + f?), we obtain
V4 > (427 — (Rels)* 4+ RedsImis) f2

+ (427 — (ImAs)? + RedsImis)g*,  (C21)

leading straightforwardly to the last two conditions,

4].[2) — (Reﬁs)z + Reﬂslm/% >0

4)% — (ImﬂS)z + ReﬂSImAS > 0. (C22)
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APPENDIX D: RENORMALIZATION GROUP EQUATIONS

In this Appendix, we collect the one-loop RGEs of our model computed with SARAH [73,74]. We denote

= = (1)
1034’
(1) = 1
181 (gl) - 15

9, 27¢% 9¢% 9
—Z A — 9622 1222 1243 + 423 + 225 + 243 + 4432
591 1 921+1OO+ 1 +109192+ + + + + 4A3 /4
+ 124, (y43)* + 124 [()’24)2 + (44) ] - 12(y5)* - 12[()’12’4)2 + (y§’4)2]2

+ 44 [(ylf4)2 + (%4)2 + (yl§4)2] - 4[()’74)2 + (%4)2 + ()’54)2]2

pY) =

9 2744 9g8 9
P() = —5 G — 93 + W%l L%, TSRG + 128 + 48 + 28 + 2 + ksl

+ 12 (y5)* + 122 [(v1)* + (75)* + (v9)*] = 12(v5)* = 12[(3{)* + (v44)* + (v4y)*]?
+4h(v53)7 + 40 [(050)7 + (v52)7] —4005)* = 4[(050)° + (05)*)°
+ 40 [(6,)? 4+ (05,)% + (64,)7] — 4[(x1,)? + (x5,)* + (x44)]?

2791 992

9 9
A (23) = —gg% —9¢313 NET R 109192 + 423 + 223 + 22 4 6443 + 643 + 20424

+ 20044 + 24725 + 643(yH)* + 645 [()’14) + (v4y)* + (y§i4)2] + 23 [(y§4)2 + (Y§4)2]
+223(y53)7 4 643(vi3)* + 643 [(¥54)7 + (v54)7] + 245 [(x44)* + (5,)* + (x4,)°]
- 4[)‘743711/4 + X554 + x§4y§4]2 + 243 [(ylf4)2 + (y‘2’4)2 + (yl§4)2]

9 9
P (1) = — s Py — 99304 — S GG+ 4253 = 22+ 22024 + 22504 + 8344 + 624 (¥5)* + 644 (v%;)?

+ 624 [(V45)% + (V43)%] — 12(v43) 2 (vliz)* — 12[y44y% + yaayia]* + 644 [(08)* + (v44)* + (v4y)?]
+ 224(¥53)* + 244 [(y§4)2 + ()’§4)2] - 4[)’54)’54 + y§4y§4]2 + 244 [(xlfzt)z + (x5)% + (x§4)2]
A0 x5y X5+ 224 () + (050)7 + (05)7]

9 9
BV (4s) = /15{—%9% - Zg% A3 = da A + 207 + 225 + 6(x$)? + 3[(x%)? + (xi3)?]

+ % (vh3)? +% [(84)% 4 (v40)7] +3[(x)* + (x43)*] + ; (v$)? +% [0 + (v54)* + (¥54)?]
20k (3502 4 (65 )7) 5 050 + 5 (0502 0507] + 5 (o102 + (35002 + (50)7)
+3 (012 + 0307 + 057
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BV (Ae) = 222 + 1022 + 443 + 423 + 2426(x$)> — 24(x9)* + 1226 [(x%)? + (x%3)?]
- 12[(7‘32)2 + (XZ3)2]2 + 1246 [(xffz)z + (x§3)2] - 12[(3‘312)2 + (x313)2]2
+ 86(x5,)? — 8(xy)* + 446 [(&612)2 + (x§3)2] - 4[(3522)2 + (xj3)2]2 (D10)
9 9
- Py — 3 B+ 222 + 423 + 6210 + 4dhy + AAslg + 2048
— 12(x%,)2 (4% + 1247 (x5)? + 647 [(x5)> + (xi3)?] — 12(xl53)2(v3)? + 647 (33)?
+ 647 [()’34)2 + ()’gat)z] + 647 [(xffz)z + (xffS)Z] + 4)“7(36%4)2 - 4@%4)2()’%4)2
+24 [(xftz)z + (xfu)z] + 24 [(ylf4)2 + (v54)* + ()’13/4)2] (D11)

ﬂ<1)(/17) =

2
10

+ 6/18[()(%2)2 + (xﬁf3)2] + 643 [(xffz)z + (x§f3)2] — 12(x$5)?(v45)? + 645(y;)* + 645 [()”114)2 + (¥5)* + (Y§14)2]
+ 4/18(x§4)2 - 4(x’§4)2(y§4)2 - 4(xl§4)2(x§4)2 + 243 [(xfiz)z + (x§3)2] - 4(’523)2()’23)2 + 238()’23)2
+ 225 [(55)7 + (54)] + 24 (814> + (25,)> + (x5,)?]

9
A (2g) = s — 3 Bhg + 202 + 423 + 43y + 20407 + 6ldg + dghs — 12(34,)2 (x)? + 1225(xF,)?

(D12)

1 9 1 1
PUOG) = =790 — 7985 = 89V + Vi [(a) + ()% + (50)%] 45 (385)2%s + 505 0%)°

9
+ 395 [010)7 + 05 + 05)2] +35[05)° + 05)°] +360%)° +50%)° (D13)

1 9
PUG) = = 79001 =791 = 8031y + ya [(¥0)° + (5,) + (65,)]

9
+ 230 (0907 + 0527 + 0% + 005 + 0527 + 310%) + 31 05)° (D14)

| 9
PUOG8) = = 79155 =7 9380 — 803%, + 354 [(¥1)° + (x5,)? + (4,)°]

9 1
+ 5554 [(10)? + (752)7 + (5] + 554 [(50)7 + (5)°] + 335, (5,)?

1
+ 3554 05)° + 5 (V)" + 53555005 (D15)

1 9 1
PUO%) = =5 91 = 3 93 = 8034 + ¥4 [(W0)* + (8% + (85 7] + 5 (0504,

9 1
+ 20501 + 0% + 0] + 2988t + 50507 + %))

1
+ Eyg4(yl3t4>2 + 394, (v5)* + ¥4 (v5:)* (D16)

17 9 1
B () = —%g%yﬁs — 295V = 893V + 5 (M) + v (0% + (052)* + (054)7]

1 9
+ 3y [()7 + (4)%] +5 0%y + 5 (0)° (D17)

17 9 1
Y (y4) = — 0915 — 79595 — B3, + Y54 [(010) + (052 + (042)°] +5 055

1 9
+ 5)’%4)’314)’?4 + 5)’34 [()’34)2 + (y§’4)2] + 35, (viz)? (D18)
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17 9 1
PU(O) = =55 0004 = 79545 — BV + 5 (W54 + ¥4 [040)7 + (050 + 0%
1 9 1
VY T 5 [(75)* + (v)?] + 5 (52)%5 + 35, v4)?
BV (x) 92 X, — 8g3xg, 4+ 2(xy)2xg, + 6(x3Q4)2xf{2 + x4, (x5,) 4 3x4, [(x22)2 + (XZ3)2]

+ 4x42 [(x$)* + (x3)?] + xr(x53)°

B (xdy) = 92x43 8g3xds + 2(x%y)xd; + 6(x34) Xy + 4xd [(xffz)z + (xf‘g)z} + (x) x5

+ 3x4; [(x42)2 + (’%)2] + x4 (x43)* + x5 (05)°

1 9
pI(x5) = —Eg%x_% - §Q%X3Q4 — 8g3x%; + 2(x§y)%xS, + 3x5, [(x2)* +x43)°] + X9 (%5,)?

1 1
+ 3)‘3Q4 [(%)2 + (XZ3)2] + x3Q4(x§3)2 + §X3Q4(Y§14)2 + 5)‘3%()’?4)2 + 7()C3Q4)3
8
ﬂ(l)(xffz) = —EQ%XZZ - Sggxffz + 2()6%4)2)‘22 + 6(x3Q4)2x§{2 + 3xi [(ng)z + (xf3)2]

+ xlfy (x45)? 4 xlfy (x53)* + 4l [(xffz)z + (xff3)2]

8
- gg%xfb - 89%"51{3 + 2(3‘%4)2’5113 + 6(X3Q4)2XZ3 + 3x43 [(ng)z + (943)2]

+ (xiz)%% + 4xis [(xffz)z + (x'13)2] + (x§3)2xf{3 +xj3 ()’23)2

ﬂ(l)(xh) =
(1)(6)2_2 2., _2 2., + e[(xy )2+(xy )2+(xv )2]_§xvxu e _é(xv )26
Vo4 491)’24 492)’z4 Vo4 [\ X4 24 34 5124 34Y34 5 Y24 Y24
1 5
+5054050)7 395 [01)7 + 0507 + (052 + 355 [05)° + 05)°]

1
+ 35, (v53)* + ¥54 (v53)* + 5%4)’54)’%4

9 3 3
~ G554+ V54 [(xlf4)2 + (x5,)* + (x§4)2] - §x§4x§4y§4 ) (X54)2¥%4

9
B(ys,) = —Zg%yéi; -2

1 1 5
+ §x§4x3Q4y§4 +3¥5 [(y(li4>2 + (yg4>2 + (yg4)2] + 5)’54)’54)’54 + EJ’§4 [()’54)2 + (y§4)2]

1
+ 5)’34()’54)2 + 35, (v53) + ¥4 (v53)*

—_—

9 9
B (vs3) = —Zg%yfm - Zg%ny 5 ()2 + (650)% + (659)7] 5 (x53)%05 + 585 [054)7 + (v54)%]

NS}

5
+ 3955 [0%)* + (V%) + (0%)?] +300%) 24 +5 (v5)°

2
9 9 1 1 1
M) (Vy) = - 2_09%)’74 - ZQ%)"sz + Ex’f4x‘2’4y’2’4 + Exlf4xl§4yl§4 + ) (x’l’4)2y74

5
+ 2080 + 050 + 0%)%] + 395 [ (057 + 04)%] + 39440 )?
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