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Revisiting vectorlike quark models with enhanced top Yukawa coupling

Michio Hashimoto

Chubu University, 1200 Matsumoto-cho, Kasugai-shi, Aichi 487-8501, Japan
(Received 18 April 2017; published 23 August 2017)

We revisit a scenario with an enhanced top Yukawa coupling in vectorlike quark (VLQ) models, where
the top Yukawa coupling is larger than the standard model value and the lightest VLQ has a negative
Yukawa coupling. We find that the parameter space satisfying the LHC bounds of the Higgs signal

strengths consistently with the precision measurements is rather wide. Because the Lagrangian parameters
of the Yukawa couplings are large, such scenario can be realized in some strongly interacting theories. It
also turns out that there is a noticeable relation between the contributions of the triangle and box diagrams

in the gg — hh process by using the lowest order of the 1/M expansion where M is the heavy mass running

in the loops.
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I. INTRODUCTION

The LHC experiments have discovered a Higgs boson
and revealed that its properties are similar to that of the
standard model (SM) [1]. It is thus essential to explore
any signatures of physics beyond the SM (BSM). One of
the hint is that the observed signal strength of pp — fth
channel is deviated from the SM value about twice, u,;;, =
2.3%07 for the Run 1 combined data [1], y,,, = 1.8707 for
the ATLAS Run 2 [2], and ,,;, = 1.573 for the CMS Run
2 in the multilepton final states' [6], although the uncer-
tainties are still large.

These experiments provide a reason for considering
models based on strongly interacting theories. In this
direction,’ widely studied are vectorlike quark (VLQ)
models [9-19], the minimal composite Higgs models
(MCHMs) [20,21], and the Little Higgs models [22,23].
We easily find, however, the top Yukawa coupling is
always suppressed in the VLQ model having only one
up-type quark [13]. For example, introducing the VLQ
U, r having +2/3 electric charge as in the top-seesaw
model [24], the top Yukawa coupling is modified as ¢7 g2/,
where ¢; = cos@; represents the cosine of the mixing
angle between #; and U;, and we defined the SM top
Yukawa coupling by gisll;f = m,/v with m, and v being the
top mass and the vacuum expectation value (VEV) of the
Higgs field, respectively. It is the case’ for the MCHM:s

'A combined result of the CMS Run 2 has not yet been reported.
For other decay channels, y,,, = 1.91:1;3 in the & — yy decay
channel [3], y,, = —0.19f8_’§? in the h — bb decay channel [4],
and p,;, = 0.007)00 in the h — ZZ — 4¢ channel [5].

2Although the top condensate model [7] and the chiral fourth
generation [8] directly predict large Yukawa couplings, they had
been severely constrained.

3Quite recently, it is shown that the MCHMs with the fermions
of the 5+ 10 or 14 representations can have the enhanced or
suppressed 7th coupling [25].
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such as MCHM4, MCHMS5, and MCHMI10 where the
fermions are embedded in the spinorial, 5, and 10 repre-
sentations of SO(5), respectively [26,27]. Nevertheless
one should not jump to a conclusion: A simple model is
effective for a benchmark, but it might be misguided if
simplified too much.

In this paper, we reconsider a scenario that the top
Yukawa coupling is larger than the SM value by O(10%),
and the lightest VLQ with the mass around 1 TeV has a
negative Yukawa coupling of the order of —m,/v, intro-
ducing more than one up-type VLQ [16,17,28]. In our
scenario, owing to the cancellation among the Yukawa
couplings, the Higgs signal strengths can be consistent
with the experiments. A similar analysis4 was performed in
Ref. [17]. Although the allowed region looked narrow in
Ref. [17], we find that our scenario is possible in a rather
wide parameter space.

We numerically show that our scenario is realized,
roughly speaking, when the Lagrangian parameters y;; of
the Yukawa interactions are large, say, |y;;| 2 2. This may
suggest the existence of the underlying strongly interacting
models where the dynamically generated Yukawa couplings
are typically around 3 ~5 [24]. As for the di-Higgs
production process gg — hh [32-39], we find a noticeable
relation between the contributions of the triangle and the box
diagrams in the lowest order of the 1/M expansion, where M
is the relevant heavy mass running in the loops. The di-Higgs
production process may give information on the off-diagonal
Yukawa couplings.

The paper is organized as follows: In Sec. II, we introduce
the VLQ model. In Sec. III, we first describe the existence
proof of our scenario in an analytical approach, and next
show a numerical calculation. Section IV is devoted to

“In the framework of the two Higgs doublet model, the
cancellation mechanism via the light stop was considered in
Ref. [29,30]. See also Ref. [31].
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summary. In Appendix A, the oblique parameters [40] in our
model are presented. Analytical expressions of the triangle
and the box contributions to the gg — hh process in the
lowest order of the 1/M expansion are given in Appendix B.

II. VECTORLIKE QUARK MODEL

Let us introduce two types of the VLQ’s Upr and
Qp r = (X.T), g, having the hypercharges % and 7, respec-
tively. (See also Table I.) Because of no mixing between the
bottom quark and VLQ’s, the flavor constraints such as
Z — bb, etc. can be suppressed in this model. Assuming
one Higgs doublet model, the mass terms and the Yukawa
interactions are

Ly ==y134,HUg =y QO  Htg — y30, HUp
—yU H Qg + (H.c.), (1)
Lyp = =m0 Qg —my3 U Ug —my Uptg + (Hee.),

(2)

with ¢, = (t.b),, and H = ir,H*. The SM term of
y“EILI:ItR was rotated away via the fp—Up mixing like
in the top seesaw model [24], while m53; is removed in
literature [16,17]. We here abbreviated the SM part such as
the light quark sector, gauge kinetic terms, etc.

After the electroweak symmetry breaking (EWSB), the
mass matrix is then

g
Ly = _(iLTLUL)M Tx
Ur

—mypX; X (3)

with (H) = (0,)7, v = 246 GeV, and

v
M=—Y
\/_
0 0 0
0 +| o 0
7= my; >
\/’
0 V32 ms3) 0 ms3
(4)
TABLE I. Charge assignment of the VLQ model.
SU(3). SUQ2)y U(l)y
q. = (t,b), 3 2 3
IR 3 1 %
bg 3 1 —%
Orr=X.T)pr 3 2 %
Urr 3 1 %
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where the mass of the X quark with +5/3 electric charge
is not affected by the EWSB, i.e., My = m,,. We diago-
nalize M by

Mdiag = V;[MVR, Mdiag = diag(ml, my, m3), (5)

with 0 < my < my S ms, and

/
LR IL R

!
Trr | =Vigr| Tor |- (6)
Urr LR

where (¢,T,U); p and (', T',U’); p represent the gauge
and mass eigenstates, respectively. Each up-type quark
mass is identified by m, = m, My = m,, and My = mj.
The Yukawa coupling matrix G” in the mass eigenstates is
given by

IR
Ly =~h@ T, U)G"| Ty |, (7)
Uk
with
PR

V2

III. ANALYTICAL AND NUMERICAL STUDIES
A. Analytical study with crude approximation

We schematically show our scenario having G?l >m,/v
and G’z’2 < 0 is possible in an analytical approach. For this
purpose, we employ a crude approximation in this sub-
section. A numerical study without such approximation
will be shown in the next subsection.

Let us take the mass matrix as a symmetric one,

0 0 ¢
M=Mx[0 1 ¢, 9)
e & a

where we scaled the mass matrix by My = my,. For the
perturbation theory, the parameters arising from the Yukawa
couplings should not be so large, i.e., €2, & < 1. We also
assume a > 1. We diagonalize M by the matrices of

Ve = (0,0r7y),

Ve=(-

- > -

UI’UTUU) = VLdlag(—l, 1, 1), (10)

where the first, the second and the third components (v,;, V7
and vy3) of v,, vy and vy, are order of unity,
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(1 = (2
v=5Y =00).,  wvp=iP =0),
~(3
v =75 = O(1), (11)

respectively, and then obtain the mass eigenvalues,

2
M M
ﬂ5/11:(’) € , —TE/12<1, —UE/13>a.
MX a MX MX

In general, by taking the trace and the determinant, we find

(12)

—/11+/12+/13:1+a, /11/1213:62,
—G?1+G}%T+G;(lju =0, (13)
where we defined the diagonal components of the Yukawa

couplings in the mass basis as G¥, 5, 33 = G 11y More
explicitly, the Yukawa couplings of G, and G2, are given by

2
m, vy
G?, = 7 |:1 + (1—1—7[11)62{(0/11 - 62)(2 + /11) +ﬂ%}:| ,
(14)
M 1-1 -2
SRR (L TTEE P
v 3
(15)
and the situation of GJ. > m,/v is realized when
144
&> = (a - ). (16)
with
4 2
p ¢ (17)

0=2a—€2+\/(Za—€2)2+8€2(1+a)‘

An analytic solution is frequently useful. Let us take
E= £Va+ e, for example. In this case, we find that the
eigenvalues are

2
h=S h=1-8  =a+S+8  (18)
a a

2¢?

ala—1)+ e+ +/{ala—1) + &} + 4aé?

Y
[3S}
Il
—_
=
o
~—

and the corresponding eigenvectors are
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2136%
: R
2 N
171‘ = vtl a (1+€2 ’ UT = UTZ 1 )
Ta =Dy are
e(1-6%)
77U = eV ate? s (20)
a(A3—1)
1
with
2 262)
RN (a+ 21
v a*(a+¢e*)’ (21)
5*(a® + €*23)
-1 _ 3
Urp = \/1 + W, (22)

€2 a+ e

The following relations might be useful:

2
(1= (I3 =1) =8I —1) =2, ly=1(1-5)=a.
a

(24)

Substituting the above results for Egs. (13)—(15), we
explicitly obtain

m ae? m
Gh =111 >t 25
S { +a3+a(a+1)62+2€4] v (25)

M ad* + €
G’}T:—UX(SZ<2— e >v%2<0, (26)

G?/U =Gl - G}TIT' (27)
In this way, our scenario can be realized in the frame-

work of the VLQ model. The parameter space should be
constrained by the S and T-parameters, however.

B. Numerical study without approximation

Without assuming the symmetric mass matrix (9), we now
calculate numerically the signal strengths in our model:

(GggF + GttH)BrVV 2

vv — ,VV _
pr' =p - = Ky (28)
d gl (o oF T Our)smBrSy 7
(‘7 r+ O'th)Bryy
R =K. (29

77
Cgor + Ourr)smBTsy
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where VV = WW and ZZ, and the scaling factors «,, , are
defined by

K Ai(x,) + 375 krAs(xr) + 375 kpAi(xy)

0 Ay(x,) '

(30)

Ay (xw) +3 (A (x,) + 37 krAL(xr) + i kuAi(xy))

K, = ’
4 Ay (w) +5AL(x,)
(31)
m
G?I/gzzh ’ gtstl\f{[ = Tt (32)
kr = Gl /M, ku = Ghy/ g (33)

with x; = m3 /(4m?). The loop functions for spin 1 and 1/2
are represented by A;(x) and A, /,(x), respectively [41,42],

A = =5[22 4 30+ 30x- D] (34)
A0 = S+ (= D), (35)
with
arcsin?y/x for x<1,
flx) = [m LI m} 2 tor x> 1 OO

In our model, the scaling factor «y, of the AWW and hZZ
couplings is SM-like, x,; = 1. Since we do not change the
down quark and lepton sectors, the scaling factors of the
bottom and tau are also x;, =k, = 1.

By using the results of the LHC Run 1 via the
six-parameter fit shown in Ref. [1],

Hy/up = 1. 09+8;§v (37)

uif = 110153, (38)

uit = 1277530, (39)

up™ = 1.06777%, (40)

= 105103, (@)

i = 0.64103. @)

we read the 2¢ constraints as

0.79 < uyV < 1.48, 0.68 < pff < 1.56, (43)
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because of uf" = %% =}V in our model. On the other

hand, the best fit values of (o - B)gQZF, oypr/0,r and
B /B*% yield pZZ. = 142303 and uf. = 0.67703 in
the ATLAS Run 2 [43]. The signal strengths in the CMS
Run 2 are p?Z. = 120077 [5] and uf . = 0775333 [3].
One should keep in mind that both of the Run 2 results for
pyyr are much smaller than that of the LHC Run 1.

The parameter space of the mass matrix (4) is con-
strained by the precision measurements [40]. Especially,
owing to the mixing among ¢, 7, and U, the T-parameter
is potentially large. We explicitly show the expression of
the S and 7-parameters in our model in Appendix A [9,10].
Fixing U = 0, we impose the constraints [44],

AS =007+008, AT =0.10+0.07, (44)

where m, = 173.3 GeV, m,
125.1 GeV [44].

We now describe the numerical results. In the following
analysis, we take the Higgs mass, the pole mass of the top,
the MS mass of the bottom, and the CKM matrix element
for t and b as my, = 125.1 GeV, mP*® =173.2 GeV,

m¥S =42 GeV, and |V,,| = 0.95, respectively. The rela-
tlon my = m, must hold. Although strong couplings are
acceptable in our scenario, we may impose |y;;| <5 for
the Lagrangian parameters in Eq. (4). Even in this case,
there is still wide parameter space, as we will see below.
Considering the lower mass bound for the T quark [45], we
fix My = 1.2 TeV and take the mass range for the heavier
VLQ to 1.5 < My <3.5 TeV.

The signal strengths of uy” and ulf are depicted in
Figs. 1 and 2. For the red points, the S, T constraints and the
20 bounds (43) of the Higgs signal strengths are satisfied,
while the green points are outside of the 26 bounds (43).
For the blue points in Figs. 1 and 2, G! > gnh and
Gl; > 0. We did not plot the data with G < g™ in
our model, although they exist. We also show the results
for MCHM4 and MCHMS, where the scaling parameters
are ky=+/1-¢ for both and x;=+/1-¢ and k; =
(1 =2¢)/4/1 —¢& for MCHM4 and MCHMS, respectively,
with £ =2?/f? and f being the typical scale of the
MCHMs [25-27,46,47]. The 20 constraint of the top
Yukawa coupling from the Run 1 combined data [1],
which reads 1.05 < «x, < 1.92, is also shown in Figs. 1
and 2 with the proviso that the Run 2 data do not restrict the
top Yukawa so much yet, within the 26 bounds, 0.63 <
k; < 1.79 (ATLAS Run2 [2]) and 0.71 < k, < 1.58 (CMS
Run2 [6]). In passing, we comment that there is a parameter
space inside of the 2¢ bounds (43), even if we take
My = 2.0 TeV. Although the window is closed at My =
2.4 TeV under the condition |y;;| < 5, the parameter space
still exists even for My = 3.0 TeV, if we allow |y;;| > 5.

=42 GeV, and my, =
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1.6
1.5
1.4
1.3
1.2
1.1

A
ugg F+ttH

1

0.9
0.8
0.7
0.8 0.9 1 1.1 1.2 1.3 1.4
Gh/ggn

FIG. 1.y Vs Gli/ gy We fixed My = 1.2 TeV and took
the mass range, 1.5 <M <3.5 TeV. The upper and lower
shaded regions are outside of the 2o constraints (43). The red
points are inside of the 2¢ constraints of the LHC Run 1. The
green points satisfy only the conditions of G%/g>M > 1 and
G’T‘T < 0, and the S, T-constraints, while in the blue ones,
Gi/gM > 1 and Gl > 0. We do not show the results with

Gl /g) < 1 in our model, although they exist. We also show the
results for MCHM4 and MCHMS.

In our scenario, we require GJ; > >} and G, < 0 in
order for the Higgs signal strengths to be consistent with
the experiments. For this cancellation mechanism among
the diagonal Yukawa couplings in the gluon fusion process,
we show the normalized Yukawa couplings of x7, =

Ghruu/gint vs k, = Gl /gih! in Fig. 3. At the red points,

1.6
1.4

1.2

HggF+ttH

w

0.8 09 1 1.1 1.2 1.3 1.4 1.5 1.6
h, .SM
Gi/Giin

FIG.2. 'y vs Gli/ gy We fixed My = 1.2 TeV and took
the mass range, 1.5 <M <3.5 TeV. The upper and lower
shaded regions are outside of the 2o constraints (43). The red
points are inside of the 2¢ constraints of the LHC Run 1. The
green points satisfy only the conditions of G%/g> > 1 and
G’TZT < 0, and the S, T-constraints, while in the blue ones,
Gli/gM > 1 and Gl > 0. We do not show the results with
Gl /g) < 1 in our model, although they exist. We also show the

results for MCHM4 and MCHMS.
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the conditions of G, > ¢>)! and G%; <0, the 26 con-
straints (43), and the S, T-constraints (44) are satisfied.
On the other hand, the green points are outside of the 2¢
constraints (43). We find that the cancellation mechanism
works up to k;, < 1.4

The Lagrangian parameters are important for the model-
building. We depict them in Fig. 4. The entry of y,; can be
either positive or negative. The vanishing y,; is also
possible. This is consistent with the analytical approach
in the previous subsection. Although y,; barely takes
negative or small positive values, y;; except for y,, are
positive and large, say, y;; 2 2, in the wide parameter
space. Thus the VLQ model discussed here might be
provided from some underlying theories based on strongly
interacting systems.

In the end of this subsection, we comment on the di-
Higgs production via the gluon fusion. The off-diagonal
Yukawa couplings can be extracted from the decay chan-
nels such as T — th. Also, they contribute to the box
diagram of the di-Higgs production, so that the gg — hh
process may give us further information on the model

h , SM
MyMr GT1/Gtth

0.32
03 r
0.28 -
0.26 |
0.24
0.22
0.2
0.18 -
0.16 -
0.14
0.12

01 L L L L
1 1.1 1.2 1.3 1.4 1.5

h, SM
Gi/Gttn

h , SM
M¢/My Gyu/9in

FIG. 3. The diagonal components of the physical Yukawa
couplings. The red points are inside of the 2¢ constraints (43),
while the green points satisfy only the conditions of G /g5 > 1
and G}, < 0, and the S, T-constraints.
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1

Yo1

Y32

FIG. 4. The Lagrangian parameters of the Yukawa couplings in
Eq. (4). The red points are inside of the 26 constraints (43), while
the green points satisfy only the conditions of G/ gt};l’[ > 1 and
Gl <0, and the S, T-constraints.

parameters. In the lowest order of the 1/M expansion
(LET), the triangle and box contributions normalized by
the SM values are [32-34,36-38]

Aggn
Rtg—»h Agg i Tr(Gthlag) (45)
g—)
Abox W
RO = Agﬁ box = v"Tr(G" M5, G" Mgy,),  (46)
99—

respectively. Note that R™
A(xr) = Ai(xy) = Ai(0) =
depicted in Fig. 5. Also, we can analytically obtain the
expressions of R‘“_,h and R® sonn 10 the general case (4) as

gg_,h ~ kg, because of A%(x,) =

=4/3. The numerical result is

RS, =3~2b,,

RO =3 —6by, +4b2, = (R

gg—hh — 3<Rgg—’h 1)

(47)

gg—»h)
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1.2 : : , . . . .

08 1 1 ; 1 1 1 1
0.85 09 0.95 1 105 11 115 12 125

R

gg —> h

FIG. 5. Rtrl _n Vs R'(’?f,hh The red points are inside of the 2o
constraints (43) The blue curve corresponds to the analytical

relation, R%* = (R —3(R%_, — 1), shown in Eq. (47).

g99—hh — gg—>h) 99—h

where b,, denotes the (2,2) element of the dimensionless
mass matrix inverse My M™!. See also Appendix B. This
analytic result is shown as the blue curve in Fig. 5. Under
the symmetric mass matrix assumption (9) in the previous

subsection, we find R _ = RPox » = lowing to by, = 1.

gg—h — “tgg—h

It then turns out that the box contribution R'g’gihh is
decreasing with respect to the increasing triangle contri-
bution Rm_> , under the 26 constraints (43). Since the box is
destructive in gg — hh, it means that the di-Higgs pro-
duction is either much enhanced or suppressed. In Fig. 6,
we show the ratio oy gr/oP¥; of the total cross section of
the Higgs pair production through gg in pp collisions
normalized by the SM one under the LET approximation
[32-34,36-38]. We took the LHC center of mass energy as
\/s = 14 TeV and used the CT14 LO PDF set [48]. The

SM

O ET/OLET

085 09 095 1 105 11 115 12 1.25

Rtri
gg —h

FIG. 6. The ratio oy gr/ophy of the total pp — hh cross section

at /s = 14 TeV normalized by the SM value under the LET

approximation. We used the CT14 LO PDF set [48] and took the

renormalization and factorization scales equal to the invariant

mass of the Higgs pair, u = Q = M, = V/3.
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renormalization scale (x) and the factorization scale (Q)
are chosen equal to the invariant mass (M, = v/3) of the
Higgs pair, 4 = Q = M. We find that the ratio can be
increasing/decreasing about 40%, depending on the values
of Rt dg—h X Ky This might be striking, although one should

take notice 0f inaccuracy of the LET approximation. A
detailed analysis will be performed elsewhere.

IV. SUMMARY AND DISCUSSIONS

We revisited the scenario with the enhanced top Yukawa
coupling in the framework of the VLQ model. We found
that the scenario can be realized in the rather wide
parameter space. Since the Lagrangian parameters of the
Yukawa couplings except for y,; are positive and large,
such VLQ model can be obtained from some underlying
strong dynamics. We also calculated the ratios of the
triangle and box diagrams to the SM values in the
|

2

— Nc :
 167s3,c3,

k=1

Z(|L1k|29+(yk’y}7) + (|Lok? + [Rot*)0.4 (vxs yi) + 2Re(LoR3, )0 (vx» vi))

PHYSICAL REVIEW D 96, 035020 (2017)

gg — hh process and found the noticeable relation. The
detailed studies will be done in the future.
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APPENDIX A: S, T-PARAMETERS
IN THE VLQ MODEL

The parameter space of the VLQ models is severely
restricted by the oblique corrections [40]. In particular, the
T-parameter is essential. In our model, it reads [9,10],

1
—§9+(yh,)’b)

3
1
=0, (yx. yx) = 0-(yx. yx) = Z{E((|le|2 = [Lok[*)? + [Rax )0 (yr. i) = (ILui* = |L2k|2)|R2k|29—(yk’Yk>}
k=1

‘Z{

i#]

where N, =3, and we defined sy =sinfy and cy =
cos Oy with 0y, being the weak mixing angle, and also

2 ml% 2
:—I, =—, = N A2
Yi m% Vb m% Yx % ( )
2yiy; oy
0, (vioy;)) =yi+yj———>log=*
e l ! Yi—Yj Yj
yit+y;
—2(y;logy; + y;logy;) + LA, (A3)
and

+yi. v A
1 g——2+log(y;y; ——>,

0_(yi.y;) = 2\/yl_y,<
(A4)

with A being the divergent term in the dimensional
regularization. The mass eigenvalues of the up-type
quarks are m; = m;, m, = My, and my = M. The rota-
tion matrices are defined by

LiiLy, — Loy + [R3iRoy )0 (3103,) — Re(LisLy, — LisLoy)RoiR3,)0_(:. y,~>}] ,

(A1)
|
L Lyy Ly Ly 1,
Ty | =Ly Ly Lxn T |-
UL L3y Lz L U
IR Ry Rix Ry R
Tp | =| R Rxn Rx Tk |, (AS)
Ug R31 Rz Rss Uk

where (¢, T,U);  and (¢, 1, U'), p are the gauge and mass
eigenstates, respectively.

We have left the divergent term A for checking of the
calculations [10]. By using the unitarity and the mass
relations

My = My, = (V diag(my, my, m3) Vi)

= m Ly R5 + myLynR5 + m3Ly3Rys, (A6)
and also
0= M,y = (V diag(my, my, m3)Vh) 1,
= myLy Ry + myLpR5, + m3L3R5;, (A7)
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we can confirm that the divergent term A is exactly
canceled out, as it must be.
The deviation from the SM is given by

with
N. m2m2 m?
Toyg =—S |m? 2 _n "D Joo—L|.
M7 16rs2,c2ym’ I m? — ms gmi
(A9)

Throughout the paper, we take the 1o constraint, AT =
0.10 + 0.07 [44].

The S-parameter constraint is not so severe, compared
with the T-parameter. The expression for the S-parameter in
our model is as follows [9]:

N,

3
S:2_7; [Z(|L1k|2‘l/+()’k,)’b) + (|L2k|2 + |R2k|2)w+(yX7yk)
k=1

+2Re(Ly Ry )y - (yx- k)

1
- Sy L Lo R R P 1)
i#j

_Re((LTiLlj _L;iL2j)R2iR§j))(— ()’i,)’j) }] ) (A10)
where we defined
1 1 V;
)==-——-log— All
vy =33 ogy (A11)
yit+y;
v_(yiyj)=— , Al2
i) = =g = (A12)
2 Gny) = 5(y; +7) = 22y:y;
ey 9(y; = ¥;)?
3y;v:(yi +y;) — 13_ 3 .
N yiy;(vi +y;) KTV 0e Y (A1)
3()’1’ —)’j>* Vi
and
ity yi+y;
x-(viyj) = —\/yiy( -
! ! 6y;y; (i —Yj)2
2J’i)’j yi>
+ ———=log—|. (A14)
(yi - )’j)3 Y
Note that v (y;. y;) = x-(yi, yi) = 0.
The deviation from the SM is given by
AS =S — Ssum, (A15)
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with
S = Ne [L_ Lo ™ (A16)
=—|-—-=log—|.
MT27 379 %2

Throughout the paper, we take the 1o constraint, AS =
0.07 £0.08 [44].

APPENDIX B: ANALYTICAL EXPRESSION

OF RU | AND R>x

For the general mass matrix (4) in our model, we define
the dimensionless matrices as follows:

| 0 0 aps

M = M—XM = (2531 1 ans N
as dsx  as

0 0 ags

v="L "'y 0 (B1)
=——Y=|a a ,
\/ZMX 21 23
0 asy 0

where we scaled by My = m,,. We assume a;3 # 0 for
getting m; # 0. We then read Eqgs. (45) and (46) as

RU  —tu(YM™), R, =u(YM'YM™).

99— 99—h

(B2)

Let us determine the dimensionless mass matrix inverse
M. The definition of the inverse matrix, MM =
MM = diag(1, 1, 1), yields the expression for M as

byy b, by
M= by by by |, (B3)
i 0 0
and the matrix elements b;; satisfy
<a21 1 )(blz b13>_<1 0)
asy  daz byy by 0 1)’
<a21 1 )<b11>:_i<023> (B4)
as;  as by a3 \ dss

Therefore we analytically obtain b;;,

b b 1 a -1
( 12 13) _ < 32 >, (BS)
by by ap1azy — azp \ —asz; dy

and

(b“ ) . 1 < azpay; — dz; >
by, ai3(ayiaz —az) \ —az ap +ayass )
(B6)
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By using Clz]blz = a32b23 =1- b22, we find

R_E;;-»h =3 —2by, (B7)
and
RO 4y = 1+ 2(1 = byy)* = 2by(1 = byy)
= 3= 6byy + 4b%,. (BS)

PHYSICAL REVIEW D 96, 035020 (2017)

Eliminating b,, from the above equations, we obtain
Eq. (47),

RS;’ihh = (Rg;_,h)z - 3<qur‘(i]—>h - 1)'

(B9)

When a,; =0 as in Sec. Il A, we immediately find

by, = 1 and thereby obtain R" R®

— 0X —
gg—h — “Ygg—ohh — L.
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