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We propose spontaneous CP violation in the simplest little Higgs model. In this model, the pseudoscalar
field can acquire a nonzero vacuum expectation value. This leads to a mixing between the two scalars with
different CP charge, which means that spontaneous CP violation occurs. It is also a connection between the
composite Higgs mechanism and CP violation. Facing the experimental constraints, the model is still
viable for both scenarios in which the extra scalar appears below or around the electroweak scale. We also
discuss the future collider tests of CP violation in the scalar sector through measuring 4,ZZ and h;h,Z'
vertices (see the definitions of the particles in the text), which provide new motivations for future e™e~ and
pp colliders. This also shows the importance of the vector-vector-scalar- and vector-scalar-scalar-type
vertices in discovering CP-violation effects in the scalar sector.
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I. INTRODUCTION

The discovery of a 125 GeV Higgs boson [1,2] by the
ATLAS and CMS collaborations [3] in 2012 implies the
success of the standard model (SM) because the measured
signal strengths are consistent with those predicted by the
SM [4,5]. However, the electroweak symmetry-breaking
(EWSB) mechanism is an important topic and research into
physics beyond the SM (BSM) is still necessary and
attractive.

For example, to solve the little hierarchy problem
Arkani-Hamed et al. proposed the little Higgs (LH)
framework [6] in which the collective symmetry-breaking
(CSB) mechanism [6] is used to forbid the quadratic
divergences in the Higgs potential at the one-loop level.
The LH framework contains a lot of models. All of them are
special kinds of composite Higgs models [7], and thus each
of them must contain a global symmetry which is sponta-
neously broken at a high scale f > v, where v = 246 GeV
is the vacuum expectation value (VEV) of the Higgs field.
The SM-like Higgs boson is treated as a pseudo-Nambu-
Goldstone boson corresponding to one of the broken
generators, and EWSB is generated dominantly through
quantum corrections; thus, the Higgs boson can be natu-
rally light [6,7]. Usually the gauge group is also enlarged,
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and thus there are extra gauge bosons with masses at the
O(f) scale. LH models are effective field theories below a
cutoff scale A ~4zf. Below the scale A, a LH model is
weakly coupled, but we do not know what would happen
above A. Among these models, the simplest little Higgs
(SLH) model [8-10] has a minimal extended scalar sector
in which their are only two scalars. In the SLH model, a
global symmetry [SU(3) x U(1)]? is spontaneously broken
to [SU(2) x U(1)]? at the scale f. The gauge symmetry is
enlarged to SU(3) x U(1) and spontaneously broken to the
electroweak gauge symmetry SU(2), x U(1) at the scale f
as well. And at the EW scale », the gauge symmetry is
further broken to U(1).,,, similar to the SM. If CP violation
is absent in the scalar sector, one of the scalars is the SM-
like Higgs boson (denoted as #), and the other is a
pseudoscalar.

CP violation is another important topic in both SM and
BSM physics. In 1964, CP violation was first discovered
through the K; — zz rare decay process [11]. More CP-
violation effects have been discovered in the K- and
B-meson sectors [2]. All of these measured CP-violation
effects can be successfully explained by the Kobayashi-
Maskawa (KM) mechanism [12], which was proposed by
Kobayashi and Maskawa in 1973. They showed that a
nontrivial CP phase can appear in the quark mixing matrix
[called the Cabibbo-Kobayashi-Maskawa (CKM) matrix
[12,13]] if there are three generations of fermions.
However, the success of the KM mechanism is not the
end of CP-violation studies. For example, the observed
matter-antimatter asymmetry in the Universe [2,14]
requires new sources of CP violation because the SM
itself cannot generate such a large asymmetry [15,16]. Thus
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it is attractive to study new CP-violation sources. The
scalar sector is still an unfamiliar world for us and there
may be lots of hidden new physics, including new sources
of CP violation. Thus, in this paper we focus on extra CP
violation in the scalar sector.

Theoretically, there are already many extensions of the
SM that contain new CP-violation sources. For example, if
we add more complex scalar singlets or doublets there may
be CP violation in the scalar sector [17-21], which can lead
to a CP-mixing Higgs boson.' Some of these models may
conserve CP at the Lagrangian level and CP violation can
arise only from a complex vacuum, which has been called
the spontaneous CP-violation mechanism [19]. This
mechanism was proposed by Lee in 1973 [19] as the first
kind of two-Higgs-doublet model [17]. Moreover, the
spontaneous CP-violation mechanism is also a possible
solution to the strong-CP problem [23], and it may be
connected with the lightness of the Higgs boson as well
[24]. Besides these models, spontaneous CP violation in
the scalar sector can also arise from the composite
framework. There are already two examples: one is the
next-to-minimal composite Higgs model [SO(6)/SO(5), or
equivalently SU(4)/Sp(4)] [25], and the other is the littlest
Higgs model [SU(5)/SO(5)] [26]. In these models CP
violation occurs when the pseudoscalar field acquires a
nonzero VEV. In this paper, we propose the possibility of
spontaneous CP violation in the SLH model through the
realization of the same mechanism. This model can also
appear as one of the candidates to solve the strong-CP
problem, as mentioned above. More details on this topic
will appear in a forthcoming paper [27].

Phenomenologically, we can test new CP-violation
effects directly or indirectly. Indirect effects may appear
in the electric dipole moments (EDMs) of the electron and
neutron [28], modifications in meson mixing parameters
[29], or anomalous ZZZ couplings [30], while direct effects
may be discovered in htTt~ or hif vertices through
measuring the final-state distributions [31]. If another
scalar is discovered and we denote the scalars as hj,
(h,; is the SM-like Higgs boson and £, is the extra scalar),
we can also discover CP violation in the scalar sector
through directly measuring tree-level vector-vector-scalar-
(VVS) and vector-scalar-scalar-type (VSS) vertices, such as
h,VV and Vhh, vertices,’ according to the analysis of CP
properties [24]. Based on this idea, we recently proposed a
model-independent method to measure the CP-violation

'For the 125 GeV Higgs boson, LHC measurements prefer a
CP-even one and exclude a CP-odd one above the 3¢ level
through the final distribution of h — ZZ* — 4¢ decay assuming
no CP violation in the Higgs interactions [22]. However, a CP-
mixing Higgs boson is still allowed since the contribution from a
pseudoscalar component should be loop suppressed.

Here V denotes a massive gauge boson. For the SM gauge
group, V = W or Z, while for LH gauge groups V can also denote
extra heavy gauge bosons.

effects in the scalar sector through ete™ — Z* — Zh,,
Zhy, hyhy-associated production processes at future e™e™
colliders [32]. In that research, the product of the three
vertices was used as a quantity to measure the magnitude of
CP violation [32,33]. However, in the SLH model, we
recently showed that the Zh,h, vertex is suppressed by a
factor (v/f)? [34], which means that it is difficult to test.
Thus, to test CP violation in the SLH model we can turn to
extra heavy gauge bosons for help.

As a summary, the model studied in this paper is
attractive both theoretically and phenomenologically.
This paper is organized as follows. In Sec. II we briefly
review the CP-conserving SLH model, build the SLH
model with spontaneous CP violation, and obtain the
domain interactions. In Sec. III we consider the constraints
on this model, especially in the scalar sector. In Sec. IV we
discuss the tests on CP-violation effects in this model at
future ete™ or pp colliders. In Sec. V we present our
conclusions and further discussions. In the Appendix we
also present the improved SLH formalism [34], which is
very helpful for model building.

II. MODEL CONSTRUCTION

In this section we first briefly review the CP-conserving
SLH model, and then construct the spontaneous CP-
violation SLH model. We also derive the useful vertices
in the spontaneous CP-violation SLH model. In both
models, we have the same nonlinear realization for
Goldstone bosons. We also have the same particle spectra
in both models, while in the CP-violation model the scalars
are both CP-mixing states. The CSB mechanism and loop
corrections in the Higgs potential are also similar in both
models. The difference comes from an extra explicit global
[SU(3) x U(1)]>-breaking term which is absent in the
CP-conserving model.

A. A Brief review of the CP-conserving SLH model

The SLH model contains two scalar triplets ®; , which
transform as (3, 1) and (1, 3), respectively, under the global
[SU(3) x U(1)]> transformation [8-10,35]. At a scale
f>w, [SU3) x U(1)]? breaks to [SU(2) x U(1)]* and
ten Nambu-Goldstone bosons are generated, eight of which
should be eaten by massive gauge bosons during sponta-
neous gauge symmetry breaking, SU(3) x U(1) -
SU(2), x U(1) - U(1),,,- We are left with two physical
scalars. The nonlinear realized scalar triples can be written
as [35]

q)l :ei(-)’eitﬁ@(OlXZ)’ (I)2 :ei®'e—i®/tﬁ<olxz>’ (1)
fC/f fs/i

where S is a mixing angle between the two scalar triplets.
The matrix fields ® and ®’ are
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in which ¢ = ((v, + h —iG)/+/2,G™)" is the usual Higgs
doublet and ¢ = (y°,x7)7 is another complex doublet for
Goldstones corresponding to heavy gauge bosons, follow-
ing the conventions in Ref. [35].

The covariant derivative term is

£= 3" (D) (D). 3)

i=12

where

D, =0

" , —19Gy,. (4)

g is the weak coupling constant and the gauge-fields matrix
is [8,9,35]

1
6=t |
wt Yo
1 twB,
+—=| W~ X | +—=1I, (5
V2 a— 31 -1,/3

u

where 6y, is the EW mixing angle3 and the complex fields
YO(¥%) = (Y' £i¥?)/v2. The terms including G,G* in
Eq. (3) give the masses of gauge bosons. Before EWSB,
v, = 0; after EWSB, v, is generated through quantum
corrections. It must be close to v, and their difference arises
at the O((v/f)?) level. To the leading order of (v/f), we
have [35]

af

and Mmy = My = —= (6)

Nk

The other three neutral degrees of freedom will mix with
each other at leading order of (v/ f) through the matrix [35]

gv
mW:?

A —Sw SxCw CxCw A3
Z | =1 cw SxSw CxSw AE L (7)
Z/ 0 Cy —Sx B

where 0y = arcsin (ty,/+/3). The corresponding masses at
leading order of (v/f) are then

3 . .
In this paper, we denote s, = sina, ¢, = cos a, and 7, = tana
for any angle a.

qu [ 2
=0, == d =4 | —3gf. 8
my mz 2e and  mgz 3_ t%vgf (8)

The massless gauge boson is the photon. If we go beyond
the leading order of (v/f), the gauge bosons will have
further mixing with each other. For example, in the charged
sector W and X* will mix with each other at the
O((v/f)?) level, and W(X)* will acquire their relative
mass corrections at the O((v/f)?) level. In the neutral
sector, the off-diagonal elements of the mass matrix M%, in
the basis (Z,Z',Y?) are nonzero. Using an orthogonal
matrix R, it can be diagonalized as (RM{R”) = m,6,,,
where m,, are the gauge bosons’ masses. The neutral gauge

bosons acquire their mass corrections as

2,22 2
omy = —5m%, — % (;) and 5m§2 =0. 9)
W

We denote the corresponding mass eigenstates as Z, Z’, and
Y2. Their mixing angles (which are also approximately the
rotation matrix elements) are

3 2 2 3
RZ,ZZM(E) LR, — V2 (E) ,

83, \f " 3ipew \f
2cy <U)3
and Ry =——( = 10
Y27 \/61‘215 f ( )

to the leading order of (v/f). A and Y do not participate in
further mixing.

The six neutral scalar degrees of freedom can be divided
into CP-even (h and y') and CP-odd (4, G, G', and y?)
parts, where y°(5°) = (y! +iy?)/v/2. A straightforward
calculation shows that after EWSB the kinetic terms can be
written as

1
Ekin = E(aﬂhaﬂh + 3"y13ﬂy1 + K,»]@”G,»aﬂGj), (11)

where G; runs over the four CP-odd scalar degrees of
freedom and K;; # 6;; means the CP-odd part is not
canonically normalized.* To find the canonically normal-
ized basis, we should consider the gauge-fixing terms
together. The two-point transitions between gauge bosons
and scalars arise from the cross-terms of 9,®; and G,®;.
These transitions can be parametrized as V’,’,[FpiaﬂG,» and
their contributions should be canceled by (9,V’)F,;G;
from the gauge-fixing term. It can be checked

“Details on the improved formalism to treat this case can be
found in the Appendix and Ref. [34].
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straightforwardly (see the Appendix section or Ref. [34] for
more details) that the new basis

7,G,) = < (uz—l)“ ’(Rn[:p)pi Gi) (12)

is canonically normalized. GP is just the corresponding
Goldstone of \7,,.

In the fermion sector, each left-handed doublet must be
extended to a triplet, and thus there must be additional
heavy fermions. In the lepton sector, a heavy neutrino N;
should be added for each generation. Choosing the
“anomaly-free embedding” [36], in the quark sector T
with Q = 2/3 is added as the partner of ¢, and D and S with
Q = —1/3 are added as the parters of d and s, respectively.
The Yukawa interactions are then [8—10,35]

. ik
E}‘ = IA{VNR,JCI);L] - TKKR,]' det ((I)l s q)z, Lk)

+ i@?’z%,aqﬂ + ﬂ?ﬁ%,3q’;)Q3
Apj -

- ITJdR,j det (@, D,, 03)

+ i(lg.na%,né{‘ + ﬂz,nalé.”(bg)Qn

A
— ity det (. 3. 0y). (13)

where the left-handed triplets are [35]

Li = (Z/L, fL’ INL)IT,

0, = (SLv _CL7iSL)T7

0y = (dp,—uy,iDy)",
03 = (tp, b ,iT;)". (14)

The first line is for leptons where £ ; runs over (e, y,7),
the second line is for the third generation of quarks where
dp j Tuns over (d,s,b,D,S)g, and the last line is for the first
two generations of quarks where ug, ; runs over (u, ¢, , T)p.
A ~4zxf is a cutoff scale. A right-handed quark with index
a or b must be a mixing state between an additional quark
and its SM partner; for example, u%‘_g are mixing states
between ¢ and T's. To the leading order of (v/ f), the heavy
fermions’ masses are [9,35]

my = \/|/1;cﬂ|2 + \xlgsﬂ|2f, (15)

for Q=T, D, S and g =1, d(d,), s(d,). To the leading
order, the corresponding partners in the SM sector have the
masses

mly = X, fsp.

jait i
Wikl _4av ()

2./ |Adcs|* + |Abss)? 2

<

|
-

The CSB mechanism keeps all neutrinos massless.” The
other fermions acquire masses (similarly, to the leading
order)

j v v v
my =——7——-

j7 m :—j’ ) m - )
4\/§”yf b 4\/5” b3 u,c 4\/§ﬂyu,c
(17)

i . . ik
where y/, are eigenvalues of matrix A, and y,. are

eigenvalues of matrix M. In this step we ignored small
mixing between g and Q. If we were to consider this kind of
mixing Ao, a mass correction &mg/m, ~ O(A7,/m)
would be generated.

Last, let us turn to the scalar potential. In the discussions
above, we assumed that the Higgs doublet acquires the
correct VEV to derive the particle spectra everywhere.
However, at tree level the |®]®,|* term is forbidden due to
the CSB mechanism. The Higgs potential can be generated
through the Coleman-Weinberg mechanism [37] at loop
level as

8V, = —6m>(h'h) + SA(h"h)2. (18)

The CSB mechanism forbids quadratic divergence in
Eq. (18), and thus [8-10]

3 A gmd A

(5m2)]_100p = g </1,2m2 lnm—% - —4 1nm_§(
2 2/ 1 [2 2
8 m>3
Z/

(5m2)1—loo 3 mi 1
Y = P M In—L—=
(2) 11009 3f2s/23c/23 + 1672 < ! <nm12 2)

L9 (e V) g my 1
8 m%v 2 16 m% 2/) )

(20)

Here A ~4zf is a cutoff scale and A, = v/2m,/v, which
means that the contributions from the first and second
generations of fermions can be ignored. When my is heavy
enough, EWSB can be generated through these loop
corrections.

Now the pseudoscalar # is still massless due to an
accidental global U(1) symmetry. If we add the term

8V = —2® ®d, + H.c. (21)

°In the first term of Eq. (13) we can also use @, instead of ®,,
but we cannot have both terms together if we assume massless

neutrinos. If we perform this replacement, m}, in Eq. (15) should
also be changed to A} fc;.
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to the potentiall,6 n acquires its mass [10]

2 2
s H ( v ) I (
my; = cos ~ 22)
Tospep \V2fspep)  spcy

and the Higgs potential acquires another correction [10],

(6V4), = —(6m?), (h'h) + (82),, (" h)?
m2
= m2(h'h) - W(mh) (23)

Two-loop contributions to ém? can be absorbed into the
possible contributions from unknown physics at the cutoff
scale A [6,38] which can be parametrized as (6m?)

0(1072).

2-loop =
—cf?. We can roughly estimate |c| ~

B. Spontaneous CP violation in the SLH model

In Eq. (21) the u term provides the 7 mass. In general, >
can be complex, but its argument can always be absorbed
into the shift of # (which is equivalent to a rotation of @;).
Besides this, # cannot acquire a nonzero VEV, and thus
there is no CP violation in the scalar potential. Comparing
with the CP-conserving case in Sec. Il A, we can add
another term and Eq. (21) becomes

8V = > @@, + ¢(®]®,)* + H.c. (24)

Here e is also required to be small [for example,
e S O((v/f)*)], and thus the CSB mechanism is not
significantly broken. In general, 4> and e can be complex,
but we can shift # to make at least one of them real. If we
choose a real %, when ¢ is still complex CP symmetry
would be explicitly broken in the scalar sector. However,
if both y? and e are real, 7 is also able to acquire a nonzero
VEV, which means that spontaneous CP violation
occurs. In this paper, we focus on the spontaneous CP-
violation case.

According to Eq. (24) and denoting o = vh/(\/ifsﬂcﬂ),
we have

n
V, = —u*f2s5c4¢, cOS <7>
d \/EfS/}Cﬁ
V29
+eftsic cacos( ) 25
p=p fs 5C ( )
Minimizing this potential, we find that when
W < def? (26)

(n) = 0 becomes unstable and thus 5 would acquire a
nonzero VEV,

vy = (n) = £V2fs4cy arccos <L) (27)

4€f2sﬂcﬂca

which means that spontaneous CP violation is possible.
For simplicity, we choose “+” in the equation above from
now on. We denote & = v”/(\/ifsﬁc/j), and the scalar mass
term is

M2 e fst(,szg) <h ) 28)

1
Lm 2 (h.1) <ef2s2a32§ def?c2 s‘f n
Here M should be close to 125 GeV, and it includes all of
the quantum-correction effects from Eqs. (19) and (20).7
Nonzero off-diagonal elements mean that the mass eigen-
states cannot be CP eigenstates. Defining the mass eigen-
states (in which A, is SM-like)

m)=C )G @

we have the mixing angle

1 2ef2s,,
0 = —arctan Lzzszg (30)
2 def c,,sf
and scalar masses
|
M? + 4e 2c2s§ M? — 4e 2czsé )
my, = 5 + 5 Cog + €f 520522529 |- (31)

®This term breaks the CSB mechanism explicitly which means a quadratic divergence in the Higgs potential can be generated at the
one-loop level. Thus, numerically  should be very small compared with f. In the convention of this paper (which is the Same as that in
Ref [35]), the degrees of freedom in ® cancel with each other, and thus # does not acquire additional mixing with y?.
"These quantum corrections are not affected by the CP properties of the scalar sector, which means that Egs. (19) and (20) derived in
the CP-conserving model can be simply transported into the CP-violating case.
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We can see that CP violation can only occur when both
and e are nonzero, which means that in this model CP
symmetry is also collectively broken.®

For the Yukawa couplings, we can also choose all real
couplings, and thus there is no explicit CP violation.
A complex CKM matrix can arise from the mixing between
an SM quark and an extra quark, which is the same
mechanism as that in Ref. [18].

C. Some useful interactions in this model

In the CP-violating SLH model, mixing between / and
can modify some of the vertices in the CP-conserving
model. The 2ZVV couplings can be parametrized as

v ~ ~ 7\ 7%
Lyyy = %zv:((cl,vhl +Eyh)VVE),  (32)

where V denotes the mass eigenstates. For real vector fields,
V* = V. To the leading order of (v/f), we have

Crw=¢o Cow = o>
~ ~ Co ~ ~ So
Clz=—"Cz= —2C ) Crz=—Cz = 202 (33)
W W
2¢cy (v\© 25y (VO
Clx==— |2 Gx=—51=], 34
1.X 91%/3 (f) 2.X 9[%/} f ( )

Ery= 209€2W< )6 Eyy= 2S902W< )6 (35)
Y= ’ Yy —"- .
383,c%, \f 3635¢h \f

Here ¢; y comes from the X* and W* mixing [35], while &, y
comes from he Z, Z', and Y?> mixing. They arise at
O((v/f)%), which is extremely small compared with
Ciwyz)7-

We parametrize the antisymmetric-type Vhn coupl-
ings’ as

Lypp, = g(hla”hz — hy0'hy)

X (&5 2+ 2+ S, 7). (36)
The results to the leading order of (v/f) are

%The case where ¢ is absent was already discussed above. The
case where 4 is absent allows a nonzero vy, but £ = x/2 and thus
the off-diagonal elements in Eq. (31) are still zero. A shift of #
(rotation of @) can remove this &, and thus it is trivial. A nontrivial
& requires nontrivial 2 and e.

We do not consider the symmetric-type couplings
(h10"hy 4+ hy0"h;) here because they cannot contribute anything
in the processes with on-shell gauge boson(s).

B~ g )
Zh hz 2\/§C‘3/V[25 f ’

242
5%1/12 = /—\/_2 <E> CYhn, = —1s (37)

which are the same as in the CP-conserving case, since

hlaﬂl’lz —_ h28”h1 = h(?"r] —n(?”h
The scalar trilinear interactions should be

1 1
Lg=-— 5/1122fh1h% - 5/1211fh2h%, (38)

where to the leading order of (v/f) the dimensionless
coefficients are

V2€s5,(3c0: — 1)
Ao = co(1 = 385) . =

Szﬂ
+ se(z 3 ) \/_€S2§(3C2a - 1)
25
— 6350 fecaszg + 6cys3 (39)
S25 f
2 3¢y, — 1
Jory = (1 — 3s§) \/—6325( 2 )
Szﬂ
2€55,(3c0: — 1 A
—59(2 = 357) Va2esa(3es — 1) + 66%,50—1}
S2p f
+ 6053 , V2eCasy; (40)
S25

A in the equations is the Higgs self-coupling constant.
The Yukawa couplings for SM leptons and quarks
f =7, q can be parametrized as

cyz—;"y(

For f =u,c,b,v, ¢, the pseudoscalar degree of freedom
does not couple to these fermions, and thus we have

(e by + Cz,fhz)foR) +H.ec.  (41)

Cqu = Cy and C2.f = 59, (42)

while for g = d, s, t the coupling coefficients are

v Cz/} + ngR
f \/—SZ/}
v C2/} + C2€R

S \/—52/3

Here 5, = —1 for the third generation (¢ = t) and 5, = +1
for the first two generations (¢ = d, s). The imaginary parts

Clg = Co+16,50— and

Cz,q = 15 Cg (43)
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are generated by the left-handed mixing between light and
heavy quarks. 0 = arctan (t/}I/Il /4,) at the leading order

of v/f is the right-handed mixing angle. Here we do not
consider the possible flavor-changing couplings. The
Yukawa couplings including a heavy quark should be

Ly = —Z%((Cl,gfh + ¢2.0h2) 01Ok
0

+q((cipght + capgha) Py
+ (Cirght + cop 4h2)Pr)Q +Hec.),  (44)

where Pp g = (1 F 7°)/2. The coefficients are

v (s 2 Cry+
Cl,Q:_cﬁ'ﬁ(ﬂ) +15QS9 % 20k

szﬂ \/§S2ﬂ ’
v S29R>2 . Cop + €9,
Crp =So—= | —=| —ibpcog———=. (45)
e Zf(52/3 ¢ \/iszﬂ

Here 6, = +1 for the third generation (Q =T) and
0o =—1 for the first two generations (Q=D, S), which are
different from those for SM fermions. s,  om,/m,
and thus for the first two generations we have s,y < 1.
The other four coefficients including both light and heavy
quarks are

v (Czp’ - CzoR)SzeR . 520,
c =cp—— L4+ 16pS
e v 2f s%ﬁ e \/§S2/j
ey S = C0 ;o Maf (46)
¢ \/EmQ S2ﬁ mQU
v (Czp - CzaR)SzaR . 520,
c =sy———— 5L —1ycy ———
2 0 2f s%ﬂ ere \/§S2ﬂ
b5 Uy el (47)
e \/imQ Szﬁ mQU ’
Crptc ) Cop+c 2
ClR,q:5QC€ 2 29—1S9—<<M) _1>9 (48)
\/iszﬂ 2f S2p

CoyptCop . 0 Cap+Cag, \ 2
Carg=50%0 \”@zﬁ +lc"ﬁ<<7ﬂs2ﬁ R) —1). (49)

In the calculation of ¢ ,, the improved formalism affects
their imaginary parts since the # component in G cannot be
ignored due to the improved SLH formalism [34]. For the
third generation, m,/my ~O(v/f), and thus c; , can
reach O(1). But for the first two generations, m,/mg <
v/ f means that ¢;; , < 1.

III. RECENT CONSTRAINTS ON THE MODEL

As a BSM model, the SLH model always faces many
direct and indirect constraints, such as collider searches for
new particles predicted by the model and EW precision
tests. The scalar sector contains an extra scalar /,, whose
properties are quite different from the SM-like scalar. If it is
light enough (m, < m;/2), it should also face the A,
cascade decay constraint. As a model with a new CP-
violation source, we should also discuss the EDM con-
straints [28]. In this paper, we do not discuss more details
about quark flavor physics.

A. Direct and indirect constraints on f

In the SLH model, the modifications of the parameters S
and T are sensitive to the new scale f. Thus, before LHC
Run II the S and 7" parameter constraint [39—41] on f used
to be the strictest one: f = (4-7) TeV at 95% C.L. when
tg ~ (1-10) [42,43]. In the SLH model with spontaneous
CP violation this constraint is similar because S and 7T are
not sensitive to m, and ¢, y,z when ¢, y,7; < 1.

However, since LHC Run II began the lower limits on
exotic particles have quickly increased, and hence the
corresponding new physics scales have been pushed higher.

In the SLH model, X* and 7°(¥°) gauge bosons couple to
SM fermions with a suppression factor v/ f, and thus it is
difficult to produce them at the LHC. However, couplings
between Z' and SM fermions have the same order as those
in the SM," and thus Z’ searches at the LHC can provide a
direct constraint on f. Recently, using 36.1 fb~! luminosity
at \/E = 13 TeV, the ATLAS Collaboration set a new
constraint my 2 4.5 TeV at 95% C.L. [44] for the sequen-
tial standard model (SSM) [45] in which Z’ couples to SM
fermions with same the strengths as in the SM.

In the SLH model with “anomaly-free embedding”
the gauge couplings for fermions are fixed (which can be
found in Refs. [9,35]). The signal strength is then [2,10,35,45]

Bry i, Kgm + 1.14
. (0zBrz—eie)sin _ 3okt 114 0 0o (50)
(62Brz_rtr-)ssm Kau +0.78

in which

B [ dxydxof(x0) f3(x0)8(x1 %5 — m%, /5)
e [ dxydxof,(x0)fa(x2)8(x1 %5 — m3, /5)
~ (0.2-0.25) (51)

for my = (4-4.5) TeV, using the MSTW2008 PDF [46].
Comparing with the results shown in Ref. [44] and
assuming mr p sy, > My /2, it can be roughly estimated

""These couplings are the same in the CP-conserving and
CP-violating models.
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FIG. 1.
ty =1, 3, 6, respectively.

that f > 7.5 TeV at 95% C.L."' Comparing with the indirect
constraints discussed above, we can see that the Z’ direct-
search experiments can provide the strictest constraint on f in
the SLH model for most of the f region.

B. Constraints on the properties
of the extra scalar h,

h, couples to SM particles dominantly through its &
component, since the couplings between the # component
and the SM sector are highly suppressed by the high scale
f. Experimentally, a light &, could mainly be found in
direct searches through ete™ — Zh, at LEP, while a heavy
h, could mainly be found in direct searches through
g9 = hy > WTW~/ZZ at the LHC. Both production cross
sections are suppressed by a factor s3. When m, < m, /2, it
should also face the h; — 2h, rare decay constraint.
Theoretically, the allowed parameter region also depends
on the details of EWSB.

For m, ~ (15 — 80) GeV, experimentally the LEP direct
searches through ete™ — Z* — Zh,-associated production
processes give [48]

50 <(0.1-0.2) (52)
at 95% C.L. assuming Br, _,; = 1. ¢z, cannot be
constrained at LEP since it is suppressed by a factor
(v/f)?. When m, < m;/2, it must face the h; rare decay
constraint as well. In the SLH model, the dominant exotic
decay channel is ; — 2h, with a branching ratio Br;, _,,,, =
[, ~on,/T'1. The partial decay width is

r _ Ainf? |- %
M= 30 0m, m?’

"Recently, Dercks er al. reported a new lower limit
f =z 1.3 TeV for the littlest Higgs model with 7' parity [47],
which is quite lower than the limit in the SLH model. This is
because in the T-parity model the extra Z' boson is T-odd, and
thus it cannot have sizable couplings with SM fermion pairs.
Thus, in that model direct searches for Z’ cannot lead to a strict
constraint on the scale f.

(53)

5o

m 0.1<Bryp,=<0.2
0.15f 15 0.05<Bry, <0.1
® Br,y,, <0.05

0.10f

0.05f

n my(GeV) 0 my(GeV)

50 6

30 40 50 6

The h; — 2h, decay branching ratio distribution in the sy — m, plane with f = 8 TeV. From left to right, we choose

while the A, total decay width is

F] = Fh1—>2h2 + C?;FI,SM- (54)
Based on the Higgs signal strength measurements using the
full 2016 data set [4,5], we perform a global fit and obtain
the estimation
Bry, <02 and 5404 (55)

at 95% C.L., which is a bit stricter than the previous
constraint from LHC Run I [49]. We show the branching
ratio distribution in Fig. 1. According to this figure, when
m, ~ (20-60) GeV we have sy < (0.04-0.16), which is a
stricter constraint than that from LEP direct searches. The
numerical results are not sensitive to f and f.

Theoretically, the allowed parameter region also depends
on the details of EWSB, especially the contributions from
the cutoff scale 6m> = —cf2. In the CP-violation case,
Eq. (23) becomes

5‘/;, = 2€f2(2CaC2aC§ - C4U’c2~f)(hTh)

e(cac = 202400

(h*h)?,

5 (56)
3sﬂcﬂ

leaving the other contributions to 6V, unchanged. For
f =28TeV, in the light h, scenario, ¢ is favored in the
region (0.01-0.02) since a larger ¢, is excluded by the
Higgs data. However, if ¢ < 0.01, EWSB requires a larger
sy which was excluded by the Higgs rare decay constraints,
and thus a smaller ¢, would lead to the exclusion of a light
h, scenario. A larger f requires a smaller c; for example, if
f = 12 TeV, the lower limit of ¢ reaches about 4 x 1073,

A heavy h, (with m, = 200 GeV) is experimentally
constrained by LHC direct searches. At the LHC,
the gluon-fusion process acquires a dominant contribution
through the top-quark loop, and the amplitudes through
heavy-quark loops are suppressed by (v/f)% so
61,/ 0n,sm ~ s§. If my < 2m;, the branching ratios of /,
are the same as those of an SM-like Higgs boson with mass
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m,. For my > 2m/, the decay channel h, — 2k, opens up
with a partial width

’lgllfz 4’"%

| T 1-— 57
=2 30 m, m3 (57)
Its branching ratio can reach (20-30)% when

my 2 300GeV. If m, Z 350 GeV, the h, — tf decay chan-
nel can also open. Recently, the ATLAS Collaboration
performed direct searches through the channels pp —
hy = WHYW—, ZZ for m, > 200 GeV with 36.1 fb~! lumi-
nosity at /s = 13 TeV [50,51]. If m, < 1 TeV, the strictest
constraints come from the h, - ZZ decay channel.
Comparing with the SM theoretical predictions [52,53],
we have the rough estimation

(0.1-0.4), for my ~ (0.2-0.3) TeV,
59 <4 0.2, for m, ~ (0.3-0.7) TeV, (58)
(0.2-0.4), for my ~ (0.7-1) TeV

at 95% C.L. These constraints are a bit weaker than those in
the light-m, region.

The theoretical constraints here are similar to those in the
case with light /,. ¢ ~ (0.005-0.03) is favored in the heavy
h, scenario. In this scenario, the results are not sensitive to
f or . The bound on m, is sensitive to ¢ but not s,, which is
different from the properties in the light 4, scenario.

C. EDM constraints

The EDM effective interaction can be written as

id, -
Lgpm = —Tfo”DVSfFﬂw (59)

which violates P and CP symmetries. In the SM, CP
violation comes only from a complex CKM matrix so that
the leading contributions to the EDMs of the electron and
neutron arise at the four- and three-loop level, respectively.
It is estimated that [28]

de,SM ~ 10_38 e - cm, dn,SM ~ 10_32 e - cm, (60)
both of which are far below the recent experimental
constraints [54,55]

|d,| <87 x107% e-cm,

|d,| <3.0x 1072 ¢-cm (61)
at 90% C.L. However, in some BSM models the electron or
neutron EDM can be generated at the one- or two- loop

level, which means that it may face strict experimental
constraints.

g v 9

/ / /
€q 6q d d g q

FIG. 2. Dominant Feynman diagrams contributing to the EDM
of electron and quarks and the CEDM of quarks. F running in the
loop includes ¢, T, D, S.

In the SLH model with spontaneous CP violation, the
leading contribution to the electron EDM comes from the
two-loop “Barr-Zee” type diagrams [56] with F = ¢, T, D,
S running in the loop (see the left diagram in Fig. 2).
Following the calculations in Refs. [56,57], the analytical
expression for the EDM of an electron is

d, 3GpQe,m,sycy <v> 5o Cop T Cogp,
e (271')3 f ; e SZﬁ

() ()

in which the function

9(z) E%Al dxx(l _lx) - Zlnx(lz—x)' (63)

Numerical results show that d, is not sensitive to the masses
of extra heavy quarks. For 0.2 < 75 < 8, in the whole mass
region m; ~ (20-600) GeV we have

8 TeV S0

d,| <8x107%
| €|N X < f 0.2

) e-cmo [ (64)

The constraints from the electron EDM are not strict due to
the suppressions by € and f.

The neutron EDM comes not only from the quarks’
EDM, but also their color EDM (CEDM) operator
[28,56,57]

igs 7 = v a a
Ocepm = —quqlﬂ” r(r )ii4;Gus (65)

where c;’q is the CEDM of the quark, #* denotes the color
SU(3) generator, and i, j are color indices. The u-quark
EDM comes only from the left diagram in Fig. 2 (just like
that for the electron), while the d-quark EDM acquires
contributions from both the left and middle diagrams in
Fig. 2 because of the left-handed mixing between d and D
quarks. The CEDMs of quarks come from the right diagram
in Fig. 2. Calculated at the EW scale, the quarks’ EDMs
and CEDMs in the SLH model with spontaneous CP
violation are [57]
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my 4G pagamysgcy (v m? m?
d,=2d g 4 TIF%mMdSeC (U M) _ (M
3t 9y, <f><f<nﬁ> f(m%

Graemmgsoco (U
12(2n)3tﬁ f

(DG - ()
(o= () - (o= (0))

~ Gragm,sgcy (v Cop =+ Cog
g — _ZF%MuSeCe (VNN C20 T C20rr
“ 2(27)? 2 _or

~  my~ Gpagmgsgcy <v) < (m%) (m%))

a,="g, - et (0 (5 (1) - p (ML),
‘" m, 22x)ts \f m? m3

in which the function

f(z)zglldx

After the running to the hadron scale, the neutron EDM
is [57]

1—2x(1=x) x(1-x)

x(1=x)—z Z (70)

d d - d 5
“nBZ 0 0.63°4 +0.73d, — 0.16 = +0.19d,.  (71)
e e e

Numerically, for 0.2 <17; <8, in the whole mass region
my ~ (20-600) GeV we have

8 TeV
) eem )

which is still below the experimental limit. The constraint
from the neutron EDM is weaker than that from the
electron EDM.

Besides the “Barr-Zee" type diagram, one-loop diagrams
and the Weinberg operator [58] also contribute to the
neutron EDM (see the Feynman diagrams in Fig. 3).
Following Eqs. (46)-(49), we can estimate the one-loop
contribution to the neutron EDM (the left and middle
diagrams in Fig. 3) as

|d,| <1.4x 10-26<

0.7 3 —m3 ;
|5dn,1-100p| ~ Sgce md|ml m2| 11’1 <@> s (73)

02ty vfmy u?

g

d d d d g g

FIG. 3. Additional Feynman diagrams contributing to the
neutron EDM.

where the scale y ~ O(v). This result is sensitive to mp and
m,. For mp~O(f) and my <O), [6d,100p| S
O(107%-107%") e - cm. The Weinberg operator (the right
diagram in Fig. 3) [58]

Oy = — g JR e endels (74)

in which £%¢ is the structure constant of the SU(3) group,
contributes to the neutron EDM as [57]

od, w
e

~ (9.8 MeV)w. (75)

In the SLH model with spontaneous CP violation, we have

Gra; (v) Cag,, T Cop < (mtz) (m?))
W= U g 20 DU (yy (M) (M) ),
@) \f)7"0 sy m mi

(76)

where the function [57]

B 1 1 (1-v)(uv)?
W(Z)=22£ d”A d”((l_u)(1_v)+y(1—uv)z)2'
(77)

Typically, |6d, | < O(1072) e - cm. Thus we can con-
clude that for the neutron EDM the contributions from
Fig. 3 are subdominant.

There are also upper limits on heavy atoms” EDMs. The
recent measurement of the *’Hg atom’s EDM set the new
limit |dyy| < 7.4 x 107 ¢ -cm at 95% C.L. [59], which
provides an indirect constraint d, < 1.6 x 10720 ¢-cm
[60]. The SLH model with spontaneous CP violation is
still allowed by these new indirect constraints. The theo-
retical estimation of the EDM of Hg contains rather large
uncertainties [61], and thus it cannot directly provide
further constraints on this model.

IV. FUTURE COLLIDER TESTS OF THE
CP-VIOLATION EFFECTS

Recent Higgs data have already confirmed the 0" com-
ponent of /i [22]. Following the idea in Refs. [24,32], we
should try to measure the tree-level 1, V'V and h, h,V vertices
to confirm CP violation in the scalar sector. For different £,
masses, we need different future colliders.
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A. Measuring the h,VV vertex

If h, is light (for example, m, < v), it would be difficult
to discover at the LHC due to the large QCD backgrounds
in the low-mass region. To test this scenario, we need future
e"e™ colliders. For example, at CEPC [62] or TLEP [63]
with /s ~ (240-250) GeV, the h,VV vertex can be
measured through the ete™ — Z* — Zh,-associated pro-
duction process. Its cross section is [48,64]

o mat, (8syy —4sy, + 1) - 55
Zh 96s(1 —m%/s)?sv,cly

(P2 £ 2 ()
A S S N S

where the function

F(x,y)E\/1+x2+y2—2x—2y—2xy. (79)

With 5 ab=! luminosity at CEPC, the inclusive discovery
potential on sy can reach 56 if 54~ 0.15 in the low-mass
region (m, <70 GeV) [32] through the “recoil mass”
technique [62,65,66]. This result does not depend on the
decay channel of #,, and it is not sensitive to m, in this
region. With the help of the “p balance cut” method [67]
to reduce large backgrounds with photons, the 5o discovery
bound on s, can reach about 0.1 with a tiny breaking of
inclusiveness. If we completely give up the inclusiveness in
this measurement and consider only the h, — bb decay
channel, the 5o discovery bound on s, can be suppressed to
about (4-5) x 1072 according to Ref. [32]."% This result
means that it is still possible to discover the allowed regions
obtained in Fig. 1 at 5o level at CEPC with 5 ab~!
luminosity. For larger m, (close to the Z peak), the large
Z7Z background will decrease the sensitivity on sy measured
though this channel.

For light h,, we can also measure s, through Z —
Z*(ff)h, rare decay, if an e* e~ collider runs at the Z pole
(/s = my). The branching ratio is [2]

s2 /2 myz—my q3p2
Br,_, 5 = —2— in ¢d dg——5=
- L e
242002
x <2+m21ﬂ_—5212¢>, (80)

where ¢ is the invariant mass of Z*. The momentum of 4, in
the initial Z frame and the relative velocity between %, and
Z* are, respectively,

"“Simulation details about the cross sections of the background
channels were not given in the text of Ref. [32].

p, = W mz = (my - qz)zimﬁ “mra) g

p= mzp; (82)

Pi+V(P3+md)(p3 +4°)

With 102 Z-boson events as the goal of a “Tera-Z” factory,
the typical sensitivity to this rare decay branching ratio is
about (10-8-1077) [68], which means that it is better suited
to discovering a nonzero s, compared to the Zh,-associated
production channel in the whole mass region m, < 70GeV.

For a heavy h, [for example, m, ~ O(v)], future LHC
direct searches will discover or set a stricter limit on sg
through its ZZ decay channel [69]. Using only the visible
leptonic decay channel with 3 ab~!, the 5¢ discovery
bounds would be around sy ~ (0.1-0.2), which is similar
to the current upper limits using the combination of
h, - 4¢ and h, — 272v channels [50,53,69]. We also
expect that the 2/72v channel can help to increase
the sensitivity on s, at future LHC searches. When
m, 2 0.6 TeV, the 2£2v channel would become more
sensitive than the 4Z channel [50].

B. Measuring the i,h,V vertex

Based on the improved formalism of the SLH model
[34], we obtained the Zh h, vertex in Eq. (37). Chihy is
suppressed by a factor (v/f)? < O(1073), and thus
the associated production channels cannot be used to
measure this vertex. Similarly, precision measurements
on h; - ZWh, are also useless for testing this vertex,
since the typical 5o discovery bounds for such rare decay
channels are of O(1073) [62,70]. This means that we must
turn to the heavy neutral gauge boson sector for help.

According to Eq. (37), Py is suppressed by a factor
(v/f), and there is no suppression in &%), , . These vertices
will become helpful to confirm the 0~ component in at least
one of the scalars. Since mz > m, ,, the decay branching
ratio is

ms, v \?
Brzonm = e a7 ) - »
rZ h]hl 48ﬂrzlf2 <ft2/}> ( )

We assume that the heavy quark masses my > my /2, and
thus Z' — FF decay channels cannot be opened. The total
width 'y % 6.5 x 1073 f if we choose the “anomaly-free”
embedding [9]. Numerically, we have

8 TeV
BrZ’—>h1h2 ~ 1.7 x 10_4< f ¢

)2 o f2 (84)

12/,'

When § ~ /4 this decay channel vanishes, while when f is
close to 0 or z/2 there is an enhancement by tgg. It
decreases quickly when f increases.
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For this process, we need future pp colliders with larger
\/s [for example, (50-100) TeV] [62,71], since at the LHC,
when m, > 5 TeV, the event number of pp — Z' — hh,
cannot reach O(1) with 3 ab~! luminosity [71]. However,
with the same luminosity at a /s = 100 TeV pp collider,
the events number can reach N,z 5, ~ O(10°-10%)
for mz ~5TeV, and N,z pn ~O(10-10%) for
my ~ 10 TeV [71]. This implies that the Z'h h, vertex
in the SLH model is testable at a /s = 100 TeV pp
collider.

If we can discover nonzero values for both vertices 7,ZZ
and Z'h, h,, we can confirm the CP-violation effects in the
scalar sector.

V. CONCLUSIONS AND DISCUSSIONS

In this paper we proposed the possibility of spontaneous
CP violation in the scalar sector of the SLH model.
Through adding a new interaction term 6((1)1;(1)2)2 + H.c.
in the scalar potential, the pseudoscalar field 7 can acquire a
nonzero VEV, which means that CP violation happens
spontaneously. Both scalars then become CP-mixing
states. In this paper we denoted /; as the SM-like Higgs
boson with mass m; = 125 GeV, and h, as the extra scalar.
Based on the improved SLH formalism (see the Appendix),
we derived the interactions in this model.

Facing strict experimental constraints, the spontaneous
CP-violation SLH model is still not excluded. LHC Run II
data have already pushed the lower limit of the scale f to
about 7.5 TeV, which means that the EW precision tests
only provide subdominant constraints on f. For the extra
scalar h,, we have two scenarios based on its mass:
my ~O(v) or my < v. For a light h,, the most strict
constraint comes from the h; — 2h, rare decay channel.
The 95% C.L. upper limit on sy is (0.04-0.16) for
my ~ (20-60) GeV, while for a large m, ~O(v) the
95% C.L. upper limit on s, varies in the region
(0.1-0.4); in particular, when m, ~ (300-700) GeV, the
95% C.L. upper limit on s, is about 0.2. In both scenarios,
tiny but nonzero contributions from the cutoff scale are
necessary. As a CP-violation model, it must also face the
EDM constraints. Since the effects are suppressed by
sgv/f, the constraints are weak. The most strict EDM
constraint comes from the electron, which favors 0.2 <
13 < 8 in the whole m;, ~ (20-600) GeV mass region.

We also discussed the future collider tests of this model.
The basic idea is to discover nonzero h,VV and Vhh,
vertices. For a light /,, we can test the 7, ZZ vertex at future
eTe™ colliders, such as Higgs factories or a Z factory.
With 5 ab~! luminosity at CEPC for m, <70 GeV, sy ~
(4-5) x 1072 can be discovered at the 56 level, while with
10'2 Z-boson events at the Z pole, we can have a better
sensitivity in the same mass region. For a heavy &, with
m, ~ O(v), the vertex can be tested through the gg — h, —
ZZ channel at the LHC. With 3 ab™! luminosity, the 5S¢

discovery bound is around (0.1-0.2) using only the 47
decay channel. The 2£2v decay channel is also expected to
help increase the sensitivity on sy, especially in the large-
m, region. Based on the improved formalism, we know that
the Zh, h, vertex is suppressed by (v/f)3, and thus we must
ask a heavy gauge boson (such as Z’) for help. Since
Bry_un, < O(107#-1073), it would be difficult to discover
at the LHC. We need pp colliders with larger /s. For
example, if /s = 100 TeV with 3 ab~! luminosity, we can
obtain O(10°~10*) events for the pp — Z' — h,h, process
in the mass region my ~ (5-10) TeV which means that it
may become testable. CP violation in the scalar sector will
be confirmed if nonzero h,ZZ and Z'h h, vertices are
discovered.

This model is attractive both theoretically and phenom-
enologically. Theoretically, in this model we proposed a
new possible CP-violation source, which may provide new
understanding about the matter-antimatter asymmetry
problem in the Universe. Besides this, the spontaneous
CP-violation mechanism is also a possible solution to the
strong-CP problem, which is worthy of further study. This
model is also a candidate to connect the composite Higgs
mechanism and CP violation in the scalar sector. Based on
this, new CP-violation effects are naturally suppressed by
the global symmetry-breaking scale f, as shown in the
calculation of the electron and neutron EDMs.

Phenomenologically, it is an application of the basic idea
of measuring h,VV and Vh h, vertices. It provides an
example of how extra scalars and gauge bosons can help to
confirm new CP-violation sources, which also implies the
importance of searching for VV §- and VSS-type vertices. It
also shows another motivation for future e"e™ and pp
colliders.
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APPENDIX: IMPROVED FORMALISM
OF THE SLH MODEL

In this appendix we present the improved formalism for
the SLH model based on Ref. [34]. The neutral scalar sector
(including six degrees of freedom) can be divided into CP-
even and CP-odd parts. The CP-odd part—denoted as G;
and running over #, G, G’, and y>—is not canonically
normalized. We can write the kinetic term as

1
£ K;9'Gid, G, (A1)

i%uj-
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The matrix elements of K were calculated to O((v/f)?)
in Ref. [34]. If we rewrite this term in another basis
§; = U;;G; which is canonically normalized,

1
£ 36,0"Si0,5;

iYuljs (AZ)
then we can define an inner product (S;|S;) = §;; in the
linear space spanned by the scalars S;. A straightforward
calculation shows that
(GilG;) = (K1), (A3)
The VEVs in @, will lead to two-point transitions
between gauge bosons and pseudoscalars as
L > VyF,0,G;, (A4)
where V, denotes a gauge boson running over Z, Z', and
Y2, and F is a 4 x 3 matrix. The matrix elements of F were
also calculated to O((v/f)3) in Ref. [34]. The gauge-fixing
term must provide a two-point transition like

Lsr. D (0, V’;J)[FpiGi (AS)

to cancel all contributions from Eq. (A4). If we define

Gp = [FpiGi (A6)
using the convention of Ref. [35] (which is also the
convention of this paper), we can derive that

(nG,) =0. and (G,|G,) = (M7),, (A7)
through a straightforward calculation, where M%, is the
mass matrix for gauge bosons in the basis (Z,Z',Y?).
Calculating to the leading order of (v/f) for every matrix
element, we have

3
3V2cytosf

v Czw”2
4¢2 3 /312
W 4CW 3 ty
) cowv? 22 V3

4c3,\/3-12, 3ty 3

2 _ [
My =g 6—22,3 1o (A8)
3 3 2

0’ v i
3V2ewtyf 3 2

2 2
6—ty, cyytopf

Using an orthogonal matrix R, we can diagonalize M3, as
(RMGRT),, = m35,, and V

where V » denotes the mass eigenstate of a gauge boson and
m,, is its mass. The matrix elements of R were calculated to
O((v/f)?) in Ref. [34] as well. For simplicity, to this order
the off-diagonal elements can also be expressed as

(M7)
R, = b4 . (A10)
r (M%/)pp - (M%/)qq
It is natural for us to define
- R.G RF),.G;
G, =" ‘1:( o : (A1)
mp n,

According to (n|n) = (K™");; = 14 (2/53,)(v/f)?, we
should also define

n

! VKT, ‘

It is easy to check that in the basis (77, G »)» the kinetic part is
canonically normalized. Equation (AS5) also becomes
m,(9,V%)G,, and thus it is natural to choose the gauge-
fixing term as

(A12)

1 - -
EGAFA = _ZZ(G”VZ - ‘.fpmﬂGp)2' (A13)
P

It is now clear that G » 18 the corresponding Goldstone that

is eaten by V ,, and its mass should be \/am »» Where &, is
the corresponding gauge parameter. We thus have already
built the formalism to treat a model with a noncanonically
normalized scalar sector, and the SLH model is one such
example. The main point is that all of the two-point
transitions must be carefully canceled if we do not want
these kinds of Feynman diagrams appearing during the
calculation.

Because of the # components in the Goldstone fields, the
interactions including # must be changed compared to the
naively calculated case. We divide F into

F=(f,F), (A14)
where fp =T, isa 1 x 3 vector and F is a 3 x 3 matrix.
Thus for any kind of couplings including the pseudoscalar
degrees of freedom, if we write the coefficients as (c,. ¢;) in

the G; basis where c; runs for the couplings including G, G’

and y?, the physical coupling should be

517 = (K_l)ll(cn_cj(”?_lf)j)'

For example, the antisymmetric-type Vhn couplings in
mass eigenstates can be parametrized as

(A15)

g . ~ - ~ . ~
Loy =5 (00 =0 1)@, 2, + 53, 24+ 3, V3).
(A16)

With the improved formalism, we can calculate to the
leading order of (v/f) as
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s 1 v\3
SIm=57m3 \7)"
2\/_2_th2/3 !

Z'hn /3 — t%vtzﬁ f Yhn

The first two results are quite different from those
appearing in previous papers [10,35]. Similarly, the
Yukawa couplings between # and SM fermions can be
parametrized as

(A17)

imys -
Loz = _ch.f Tffifsf'?- (A18)
s

According to Eq. (A15), ¢, s = 0 to all orders of (v/f) for
f=v,%,u,c,b. This result is also quite different from that
in previous papers [10,35]. For f =1, d, s, to the leading
order of (v/f), we have

c —_5 < v )C2ﬂ+629
" \Var Sy

which is generated by the left-handed mixing between the
SM fermion and additional heavy fermion. Formally, all of
these results can be calculated to all orders of (v/f), though
some of the results are extremely lengthy.
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