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In two Higgs doublet models (2HDMs) shaped by some unbroken symmetry, imposing perturbativity
requirements on the quartic couplings can imply that the allowed masses of all the fundamental scalars are
bounded from above. This important property is analyzed in detail for the only two realistic 2HDMs with
an exact symmetry, the case with Z, symmetry and the case with CP symmetry. It is also noticeable that
one exception arises in each case: when the vacuum is assumed to respect the imposed symmetry, a
decoupling regime can nevertheless appear without violating perturbativity requirements. In both models
with an exact symmetry and no decoupling regime, soft symmetry breaking terms can however lead to a
decoupling regime: the possibility that this regime might be unnatural, since it requires some fine-tuning, is

also analyzed.
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I. INTRODUCTION

Two Higgs doublets models (2HDMs) were introduced
by Lee in [1,2]. One central and appealing motivation was
the possibility that the origin of CP violation is exclusively
spontaneous: with CP invariance at the Lagrangian level,
CP violation can nevertheless arise from the vacuum
configuration. On the other hand, a significant source of
concern for 2HDMs is the presence of scalar flavor
changing neutral couplings (SFCNCs): they are already
present, a priori, at tree level. Safe strategies to forbid or
suppress SFCNC were soon identified, like Glashow and
Weinberg’s natural flavor conservation (NFC) [3] (for
recent discussions on general flavor conserving 2HDM
scenarios, see [4,5]). For 2HDMs shaped by an exact Z,
symmetry [6—12] (not softly broken), this precludes a
spontaneous origin of CP violation: having NFC and
spontaneous CP violation (SCPV) requires more than
two doublets [13,14]. 2HDMs with spontaneous CP
violation have been widely studied in the literature [15—
27]. Recently, a 2HDM where all CP violation is originated
by the vacuum, which includes SFCNC of controlled
intensity, and which is viable, was presented in [28].
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One important aspect of that model is the fact that the
new scalars are necessarily light: their masses are all below
950 GeV. This kind of property, that the new scalars may
not have arbitrarily large masses, has been noticed and
explored by different authors in the context of some
2HDMs [29-43]. On that respect, it is important that the
scalar potential respects boundedness from below and that
the scattering of scalars at high energies is perturbatively
unitary. The objective of this work is to explore the absence
of such a regime with heavy new scalars (in particular the
bounds on their masses) for the two viable 2HDMs with an
exact symmetry, Z,, or “standard” CP symmetry. In the Z,
symmetric 2HDM, this property has been analyzed to some
extent: it is revisited to stress some similarities with the
second case, the one with standard CP symmetry, where the
question is analyzed in detail here for the first time.

The discussion is organized as follows. Section II starts
with the SM scalar potential and vacuum, which are briefly
revisited, paying special attention to the ingredients that
lead to bounds on the Higgs mass a la Lee-Quigg-Thacker
[44,45]; decoupling and the general 2HDM are then
discussed. The different symmetric 2HDMs are introduced
in Sec. III. Out of them, the only two models which are not
ruled out, the one with CP symmetry and the one with Z,
symmetry, are discussed in detail. In Sec. IV, numerical
analyses of both models are presented, showing in par-
ticular that the masses of the new scalars are constrained to
be below 1 TeV. Since, as mentioned, the introduction of
soft symmetry breaking terms allows the appearance of a
decoupling regime, that question is addressed in Sec. V. Itis
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stressed that, from the point of view of the symmetry,
obtaining a decoupling regime is related to a rather
unnatural or fine-tuned scalar potential. The Appendixes
provide further details on different aspects of the previous
sections.

II. MINIMIZATION OF THE POTENTIAL AND
ABSENCE OF DECOUPLING

A. Standard Model
In the Standard Model (SM), the Higgs potential is

V(@) = (201D + AT, (1)

where the scalar @ is an SU(2); doublet with hypercharge
Y =1/2; boundedness from below requires A > 0.
Electroweak symmetry is spontaneously broken (or hid-
den), SU(2), ® U(1)y - U(1), with Q=1I5+7Y, if
V((®)) has a nontrivial minimum for

@=(7): °)

In order to have an extremum, one needs
d 2 2
LV(®)) = vl + i) =0, 3)

that is, one needs a potential with > = —A2?> < 0. Then, the
2w = Ly((@)),

hsv — di?
computed at the candidate minimum in Eq. (3),

mass of the SM Higgs boson, hgy, is m

my = W+ 300 = 220° > 0. (4)

In order to achieve the desired spontaneous symmetry
breaking (that is, the correct Fermi constant G ), one chooses
the vacuum expectation value (vev) v ~246 GeV. The
crucial aspect is that both 42 and, most importantly, Mgy s
are fixed in terms of the vacuum expectation value » and A
(dimensionless) by means of the minimization condition.
Before the discovery of 2012 [46,47], one line of reasoning
concerning the previous steps could be simply summarized
as: any constraint on / translates into a constraint on mﬁSM.

Different theoretical requirements like the stability
(or metastability) of the vacuum, triviality, perturbative
|

unitarity, were considered in order to provide, precisely,
that kind of constraint [44,45,48-58]. In the SM, among
those constraints, the 2 — 2 scattering of longitudinal
gauge bosons and scalars at high energies depends quite
straightforwardly on the coupling A: requiring perturbative
unitarity of those scattering processes gives simple bounds
on /, and, as shown by Lee et al. [44,45] (see also [48]), this
turns into an upper bound on mﬁSM. Of course, with the

2012 discovery, the situation is reversed for the SM Higgs:
my,, is measured and 4 inferred from it. The idea, however,
remains an interesting possibility for extended scalar
sectors, in particular 2HDMs.

B. Decoupling

Appelquist and Carazzone presented in [59] their cel-
ebrated “decoupling theorem” which states that in a
renormalizable theory, heavy particles with mass M
“decouple” at low energies E <« M, that is, an effective
theory involving only light particles is correct to order
E/M. There are situations where the decoupling theorem
does not hold (for an early discussion, see [60]): it is, for
example, well known that in flavor changing neutral
transitions, arising at one loop in the SM, the formal limit
of large top quark mass, m, — oo, does not suppress such
processes. In this case, the decoupling theorem is circum-
vented because in addition to power counting arguments
associated to propagators, additional m, powers appear in
the couplings of top quarks to longitudinal gauge bosons.
This behavior is usually referred to as nondecoupling.
Interestingly, without regard to the fact that some effects of
m; — oo are unsuppressed, if one considers perturbativity
requirements on the Yukawa couplings, this limit is trivially
barred.

In the following, we will refer to nondecoupling or
absence of decoupling of the new scalars (H, A, and HT in
the notation of subsection I C) with respect to the SM
fields, as the fact that all their masses are bounded from
above once different requirements (in particular perturba-
tivity) are considered. The absence of a high-mass regime
also implies that the E/M corrections of the original
decoupling theorem are not arbitrarily suppressed.

C. General 2HDM
The most general 2HDM scalar potential is

V(1. ®,) = i} PO + 45, @30, + (u],®] P, + Hee)
+ 21 (D]@))? + Ay (PJD,)? + 223(D] @) (D] D,) + 274 (D] D, ) ()P, )
+ (A5(P]D,)% + Hec.) + (Ag(@] @) (@] D,) + 47 (DD, (D] D,) + Hoc.). (5)

i1, 43y, and 4;, i =1 to 4, are real, while ui,, 4;,

Jj=15,6,7, can be complex.
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Anticipating the more detailed analysis below, the key
point is that in analogy with the SM case, one would expect
that in a 2HDM where dimensionful /4%1. can be traded for
dimensionless 4;’s and vacuum expectation values through
the minimization conditions, an important consequence
would follow: if the quartic couplings 4; were bounded, and
that would be precisely the case when one requires
perturbativity or perturbatively unitary high energy scatter-
ing, then the masses of all the scalars would be necessarily
bounded from above, that is, a decoupling regime would be
absent. With 4; < O(10) for a very rough estimate, new
scalars masses below ~1 TeV would follow. It should be
noticed that these bounds on the scalar masses have a
somewhat loose nature: the precise values of the largest
scalar masses that are allowed directly depend on the values
used in the requirements imposed on the 4;’s. In any case,
large 4;’s signal that a description in which those funda-
mental scalars are the relevant degrees of freedom would
not be valid anymore. Of course, having a strongly
interacting scalar sector is not a problem per se, but that
is not the assumption adopted here: we concentrate on the
analysis of the scenarios where the fundamental scalars in
2HDMs are the relevant degrees of freedom. Let us analyze
the question in more detail. A candidate vacuum with the
desired properties for electroweak symmetry breaking has

@y=e(, ) 5) fea=en(, ) s) @

characterized by wv;, v,, real and positive, and by
0 = 6, — 0,, the relative phase between (®,) and (®,),
which is a potential source of CP violation." {v;,v,}
encode the same information as v = /v + v3 (which is of
course chosen to be »=~246 GeV) and ;= tanp,
pe0:x/2], with ¢y =cosp=uv,/v, sg=sinf=uv,/v
(in the following, the compact notation ¢, = cosx, §, =
sinx is used). Consider now V (v, v,,0) = V((D,), (P,)),

2 U% 2 ”% - U?
V(vy,v,.0) :M11?+ﬂ227+Re(ﬂ12)”1”2 +ﬂ1z

24 _ 2,2
+12UT+ (l’; +l4 + RC(AS))%

3 2
+ Re(lg) 2 + Re(ly) =52 (7)

where the € dependence is encoded in

i = phe, ds=1se?0, dg=Age®, A7 = A7e®.

(8)

There are three stationarity conditions

'With no loss of generality, one can set 6, = 0 in Eq. (6).

oV oV _av

o0 o0, o0 ®)

which involve, linearly, the four” dimensionful quantities
{u3,, u3,, Re(ii3,), Im(fi3,) }. Tt is then clear that not all of
them can be traded for 1;’s and {v1,v,,0} and, as a
consequence, one may expect that for values of the
remaining dimensionful quantity much larger than v, large
scalar masses can be obtained (without violating bounds
on the 4;’s). Conversely, in 2HDMs, where there is less
parametric freedom than in the general case in Eq. (5), that
is in 2HDMs shaped by some symmetry,3 that possibility
might be absent, and bounds on the masses might be
expected. Symmetric 2HDMs are addressed in the next
section: for the moment, we will just analyze in simple
terms what is necessary to have large masses of the new
scalars in the general 2HDM. Before proceeding with the
discussion, we take a small detour [until Eq. (16)] to fix
notation and introduce the physical fields and the mass
terms. In a Higgs basis {H, H,} [7,62,63],

Hl e_igl q)l . Cﬂ Sﬂ
= R/} _io y with T\),/; = ’
H, e 2@, —S5  Cp
Rj =TR;' (10)

only one combination of ®; and ®,, H;, has a non-
vanishing vacuum expectation value,

= (V) =(g)

The usual expansion of the fields around the candidate
vacuum in Eq. (6) is

+
0 ?; G*
— w; J—
D; = e vjtpiting | Hy = ,imgic0 )

V2 V2

H*
Hy = <RU+iI°>' (12)
V2

While the would-be Goldstone bosons G°, G* and the
physical charged scalar H* are readily identified, the
neutral scalars {H°, R%, I°} are not mass eigenstates: their
mass terms read

HO
(H* R° 1°) Mj3| R°
10

CV(®. @),  (13)

N[ =

*Although Im(z},) is absent from Eq. (7), ZRe(i},) =
—Im(@f,).

Of course, a similar situation is also to be expected in models
with more than two scalar doublets; see [61].
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with the 3 x 3 mass matrix M3 real and symmetric. M3 is
diagonalized with a 3 x 3 real orthogonal matrix R,
RTMZR = diag(m2, my, m%), R =RT, (14)

which defines the physical neutral scalars {h,H, A},

h H°
H|=R"| R |. (15)
A Iy

h is assumed to be the SM-like Higgs with m;, = 125 GeV
(the alignment limit in which its couplings are SM-like
corresponds to Ry; — 1).

We can now come back to the discussion of the regime
with large new masses in the general 2HDM. Through
Eq. (9), one can express {u},,43,,Im(fi},)} in terms of
Re(fit,), 4;’s, and {vy, v,, 0},
|

SzﬁIm(ﬁ%z) = —UZSﬂCﬂ{SZﬂIm</_15) + C?,Im(%) + S/%Im(jq)},
(16)

cppiy = —sgRe(iif,)
) vie, {4c,2,/11 + 45543 + 24 + Re(ds)] } a7
4 +3S2/;RC(},6) + 2s§tﬂRe(Z7) '

Spiz, = —cyRe(fi,)
Ra { 453y +4cglds + A4 + Re(ds)] } (18)
4 +2C%}ZEIRC(A6) + 3s2[;Re(/17)

Using Egs. (16)—(18), M3 is fully expressed in terms of
Re(fi1,), 4;’s, and {v, vy, 6}. For the argument here, it is
sufficient to consider Tr[M3] (for further details on M3,
see Appendix B). In the mass eigenstate basis of Eq. (15),
Tr[M3] = mi 4+ m{; + m%, while on the other hand,

2¢22y + 2524, — 2Re(ds)
T = =20+ Reli) + 2 T i (19)
+(s2p — 15 )Re(4g) + (525 — 15)Re(47)
Furthermore, the mass of the charged scalar is
2 1 2 v? i 2 >
miy. = =(tp + 15 )Re(R};) = 5 {20 + Re(4s)] + 75'Re(4e) + 15Re (A7)} (20)

In Egs. (19) and (20), one can roughly identify three scenarios where my, my, my= > v without requiring large 4;s,

() ' >1 and —t;'[Re(q,) + v?Re(4)/2] > V2,

2 2
Ui & _Al v
and thus{ .

(ii) t;>1 and

uy = —t5' [Re(ft) + v’Re(dg) /2] > v?

} = u3, > |ui, . (21)

— ylRe(7) + vRe(1)/2] > V2,

2~ —t4[Re(fi},) + v*Re(4;)/2] > v*
) ) 11 2
Hyo [ad —/127}
(iii) — Re(i2,) > v? without regard to f3. (23)

In the last case, for 15 ~ ;' ~ O(1), =Re(fii,) ~ ui) ~ p3,.

This simple analysis can be rephrased in terms of the scalar potential in the Higgs basis of Eq. (10),

V(H\, Hy) = M H{H, + M3,H}H, + (M,H\ H, + Hc)
+ A(H H)? + Ny(HoHo)? + 205 (H H)) (HyH,) + 204 (H Hy) (HYH))
+ (As(H{H,)? + Hee.) + (Ag(H{H\)(H{Hy) + A;(HSHy) (H Hy) + Hec.). (24)

M%l, M%Z, and A;, i = 1 to 4, are real, while M%Z, Aj, j =15, 6,7, can be complex. Equations (19) and (20), expressed in

terms of the parameters in Eq. (24), give

Tr[MG] = 2M3, + 20°[A) + As + Ay, (25)
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me, = M3, + v*A. (26)

One can easily read that M3, > v? is necessary to obtain my, my, my= > v: in the Higgs basis, a mass term M3, H ;H » with
large M3, is necessary, and there is no apparent obstacle for that since M3, does not participate in minimization conditions
that relate it to bounded quartic couplings. Of course, since®

M3, = spuiy + i3, + sypRe(fir), (27)

one can substitute the stationarity conditions in Egs. (17) and (18) and obtain

M2, = —(15 + 15 )Re(iy) - {

This shows that achieving M3, > v*> might not be trivial if
there are constraints like i3, = 0, and in fact brings us back
to Egs. (21)-(23). After these considerations on the general
2HDM, we now turn to 2HDMs with symmetry.

III. 2HDM WITH SYMMETRY

There are two classes of symmetric 2HDMs. In the first
class, invariance under “Higgs family symmetries,”
q)j '_)Z/{jkq)kv Uue U(2), (29)

leads to three different cases which are as follows:
(1) Z, symmetry, with ®; > —D;, ®, > O,, and

=0, dg=i=0.  (30)

(i) U(1) symmetry, with @ > "®;, @, > @,
(t#0, n) and

ﬂ%zzo, 15 216:)’720' (31)

(iii) Full U(2) symmetry with

B =Hi M =0, =24, M=i-1,
2521621720' (32)

Following the discussion of the general 2HDM, in all three
cases, with y2, = 0, the dimensionful u7; parameters can be
traded for 4;’s and vacuum expectation values, and thus
bounded masses are to be expected. In the U(1) and U(2)
cases, having global continuous symmetries, spontaneous
electroweak symmetry breaking leaves a massless scalar.
Introducing soft symmetry breaking terms u, # u3, and
3, # 0 can avoid the appearance of the unwanted massless
scalars and may also open the possibility of having heavier

*See [64] for general expressions relating the parameters in the

scalar potential under changes of bases ®; — U;;®;, U € U(2).

cgsi(A +A) + (1 = 2¢s5) (43 + Ay + Re(ls)) }
+%t[§1 (c?; + 3s;§)Re(/_15) +3 t,;(s2 + 3c;§)Re(/_17) '

(28)

new scalars. Since the focus in this section is on realistic
2HDMs with an exact symmetry, we do not consider these
U(1) and U(2) invariant cases further.

From the point of view of the scalar sector alone, since
there is no unwanted massless scalar in the Z, invariant
case, we can have a viable model without the need to
introduce soft symmetry breaking terms: the 2HDM with
Z, symmetry is discussed in subsection III A below.

The second class of symmetric 2HDMs is given by
symmetry transformations of the generalized CP type [65],

There are, again, three possibilities which are as follows:
(i) Symmetry under the usual CP (also referred to as
CP1),

®; > @5 with all uj;, 1; real. (34)

(i) CP2 symmetry with

> and
@, -1 0)\@
ﬂ%z = ﬂ%]? /’t%z = 07 /12 = A‘l’ j'7 = _/16'

(35)

(iii) CP3 symmetry with

D, c, S, D]
— , O0<r<m/2, and
(I)Z -5 C; Q)é

W = Wi M =0, =4,
/15:/1]—/13—),4€|R, 26227:()' (36)

While the usual CP in Eq. (34) can be extended to the
fermion sector easily (by requiring the Yukawa coupling
matrices to be real), extending CP2 and CP3 to the fermion
sector is much more involved. As discussed in [66], that is
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not achievable for the CP2 case, which forces the presence
of massless fermions, while in the CP3 case, for r = /3 in
Eq. (36), a viable model could, a priori, be constructed.
Unfortunately, if the symmetry is exact, there is no mixing
in the fermion sector, and one needs CP3 soft breaking
terms, p3, # u3, and u3, # 0, to overcome that difficulty.
This soft breaking can still preserve the usual CP [66], and
in that scenario one is led to a particular case of the more
general “usual CP symmetry” scenario. Consequently, we
focus on the 2HDM with usual CP symmetry, which is
discussed in subsection III B.

Summarizing the discussion so far, two 2HDMs with an
exact symmetry, Z, or CP, are not ruled out in principle.
We analyze them in more detail in the following two
subsections. Although one expects that no decoupling
regime is available for the new scalars, two exceptions
arise, one for each symmetry, in which the new scalar
masses are not bounded.

A. 2HDM with Z, symmetry

Imposing symmetry under @ > —®,;, ®, > @,, the
general 2HDM scalar potential in Eq. (5) is reduced to

V(@) @) =y}, B[ D + 13, D] @, + Ay (] D;)?
+ A (D)D,)? + 245 (D] Dy ) (D)D)
+ 24(®] D) (PIPy) + 25(P] D)2
+25(D50, )2, (37)

with '“%i € R, 4, € R for k # 5. The stationarity conditions
in Egs. (16)—(18) become

0 = v2s55Im(1s), (38)
Cﬁ,u%l = —Cﬁl)z{clzjﬂl + 5123[13 + 14 + Re(ZS)]}, (39)
Sﬁﬂ%z = —Sﬁvz{s/zj/’{z + C%[l:; + },4 + Re(15)]} (40)

One should distinguish between the two cases 5,3 = 0 and
sop # 0. Furthermore, a rephasing of the fields only
amounts to a rephasing of A5 and thus, without loss of
generality, one can set Im(4s) = 0 and Re(45) = As. In that
case, Eq. (37) can be written in terms of real parameters: as
is well known, imposing an exact Z,, there is no CP
violation in the 2HDM.

1. Inert 2HDM

For 2v,v, = v*s55 = 0, that is either s; = 0 or ¢5 =0,
the basis {®, ®,} and the Higgs basis {H, H,} coincide:
sp =0 or ¢g =0 corresponds to the two possible identi-
fications ®; = H| or ®; = H,. This 2HDM, together with
a fermion sector which only couples to the scalar doublet
which acquires a vacuum expectation value (owing to the

Z, symmetry), is the inert 2HDM [67], which provides,
economically, a dark matter candidate [68—70]. Then,
Eq. (38) is trivially satisfied, while Egs. (39) and (40) give

Eq.(39) = u}, = —v*4,
For s; =0, o o )
Eq.(40) trivially satisfied, arbitrary u3,,
(41)
Eq.(39) trivially satisfied, arbitrary y?,,
For ¢z =0,
Eq.(40) = 3, = —v*4,.
(42)
One can now obtain
M3 = diag(240%, 4 + v*[A3 + A4 + Re(ds)],
+ 07[23 + 44 — Re(4s)]), (43)
with
A=A, uw*=u3, forsy=0, and =4,
p? =pi, for cy =0. (44)
The charged scalar mass is
me, = p* + 0. (45)

With p? > v, my, my, my= > v is simply achieved, the
most relevant ingredient in the inert 2HDM is the require-
ment of Z, invariance in the Higgs basis.

2. Z,-2HDM

For 2v,v, = vzs2ﬁ # 0, we have the “Z,-2HDM.” Equa-
tion (38) requires Im(/s) = 0, that is, 20 = — arg(1s)[z]; as
mentioned after Eq. (40), one can set Im(45) = 0 with a
simple rephasing, in which case we simply have sy = 0.
Then, Eqgs. (39) and (40) impose

ui = —v*{ciA + sjld3 + A4 + A5}, (46)
”%2 = —DZ{S%)Q + C%:[ﬂg + 24 + 25]} (47)

From the mass matrix of the neutral scalars in Appendix B,
one can directly read

mi +miy = 202 {45 + As3}, m3 = —2v%s, (48)
while the mass of H* is

mi. = —v*(As + 2s). (49)
Attending to Egs. (48) and (49), it is clear that the scalar

masses in the Z,-2HDM are bounded. We now turn to the
2HDM with CP symmetry.
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B. 2HDM with CP symmetry

Following Eq. (34), the 2HDM scalar potential

V(@) @,) = i @[®; + 3, @5, + pf, (R0, + DID))
+ 2 (D]D))? + Ay (D)D) + 245(D] @) (DI D,) + 24 (D] D, ) (DD,
+ ﬂs[(‘bi‘bz)z + (CDZ‘Dl)Z} + (/16(1)‘{(1)1 + /17‘192‘132)(‘1)1‘1)2 + ‘D;(Dl)» (50)

with all /4,2], Aj, real, respects CP invariance, Eq. (34).
The stationarity conditions in Egs. (16)—(18) become

2
v
HirSo = —T{Sz/s/lssze + C/%/%Se + S%/%Sﬁ}v (51)
2 2 Vs 2 2
Hin = ~lphiaCo = {4y + 4s5lAs + Aa + Ascap] + 3sopdeco + 255152700} (52)
2 1,2 Voo 2 2,1
Uy = —IE ,Lt]ng — Z {4Sﬁlz =+ 4Cﬂ[l3 —+ },4 —+ lsng] + 2C/5t/; /166'9 + 3S2/})V7C9}. (53)

Attending to Eq. (51), one should now distinguish between
two cases, sy = 0 and sy # 0, that we address in turn.

1. Real 2HDM

For sy = 0, Eq. (51) is fulfilled without regard to y%z, As,
Ag, and A5. Then, Eqgs. (52) and (53) simply yield Eqgs. (17)
and (18) with
’_16 = :I:ﬂ6, /_17 = il%

(54)

/_‘%2 = iﬂ%z’ As > s,

where + corresponds to cy = *1. It follows from the
discussion of Sec. IIC that in this real 2HDM (all
couplings are real and there is no vacuum CP phase),
one can have my, my, my: > v. For a detailed discussion
of this model (and its decoupling regime), see [38,71].

2. SCPV-2HDM

For s, # 0, we have the “SCPV-2HDM,” which incor-
porates a spontaneous origin for CP violation. The statio-
narity conditions, as anticipated, allow us to trade all ,u?j for
A;’s, v, p, and 6,

2

v
#h = =5 [dscpspeq + doch + Aaspl. - (59)

/4%1 = —112[/11c/2j + B+ 44— /15)s%} + Aecpspcol,  (56)
/l%z = —Uz[ﬂzs‘é + (lg, + l4 - 15)6% + 176'/}.5’/}69]. (57)

That is, one can choose a potential in Eq. (50) where y2,,
3, and p3, are given in Egs. (55)~(57), which depend on

A j;t(j = 1to7), v, f, and 0. The mass of the charged scalar
H=* is

my, = v*(ds — Ay), (58)
and, for the neutral scalars, following Appendix B, we have

Tr[MG] = mj; + miy + my = v*{2(4¢ + Ao + 4s)
+ (A6 + 47)s2p¢0} (59)

Equations (58) and (59) show that in the SCPV-2HDM, like
in the Z,-2HDM, a decoupling regime is necessarily absent
if perturbativity constraints are respected. Quantitatively,
the most relevant consequence is that the masses of the new
scalars are forced to be, roughly, below 1 TeV, and thus
phenomenologically interesting.

As a closing remark for this section, it is also to be
noticed that the two exceptional cases where bounds on the
masses can be avoided, the inert 2HDM and the real
2HDM, one for each symmetry, appear when the vacuum
also respects the imposed symmetry.

IV. ANALYSIS

As discussed in the previous section, there are two
2HDMs with an exact symmetry which are not ruled out by
basic requirements; under simple perturbativity assump-
tions, they are constrained to have all new scalars relatively
light. In this section, we illustrate some aspects of this result
through a detailed exploration of the parameter space of the
models. For that exploration, the following constraints are
imposed:
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(i) my =125 GeV and v = 246 GeV (rather than a
constraint, with appropriate parametrizations of the
models, this simply amounts to an election of
parameter values).

(i) Agreement with electroweak precision observables,
in particular the oblique parameters S and T [72].

(ili) 2 — 2 high energy scattering is perturbatively uni-
tary (see Appendix A for details).

(iv) Perturbativity, that is, [4;| < 4z; although the high
energy scattering constraint is sufficient, over most
parameter space, to ensure that |;| < 4z, the con-
straint is nevertheless imposed.

(v) The scalar potential is bounded from below and the
considered vacuum is the global minimum of the
potential.

For the Z,-2HDM, this is guaranteed by the
following analytic requirements:

/11 > 0, 12 > O, l]ﬂz > —/13,
My > |As| = A3 = Aa, (60)
and
m2 2 ~ m2
|:< ’UI_ZIi +A4> —|/15|2:| |:v}2[i+ \//11/12—},3 >0

(61)

For the SCPV-2HDM, there are no simple analytic
requirements as the previous, and the complete
procedure described in [73] is adopted (see also
[74,75]).
Since the focus is only in the scalar sector, constraints that
require the specification of scalar-fermion couplings are not
considered: that is the case, for example, of constraints
from flavor changing transitions or from LHC production
and decay processes,” One cannot ignore, however, that the
125 GeV scalar is quite “SM-like” [80]: in order to reflect
this, a lower bound is forced on the scalar mixing element
Ry [71,81,82]. On the other hand, no direct limits are
imposed on the masses of the new scalars. For better
readability, the regions in Fig. 1 (from left to right, each
one includes the next) are shown in the plots to follow.
The allowed regions for the masses of the new scalars
in the SCPV-2HDM are shown in Fig. 2 (corresponding
regions in the Z,-2HDM do not differ substantially). These
regions trivially follow the expectations on the absence
of decoupling. Figure 3 shows a different view of these
allowed regions, for different “spherical slices” of

5Although in the popular Z, symmetric 2HDMs of types I, 1T
(and X,Y, when the lepton sector is also considered), there is
flavor conservation and all Yukawa couplings are fixed in terms
of the quark masses and tanf, that is not the case for other
2HDMs where the Z, symmetry has a more involved realization
in the fermion sector, and which have controlled SFCNC which
depend on additional parameters [76—79].

O @

Ri1 > 0.95 Ri1 > 0.95

R > 0.95 Ri1 > 0.98
Matin > 150 GeV' main > 400 GeV' miyg, > 600 GeV
FIG. 1. Allowed regions shown in Figs. 2-4; they corres-

pond to Ay? <3¢ (for a 2D y* distribution) and myg, =
Min(myy, ma, mys ).

m = \/m +mj +my.: notice the diminishing size of
the allowed regions as /m increases; the nontrivial shape of
the regions is mainly determined by the oblique parameters

S and T; for m ~ 900\/5 GeV, there are no allowed regions
anymore.

There is also a puzzling aspect in which these numerical
analyses may play a clarifying role. As discussed in
Sec. III, in the inert and the real 2HDMs, perturbativity
requirements do not conflict with large scalar masses. Since
one could naively expect that the real 2HDM arises in the
limit sy — 0 of the SCPV-2HDM (and similarly the inert
2HDM in the limit 5,5 — 0 of the Z,-2HDM), one could
have accordingly expected that the allowed regions extend
to my, my, my: > v in Figs. 2 and 3 in correspondence
with sy — 0. Why is that not the case?

In the SCPV-2HDM, having assumed s, # 0, Egs. (51)
and (55) are equivalent and give uf, = —v*[4Ascpscy +
A6C + 2755]/2; on the contrary, in the real 2HDM with
s9 = 0, Eq. (51) is trivially satisfied with free u2,. The real
2HDM is not recovered, by construction, in the sy — 0
limit within the SCPV-2HDM: a simple and clear mani-
festation of this difference appears in the mass matrices of
the neutral scalars (see Appendix B 3),

0
Real 2HDM: M3 = 0
x
0
0

SCPV-2HDM with § = 0: MZ = (62)

S X X © X X
X X © X X

0 0

That is, the limit sy — 0 in the SCPV-2HDM gives
mp — 0, unlike the real 2HDM.

For the Z,-2HDM, an analogous reasoning holds.
Assuming s,; # 0, Egs. (39) and (40) are equivalent to
Egs. (46) and (47); however, for s; = 0, Eq. (40) is trivially
satisfied with free y3,, while Eq. (47) gives y3, = —v*(43 +
A4 + As) [and similarly for cp =0, u3,, and Eqs. (46) and
(46)]. It is then clear that the inert 2HDM is not recovered in
the limit 53 — 0 (cs — 0): one cannot recover, by con-
struction, a free u3, (u3,) in the Z,-2HDM. A simple and
clear manifestation of this difference appears again in the
mass matrices of the neutral scalars (see Appendix B 2),
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1250 1250 T T T T 1250
1000 F 1 1000 | 1 1000
= 0} = 750 = 750
% % %
<) <) <
< < Jaut
£ 500} £ 500 £ 500
250 | 250 250
0 1 1 1 1 0 1 1 1 1 0 1 1 1 1
0 250 500 750 1000 1250 0 250 500 750 1000 1250 0 250 500 750 1000 1250
my (GeV) my: (GeV) my (GeV)
(@) ma vs. my. (b) ma vs. my=+. (c) myg vs. my=+.

FIG. 2. Allowed regions for the masses of the new scalars in the SCPV-2HDM (following conventions in Fig. 1).

= 500v/3 GeV =750V/3 GeV =850v/3 GeV

=250v/3 GeV
‘ ma mH‘ ma mH‘ ma mH‘ ma

FIG. 3. Allowed regions for the masses of the new scalars in the SCPV-2HDM (following conventions in Fig. 1), for different spherical
slices in i = y /m¥ + m3 + m?.; the dashed straight line goes from the origin to the point my = my = my: = in/v/3.
0

(=)

(63)

0
Inert 2HDM: M3 = 0
0

S O X

0 0
x 0 |; Z,-2HDM with 555 = 0: M3 =
0 x

S o X

In this case, the limit 5,3 — 0 gives my — 0, unlike the inert 2HDM.

Z9-2HDM SCPV-2HDM
1000 T T T 1000 T T
750
3 3
= 500 =
& g
g g
g g
250
0 , . . .
1072 1071 1 10 102 1073 1072 10! 1
tan 3 sin®6
() matin vs. tg in the Zo-2HDM. (b) muin vs. sz in the

SCPV-2HDM.

FIG. 4. myg, vs 1, 55 (following conventions in Fig. 1): for tzﬁl — oo in the Z,-2HDM, myy, = my — 0; for sy — 0 in the SCPV-
2HDM, myy, = ma — 0.
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Figure 4 shows myy;, = Min(my, my, my- ) with respect
to 75 and sg in, respectively, the Z,-2HDM and the SCPV-
2HDM; not only these limits (s,5 — 0 and 55 — 0) cannot
lead to a regime with myy, > v, but also the largest allowed
masses are only obtained in the opposite regime, 5,5 — 1
and s3 - 1.

V. DECOUPLING AND NATURALNESS FOR
SOFTLY BROKEN Z, OR CP SYMMETRIES

As already mentioned, the introduction of soft symmetry
breaking terms, that is symmetry breaking terms with mass
dimension smaller than 4, possibilitates a regime where m1,,
my, my: > v despite perturbativity requirements. In gen-
eral, an important motivation backing the introduction of
soft symmetry breaking terms is the following. Since the
renormalization group evolution of the soft terms (which
are relevant operators) enhances them in the evolution from
higher energy scales down to the electroweak scale, one can
think of them, at low energies, as arising from a scenario
with the symmetry almost exactly realized at high energies.
Concerning decoupling of the new scalars, there is, how-
ever, a puzzling aspect: while in the model with exact
symmetry the masses are bounded, when the symmetry is
softly broken, a completely different qualitative regime can
appear, where arbitrarily large masses are possible. In this
section, it is analyzed that achieving a decoupling regime
through soft symmetry breaking requires some tuning of
the soft parameters; this tuning is not dictated by the
symmetry, and can thus be interpreted as unnatural [83].

Although fine-tuning arguments have been invoked in
wider contexts which include a 2HDM sector (e.g., super-
symmetric extensions of the SM), there is no pretence;
however, that evading the nondecoupling regime through
some fine-tuning constitutes a deep source of concern in the
context of the 2HDMs analyzed here. For a different
approach to the amount of fine-tuning in 2HDMs and
the role of symmetries, see the detailed discussion in [84]
(see also [85]).

One could object to the previous argument that, follow-
ing the discussion on the Higgs basis in Sec. IIC, the
regime with bounded masses is simply avoided through a
large mass term for H, (the scalar doublet which does
not acquire a vacuum expectation value). It would appear
that there is no naturalness or fine-tuning question in that
case. This objection ignores, however, the presence of
symmetry: in a regime with a large mass M3, of H,, the
eventual fine-tuning is already encoded in the coefficients
of the scalar potential rewritten in terms of H; and H,,
including the mass term M%,H}H,, as discussed at the end
of Sec. II C.

A. Z,-2HDM with soft symmetry breaking

In the Z,-2HDM, the Z, symmetry is softly broken by
adding the term ﬂ%z‘DI(I)z + H.c. to V(®,, D,) in Eq. (37).

Instead of the stationarity conditions in Egs. (38)—(40), we
now have

Im(ii3,) = —vzcﬂsﬂlm(/—IS), (64)

cppty = —spRe(if,) — cpp*{cidy + 55043 + A4 + Re(ds)]},
(65)

spm3, = —csRe(fif,) — sﬁvz{slz,ﬂz + cﬁ,[ﬂg + A4 +Re(25)]}.
(66)

Then, the mass of the charged scalar H* is
mp. = —(15 + fﬁl)Re(ﬂ%z) —12(A +Re(4s)).  (67)
while, from the mass matrix of the neutral scalars,

Tr[MG] = =2(t5 + 15" )Re(f1,)
+ 2’[12 [C%A.l + 32/12 - RC(ZS)} (68)
Decoupling  requires  —(15 + 75" )Re(fif,) > v%;  then
Egs. (65) and (66) imply

for 1, ~ O(1), Wiy~ H3y ~ —Re(iy) > v?, (69)

for iy > 1, pf~v*,  uzp >0 (70)

forty>>1, @y ~0% >0 (71)
For t;~O(1), although Re(ii,) does not respect the
symmetry, it needs to be tuned to have a magnitude similar
to u2, and y3,, which do respect the symmetry. On the other
hand, for 75 > 1 or t/;l > 1, the strong hierarchy among
3, and p3, (or equivalently the strong hierarchy among the
vacuum expectation values) is not motivated by the
symmetry and can also be interpreted as fine-tuned.
Furthermore, one can also notice in Eqs. (64)—(66) that
a solution with sz = 0 or ¢z = 0 (in correspondence with
7' > 1 or 15> 1) is only strictly compatible with no
symmetry breaking, /i3, = 0, which brings us back to the
inert 2HDM of Sec. (IIT A 1).

B. SCPV-2HDM with soft symmetry breaking

In the SCPV-2HDM, the CP symmetry is softly broken®
for Im(u3,) # 0 in the scalar potential in Eq. (50). This
model [86,87] has been extensively explored (see, for

6Thr0ugh a field rephasing, one can “move” this symmetry
violation to dimension-4 terms in V(®;, ®,) giving also “hard”
rather than “soft” breaking: since the converse “any hard breaking
can be rephased into soft breaking” is not true, we nevertheless
maintain this abuse of language for simplicity.
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example, [88]). Instead of the stationarity conditions in
Egs. (51)—(53), we now have
2 1 2 v? 2 2
Re(ui,) = —t' Im(ug,) — 3{2S2ﬂ09/15 + cphe + S5Aq )
(72)

S
oty = S—ZIm(ﬂ%z) — vPep{ B + $5[A + A4 — A5

(73)
|

+ SﬂCﬁCeﬂﬁ},

tp+ t/71

So

TrM}] =2

Im(,u%z) —+ 2U2[C/23A.] + S/%wﬂz + 15 + CﬂSﬁCQ(ﬂ() + 17)]

c
Sﬁﬂ%z = S_Zlm(ﬂ%z) - ”zsﬁ{sﬁﬂz + C%;[/% + Ay = As]
=+ SﬁCﬂCQ/l’]}. (74)
Then, the mass of the charged scalar H* is
t/} + t_l
mh =P () + 20 = ). (75)
while, from the mass matrix of the neutral scalars,
(76)

~1
Decoupling requires % Im(u3,) > v%. For 54 < 1, the situation is similar to the Z,-2HDM case: from Egs. (72) to (74),

sp <1, for 15~ O(1), Hiy ~ H3y ~ Re(uty) ~Im(uty) > 02, (77)
so <1, foregl>1, Ui~ 02, U3, >, Re(u3,) ~Im(u3,), (78)
sop <1, fortg>1, U3y ~ v, ui > 0%, Re(ut,) ~Im(ui,). (79)

The same considerations on fine-tuning as in the Z,-2HDM
apply.

For 5y < 1, however, Eqgs. (72)—(74) cannot establish in
general if some kind of fine-tuning is necessarily present to
obtain decoupling; it is to be noticed that a solution of these
equations with sy = 0 is only strictly compatible with no
symmetry breaking, that is, Im(u3,) =0, which brings
back to the real 2HDM of Sec. III B 1.

Zy-2HDM
3 T

ma (TeV)

0 0.5 1 15 2 2.5 3
my (TeV)

FIG. 5.

C. Naturalness

In order to illustrate the previous discussion, one can
introduce simple fine-tuning measures which reflect the

considerations on Egs. (69) and (77); we adopt
v? spv?
fz,

=y e Sscpy =
MaX(W%l ) ﬂ%2|) Max(|,u%1

ﬂ%2|) .
(80)

’

SCPV-2HDM

2.5

ma (TeV)
&

0.5

0 0.5 1 1.5 2 2.5 3
my (TeV)

Allowed regions for the masses of the new neutral scalars in the Z,-2HDM and the SCPV-2HDM with soft symmetry

breaking for different fine-tuning requirements: darker to lighter regions correspond to f7,, fscpy > 10712, 107", 1073/2, 1072,
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Smaller values of f7,, fscpy, correspond to larger fine-
tuning. In Fig. 5, the allowed regions of m, vs my in the
Z,-2HDM and in the SCPV-2HDM are shown for different
requirements on f7, and fgcpy, respectively; darker to

lighter regions correspond to fz,, fscpy > 10712, 1071,
1073/2, 1072. One can observe, for example, that masses
larger than 1.5 TeV require f7,, fscpy < 1072 while to
obtain masses larger than 2 TeV f7,, fscpy < 1072

VI. CONCLUSIONS

In this work, the possibility that perturbativity require-
ments on the quartic couplings of a 2HDM could imply that
all the new scalars cannot have large masses is analyzed. We
show how a decoupling regime is necessarily absent in the
only two realistic models with an exact symmetry, the
Z,-2HDM and the SCPV-2HDM. Although the origin of
this behavior is common to both cases and rather trivial, only
in the first case the question has been analyzed in detail in the
literature. Numerical analyses illustrate the point and confirm
quantitatively that in these models the new scalars neces-
sarily have masses smaller than 1 TeV. Allowed ranges for
these masses are fairly similar in both models. For these exact
symmetries, it is also shown that (i) a decoupling regime is
available for models with one specific vacuum configuration
in each case—the inert and the real 2HDM, and (ii) these
models with a decoupling regime cannot be obtained as a
limiting case of the Z,-2HDM and the SCPV-2HDM. 1t is
also possible to obtain a decoupling regime thanks to the
introduction of soft symmetry breaking terms: it is finally
argued that this is achieved owing to some tuning of
parameters which is not justified by the symmetry, a situation
that might be viewed as unnatural.

ACKNOWLEDGMENTS

M. N. thanks J. P. Silva for discussions and F.J. Botella
for discussions and critical reading of the paper. M. N.
acknowledges support from Fundagdo para a Ciéncia e a
Tecnologia (Portugal) through Projects No. PTDC/FIS-
PAR/29436/2017 and No. CFTP-FCT Unit 777 (UID/FIS/
00777/2013, UID/FIS/00777/2019), from Spanish Grant
No. FPA2017-85140-C3-3-P (AEI/FEDER, UE) and from
Generalitat ~ Valenciana  (Spain)  through  Project
No. CIDEGENT/2019/024.

APPENDIX A: PERTURBATIVE UNITARITY

At high energies, 2 — 2 scattering processes in the scalar
sector are controlled by the quartic couplings 4;; the

corresponding 2 — 2 tree level scattering matrix S is block
diagonal, since the total hypercharge Y and weak isospin /
are conserved in that limit [29-36] (for a recent one loop
analysis, see [89]). The resulting submatrices Syy ; are

A As V24
1
S = 87 s Z) \@? ’ (A1)
V24, N2 A3+
1
S = g(% —A4), (A2)
A Ay A A
14 b 24 &
S[O,l] = % A 2 A ’ (A3)
6 7 3 5
ke A7 As A
3 2M3+As 3 3%
o _1|%th 3k 34, 34
T8 | 3 30 My +24 34
3 32, 345 A3+ 2
(Ad)

Requiring that the different S}y ;) do not yield probabilities
larger than 1 is the perturbative unitarity requirement; that
is, for values of {4, 4, ...,47} such that some eigenvalue
of the above matrices is larger than 1, that point in
parameter space is not acceptable.

In the analyses of Secs. IV and V, for the Z,-2HDM, one
has 44 = 4; = 0 and the perturbative unitarity requirement
can be reformulated easily in terms of analytic conditions.
For the SCPV-2HDM that is not the case, and the
eigenvalues of Sy are computed numerically.

APPENDIX B: MASS MATRICES OF
NEUTRAL SCALARS

In this Appendix, the elements of the mass matrices
of the neutral scalars are shown for the general 2HDM
(including expressions in the Higgs basis), for the
Z,-2HDM and for the SCPV-2HDM, for the Z,-2HDM
with soft symmetry breaking, and for the SCPV-2HDM with
soft symmetry breaking. In obtaining these mass matrices,
the stationarity conditions are, of course, used; for com-
pleteness, the mass of the charged scalar H* is shown again.
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1. General 2HDM

For the general 2HDM in Sec. II C, the mass matrix of the neutral scalars is given by

4 4
]11 _ 2{2/11Cﬂ +2/12Sﬂ+

1]2

[Mg]lz = ?{

[MGlas = = (15 + 13" )Re(fif,) + = 3 {

23 + 44 + Re(1s)]s3,
—|—2(Re(/_16)c/% + RC(Z7)S§)S2ﬂ }’
2[—ﬂlc§ + ﬂzsﬁ]szﬁ + (A3 + A4 + Re(ls)]s4p

+Re(%g) (cap + cap) + 2Re(d7) 55535 }

3l + Ao = 2(43 + A4 + Re(ds))]
—(t/, + s45)Re(4¢)

—(ty— S4ﬂ)Re<z7) }

[(MGl13 = =v*{Im(ds)s0p + c5Im(Zg) + s3Im(25)},

2
v - _ _
[MGlas = ~5 {2Im(4s)cop + (Im(47) — Im(4g)) 525}
2
_ v - _ - -
[MGlss = —(t5 + 15" )Re(f7,) — — {4Re(ds) + 15'Re(ds) + 15Re(47)}. (B1)
The mass of the charged scalar is
2
_ v - _ - -
mk. = —(t5 + t/;I)Re(,u%z) - ?{2[/14 +Re(4s)] + t/,'Re(/lﬁ) + 1;Re (A7)} (B2)
In terms of parameters in the Higgs basis,
[Mé]n =217 Ay,
[MGl12 = v*Re(Ag).
(MGl = M3, + v*{A; + A4 + Re(As) },
[M%]m = —Uzlm(%)»
[M%]B = —Uzlm(/\5>
[MGl3s = M3, + v*{A; + Ay —Re(As)}, (B3)
and
my = M3, + v*A;. (B4)

The scalar mixing matrix R in Eq. (15) is a general real 3 x 3 orthogonal matrix, which depends on three real parameters.

2. Z,-2HDM

For the Z,-2HDM, the mass matrix of the neutral scalars is given by

[MG]

[MG]

[MG]

[M3Glis = 0.
[MGlos = 0.
[M%]33 = —20%]s.

The mass of the charged scalar is

Mgl =207 {4y ¢+ dasy + 2¢555(A3 + Ay + 2s5) 1},
2= =7 SZ[}{ A]Cﬂ +/12S/} + CZ/}()G +ﬂ4 +15)}
2 = 20 ¢si{ A + 20 = 2(23 + 24 +25)},
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In this case, R is block diagonal: it is customary to introduce a parametrizing the transformation from {p, p, } in Eq. (12) to

{h, H}; for example,
h (04 a
)= )0 @
H —Ca  Sa P2

and then
Sep —Cap O
R ES Caﬁ Saﬂ O . (BS)
0 0 1

which depends on a single parameter combination & + 8, with 5,5 = sin(a + ), c,3 = cos(a + f3).

3. SCPV-2HDM
For the SCPV-2HDM, the mass matrix of the neutral scalars is given by

M3 = vz{ 2216+ 24085 + [A3 + Ay + Asa]53, }
+2(/16c[23 + /175%)52/}03
2{ —A1 €+ Qo5+ (A3 + Ag + A5C29)Copl 52 }
5 [(A6 = A7) cap + (A6 + A7) cplco ’
2{ 3855101 4 A2 = 2(43 + A4)] + A5(1 + 35¢20) }

/17 - /16 $25C25C0

MGl = Se{msszﬁca +c /16 + s/23/17},
(MGl = —v s9{2/15c2ﬁcg +cpsp(ds = A6)
[M(%]}& — 21]2}#55*5. (B9)

The mass of the charged scalar is

m%li = v?(As — Ay). (B10)

4. 7,-2HDM with soft symmetry breaking

For the Z,-2HDM with soft symmetry breaking term in Sec. VA, the mass matrix of the neutral scalars is given by

(MGl = 207 {Ayc) + Aasy + 2¢555(A3 + Ay + Re(ds)) },

[(MGliy = v2s0p{ =21 ¢} + Ao5] + cp(A3 + A4 + Re(ds)) },

(MGl = =(tp + 13" )Re(fi7,) + 207 c5s5{A + 4 — 2(43 + A4 + Re(ds)) },

[(MGli3 = =v2s55Im(Zs),

[(MGlas = —v*coplm(Zs),

[MGlss = —(tp + 1" )Re(f7,) — 20°Re(4s). (B11)

The mass of the charged scalar is

m2 = —(ty + 1" Re(i,) - v*(4y + Re(s)). (B12)
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5. SCPV-2HDM with soft symmetry breaking
For the SCPV-2HDM with soft symmetry breaking terms in Sec. V B, the mass matrix of the neutral scalars is given by

(MGl = v*{2¢3A1 + 25445 + 53445 + A4 + capds] + 255p¢0[cihe + s5A]}, (B13)
[Mz] _ Uz{ Szﬁ[—C/zjﬂl + 5/23/12] + C2/}S2/;[ﬂg + 14 + ngﬂs] } (B14)
oli2 = ,
+C3[CﬁC3ﬂj.6 + S/}S3/3/17]
ty+ 15! 2 (5504 + Ay —2(A3 + Ag)]

ME =2 Ty 4 5 { ) ®15)

So 2 +2(1 + cZﬁCZH)j‘S - S4ﬂcc9[ﬁ'6 - 17]
[M%]13 = —UZSQ(ZSZ[}C()AS + C%AG + S/%Aq), (B16)
[M(2)]23 = —71259(202/}0915 - s/;c/,»(/lﬁ —47))s (B17)

tp+ 13!
(MGl :Tﬂlm(ﬂ%z) + 207535, (B18)
The mass of the charged scalar is
1+ 13!

mly =L Im(idy) + 0?35 — ). (B19)

So
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