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1 Introduction

The two-Higgs-doublet model (2HDM) is one of the simplest extensions of the Standard
Model (SM) of particle physics. It was introduced in 1973 by T.D. Lee [1] as a means
to obtain an extra source, other than the CKM matrix, of matter-antimatter asymmetry,
via the spontaneous breaking of the CP symmetry by vacuum expectation values (vevs)
of Higgs doublets. To achieve this, the field content of the scalar sector of the model is
doubled relative to the SM — instead of a single SU(2) doublet, the 2HDM has two. The
model has a rich phenomenology, with an enlarged scalar spectrum compared to that of
the SM: two charged spin-0 particles and three neutral ones. Certain versions of the model
can provide dark matter candidates, or change the LHC-discovered Higgs boson production
and decay rates. For a review, see [2].

Farly on it was recognised that the fact that both scalar doublets could couple in-
dependently to fermions would induce scalar-mediated tree-level flavour-changing neutral
currents (FCNC). Since these interactions are severely constrained from numerous exper-
imental observations in the quark and lepton sectors, they must either be fine-tuned via
judicious choices of Yukawa coupling values, suppressed by heavy-enough flavour-changing
Higgs bosons, or set to zero naturally through the imposition of a global symmetry on
the model. The first such symmetry proposed was a Zy one, in a paper by Glashow and
Weinberg [3], it forces a single scalar doublet to couple to fermions of the same electric
charge, at the same time simplifying the 2HDM scalar potential. The global U(1) Peccei-
Quinn symmetry [4] also eliminates tree-level FCNC, although leading to a different scalar
potential. Said symmetries are imposed on the whole Lagrangian, but it is also of interest
to find out what are the possible symmetries of the scalar potential alone. This question
is made more complex by the fact that the two doublets of the 2HDM carry the same
quantum numbers, therefore any linear combination thereof which preserves their kinetic
terms is as physically acceptable as any other. This basis freedom can make it difficult to
recognize whether a given 2HDM scalar sector has a specific symmetry, since different field
bases will imply different symmetry-imposed relations among parameters of the potential.

Using a bilinear formalism [5-11], Ivanov was able to show [6, 9] that there are only six
different global symmetries one can impose upon the SU(2)xU(1) 2HDM scalar potential.
Out of these six, three are so-called Higgs family symmetries — unitary transformations in
which the doublets ®; and ®» mix among themselves, two of which are the aforementioned
Zy and U(1) symmetries, the third one an SO(3) symmetry. The remaining three are
generalized CP symmetries, called CP1, CP2 and CP3, anti-unitary transformations which
relate the doublets and their complex conjugates. Ivanov proved this result by analysing
the basis-invariant eigenvalues of a matrix built from quartic couplings. Using a slightly
different bilinear formalism, a more complete set of basis-independent conditions for the
presence of global symmetries in the 2HDM was explored in ref. [12]. These were obtained in
terms of properties of two vectors, together with the eigenvalues and eigenvectors of a 3 x 3
matrix, constructed from the parameters of the potential. This procedure, however, is not
fully satisfactory, since the most general 2HDM potential contains redundant parameters:
of a total of 14 parameters, only 11 are necessary for a parametrization of physics contained



in the scalar sector of the model [13]. Indeed, a set P, of 11 physical parameters has been
proposed [14—17], consisting of scalar masses, couplings of scalars to gauge bosons and scalar
trilinear and quartic interaction couplings — to parameterize the 2HDM scalar potential.
Conditions for CP conservation, for instance, were obtained using this formalism.

Recently, we rephrased the symmetry conditions of [12] in terms of the set P of phys-
ical parameters [18]. Each symmetry — in decreasing number of potential parameters,
CP1, Z,, U(1), CP2, CP3 and SO(3) — implies restrictions on the number of scalar sector
parameters, by imposing relationships among them, or eliminating some altogether. This,
in terms of the physical parameters in P, translates as relationships among physical pa-
rameters, i.e, observables. However, unlike the relationships among potential parameters
of [9] or [12], the parameters in P are physical and correspond to quantities which appear
after spontaneous symmetry breaking, e.g., scalar masses. Such symmetry classification
must take into account the vacuum state of the model, and whether that vacuum preserves
the symmetry under consideration.

As a simple example, consider a model with a CP1l-symmetric potential. For certain
values of its free parameters, the model may have a vacuum which preserves CP1, but in
other regions of parameter space the vacuum may spontaneously break that symmetry.!
In the former vacuum, two of the neutral scalars H; couple to gauge bosons via triple ver-
tices of the form H;V'V, the third does not; in the latter vacuum, all three neutral scalars
have such couplings. The work of [18] considered all possible vacua present for each of the
six exact symmetries, and listed the sets of relations between physical observables of P for
those vacua. Along the way it was discovered that many of the symmetry conditions of [12]
amounted to tree-level fine tunings of parameters, which are not preserved under renormal-
ization — for example, some conditions of [12] implied tree-level mass degeneracies which
were not preserved under radiative corrections, and as such those symmetry conditions
amounted to tree-level accidents — if a symmetry is present in the potential and imposes
relations among parameters, those relations ought to be preserved under renormalization.

Our recent work [18] was however limited to symmetries of the potential as a whole
(allowing for spontaneous breaking, but not for soft breaking). There is, on the other
hand, considerable interest in softly-broken 2HDM symmetries. For instance, models with
an exact Zo symmetry, spontaneously broken by the vacuum, predict an upper bound of
about ~ 800 GeV on masses of the non-SM-like scalars, due to constraints from unitarity.
Hence such models cannot have a decoupling limit and have a considerably harder time
fitting existing experimental data from the LHC. The introduction of a dimension-2 term in
the potential, which softly breaks the Zs symmetry (therefore preserving all Z5 conditions
in the quartic couplings to all orders of perturbation theory) solves this issue, allowing
the extra scalars to have masses as high as necessary to accommodate all current LHC
experimental results.

In this work we formulate and investigate tree-level constraints implied by softly broken
symmetries of the 2HDM, i.e., when dim-4 interactions (quartic terms) are invariant while

"However, no simultaneous CP1-preserving/ CP1-breaking minima may coexist in the potential for the
same set of parameters [19, 20].



dim-2 (quadratic) are not. Note that, in general, separation between dim-4 and the lower-
dimensional Lagrangian is not invariant with respect to basis transformations of the fields.
For instance, in a case of softly broken Zy symmetry, \¢ = Ay = 0 and m?, # 0 in a
certain basis. One can, however, perform a change of basis and rotate into a basis in which
m?2, = 0. In this new basis, the quartic couplings will change, and in particular e,z will
become non-zero. It is then natural to question if the requirement of invariant quartic and
modified quadratic terms will have the same physical consequences when formulated in
those two different bases. Therefore, a natural question of the physical significance of soft
symmetry breaking arises. A straightforward strategy that might be used to clarify this
issue is to adopt sufficient and necessary conditions for soft breaking in a general basis.
Since transformation rules of potential parameters for 2HDM are known, see e.g., [21],
one could express the conditions in terms of parameters in another basis and this way
explicitly verify if the conditions have the same form in terms of redefined parameters.
This is, however, not the procedure we have adopted.

Our strategy, altogether more ambitious, is to attempt to express the conditions for soft
symmetry breaking in terms of invariant (with respect to basis transformations) observable
quantities like tree-level masses and appropriate tree-level couplings. If this procedure were
to be successful, not only would a physical meaning of soft symmetry breaking be identified,
but one could also formulate a strategy to test the breaking experimentally. This is the
strategy we are opting for here. Therefore the main goal of this work is to express the soft-
symmetry breaking conditions in terms of physical parameters/observables like masses and
couplings. Having masses and couplings measured, one can then relatively easily test
the breaking of a given symmetry experimentally. As we will see in next sections, the
constraints are somewhat complicated when expressed in terms of the physical parameters.
However, the result is unique, i.e., there is no alternative (e.g., simpler) form of those
constraints for a given set of observable input parameters.

In order to gain understanding and develop some intuition for the constraints, we will
also formulate the results in the alignment limit, defined by requiring that couplings of the
SM-like Higgs boson to be exactly as predicted by the SM. Applying this constraint, the
symmetry conditions simplify, thus offering a chance for a slightly deeper understanding of
the model.

This work is an extension of the study presented in [18]. There, we only studied
the exact symmetries of the potential. In this work we allow for soft breaking of the six
symmetries. Besides purely theoretical curiosity explained above, our motivation for this
study is the considerable interest for soft symmetry breaking in search for an optimal scalar
sector of the electroweak theory. As before, our intent is to identify relationships among
physical parameters within each model with a softly-broken symmetry. We will only deal
with the scalar and gauge sector of the theory — the symmetries considered could of course
be extended to the fermion sector, but we will not deal with that issue here. In fact, it
is known that three of these symmetries (CP1, Z3 and U(1)) have phenomenologically
valid fermionic extensions, one (CP3) can account for quark and charged lepton masses
but seems numerically unable to reproduce the CKM matrix [22] and another (CP2) yields
one generation of massless charged fermions [22-24]. However, it does not seem to be



impossible that all of them have hitherto unknown valid fermionic extensions (for CP3, for
instance, a 2HDM with a fermionic sector with vector-like quarks is a phenomenologically
valid model [25]).

This paper is organized as follows. In section 2 we define the model, together with
our notation. Masses and couplings are presented, together with the employed physical
parameter set. In section 3 we present conditions for the softly broken symmetries and
relate them to potential parameters and the vacuum, in terms of physical parameters. In
section 4 we present a brief summary. Some technical material on quartic and quadratic
invariants is collected in appendices A and B. In appendix C we explore how these softly
broken symmetries look like in the Alignment Limit (AL). Finally, RG-unstable cases
encountered are listed in appendix D.

2 The model

We start out by parameterizing the scalar potential of the generic (CP-violating) 2HDM
in the common fashion:

1
V(®1,®2) = — 5 {mt0]@1 + m3, 010, + [m} @], + Hel}

A A
+ 5 (@]01)7 + T(@L02)? + 3(2]01) (2] )

+ A4((I>J{(I)2)((I);(I)1) + % {)\5(@1@2)2 + H.C.]
+{[As(@]@1) + Ar(@]@2)| (@] @5) +Hec.}. (2.1)

The vacuum will be parameterized as

1 {0 et [0
(®1) = 7 <U1> ;o (P2) = 7 <U2> : (2.2)

All parameters in (2.1) are real, except for m2,, A5, Ag and A7, which in general could be
complex. Counting real and imaginary parts of each coupling, the potential of eq. (2.1)
would seem to have 14 parameters, but in fact that number is reduced to 11 by the basis
freedom the potential has. In fact, since both doublets have identical quantum numbers,
any linear combination of them which preserves the ®; 9 kinetic terms is as acceptable as
any other, and this allows some simplification of (2.1).

In order to see this explicitly, let us define ®; = U;j®;, where U is a generic U(2) matrix.
If we express the potential in terms of {®;, ®5} instead of {®;, ®5}, this is referred to as
a change of basis. Note that the parameters of the potential will in general change under
a change of basis. This is explicitly given in, for instance, eqs. (5)—(15) of [21]. Basis
changes may therefore be used to express the potential in simpler terms, since sometimes
it is possible to altogether eliminate some of its parameters. For instance, it is easy to
find a U(2) matrix such that the terms of the 2HDM potential which are quadratic in
the doublets are “diagonalised” — i.e., we go to a basis where the new value of the m?,
coefficient is zero, thus eliminating two parameters out of the initial 14. In the new basis



the quartic couplings A5, Ag and A7 will in general be complex, with unrelated phases —
but since in this basis m?, = 0, it is always possible to rephase one of the doublets so
as to eliminate one of the complex phases of those three quartic couplings. For instance,
if 5 = arg()\s), the rephasing ®; = ¢%5/29, will render, in the new basis, A5 real, thus
eliminating one more parameter from the potential, leaving us with 11 independent real
parameters.

2.1 The physical parameter set

The most general 2HDM thus needs 11 independent real parameters to fully characterize
it. Clearly, physics cannot depend on an arbitrary choice of basis for the Higgs doublets.
All measurable quantities must be basis independent, thereby leading to the study of basis
invariant quantities. Of course, the scalar masses are basis invariant. The same holds
for most of the physical couplings, though couplings involving charged fields may have
arbitrary phases, and are thus pseudo-invariants [14]. In recent works [14-16] a set of 11
physical parameters was proposed to describe the 2HDM. That set includes, to begin with,
the four masses of the scalar particles of the model — three neutral states and a charged
one. Those masses can obviously be related to the potential parameters in any basis, but
for some applications it is simpler to work in the Higgs basis [26, 27]. To reach a Higgs
basis we perform a field rotation such that only one doublet has a non-vanishing, real
and positive vacuum expectation value (VEV), whereas the other doublet has a vanishing

VEV? ie.
<@1>=\2<2>7 <‘I’2>=<8>, (2.3)

with v = 246 GeV. We must make sure that the vacuum corresponds to a minimum of the
potential, and by demanding that the derivatives of the potential with respect to the fields

should vanish we end up with the stationary-point equations®

mi =2\, miy =12 (2.4)

We are assuming that a minimum of the potential can be found — this is ensured by re-
quiring that the potential be bounded from below (BFB), so that no field direction exists for
which the potential tends to minus infinity. These BFB conditions [28] impose constraints
on the quartic couplings, such as demanding that Ay > 0 and Ay > 0. It has been shown,
for the most general 2HDM potential, that BFB conditions are basis-invariant — in the
sense that, if a potential is BFB in one basis, it will be so in any other [6, 9]. We are also
assuming that this vacuum is the global minimum of the model, which in some cases might

2The Higgs basis is not unique, as it is still possible to perform a basis change consisting of a U(1)
rotation on ®9, staying within the Higgs basis.

3Demanding that the vacuum should correspond to a stationary point does not guarantee that it is a
minimum of the potential. One must also demand that the squared masses of the physical scalars are positive
in order for the potential to have the curvature of a minimum point. In the present study we shall also
encounter situations where some physical scalar has vanishing mass. Then we shall relax the requirement
of positive squared masses to just demanding that the physical scalars have non-negative squared masses.



not necessarily be true — for instance, for the softly broken Zs potential, there is the pos-
sibility of coexistence of two minima which both spontaneously break Z, [9, 29, 30]. This
feature, however, occurs only for very constrained regions of the parameter space. And
even if the minima we choose in the current work were local and not global, that would
have no impact on the relations between physical parameters we will establish. We should
also mention that the globality of the vacuum is of course a basis-invariant statement, since
it concerns the value of the potential, which is basis-invariant by definition.
In the Higgs basis we may parameterize the two doublets as

G+ H+
®1:<(U+771+i00)/\/§>’ (1)2:<(772+i773)/\/§>. (2.5)

The great advantage of the Higgs basis is the fact that the would-be Goldstone bosons are
all contained in the first doublet, and the charged field is automatically identified as the
upper component of the second doublet. Indeed, we identify G and G* as the massless
would-be Goldstone fields, whereas H* are the massive charged scalars. The neutral fields
7; are not mass eigenstates, we relate them to the mass eigenstate fields H; by an orthogonal
rotation matrix R as

H, M
Hyl|=R|mn2]. (2.6)
Hjs n3

In general, the Hj 23 neutral mass eigenstates have no definite CP properties. This would
depend on the type of vacuum adopted — if it preserves CP, two of these states will be
CP even, the third CP odd; but if there is no CP conservation in the model all three states
will have undefined CP properties. As for the charged sector, the masses of the charged
scalars HT can be read directly off from the corresponding bilinear terms in the potential,
and are found, in the Higgs basis, to be given by

2
Mag

2
v

As for the neutral sector, the squared mass matrix is (in the Higgs basis) given by

A1 Re )\6 —Im )\6
M2 =07 | Reds L(A3+ A +Reds — 22) —LIm A . (28)
“Im Ag —LIm A L(As+ A4 — Reds — 222)

Then, by using (2.6) we get the masses of the neutral scalars from the diagonalization of
the mass-squared matrix, M?,

diag(M?, M2, M2) = RM?RT. (2.9)

Thus the four masses — the charged one from eq. (2.7) and the three neutral ones
from eq. (2.9) — are the first four of the physical parameter set P. Next we consider three
parameters which govern the interactions of the neutral scalars with the electroweak gauge
bosons. To study such interactions, we must consider the kinetic term of the Lagrangian,

Ly, = (D, @) (D"®1) + (D, ®2)T (D" ®y), (2.10)



where DH = OF + %gaiWi“ +i%B“, and the gauge mass eigenstates are related to the gauge
fields by

1 i

W = —(WHH + W™H), W = — (W — W), 2.11a

1 \/5( ) 2 \/5( ) (2.11a)

W = cos OwZ" + sinOwA*, BH = —sin 0w Z" + cos Oy A*. (2.11b)

The couplings between gauge fields and neutral scalars can now be read off from the kinetic
term,

Coeflicient (Ek, zZH {ng/jHlD = mﬂjk@ka (2.12a)

2
Coefficient (Ly, H; ZHZ") = ZLCOZW@ v (2.12b)
g2
Coefficient (Ek,HiW"H‘W_”) = Eei G- (2.12¢)

Notice how all interactions between the H; and the electroweak gauge bosons involve the
quantities e; — if H; is the SM-like Higgs boson, for instance, e; would be related to the
Higgs-gauge bosons coupling modifier xy used by the LHC experimental collaborations
(see for instance [31]) by Ky = e1/v. These quantities are given, in the Higgs basis, by

e = URil. (2'13)

In a general basis, with two VEVs for the doublets and a different rotation matrix R, these
coefficients would be given by e; = v1 R;1 + v9R;2, and are found to be explicitly invariant
under a change of basis [17]. The e; coefficients satisfy a “sum rule”

e? +e3 +e3 =7, (2.14)

which is a consequence of the unitarity of the rotation matrix.

Finally, the physical set P is completed with three trilinear scalar couplings and a
quartic one. The three trilinear H; H"H ™~ couplings and the quadrilinear H*H+YH H~
coupling are chosen, denoted ¢; and ¢, respectively. In the Higgs basis they are

q; = Coefficient(V, H;HTH ™)
= U(Ril)\g 4+ R;sRe A7 — R;3Im )\7), (2.15)
q = Coefficient(V, HTH"HH™)
1
== 2.1
5h2: (2.16)

where the R;; are elements of the rotation matrix R of (2.9). In a general basis one can
show explicitly that these couplings are all basis independent quantities [17]. If H; is the
SM-like Higgs boson, for instance, g1 would contribute to its diphoton width, since in the
2HDM that process involves a charged Higgs triangle diagram and thus the H{H*TH™
trilinear coupling.

To summarize, then, the physical set P is composed of the mass of the charged scalar;
the masses of the three neutral scalars; the coefficients e; of the gauge couplings of the



neutral scalars; the trilinear couplings ¢; between neutral and charged scalars, H; HTH~;
and the quartic charged coupling ¢, corresponding to the vertex HX H+H~H~, so that?

P = {M]2—Ii7M127 M227 M:‘?; €1,€2,€3,41,42, 43, q} (217)

These are all tree-level masses and couplings. All physical observables of the scalar sector
are expressible in terms of these 11 parameters [14-16].

2.2 2HDM symmetries

Considering the 2HDM scalar potential invariant under the gauge symmetry SU(2), X
U(1)y, there are six possible global symmetries that one can impose on the model, via
unitary (Higgs family symmetries) or anti-unitary (generalized CP symmetries) transfor-
mations among the two doublets.” The symmetry transformations corresponding to each
symmetry can themselves have different forms in different bases and still yield the same
physical models, but there is a “canonical” form for each. The first symmetry, which causes
the least amount of constraints on the model, is CP1, corresponding to the “standard” CP
transformation:

« CPIL:
(I)l — (I)’lk s (I)Q — (I)g (218)

This yields a potential which, in the basis where the symmetry transformation is as above,
has all couplings real, and 9 independent real parameters. Next we have the Zs symmetry,
where one of the doublets is transformed to change sign, thereby eliminating terms with
an odd number of that doublet field:

L] ZQZ
P — Dy s Py — —Dsy . (2.19)

This yields a potential with 7 independent real parameters, all of them, without loss of
generality, real. The Peccei-Quinn U(1) symmetry, corresponding to the doublet transfor-
mation

o U(1):
By — e 0D, Dy — 9Dy, (2.20)

where 6 is an arbitrary angle, further reduces the number of parameters to 6, eliminating
a quartic A5 coupling. We then have the CP2 symmetry, where the fields transform as

« CP2:
By — L, By — 7, (2.21)

4This set is not unique, see [32]. Note that the couplings e; and ¢; have dimension of mass.
SIf one disregards the hypercharge group U(1) and Yukawa couplings, the list of possible 2HDM sym-
metries is larger, and may be found in [33, 34]. We will not be considering those extra symmetries.



Symmetry | m3; m3, miy | A1 A2 A3 A4 A5 X A | N
CP1 real real real real | 9
Zy 0 0 0 7
U(1) 0 0 0 0 | 6
CP2 m?, 0 A real 0 0 |5
CP3 m2, 0 A AM—Ad3—A 0 0 |4
SO(3) m?, 0 A A — A3 0 0 0 | 3

Table 1. Constraints on the 2HDM scalar potential parameters due to each of the six symmetries,
imposed using their “canonical” forms (except for CP2). In the final column we show the total
number N of independent real parameters for each symmetry-constrained scalar potential.

forcing several quadratic and quartic parameters to be related to one another and others to
be zero, yielding a total of 5 independent real parameters. The phenomenology yielded by
this symmetry was thoroughly studied in a series of papers by Maniatis, Nachtmann and
collaborators [23, 24]. In the scalar sector, CP2 is a special example of the CP3 symmetry
(much like Z is a special case of U(1)), where the fields transform as

« CP3:

(2.22)

cosf sind
®; — X;®%, with X =
i A%y, W (— sin 6 cos@) ’

and 0 is an arbitrary angle between 0 and 7/2 (the CP2 transformation corresponds to
0 = /2, and the CP1 transformation corresponds to # = 0). This potential has only 4
independent real parameters and the CP3 symmetry has an interesting extension to the
fermionic sector [22]. Finally, the most symmetry-constrained potential is the one with an
SO(3) symmetry, with field transformations given by

. SO(3):
(I)i — Uijq)j s (223)

where U is a generic unitary 2 x 2 matrix. The SO(3) symmetry gives a potential with
only 3 independent real parameters.

In table 1 we summarise the constraints on the parameters of the potential of eq. (2.1) of
the “canonical” form of these symmetry transformations® — in other bases the symmetries
would have different field transformations and correspond to different relationships between
parameters, with no impact on the physics predicted by each model.

In ref. [18] we identified the impact of each of these symmetries in terms of relations
among the physical parameters (2.17). We now wish to study in detail the possibility that
these symmetries are not exact, but rather softly broken by dimension-2 terms.

SExcept for the CP2 symmetry, which we present in a simpler basis proposed in [13].



3 Softly broken symmetries

A global symmetry is said to be softly broken when the dim-4 part of the Lagrangian satisfies
the symmetry constraints but parts of dim-2 or dim-3 ones do not. The introduction of soft
breaking terms in the model — terms quadratic or cubic in the fields, with coefficients of

2 L respectively — does not spoil the renormalizability of the

dimensions (mass)” or (mass)
model [35, 36]. In other words, no new counterterms need to be introduced in a model with
a softly broken symmetry compared to the model with a potential where that symmetry is
intact. In practical terms, this means that we can have perfectly acceptable 2HDMs, from
a renormalization point of view, for which the quartic couplings obey the conditions laid
out in table 1, but the quadratic ones do not. In fact, the most commonly studied version
of the 2HDM is one with a softly broken Zs symmetry — the symmetry would force the
quadratic term m?, to be zero, but this term is reintroduced in the potential, so that a
decoupling limit [37, 38] becomes accessible. Indeed, the soft-breaking coefficient allows the
masses of the extra scalars to be as high as desired, and thus the model can easily comply

with the so-far non-observation of new physics at the LHC.

Another basic example is the Peccei-Quinn model, for which a massless axion appears
if the symmetry is broken by the vacuum. With a soft-breaking term m?, in the potential,
however, the axion becomes a massive pseudoscalar, with mass proportional to m?,. The
Minimal Supersymmetric Model, whose Higgs sector closely resembles the 2HDM, also
possesses a Peccei-Quinn symmetry which must be broken to avoid a massless axion, via
the introduction of a soft-breaking term, the so-called p-term.

Notice a potential obstacle. Soft breaking of a symmetry requires an invariance of
the dim-4 part of the Lagrangian and a non-trivial variation of the lower-dimensional part.
However, in general, separation between the dim-4 and the lower-dimensional Lagrangian is
not invariant with respect to basis transformations of fields. Therefore, a natural question
of the physical meaning of soft symmetry breaking arises. It will be shown here that
the conditions for soft symmetry breaking within the 2HDM can be formulated in terms
of invariant (therefore, in principle, observable) quantities. Thus, in spite of the above-
mentioned uncertainty, soft symmetry breaking does have a unique physical meaning.

It is therefore of great interest to study the possibility and implications of soft breakings
of the six symmetries of the 2HDM. As we will see, some symmetries may have different
types of soft breaking, by leaving the potential invariant to smaller symmetry groups. We
will now go through the several possibilities for the 2HDM, and determine the relations
among the parameters of the physical set P that they imply.

3.1 Softly broken CP1 symmetry

Demanding CP1 invariance in the quartic part of the potential implies Im A5 = Im A\ =
Im A7 = 0, using the CP1 transformation of eq. (2.18). In the quadratic part this would
render m?, real, as seen in table 1. The only possibility of soft breaking, then, is to make
this parameter complex, which then yields the potential for the most general 2HDM with
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a softly broken CP1 symmetry,

1
V(®@1,02) = — 5 {m310]®1 + m3, 0505 + [m}y @] @ + He |}

A A
+ 5 (@121 4 T (B]R2)? 4 X5(R]B1)(BLs) + Ma(B] ) (2] 1)

Re )\5

+ (@] @) + (@101)]

+ {[Re A6(®T®1) + Re A7(q>;<1>2)] [(qqcbz) + (@5@1)} } . (3.1)

The only complex parameter in the potential is therefore m?2,, and there is no basis
redefinition that can eliminate that complex phase. The potential therefore is explicitly C'P
violating. However, this potential is not the same as the most general 2HDM — the fact
that a basis exists for which the quartic part of the potential is real distinguishes this case
from the most general 2HDM, for which no such basis exists. In fact, this model possesses
a soft explicit CP violation.” Also, notice that this model has a total of 10 independent real
parameters, unlike the 11 of the most general 2HDM potential. In fact, we can imagine a
basis rotation which absorbs the complex phase of m?,, making it reappear in the quartic
part; the new quartic coefficients A5 7 become therefore complex, but their phases are
closely correlated. A further basis rotation can eliminate the remaining real part of m?,,
changing A; but not ruining the fact that the phases of these couplings are correlated. The
resulting potential has 2 quadratic and 4 quartic real parameters and 3 quartic complex
ones, out of which there is a single independent phase, a total of 10 real parameters.

We shall now discuss the conditions for the quartic part of the 2HDM potential to be
invariant under CP1 in terms of the parameter set . To recap, there exists a basis in which
the quartic part of the potential is invariant under the CP1 transformation of eq. (2.18),
which implies that Im A5 = Im A¢ = Im A7 = 0. If at the same time no such basis exists in
which Im m?2, = 0, we have softly broken CP1. In [21], the authors constructed four 2HDM
basis-invariant quantities using the parameters of the potential. They proved that if all
four of these invariants were zero the potential would be explicitly CP-conserving. Out
of these four invariants only one, their quantity Igz, is defined solely in terms of quartic
couplings, the remaining ones involving also the quadratic parameters. The authors of [21]
show, in their section III, that the vanishing of Isz is a necessary-and-sufficient condition
for the existence of a basis wherein the quartic part of the potential is real (therefore, CP1
invariant), regardless of what happens with the quadratic terms. Using the techniques
described in [17], Igz can be expressed in terms of the parameter set . This conversion
was presented in an earlier work [15]. The result is recast here in appendix A.

Still, even with Iz = 0, the quadratic part of the potential may or may not be
simultaneously CP1 invariant, meaning CP1 may or may not be softly broken. In order
to guarantee a softly broken CP1 symmetry, we must therefore complement the vanishing
of Isz with conditions preventing the quadratic part of the potential from simultaneously
becoming CP1 invariant. While it is feasible to express such conditions in terms of masses
and couplings, it turns out to be impractical and not so transparent, therefore we choose

"A 2HDM with this property was discussed in ref. [39].
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another approach. In an earlier work [18], we presented conditions for the whole potential
to be CP1 invariant, in terms of P, and labelled them Case A, B, C and D,?

Case A: My = My = Ms.

Case B: M; = M;, (ejq; — eiq;) = 0.
Case C: ex =qr = 0.

Case D: Am, =Aq=0.

Those cases with a bar above were found to be RG-unstable [18] — they in fact correspond
to a tree-level fine tuning, imposing relations among physical parameters (such as mass
degeneracies) which are not preserved under radiative corrections. We list those here for
completeness, but will, for the remainder of the paper, only focus on RG-stable symmetry
conditions, excluding possible fine tunings. Notice, however, that the two cases A and B
both involve mass degeneracy of neutral scalars. Thus, by requiring that no neutral scalars
be degenerate in mass we are effectively excluding the RG-unstable situations for CP1.
(Note, however, that mass degeneracies are allowed for some of the higher symmetries [18].)
Observe as well that Case C would imply the existence of a neutral scalar Hy which does
not couple to electroweak gauge bosons nor to a pair of charged scalars — i.e., it is a
pseudoscalar.

Thus, in order to guarantee a softly broken CP1 (SOFT-CP1) we simply demand that
there should not exist relations among the physical parameters such that the conditions
defining any of these four CP1-invariant cases apply. Then, the criterion for having a softly
broken CP1 becomes

Case SOFT-CP1: I3z=0 and none of the four cases of CP1 invariant potential applies,

for any combination of i, j, k.

Note that the condition for invariance of the quartic part of the potential, Iz = 0, is a
quadratic equation that allows for solutions with respect to Am_ in terms of the remaining
parameters. That way the charged Higgs boson mass, for instance, is no longer a free
parameter and could be determined in terms of other parameters. Details are presented
in appendix A. And since the physical set P has 11 parameters, the condition Igz = 0
reduces that number to 10, thus conforming to the parameter counting we had established
earlier. The expression for Isz is quite unwieldy, being a homogeneous polynomial of order
6 in the lambdas,? but it does nonetheless force a relationship among the parameters of P.
From the expression for Iz given in (A.11) we readily see that Isz vanishes in Cases A,
B, C and D (recalling that all Im J; = 0, implying all ¢;; = 0 in Cases A, B and C).

3.2 Softly broken Z> symmetry

To softly break the Zs symmetry, the quartic parameters must obey the conditions laid out
in table 1 for that symmetry but the quadratic ones do not, which means that one must

8See appendix A for the definition of the quantities Am. and Agq.
In terms of our parameter set P, Isz becomes a homogeneous polynomial of order 6 in the parameters
{M3?, M3, M3, M12.11 ,q1, 42, g3, q} with the gauge couplings {e1, e, es} acting as “coefficients”.
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reintroduce an m3, coefficient in the potential. Unlike the CP1 case, there is more than
one way to softly break the Z, symmetry. Indeed there are three different possibilities,
yielding models with different phenomenologies. In fact, when the Z; symmetry is softly
broken, CP is no longer necessarily conserved, unlike the case when Zs is unbroken. And
this CP breaking can be either explicit or spontaneous.

The most general softly broken Z5 potential, in the basis where the symmetry is defined
as in eq. (2.19), is given by

1

V(®1,®2) = - 5 {mt 011 + m3,0fds + [m}y@] @, + He|}

A A2

2 2
1

+3 (@] @) + He. |, (3.2)

+ (@] 01)2 + (D)D) + A3 (D] D) (D]Do) + Ay (D] Do) (RF D)

where, after a phase change that renders A5 real, other than m?,, all parameters are real.
Three models are then possible:

o If the soft breaking parameter m?, is complex then the potential has explicit CP
violation. This is the so-called complez 2HDM (C2HDM) [40-47], with a total of 9
independent real parameters.

o If the soft breaking parameter m?, is real but the vacuum breaks CP, this model has

spontaneous CP wviolation, and the corresponding potential has 8 independent real
parameters.

o If the soft breaking parameter m?, is real but the vacuum preserves CP, we obtain the

most commonly studied version of the 2HDM, with the same number of parameters
as the previous case.

First, we present conditions for the quartic part of the 2HDM-potential to be invariant
under Z in terms of our parameter set P. If there exists a basis in which the quartic part
of the potential is invariant under the “canonical” transformation of eq. (2.19), we say that
the quartic part of the potential is Zs invariant. This is equivalent to saying that there
exists a basis in which A\ = A7 = 0. If at the same time no basis exists such that m?, = 0,
we have softly broken Z,. Basis-invariant conditions for Z, invariance were deduced in
ref. [13]. We are here interested in conditions concerning only the quartic sector. These
involve the vanishing of a commutator, which we call B, between two 2 x 2 matrices built
from quartic couplings, first introduced in section ITI.B of [13]. Again, using the techniques
described in [17], B can be expressed in terms of the parameter set P. Explicit calculations
are shown in appendix B, where we can see that B = 0 introduces two relations among the
parameters of P.

In our earlier work [18], we presented conditions for the whole potential to be Z
invariant in terms of P, listing a total of six cases. Four of the cases were found to be RG
unstable, and we will not repeat them here. In fact, all such RG-unstable cases involved
some mass degeneracy between neutral scalars. This means that, considering always the
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general case where no neutral scalars are mass degenerate, we are automatically avoiding
the RG-unstable cases found in [18] for Z;. The two RG-stable cases of exact Zs symmetry
in the 2HDM potential are, using the notation of the work cited above,

Case CD: ey = qu =0, 2(efM] + ] M) Mpps = v*(ejq; M7 + eiqiM] — MPMY),
2(eIM}? + e} M?)q = (e;q; — eiq;)* + MPM?.
CaSe CC: ej — q] =ep=qr = 0

Case CD corresponds to a model where the Zs symmetry is spontaneously broken by the
vacuum; case CC, on the other hand, is a model for which the vacuum preserves Zs, the
so-called Inert Doublet Model (IDM) [28, 48-50]. When accompanied by a soft breaking
term m?, # 0, the Zo symmetry could not be spontaneously broken anymore since it
had already been explicitly broken. However still the vacuum could either be invariant or
non-invariant under Zs.

When working out the conditions for the vanishing of B, in order to guarantee that Zs
is in fact softly broken, we must in addition demand that there should not exist relations
among the physical parameters such that the constraints defining any of the six cases of a
Zy-invariant potential apply. Here we list only two!? RG-stable cases of softly broken Z,
(three more RG-unstable cases are listed in appendix D for completeness):

Case SOFT-Z2-X: (B.14) and (B.16) apply, and none of the six cases of Zy-invariant
potential found in [18] applies, for any combination of i, j, k. (There
is an implicit assumption in (B.14) that Im J; # 0.)

Case SOFT-Z2-C: ¢, = ¢, =0, b;; = 0, and none of the six cases of Z>-invariant

potential applies, for any combination of i, j, k.

The quantity b;; is defined in (B.15). The Case SOFT-Z2-C is CP conserving, and the
last letter “C” indicates that it is a sub-case of the CPl-invariant case C presented in
section 3.1. We find that Case SOFT-Z2-X describes the C2HDM which is defined in
terms of 9 parameters. Furthermore, the CP conserving case SOFT-Z2-C specifies a model
where m?, is real, the vacuum conserves CP, and the three constraints leave us with a
model defined in terms of 8 free parameters.

3.2.1 Softly broken Z; with spontaneous CP violation

We have not yet identified all the constraints defining the model with a softly broken
Zs, where m?, is real and where CP is broken spontaneously. Such a model is contained
within Case SOFT-Z2-X (the only CP-violating option), but these constraints have to be
combined with the constraints of Case D of CP1, which will always happen whenever CP
is violated spontaneously.

10Tn appendix B we also found the RG-stable case SOFT-Z2-Y. It is not listed here since it is in fact only
a special case of the more general case SOFT-CP2 which will be presented in section 3.4 on softly broken
CP2.
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In order to have Zs-invariant quartic couplings, eq. (B.14) imposes a condition on g,
whereas eq. (B.16) imposes a condition on M?Ii. In additions, there are conditions on gq
and Méi required for spontaneous CP violation, the “Case D conditions”. Superficially,
it looks like this will leave us with four constraints. The two constraints on g can be
made compatible for f, = 0 and those on MIZ# are compatible for f,,, =0, where f, and
Jm, are rational functions of the remaining 9 parameters of P. Those conditions can be
expressed as

fo=9xhg=0, fm, =gXhy, =0. (3.3)

Thus, they are both satisfied for ¢ = 0, which is the condition (3.4) below. The remaining
factors, hy and hy,, can not simultaneously be zero, so there is no second solution. The
new constraint we get (¢ = 0) in addition to (B.14) and (B.16) is rather involved, it can
be expressed in terms of the d;j;;, of eq. (A.1) as

(2do10do12d101 + doroddys + 2do10dozo — 3dorodosz — d319dio1 + dotodig; — dotodz00
—2dp12do20 — do12do22 + do12d200 + do20d101 — 2dp22d101 — 2do30 + Sdoz2 — 2d101d111
+d210)1m J1 + (4d010d012 — 2d310 + 2dg20 — 4d022)1m J11

d? d
+(dorodora — —20 + —020 doz2)Im Jo + (2do1odo12 — dgyg + do2o — 2doe2)Im J39 = 0.

2 2
(3.4)

This leaves us with

Case SOFT-Z2-XD: Am, = Aq =0, (3.4) applies, and none of the six cases of Zs

invariant potential applies, for any combination of i, j, k.

This case describes a model with soft breaking of Zs and spontaneous CP violation. The
number of parameters is again 8.

3.3 Softly broken U(1) symmetry

The most general softly broken U(1) potential, in the basis where the symmetry is defined
as in eq. (2.20), is given by

1
V(®@1,®2) = — 5 {m} 2] @1 + m3, @by + mi, (@@ + He) |
A A
+ G (@191)° + T @D2)° + Xg(B]81)(21P2) + A (@] Do) (Bh1),  (3.5)
where all parameters are real. Notice that any complex phase of the soft breaking parameter
m?2, may be absorbed by a trivial phase rotation of one of the fields, so we can consider,
without loss of generality, that it is real. As for the CP1 case, and unlike the Z5 one,
there is only one possible form of soft breaking of the U(1) symmetry. This is equivalent
to saying that there exists a basis in which A5 = A¢ = A7 = 0 but no basis exists in which

m?, = 0 simultaneously.
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From table II of [12] we see that the potential possesses a U(1) symmetry if one of the
following two conditions is met:

e A=0; and & xe=mn xe =0, where e is an eigenvector from a one-dimensional
eigenspace of F, (3.6)
e A=0; Ap=0; and &xn=0. (3.7)

The constraint on & only affects the quadratic part of the potential, therefore the conditions
for the quartic part of the potential to be U(1) invariant is

e A=0; and m x e =0, where e is an eigenvector from a one-dimensional
eigenspace of F, or (3.8)
e A=0; Ap=0. (3.9)
The vectors &, 1, the matrix E and the discriminants A and Ay were discussed and
expressed in terms of masses and couplings in [18], therefore we omit details here and only
present the final results. In [18], we also presented conditions for the whole potential to

be U(1) invariant in terms of P, listing a total of four cases. Presenting only the two
RG-stable cases, they correspond to

Case BCC: M; =My, e;j=qj=-¢,=q =0.
Case CoD: e, =q;r =0, 2(6?]\42-2 + G?MJZ)M?_]i = v?(ejq; M? + eiqiMf - MZZMJZ),
2(6§Mi2 + e?MjQ)q = (ejq; — eiqj)2 + Ml-ZM]-Q, My = 0.
Case BCC is the U(1) version of the IDM, where the global symmetry is preserved by
the vacuum. Case CyD, on the other hand, corresponds to a vacuum for which the U(1)
symmetry is spontaneously broken, thus originating a massless scalar (an axion). With a
soft breaking of the symmetry, neither case is achievable — given that both depend on the
global U(1) being intact before spontaneous symmetry breaking.
Thus, in order to guarantee a softly broken U(1), we simply demand that there should

not exist relations among the physical parameters such that the constraints defining any
of the four cases of a U(1) invariant potential apply. The RG-stable case is

Case SOFT-U1-C: ¢, = q;, =0,
2(es M} + ef M7 — v* M) M7s
= v*((M} — M})eiqi + (M} — M})ejq;)
+ €5 (Mf — MP)(M — 2M}) + e (M} — M7) (M7 — 2M),
2v2(e]2~M1~2 + e?MjQ —v?M})q
= U2(eiqj - ejqi)z + 632MJ2(M12 - Ml?) + €Z2M22(Mj2 - Ml?)a
and none of the four cases of U(1) invariant potential

found in [18] applies, for any combination of i, j, k.

This case is CP conserving, as it constitutes a subcase of Case C. An RG-unstable case is
listed in appendix D for completeness.
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3.4 Softly broken CP2 symmetry

The most general softly broken CP2 potential, in the basis where the symmetry is defined
as in eq. (2.21), is given by
1

V(®1,®2) = — 5 {m310]®1 + m3,0]@, + [m}y @@, + He |}
At
2

1
+3 s (@]@2)% + Hee| + {Xs [(@]01) — (@}®,)] (d]@2) + He.} . (3.10)

+ 2 {(@]@1)? + (@]@2)2} + Ag(@]@1)(@1D2) + N (] @) (D] 1)

Without loss of generality we can employ a change of basis (making A\g = Ay = 0 and A5
real) to get a simpler expression for the potential. Let’s refer to this basis as the reduced
CP2-basis in which the potential reads

1
V(@1 ) = — 3 {m} 1 @]@1 + m3, @] + [mi, @] @y + He |

A
+ 5 {(@101) + (@h02) | + a(@]01) (@h2) + A (2] 22) (@) 1)

Re )\5

+ [(@]®5)2 + (@f@1)?], (3.11)

counting a total of 8 parameters.

If the quadratic part of the potential is not simultaneously invariant under the transfor-
mation (2.21), we say that CP2 is softly broken by the potential. In the reduced CP2-basis
this is equivalent to saying that we cannot simultaneously have m?, = 0 and m3, = m?,.
From table II of [12] we see that the potential possesses the CP2 symmetry iff the following
conditions are met:

e (&,1m)=(0,0). (3.12)

The constraint on &€ only affects the quadratic part of the potential, thus the condition for
the quartic part of the potential to be CP2 invariant becomes

e n=0, (3.13)

In [18], we presented conditions for the whole potential to be CP2 invariant in terms of P.
Out of three cases, only one was found to be RG stable, namely

Case CCD: ¢; =q; = ¢, = q = 0, 2M12{i =e;q; — MZZ, 22q = MZ-Z.

Thus, in order to guarantee a softly broken CP2, we simply demand that there should not
exist relations among the physical parameters such that the constraints defining any of
those three cases applies. Then, the conditions expressing a softly broken CP2 become

Case SOFT-CP2: v?(e1qs — eaq1) + erea(MZ — M?E) =0,
v?(e1qs — esqr) + eres(M3 — M7) =0,
v*(e2q3 — e3q2) + eaes(M3 — M3) =0,
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20lq = M} + e3M3 + e3M3,
and none of the three cases of CP2 invariant potential

found in [18] applies, for any combination of i, j, k.

These may look like four constraints, but the first three of these are not independent, so
in reality these conditions only give three constraints. This matches the number of free
parameters, so there can be no more constraints in the general case. The authors of a
recent paper [51] discuss the softly broken CP2 (naming it ERPS4). This model is fully
described by the constraints in Case SOFT-CP2. The unbroken CP2 (their ERPS) is fully
described by Case CCD.

3.4.1 Distinguishing softly broken CP2 cases

There are seemingly five different options for how to softly break CP2, namely

Option I:  m3, # m3y, miy complex, (8 model parameters

Option II:  m?; # m3y, m3, real, 7 model parameters

7 model parameters

( )

( )
Option IIT: m?2; # m3,, m2y =0, (6 model parameters)
Option IV: m%l = m%z; m%z complex, ( )
( )

2 2

Option Vi m}; =m3,, mi, real, 6 model parameters

What distinguishes these different soft breaking options are the symmetries they leave un-
broken. In fact, as in the Z5 case, different soft breakings will leave intact different “pieces”
of the original CP2 symmetry. The CP2-invariant potential in the reduced basis,'! can be
conceived of as resulting from the application of a Zs symmetry, followed by a permutation
symmetry Sz, @1 <> 5. Since the potential in that basis is fully real, it is also trivially
CP1 symmetric. The options for soft symmetry breaking above, then, correspond to: (I) no
symmetry (other than gauge) left unbroken; (II) potential with residual CP1 symmetry;
(III) potential with residual Zs (and CP1) symmetry; (IV) potential with residual CP1
symmetry; (V) potential with residual Sy (and CP1) symmetry. However, only three of
these options are relevant, as two of them can be related to others via basis transforma-
tions. Indeed, the residual CP1 symmetry of option IV only becomes visible if one changes
to a new basis given by the transformation

D, 1 11 b,
DA

which renders m%Q real. After this change of basis, mi11 # Moo. This means that the
change of basis has led us back to Option II. Therefore Option II and Option IV ultimately
lead to the same physics, making one of these two options redundant. Likewise, starting
from the potential described by Option V, we may perform a change of basis, using the

3, 1 (1 1)\ [®
5500

HEq. (3.11) with m3, = m?; and mi, = 0.

transformation
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to make m?, vanish. This takes us to the potential described by Option III. Therefore
Option III and Option V ultimately lead to the same physics, making one of these two
options redundant.

All these options will satisfy the constraints of case SOFT-CP2, but only Option I,
which is the most general way to softly break CP2 is fully described by case SOFT-CP2
without any additional constraints.

Options II and IV both have 7 model parameters, and they lead to two sub-cases of
case SOFT-CP2 which both are described by four constraints. These are

Case SOFT-CP2-C: v2(eiqj —eiqi) + eiej(Mj2 — M?) =0,
e MP A e M
a 204 ’
Case SOFT-CP2-D: v*(e1qo — eaq1) + erea( M3 — M?) =0,
v?(e1qs — e3q1) + eres(Mj — M7) =0,
v*(e2qs — e3q2) + ezes(M3 — M3) =0,
v2(e1qi M35 M3 + eaqo M3 M7 + e3qs MPEM35 — M7 M3 M3)
2(e3M2M3 + e3M3ZM? + e3 M2 MZ) ’
B eI M? + e3M3 + e3 M3
1= 204 )

6kZQk:07

2
MHi:

Case SOFT-CP2-C is what we get if Case SOFT-CP2 is combined with Case C of a CP1
invariant potential. This describes a model which conserves CP, and simultaneously softly
breaks CP2. There are different ways to realize this case. For Option II, if we assume a
vacuum where (in the “reduced CP2 basis”) siné = 0 and vy # vy, or for Option IV if
we assume a vacuum where vy = vy, we will end up with a model fully described by Case
SOFT-CP2-C.

Case SOFT-CP2-D is what we get if Case SOFT-CP2 is combined with Case D of
a CP1 invariant potential. This describes a model which spontaneously breaks CP, and
simultaneously softly breaks CP2. Note again that the number of constrains is in fact
only four, since the first three of these constraints are not independent. There are again
different ways to realize this case. For Option II, if we assume a vacuum where sin £ # 0,
or for Option IV if we assume a vacuum where vs # vy, we will end up with a model fully
described by Case SOFT-CP2-D.

Options III and V both have 6 model parameters, and they lead to two sub-cases of
case SOFT-CP2 which both are described by five constraints. These are

2

M:
Case SOFT-CP2-CC: ¢;=¢qj=¢,=q, =0, q= 5 12
v
Case SOFT-CP2-CD: v%(e;q; — e;q;) + eiej(Mj2 — M?) =0,
e2M? + e2M?
€k = gk = 07 q= W?
112(e,-qiMj2 + ejq; M? — MiQMj?)
2(6%]\@2 + e?MiQ)

2
MHi:
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Case SOFT-CP2-CC is what we get if Case SOFT-CP2 is combined with Case CC of a
Zo invariant potential. This describes a model which is Z5 invariant, and simultaneously
softly breaks CP2. In order to realize this case, we start from Option III and assume a
vacuum where vy = 0 (or equivalently v; = 0), or we start from Option IV and assume
both vy = v1 and sin & = 0 to end up with a model fully described by Case SOFT-CP2-CC.

Case SOFT-CP2-CD is what we get if Case SOFT-CP2 is combined with Case CD
of a Zy invariant potential. This describes a model which spontaneously breaks Zo, and
simultaneously softly breaks CP2. There are again different ways to realize this case. For
Option III, if we assume a vacuum where sin 2§ = 0 and both v; # 0, or for Option V if we
assume a vacuum where sin = 0 and vy # v1 or a vacuum where siné # 0 and vo = vq,
we will end up with a model fully described by Case SOFT-CP2-CD.

3.5 Softly broken CP3 symmetry

The most general softly broken CP3 potential, in the basis where the symmetry is defined
as in eq. (2.22), is given by

1
V(®y,®y) = — = {mflcb{@l +mZ,®id, + [m%2q>}q>2 + Hc]}

2
A

+ 5 {(@190)” + (@122) | 4+ 23(@[81)(@}82) + Aa(@] @) (@])
Al — A3 — N\

. [(cb{%)? T (cbgcbl)?] . (3.16)

Without loss of generality we can employ a change of basis (making m3, = m?2,) to get a
simpler expression for the potential. Let’s refer to this basis as the reduced CP3-basis in
which the potential reads

V(®y, ) = — % {mi, (@@ + fds) + [m},d[®s + Hel }

A
+ 5 {(@121) + (@h22) | + 2a(@]01) (@h02) + A (@] 22) (@)1)
Al —A3— A
+ S (@] @) + (@5 (3.17)

counting a total of 6 parameters. If the quadratic part of the potential is not simultaneously
invariant under the same transformation, we say that CP3 is softly broken by the potential.
In the reduced CP3-basis this is equivalent to saying that we cannot simultaneously have
m?, = 0. From table II of [12] we see that the potential possesses a CP3 symmetry iff the
following conditions are met:

e A=0; with (&mn)=(0,0). (3.18)

The constraint on & only affects the quadratic part of the potential, so the condition for
the quartic part of the potential to be CP3 invariant becomes

e A=0; with n=0. (3.19)
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In [18], we presented conditions for the whole potential to be CP3 invariant in terms of P,
identifying a total of five cases of which two were found to be RG stable:

Case BCCD: ej e q] e ek’ — Qk — 07 2Mf?{i = eiqi — M’i27 2’[}2q — MZ27 M] = Mk;
Case CoCD: ¢ej=¢q; =€, =qr =0, 2M12{i = €;q; — Mz'27 21}2(1 = Mi27 M; =0.

Thus, in order to guarantee a softly broken CP3, we demand that there should not exist
relations among the physical parameters such that the constraints defining any of those
cases of a CP3 invariant potential applies. Then, the conditions expressing a softly broken
CP3 become (listing only the RG-stable cases):

Case SOFT-CP3-B: M; = My, e;q; —erqj =0,
v2(eiqj —ejq;) + eiej(sz — MZ»Q) =0,
v*(eiqr — exi) + esex(M; — M7) =0,
20tq = e?Mf + (e? + ei)MjQ,
20°MEs = e M7? + (e? + e%)Mj2 + v%(e1q1 + eaqo + e3q3),
and none of the five cases of CP3 invariant potential
found in [18] applies, for any combination of i, j, k.
Case SOFT-CP3-C: ¢;, = ¢, =0, v?*(eiq; — eqi) + e,;ej(sz -~ M} =0,
wlqg=e?M? + eszj?,
(3 M7 + e M? — v*My)
x [202 M + EMP + EMF — v2(2ME + eigi + ¢505)]
= 2ejes (M7 — M})?,
and none of the five cases of CP3 invariant potential

found in [18] applies, for any combination of i, j, k.

Case SOFT-CP3-B contains partial mass degeneracy, which requires m?, + m3, = 0,
whereas case SOFT-CP3-C represents the general case of softly broken CP3. Another,
RG-unstable case is listed in appendix D for completeness.

Then there is seemingly three different options for how to softly break CP3, namely

Option I:  m?2, complex, (6 model parameters)
Option IT:  m?, imaginary, (5 model parameters)

Option TIT: m3, real, (5 model parameters)

All these options will satisfy the constraints of case SOFT-CP3-C, but only Option I, which
is the most general way to softly break CP3 is fully described by case SOFT-CP3-C without
any additional constraints.

Case SOFT-CP3-CC: ¢j=¢q; =¢, =q; =0, 20?q = ME,

1
My, = 5(2M1? — M? + eiq;),
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Case SOFT-CP3-CD: ¢, = q, =0, v*(eiqj — €;q;) + eiej(M; — M) =0,
g = e; M + 5 M7,
2(€?MZ-2 + e?MJZ)MIQ_Ii = v?(ejq; M7 + eiqiMf — Mfsz),
e M7 (M? — M)+ eS M (M7 — M) =0,
Case SOFT-CP3-BCC: ¢; =q; =¢, =q =0, M; =M, 2v%q= M7,
Case SOFT-CP3-CyD: ¢, =¢q;, =0, M,=0, vz(eiqj—ejqi) + eiej(sz—Mig):O,
wlqg=e?M? + e?M]?,
2(6?MZ-2 + e?MJZ)Méi = v?(ejq; M? + eiqiMjQ — MZZM]-Q),

Case SOFT-CP3-CC is what we get if Case SOFT-CP3-C is combined with Case CC of a
Zo invariant potential. This describes a model which is Z5 invariant, and simultaneously
softly breaks CP3. In order to realize this case, we start from Option III and assume a
vacuum where sin¢ = 0 and v; = vy to end up with a model fully described by Case
SOFT-CP3-CC.

Case SOFT-CP3-CD is what we get if Case SOFT-CP3-C is combined with Case CD
of a Zy invariant potential. This describes a model which spontaneously breaks Zo, and
simultaneously softly breaks CP3. In order to realize this case, we start from Option III and
assume a vacuum where sin £ # 0 and v; = vy to end up with a model fully described by
Case SOFT-CP3-CD. Note that the last of the constraints for case SOFT-CP3-CD comes
from equating the expressions for M%Ii from case SOFT-CP3-C and case D and working
out the resulting condition.

Case SOFT-CP3-BCC is what we get if Case SOFT-CP3-C is combined with Case
BCC of a U(1) invariant potential. This describes a model which is U(1) invariant, and
simultaneously softly breaks CP3. In order to realize this case, we start from Option II
and assume a vacuum where cos€ # 0 or v; # vy to end up with a model fully described
by Case SOFT-CP3-BCC.

Case SOFT-CP3-CyD is what we get if Case SOFT-CP3-C is combined with Case CyD
of a U(1) invariant potential. This describes a model which spontaneously breaks U(1),
and simultaneously softly breaks CP3. In order to realize this case, we start from Option II
and assume a vacuum where cos ¢ = 0 and v; = v to end up with a model fully described
by Case SOFT-CP3-CyD.

3.6 Softly broken SO(3) symmetry
The most general softly broken SO(3) potential, in the basis where the symmetry is defined
as in eq. (2.23), is given by

V(®y,®y) = — % {m?10]®1 + m3, 0}, + [m}, @@ + He |}
A1
2

+ 2 {(@]@1)? + (@]@2)?} + Ag(@]01)(@1D2) + (M1 — Ag)(@] D) (@LD1).

(3.20)

Without loss of generality we can employ a change of basis (making m?, = 0) to get a
simpler expression for the quadratic part of the potential. The SO(3)-invariant quartic
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part of the potential remains unchanged under all basis changes. Let’s refer to this simpler
basis as the reduced SO(3)-basis in which the potential reads

1
V(@1,@3) = — 5 {m, 801 + m3, 8.}

+ % {(@]01)? + (@}@2)?} + 2a(@]D1)(@1D2) + (A — Xg) (@] ) (@ 1),

(3.21)

counting a total of 4 parameters. If the quadratic part of the potential is not invariant
under the same transformation, we say that SO(3) is softly broken by the potential. In
the reduced SO(3)-basis this is equivalent to saying that we cannot simultaneously have
m?2, = m3,. From table II of [12] we see that the potential possesses the SO(3) symmetry
iff the following conditions are met:

e A=0; Ap=0; with (&§mn)=/(0,0). (3.22)

The constraint on £ only affects the quadratic part of the potential, the condition for the
quartic part of the potential to be SO(3) invariant is

e A=0; Ay=0; with n=0, (3.23)

In [18], we presented conditions for the whole potential to be SO(3) invariant, identifying
two cases, of which one is RG stable, namely

Case ByCyCyD: Mj = M; =0, € =4 = €k = (i = 0,
2M12{i = €iq; — Mi27 27}2(] = Mzz

Thus, in order to guarantee a softly broken SO(3), we demand that there should not exist
relations among the physical parameters such that the constraints defining any of those
two cases apply. Then, the conditions expressing a softly broken SO(3) become

Case SOFT-SO3-ABBB: M; = M, = M3, Q>=0,
2Mp. = Mi + e1q1 + eaqa + €33,  2v°q = M7,
and none of the two cases of SO(3) invariant potential
found in [18] applies, for any combination of i, j, k.
Case SOFT-SO3-BCC: M; =M, e;=qj=¢e,=q, =0,
2M§Ii = eiq; — MZ»2 + 2Mj2, 2?q = MZ~2,
and none of the two cases of SO(3) invariant potential

found in [18] applies, for any combination of i, j, k.

Both these two cases are found to be RG stable. Case SOFT-SO3-ABBB contains full
mass degeneracy and requires m3; + m3, = 0, whereas Case SOFT-SO3-BCC represents

the general case of softly broken SO(3) and requires v2 = 0 (or equivalently v; = 0) in the
reduced SO(3)-basis.
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CP1 | Zy | U(1) | CP2 | CP3 | SO(3)
unbroken 9 7 6 5 4 3
soft breaking 10 9 7 8 6 4

Table 2. Free parameters (not counting inequalities) in models with various symmetries. Only the
numbers for the most general model containing each symmetry is given.

4 Summary

The weak-basis invariant formulation of soft symmetry breaking of the scalar 2HDM po-
tential has been developed. Soft breaking of a symmetry requires an invariance of the
dimension-4 part of the Lagrangian and a non-trivial variation of the lower-dimensional
part. In general, the dim-4 and the lower-dimensional parts of the potential change un-
der a basis transformation of the Higgs doublets. It has been shown that in spite of the
ambiguity corresponding to the separation between the dim-4 and the lower-dimensional
Lagrangian, implications of the soft symmetry breaking could be formulated in terms of
tree-level observables, i.e., they are physical and testable. There exist six global symme-
tries that one can impose on the scalar potential of the model. Necessary and sufficient
conditions for soft breaking of all of them have been formulated for the generic 2HDM in
terms of observables.

In figure 1 we give an overview of the different ways the six symmetries can be broken.
The least symmetric case is when the CP1 symmetry is softly broken. This case is referred
to as “SOFT-CP1”, and was discussed in section 3.1. The different higher symmetries can
also be softly broken, some in more than one way. Accordingly, in addition to the models
with a fully symmetric potential [18], there is a plethora of addtional models, in this paper
denoted by a name whose prefix is “SOFT?”.

In order to gain some further understanding of the conditions for soft symmetry break-
ing we have also found their form in the alignment limit (AL), defined by requiring that
couplings of the SM-like Higgs boson discovered at the LHC are exactly as predicted by
the SM. The results for the AL are shown in appendix C.

In table 2 we list the number of free parameters that are compatible with the different
symmetries. Note that two models with different symmetries may have the same number
of free parameters.

We recall that all the relations between couplings and physical parameters shown in this
paper were based on tree-level results obtained from the Lagrangian. One could wonder if
our symmetry-based relations remain valid if radiative corrections were taken into account.

To answer this question one would need to calculate the 1-loop (at least) effective potential,
;
and ;) in terms of physical (observable) parameters like masses and couplings. Those

define and determine physical masses and couplings and then find potential parameters (m
relations would receive, in general, loop corrections. However, even though this would be

an attractive project, it lies far beyond the scope of our work. Nevertheless a few remarks
concerning the relevance of loop corrections are useful.
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Vo invariant ——

D C
CP" vacuum vacuum SOFT-CP1
breaks respects
CP1 CP1
V4 invariant
— -
CD CC (IDM) SOFT-Z2-X
SOFT-Z2-Y
SOFT-Z2-C
— V2 invariant ——
CoD BCC
U(1 ) vacuum vacuum SOFTUT-C
breaks respects
u() u()
V4 invariant
— V> invariant —
CCD none
SOFT-CP2
CP2 vacuum o
breaks
CcP2 cr2
V4 invariant
r— Voinvariant =T
CoCD BCCD
CP3 vacuum vacuum SOFT-CP3-B
breaks respects SOFT-CP3-C
CP3 CP3
-
V4 invariant
Vs invariant ——
BoCoCoD none
80(3) SOFT-S03-ABBB
vacuum vacuum | soFT-sos-Bcc
breaks respects
SO(3) S0@)
V4 invariant

Figure 1. Overview of the six symmetries, with a listing of the different ways these can be broken.
V5.4 denote dim-2 and dim-4 parts of the scalar potential, respectively.
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Let us consider, as an illustration, the model with a Z5 symmetry imposed, which forces
the relation A\g = Ay = 0. With or without soft breakings, the model is renormalizable,
which means that couterterms d\g7 are not needed to get rid of all divergences. As a
consequence of that the relation A\¢ = Ay = 0 is preserved by RG evolution to all orders of
perturbation expansion. However, if the Z5 symmetry is softly broken, finite corrections to
X6 and A7 are expected. Indeed, the authors of [52] argue that such finite threshold effects
might induce non-zero value for A\g and A7.

First let us emphasize the role played by a symmetry of vacuum, it turns out that it
is as relevant as a soft breaking of the symmetry. We have found many examples in which
the vacuum leaves intact certain symmetries after spontaneous symmetry breaking [18].
For instance, if the whole potential is Zs-invariant there are two possible models implying
different physics. If only one doublet has a non-vanishing vev we get the inert doublet
model, and for this model the Z5 symmetry is exact. If both doublets have non-zero vevs,
Zo is spontaneously broken. Both cases stem from a potential with the same symmetry,
but the physics they imply is different.

For the inert doublet model, since the Z, symmetry is preserved after spontaneous
symmetry breaking, the relation \¢ = A7 = 0 will hold at all orders, also when considering
finite contributions from radiative corrections to these couplings. But if the vacuum spon-
taneously breaks Zs, though no infinite contributions to A\g and A7 will ever appear in a
loop calculation, finite contributions to those couplings may well emerge. It is important
to stress that in this case one can expect A\g and A7 to be much smaller than remaining
(tree-level allowed) quartic couplings Aj_5. If A\g7 were experimentally confirmed in the
future to be indeed much smaller than other quartic couplings it would indicate the case of
spontaneously broken Z, rather than a model with tree-level allowed Ag and A7. One could
then conclude that the non-zero values of A\¢ and A; were not independent of the rest of
the parameters, but rather follow the expected loop relations deduced from a model with
spontaneouly broken Zs, retaining the number of free parameters of the model.

The presence of soft breaking terms would manifest itself at higher orders in much the
same manner as discussed above. If one were to consider a potential with Zy symmetry
softly broken by, for instance, a real m3,, one may expect to find finite contributions to \g
and A7 appearing in loop calculations, now depending on m?,, as presumed in eq. (3.17)
of ref. [52]. But the number of free parameters of the model remains the same (in this
case 8), and the non-zero values of A\g and A7 are not independent, but rather follow the
formulae deduced from a loop calculation in the softly broken Z model. And that would
suggest that the model had an underlying, softly broken, symmetry.'? Furthermore, they
can be expected to be much smaller than the other quartic couplings, so that the tree-level
expressions used throughout this paper should constitute a useful approximation to study
of the model. The same argument also holds for all the other symmetries discussed in this
work. Concluding, it might be interesting to study relations between couplings and physical
parameters beyond the tree level approximation. However, since radiative corrections do

120r, spontaneously broken Z.
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not imply symmetry breaking'® we do not expect them to change the tree-level predictions
drastically, while definitely it would fall outside the scope of the current work.
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A The invariant Iz in terms of couplings and masses

We will need the following useful dimensionless abbreviations [15],

i A 720k i A 727 k i A 727 k
qi My et + g5 My e + g3 M3~ e

digh = Vit2iTh , (A1)
M? M?
_ Mg+ L
my = U2 N m; = 721, (A2)
and also the C' P-odd invariants
1 2
Im J1 = 5 Z eijchi eiekqj
Uik
1
= 5[6162613(1\/-’22 — M?) — eresqa(M; — MY) + ezesqu (M3 — M3)), (A.3)
2 2ejege
Im JQ = E Z eijkeiejekaMg = 11}92 3 Z GUkM;lM]?
P9,k .5,k
2616263
== (M3 — MP)(M5 — M3)(M3 — M7), (A.4)
1
ImJ3 = — Z €ijkqi M7 e;qr,
Uik
1
= E[Qlees(MQQ — M?) — qugzea(M3 — M?) + gaqzer (M3 — M3)],
1
ImJj = — Z eijkeiMiQM]?ekqj (A.5)
Uik
1
= W[€1€2QSM§(M22 — M7) — eresqe M5 (M3 — M7) + egesqi M7 (M3 — M3)].
(A.6)

13In this work we limit ourselves to the tree-level approximation. There are, however, cases where loop
contributions are indispensable. Anomalous symmetries, like e.g. the scale invariance may serve as an
illustration. In this case the invariance is broken by 1-loop corrections and masses are generated, see [53].
However, we do not consider anomalous symmetries here.
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The expression for Isz, whose vanishing guarantees a CP1 invariant quartic potential
is large and unwieldy when expressed directly in terms of the masses and couplings of P.
Therefore we introduce some abbreviations, let us first introduce the notation

M2

Amy = gi — M4, (A.7)
v

Ag =q—4, (A.8)

where

P e1q1 MF M3 + eago M7 M3 + e3qs M7 M3 — M M3 M3 (A.9)
T 2(e2M2ZM2 + 2 M2M2 + e2M2M3) ’ '
(e2g3 — e3q2)? M7 + (e3q1 — e1q3)> M3 + (e1qo — eaqr)® M3 + M7 M3 M3

= A.10
q 2(IMEME + AN + ZMEMD) (A.10)

Using this notation, we find

Isz = cn (Am+)2Aq + ng(Am+)2 + clgAm+(Aq)2 + c11Amy Aq + crpAmy
+eos(Aq)* + co2(Aq)* + conAg, (A.11)

where ¢;; are polynomials in terms of model parameters, given by

co1 = 16 (—d010 + do12 + d101) Im Jy + 32Im Jy1 4+ 8Im J5 + 16Im J3, (A.12)
Cop = (2(j — d012) (8 (_dOIO + d012 + d101) Im J1 + 16Im J11 + 4Im J2 + 8Im J30)GA.13)
c12 = 16 (d012 — dglo) Im J; + 32Im J11 + 16Im Jo, (A.14)

c11 =8 (—4d010d012 — 4y doro — 4Gdoo + 2d31 + 2do1adion
+dimydors + 44dors + dgyg + doza + Ay dion — dig — d200) Im Jy
+32 (—=do10 + do12 — dio1 + 2m4 + 2q) Im Jq
+8 (—do10 — dyo1 + 24 + 4G) Im Jo
+16 (—do10 + 2do12 — dio1 + 24 ) Im J30, (A.15)
clo = —4 (—4Tﬁ+d01od012 + 8Gdo10do12 + 2dgyodo12 — 5dorodoze — 2do10d7o;
+2do10d200 + 81 Gdoro + 4G°doro — 44dg,0 + 4y doradior
—A4gdmadior + do12dly; — 3dor2daoy — 8M-Gdorz + 4mdgyo
—4¢%dp12 — 24d3 + 2dnaadior — 24doze + 3doza + 2d101d111
—~2d101da00 — 81704 Gro1 + 2G5y, + 20, + 24dano — 2da10) I Jy
+4 (4d010d012 — 8¢do10 + 4doradior — 81y dorz + 8ddorz + djys
~Tdo2s — 8Gd101 — 2d3; + 2da00 + 164G + 83%) Tm 11
+2 (2do10do12 — 4Gdo10 — do12d101 — 4y do12 — 2do22 — 4Gdi01
—2d%0; + 3d111 + 2dago + 84§ + 8672) Im Jp
+8 (dmodou — 2Gdo10 — 24 dorz + 4ddor2 — dgyo

—do2a — 2Gdio1 — digy + di11 + dago + 4ﬁl+(j) Im J30, (A.16)
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co3 = 8Im Ja,
co2 = —8 (5do10do12 — dorodio1 + 274 do1o
—2d310 — 2mdorz — 5dogz + di11 + 2d020) Im Jy
+16 (—dp10 + 2do12 — dyo1 + 2m4) Im Jyq
+4 (—2do10 + do12 — 2d101 + 4m4 + 6G) Im Jo,
cor = —4 (5d010d012d101 + 8y dorodor2 + 204do1odor2 + dorodays
+2d3,0do12 + 4do1odozo — 10do10doze — 4Gdotodion
—3do10dTy; — 3do1odi11 + 2do1odaoo + 43 do1o + 814 Gdoro
— 4 dy o — 84d50 — 8dor2dozo — dorzdoze — 4mdoradion
+do12d111 — dor2d200 — 43 dor2 — 8m4Gdora — 24 dy
+2do20d101 + 8Gdo20 — 6do22d101 — 24 do22 — 20qdp22 — 4dp3o
+16do32 + 4d101d111 — d101d200
—47713_61101 + 27~n+d%01 + 4q¢di11 + 2m+d200) Im J;
+8 (—4d010d012 + 2do10d101 — 41y doro — 4ddoro + 2d3yg
+dp12d101 + 44 do12 + 8Gdor2 — 2do2o + 3do22 — 41y dion
—4dio1 — 243, — 3dint + 3dago + 473 + 84 §) Tm Jiy
+2 (—2do10do12 + 2do10d101 — 41 1-do1o — 8Gdo1o
+2d310 + 44dora — 2doao + 2dozs — 4 dion
~8Gdio1 — 4d3g; + biaoo + 43 + 16m G+ 124%) Tm J
+4 (—6d010d012 + 2do1odi01 — 4y doro + 2dgy + Srivy doia

—2dg20 + Tdooo — 4mydior + d%m —4dqi11 + 47’713_) Im J3g.

There are different ways to realize Igz = 0.

(A.17)

(A.18)

(A.19)

1. We easily see that Isz vanishes when all Im J; vanish. This corresponds to a CP1-

invariant potential (both the quadratic and quartic parts) as well as a CP-invariant

vacuum. There is no CP-violation in the scalar sector.

2. We easily see that Isz also vanishes whenever Am, = Ag = 0. We know that this

corresponds to a CPl-invariant potential (both the quadratic and quartic parts). If

at least one Im J; is nonzero, we have spontaneous CP violation.

3. Situations under which I5z vanish, other than the two mentioned above, yield models

with softly broken CP1.

B The commutator B

It is convenient to rewrite the scalar potential of eq. (2.1) as

1
V= Yagq)g(bb + §Zal_)cj(q)g(bb)(q)g(bd)
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In this second form, a summation over barred with un-barred indices is implied, e.g.,
a=a=1,2. Thus,

Yin = —mjl, Yip = —m2%2, Yo = — (m%)*, Yoo = _771/2%2 (B.2)
and
Z1111 = A1, Za22 = A2, Z1122 = Z2211 = A3,
Zh291 = Zon2 = M4, Z1212 = X5, Zna = (Xs)",
Z1112 = Z1211 = A6, Z1121 = Zo1n1 = (Xe) ",
Zn222 = Zaoi2 = v, Zo22 = Zazo1 = (M7)". (B.3)

All other Z ; 7 vanish.

In section IIL.B of [13], three commutators of 2 x 2 matrices are presented, whose
simultaneous vanishing guarantees a Zs invariant potential. For our purposes, we shall
need only one of these commutators in order to guarantee a Zs invariant quartic potential,

namely
B =[zW, z()], (B.4)
where
Z(l) Zabbd> (B.5)
Zc(;l) ZIECIL)Zabcw (B.6)

are given in terms of the potential coefficients in (B.3). Let us point out that B is not
basis-invariant, nor are its elements. However, the condition B = 0 (requiring all four
matrix elements to vanish simultaneously) is a basis-invariant constraint. We translate the
elements of B into masses and couplings by working in the Higgs basis using the method
described in [17], yielding the following matrix-elements of B,

Bi1 = 2 [(2(] — 2dp10 + do12 + leol)lm J1+4Im Ji; +Im Jy + 2Im Jgo} s (B?)
612 = v6 Z [ d012 — 2q M €; +27) (d()12 — 2q) MQQz

+02 [do12 (2q — dio1) + my (4q — 2do12)
2 (*d022 + qdyo1 — d3g; + dago + 26]2)] ei M}

ot [dou (dio1 + 29) + my (4q — 2do12) + d2ps

-2 (d022 + qdio1 + d3g; — dQOO)} qz} fis (B.8)
B = —Bis, (B.9)
B2 = —Bi1. (B.10)

Here, f; refers to the H;W ™ H~ coupling [14]. We see that the vanishing of all four matrix
elements is achieved by requiring 17 = B1a = 0. Since Bjs has both a real and an imaginary
part, the vanishing of By is equivalent to requiring |Bia|? = 0. We find

v'2|Bia|? = b2y + b33 + b33, (B.11)

— 30 —



where
bij = U4 [d()lg (d101 + 2(]) -+ m4 (4(] — 2d012) =+ d312

-2 (dozz + qdio1 + dig; — dzoo)} (ejqi — €iqy)
+0? [do12 (2¢ — dio1) + my (4g — 2do12)
+2 (—d022 + qdio1 — d3gq + daoo + 2612)} eiej (M7 — MJ‘Q)

—|—2U2 (d012 — 2q) (Mig%ej - MJ»quei) + 2 (d012 — 2q) eiej(Mf - M]4), (B.12)
so the vanishing of Bis is equivalent to bjo = big = beg = 0. Requiring the vanishing of
the commutator B is then equivalent to requiring Bi; = bio = big = beg = 0. At first
glance this looks like four constraints. As we will soon see, these four constraints are not
all independent, so the number of independent constraints arising from demanding the
vanishing of the commutator B is less than four. It turns out that the detailed analysis

becomes easier if we split the analysis in separate parts, depending on whether Im Jj is
vanishing or not.™

Let’s first assume Im J; # 0 (implying CP violation). We may then solve By, = 0 for
q to get

4Im Jll + Im JQ + 2Im Jgo
2Im Jy ’

Next, we insert the expression for ¢ into the expressions for all three b;; to get
e (M7 — MP) — (ejqi — eigj)v?
i = (Tm J1)?
x [QIm J1[2(dora + dio1 — doo)Im Jy + 4Tm Jyy + Im Jy + 2Tm Jao) M2+
—v?{2(dp10dm12 — dorodio1 — dog2 + daoo) (Im J1)?
+[4(2d101 — do1o)Im J11 + (do12 — 2do10 + 3d101)Im Jo
+2(d101 — doi2)Im Jzo)Im J;

+(2 Im Ji1 + Im J2)<4 ImJy1 +ImJy + 2Im Jgo)}] . (B15)

q = doro — 3dor2 — dio1 — (B.14)

Demanding that all three b;; should vanish, the only viable solution' is given by

2Im J1[2(do12 + dio1 — doro)Im Jy + 4Im Jyq + Im Jo + 2Tm J30] M 7+

= v2{2(do10do12 — do10d101 — do2a + dago) (Tm J1 )?
+[4(2d101 — do10)Im J11 + (do12 — 2dp10 + 3d101)Im Jo + 2(d101 — do12)Im J30)Im J;
+(2Im Jy1 + Im Jo)(4Im J1y 4+ Im Jp + 2Im J3p) }. (B.16)

11f we evaluate Im J; in the symmetry basis (A\s = A7 = 0) for the most general form of the VEV, we
find
vivZ( A2 — A1)Im (A5e?%)

ImJ; = o : (B.13)

The only realistic way that Im J; can vanish is if Im (Ase®*¢) = 0, since the vanishing of v; or vz implies
m3, =0 (no soft breaking of Z3), and A2 = A1 implies CP2 symmetry of Vj.
151f we require eiej(sz — M?) — (ejqi — eiqj)v? = for all three combinations of 4,75, this will imply

Im J; = 0, which we have assumed is not the case.
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We must also consider the possible physical configurations where Im J; = 0, in which
case we cannot solve (B.7) for ¢. We provided a list of all such configurations in section
3.5 of [18]. We then work systematically through all six possible configurations to see what
additional constraints are needed in order to make the commutator B vanish.

For Configuration 1 (the case of full mass degeneracy (two constraints) — which is
CP conserving), we find that the commutator B vanishes whenever Q% = 0 (this is Case
ABBB from [18], representing a U(1) invariant (and thereby also Zo invariant) potential,
which we discard since we are only interested in softly broken Z3). Another possibility for
the commutator B to vanish in the case of full mass degeneracy is whenever

20%(dagg — d21) + (v3d1or + M7 — 2M#s ) (M}E — 20%q) = 0. (B.17)

We then arrive at a model with three constraints in which the non-RGE-stable full mass-
deneracy is combined with the vanishing of the commutator B. Such a model is also
not RGE-stable and will not be discussed further. For completeness it will be listed in
appendix D as Case SOFT-Z2-A.

For Configuration 2 (two constraints - also CP conserving), we find that Bi; = 0 and
also b;; = 0. Let us also assume that e; # 0, so we can solve for ¢; = e;q;/e;. Then we
find that b;, vanish whenever b;, vanish, since they are now proportional to each other.
So we get only one additional constraint b;; = 0 in order to make B vanish in this case.
This leaves us with a total of three constraints, but the partial mass-degeneracy is again
non-RGE-stable so we will not discuss this case further.

We should also address what happens for this configuration whenever e; = 0 (and we
cannot solve for ¢;). Then we get ejq; = 0. If ¢; = 0, we find that b;;, = 0, so we get
only one additional constraint (bj, = 0) for B to vanish. If on the other hand e; = 0,
we find (assuming ¢? + qu- # 0 in order to avoid a Zz-symmetric potential) that b;; and
bji vanish simultaneously, so we get only one additional constraint (b;, = 0) in order to
make B vanish. Again, this is non-RGE-stable and will not be discussed further. Within
Configuration 2, we end up with cases that have three or sometimes four constraints, all
non-RGE-stable. For completeness we list them in appendix D as Case SOFT-Z2-B.

For Configuration 3 (two constraints - also CP conserving), we find that we have
quartic Zo-invariance if in addition b;; = 0. This is RGE-stable.

For Configuration 4 (two constraints), we find that demanding By, = 0, will imply
Configuration 1, 2 or 3, already analyzed.

For Configuration 5 (two constraints), we find that demanding Bi; = 0, will imply
Configuration 2 or 3, already analyzed.

For Configuration 6 (one constraint), we find that we have quartic Zs-invariance if in
addition

v2(qjei — giej) — eiej(MiQ - MJZ) =0, and g¢= %d()lg. (B.18)

This implies CP violation. The total number of constraints is three, and it is listed in
section 3.2 as Case SOFT-Z2-Y.
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C Alignment

As we have seen, the symmetry conditions of the quartic potential are complicated, there-
fore in this appendix we are going to consider their alignment limit (AL) which, in our
formalism, is simply given by

e1=v, ey=e3=0. (C.1)

For each symmetry, we shall formulate criteria for having softly broken symmetry in the AL.

In certain cases alignment might be a consequence of a symmetry of the potential, so
that (C.1) appears naturally without the necessity of parameter tuning. Such possibilities
have been discussed within the 2HDM in refs. [25, 54, 55] and generalized for nHDM
in [52, 56].

C.1 Softly broken CP1 in the alignment limit

The alignment condition (C.1) makes Im J; = Im J1; = Im Jo = 0, but Im J3p may still be
non-zero, making room for CP violation in the scalar couplings.
M2 — M3
(Im J30)AL _ q2q3 (M3 2)’ (C.2)

4

implying gags(M3 — MZ) # 0 in order for our model to be CP violating in the AL. Next,
let us look at the (simplified) expression for sz in the AL. First,

vgi — M7
(Am-f-)AL = 202 3 (Cg)
1 q2 q2 M2
o= 5 (15 5+ 2F). )
We find
Im J. 3 2
(tiz)ar = I8 [ (am, (Mg, + 80° (;4 v AZ) (Am ),

— 16v* (M3 + M3)(Amy ) aL(Ag)ar

g2 [2Ms | asMs
Mz M3

) (Amy)ar + 16M22M32(AQ)AL} (C.5)

There are different ways to realize (Isz) oy, = 0, which is the condition for invariance of the
quartic part of the potential in the AL.

1. (I6z) oy, vanishes when (Im J3g),; vanish. In this situation we have a CP1l-invariant
potential as well as a CP-invariant vacuum. There is no CP violation in the scalar
sector.

2. (Isz) 5p, also vanishes whenever (Am, ), = (Ag),p, = 0. We know that this corre-
sponds to a CP1l-invariant potential. If (Im J30),; is nonzero, we have spontaneous
CP violation in the AL.
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3. There are other ways to make (Isz),; vanish than the two mentioned above. If
(Im J30) o1, # O then the condition (/sz),;, = 0 becomes a relatively simple quadratic
equation’® that allows for a determination of (Am. ), in terms of model parameters.
Therefore the charged Higgs boson mass is given in terms of other parameters. These
cases yield models with softly broken CP1 in the AL.

Case (SOFT-CP1)ar: e1 =v, ex=e3=0, (lgz)p, =0 and q2q;3(M§ — M22) #0
and (Am)jp, + (Ag)yy # 0.
C.2 Softly broken Z5 in the alignment limit

Case SOFT-Z2-X requires Im J; # 0, and Case SOFT-Z2-Y requires all e,, # 0, none of
which are compatible with the AL. Thus, we are left with only Case SOFT-Z2-C, being
compatible with alignment,

Case (SOFT-Z2-C)ar: e1=v, ex=e3=¢q3=0,
(M} —20%q)(2M 7+ + M — 2M3 — vq1) = 2g50°.

C.3 Softly broken U(1) in the alignment limit

When we impose alignment on the softly broken U(1) model, we find

Case (SOFT-U1-C)ayp: e =v, ey =e3=¢q3 =0,
OM% . =vq — M? +2M3,
20%(Mj — M3)q = v?q3 + M7 (M3 — M3).
C.4 Softly broken CP2 in the alignment limit

When we impose alignment on the softly broken CP2 model, we find

Case (SOFT-CP2)AL: e1=v, es=e3=@q =¢q3=0,
0iq = M2

Case (SOFT-CP2-C)ar: e1=v, es=e3=¢q =q3=0,
20%q = M3.

Case (SOFT-CP2-D)ar: e1=v, ea=e3=q=q3=0,
202q = M12, 2M12{i =vq.

Case (SOFT-CP2-CC)ayr: e1=v, ea=e3=qy=¢q3=0,
2112(] = Ml2

Case (SOFT-CP2-CD)AL: e1 =, €y =e3 =Q2 = Q3 = O7
20?q = M127 2M1%Ii =vq — M12

50One can also consider (C.5) as a linear equation in (Aq)ar, but the coefficient of front of (Ag)ar can
vanish, so it cannot always be solved for (Ag)ar.
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C.5 Softly broken CP3 in the alignment limit

By identifying {i,7,k} = {1,2,3}, we see that Case SOFT-CP3-BCC is already aligned,
and by imposing alignment Case SOFT-CP3-B becomes a special case of SOFT-CP3-BCC.
SOFT-CP3-C simplifies in the AL, so we have two different models of softly broken CP3
in the AL,

Case (SOFT-CP3-BCC)ayr: e1=v, ea=e3=q2=¢q3=0, My= Ms, 2v2q:M12.
Case (SOFT-CP3-C)ar: e1=v, egs=e3=q=¢q3=0,
22q = M12, 2M12{i =vq — M12 + 2M32.
Case (SOFT-CP3-CC)ay: e =v, ex=e3=¢q =q3=0,
22q = M12, QMIQJi =vq — M12 + 2M32.
Case (SOFT-CP3-B)ar: e1=v, es=e3=q =q3=0, Ms= Ms,
22q = Mlz, 2M12L1i =vq + M12
Case (SOFT-CP3-BCC)ayr: e1=v, ea=e3=q=¢q3=0, My= Ms,
2@2(] = Ml2
Case (SOFT-CP3-CD)ar: e1=v, ea=e3=q=¢q3=0, My= Ms,
202q = M12, 2M12—Ii =vq — M12
Case (SOFT-CP3-CyD)ar: e1=v, eas=e3s=q=q3=0, M3=0,
20?q = M12, 2M12—Ii =vq — 12

C.6 Softly broken SO(3) in the alignment limit

By identifying {i,j,k} = {1,2,3}, we see that case SOFT-SO3-BCC is already aligned,
and by imposing alignment case SOFT-SO3-A becomes a special case of SOFT-SO3-BCC.

Case (SOFT-SO3-BCC)ar:e1=v, es=es=q=q3=0, My= Ms,
IMZ. = e1qn — M} +2M3, 20v%q= M}

A recent paper [57] studies a model with softly broken Z,. In particular, the alignment
limit is adopted and the impact of the Zs-breaking parameter mis on the digamma rate,
h — ~7 is explored. This corresponds to Case (SOFT-Z2-C)r,, where Hs decouples from
the charged pair (¢3 = 0) in addition to its decoupling (together with Hs) from the gauge
bosons (e2 = e3 = 0). In addition, there is a constraint involving M, My, Mg+, g1 and
g2, as well as the quartic coupling ¢g. The authors of ref. [57] analyse the digamma rate in
terms of the trilinear coupling

1 2m?
A = |2MA 4 ME - 2 C.6
hH+H vgl nt T M sin B cos 3 (C.6)
In this model, as we see above, m12 has no simple interpretation. Actually, the additional
constraint for this model is
q1

1

20%0; ] ©7)

M2 — 2v2q
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with A\, g+r- = ¢1/v. But one should be aware that the mapping of mis to physical
parameters depends on the model assumptions (see the other models above).

D The non-RGE-stable cases

D.1 Softly broken Z,

Case SOFT-Z2-A: M;=My=Ms, (B.17) apply, and none of the six cases of Z,
invariant potential found in [18] apply, for any combination of i, j, k.
Case SOFT-Z2-B: M;=M;j, ejq; — €;q; =0, by, =b;;, =0, and none of the six cases of Z

invariant potential found in [18] apply, for any combination of i, j, k.

D.2 Softly broken U(1)

Case SOFT-U1-B: M, = M;, eiqj —ejq; =0,
2(e? + e?)MIQ{i = (e + e?)MiQ + v (e;q; + e;iq;),
2(e7 + ) (M7 — M)o*q = (e} + ef) (M7 — M) M7
- [(equ' —eiqr)® + (exgj — 6ij)2] ;
and none of the four cases of U(1) invariant

potential found in [18] apply, for any combination of i, j, k.

D.3 Softly broken CP3

Case SOFT-CP3-ABBB: M, = M, =M;, Q?*=0, 2u’q=M?,
and none of the five cases of CP3 invariant

potential found in [18] apply, for any combination of i, j, k.
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Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
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