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Abstract. A method is presented for the analysis of the scalar potential in the general two-Higgs-doublet
model. This allows us to give the conditions for the stability of the potential and for electroweak symmetry
breaking in this model in a very concise way. These results are then applied to two different Higgs potentials
in the literature, namely the MSSM and the two-Higgs-doublet potential proposed by Gunion et al. The
known results for these models follow easily as special cases from the general results. In particular, for the
potential of Gunion et al. we can clarify the stability and symmetry-breaking properties of the model with

our method.

1 Introduction

The standard model (SM) of particle physics is theoret-
ically consistent and experimentally successful to date [1,
2]. The recently observed neutrino masses are very small
and can be neglected in most high-energy experiments.
Only one ingredient of the SM, the Higgs boson, has yet
to be discovered. From direct searches at LEP a lower
bound on the Higgs boson mass of 114.4 GeV at 95% C.L.
is obtained when the data from the four LEP collabora-
tions are combined [3]. Furthermore, from measurements
of electroweak precision observables at LEP, SLC and
NuTeV that depend on the Higgs boson mass through
radiative corrections and from other W-boson measure-
ments, one obtains (see Table 10.2 in [1]) the prediction
myg = 91t§3 GeV. Since the one-loop corrections depend
on the Higgs mass only as log(mpy/mw), the errors are
rather large, and the upper error is larger than the lower
one. Such an indirect determination of a particle mass is
very successful in case of the top quark; see also Table
10.2 of [1]. However, there the observables have a quadratic
dependence on the mass and are therefore much more pre-
dictive. A direct discovery of the Higgs boson at the LHC
is presumably possible up to a mass of about 1 TeV; see
e.g. [4]. One or several Higgs bosons may be found open-
ing up the direct study of the scalar sector of particle
physics.

Despite its experimental success, the SM is not sat-
isfactory as a fundamental theory, not only because it
contains a large number of parameters, that is coup-
ling parameters and particle masses: the squared physi-
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cal, renormalised Higgs boson mass m%;, which we expect
to be of the order of the squared vacuum expectation
value v? ~ (250 GeV)? of the Higgs field, receives large
quantum corrections. These corrections depend quadrati-
cally on the particle masses that the Higgs boson couples
to. This means that the Higgs boson mass is sensitive
to the heaviest particles of the theory, for instance from
physics altering the high-energy behaviour at the GUT
or the Planck scale. In principle, the corrections could
be much larger than v? but cancel with the squared bare
mass, so that the difference gives m% ~ v2. However,
such a fine-tuning is usually considered unnatural. For
this so-called naturalness problem, see e.g. [5]. A system-
atic cancellation of quantum corrections to the squared
Higgs boson mass is provided by supersymmetry [6,7].
The simplest supersymmetric extension of the SM is the
minimal supersymmetric standard model (MSSM) [8, 9],
which has been studied extensively in the literature. In
the MSSM one has two Higgs doublets. In further ex-
tensions like the next-to-minimal supersymmetric stan-
dard model (NMSSM) [10-12] a further Higgs singlet is
added.

In this paper we study a class of general models having
a scalar sector with two Higgs doublets. We suppose that
the SU(3)c x SU(2)r x U(1)y gauge symmetry holds. In
its simplest version the fermion content of such a model
is assumed to be the same as that of the SM. The same
is assumed for the gauge bosons, thereby avoiding the
introduction of new fundamental interactions. In prin-
ciple, electroweak symmetry breaking (EWSB) works in
these models in a similar way as in the SM. The La-
grangian contains terms that consist only of scalar fields
without derivatives. These terms form the scalar poten-
tial at tree level and are responsible for the stability and
symmetry-breaking pattern of the model. Further, through
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their covariant derivatives the scalars have couplings to
the gauge bosons, and through Yukawa interactions they
couple to fermions. After EWSB these terms are respon-
sible for the generation of the gauge-boson and fermion
masses, respectively. With increasing number of scalar
fields the number of parameters in the potential becomes
soon very large. For instance, as we shall see in Sect. 3
below, there are 14 parameters to describe the most gen-
eral potential with two Higgs doublets in contrast to only
two parameters for one doublet. Therefore the character-
isation of the symmetry breaking for different regions in
parameter space becomes increasingly complicated. We
present a formalism for the analysis of stability and of
spontaneous symmetry breaking in models with two Higgs
doublets.

There exists a vast amount of literature on the two-
Higgs-doublet model (THDM), where typically the num-
ber of parameters of the potential is restricted by con-
tinuous or discrete symmetries. For instance in [13] a de-
tailed discussion of the symmetry-breaking pattern for dif-
ferent regions in parameter space is given for the THDM
where a Zs symmetry is imposed on the Higgs potential
and in [14] the stability of the C'P conserving THDM is in-
vestigated.

We also want to mention an approach [15] to deduce the
parameter constraints from stability and symmetry break-
ing in one specific model, the THDM introduced by Gu-
nion et al. ([16,17], see chapter 4). Further, in two comple-
mentary works [18—20], the hierarchy between the charge
breaking and the charge conserving minima is investigated
for the general THDM.

Basis independent techniques for the general THDM
are used in different recent works [21-27] to analyse vari-
ous aspects of the vacuum.

Here we deduce the parameter constraints from the sta-
bility and from the electroweak symmetry-breaking condi-
tions in the general THDM. The global minimum of the
potential is found by the determination of all stationary
points. Our results agree with those of [13] if we impose
the conditions on our parameters such that the potential
is invariant under that discrete symmetry. Moreover, our
formulation of the criteria for stability and EWSB of the
potential is very concise and should, therefore, be interest-
ing for its method. This general method, where the poten-
tial is expressed in terms of gauge invariant functions, was
proposed already in a previous work [28].

We also remark that the scope of the present analy-
sis is the classical level. In a more detailed study quantum
corrections should be taken into account. Some aspects of
radiative corrections for the Higgs potential in constrained
n-Higgs-doublet models are discussed in [29]. The question
if stability at the classical level is really necessary for a con-
sistent quantum theory was put forward a long time ago by
Symanzik [30]. The answer given in [31] was that, indeed, it
is necessary. Thus, the results obtained at the classical level
are important for the full theory.

This work is organised as follows: In Sect. 2 we give
general motivations for an extended scalar sector and re-
view theoretical and experimental constraints on Higgs
boson masses in models with two Higgs doublets. In Sect. 3
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we present the Lagrangian for the THDM. We introduce
our notation for the Higgs potential, which is expressed in
terms of gauge invariant functions of the fields. In Sect. 4
we analyse the conditions for the stability of the poten-
tial. In Sect. 5 we derive expressions for the location of the
stationary points of the potential. The conditions derived
from spontaneous symmetry breaking of the electroweak
gauge group SU(2)r, xU(1)y down to the electromag-
netic gauge group U(1)ey, are given in Sect. 6. In Sect. 7
we specify the potential after EWSB in our notation.
Eventually, in Sect. 8 the results are applied to two spe-
cific models with two Higgs doublets, the MSSM and the
model of Gunion et al. [16,17]. We present our conclusions
in Sect. 9.

In Appendix A and B we discuss the structure of the
space of gauge orbits for the THDM and for the gen-
eral model with arbitrary number of Higgs doublets,
respectively.

2 Motivations for an extended Higgs sector

Given the fact that theoretically the mechanism of EWSB
in the SM with one Higgs doublet is working well and that
experimentally not even one fundamental scalar particle is
discovered yet, what are the motivations to consider an ex-
tended Higgs sector? Some reasons are as follows.

A promising candidate for a theory that solves the
naturalness problem and has a higher symmetry than
the SM is the MSSM [8,9]; for reviews, see e.g. [32,33].
Also the MSSM contains fundamental Higgs fields that
are responsible for the generation of masses. As the mini-
mal supersymmetric extension of the SM, the MSSM has
two scalar Higgs doublets, being the minimum for an ana-
lytic superpotential and the absence of triangle anomalies.
An extended Higgs sector can improve gauge-coupling
unification at high scales [34]. In particular, supersymmet-
ric models allow the unification to occur at a sufficiently
high scale consistent with the non-observation of proton
decays [35—39]. We remark that supersymmetry imposes
many relations between the parameters of the potential
of the most general model with two doublets. Cosmol-
ogy provides an additional reason for a non-minimal Higgs
sector. The experimental lower bound on the Higgs bo-
son mass in the SM, mgy > 114.4 GeV, is too high for the
electroweak phase transition in the early universe to pro-
vide the thermal instability that is necessary for baryo-
genesis [40]; for a review see [41]. In this respect models
with additional scalar particles are more promising than
the SM [41]. Last but not least, given the large spectrum
of fermion masses and the fact that the fermion—scalar in-
teractions are responsible for their generation, the idea
does not seem too abstruse that several scalar particles are
involved in this mechanism. There are three known gener-
ations of fermions so why should there exist only one Higgs
boson?

A study of the general Higgs sector of a theory pos-
sessing the gauge group SU(3)c x SU(2)L x U(1)y was
presented in [42]. In the following the strong interaction
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gauge group SU(3)¢ will play no role, so we shall not
mention it further. In [42] the scalar fields, collectively
denoted by y, are supposed to transform under a gen-
eral representation of the gauge group SU(2)r x U(1)y .
Such a representation may be reducible and consists of
complex unitary and real orthogonal parts. However one
can show that without loss of generality it can be as-
sumed that x carries a real orthogonal representation of
SU(2)r xU(1)y [42]. For the THDM this correspondence
is demonstrated in Appendix B of [43]. The scalar potential
is then assumed in [42] to have a non-zero vacuum expecta-
tion value,

v = (0[x|0) # 0, (1)
and to leave the electromagnetic subgroup U(1)em un-
broken as usual. We use the boldface letter here in order
to signify that v is, like y, in general a multi-component
vector. One can then compute particle masses and cou-
plings for arbitrary representations of scalars. However,
only some representations are allowed in order to be in
agreement with experimental data.

One main restriction originates from the observed high
suppression of flavour-changing neutral currents. A way to
ensure this in the theory is to require that all quarks of
a given charge receive their masses from the vacuum expec-
tation value of the same Higgs boson [44]. Since we analyse
only the scalar potential in this work and do not specify
the Yukawa interactions, we shall not discuss this condition
further here.

Very relevant for us here are the consequences for
the Higgs sector obtained from the accurately measured
p-parameter, which relates the masses of the W and
Z bosons, myy and mz, to the weak mixing angle Oy :

_ mw 2
p = .
cos Bw mz

Experimentally the p-parameter is very close to 1 [45], and
this suggests to require theoretically p =1 at tree level.
This is indeed the case for the SM. For the most general
Higgs model as studied in [42] one finds the following.

It is convenient to extend the real representation car-
ried by the general Higgs field x to a unitary representation
of the same (complex) dimension and to decompose it into
representations with definite values (t,y), where ¢ and y
are the weak-isospin and weak-hypercharge quantum num-
bers, respectively. We have

(2)

(3)

and, for reasons discussed in [42], suppose the hypercharge
quantum numbers y to be rational numbers. The normali-
sation is such that the charge, hypercharge and third com-
ponent of weak-isospin matrices are related by

Q=Ts+Y. (4)
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Then the squared gauge-boson masses (see (2.43) in [42])
are given by

1 e 2
2 = 2 T
myy = 2 (sin9W> ny: [t(t+l)—y ] v P(t,y)v,

(5)

2
2 € 2 T
= E P
Mz (sin Ow cos Ow > ™" y v Pt y)v, (6)

where P(¢,y) is the projector on the subspace with repre-
sentation (t,y). Here, the positron charge e, and the sine
and cosine of the weak mixing angle are defined in terms
of the gauge couplings g and ¢’ as in the SM (see for
instance [46]):

/

g

sin Ow = \/92 Ly ) (7)
- g

cos Ow = \/92 L , (8)

e = gsin by, 9)

where we use the same notation as in [42]. It is shown in [42]
that

vIP(t,y)v #0 (10)

is only possible if

ye{-t,—t+1,...,t}. (11)
Inserting the expressions for my, and mz in the defin-
ition (2) one obtains [42]

X+ )~ VTR )
- Zt,y 292 vIP(t, y)v

To obtain p =1 one can either fine-tune the parameters of
the potential in order to get the right vacuum expectation
values, which seems rather unnatural and is therefore not
considered here. Or one can only allow those representa-
tions in (5) and (6) that separately lead to p = 1. There are
infinitely many such representations [47], starting with the
doublet with ¢ = 1/2 and y = +1/2, and the septuplet with
t =3 and y = +2. From each of these representations one
or more copies are allowed and one still gets p = 1. Further-
more, the singlet with y = 0 and all representations with

(12)

ye{-t,—t+1,...,t} (13)
can occur because they do not contribute to the sums
in (12).

The simplest possibility to extend the Higgs sector of
the SM keeping p =1 at tree level is, therefore, to allow for
more than one Higgs doublet. In these models the shape of
the scalar potential depends on many parameters and can
be quite complicated. As mentioned above it is the poten-
tial that is responsible for the scalar self-interactions and
— together with the interaction terms of the scalars with
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the respective particle — for the generation of the masses.
Therefore one is interested in the conditions that one has to
impose on these parameters in order to render the potential
stable and to guarantee spontaneous symmetry breaking
from SU(2)r, x U(1)y to U(1)em- In this paper we consider
two Higgs doublets; that is, the THDM. We remark that
after EWSB three degrees of freedom in the scalar sec-
tor reappear as longitudinal modes of the massive gauge-
bosons. All other degrees of freedom of the scalar sector
correspond to physical Higgs bosons, that is with each ad-
ditional doublet four (real) physical scalar degrees of free-
dom are added to the model. In the THDM, there are
altogether five physical Higgs particles: three neutral Higgs

bosons h°, HY (where conventionally m;0 < m o) and A°,

as well as two charged Higgs bosons H*. If the Higgs po-
tential is CP conserving the neutral mass eigenstates are
also CP eigenstates, where h® and H? are scalar bosons
and A° is a pseudoscalar. There exist various studies of
the phenomenology of the THDM in the literature; for an
overview and further references see for instance [48].

For the MSSM a large number of Feynman rules involv-
ing Higgs bosons is derived in [49,50]. The phenomenol-
ogy of the Higgs bosons in the MSSM is further developed
in [51-54]. We remark that in models that possess an ex-
tended Higgs sector (and may also contain further non-
SM particles) for certain regions of the parameter space
there often exists one neutral Higgs boson that behaves
similarly to the SM Higgs boson. For instance, the MSSM
Higgs sector is described by two parameters, which can
be chosen as the mass of the pseudoscalar boson m 40 and
the ratio tan 3 of the vacuum expectation values of the
two Higgs doublets. In the decoupling limit m 40 > mz,

where practically m 40 2 200 GeV is sufficient [55], one neu-

tral Higgs boson R0 is light and has the same couplings as
the SM Higgs boson, whereas the other Higgs bosons H?,

A% and H* are heavy and decouple. If there exist light
supersymmetric particles that couple to h° it may be com-
paratively easy to distinguish A° from the SM Higgs boson
even if it has SM-like couplings; this is because h° can
decay into the light supersymmetric particles if kinemati-
cally allowed. Further, if the light supersymmetric particles
couple to photons (gluons) the one-loop yyh°® (ggh®) coup-
ling is modified by their contribution to the loop, thus the
branching ratios of h° differ from those of the SM Higgs bo-
son. If all heavy Higgs bosons are beyond kinematical reach
in the decoupling limit, such precision measurements are
the only way to distinguish h° from the SM Higgs boson.
Notice that at an ete™ collider like the ILC [56—58] the
heavy Higgs states can only be produced pairwise in the de-
coupling limit, so that the kinematical limit may be very
crucial. However, at a 7y collider s-channel resonant H°
and A° production [59] is possible, so that only the avail-
able c.m. energy of the v system limits the masses which
can be explored. In the 7+ option of an ILC one expects
that the maximal useful vy c.m. energy will be 80% of the
c.m. energy in the ete™ mode [60].

Present experiments give the following exclusion re-
gions for various versions of the THDM. The OPAL collab-
oration has performed a parameter scan for the CP con-
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serving THDM [61] and excluded at 95% C.L. large parts of
the region where

1GeV <m0 <130 GeV,
3GeV <my o <2TeV,

0.4 <tanpB <40,
T T T

Ot:—2,—4, 74,2' (14)
Here o is a mixing angle for the two states h® and H°. Fur-
ther, the approximate region where

1GeV <m0 <55 GeV,

3 GeV < m 40 < 63 GeV (15)
is excluded for all tan 8 values for negative o. In a com-
bined analysis [62] of the four LEP collaborations a lower
bound on the mass of the charged Higgs in models with
two Higgs doublets like the THDM or the MSSM, we have
approximately

my+ > 78.6 GeV (16)

is determined. In another analysis [63] of the four LEP col-
laborations, signals for neutral Higgs bosons at different
benchmark points of the MSSM were searched for. Here the
limits

mpo > 91.0 GeV

m 40 > 91.9 GeV (17)

at 95% C.L. are obtained. Under the assumption that the
“left—right”—stop mixing is maximal and with conserva-
tive choices for other MSSM parameters the region 0.5 <
tan 8 < 2.4 is excluded at 95% C.L.

3 The general two-Higgs-doublet model
We denote the two complex Higgs-doublet fields by
a7
¥; ()
with ¢ =1,2. Hence we have eight real scalar degrees of

freedom. The most general SU(2)r x U(1)y invariant La-
grangian for the THDM can be written as

(18)

LrupM = Lo + Lyuk + L, (19)
where the pure Higgs boson Lagrangian is given by
Lo=>" (Dupi) (D'pi) = V(pr,92).  (20)

i=1,2

This term replaces the kinetic terms of the Higgs boson and
the Higgs potential in the SM Lagrangian. The covariant
derivative is

D, =8, +igWiT, +ig'B,Y, (21)
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where T, and Y are the generating operators of the weak-
isospin and weak-hypercharge transformations. For the
Higgs doublets we have T, = 7,/2, where 7, (a =1,2,3)
are the Pauli matrices. We assume both doublets to have
weak hypercharge y = 1/2. Further, £Lvyx are the Yukawa-
interaction terms of the Higgs fields with fermions. Fi-
nally, £’ contains the terms of the Lagrangian without
Higgs fields. We do not specify £Lvyuk and £’ here since
they are not relevant for our analysis. The Higgs poten-
tial V' in the THDM will be specified below and discussed
extensively.

We remark that in the MSSM the two Higgs doublets
H, and H» carry hyperchargesy = —1/2 and y = +1/2, re-
spectively, whereas here we use the conventional definition
of the THDM with both doublets carrying y = +1/2. How-
ever, our analysis can be translated to the other case, see
for example (3.1) in [49, 50], by setting

*
(10(11 = —€ap <H§) ’
¢y = Hy',

(1)

The most general gauge invariant and renormalisable
potential V (1, @2) for the two Higgs doublets ¢ and 3 is
a hermitian linear combination of the following terms:

(22)

where € is given by

(23)

olen, (Pl (eler) (24)
where 4,7, k,1 € {1,2}. It is convenient to discuss the
properties of the potential such as its stability and its
spontaneous symmetry breaking in terms of gauge in-
variant expressions. For this purpose we arrange the
SU(2)r x U(1)y invariant scalar products into the hermi-

tian 2 X 2 matrix

T T
P1P1 Pap1
K= ( 1 ? ) (25)
P1P2  Pap2
and consider its decomposition
1 a

using the completeness of the Pauli matrices 0% (a =
1,2,3), together with the unit matrix. The four real coef-
ficients defined by the decomposition (26) are given by

Kozwggoi, Ka:<<pjgaj> ol (a=1,2,3). (27)

Here and in the following summation over repeated indices
is understood. Using the inversion of (27),

plos = (K1 +1K2)/2,

pho1 = (K1 —iK2)/2,
(28)

plor = (Ko+K3)/2,
bz = (Ko — K3)/2,
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the most general potential can be written as follows:
V(p1,p2) =Va+ Vi, (29a)
Vo=80Ko+& Ka s (29b)
‘/4 = ﬂong + 2K077a Ka + Kanabe ) (29C)

where the 14 independent parameters &y, €4, 700, e and
Nab = Mba are real. We subsequently write K := (K,,), &€ :=
(€a); m:= (o) and E := (nap)-

Now we consider a change of basis of the Higgs fields,
;i — ¢}, where

O\ (U Ui\ (1
()=o) (@) o
Here
_ (U Ui frr_
U= (U21 U22> (UTU = 1) (31)

is a 2 x 2 unitary transformation. With (30) the gauge in-
variant functions (27) transform as

Ky=Ko, K;=Rau(U)Ky, (32)
where R (U) is defined by
Uo® U = Rep(U) o”. (33)
The matrix R(U) has the properties
R*(U)=R(U), RYU)R(U)=1, detR(U)= 1(%)4)

where T denotes the 3 x 3 unit matrix. That is, R(U) €
SO(3). The form of the Higgs potential (29) remains un-
changed under the replacement (32) if we perform an ap-
propriate transformation of the parameters

5(/)2507 g/:R(U)gv

7760 = Too , T’/ = R(U) n,
E'=R({U)ERY(U). (35)
Moreover, for every matrix R with the properties (34),
there is a unitary transformation (30). We can therefore di-
agonalise F, thereby reducing the number of parameters
of V' by three. The Higgs potential is then determined by
only 11 real parameters.

The matrix K is positive semi-definite, which follows
immediately from its definition (25). With Ky = tr K and
Kg — K2 = 4det K this implies

Ko>0, KZ-K2>0. (36)
On the other hand, for any given Ky, K fulfilling (36), it
is possible to find fields ¢; obeying (27). Furthermore, all
fields obeying (27) for a given K, K form one gauge orbit.
This is shown explicitly in Appendix A.

Thus, the functions Ky, K, parametrise the gauge or-
bits and not a unique Higgs-field configuration. Specifying
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the domain of the functions Ky, K, corresponding to the
gauge orbits allows one to discuss the potential directly in
the form (29) with all gauge degrees of freedom eliminated.
It is curious to note that the gauge orbits of the Higgs fields
of the THDM are parametrised by Minkowski-type four
vectors (Ko, K) which have to lie on or inside the forward
light cone.

In the following sections we derive bounds on the pa-
rameters of the potential that result from the conditions
that

— the potential V is stable,
— we have spontaneous symmetry breaking of SU(2)g,x
U(1)y down to U(1)em -

4 Stability

According to Sect. 3 we can analyse the properties of the
potential (29) as a function of Ky and K on the domain de-
termined by Ky > 0 and Kg > K?2. For Ky > 0 we define
k:=K/Kj. (37)
In fact, we have Ky = 0 only for ¢3 = 3 =0, and the po-

tential is V' =0 in this case. From (29) and (37) we obtain
for Koy >0

Vo =Ko Jo(k), Jo(k):=&+Ek,
Vi=Kg Ja(k), Ja(k):=mnoo+2n k+k'Ek,

where we introduce the functions J2(k) and Jy(k) on the
domain |k| < 1.

For the potential to be stable, it must be bounded from
below. The stability is determined by the behaviour of V' in
the limit Ky — oo; hence by the signs of Jy(k) and Ja(k)
in (38) and (39). For the theory to be at least marginally
stable

J4(k) >0 or

forall k| <1 40
Ji(k)=0 and JQ(k)zo} orall [k| < (40)
is necessary and sufficient, since this condition is equivalent
to V >0 for Ky — oo in all possible directions k. The more
robust stability property V — oo for Ky — oo and any k
can either be guaranteed by

Jy(k) >0 or

forall k| <1 (41
Ju(k)=0 and J2(k)>0} orall [k| < (41)

in a weak sense, or by

Ji(k) >0 forall k| <1, (42)
in a strong sense; that is, by the quartic terms of V' solely.
To assure Jy(k) is positive (semi-) definite, it is suffi-
cient to consider its value for all stationary points of J4(k)
on the domain |k| < 1, and for all stationary points on the
boundary |k| = 1. This holds, because the global minimum
of the continuous function J4 (k) is reached on the compact
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domain |k| <1, and it is among those stationary points.
This leads to bounds on ngg, 17, and 745, which parametrise
the quartic term Vj of the potential. For k| < 1 the station-
ary points — if there are any — must fulfil

Fk=-n with k| <1. (43)
If det E # 0 we explicitly obtain
JaK)| e =m0 —m"E"'n if 1-nTEPn >0, (44)

where the inequality follows from the condition |k| < 1. If
det £ = 0 there can exist one or more “exceptional” so-
lutions k of (43). They, again, have to obey |k| < 1. For
|k| = 1 we must find the stationary points of the function

Fy(k,u) := Ju(k) +u (1K), (45)
where u is a Lagrange multiplier. Those are given by
(E—uwk=-n with k|=1. (46)

For regular values of u such that det(E —u) # 0 the sta-
tionary points are given by
k(u)=—(E~u)"'n, (47)

and the Lagrange multiplier is determined from the condi-
tion kTk = 1 after inserting (47):

1-nY(E—u)n=0. (48)
We thus obtain the solution
J4(k)|stat :u+7700—7lT(E—u)_1717 (49)

where u is a solution of (48). Also for |k| =1, depending on
the parameters 7, and 74, there can be exceptional solu-
tions (k, u) of (46) where det(E — u) = 0, i.e. where u is an
eigenvalue of E.

The regular solutions for the two cases |k| <1 and
|k| =1 can be described using one function only. Consider-
ing (45) and (47), we define

with k(u) as in (47). This leads to
flu)=u+neo—n"(E-u)"'n, (51)
Fw) =1-n"(B—u)"n, (52)
so that for all “regular” stationary points k of J4(k)
f(u) = J4(k)|stat ) (53)
) =1-1 (54)

holds, where we set u =0 for the solution with |k| < 1.
There are stationary points of Jy (k) with k| < 1 and |k| =
1 exactly if f/(0) > 0 and f’(u) = 0, respectively, and the
value of J4(k) is then given by f(u).
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In a basis where E = diag(u1, p2, p3) we obtain
3

2
fw) =utno—Y Ma"j . (55)
s a:l2
Flu)y=1- (MG"_GU)Q . (56)

a=1

The derivative f’(u) has at most six zeros. The shape of
f(u) and f'(u) for a (purely didactical) set of parameters
where f’(u) has six zeros can be seen in Fig. 1. Notice that
there are no exceptional solutions if in this basis all three
components of 1 are different from zero.

The function f(u) given by (51) allows us to discuss also
the exceptional solutions of (43) and (46). Consider first
|k| < 1 and suppose that det E = 0. In the basis where E is
diagonal we have

det B = pq po 3 =0, (57)
and (43) reads
prky=—m,
p2 ke =—n2,
ps ks =—ns. (58)

Clearly, a solution of (58) is only possible if with u, =0
also 1, =0 (a = 1,2,3). Therefore, we see from (55) that

(e}
t

LI N L
11111

L1

f'(w)

L1

—0.5

L L I B B
|

L1

0 0.01 0.02

0712 T T T T T T T T T T

T T T N T
0.10 k/

0.08 - -

< 006 - I - -
= omE W

0.02 - -

—0.02 | T T T I S
0 0.01 0.02 0.03 0.04

u

Fig. 1. The stability determining functions f’(u) and f(u)
as given by (56) and (55) with ngp = 0.05, (1, u2,u3) =
(0.01, 0.02, 0.03) and (11, 72, 73) = (0.002, 0.002, 0.002)
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exceptional solutions with |k| < 1 are only possible if f(u)
stays finite at u = 0. That is, the pole which would corres-
pond to pg = 0 must have residue zero. Suppose now that
indeed 1, = 0 for all @ where pu, = 0. Take as an example
1 =p2 =0 and 1 =n2 =0, but pus # 0. Then we get the
general solution of (58) as follows:

73
k - 59
3 5 (59)

with ki, ko arbitrary but satisfying

2
k2:k%+k§+(”3) <1. (60)
M3
We can write this as
k:kH"‘kJ_, (61)
where
1
k” = — n, E kJ_ =0 y
H3
UE] ?
ki<1—k2|:l—('u3> : (62)
For the functions (55) and (56) we get here
Ui
u :u+ — 5 63
fu) o=y (63)
u)=1-— .
P =1 Gy w2

Inserting the solution k from (61) and (62) in J4(k) we get

f(0) = Ja(k) s »
f(0)=1-ki >k} >0.

(65)
(66)

Clearly these arguments work similarly, if only one of the
I 18 equal to zero or all three p, are zero. In all cases (65)
holds for the exceptional points with |k| < 1, which can
exist only if f(u) has no pole at u = 0. Since (65) involves
only “scalar” quantities, it holds in any basis.

The case of exceptional solutions for |k| =1 can be
treated in an analogous way. An exceptional solution
of (46) with u = p, (a = 1,2, 3) can only exist if the corres-
ponding 7, = 0. Then f(u) has no pole for u = y, and the
exceptional solutions of (46) fulfil

k:kH—l-kL, (67)
with
kH:_ (E—U)_l’l’]|u:#a, (E—p,a)kL:O
and
f(l//a) = J4(k)|stat ’ (68)
(1) =1-18 K2 > 0. (69)
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Note that if a solution is possible, k; may be any linear
combination of the eigenvectors to the eigenvalue p, of E,
where the norm is given by |k | = v/f"(ia). Thus we see
that the function f(u) is very useful for discussing the sta-
bility of the THDM potential. What we have shown so far
can be formulated as follows.

Consider the functions f(u) and f’(u). Denote by I,

~7un}7

the following set of values of u. Include in I all u where
f'(u)=0. Add w=0 to I if f/(0) > 0. Consider then the
eigenvalues p, (a =1,2,3) of E. Add those p, to I where
f(1e) is finite and f'(uq) > 0. We have n < 10. The values
of the function Jy(k) at its stationary points are given by

= flui),

with u; € I. The potential is stable if f(u;) >0 for all
u; € I. Then the stability is given solely by the quartic
terms in the potential. The potential is unstable if we have
f(u;) <0 for at least one u; € I. If we have f(u;) > 0 for all
u; € I and f(u;) =0 for at least one u; € I, we have to con-
sider in addition Jz(k) in order to decide on the stability of
the potential.

We turn now to this latter case. We shall show that we
have then to consider in addition the function

I= {ul, .. (70)

Ja (k)| (71)

stat

g(u) =& — € (E—u)"'n. (72)
For the stationary points of J4 (k) with
Ja (k)| g = f(ui) =0. (73)
We have for the vectors k satisfying (73)
Ja(k) = g(ui) (74)

if u; # pg; that is, u; is not an eigenvalue of E. If u; is
an eigenvalue of E; that is, u; = u, € I, and e;(u;) (I =
1,...,N) are the N < 3 eigenvectors to u;, then we have

g(u;) — €1 (ui)| v/ f' (),

where the infimum is taken over all exceptional solutions k
to u; and

inf Jo(k) = (75)

(76)

We summarise our findings in a theorem.

Theorem 1. The most general potential of the two-Higgs-
doublet model has the form (29). Its stability is decided in
the following way. If the potential has only the quadratic
term Vs, it is stable for & > |&|, marginally stable for & =
|€] and unstable for & < |€|. Suppose now that Vy #£0. We
construct then the functions f(u) of (51), f'(u) of (52) and
g(u) of (72), and the set I (70) of (at most 10) u values.

1. If f(u;) > 0 for all u; € I, the potential is stable in the
strong sense (42).
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2. If f(u;) <0 for at least one u; € I, the potential is unsta-
ble.

3. If f(u;) >0 for allu; € I and f(u;) =0 for at least one
u; € I, we consider also the function g(u) (72). The po-
tential is stable in the weak sense (41) if for all u; € I
where f(u;) = 0 the following holds (see (74) to (76)):

(77)
(78)

g(ui) >0 quz 7&,“(1,
g(ui) = 1€ 1 ()| V/F! (i) > 0 if uy = pra
If in some or all of these cases we have = 0 instead of > 0

we have marginal stability (40). If in at least one case we
have < 0 instead of > 0, the potential is unstable.

Our theorem gives a complete characterisation of the
stability properties of the general THDM potential. In
the following subsection we apply the theorem to assert
that the strong stability condition (42) holds for a specific
potential. An application for the weaker stability condi-
tion (41) is given in Sect. 8.1.

4.1 Stability for THDM of Gunion et al.
We consider the THDM of [16, 17] with the Higgs potential
Vg1, ¢2) =i (pler — Uf)z + A2 (2 — Ug)z
+Xs (dsol —ot +pher—13)

+ A\ 901<P1 (ple2) (s@Ist)(sOEsm))

((
+ A5 (Re 501902 — VU9 cosf)2
2
+ Xg (Im((pigog) —V1V2 smf)
+ A7 (Re(go]{gag) — V19 COS f)

X (Im((pi(pg) — V109 sin §) , (79)
which contains nine real parameters if we do not count the
constant. This potential breaks the discrete symmetry

(80)

P1—> —¥1, P2 — P2

only softly, i.e. by V5 terms, thus suppressing large flavour-
changing neutral currents. For various restrictions on the
THDM by symmetries see for instance [48]. Dropping the
constant term, we put the potential into the form (29)
using the relations (28). Then,

1
770024(>\1+>\2+4)\3+>\4),
0
77=1 0 ,
AN =
1 (205 =) Py 0
E= Mo 2= M) 0
8 0 0 20 +Xa—Xg)

(81)
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From (51) and (52) we obtain

1
f(u)=u+4()\1+)\2+4)\3+)\4)

B (M1 —A2)?
4()\1 + Ao — g — 4U) ’
AL —Ao)?

fllu)y=1- (A1 =2) - (82)

()\1 + Ao — g — 4u)

We introduce the abbreviation
1

K= 9 (>\5+>\6_\/(>\5_>\6)2+)\$) . (83)

Applying theorem 1 to the functions f(u) and f'(u), we
find the strong stability assertion by Vj, see (42), to be
equivalent to the simultaneous conditions

AM+A3>0, Aa+A3 >0,
Mgy K> —2>\3—2\/()\1 +)\3)(>\2 +)\3) .

In particular, if A1, A2, A3, Ag, & > 0 these inequalities are
fulfilled. They can then be rewritten as

A1, A2, Az, A\ >0, 4A5)g > )\% . (86)
That means, if (86) holds, that the conditions (84) are
fulfilled and the potential is stable. For the case A7 =0
we can replace £ by min(\s, Ag) in the stability condi-
tions (84), which are then in particular fulfilled if A; > 0 for
i=1,...,6.

The potential in [13] is even more specific, since it is
invariant under (80). Inserting their potential parameters
in (84) we reproduce the result of [13], their equation (2).

5 Location of stationary points

After our stability analysis in the preceding section we now
determine the location of the stationary points of the po-
tential, since among these points there are the local and
global minima. To this end we define

(). (@) (35 o

In this notation the potential (29) reads

V=KTé+K"EK (88)
and is defined on the domain
KTgK>0, Ky>0, (89)
with
~ 1 0
= (6 1)- (90)

For the discussion of the stationary points of V', we distin-
guish the allowed cases K =0, K > |K| and K = |K| > 0.
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The trivial configuration K = 0 is a stationary point of
the potential with V' =0, as a direct consequence of the
definitions.

The stationary points of V' in the inner part of the do-
main, Ky > |K|, are given by

-~ 1 - o~

FK = —25 with KTgK>0 and Ky>0. (91)
For det E # 0 we obtain the unique solution
(92)

provided that

ETE'GE'€>0 and Ky>0, (93)

and no solution if (93) does not hold. The Hessian matrix

0? ~
V) =2E h ,j=0...3 94
(on ox, V) =28 where ij=0...3. (1
determines whether (92) is a local minimum, a local max-
imum or a saddle. In the case det E = 0 we may have excep-
tional solutions of (91). In the regular case as well as in the
exceptional cases, the existence of a solution of (91) along
with the corresponding values of the potential are not af-
fected by the transformation of parameters (35).
The stationary points of V' on the domain boundary
Ky = |K| > 0 are stationary points of the function
F(K,u) =V -uK"§K, (95)
where u is a Lagrange multiplier. The relevant stationary
points of F' are given by

- - 1~ ~ -
(E—ug)K:—2£ with KTgK =0and Ko > 0. (96)

For regular values of u with det(E — ug) # 0 we obtain

~ ~ - _1 -~
K(u)= —2(E—ug) . (97)
The Lagrange multiplier is determined from the con-
straints in (96) by inserting (97):

ET(E—uj) 'g(E—ug) €=0 and Ko>0. (98)

There may be up to four values u = fi, witha=1,... ,4for
which det(E — ug) = 0. Depending on the potential some or
all of them may lead to exceptional solutions of (96). Note
that for the regular as well as for the exceptional cases,
the Lagrange multipliers v_and the value of the potential
belonging to solutions (u, K) of (96) are, similar to above,
invariant under the transformations (35).
For any stationary point the potential is given by

1~ ~ ~ o~ ~
Vstat = 2KT£ =-KTEK. (99)
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Suppose now that the weak stability condition (41) holds.
Then (99) gives for non-trivial stationary points where
K#0:

Vstar <0, (100)

since the cases V4 < 0 and V4 = V5 = 0 are excluded by the
stability condition.

Similarly to the stability analysis in Sect. 4 we can use
a unified description for the regular stationary points of V'
with K¢ > 0 for both |K| < Ky and |K| = K defining the

function
fu) == F(K(u),u), (101)
where K (u) is the solution (97). It follows that
f(u>=—isT( —ug) 'é, (102)
Fl(u) = é (B-ug) 'g(E-ug) €. (103)

Denoting the first component of K(u) as Ko(u) we sum-

marise as follows.

Theorem 2. The stationary points of the potential are
given by

(Ia) K=K(0)iff'(0) <0, Ko(0) >0 anddet E #0,

(Ib) solutions K of (91) if det E =0,

(ITa) K =K(u) foru withdet(E —ug) #0, f'(u) = 0 and
Ko(u) >0, _

(IIb) solutions R of (96) for u with det(E —ug) =0,

(Ir1) K = 0.

In many cases, for instance if all values fi1,... , fi4 are
different, we can dlagonahse the in general non-hermitian
matrix gE in the following way:

4
) = Z ﬂaﬁpa
a=1

Here the P, are quasi-projectors constructed from the nor-
malised right and left eigenvectors xq, Xo of gE. We have
then gF Xao = fia Xas Xa §E = Xa flas XaXb = 0a b and can
impose as additional normalisation condition Xixa = 1.
The P, are given by

(104)

H~Da = XaXa (105)
and satisfy
~ - P, fora=b
triP, =1 PP, =< ’ 106
Fha=5 ot {0 fora#b, (106)

where a,b € {1,... ,4}. In terms of the P, (102) and (103)

read
; 1 ETP, g
fu)=— _ : (107)
ry] 1 . éTﬁpagé
fi(u)=— _ (108)
4 azzl (:ua - u)2
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Of course, f(u) in (102) is always a meromorphic function
of u, but in general poles of higher order than one may also
occur.

6 Criteria for electroweak symmetry breaking

The global minimum will be among the stationary points
discussed in the previous section. Here we discuss the
spontaneous symmetry-breaking features of the possible
classes of minima and give criteria to ensure a global min-
imum with the required electroweak symmetry breaking
SU(2)L X U(].)y — U(l)em

A global minimum at K = 0 means vanishing fields for
the vacuum. In this case, no symmetry is spontaneously
broken. If the global minimum lies at K # 0, the full gauge
group or a subgroup is broken. We denote the vacuum ex-
pectation values, i.e. the fields at the global minimum of
the potential V', by

. 0._
v = vy

= (¢?), (109)

(@),
with i =1, 2. In general the vz ,vY are complex numbers. To
exhibit the consequences of electromagnetic gauge invari-
ance we consider the matrix (25) at the global minimum,
K|min~

If the global minimum of V occurs with K > |K|, it fol-
lows that det K |min > 0; see Sect. 3. Since we have

det K |min = |vf 09— v | (110)
the vectors
+ 0
Uy U1
111
() - () )

are linearly independent. Then there is no transform-
ation (30) such that both v} and vy become zero. This
means that the full gauge group SU(2)r x U(1)y is bro-
ken. We can also show this using the methods explained in
Appendix A; see (A.23).

In the case that the global minimum of V' features
Ky =|K]| > 0, the rank of the matrix K|y, is 1 and the
vectors (111) are linearly dependent. After performing a
SU(2), x U(1)y transformation we achieve

(112)

W) _ ([

and we identify the unbroken U(1) gauge group with the
electromagnetic one. By a transformation (30), namely

o1\ _ cosB sinfe i€\ (¢
<90’2> N <—sinﬂei< cos 3 >(s0;> (114)
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with 3 fulfilling |9 sin 8 =

I+
()
(-() e

This can also be derived from the results in Appendix A;
see (A.16) et seq. In (116) v is the usual Higgs-field vacuum
expectation value, vy &~ 246 GeV (see for instance [46]).

Now, we want to derive conditions for the parameters
in the general potential (29), which lead to the required
EWSB by a global minimum with Ky = |K| > 0. In the
following, we assume the potential to be stable. If we con-
sider parameters fulfilling £, > [£| this immediately implies
J2(k) > 0 and hence from (41) V' > 0 for all K # 0. There-
fore for these parameters the global minimum is at K = 0.
Thus we arrive at the requirement

|v9] cos 3, we can arrange that

(115)

(116)

&o < |€]. (117)

Here we obtain

ov T
9K, =&6+€ k<0

11
k fixed, ( 8)
Kop=0

for some K, i.e. the global minimum of V lies at K #0.
Addressing the non-trivial cases, suppose that the two

points
(3 ()

with po > |p| and go > |q| are stationary points of V; that
is, each of them is either a solution of (91), or, together with
an appropriate Lagrange multiplier u, or u, for p or q, re-
spectively, a solution of (96).

Firstly, consider po = |p|. From (88) and (96) we have

(119)

ov

3K0 IS fixed,
R=p

=& +2(EDP)o=2u,po- (120)

If u, < 0, there are points K with K > po, K =p and lower
potential in the neighbourhood of p, which therefore can-
not be a minimum. We conclude that in a theory with the
required EWSB the global minimum (which needs to be on
the light cone) must have a Lagrange multiplier ug > 0. As
we shall show in Sect. 7, the case ug = 0 leads to zero mass
for the physical charged Higgs field at tree level. This is
unacceptable from a phenomenological point of view if we
disregard the possibility of very large radiative corrections.
Therefore, we find as condition for an acceptable theory

up >0 (121)
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for the Lagrange multiplier ug of the global minimum. Sec-
ondly, for pg = |p| and go = |q| we have from (99) and (96)

)
= ~T(qu— E)q— a'(uyg—E)b
= (ug —up) D" 94 (122)
Since p and q are vectors on the forward light cone, p*§q
is always non-negative and zero only for p parallel to q.
Furthermore, the case that two different p, q are parallel
cannot occur, since then (122) requires V(p) = V(q), while
(99) and (100) imply V(p) # V(q) for that case. Therefore
we conclude
up > uq <= V(p) <V(q). (123)
Assuming po = |p| and go > |q| we get from (99) and
(91)

V() -V(@=-ub ga (124)

and

VE) -V@=p-aTEp-a.  (125)
The first equation implies in particular that a stationary
point on the domain boundary with positive Lagrange mul-
tiplier will have a lower potential than any stationary point
with Ky > K. From the second equation follows in this case
that F has a negative eigenvalue. Since for the station-
ary point q in the interior of the light cone the Hessian
matrix is 2F (see (94)), we see that @ cannot be a local
minimum. This result and the hierarchies of the station-
ary points derived above agree with [20]. We summarise as
follows.

Theorem 3. A global minimum with the spontaneous
electroweak symmetry breaking SU(2), x U(1)y = U(1)em
and absence of zero mass physical charged Higgs bosons

(I)  requires & < |€],

(IT) is given and guaranteed by the stationary point of the
classes (I1a) or (IIb) of theorem 2 with the largest La-
grange multiplier ug > 0.

We remark that for two different stationary points in
the inner part of the domain or with « = 0 on its boundary,
any linear combination of them with Ky > |K| is a sta-
tionary point as well. These points therefore belong to one
connected set of degenerate stationary points. Stability re-
quires that this set contains points with Ky > |K| and is
bounded by points with Ky = |K]|. If interpreted geometri-
cally, this degenerate set is a line segment, ellipsoidal area
or volume. Together with the arguments above we find the
following mutually exclusive possibilities for local minima,
expressed in terms of the gauge invariant functions: one or
multiple solutions with the required EWSB (K, = |K|) or
the aforementioned degenerate set of solutions (Ko > |K|)
or one charge breaking solution (Ko > [K]) or the trivial
solution (K =0).
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7 Potential after electroweak symmetry
breaking

We assume a stable potential which leads to the desired
symmetry-breaking pattern as discussed in the previous
sections and derive consequences for the resulting physical
fields in the following. We choose a unitary gauge and the
basis for the scalar fields such that for the vacuum expecta-
tion values relations (115) and (116) hold, and furthermore
the fields satisfy

o1 (z) =0, (126)
Im ¢(z) = 0, (127)
Re V() >0. (128)

We introduce as usual a shifted Higgs field
o' (z) == v2 Repd(z) —vp. (129)

Then the two Higgs doublets are
1 0 p3 (@)

= = . (130
1@ = (i) w0 = (20 w0

In addition to p’ there are two more neutral Higgs fields:

B :=vV2Regd, A :=v2Ime), (131)
and the charged fields
HY:=¢f, H =(H")". (132)

It is convenient to decompose K according to the power of
the physical fields they contain:

K:R{O}-I-R{l}-i-f({g} , (133)
with
vE/2 o
- 0 - hy
Koy=| o |» Kup=w 7k (134)
v3/2 P
p/2+2H7H++h/2+h”2
~ 1 20 k!
K{2} = 9 2I§/h// (135)

p?—2H_H,—HW?—h"’

By ug we denote again the Lagrange multiplier correspond-
ing to the global minimum of V. From (96) we have

~ o~ o~ 1~
EK{O} = Ug gK{O} - 2£ . (136)

From the explicit expressions (134) and (135) we further
have

(137)

M. Maniatis et al.: Stability and symmetry breaking in the general two-Higgs-doublet model

Using (133) to (137) we obtain for the potential (88)
V=Vioy + Vi + Visy + Viay (138)

where V(;y are the terms of kth order in the physical Higgs
fields

Vioy = (0 +&3) v5 /4, (139)
Vioy =Ky EXyy +2u0 Ky §Kpqy,  (140)
Visy =2KJ) EKpyy, (141)
Viy =K(,, EKyy, . (142)

The second order terms (140) determine the masses of the
physical Higgs fields:

/

1
‘/{2} = 2 (p/V h/7 h/l)Mieutral h, + m?{:{: H+H— (143)

h//
with
—&0—&3 —& —&2
M?leutral =2 —& v(2) (UO + 7711) ,U(2) M2 ,
—&2 v% M2 ’U(z) (Uo + 7722)
(144)
m3e =2 Vg - (145)

Note that the condition ug > 0 corresponds to the positiv-
ity of the charged Higgs mass squared at tree level. This re-
sult was already mentioned in Sect. 6. Generically the mass
terms (143) contain seven real parameters. From (144)
and (145) we see that all seven parameters are in general
independent in this model.

8 Examples

Here we apply the general considerations of Sect. 4 to Sect. 7
to specific models.

8.1 MSSM Higgs potential

In this subsection, we consider the MSSM Higgs poten-
tial and reproduce the well-known results for its stability,
symmetry breaking and mass spectrum (see e.g. [33] and
references therein), employing the method described in the
previous sections. In the notation of [64] the MSSM Higgs
potential is

V =Vp+Vr+ Vot (146)

with

s et ot oo L ot |2
Vb= _(¢°+¢”) | H{H1— HH> +29 H|H,|“,

8
Vi = (s + B

Viott =m3y, H{Hy +m3y, HYHo — (m3 H eHy +h.c.)
(147)
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where H; and Hs are Higgs doublets with weak hyper-
charges y = —1/2 and y = +1/2, respectively, m%,l, m%b €
R, m2 € C and |u|? € R are parameters of dimension mass
squared. Substituting H; and Hs by doublets ¢1, o with
the same weak hypercharge y = +1/2 according to (22) and
using the relations (28), we can put the potential in the

form (29). The parameters are

1 0 1 -2 0 0
77002892, n=1|(0], E:8 0 —92 0
0 0 0 g7
(148)
for V4 = Vp and
—Re (m3),
1 2
fo= i+ ) (miy, +miy,) , g=|  Immd),
L (m3, —m,)
(149)

for Vo = Vi + Viose.

We determine the stability of the potential by employ-
ing theorem 1. The functions f(u) (51) and f'(u) (52) for
the MSSM are

(150)
(151)

fw)=ut Lo,
flu)=1.

The set I (70) is given here by uv = 0 and the eigenvalues of
E (148),

1 1
IZ{U1=0,U2=— 9%, uz= 912}-

< (152)

We find for the stationary points of Jy with w; = u1,us
the values Ji(k)|stas = f(ui) > 0 but for those with usg
the value Jy(k)|stat = f(u2) = 0. Explicitly, the stationary
points of J4 with us are

k = (cos ¢,sin¢,0)T, p € R, with Jy(k) =0.  (153)

They are known as the “D-flat” directions, since they have
Vp = 0. For the MSSM, they prevent the stability assertion
by the quartic terms alone. For the stability to be guar-
anteed by V2 > 0 in these directions, theorem 1 gives as
condition (see (78) and (72)) the inequality

9(2) ~ €L () V() =&~/ +& >0, (154)
Inserting (149) we get

1
im3| < ||+ (my, +mi,) (155)

2

as the necessary and sufficient condition for the stability of
the MSSM potential in the sense of (41).

For the global minimum to be non-trivial, criterion (I)
of theorem 3 gives &, < \/ & +¢2+£2, or equivalently

1 2 1 2
2 1 () < flm L (i, — )
(156)
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as a necessary and sufficient condition. We consider the
acceptable global minimum candidates given by the clas-
ses (Ila) and (IIb) of theorem 2. The conditions (155) and
(156) prevent exceptional solutions. The regular solutions
are determined by the functions

. 1 /€2_¢2_¢2 2
Fo=y (P08 ) o
- N
f“”“4<éf1@5‘c¢¢5wf>’
(158)
1
Ko(u)=—, ég?_ . (159)

where we omitted the insertions (149) for a compact nota-
tion. Employing again the conditions (155) and (156) we
find the following._

The function f’(u) always has two zeros and those ze-
ros imply values of Ky(u) with opposite signs. The physical
solution with Ko(u) > 0 has the Lagrange multiplier

o Ll + VG -8

, 160
8 || —/&&-€-6 (160)

8- 10
| 4107 -
6-1013 2107 |-
— : 0
E 4107 1 —2.10" [
—_ = _A. 77
/\3\2.1013% 4-10 IS T BRI AR B
o I 1 1.5 2 2.5
o [
72.1013 1}(1’111}1111111 T TR N I R B RO
0 0.5 1 1.5 2 2.5 3
u
8- 107 v
I 410" <
6-107 | 2.10* - \
& 3 0
g 4.107 - o100 [
— r —4-10* |
E 2107% 4-10 IS T BRI AR B
1 L 115 2 25
0 L\
_2107 e P L T TR N I R B RO

0 0.5 1 1.5 2 2.5 3

u

Fig. 2. The global minimum determining functions f’(u) and
Ko(u) for the MSSM, see (158) and (159), with |u|? —l—m%{d =
157486 GeV2, |u? +m3;, = —2541 GeVZ, |m3| = 15341 GeV2.
The small bozes show the functions with enhanced ordinate
resolution in the region around the physically relevant zero

of f'(u)
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which is positive. Figure 2 shows the functions f'(u),
Ko(u) for an example set of parameters (corresponding
to the SPS1a scenario [65] at the tree level). We conclude
that (155) and (156) guarantee the existence of the station-
ary point K(ug), which fulfils criterion (II) of theorem 3
and therefore is the global minimum with the required
EWSB pattern. Moreover, there are no other local minima.

Note from (148) and (149) that it is always possible
to choose a basis with & = —|m3|, & =0 without af-
fecting any other parameters. We further choose a gauge
where (112) and (113) hold, and perform the rotation (114)
with

161
folés| — VB - -83& (161)

into a basis of the form (115) and (116), which has the new
parameters

twﬁ:¢mguvﬁ—ﬁ—g@

2 1 2 2
—copm3| —s25 5 <mH1 - mHQ)

¢ = 0 . (162)
—s25m3| +cap § (m%zl —m{ﬁg)
) —92+8§3§2 0 _58%@2
E = 0 —g? 0 ,  (163)
—%sng 0 _g2+cggg2

with the abbreviations g2 := g® + ¢g’* and sag := sin 23 etc.
We insert the expressions into the formulae of Sect. 7 and

use
mZ, = L U, i mZ = 1’11 i
w = 29 0 ) Z 2g 0 )

with vo = /2Ko(uo). According to (144), the fact that
&, =i, =0 implies tree-level CP conservation within the
Higgs sector of the MSSM. We obtain the mass squares

(164)

mio =205 (Myy +u0) , miye =mio+miy  (165)
for the pseudoscalar boson A°:=h” and the charged
bosons H*, which are already mass eigenstates. The non-
diagonal part of the neutral mass matrix is
2 2
Cop Mz
(L ) (oo

2 2 2
—58148 My Mo +S53My

1 2
—5843M
2 2 Z
M |neut;1ra17 =

CP even

in the basis (p, h'). Its diagonalisation leads to the mass
squares

1
2 _ 2 2
th,HO_2 on-i-mZ

2
F \/(mio +m%)" —4 35 miomQZ> (167)
for the mass eigenstates h°, H°. They are obtained from

H® [ cosa sina (p
R0 )~ \ —sina/ cosa/ ) \h' )’

(168)

M. Maniatis et al.: Stability and symmetry breaking in the general two-Higgs-doublet model

with the mixing angle o determined by

2 2
Mo — Cap My

cos2a/ =— 7, 5y s
m2, —m?,
2
. S4p M
sin2a’ =— 26 Z. (169)
mi, —mag

Performing the rotation (114) on the complete doublets,
as described above, leads to states p, h’ with simple cou-
plings to the gauge bosons, e.g. vanishing ZZh' and WWh/
couplings at tree level. However, usually the real parts of
the neutral doublet components are excluded from that ro-
tation. Applying the inverse of the rotation (114) to only
the neutral components (p,h') gives v/2(Re Hi,Re H3).
The mass matrix in this basis is diagonalised analogously
to (168), where o is replaced by the mixing angle a with

2 2
mso —my
cos2a = —cos 23 2‘4 5
HO — Mo
2 2
. . Mo + My
sin2a = —sin 203 2A 5 (170)
HO Mo

which is the well-known result.

8.2 Stationary points for THDM of Gunion et al.

We continue the discussion of the potential from [16,17],
for which we derived the stability conditions in Sect. 4;
see (79) et seq. Note that we consider the shifted potential
according to V(K = 0) = 0. The parameters of V, are given
by 700, 7 and E as in (81), while we have

o= —A1v; — Agvj — 2X3(vF +03)
—V1V2 ()\5 cosé+ >‘27 sinf)
= : )\
'3 —V1V2 ()\6 siné + 7 cosf)

—)\111% + )\2’(/%

(171)

for the parameters of V5. Here, vy, vy and £ denote the pa-
rameters of the potential (79), irrespective of their mean-
ing for the vacuum expectation values. The function f'(u)
constructed for this potential according to (103) exhibits
the zero

1

A
44a

= (172)
whose associated solution K(ﬂ) is always a stationary
point. It can be represented by the field configuration

_ (0 (0
el = v ) pa|p = vy eié |

If all A\; > 0 it is immediately obvious from the definition
of the potential that this is the global minimum, which is
furthermore non-trivial unless both vy, vo are zero.
However, the quartic stability conditions (84) do not re-
quire the \; to be positive. In the general case there can

(173)
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be more than one local minimum with the required EWSB,
and the stationary point (173) is not necessarily the global
minimum (we find parameters where (173) is only a sad-
dle point, while another solution provides an admissible
global minimum for a stable potential). The function f "(u)
may have up to five additional zeros which can lead to fur-
ther regular stationary points. Also exceptional stationary
points may occur for special parameter combinations. We
do not find analytical expressions for the remaining zeros
of f’(u) for the general case. Instead we apply the methods
described in the previous sections in a semi-analytical way
and determine the zeros of f’(u) numerically. We assure
the stability conditions (84) to hold for the chosen pa-
rameter values. The stationary points with Ko = |K| >0
and the largest Lagrange multiplier v > 0 are the required
global minima. In order to classify also the other solu-
tions, we compute m%i and the eigenvalues of M2 .
for each stationary point, as described in the previous sec-
tions for the global minimum. A solution for which all of
these values are positive is a local minimum. Mixed posi-
tive and negative values mean that the solution is a saddle
point. Note that for a global minimum different from (173),
the potential parameters vi,ve and £ lose their simple
meaning. For example, we find that the global minimum
acquires a non-vanishing CP violating phase for certain
parameters with £ =0, A5 = Ag # 0 and A7y # 0.

Figure 3 shows the potential at the stationary points
with Ko = |K]| > 0 for the particular parameter values de-
scribed in the caption. This example features tree-level
CP conservation within the Higgs sector: £ = A7 = 0 leads
to & =0 and, by (97) and Ay # Xg, to Ko =0 (i.e. triv-
ial phases) at the global minimum. In the basis with (115)
and (116) we then have &, =7}, = 0, implying CP conser-
vation by (144). Note that even with the simple parameter
combinations chosen for Fig. 3, the structure of the station-
ary points can be non-trivial. In the example A\; and A,
are equal and varied simultaneously. For the plotted range,
where ); is negative, the global minimum is a regular so-
lution and differs from (173), which is only a local mini-
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mum. For A\; = 0 there are two exceptional and degener-
ate minima. The figure shows for positive \; the expected
behaviour and shows that (173) becomes the global min-
imum, but also that for 0 < A\; < 0.0268 a second regular
local minimum exists. Two stationary points disappear for
the plotted range above A; > 0.0268 because there the cor-

responding two zeros of f'(u) have a non-vanishing imagi-
nary part.

9 Conclusions

We have analysed the scalar potential of the general
THDM. In order to give an acceptable theory, this poten-
tial has to obey certain criteria. The potential should be
stable; that is, bounded from below, and lead to the EWSB
pattern observed in Nature. The conditions found for the
stability of the potential and for EWSB are transparent
and compact if the potential is written down in terms of
gauge invariant field functions (26). These conditions al-
low for a simple application to every specific THDM. We
illustrated our method in two examples, namely the MSSM
potential as well as the THDM potential introduced by Gu-
nion et al. [16,17]. In the case of the MSSM we could easily
reproduce all well-known results. For the potential of Gu-
nion et al. we could clarify some interesting aspects of the
model; see Fig. 3.

We note that the method presented here may also be
extendable to general multi-Higgs-doublet models. A first
step in this direction is done in Appendix B. Further, in
a more detailed study it is mandatory to take quantum
corrections to the Higgs potential into account. For the re-
sulting effective Higgs potential the conditions for stability
and for EWSB are then in general modified.

Acknowledgements. We thank R. Barbieri, A.Brandenburg,
Q. Shafi, W. Wetzel and P.M. Zerwas for valuable discussions.
This work was supported by the German Bundesministerium

—0.5-108 |-

—1.0-108

V [GeVY]

15108 7

T~ T T

! ! | ! ! ! | ! ! !

-2.0-10% L1

saddle points - o
- local minimum -------

s “obvious” minimum
exceptional minima .

Fig. 3. The potential V of[16,17],
shifted to V(K = 0) =0, at all station-
ary points with Ky = |K| >0 in de-
pendence of A;, where Ao = A;. The
other parameters are A3 =0.1, \y =
0.2, Az =g = 0.4, v1 =30GeV, vo =
171 GeV, Ay =0, £ =0. The lines rep-
resent regular stationary points, where
the solid curve corresponds to the “ob-
vious” solution with tan 3 = vz /v1 and
vg = \/2(11% +v2), which is a local min-
imum for the chosen parameters. For
A1 = A2 = 0 there are two degenerate ex-
ceptional minima and regular solutions
only for the saddle points. Depending

! ! ! | !

0.02

on A1 = Az, the global minimum is given
by that local minimum out of the two
which has the lower potential

0.04



820

fiir Bildung und Forschung, project numbers HDOSHT1VHA /0
and HDO5SHT4VHA /0.

Appendix A: Gauge orbits

Here we give the proof that the gauge orbits of the
Higgs fields of the THDM are parametrised by four vec-
tors (Ko, K) satisfying (36), or equivalently, by positive-
semidefinite matrices K; see (25) and (26). Indeed, let us
consider two Higgs doublets as in (18),

o¥(z), i=1,2, a=4,0. (A1)
We arrange these in a 2 x 2 matrix
o0 =(eran = (T8 AO) g
Then we have from (25)
K(@) = ()6 (@). (43)
The change of basis (30) means the transformation
4(a) = /(@) = Vo). (A4)

A gauge transformation from the SU(2) x U(1)y gauge
group means

7 (2) = ¢ (2) = (Uc(@)) 0 #7 () | (A.5)

where

Ua(z) eU(2). (A.6)
Thus, under a gauge transformation the matrix ¢(x) be-
haves as

d(z) = ¢ (z) = ¢(z)Ug (2).

As we discussed in Sect. 3 any matrix K(z) formed
from the Higgs fields according to (25), which is equivalent
to (A.3), must be positive semidefinite. Conversely, given
any positive-semidefinite matrix K (z) we can diagonalise
it by a 2 x 2 unitary transformation W (z):

(A7)

_ ki(z) 0
K@) =W (G 1)) Wi,
WT(z)W(z) = 1. (A.8)
Since we have k1 (x) > 0 and k2(x) > 0 we can set
o) — W (e VE1(z) 0
o) =) (VU0 )
and get
K(z) = ¢(z)¢ (). (A.10)

With this we have proven the following.

M. Maniatis et al.: Stability and symmetry breaking in the general two-Higgs-doublet model

— For any positive-semidefinite matrix K (z) there are
Higgs fields satisfying (A.3) respectively (25).

Now suppose that we have a given positive-semidefinite

matrix K (z) and two Higgs-field matrices ¢(x), ¢’ (z), both
satisfying (A.3),

K(z) = ¢(2)¢ (z) = ¢/ ()¢ (<) .

We want to show that ¢'(x) and ¢(z) are then related by

a gauge transformation (A.7). We consider three cases.

1. K(z) =0. Then ¢(x) = ¢/(z) =0 and (A.7) is trivially
fulfilled.

2. K(z) >0, that is K (z) is positive definite. Then

(A.11)

det K (z) = |det ¢(2)| 2 = |det ¢/ ()| 2 >0, (A.12)
and both ¢(z) and ¢/ (z) have an inverse. We set
¢~ (2)¢/ (x) = Ug () (A.13)
and find from (A.11)
UL (x)Uc(z) = T; (A.14)
that is, Ug () € U(2), and
¢' () = ¢()Ug (z).- (A.15)

Thus ¢'(z) and ¢(x) satisfy (A.7), and they are related
by a gauge transformation.
3. K(z) hasrank 1; that is, the eigenvalues are

ki1(z) >0, ko(z)=0. (A.16)

With the matrix W (z) diagonalising K (z) (see (A.8))
we have then from (A.11)

(570) = V@) (7 @l

= (Wi (@) () (W' (2)¢/ ()"
(A.17)
From this we see that
wt (z)p(z) = (Xf()(x) X(l)(gx) ’
Wi (@) = () )
where
X (@)xa (@) = X3 (2)x) () = k() (A.19)

with the composition of the vectors x; (), x;(z) defined
as for the vectors p;(z). Therefore we can find a matrix
Ug(z) € U(2) such that

X (@) = (Ug (@) o5 X5 (@) (A.20)
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which implies

¢'(2) = ¢(2)Ué ().

That is, ¢'(x) and ¢(x) are related by a gauge trans-
formation.

(A.21)

With this we have completed the proof of the following
statement.

Theorem 4. Any two Higgs-doublet fields giving the
same matriz K (x) (25), respectively (A.3), are related by
a gauge transformation. The space of gauge orbits can be
parametrised by four-vectors (Ko, K) lying on and inside
the forward light cone; see (36).

We close this appendix with a supplementary note
to Sect. 6 on the breaking of the SU(2)r x U(1)y gauge
group. The matrix (A.2) of vacuum expectation values is

+ ,,0
_ (VU U1
¢vac = + 0"

A.22

. (A.22)
If the global minimum of the potential occurs with Ky >
|K| the corresponding matrix K has rank 2. Then
from (A.3) and (A.12) we see that also ¢y,c has rank 2.
Invariance of ¢y, under a gauge transformation (A.7),

¢vac - ¢vac Ug;, (A23)

is then only possible for Ug = 1. That is how we see with
the methods of this appendix that in this case the full
gauge group SU(2)r x U(1)y is broken.

Appendix B: The case of n doublets

In this appendix we generalise the methods of Sect. 3 and
Appendix A to the case of n > 2 Higgs doublets. We con-
sider n complex Higgs-doublet fields

pi(x) = ((’Dj(x)), i=1,...,n.

@7 () B

All doublets are supposed to have the same weak hyper-
charge y = +1/2. In analogy to (25) we introduce the ma-
trix

K@) = (K@) = (¢l @ei(@),  (B2)
which is now a n X n matrix. The aim is to discuss the prop-

erties of K (z). For this we introduce the n x n matrix ¢(z)
(compare (A.2))

o1 (@) () 0...0
5 () 0...0

[=}

$(z) = P2 (m) 802.

ot () @) 0... 0
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It is easy to see that we have
K(2) = 6(2) 61 (x) . (B.4)
A change of basis among the doublets means
b(x) = ¢/ () = U §(a) (B.5)
with a constant matrix U € U(n),
Ul =1,. (B.6)
A gauge transformation from SU(2)r, x U(1)y means
$(x) = ¢/ (z) = d(x) Ug (), (B.7)
where Ug/(z) is block-diagonal:
o) = ("5 1), (B.5)
n—2

with Ug(z) € U(2), and thus Ug(z) € U(n). We have then
from (B.7)

@ (x) = (Ua(2))ag ¢ (@),

From (B.3) and (B.4) we see that the matrix K (x) has the
following properties:

i=1,...,n. (B9

— K(x) is positive semidefinite,

— K(z) has rank < 2.
That is, K (z) has at most two eigenvalues k1 (z), k2(z) >0
and the remaining eigenvalues xk3(z), ..., kn(x) must be
zero. The rank condition can be seen as follows. We denote
by ¥+ (z), 1°(z) the first two column vectors of ¢(x). Then
we have

o(z) = (w+<x>,w°<x>,o, 5 ,o> , (B.10)

K(z) = (%**(w) (@) + o (@) (@), ..
ot (2) v (2) + % (@) w°<x>) B

That is, at most two column vectors of K (x) are linearly
independent.

Suppose now that we have a given positive-semidefinite
matrix K (z) of rank < 2. Then we can diagonalise K (z)
and represent it as

Wi (x) (B.12)

with W(z) € U(n) and k1(z) > 0, k2(z) > 0. We set now

\/K’l(x) 0 0

o(x) =W(z) 0 /ra(x) (B.13)
0

0
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and see easily that ¢(z) is of the form (B.3) and satis-
fies (B.4). Thus to any positive-semidefinite matrix K (x)
of rank < 2 there is at least one field configuration of the n
Higgs doublets such that (B.2) holds.

Suppose now that we have two field configurations; that
is, two matrices ¢(x) and ¢’ (x) of the type (B.3) such that

K(x) = ¢() ¢' (z) = ¢/ () ¢'" ().
We can diagonalise K () as in (B.12) and get

ki(z) 0
0 ka(z)

0 0

(B.14)

— (Wi(z) ¢(x)) (Wi (z) $(x))’

= (Wh@)¢'@) (W'(@) ¢'(2)" -
(B.15)

From this we see that we must have

X (@) xi@)
X3 (z) x3(z) ,  (B.16)

where
X1 (@) x1(z) = X1 (2) Xi () = ka(2)
X5 (@) x2(z) = X5 (2) Xh(x) = ka(z),
X1 (@) x2(2) = X{ (z) xh(z) =0 (B.18)

From this we conclude that we can find a matrix Ug(x) €
U(2) such that

X = (Ua(@)op Xi (@), i=1,2. (B.19)
Inserting this Ug(x) into (B.8) we get
W (z)¢/ (z) = W (2)¢(z) U& (x) (B.20)
and, since W (z) € U(n),
¢'(z) = (@)Ul (). (B.21)

That is, ¢'(z) and ¢(z) are related by a gauge transform-
ation. We summarise our findings in a theorem.

Theorem 5. For n Higgs-doublet fields of the same weak
hypercharge y = +1/2 the matriz K(z) = ((,0; (x)pi(z)) s
a positive-semidefinite n X n matriz of rank < 2. For any
positive-semidefinite n x n matriz K (x) of rank <2 there
are Higgs fields such that (B.2) holds. Any two field con-
figurations giving the same matriz K(x) are related by a
SU(2)r x U(1)y gauge transformation. The matrices K (x)
form, therefore, the space of the gauge orbits of the n Higgs-
doublet fields.

As an example we consider three Higgs doublets.
The space of gauge orbits is then given by all positive-
semidefinite 3 x 3 matrices K (z) with det K (x) = 0.
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