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ABSTRACT: The Standard Model (SM)-like couplings of the observed Higgs boson impose
strong constraints on the structure of any extended Higgs sector. We consider the theo-
retical properties and the phenomenological implications of a generic two Higgs doublet
model (2HDM). This model constitutes a simple and attractive extension of the SM that is
consistent with the observation of the SM-like Higgs boson and precision electroweak ob-
servables, while providing a potential new source of CP-violation. In this paper we focus on
the so-called Higgs alignment limit of the generic 2HDM, where the neutral scalar field Hy,
with the tree-level couplings of the SM Higgs boson, is a mass eigenstate that is aligned in
field space with the direction of the Higgs vacuum expectation value. The properties of the
two other heavier neutral Higgs scalars, Ho and Hg, in the alignment limit of the 2HDM
are also elucidated. It is shown that the couplings of Hy and Hj in the alignment limit are
tightly constrained and correlated. For example, in the exact alignment limit at tree level,
for bosonic final states BR(Ha3 — WYW~,ZZ H,Z) = 0 and BR(H* — W*H;) = 0,
whereas for fermionic final states I'(Hy — ff)/T'(H3 — ff) ~ My/M3 (where M, is the
mass of H,). In some cases, the results of the alignment limit differ depending on whether
or not alignment is achieved via the decoupling of heavy scalar states. In particular, in the
exact alignment limit without decoupling BR(H23 — H1H;) = 0, whereas these branch-
ing ratios are nonzero in the decoupling regime. Observables that could be used to test
the alignment scenario at the LHC are defined and discussed. The couplings of the Higgs
bosons away from their exact alignment values are determined to leading order, and some
consequences are elucidated.
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1 Introduction

It is widely believed that the Standard Model (SM) of electroweak interactions is merely
an effective theory valid up to an energy scale of ~ 200 — 300 GeV. New, heavier degrees
of freedom may exist, and their discovery would be direct evidence for beyond the SM
physics. Here we will focus on searches for new states that have spin zero, i.e., we are
going to consider extensions of the scalar sector of the SM. If certain constraints known
as the alignment limit (AL) are satisfied, then it turns out that the new scalars would not
necessarily be much heavier than the discovered 125 GeV Higgs boson. In order to discover
modifications of the scalar sector both the ATLAS and CMS collaborations at the LHC
are looking for new spin-zero resonances. These searches are aimed at different final-state
channels, tf [1, 2], bb or lepton pairs (7777, utu™) [3-5], electroweak gauge bosons [6-
9], diphoton states [10] or an electroweak gauge boson in association with the SM Higgs
boson [11]. In this context it is worth re-examining new physics beyond the SM that can
arise due to an extended Higgs sector.

In light of the measured value of the electroweak p-parameter [12] that is close to 1,!
the most natural choice of an extended Higgs sector consists of scalar fields in singlet and
doublet representations of the SU(2) gauge symmetry. In this paper, we focus our attention
on the two Higgs doublet extension of the SM (2HDM), as it is the most modest extension
of the SM that contains a number of interesting new phenomena beyond the SM such as
charged scalars and neutral scalars of potentially indefinite CP. The latter is a consequence
of a new source of CP-violation (CPV) originating in the 2HDM scalar potential, which is
required by a desire to explain the baryon asymmetry observed in the Universe.?

In the literature, much attention has been given to 2HDM Lagrangians that possess
a Zo symmetry (perhaps softly broken), which provides a natural mechanism for avoiding
tree-level flavor-changing neutral currents mediated by neutral Higgs exchange [15, 16].
In this work, we relax this assumption to consider the most general 2HDM. Of course,
one must be careful to make sure that the parameter space of this model is consistent
with all known experimental constraints. These considerations imply the existence of two
approximate alignments of 2HDM parameters. First, the Higgs-fermion Yukawa couplings
must be approximately flavor-aligned to ensure that flavor-changing neutral currents are
sufficiently suppressed [17-21]. Second, given the consistency of the Higgs precision data
with SM predictions with an accuracy of approximately 20% [22, 23], the 2HDM parameters

1See J. Erler and A. Freitas, “Electroweak model and constraints on new physics”, in the 2018 Review
of Particle Physics in ref. [13].
2See e.g. ref. [14].



must be close to the values obtained in the Higgs alignment limit (AL). In this limit, a
scalar field that is aligned in field space with the Higgs vacuum expectation value (and
therefore possesses the tree-level couplings of the SM Higgs field) is a mass eigenstate, which
is identified with the observed Higgs boson of mass 125 GeV [24-27] (see also refs. [28-
31]). This latter constraint, when applied to the softly-broken Zs-symmetric version of
the 2HDM, suppresses the possibility of new CPV phenomena originating in the scalar
potential (e.g., as shown in ref. [32]). Hence, we shall dispense of the Zs symmetry and
consider the most general 2HDM, subject only to the phenomenological constraints on its
parameters. Moreover, in the complete absence of a Zg symmetry (in the AL), new sources
of CP-violation can arise both in the scalar potential and in the Yukawa interactions of the
neutral heavier Higgs bosons (which in this case are phenomenologically less constrained).

In the exact AL of the 2HDM, one Higgs boson (e.g., the lightest one, which is as-
sumed in this work) couples to vector bosons and fermions with tree-level couplings that
are precisely those of the SM Higgs boson. However, in the case of alignment without
decoupling, the heavier neutral (Ha3) and charged (H™) states can still be relatively light
(with masses of order the electroweak scale), so that they can be detected and studied at
the LHC. The goal of this paper is to investigate interactions of the heavy scalars in the
AL. It turns out that in the AL properties of Hy and Hj are strongly correlated, which
implies various relations between observables involving Hy and Hs. First, we are going to
determine the correlations between Hj 3 couplings. Next, we define observables which could
test the alignment scenario. Then, whenever possible, we will try to suggest measurements
that can disentangle the different types of Yukawa couplings in the 2HDM, Type I, Type
II and generic Yukawa couplings, assuming the AL.

Of course, the LHC data are subject to uncertainties and therefore a dedicated nu-
merical analysis in the vicinity of the AL is mandatory. Nevertheless, we believe that the
study of the heavy Higgs bosons in the exact AL provides a natural guidance and should
be helpful for experimental searches for heavy Higgs bosons.

This work is organized as follows. After presenting the motivation for this work, in
section 2 we introduce the model and necessary notation. In section 3 we specify the input
parameters and discuss the issue of decoupling versus alignment in the 2HDM. Section 4
is devoted to the alignment limit of the model. The extra freedom provided by the generic
2HDM in the AL is illustrated by gluon fusion in section 5. Decays of extra Higgs bosons
in the generic 2HDM in the AL are discussed in section 6 with an emphasis on correlations
between various decays. Appendices contain a comprehensive list of Higgs boson couplings
in the generic 2HDM and some of its most popular versions.

2 The model
The scalar potential of the 2HDM shall be parametrized in the standard fashion:
1
V(@1,®) = —3 {mflqﬂcpl + mZ, Bl P, + [m§2q>{q>2 + Hc]}
Ly ot o Ly (dip.2 i f i i
FoMB[@1)? + 22 (B105)° 4+ Xs(@] @) (B]D5) + Ai(@]2) (L)

+ {;Ag,(cb{%)? + [M6(@1®1) + A7 (@1 Do) ] (@1 D) + H.c.} . (2.1)



Usually a Zo symmetry is imposed on the dimension-4 terms in order to eliminate
potentially large flavor-changing neutral currents in the Yukawa couplings. In the present
work we will not restrict ourselves by imposing this symmetry. Instead, we are going to
consider the most general scalar potential, keeping also terms that are not allowed by Zso
symmetry. We will refer to this model as the 2HDM67, emphasizing the presence of Ag
and A7 in the potential.

In a general basis, the vacuum may be complex, and the Higgs doublets shall be

. oF
D =i J . j=1,2, (2.2)
(vj + 15 +ix;)/V2

parametrized as

2

with the v; real numbers, satisfying v? +v3 = v2. The fields n; and x; are real, and the

difference between the phases of the two vacuum expectation values (VEVs) is denoted by

=& -4 (2.3)

Next, we shall define orthogonal states

N I
3 —v2/v vi/v X2

G* [ vi/v wafu cpf)

(Hi) R <—v2/v vl/v> (ﬁ >

in order to extract G0 and G* as the massless Goldstone fields, whereas HT are the massive

and

charged scalars.
The model also contains three neutral scalars, which are linear combinations of the 7,

Hy m
Hy | = R mn | (26)
Hj 73

with the 3 x 3 orthogonal rotation matrix R satisfying
RM?RT = M3, = diag(M7, M3, M3), (2.7)

and with M; < Ms < Msj. The rotation matrix R can conveniently be parametrized
as [33, 34]

Ri1 Ri2 Ris c1c2 51 €2 59
R= 1Ry Ry Roz | = | —(c15283+s1¢3) cicg—s18283 cas3 |- (2.8)
R31 R3o Ras —c152¢3+ 5153 —(c183+ s152¢3) cac3

Since R is orthogonal, only three of the elements R;; are independent, the rest can be
expressed by these through the use of orthogonality relations. From the potential one



can now derive expressions for the masses of the scalars as well as Feynman rules for
scalar interactions. For the general basis that we consider here, these expressions are quite
involved and lengthy, so for convenience we refer the reader to appendix A of ref. [32] where
they have been collected.

3 Input parameters

For the input parameters of the 2HDMG67 potential, following ref. [32], we adopt
Por = {Mpe, p?, M7, M3, M3, Im)s, ReXs, ReAr, v1, 02, €, a1, a2, a3}, (3.1)

a set of 14 independent parameters where p? represents the real part of the bilinear mixing
term m?2,, € is the relative phase of the VEVs v1 and vo, and the o; parametrize the neutral-
sector orthogonal rotation matrix R. All other potential parameters could be calculated
using the set Pg7, see appendix A in ref. [32].

In the 2HDM these parameters will only appear in certain combinations, leaving us
with a total of 11 observable physical quantities. These can be chosen to be the minimal
set consisting of the four independent masses of the scalars along with seven independent
couplings [32, 35],

PE{MI2{=‘:7M127M227M§7€17€27637q17qQ7Q37q}7 (32)

where e; = v1 R;1 +v2R;2 is a factor appearing in the H; W+ W ™~ coupling (and several other
gauge couplings as well, see appendix A). They satisfy the relation e3+e3+e3 = v2. Further-
more, g; is the coefficient of the H; H™ H~ term in the potential and ¢ is the coefficient of the
HT™HTH™H~ term in the potential. Note that scalar masses and their couplings to vector
bosons (e;) are independent of each other. Nevertheless, as we will discuss below, they are
subject to certain theoretical consistency constraints if perturbativity is supposed to hold.

There is an important comment in order here. It can be shown that the following
useful relation holds®

eI ME 4+ e3 M3 + e2 M3 = vid + vikg + 20iv3 ()\3 + A4+ Re [62i5A5])
+4vivoRe [eiﬁ)\g} + 4v1v3Re [eig)w] , (3.3)

The above relation implies that if one requires the quartic coupling constants A; to remain
in a perturbative regime, e.g. \; < 4, then in the decoupling limit* of My 3 g+ — oo the
SM is recovered as the low-energy effective theory only for es = e3 = 0. Note also that if we
had chosen e3 = e3 = 0 (AL) as our starting point, then any value of My 5 g+ > M; would
be allowed, in particular relatively light Hy 3 with Mj 3 g+ ~ v would be a viable option.

3Eq. (3.3) is equivalent to eq. (D.28), which is expressed in terms of the scalar potential parameters
defined in a basis where v1 = v, v2 = 0 and & = 0 (the so-called Higgs basis, which is treated in more detail
in appendix D). Indeed, eq. (3.3) reduces to eq. (D.28) upon making the substitutions, \; = Z;, v1 = v,
veg =0 and £ =0.

4The decoupling limit of the 2HDM was also discussed in refs. [36] and [37].

5Due to the relation e? + e3 + e2 = v?, this implies that e; = v, so that H; couples in exactly the SM
manner.



For completeness, we note the following useful relations,’

2
U . .
M%[i = o109 Re [(m% —vIXg — v2A7)e® — vyvg( Ny + )\562Z§)] . (3.4)
2 . .
M2+ M2+ M2 = iRe (m2,¢%) + 02\ + 12Xy — v2Re (A5e%)
v , v .
—(v? —v3) [U;Re (Aee'€) — U—iRe (A7a€)] . (3.5)

The expressions for egs. (3.4) and (3.5) in terms of Higgs basis parameters are given in
egs. (D.6) and (D.29) of appendix D. Note that it is not so easy to obtain these results
directly from eqgs. (3.4) and (3.5) as we did in footnote 3. However, by employing the
scalar potential minimum conditions given in eqs. (A1)—(A3) of ref. [32], one can re-express
Re (m?,e%) in terms of m?; +m32, and the );. Employing this result in eqgs. (3.4) and (3.5)
yields their equivalent form,’

1 ) 1
Migs = 5 (Mvi+ X003+ Xsv%) +vivaRe (Ao + Mr)e] = S (miy +m3),  (3.6)
M12 +M22 —I-M; = 2()\12}% —i—)\QU%) +U2(>\3 —l—)\4) +4viv9Re [()\6 —I—)\7)6i€] —m%l —m%z . (37)

The above equations will prove to be useful in the context of discussing alignment with or
without decoupling in section 6.2.

The above shows that at fixed values of the )\;, increasing values of Ms3 and Mp+
require positive and increasing Rem?2,. Note however, that the SM would be recovered
only if e = e3 = 0 was chosen.

Different bases for (®1, ®2) could be adopted while discussing the model, this freedom
is parametrized by the following U(2) transformation:

(?1 _ i c.os0 'e_ifisinc9 by _yu i3] . (3.8)
Dy —eXgin @ etx=8) cos L2 dy

All the parameters of P are invariant under a change of basis, hence they represent ob-
servables of the 2HDM. Note that apart from the overall phase 1, the U matrix has 3 param-
eters, matching the reduction from the 14 potential parameters to the 11 physical parame-
ters of P. In appendices B and C we see that we can express all the real couplings in terms
of the parameters of P, meaning that all the real couplings in the 2HDM represent observ-
ables of the model. In appendix D we elucidate the connection to the Higgs basis [39-42].

There are also complex couplings (both scalar and gauge) in which we need the aux-
iliary quantities f; = viRj2 — vaRj1 — iwR;3 [32] in the expressions. These are not basis
invariant, they are what is referred to as pseudo-invariants under a change of basis. That
means that they acquire a phase factor under a change of basis, i.e.

_ "
fi fi = fie®. (3.9)

®Egs. (3.4) and (3.5) have been obtained from eqs. (A.4)—(A.7) of ref. [32] after employing the scalar
potential minimum conditions. We also note that eq. (3.4) is equivalent to egs. (2.17) and (2.21) of ref. [38].
"Indeed egs. (3.6) and (3.7) reduce to eqgs. (3.4) and (3.5), respectively, after making the substitutions,
mi = —2Y1, m3y = —2Ys, \s = Zi, v1 = v, v2 = 0, & = 0 and employing the scalar potential minimum

Basis change

condition given in eq. (D.4).



The phase 0 depends on the U(2)-transformation we use to change basis, but is independent
of j, meaning that all three f; acquire the same phase factor under a change of basis. An
explicit expression for € is given in eq. (E.74), in terms of the U-matrix, and the phases
& of eq. (2.2).

Since the f; are not invariant under a basis change, they do not represent observables
of the theory. However, we may combine pseudo-invariants into something that is invariant
by pairing it with one of its complex conjugate partners, i.e.

fiff = U25ij — €jej + 1€ jpey. (3.10)

The combination f;f; is obviously basis invariant, and we see explicitly that it can be
expressed in terms of the parameters of P. It is also clear that the absolute values |f;]
are physical (since they are basis independent) and also, as seen from eq. (3.10), could be
expressed through other parameters already present in P. This is consistent with the fact
that the model has only 11 physical parameters originating from the potential.

As will be shown in appendix E.5 the phase § could be totally removed from the La-
grangian by a rephasing of the charged scalar field H*, so that in effect f; could be consid-
ered as “invariant” under a basis transformation that is accompanied by a rephasing of H*.

A relevant question to ask is whether constraints we put on our set of parameters merely
amount to choosing a basis, or whether they are in fact constraints on the model itself. If
we put constraints on the parameters of Pgy in such a way that all eleven parameters of
P are still free to choose independently, then our constraints merely amount to a choice
of basis.® If on the other hand our constraints in some way limit the 11 parameters of P
in such a way that they are not all free to choose independently anymore, then we have in
fact constrained the model.”

4 The alignment limit

The coupling between the lightest neutral Higgs boson H; and vector bosons is
parametrized by [32]

e1 = vcos(ag) cos(ay — f), (4.1)

where tan 8 = wvo/v;. As we have already stated, alignment is equivalent to e; = wv,
eo = eg = 0, when expressed in terms of the parameter set P, implying

o] = ﬁ, a9 — 0. (42)

8 A popular choice of basis is the Higgs basis, which is discussed in more detail in appendix D. In this
basis only the first doublet has a VEV, meaning that £ = 0 and v2 = 0, implying v1 = v. There is still some
freedom left in performing a U(1)-rotation on ®». This can for instance be used to make m?, real. All the
eleven parameters of P are still free and independent of each other, so we have in choosing the Higgs basis
in no way constrained the model.

9As we shall soon see, exact alignment is equivalent to putting a; = arctan(v2/v1) = 8 and ag = 0.
This in turn implies e; = v and e2 = e3 = 0. Thus, alignment fixes some of the physical observables of P,
and therefore represents a constraint on the model as opposed to a choice of basis.



The rotation matrix in this case becomes

R11 R12 R13 C[B Sﬁ 0
R =1 Rg; Ryy Ros | = —sgc3 cgez s |- (4.3)
R31 R3z Rss 5383 —Cg 83 C3

So that the mixing matrix could be written as

1 0 0 cg s5 0
R=R3Ri= [0 c3 s3 —sg cg 0. (4.4)
0 —83 C3 0 01
Furthermore, in the AL we have
fi=0, fo=ifs=f=uv(cz—is3)=uve 19, (4.5)

Later on in this paper the Type I and II versions of the 2HDM will be considered
as reference models,'? therefore it is useful to recall here constraints that emerge as con-
sequences of the Zo symmetry imposed on the dimension-4 part of the potential. Then
A¢ = A7 = 0 and consequently the (1,3) and (2,3) entries of the neutral mass-squared
matrix, M%?, and M%3, are related as follows

Mi% - tﬁM%& (4-6)

where t3 = tan . As a consequence of the above relation there is a constraint that relates

mass eigenvalues, mixing angles and tg [43]:
M7 R13(Riatg — Ri1) + M3 Ras(Raatg — Ra1) + M3 Raz(Raats — Ra1) = 0. (4.7)
In the AL, the above relation simplifies to
(M3 — M3)s3c3s5 = 0, (4.8)

so that either My = M3, a3 = 0 or a3 = £7/2. Here, we assume no mass degeneracy,
My # Ms, so g = 0 or ag = +7/2. As will be discussed below, the two possible choices
of a3 correspond to two possible CP-conserving versions of the 2HDMS5 with different

neutral-boson mass orderings.

4.1 Alignment with or without decoupling

We previously remarked that the exact alignment limit, where es = es = 0, is realized
in the decoupling limit of Mj 3 g+ — oo where the quartic coupling constants \; are held
fixed. More precisely, if My 3 g+ > v, it follows that |e2/v], [e3/v| < 1, which implies that
the tree-level properties of H; are SM-like. Thus, in the decoupling regime, the alignment
limit is approximately realized.

10WWhen referring to the scalar potential of those models we will either be using the term “model with
softly broken Zs symmetry” or “2HDMS5”.



Nevertheless, there is a physical distinction between the alignment limit in the decou-
pling regime and the alignment limit without decoupling. In either case, one must have
le2/v|, |es/v| < 1, which means that the distinction between alignment with or with-
out decoupling cannot be detected via the tree-level Higgs couplings to gauge bosons and
fermions. However, the distinction is present in the cubic and quartic tree-level Higgs cou-
plings. This is most clearly illustrated by examining the cubic HjHiH; coupling in the
alignment limit. Starting from the exact expression given in eq. (B.1), one finds that in
the approximate alignment limit,

o M (G (19)
2v v3
In the limit of alignment without decoupling, M?{i /v? ~ O(1), in which case, the correction
to the exact AL result of M?/(2v) is quadratic in the small parameters es/v, e3/v. In
contrast, in the limit of alignment with decoupling,

eaMfps /v~ O(1), esMs v~ O(1), (4.10)

as shown explicitly in eq. (6.17). In this case, in eq. (4.9) the correction to the exact AL
result of M?/(2v) is linear in the small parameters es /v, e3/v.

One additional distinction between alignment with or without decoupling arises when
radiative corrections are taken into account. In the limit of alignment without decoupling,
the effects of loops containing Hs, Hs and H* can compete with electroweak loop effects.
For example, the decay width of H; — <+ in the alignment limit can deviate from its
SM value due to the effects of a charged Higgs boson loop [30, 44]. In contrast, in the
decoupling limit, the effects of heavy Higgs contributions in loop diagrams decouple. Thus,
in the previously cited example of H; — 77, the corresponding decay width approaches its
SM value in the decoupling limit.

4.2 Scalar couplings

In the AL the scalar, H; H*H~, couplings g; could be expressed through the mixing angle
ag and other parameters as follows [32]*!

1
@ =~ (2Mps — 2 + M}) (4.11)
(02 - 32) v v v
q2 = +c3 M(M22 — ,uQ) + z5ReXs — —sReA7| + 53 ImAs;, (4.12)
vCgSsa 256 265 2cgsg
(02 - 52) v v v
g3 = —S3 M(Mg — )+ 272Re)\6 - 2—2Re)\7 + €35 ImAs. (4.13)
vegsg 5% ! cgsg

As has been shown in ref. [32], in the AL, CP violation may remain only in the weak-basis
invariant Im J3q:

4243

ImJ; =0, ImJy=0, ImJs="7"(M3—M;3). (4.14)
v

"Here we adopt a weak basis such that the relative phase of the two VEVs vanishes, i.e. £ = 0.



Therefore we can conclude that if CP is conserved in the bosonic sector in the AL, then
it forces ga2g3 to vanish. Remembering that es = e3 = 0 in the AL, we may conclude that
either Hy is CP-odd (e2 = g2 = 0) and Hjz is CP-even, or vice versa (see ref. [32]). Note
that this is consistent with the presence of the HyH3Z, coupling (proportional to eq).

In order for Hs to be CP-odd we require es = ¢o = 0, and for H3 to be CP-odd we
require e3 = g3 = 0. Since es = ez = 0 in the AL, it follows from eq. (4.12) that Hy is
CP-odd in the AL if

23505(0% — s%)(l\@2 —p?) + UQ(C%RG A6 — S%Re A7)
v2speglm A5

tan g = — , (4.15)

assuming that the numerator and denominator above are not both zero. In the special case
just cited, Hy is CP-odd in the AL if
2 2 2 2y Vcs v’sg
Im A5 = 2(cg — s3)(My — ) + ——Re g — ——Re A7 =0, (4.16)
Sp s
independently of the value of a3. Likewise, it follows from eq. (4.13) that Hs is CP-odd in
the AL if
Uzsgcglm A5

28565(6% - s%)(M?? — u?) + v2(c%Re A6 — S%Re A7)’

tan ag =

(4.17)

assuming that the numerator and denominator above are not both zero. In the special case
just cited, H3 is CP-odd in the AL if
2 2 2 2y Vs v’sg
ImA5:2(C/8—Sﬁ)(M3 — K )+§Re)\6—?Re>\7:0, (4.18)
independently of the value of a3. In particular, apart from the special cases noted above,
we see that for a model in which Im A5 = 0 in the AL,

1
H2 CP-odd: a3 = :|:§7T, (4.19)
Hjz CP-odd: a3 =0. (4.20)

Note that in the generic 2HDM67, when a3 = 0 or :t%ﬂ' in the AL, the mixing matrix R is
block-diagonal (modulo basis reordering), parametrized by the angle § only. Nevertheless
at those parameter points CP is violated since gag3 would in general be non-zero (unless
additional conditions specified in section 4.5 are satisfied).

In models with softly broken Zs symmetry one finds, adopting eq. (3.6) of ref. [45],
that when a3 = 0 or a3 = £7/2 (as implied by eq. (4.8)) then Im A5 = 0. Therefore it is
easy to see from eqs. (4.12)—(4.13) that in these cases g3 = 0 or g2 = 0, respectively. Note
that when ¢z = 0 (and ¢z # 0), since also e3 = 0, then Hs is CP-odd and H; 3 are CP-even.
Conversely, when g2 = 0 (and g3 # 0), since also ez = 0, then Hy is CP-odd and H; 3 are
CP-even. In other words, these limits reproduce two possible versions of the 2HDMS5 with
a pseudoscalar that is the heaviest (A = H3) or next to the heaviest (A = Hy).

In appendices B and C, we have expressed all the scalar couplings in terms of the eleven
parameters of the minimal set P (and in addition the auxiliary quantities f;). Here, we



specialize these to the exact AL without decoupling, by simply using e; = v, es = eg = 0.
For the purpose of presenting couplings in a compact way, we use the notation i = 1,2, 3,
whereas j and k refer to either 2 or 3, but not to 1. (In vertices that involve both H; and
Hj,, the couplings presented below also apply to the cases of j = k = 2,3.) The non-zero
trilinear couplings become (couplings involving Goldstone bosons are not listed):

M2
H H\H, : 2—1}1 (4.21a)
H,Hy,Hy, : %, (4.21b)
M? — M?
HyH;H; - q2—1 g HE (4.21c)
v
HHTH : g, (4.21d)
whereas the corresponding non-vanishing quartic ones are
M
H1H1H1H1 . @, (422&)
q
HjHjHjHj : 1, (422b)
HyH;H,Hy, - %, (4.22¢)
v
M? — M2
. q J o+
HlHlHjHj : @ + T, (422(1)
H2H2H3H3 : g, (4226)
HiH\HYH™ ;Ll (4.22f)
v
H,H;HTH™ : g, (4.22g)
H\H;HYH™ - %J (4.22h)
H HTH H : q. (4.22i)

Note that if CP is conserved, so that gaq3 = 0, only those cubic and quartic couplings
survive which are invariant with respect to CP, assuming that Hs and Hs have opposite
CP parities.

If the alignment limit is realized in the decoupling regime, then one must allow for the
possibility of contributions of the form esM? and e3M? (where M = My, M3 or Myx+),
which do not vanish but approach a constant value as ez 3 — 0 and M — oo. This leads
to the following additional non-zero trilinear and quadrilinear couplings,

3epM?
HlHlHk . 62k 2 k y (423)
v
e M?2
H\H,H Hy, : Qng : (4.24)

4.3 Gauge couplings

Again, simply using the fact that in the AL e; = v and ey = e3 = 0, only the following
gauge couplings remain non-zero (some vertices with corresponding Goldstone bosons are
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not shown)

2 2
p. _9Y . 9
H\Z,Z" Toos? 0 H\W W= 5 (4.25)
and
< g
(Hgaqu)Zu . —m (426)
Also,
g9 g*v
HyHT A, W—H: 2fvsinveQ, HyH ™ A,WTH: 7smewfg, (4.27a)
2 in2 2 2
- —g° sin” Oy _ —g° sin” Oy .,
HyH ™ Z,W~H . 20 08 b fo,  HeH Z,WTH: 20 08 b fa, (4.27Db)
(HY 9, Hy)W " : 2'2% f, (H= 5, Hy) W+ - —i% i (4.27¢)

with (in the AL) fo = ve™*3, In the AL, the corresponding couplings for H; do not exist,
and those involving Hj receive an extra phase factor (f3 = —ifs).

Note that the H1ZZ, HHW W~ and HoH3Z couplings of egs. (4.25)—(4.26) do not in-
volve f; and are CP-symmetric, assuming opposite parities for Ho and Hs. The remaining
scalar-gauge couplings of eq. (4.27) turn out to be invariant as well, however the CP trans-
formation of the charged scalar field H* requires an extra phase H™ L eg- Choosing
e.g. v = 2as3 one finds that Hs must be even and Hs odd while for v = 2ag + m, the CP
parities of Hy and Hj are reversed. The same could be concluded from another perspective.
As we have already mentioned, the phase of f; depends on the weak basis, it turns out
that it is possible to choose a basis such that e.g. this phase vanishes. In this particular
basis the interactions of eq. (4.27) are symmetric under a standard transformation of the
charged scalar field HT “C H-. Both pictures are consistent with the general statement
that the kinetic terms are CP-invariant.

4.4 General Yukawa couplings in the alignment limit

Appendix E contains both the most general Yukawa couplings as well as various special
cases. In this appendix we have parametrized the Yukawa matrices in terms of the two
matrices x, which simply becomes the diagonalized fermionic mass matrix, and the matrix
p which in the general case will be an arbitrary complex matrix. Special cases considered
in the appendix include p-diagonal, Type I and Type II model Yukawa couplings. Here we
focus on the AL couplings, so e; = v, ex = e3 =0, and f; = 0, fo = ve "3, f3 = —jve '3,
This simplifies all Yukawa couplings to the neutral physical scalars. In the AL, the phase
factor e ' appears repeatedly in Yukawa couplings together with 5/, defined by eq. (E.12).

Therefore it is convenient to define a related quantity 5/ that absorbs the phase factor,
pl = eyl (4.28)

where f = u,d,I.
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Specializing the generic results contained in appendix E.2 one can write the couplings
of the neutral Higgs boson in the AL as follows:

frfmHy —mfk Okm  (no summation over k), (4.29a)
-~ [(ha ) + (i~ ) ], 1291
k 2 2\[ Pk + Pk Pmk — Pkm | 75 ( )
ety — (4 o) + (- ) 3. 129e
kdmf = = f Pk + Pl Pk — Plm ) V5 (4.29¢)
1

Upum Hy Dok + Phom Dok — Phim , 4.29d
k 2 2\[[(Pk Pkm) — (Pmk — Phm) V5] ( )
il Hs [(pmk ﬁkm) (P + ) 5] - (4.290)

UgumHs : ———= (P — Pim) — (Dot + Phom, ) 4.29

kU H3 2ﬁ[(pk Prm) — (Pl + Plem) V5] (4.29g)

Note that H; couples only flavor-diagonally in the AL, so indeed it behaves as a genuine
SM Higgs boson.
For the charged Higgs boson we obtain:

1 .
Dl HY —56*20‘3557;;(1 +95), (4.30a)
7 - 1 za
L H™ : —5e spt (1 —s), (4.30b)
1 .
— + . - _—ias —u\t _ _ —~d\t
tnd 5 e {[(VK] (=) = [KGYT] (14}, (@300
_ 1
- zag tu | Ad gt .
deunH ™+ e {[K Lm(1+%) [pK]km(l 75)}. (4.30d)

Note that the results contained in eqs. (4.29)—(4.30) are also applicable for the Type
I and the Type II model by adopting the appropriate p/ from appendices E.3 and E.4,
respectively, together with egs. (4.28) and (E.12). A general (flavor non-diagonal) Yukawa
coupling of the Higgs boson H, could be written in the following form

Ho fi(ag) + iv505,0) fns (4.31)
where f = u,d,l with a =1,2,3 and a®f and b*/ hermitian matrices (as required by the
hermiticity of the Yukawa Lagrangian) in the flavor space given by eqgs. (4.29).

Note that the following relations between scalar and pseudoscalar components of the
Hy and Hs Yukawa couplings hold in the AL:

21,d 31,d
akm - bkm ’ a%#z = bkm’ (432)
21,d 3l,d
b ¢ =—a, b= all. (4.33)
Therefore the following sum rules are satisfied:?
2f 2f  p2f32f _ 3f 3f | 13f;3f
A @ i +bkmbm = Qpppa i +bkmbz] ’ (4‘34)
a2 2l — 3f
aembii = —akmb . (4.35)

12Gimilar sum rules applicable to a general N Higgs doublet model have been presented in ref. [46].
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The first sum rule is applicable for CP-conserving processes while the second one is relevant
for CP-violating observables. From eq. (4.35) we can observe that in some sense the amount
of CP violation (encoded by ag#ib?jf ) in the AL is opposite for Hy and Hj.

It is worth discussing here CP properties of the general Yukawa couplings given by
eq. (4.31). Two cases must be considered with H, being either even or odd under CP.
Then CP conservation together with hermiticity of the Yukawa Lagrangian requires the
following relations to hold:

Hag+Ha:aaf: aaf*y aaf: aafT7 baf:_baf*7 baf:_bafT7 (436)

CP

Hy 5 —Hy1a0f = —aF*, q@f = —qofT pof = pafx paf = pafT (4.37)

The above conditions could be expressed in terms of the 5/ matrices. Then, for instance
for up-type quarks and Hs 3 SL +H> 3, CP conservation of Hy and H3 Yukawa couplings
would require p* = +p"* and p* = Fp" ¥, respectively. Therefore if both Hy and Hj3 were
CP-even or CP-odd'? then there would be no way to conserve CP in the Yukawa couplings
of eq. (4.31) unless p* = 0. However if Hy AL +Hsy and Hj AL FHj; then CP is conserved
in both couplings for p* = +p“*. Note that the CP-parities of Hy and H3 are fixed by
the CP conservation for a given type of fermions (I, d or u), therefore for the remaining
fermions there is no more sign freedom in relations between pf and 5/ *, if the signs do not
match, CP is violated.

We have already observed in section 4.2 that if CP was conserved in the bosonic sector
then Hy and Hj3 would have opposite CP parity. Above, by considering Yukawa couplings,
we have confirmed this observation.

Next, in order to proceed with some semi-qualitative discussion (see section 6.1), we
assume that the ﬁim are flavor-diagonal matrices parametrized by

_ mr

P = V2= L0, (4.38a)

_ my

P = V2 =2 "s, (4.38b)

P = V2 % 0" O3, (4.38¢)
where pf = |pf|e?%s are complex numbers. Note that, even though it is a quite radical

assumption, this way the u, d and | components of the Yukawa couplings are still inde-
pendent, in contrast to what is observed in e.g. Type I and Type IT models, where all the
couplings are determined by tan 8 and fermion masses, see egs. (E.34)—(E.36). Since ﬁ§3
are complex numbers therefore, within this assumption we obtain 6 real free parameters
to specify all the Yukawa couplings.

It is worth stressing that in the generic model the Yukawa couplings are, in general,
not proportional to fermion masses any more. In the AL, as seen from eq. (4.29), although
H; couplings are still proportional to the corresponding fermion masses, however those
of Hy and Hj are not related to fermion masses at all. Since es = e3 = 0, they are just

13This case is considered just for completeness as in the CP-conserving limit of the 2HDMG67, CP parities
of Hy and Hj are indeed opposite with non-trivial Yukawa couplings.
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parametrized by elements of the p/ matrix. Our choice of non-zero entries of 5/ in eq. (4.38)
for only the third generation is dictated just by the fact that in the familiar Type I and Type
IT models the third family contributions dominate and therefore this approach facilitates
comparison with Zy symmetric versions of the 2HDM. Other entries of 5/ are also allowed.

4.5 CP properties at ag = 0, £7/2 in the alignment limit

As has already been noted above, in the AL the points corresponding to ag = 0,+7/2
deserve special attention, as at those points the rotation matrix R turns out to be block-
diagonal (modulo basis reordering). Therefore here, assuming exact alignment (a; =
and as = 0), we summarize CP properties of the Zs-non-symmetric model and of the one
with the Zs softly broken:

e Assume Zs is broken by dim 4 terms, e.g., by Ag, A7 # 0. The remaining mixing
angle as varies in the interval [—m/2,7/2] and in general CP is violated. Adopting
eqs. (4.12)—(4.13) it is easy to verify that the condition for CPC is not satisfied even
if a3 = 0,4+7/2. In order to ensure CPC at those points one would have to assume
in addition that either Im A5 = 0 or

(G=B) a2 _ 2
* vﬁcﬁsg (M3 — p?) + éRe/E — %Re)q =0 for ag =0,

* (‘Ziﬁsﬁ)(MB u?) + éRe/\(;—éRe)q:Ofor ag = +7/2.

e If, on the other hand, the Zj is only broken by the dim 2 term m?, (with A\ = A7 = 0),
one finds by virtue of eq. (4.8) that ag = 0, £7/2. It turns out then (see eq. (3.6)
in ref. [45]) that in the AL Im A5 = 0 and therefore from eqgs. (4.12)—(4.13) one finds
that goq3 = 0, so that CP is conserved at those points.

5 “Heavy” Higgs production

Experimental searches are based on the assumption of production dominantly via either of
two channels:

e glue-glue fusion
99 — H; (5.1)

via quark triangle diagrams. The production cross section for Hs in the AL is then
proportional to

2

Zlm pkk B(rq,)| (5.2)

Z Re | pkk A(rq,)

and similarly for Hs production (X3), after the substitution Re [p},] — Im [p?,] and
Im [p},] — —Re[p},]. The functions A and B are defined in appendix F.

~ 14 -



"
Y
...........

Figure 1. Cross section ratios ps for gg production of Hs for p? defined by eq. (4.38). Here, for
illustration we assume that phases of p? are the same for up- and down-type quarks, so 6, = 64 = 6.
Red, heavy: general model with |p*| = |5%| = 1 with (solid) # = 0, (dotted) § = 7/4 and (dashed)
6 = w/2. Blue (green) heavy solid: Type II (Type I) for tan 8 = 1 with a3 = 0 (so Hz = A).
Dashed, same with a3 = 7/2 (so Hy = A). Thin (blue and green) Type I and Type II with
tan 8 = 3. (The green curves, for Type I, are partly covered by the red and blue ones.) The spike
at M = 2m, originates from the function Re B of eq. (F.2) describing the pseudoscalar coupling.

e weak-boson fusion
n1q2 — Hjq1q5. (5.3)
This mechanism relies on the WTW~H; or ZZH; coupling, and thus does not con-
tribute to the Hs and Hs production in the AL.

To illustrate effects of generic Yukawa couplings in the production of Hj 3 we define

O X2

osM ‘A%M’

[l =

(5.4)

where a = 2, 3, 0, is the pp — H, gg cross section in the 2HDM, ogy is the corresponding
SM cross section, and X7 is given by eq. (5.2). Here, Agy refers to the function (F.1),
summed over ¢ and b-quark loops. In figure 1 we plot this quantity for a = 2.

It should be kept in mind that the normalization of this cross section depends criti-
cally on the assumed magnitudes |p|, in particular on |p*|. The assumption of eq. (4.38)
reproduces the predictions of the Type I and Type II models with tan 8 = 1, unless p has
a non-zero phase 6. In the latter case, if 8; is non-zero, the production cross section would
have a spike at the tf threshold.

6 “Heavy” Higgs boson decays in the approximate AL

It is important to realize that in the AL the Hy and Hjs couplings are strongly correlated
allowing for construction of observables that may efficiently test the alignment scenario.
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Type I Type 11 2HDM67
i | el | el | Shetie)
il | B [P | i
b2 d md’“ = md’“ 2 OpsIm p
b —%03% %03% —0r3 e Re p
ah | —otessy | —otessy | “OktiiRe
alf | HEssT | SEsE | —Owettmpt
i | Totsse | sl | Ok Impt
bSu mTugzé %32—2 5k5 Rep

Table 1. Couplings ay,’ and b}, for the Type I, Type II models and for the generic 2HDM in the
AL. For 2HDMS5 one bhould consider the two cases: ag = 0 and a3 = £7/2. For the 2HDM67 the
assumption of eq. (4.38) was adopted.

There are four classes of interesting decay modes: final fermion-antifermion pairs,
purely scalar decays, and final states involving a heavy gauge boson. We shall discuss
them in the following subsections.

6.1 Fermionic modes

Table 1 summarizes Yukawa couplings in the AL for the generic model adopting the assump-
tion of eq. (4.38) together with corresponding couplings for the Type I and Type II models
(consistently also in the AL) used below as reference models to compare with 2HDM67
results. Note the 2HDM67 Yukawa couplings for the case of eq. (4.38) are parametrized
by the quark masses and six additional independent numbers (Re p!, Im p', Re p%, Im p¢,
Re p*, Im p*) while for the Type I or Type II the freedom is much more limited as the
couplings can be specified by only two parameters (3, ag) with ag = 0, £7/2.
Adopting eq. (4.38) one finds

2
D(Hy - fifs) = 38—]‘7?”;5 ((Re 2830 + (m p)2) g (61)
Dt = ufs) = 228 (728 + (Rep?) B (62)

for f3 = 7,b,t and Bro = /1 — 4m?c/Mc% With the exception of the case of final state
top quarks, we may approximate 8y, ~ 1. Note that when B¢, ~ 1 then the relations of
eq. (4.33) imply that the squared matrix elements for Hy — ff and Hz — ff are nearly the
same, so that the corresponding widths differ only by the overall scalar masses, therefore
for f3 # t one expects

L(Hy = f3fs) _ My o(”ﬁ%), (6.3)

T(Hs — f3f3) M M3,
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[(H, — ff) Type I Type 11 2HDM67
_ 2 2
[(Hzg = 747) (%) (2) 71
_ _ a2
T(Hps — bh) ) 2) 7P

e ()

[(Hy — ¢@) ( ) (i) 0
( (
( (

[(Hy — tF) ()%m+w (2) (352 + 53) | (Rep")26% + (Imp»)?

(s =10 | (2) 30+ @) | (2) (308 + ) | (mp")28% + (Rep)?

Table 2. Rescaled decay widths T' for 7777, bb, ¢, and tf final states in the AL. For 7, b, and ¢,
Br o was approximated by 1. For the 2HDMG67 the assumption of eq. (4.38) was adopted.

It is useful to define the reduced width for fermionic two-body Higgs boson decays,

o 1) = g Ta = 19 (1) 7% (6.4

with o = 2,3. In table 2 we collect predictions for 777, bb, c¢, and tf reduced decay
widths T in the Type I and Type II models and compare to the 2HDMG67.

The correlations between Ho and Hs decay widths are clearly seen from table 2. Note
first of all that for the light fermions the reduced widths are equal for Hy and Hs, (H2 —
ff) =T(Hs — ff), this is a consequence of the alignment and could be explored to test
this scenario. Note however that since it holds also in the Type I and Type II models, it
can not be used to disentangle various versions of 2HDM5. The extra freedom provided
within the 2HDMG67 is also seen from the table, e.g. in the Type I and Type II models
[(Hy3 — 7777) ~ T(Ha3 — bb), while in 2HDMG67 the reduced widths might be different.
Note that for the Type I and Type II models leptonic-, down- and up-type widths are
correlated while within 2HDMG67 they are independent. Of course, the most straightforward
way to disentangle Type I, IT and 2HDMG67 in the AL is to look for FCNC in Hj 3 decays,
since they are not present in the former models while they may appear in the 2HDM67
at the tree level. Of course, the discovery of FCNC by itself would not test the alignment
scenario as one would need to verify the correlations between the Ho and Hs couplings
(and therefore their widths) encoded in eqs. (4.34)—(4.35).

For tt final states the AL might be tested just by measuring f‘tgjg, if a solution with
respect to Im p* and Re p" exists then the measurement agrees with the AL. Note that the
same measurement could also be interpreted within Type I or Type II. Then, if eq. (4.8)
is adopted in table 2 one obtains for Type I and II the following, S-dependent relation

F(HQ — {t) . Bt22 gz = 0 (6 5)
[(H3 — tt) Bri az=+m/2 '

If 'y 3 and masses were measured, then eq. (6.5) could be verified in order to test the
alignment scenario for the Type I and II models.
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For completeness and future reference we exhibit below the most general Yukawa cou-
plings, expanded up to linear order in e 3/v:

Ikl Hy : —75lk + —= 2\[ [(ﬁ%k)* (14 75) (e + ies) + Py (1 — v5)(e2 — ies)} ,  (6.6)
dedyHy s =5 + 2\[ [(78)" (1 35)ea + ies) + (1 = 35)(e2 — ies) |, (6.7)
Upw Hy : —m:k duk + 2\}% [(P11)" (1 —y5)(e2 +ies) + pa(1 + 75)(e2 —de3)] . (6.8)

Below, a = 2 or 3:

ity =t 5= () 090+ (0 =)] . (69)
Jklea : _%ea 21\/5 [(ﬁzik)* (1 + '75) + (—1)0‘5%(1 - ’75)] ; (6]—0)
anHo s =5 eadn+ o5 [(PR)" (1= ) + (PR + 0] (611)

These results show that in the case of a broken Zs symmetry, both flavor-nondiagonal
Yukawa couplings of Hj3 and new CPV Yukawa couplings are present even in the AL.
Of course, there exist experimental constraints on FCNCs, e.g. measured upper limits
for BR(Bs — ptu~) or Bg}dfﬁg 4 mixing that constrain the flavor-nondiagonal Yukawa
couplings of the neutral Higgs bosons. For example, the experimental measurements of the
latter roughly imply that

myMmy _q |2
Tg X pbk’ )
for £k = d,s and a@ = 2,3. The above constraints would be naturally satisfied in the
AL with decoupling for M>3 2 10TeV. In contrast, in the AL without decoupling with

Mss ~ O(100) GeV, the ﬁgk must be sufficiently suppressed. On the other hand, the
presence of some Higgs-mediated FCNCs could be seen as an advantage of the model given

2

d*‘} <1, (6.12)

that not all FCNC couplings are significantly constrained by experiment (as in the case of
FCNCs involving the top quark, which could show up in future experimental studies).

6.2 Bosonic decays

As we have already seen, fermionic decays of Higgs bosons in the generic model suffer from
the presence of many unknown parameters encoded into the p matrices. Therefore it is
reasonable to consider only the exact AL while investigating fermionic decays. However
for bosonic decays we are going to expand the potential around the alignment up to linear
terms in ey/v and es/v. For vector-scalar decay modes we need to expand also the f;
coefficients up to linear order in es/v and e3/v

fr=-F(2-i2), (6.13)
fo=1F  fs=—if (6.14)

for f = v(cs —is3).
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operator exact AL O(ea/v) O(es/v)
HH{Hq M12/(2v) 0 0
HyHyHo 302 (M3 —M7 L) /v 0
H3H3H3 1gs 0 (M3 —M3?.) /v
H{HH> 0 (4M12{i—M22—21)q1)/(2v) 0
H1H1Hj 0 0 (4M7 s — M3 —2vq1)/(2v)
HyH,H, (2M22—2M12{i +vq1)/(2v) —qs 0
HsH3H,q (2M32 —2M12{i +vq1)/(2v) 0 —q3
HyHoH3 1gs 0 (M3 —M3?.) /v
HsH3Ho 302 (M3 — ML) /v 0
HH>Hjy 0 —qs3 —q2
H,H-Ht qi 0 0

Table 3. Coefficients of cubic (non-Goldstone) scalar operators expanded around the alignment
limit (AL) without decoupling up to O(ez 3/v). The second, third and fourth columns show the
exact alignment result and coefficients of ey/v and es/v, respectively. If the alignment limit is
realized via decoupling, then certain results of this table are modified as shown in table 4.

operator exact AL O(ea/v) O(es/v)
HyHH, M?/(2v) —ea M [v? —e3Mp. Jv?
HHH, 3ea M2/ (20?) (2M 3. —2M3 —vq1) /v 0

Hi1H,Hj 3es M2/ (2v?) 0 (2M 3. —2M3 —vq1) /v
HyHoHy | (2M3 —2M7%. +vq1)/(2v) —q2+2ea M3 /v? 0

H3HsHy | (2M3 —2M%. +vq1)/(2v) 0 —q3+2e3 M3 /v?

H HyH3 0 —q3+2e3M2 /v? —q2+2ea M3 /v?

Table 4. Coefficients of cubic scalar operators expanded around the alignment limit (AL), where
the alignment is realized via decoupling, up to O(ez3/v). See caption to table 3. Note that
eaM? and e3M? (for M = My, M3 or My=+) approach a finite nonzero value in the limit of exact
decoupling (i.e., as M — o). Further explanations are provided in the text.

Since we are going to focus on two-body Higgs boson decays, in tables 3—5 we collect
coefficients of cubic bosonic operators expanded around the AL up to linear terms in ey /v
and e3/v. One subtlety in obtaining the results of table 3 is the distinction between
achieving the alignment limit via decoupling or in the absence of decoupling. We illustrate
this point by examining the Hy Hy Hs coupling. Eq. (B.3) yields the following coefficient of
the HyH1H> operator in the scalar potential,

ele v-—e 3e? — v?
HiH Hy : —;22q1+ g4 =)

(v* —ef)ea, o efer

€2
q2+ v4 M;Ii +TM1 2'[)4 M22 . (615)
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In the approximate alignment limit without decoupling, all scalar squared masses are of
O(v?). In light of table 8, the coefficient of the H; Hy Hy operator is
62(4MI2# — M2 —2vqy)

v 503 + O(e3/v?, e2/v%)| (6.16)

where we have explicitly exhibited the terms of O(es/v) inside the bracketed expression
above [note that there are no terms of O(es3/v)]. In the exact alignment limit (where
we set ea = ez = 0), the coefficient of the HyH1Hy operator vanishes. In contrast, in the
decoupling regime, M2, Méi > v?, and the expansion in the small parameters is organized
differently. In particular, using the results of appendix D.3, one can derive eq. (D.47), which
yields,

eaM? ~ v’Re (Zge 23) | esM? ~ —%Im (Zge=23) | for M = My, M3, My~

(6.17)

where Zg is an O(1) parameter that appears in the scalar potential expressed in terms

of the Higgs basis fields [cf. eq. (D.3)], and 23 is a mixing angle introduced in eq. (D.9).

Hence, in the exact alignment limit in the decoupling regime, eq. (6.16) yields 3ea M2 /(2v?),

which is finite and nonzero as My — oo in light of eq. (6.17). The first order correction to
this result is

e2[2(M3s — M3) — vq1]

2 , (6.18)

where the difference in the squared masses above is given by eq. (D.46). Similar consider-
ations apply to the Hi HiHs operator in table 3.

Similarly, in the O(ez/v) and O(es/v) entries for the HyH1Hy, HoHoHy, H3sHsH,
and HiHs Hgs operators, the results presented in table 3 do not include terms that are of
O(e3M?/v3) and O(e3M?/v?®), where M = M, M3 or My=+. Such terms are quadratically
suppressed in the approximate alignment limit without decoupling. But in the decoupling
regime, eq. (6.17) implies that such terms would compete with those terms listed in table 3.
Thus, in table 4, we provide the exact alignment results and the corresponding first order
corrections for those cubic Higgs operators that differ from the results displayed in table 3.

In table 6 we combine predictions for bosonic Higgs boson two-body decays. Note that
ratios of decay widths for processes contained in the second and third rows of table 6 are
functions of masses of the involved particles only, as the couplings proportional to ey and
es cancel out. Therefore, even though the widths are expected to be small, predictions for
their ratios are quite unambiguous, depending on masses of the involved particles only.

6.2.1 Scalar-scalar modes

Among the leading, unsuppressed decays contained in the first row of table 6 only two
purely scalar decays Hy — HTH~, H3 — HyHs are subject of some extra uncertainties as
they are both o g3, however their ratio

BR(H; - H"H") M3 —4MZ, 4(M3 — M%L) es - ) 9 o
= l-———F—=—+0 : : ,

BR(Hs3 — HyHy) M2 — 4M2 43V , T Olea/v7, ezes/v”, e3/v7)
(6.19)
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operator exact AL O(ez/v) O(es/v)

HIH+WJ 0 _;% ~(pl - p+)u _%f(pl - p+)u

H{H-W,} 0 2 —p ) | —Ef 01— P )

HyHYW,, | +8 f(p2 — "), 0 0

HyH- W, | =52 f*(p2— ), 0 0

HsH W | +£& f(ps —p)u 0 0

HsH-W,f | +&f*(ps —p ), 0 0
HHyZ, 0 0 seongy (P1 = P2)u
HyH3Z), | 5505 (p2 — p3)u 0 0
HsH.\Z, 0 Teorgs (D3 — P1)u 0
H\Z,7Z, ol — g 0 0
Hy7,7, 0 o Gy 0
HsZ,7, 0 0 el — gy

H W, W, WG, 0 0

HoW, W, 0 WG, 0

HsW,;iw, 0 0 2 G

Table 5. Coefficients of H;H*W,, H;H- W}, H;H;Z,, H;Z,Z, and H;W, W, operators ex-
panded around the AL up to O(ez 3/v). The second, third and fourth columns show the alignment

result and coefficients of ey /v and e /v, respectively.

r decay process
o(1) H* = Hy 3W*, Hy3— HYH™, Hy3— HiH, (DL), H3 — HoHo, Hs — H2Z
o[(2)’] Hs— H\Z, Hy— 27, Hy > W*W~, Hy— H H,
o[(%)’] Hy— H\Z, Hy— 27, Hs— W™ W™, Hy — Hi H,
O[(2)", ()", =] Hy — HaH,

Table 6. Possible two-body decays of heavy Higgs bosons classified according to the strength of
the corresponding decay width. The first row shows leading decays that exist in the AL, the second
and third rows show decays the width of which is suppressed by (es/v)? and (e3/v)?, respectively,
while the fourth one contains decays with the width suppressed by max[(ea/v)?, (e3/v)?, (e2e3/v?))].
As noted in the text [cf. tables 3 and 4], if approximate alignment is achieved in the decoupling
limit (DL), then the coefficient of the Hy Hy Hy, operator (for k = 2,3) in the exact alignment limit
is nonzero and hence unsuppressed.
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depends only on the masses of the particles involved in the decays and therefore might
be useful for testing this scenario. Note that in the 2HDMS5 models H3 — HTH~ and
Hs — HyHo decays exist only if a3 = +7/2 (A = Hy and H = H3). In the case of az =0
(A = Hs and H = H>) the corresponding widths vanish at the tree level.

Furthermore, as seen from table 6, we find that to the leading order

BR(Hz — HiHy) = O(e3/v?, eaez/v?, €3 /v?). (6.20)

In contrast, the decay rate for Ha 3 — HjH; may or may not be suppressed depending on
whether approximate alignment is achieved with or without decoupling. Indeed as previ-
ously noted, the leading contribution to the HyHj H; coupling (for k = 2, 3) is proportional
to exMZ/v? ~ O(v) in the limit of large M}, > v and hence unsuppressed.

6.2.2 Scalar-vector modes

In this subsection, we consider Higgs decay modes into two-body V'V and V H final states
(for V = W= or Z and H = His3, Hi).14 In the AL, H; couples to the vector bosons as
in the SM, whereas the decay rates for the modes Hs 3 — WTWw-, Hy3 — ZZ and Hy 3 —
H1Z all vanish, since their couplings are proportional to es 3 = 0. Hence, it follows that

D(H, —» WtW~—,22)
['(Hsy — WHW—,22)
BR(Ha3 — WYW ™, 22, H1Z) = O(e3/v?, eze3/v?, e5/v?). (6.22)

= 1+ O(e3/v?, eae3/v?, €3 /v?), (6.21)

The couplings HoHTW~ and H3HTW ™~ differ by a phase factor only, so that (if

kinematically open)!®

BR(Hi » HoW i) [)\(MHin% MW)]?’/Q 27,2 2 2.2
= + O(e5/v°, eges3 /v, e5/v7). 6.23
BR(H* — H3W*) [)\(MHi,Mg,MI/V)P/Q (€/ 2€3/ 3/v7) ( )

Similarly, the couplings H3H W ~ and H3HZ differ by a phase and a trivial factor only, so

BR(Hs — HyZ) 1 [MMs, My, Mz)]? 5 o 5 9, 9
= — + O(e5/v°, eges3/v”, e5/v7). 6.24
BR(Hz — HYW=) ¢y [N M, My, My)]*/? (/% eacafvt s/ (62

The observables defined above do not differentiate between the 2HDMS5 and 2HDM67
models.
Since in the AL f; = 0 therefore

BR(H* — W*H,) = O(e3/v?, eze3 /v?, €2 /v?). (6.25)

This holds both for the 2HDM5 and 2HDM67 models.

Note that for the VV and V H final states discussed in this subsection, the leading
corrections to the AL results appear at the quadratic level, i.e., there are no corrections
linear in ep 3. Therefore the above predictions in the AL are rather robust.

1411 the CP-conserving 2HDM, the phenomenology of these decay modes are discussed in refs. [47-50].
5The Kallén function is defined as \(z,y, z) = o + y? 4 2% — 22y — 222 — 2y2.
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7 Summary

Given that the observed couplings of the Higgs boson are SM-like and the p parameter
is measured to be near 1, models of extended Higgs sectors are significantly constrained.
The generic two Higgs doublet model (2HDM) unconstrained by a Zs symmetry provides
a simple extension of the SM with new sources of CP violation in the scalar sector. In this
paper, the phenomenology of the approximate alignment limit of the 2HDM in which the
125 GeV Higgs boson couplings are close to those of the SM has been discussed in detail.
The alignment limit can be achieved with or without the decoupling of the heavier Higgs
states of the scalar sector. Indeed, regions of the 2HDM parameter space exist in which
at least some of the heavier scalar states have masses not significantly above the observed
Higgs boson mass of 125 GeV, without being in conflict with the SM-like couplings of the

discovered Higgs boson.'®

We have shown that all possible bosonic couplings of the 2HDM scalars can be ex-
pressed in terms of a minimal set of seven physical Higgs couplings and four scalar masses,
which then yield numerous correlations among processes involving the interactions of the
scalars. Some of these correlations are quite striking in the alignment limit; for example,
BR(Hy3 — WYW~,2%,ZH,) = 0 and BR(H* — W*H;) = 0. In addition, correlations
between Ho and Hgs couplings in the alignment limit imply that the ratios of branching
ratios, BR(H* — HyW?*)/BR(H* — H3W*), BR(H; — HyZ)/BR(H3 — HTYW™) for
bosonic decays and I'(Hy — ff)/T'(Hs — ff) for fermionic ones, are functions of masses
only. Leading corrections (o ez 3) to the alignment limit results for bosonic decays of Ha 3
have been also calculated. In particular, for the scalar-vector final states, the corrections
to exact alignment are quadratic in small quantities, i.e. they are proportional to e%, eses
or e3. Consequently, the alignment limit results for branching ratios into scalar-vector final
states are quite robust.

In processes that involve the cubic or quartic scalar couplings, the implications of
the alignment limit may depend on whether alignment is achieved via the decoupling of
heavy scalar states. For example, we have shown that in the exact alignment limit without
decoupling, BR(Ha3 — H1H;) = 0. In contrast, in the decoupling regime, this branching
ratio is finite and non-zero.

For the Yukawa couplings, in addition to presenting the most general results, various
special cases were considered, e.g. diagonal p matrices, type I or II models, etc. Leading
corrections to the exact alignment limit values have been also shown and expressed in terms
of the (small, i.e. ez 3) couplings of the heavier scalars to the gauge bosons. It should be
stressed that broken Zs implies not only new sources of CP-violation in the potential, but
also extra CP-violating Yukawa couplings. Phenomenologically the latter might be even
more relevant in future collider studies.

16 A comprehensive analysis of the generic 2HDM parameter space consistent with all existing experimental
observables will be postponed for future work. In this paper, we simply emphasize that even if the additional
scalars of the 2HDM are light, the structure of the model does not preclude the SM-like Higgs boson coupling
from being SM-like.
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The absence of a Zy symmetry, even in the alignment limit, results in the presence
of flavor-nondiagonal Yukawa couplings of the heavier neutral Higgs bosons. For some of
them there exist severe experimental upper limits which would be satisfied in the alignment
limit for sufficiently heavy non-SM-like Higgs boson masses (i.e., in the alignment limit with
decoupling). In contrast, the alignment limit without decoupling with My 3 ~ O(100) GeV
requires a significant fine-tuning of the flavor-nondiagonal couplings to be consistent with
experimental constraints. In this context, we note that current experimental constraints on
flavor-nondiagonal neutral Higgs coupling to top quarks are quite weak. If evidence of such
couplings emerge in future experiments, such phenomena could be easily accommodated
in the generic 2HDM.

Acknowledgments

B.G. acknowledges partial support by the National Science Centre (Poland) research
project no 2017/25/B/ST2/00191. H.E.H. is supported in part by the U.S. Department of
Energy grant number DE-SC0010107, and in part by the grant H2020-MSCA-RISE-2014
No. 645722 (NonMinimalHiggs). This work is also supported in part by the National Sci-
ence Centre (Poland) HARMONIA project under contract UMO-2015/18/M/ST2/00518
(2016-2019). P.O. is supported in part by the Research Council of Norway.

A Couplings involving gauge fields

By putting
ig g
DM = a’” =+ 50’Z‘Wiu =+ ZEBM, (Al)
with Wi = %(W*“ +W—H), Wi = %(W*“ — WH), Wi = cosOwZH + sin yw A* and
BF = —sin 6w Z" + cos Bw A", the kinetic part of the Lagrangian can be written
Ly, = (D,®1) (D" ®1) + (D, Do) (D" ®y). (A.2)

From L we can now read off directly coeflicients representing the interactions involving
both scalars and vector bosons:

A.1 Trilinear couplings involving one scalar and two vector bosons

By reading off the coefficients from the kinetic part of the Lagrangian we find'”

2 2
g - g
HiZuZ'u : mei, HfLWJW B 561', (A?)a)
2 2,0 «in2
n o gv 4 _ g-v sin® Oy
cEwiar: Llsnoy,  crwize: L0

) A.3b
2 cosOwy (A-3b)

The factors e; parametrizing the first two of these couplings play an important role. They
are given by
e; = v1Ri1 +vaR;o, (A.4)

and are known to be basis invariant quantities.

Tn order to promote these coefficients to Feynman rules we should multiply with ¢ and an appropriate
combinatorial factor if the vertex contains identical particles.
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A.2

Trilinear couplings involving two scalars and one vector boson

The coefficients of the kinetic part of the Lagrangian are in these cases found to be!®

(H; 9, H;) 2" :
(H* 5, H)A" ;
(GT5,G)A"

(G, Hyw

(H* 5, H)W" -

 2vcos By
1g sin Oy,

1g sin Oy,
:I:i%el-,
i%fi,

€ijk€k,

(H 9, H)Z" :
(GT9,G) 2"
(GEY, GOWTn .

(H= 5, Hy) W+ -

(GYG, H) 72" -

_ 9 ..
2ucos by
.g cos 20y
iZ

2 cosfOy ’
.g cos 20y
iZ

2 cosOy ’
9
2’

.9 s
z%fl.

(A.5a)
(A.5D)

(A.5c)

(A.5d)
(A.5e)

Here, we encounter the coefficients f; (and their conjugate partners f;*), which appear in

couplings between scalars and gauge bosons whenever an HTW ™ pair (H~W™ pair) is

present in the vertex.' These factors are defined by

and satisfy the relation given in eq. (3.10).

fi =viRip —vaRy1 —ivR;3,

(A.6)

A.3 Quadrilinear couplings involving two scalars and two vector bosons

For the coefficients of the quadrilinear couplings we find:

HiHiZ‘uZM :
H;H;W W™

H,GFA WFr .
GGt A, A"
G- GYA,Z":

G GtzZ,z":

G GTW, W
H,G*Z, W .
HHtAW H:

HHZ,W"

g2

8cos? Oy’

sin Qwei,
g% sin® Oy,

g% tan Oy cos 20y,

g% sin® Oy

2v cos Ow Eis
2
9 sin O f;,
2v
2 win?
sin® Oy
- gi fia

2v cos Oy

G'G°z,7" .
G'GOW W

GOGFA,WFH .
H H"A,A":
H-HYA,Z":

H HYZ,7Z":

H HW W=
G'G*Z, WFr .
H,H AW

H,H™Z,W*H:

'8Eq. (A.5e) corrects a misprint in eq. (B.25d) of ref. [32].
19 As we shall soon see, f; and f;* also appear in scalar couplings whenever an H*G~ or H~G* pair is

present.
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g2

8cos? Oy’

4 )
2

F z% sin Oy,
g*sin® Oy,
g% tan Oy cos 20y,
g? cos? 20y,

4 cos? Oy’
g
2 )

g% sin? Oy
Zi
2 cosfOw’
2

g . %
I sinOw f
9 sin 0w f;,

2 2
gfsm@w*

2v cosOy "'

(A.7a)

(A.7b)

(A.7c)

(A.7d)
(A.Te)

(A.7F)

(A.T1)

(A.7j)



B Cubic coefficients from the potential

The trilinear couplings?® among the scalars can be expressed in terms of the eleven observ-
ables (masses/couplings) of P, eq. (3.2) (and the auxiliary quantities f;) as follows:

v?—e? (v2—e2)e; . o (202 —€2)e; - o
HlHle 21)2 L qi; — 1)41 MH:‘:_'_TM@ (Bl)
H,GOG: 2‘32 M? (B.2)
2_ 2 2,2 2_ .2
_ ei€j Ve —é; (3e; —v?)ej ., o (V2—e€d)ej . o €lej
HzHlH] — 2 q; + 21}2ij+ ‘ o4 MHi+ ?}41 Mz 21}4M (B3)
G H;H;: 0 (B.4)
1
G H;H; vﬁzeijkek(Mf —M?) (B.5)
6
H\HyHs: - 672;3 Q- 611};33 q2— 671;2 g3+ 616263 M. — 616263 (M7 + M3 +M3) (B.6)
mata: Sm? (B.7)
v
HHTH™: g (B.8)
H,H G : ﬁ(MQ —M?.) (B.9)
i S i H*

Charge-conjugated vertices are related by complex conjugation, H;GtH~ = (H;HTG™)*.

C Quartic coefficients from the potential

The quartic couplings among the scalars can be expressed in terms of the P parameters of
eq. (3.2) supplemented by f; as follows:

1

GOGYGGY 3ot (eI M7 +e3 M3 +e3M3) (C.1)

v? —e2)? v2—e)e; et
H,H;H;H;: ( 4041) Q+( 21;41) lQi+858 (eI M7 +e3 M3 + 3 M3)

v —e2)e?

- (46)(61Q1+62(J2+63Q3+2MHi —2M2) (C.2)
H,G°GOGP . yw Zewke]ek 2—M?) (C.3)

(eg—vz)eiej (v? —Bez)ej (v2—e?)e;
HZHZHZH] L 24 q+ 21}4Z i 2U4Z a;

(2612 —U2)e¢ej
206

202 —3e2)e;e. 636 3
4 2061) M- 8 Y R > T(IME+EME+eIME)  (CA)

(e1q1 +eaqa +e3q3 +2M7 L)

20We present here the coefficients of the potential. In order to promote these to Feynman rules one must
multiply by —i due to the fact that the potential appears with a negative sign in the Lagrangian as well as
an appropriate combinatorial factor if the vertex contains identical particles.
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G H,;H,H, :

HZ‘HZ‘GOGO :

HZHZH]HJ .

HiHjGOGO :

H;H;H;Hy:

GOHZ'HJ'HJ' .

G H,HyHsy:

G°G'GrGa
HZ'HZ'GJrGi :
H,G°GTG:

HiHjG+G_ .

112—622 612 2
201 Zeijkejqk—f—ﬁZeijkejeij (C5)
Jk J:k
2_¢2 3e2—v?
1o L(erqr+eaq2+e3qs —2Mps +2M7 +2M3 +2M3) + g1 Mi
202 +¢?
-5 L(e2ME4e2M3E +e2M3) (C.6)
7)4—<6Z2+€§)’U2+36i€j v —3ej v? —3e?
204 I g Gt T G
6e2e2 — (2 + €5 2?2 (v? —3e?)e?
2 106 (e1q1 +EQQZ+€3Q3+2Méi)+Tz]ME
2 2y ,2 2 2
v°—3es)e; 3e
+wa+ Yo L (eI M?E +e3 M3 +e2M3) (C.7)
v v
€ie;
2 i(elql —|—62Q2—|—63q3—2MHi —|—2M1 —|—2M2 —|—2M3)
3eze €ie;
#(MZ‘QWLM]‘Q) - 21,0(? (1 M7 +e3 M3 +e3M3) (C.8)
(36? —vz)@jek n (U2—3€?+6€j)6k . (U2 —36%+66%)€j
vt 1 204 @ 204 1
6e2 —Tv?)eses 6e; —v?)eqep
(121}6)]<61Q1 +€QCI2+€3QS)+(U6)jM12{i
(202 —3e?)e;ep, 3eZejey,
Seeich gz B vz a3 as
3e2eep
%(%Ml +e3 M3 +e5M;) (C.9)
2_ .2
€;€; (v=—e3) (v? +26 —e
-] S S a0
k

2_e2)e; (€2 —2v2)e;
[ er)e
[( UGZ) : ’i2 : 2U6 : ]2 § eijk‘ek

k

(2e2 —€2)e;
ETJJZQM%M’?
k

1 1
ﬁZEiﬁkeieyZQi"FEZEijkeiMz? (Cll)

i7j7k i7j7k
5 (eI M7 +e3 M3 + e3M3] (C.12)
‘e € 2 G2

2 1 (e1q1 +e2g0 +€3CI3)+EM1' —ﬁ(eﬂ% +es M3 +e3M5) (C.13)
% Py Zfzﬂce]ek MQ) (C'14)

- ;4J (e1q1+e2q2 +e3q3 — M — M;)

;e
UGJ (e2ME 42 M3+ e2M3) (C.15)

—97 —



1

(C.16)

(C.17)

(C.18)

(C.19)

(C.20)

(C.21)

(C.22)

(C.23)

(C.24)
(C.25)

(C.26)

(C.27)

G'G°HYH: 52 s (e1q1 +e2g2 +e3q3)
H;HH H™ : Uzv 62q+ e;Qz 26224 (e1q1+e2g2 +€33)
H,G°H*H™ ?Z‘fijkej(ﬂc
HH;H H™: 2?263 9+ ! 5 (€jqi+eiqj) — %(616]1 +e2q2 + €3q3)
CRH G (e i} +eafuM +esfsM3)
HHH G : U22 1 a “(fia+ faq2+ f3q3) — Zfz T Mg + elfl
2636 (exfyM? +eafsM3 +es f3M3)
H,G°HtG: —ZﬁMiri +3 Zfzjkejkok
HH;H G : - 24] (fiq1+ faq2 + f3q3) — Mﬂﬁﬁ +— ! 7 (e fiM} +ei M)
— e;-;’j (e1f1M12+62f2M22+€3f3M3)
GTGTG—G: 2%4 (eI M7 +e3M3 +e3M3)
HYH"H H : ¢
HYGTH G : %(elql +eaq2+esqs) — %Mffi - vi4 (eI M7 + e M3 +e3M3)
+%(M%+M§+M§)
HTHYG G : 2%4(]’12M12+f22M22+f§M32)
1

H"G*G~G: g(€1f1M12+62f2M22+63f3M32)

o 1
HYHYH G : ﬁ(flC,Il'f‘fQQQ'f'fSQS)

Again, charge-conjugated vertices are related by complex conjugation, e.g.,

G'G'GTH™ = (G°G'HTG™)*,

and are not listed separately.

D 2HDM analysis in the Higgs basis

In the 2HDMG67, the scalar fields in a general basis are parametrized by eq. (2

(C.28)

(C.29)

(C.30)

.2). However,

there is no physical meaning attached to this basis. This means that the parameters v; and

&; are unphysical. Likewise, the cosines and sines of the mixing angles (¢; and s;) defined

in eq. (2.8) are also unphysical.
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There is some advantage to working in a basis that is more closely associated with
physical parameters. This motivates the introduction of the Higgs basis [39-42],

- I

21, = (HT) _ 1}167161@1 + 1)267152‘1)2 (H;) B —v2€i£2q)1 + ’Uleiél@g

0 v

(D.1)
where v = (v? 4+ v3)/2 = 2my /g = (246 GeV)2. In particular, note that the VEVSs of the

Higgs basis fields are

(HO) = ﬁ (HS) = 0. (D.2)

The Higgs basis is uniquely defined up to an overall rephasing, Ho — €XHsy. The scalar
potential of the 2HDM in terms of the Higgs basis fields is given by,

V = ViHIHL + YoH Mo + [YsHIHo 4+ Heel
1 1
+5 Z1(H{M)? + 5 Zo(HEH)? + Zs(HiHL) (MHa) + Za(HH2) (HH:)

1
+ {225(7{}%2)2 + [Zs(HiH1) + Zo(HiHo) MM + H.c.} . (D.3)
The minimization of the scalar potential yields
L, o L, o
Y1 = _§Z1U , Y; = —§Z6’U . (D.4)

Note that the Higgs basis scalar potential parameters Y3, Z5, Zg and Z7 acquire a phase
under Hy — €XHa,

(Y3, Zs, Z7] — e~ X[Y3, Zg, Z7] and  Zs — e 2XZ5. (D.5)

In contrast, Yi, Yo and Zj 3 4 are invariant under Hy — eXHy. Indeed, one can show that
any quantity defined in the Higgs basis that is invariant under the rephasing of Ho — e’XHy
is a physical quantity that is independent of the scalar basis employed to define it.?!

D.1 Identifying the scalar mass-eigenstates

Next, we review the diagonalization of the charged Higgs and neutral Higgs squared-mass
matrices. In the Higgs basis, the Goldstone bosons can be identified as G* = Hfﬁ and
GY = v2ImHY). Tt immediately follows that the physical charged Higgs boson is H;E, with
squared mass,

1
ME. =Yy + 5231;2 . (D.6)

Note that under the rephasing Ho — ¢XHs, the neutral and charged Goldstone fields are
invariant, whereas

HE — ety (D.7)

2IMore generally, one can show that any quantity defined in the Higgs basis that is invariant under the
rephasing of Ha — €XHs can be rewritten explicitly in a basis-independent form.
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k k1 qk2
1 €12€13 —S$12 — 1C12513
2 $12€13 C12 — 1512513
3 513 iclg

Table 7. Invariant combinations of the neutral Higgs boson mixing angles 615 and 613, where
cij = cosb;; and s;; = sin0;;.

The physical neutral Higgs bosons are linear combinations of v/2 Re HY — v, v/2 Re H)
and v/2Im H9. The corresponding neutral scalar mass eigenstates are obtained by diago-
nalizing the 3 x 3 real symmetric squared-mass matrix [41, 51],

Z1 Re Z6 —Im Z6
M? =0 | ReZs 1Zss+ Yo/v? —11m 75 : (D.8)
~ImZs  —3ImZs  §Z345+ Yo/v> —ReZs

where Zsy5 = Z3 + Z4 + Re Z5. The corresponding diagonalization matrix is a 3 x 3 real
orthogonal matrix that depends on three angles: 019, #13 and 63,

0
Hy C12€13  —S512€23 — C12513523  —C12513C23 + 512523 V2ReH) — v
Hy | = | s12¢c13 C12C23 — 812513523 —512813C23 — C12523 V2ReH) ;
Hj 513 13523 c13€23 V2ImH)
(D.9)

where the H; are the mass-eigenstate neutral Higgs fields, ¢;; = cos0;; and s;; = sin6;;.
Without loss of generality, the angles 6;; are defined modulo 7, with the convention that
c12 and cy3 are non-negative.

Under the rephasing Hy — eXHs,

912, 913 are invariant, and 923 — 023 - X- (DlO)

As shown in ref. [51], the invariant angles 615 and ;3 are basis-independent quantities.
That is, #12 and 613 can be expressed explicitly in terms of basis-independent combinations
of quantities defined in any scalar field basis [cf. footnote 21].

The physical neutral Higgs mass eigenstate fields are then given by,

1 .
Hj, = g1 (V2Re HY —v) + E(q}’;QHSeWQS +he), (D.11)

where the ¢i1 and gqge are invariant combinations of #15 and 613, which are exhibited in
table 7. Note that the physical neutral Higgs fields, H;, are manifestly invariant under the
rephasing of the Higgs basis field Hs.

The following relation satisfied by the g;i is notable,

@j2qk2 = Ojk — 4j1qk1 + i€jkeqe1 - (D.12)
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Setting j = k then yields,

G+ a2 =1. (D.13)

One can also derive simple sum rules that are satisfied by the gy,

3 3 3 3
1
DG =5 lawl =1, > G = ke =0. (D.14)
k=1 k=1 k=1 k=1

Some of these results can be understood as consequences of tree-level unitarity of the
theory [52].

One can invert eq. (D.11) to express the Higgs basis fields H; and Hs2 in terms of the
mass-eigenstate scalar fields,

G+ H+
Ho = , (D.15)

% [U + g1 Hy + ZGO] ’ %que_mek

Hy =

where there is an implicit sum over the repeated index k = 1,2,3. In this convention,
H* = ’Hgt, which means that under the rephasing of the Higgs doublet field Ho, the
charged Higgs field acquires a phase, HT — eTXH* [cf. eq. (D.7)], in contrast to the
neutral fields Hj, which are invariant under the rephasing of the Higgs basis field Hs.2?

D.2 Bosonic couplings of scalars and vectors in the 2HDM

Consider the coupling of the Higgs bosons to the gauge bosons. These arise from the Higgs
boson kinetic energy terms when the partial derivatives are replaced by the gauge covariant
derivatives: Lk = (D*Hy.)T(D,Hg). In the SU(2); xU(1) electroweak gauge theory,

o .
OHE + | L (S =83 ) 2+ iedu| Hi + LWy
ew \2 . V2 (D.16)
0 g 0, Y rrr—q+ ’
O~ 5o 2y MY+ W H

D, Hy =

where sy = sinfy and ¢y = cosfyy. Inserting eq. (D.16) into Zkg yields the Higgs
boson-gauge boson interactions in the Higgs basis. Finally, we use eq. (D.15) to obtain the
interaction Lagrangian of the gauge bosons with the physical Higgs boson mass-eigenstates

22This convention was employed in ref. [51]. Alternatively, one could rephase the definition of the charged
Higgs field by defining H* = e*9231* which was later adopted in ref. [26]. In this latter convention, all
Higgs fields are invariant under the rephasing of the Higgs basis field Ha. Moreover, fi as defined via
eq. (D.20) would now be defined in eq. (D.21) with the factor of €23 removed, and would thus be a truly
basis independent quantity. Nevertheless, we have not adopted this alternative convention in this work.
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and Goldstone bosons. The resulting interaction terms are:

Lyve = <ngW,fW”_ +ngZuZ“> qr1 Hy
2CW
—i—emWA“(WJG_ —|—WM_G+) —gmzs%VZ“(W;G_ —|—WM_G+) , (D.17)

1 B 2
Lyvan = [492WJWM +8iQZuZ“] (G°G°+ Hy,Hy,)
W

1 2.2 )
4 (cegArw — LW znyw ) [(gnG™ + gro e H™) Hy, +iG~G] + h.c.
2 # 26W #

1 2 /1 2
+ §g2WjW“*+62AﬂA“+% (2—3124/) Z,z"
w
2ge (1 + — + -
+—— | s sy | A2 | (GTGT+HTH™), (D.18)
cw \ 2
o
Lvan = —ﬁ €keqn 2" Hj 0, Hy,

1 .
—2g{iWJ {qu’?ﬂ Hy +qroe 02 H 9w Hk} +h.c.}
g nGO%y 1 + =T 0 -+ (0
gt 2GY 0 Hit 50 (W G791 GO+ W, G0 )
g (1
+ [z’eA“—i—CZg <2 —S%V> Z“} (G, G- +H Y, H), (D.19)
w

where the sum over pairs of repeated indices j,k = 1,2, 3 is implied.

The goal of this appendix is to rewrite the cubic and quartic scalar self-coupling in
terms of physical couplings and masses. We begin by introducing the reduced couplings ey,
and fr via the interaction Lagrangian,

1 |
2554 (VV,TW“‘ o Z#Z“> enHy, — 2 {z’f,jW,jH—?u Hy, + h.c.} . (D.20)
Cy 2v

where there is an implicit sum over the repeated index k. Since the coupling of the scalars
to vector bosons depends on the gj, it follows from eqgs. (D.17) and (D.19) that

ek = vk, fr = vgiae’” . (D.21)

Note that eq. (D.14) yields,

3 3 3 3
1
doek=52 =0t Y fi=) e =0. (D-22)
k=1 k=1 k=1 k=1
Moreover, eq. (D.13) implies that for any choice of k =1,2,3,
e+ |ful? =07 (D.23)

Plugging eq. (D.15) into eq. (D.3) yields the basis-invariant form for the cubic and
quartic Higgs self-couplings. The explicit form for these scalar self-couplings can be found
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in ref. [51]. In order to rewrite these couplings in terms of Higgs masses and physical
couplings, we will need to introduce two additional quantities,

ak = v[ar1Zs + Re (qroe” "3 Z7)] q= %Zz, (D.24)
which are defined via the scalar potential interaction terms,
VoqHH H +qHTH HTH™. (D.25)
Using eq. (D.22), it follows that
3 3
Zeka =v’Zy, Z 2(Z3 +124) . (D.26)
k=1 k=1

We will also need expressions for the neutral Higgs masses. As shown in egs. (C12)—
(C14) of ref. [51], one can express the squared masses of the neutral Higgs bosons in
terms of Z1, Zg and the neutral Higgs mixing angles. These expressions can be compactly
summarized by one equation,

1 .
M,? =’ [Z1 + aRe (quZﬁe_’H%) , (D.27)

where My, is the mass of Hy. Using eq. (D.14), it follows that

3
ZMkal =v*Z. (D.28)
k=1

For completeness, we note that due to the invariance of the trace under matrix diagonal-
ization, it follows from eq. (D.8) that

M? + M3+ M2 =2Ys + (Z1 + Z3 + Zy)v?. (D.29)

One other mass relation that will prove useful is
1 . 2 )
M2 — M2y = 202 |2y + B2 7 o=2i00 4 ZIKL 7 it | (D.30)
2 Dk2 Q2

Since the left hand side of eq. (D.30) is manifestly real, it follows that the right hand side
must be real as well. Indeed, using egs. (C.8) and (C.18) of ref. [51] to eliminate Z5, one
can independently verify that

Im (gfy Zse™ > + 2qr1qra Zoe™ ") = 0. (D.31)
Thus, one can take the real part of eq. (D.30) to obtain,

2qk1

\%2\

Using the above results, we can now rewrite the scalar self-couplings in terms of ey,

L 1 .
M} — M = ~v* | Zy+ ——Re (qfy Zse 21723 +

sRe (qr2Zoe™ W3yl (D.32)
2" |aral?

fr, qx, ¢ and the scalar squared-masses. Here, we present two explicit examples. First, we
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consider the cubic interaction of physical neutral Higgs scalars that arises from the scalar
potential. Using the results above, we obtain

2 2 2
VHHH = {(5142 - %) qu — <]WHiU2JWZ> ej] + ;\fiejekeg}HijHg, (D33)
where there are implicit sums over the repeated indices (including the index ¢, which is
repeated three times in terms that are proportional to the squared mass MZQ) One can
check that eq. (D.33) yields the results exhibited in egs. (B.1), (B.3) and (B.6).

A similar computation yields the quartic interaction of physical neutral Higgs scalars
that arises from the scalar potential,

1 epe e;q;)e 2e;e
Vuune = { <5em - %) |:ej <2(1k - Zz;) k) — IR (MZ s - M2)

492 v2
ejekegem(e?Mf)
88
q eiep epe
+4 (056 = Z5) (0m — 257) }HijHgHm, (D.34)

where there are implicit sums over the repeated indices (including the index m, which
is repeated three times in the terms that are proportional to the squared mass M?2).
Again, one can check that eq. (D.33) yields the results exhibited in egs. (C.2), (C.4), (C.7)
and (C.9).

D.3 The alignment limit of the 2HDM

Finally, we discuss the nature of the alignment limit, in which the tree-level couplings of
one of the neutral Higgs bosons approach those of the SM Higgs boson. Higgs alignment
corresponds to the case in which a neutral Higgs mass eigenstate is aligned in field space
with the direction of the Higgs vacuum expectation value. That is, v2 Re H) — v is a mass
eigenstate, which possesses the tree-level properties of the SM Higgs boson. In light of
the structure of the neutral Higgs squared mass matrix given in eq. (D.8), approximate
alignment is realized in two cases:

(i) Ya > v?, with all quartic scalar coupling parameters Z; held fixed
(this is the decoupling limit).

(ii) |Zg¢| < 1, corresponding to approximate alignment with or without decoupling.

In the decoupling regime corresponding to case (i) above, Hy, H3 and H* are signif-
icantly heavier than Hj, with a characteristic squared mass of O(Y3). Hence, at energy
scales below (Y3)!/2, one can integrate out all the heavy scalar states, resulting in an effec-
tive theory that can be identified as the Standard Model with a single Higgs doublet field.
Corrections to the SM Higgs properties in this effective theory scale as v?/Y;. Above the

energy scale (Y3)/2

, all physical scalars are present and are approximately mass degenerate.
More precisely, squared mass differences between two of the heavy scalar states are of O(v?).
In case (ii) above, approximate alignment is realized with or without decoupling de-

pending on whether condition (i) above is or is not satisfied. In the latter scenario, all
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scalar squared masses are of O(v?) or less. Finally, ezact alignment corresponds to the in-
finite mass limit of the heavy scalars in case (i) above or Zg = 0 in case (ii) above. Indeed,
in the exact alignment limit, the tree-level couplings of HY = v/2Re H) — v are precisely
those of the SM Higgs boson.

The conditions for alignment are easily ascertained by requiring that v/2 Re H) — v has
the tree-level properties of the SM Higgs boson. Using eq. (D.17), one obtains

Ryy = VvV _ €12€13 , where V =W or Z, (D.35)
GhsmVV v
where hgy is the SM Higgs boson. Hence, the approximate alignment limit, Ryy =~ 1,
corresponds to e; ~ v. Note that eqs. (D.22) and (D.23) then yield es, es,|f1] < v and
|[fal > [f3] ~v.

Since the ey, and fj, are determined by 615 and 613, the alignment conditions can also be
expressed as conditions on these two invariant mixing angles. Using eq. (D.35), it follows
that approximate alignment is achieved when si2, s13 < 1. One can obtain approximate
expressions for s12 and s13 by employing the following results obtained in ref. [51], which are
a consequence of the diagonalization of the neutral scalar squared mass matrix [eq. (D.8)],

Ziw® = Miclyels + M3 stacls + M3 st (D.36)

Re(Zse Z923) v? = 613812012(M2 - M1) , ( )

Im (Zg e 923) 0? = s13¢13(2oM? + 52, M2 — M2), (D.38)

Re (Zs e27) v? = M7 (siy — closts) + M3 (o — stasts) — Micis, (D.39)

Im (Z5 e 2%23) v? = 2s19c19813(Mj — M7). ( )
It then follows that in the approximate alignment limit,

Re (Zge ™23 )2

~ 1 D.41

512 M22 _ M12 < ) ( )
Im (Zge ™02 )02

~ — 1. D.42

Note that the two scenarios (i) and/or (ii) that were invoked above to define the approxi-

mate alignment limit are consistent with egs. (D.41) and (D.42). In the decoupling limit,

M; = 125GeV is the mass of the SM-like Higgs boson, and M3, M2 > v2. In the approx-

imate alignment limit without decoupling, |Zs| > 1 while all Higgs squared masses are of

O(v?).23 Moreover, Zg = 0 corresponds to the exact alignment limit where sj5 = s13 = 0.
One additional small quantity characterizes the approximate alignment limit,

2(M22 — M12)512513 N _Im (Z62e_2f“923)v2

—2if23Y
m (Zse” “"23) ~ 2 ~ M2 = 2 < 1. (D.43)
Finally, the following mass relations in the approximate alignment limit are noteworthy,
M3 ~ v*[Z) — s12Re (Zge %) + s13Im (Zge %)] (D.44)
M3 — M3 ~ v*[Re (Zse 223) 4+ s19Re (Zge  "%23) + s13Im (Zge 7"23)],  (D.45)
1 . .
M3 — Mz =~ v [Z4 + Re (Zse™223) + 2515Re (Zge"3)] . (D.46)

ZMore precisely, we require that | Zs| < AMJ-21 /v?, where AM]-Ql = M]2 — M? for j =2,3.
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k €k Tk Qe

1 v —v(s19 — is13)e? | v [Zg — s19Re (7923 7)) + 513Tm (e 023 Z7)]
2 V819 vetf2s v [31223 + Re (6*1923 Z7)]

3 V813 —jvetf2s v [813Z3 —Im (e_i923Z7)]

Table 8. Values of ey, fi and ¢i defined in egs. (D.21) and (D.24) in the approximate alignment
limit. Deviations from the alignment limit are treated to linear order in si2 and s13 [cf. egs. (D.41)
and (D.42)].

In light of egs. (D.41) and (D.42), it follows that in the exact alignment limit, the only
nonzero values of the ¢;; are i1 = g2 = 1 and ¢32 = ¢. Working to first order in the
small quantities s12, s13 in the approximate alignment limit generates nonzero values for
@21 ™~ S12, q31 =~ s13 and q12 ~ —s12 —is13 (all other corrections are higher order in sj2, s13).
These results can be used to obtain the values of ¢;, f; and ¢; in the approximate alignment
limit, which are exhibited in table 8. Thus, the exact alignment limit corresponds to e; = v
(with es = e3 = 0), and the leading deviation from the alignment limit is completely
characterized by the two small parameters s13 = ea/v and s13 = e3/v, whose values are
given by egs. (D.41) and (D.42).

In some cases, one must distinguish between the alignment limit with or without de-
coupling. For example, in the exact alignment limit without decoupling, the coefficient of
the HyHy Hy operator obtained from eq. (B.3) vanishes.?* In contrast, in the decoupling
regime, M22, M%Ii > v?, and the expansion in the small parameters, si and s13, is orga-
nized differently. In particular, egs. (D.41) and (D.42) together with egs. (D.45) and (D.46)
imply that in the decoupling limit,

s19M? ~ v’Re (Zge™23) | s13M? ~ —v?Im (Zge™23) | for M = My, M3, My~ .
(D.47)
Hence, in the exact alignment limit in the decoupling regime, the coefficient of the H1 H1 Ho
operator is finite and nonzero as My — oo. Details of this analysis can be found below
eq. (6.15).
Using table 8 together with the cubic scalar couplings of appendix B, it is straightfor-
ward to obtain the results exhibited in tables 3 and 4.

E Details of the Yukawa couplings

The Yukawa couplings of the most general 2HDM are given in terms of the weak eigen-
states? in eq. (72) of ref. [51] by

. - b — f
— L3 = 0Py O, + ¢y (vﬁ’“) d% + ¢ Doy Ou + ) @, (n;w) d% + h.c.

—LyP = Q) (0f°) U+ 0 (1) 1+ e (E.1)

*4In obtaining this result, we have made use of the relations, e1 = vcizciz = v[l + O(sis, s13)] and
e2 = ve1zsiz = vs12[l + O(s33)]. Tt follows that v — e = v2(1 — ciacis) = v2O(s3,, 533).

ZHere, ¢ and £ are the weak isospin quark doublet and lepton doublet, respectively. u%, d% and %
are weak isospin up/down quark and lepton singlets, respectively.
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Here, ®; 5 are the Higgs doublets, which we split into upper (charged) and lower (neutral)

o
w= () .

and ®; = io2®7. Using egs. (73) and (74) of ref. [51] we arrive for quarks at eq. (2.24) of
ref. [53],

components as

— f - f
— L =y, (90) ntug — A KO g + i K07 (nd) dp +dp®) (nd) dr + he.,
(E.3)
where barred and un-barred indices are to be summed over and 7%, n¢ are the Yukawa

matrices in the mass eigenstate basis. We have now rotated into the mass eigenstates, and
K is the CKM-matrix. For leptons:

— P t
_gleptons _ 0 gk (nﬁ—;[)) 19 + 1990 (nﬁ—;”) 1% + h.c. (E.4)

The parametrization of the Higgs doublets and extraction of the massless Goldstone fields
and the physical mass-eigenstate fields shall be done in an identical way as in section 2.
Next, in the fermionic eigenstate basis, we decompose these 7;-matrices into a part s
proportional to the masses, and an orthogonal part p [54]. Following the notation of
eq. (2.25) of ref. [53], we have

77(]; = Kff)a + pfwav (E.5)
where f = u, d or [. Here

b; = it (E.6)

v
Wy = — 22 (E.7)

v

ly = e, (E.8)

v

Working out the mass terms of the Yukawa couplings, we make the following identifications

2

= £diag(mu,mc,mt), (E.9)
v
2

K = {diag(md,ms,mb), (E.10)
2

Kl = \v[diag(me,m#,mT). (E.11)

This enables us to write down the Yukawa couplings of the physical mass eigenstates. They
can be written in a more compact fashion if we introduce the notation

ﬁf — 6*7?(€1+£2)pf' (E.12)
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E.1 Yukawa couplings with p diagonal
If p is diagonal, we avoid FCNC. The form of the Yukawa couplings when p is diagonal is:

7 ooy ] 5\ * sl .
ity s =i = oo [ (Pa) (LE0)ff + kel =w)], (B3)
_ _ 1.
v H™ —§P§gk(1—’75)7 (E.14)
1 B *
vl H —3 <P§Ck) (1+5), (E.15)
7 o Me 1 ~d \* x4 oxd o .
dudyHy =gt = oo |(A) (LHa)ff + A= )f ] (BI6)
m 1
UpupH; : ——ke; — —— [(p%)* (1 — o (1 ; E.1
UpUf L1 ) €j 9v/20 [(pkk) ( ’Ys)f] + P ( +75)f]], (E.17)
_ 1 vk d \*
B 5 Kot [(P)” (1= 35) = (7) (1495)] (E.18)
7 — 1 * ~U ~
A H™ 0 5K (14 35) = (1= 35) | (E.19)
Tuls GO : *iwijlk’)/5, (E.20)
— _ ml
LG — e (1 — ), E.21
EVE \/iv( Ys) ( )
ol G = (1 4 ), E.22
klk \/§v( 75) ( )
JkdeO : —imjk Y5, (E.23)
ﬁkukGO : Zm:k Y5, (E.24)

My, (1 = v5) — mg, (1 + 75)

ﬂmde+ Kok /20 , (E.25)
_ (1 — g, (1 -
dpun G~ :n,km m( + 753/§Umdk( 75) ) (E26)

where K is the CKM matrix. Note that some of the terms derived from the s-matrices are
proportional to e;. Hence, in the AL, they vanish for j = 2,3 (H and H3). The same is
true for those terms containing f1 (H).

E.2 Yukawa couplings with non-diagonal p

If p is non-diagonal, we introduce new couplings with FCNC. Also, some couplings already
listed above will change. The new and the changed ones are (k # m):

— 1 ~l * * ~

llm Hj N [(pmk) (L+75)f] + P (L —5) 5] » (E.27)
_ B 1.
ot H 2 =51 =) (5.23)

]_ 5 *

Uy lmH T ~3 (plmk> (14 5), (E.29)
7 . 1 ~d \" * ~d .

drdmHj REWR [(pmk) (L+75) f] + Pl (L —5) 5 » (E.30)
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vt Hy = [0 (1= 3] + (143005 (E.31)
i H é{[ K| (=) - [KGY] 0+, (E.32)
dpumH ™0 & () = K] (=95} (E.33)

E.3 Type I Yukawa couplings

In Type I, r]i"o = nf’o = ni’o = 0, which immediately implies 7}’ = 7751 = 0. This again
implies
U ,[)1 U ~U Ul f
- _ = 77d E.34
P iy K= p vy v lag(mm Mec, mt) ( )
pl= Ll = ﬂ£Cha23§(md, Mg, M), (E.35)
Wy vy v
0 g vV2
F o = Y g ) 230
We find:
_ R icaR.
IeloH; - _%w7 (E.37)
v 53
— _ ml
kv H — E (1 —15), E.38
kVk fvtg( ¥5) ( )
DRl H ™ 1+ E.39
klk fvtg( Y5), ( )
- R ica R
dydy Hj T 2 0BG35 (E.40)
v 53
dpu H, o — e B2~ tea By (E.41)
v SB
_ + Kok
U dp H™ \/ﬁ’[}t [mum(l - ’75) - mdk(l + 75)] ) (E42)
B
dtm H mE_ Ty (1 +75) — ma, (1 —7s5)], E.43
KU Vot (M, (14 75) — mg, (1= 75)] (E.43)

where tg = tan § = vy /v1.

In the AL, Type I Yukawa couplings preserve CP. Depending on the value of asj, either

Hy or H3 will be CP-even, with the other odd.

E.3.1 Type I Yukawa couplings in the alignment limit with ag =0

In this case, Hy is CP-even, and the neutral-fermion Yukawa couplings can be written as

mg,

Mayy,

dpdpHy :  — _ ugupHy s — =2, (E.44a)
- 1 1

dpdpHs :  — mjk %, upupHo @ — m:k %7 (E.44b)
dpdpHs :  — W:Mtf GpupHs :  — ”ZW(_Z;*") (E.44c)

and similarly for the leptonic couplings.
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E.3.2 Type I Yukawa couplings in the alignment limit with ag = +7/2

In this case, Hy is CP-odd, and the neutral-fermion Yukawa couplings can be written as

JkdkHl D= mdk, upupHy :
v

_ +

dipdpHs :  — %ﬂ, upupHo :
v g

- 1

dipdpHs : — %@, upupHs :
v tg

and similarly for the leptonic couplings.

E.4 Type Il Yukawa couplings

My,

— EA4
, (B.450)

_ M (F7) (E.45b)
v tg ’ '

— %@ (E.45¢)
vt )

In Type II, 7771"0 = ng’o = 7712,0 = 0, which immediately implies 0} = ng = 0. This again
implies
0 2
pu = - Iil K", ﬁu = ﬂidiag('rnu,Tnc/rnt)7 (E46)
w1 V2 U
0 2
pl= -2l 5= —vfzidiag(md, s, my), (E.47)
w2 v v
0 2
Pl = —gﬁla :5[ = _vﬁidiag(meamuamr)' (E'48)
wo V1 v
We find:
_ R —isaR.
DlpH; « — e 2L 7 19675805 (E.49)
v cg
— _ ml
v H™ k(1 —s), E.50
kVk NG a( ¥5) ( )
_ my
le HY 0 —=t5(1 + 75), E.51
;- — T B = 155 K (E.52)
I v s ’ '
I Rjs —icgRj37s (E.53)
kWgLly - v s ) .
K,
UmdpHT : —— [2m,, (1 — + s2myg, (1 + , E.54
md Vavesss (G, (1= 75) + sama, (1 +75)] (E.54)
_ K*
dpumH ™+ —2 [c2m, (1+ + s23mg, (1 — . E.55
kUm Vovesss (G, (1 +75) + s5maq, (1 — 75)] (E.55)

In the AL, Type II Yukawa couplings preserve CP. Depending on the value of ag, either

Hs or Hz will be CP-even, with the other odd.
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E.4.1 Type II Yukawa couplings in the alignment limit with ag = 0

In this case, Hy is CP-even, and the neutral-fermion Yukawa couplings can be written as

JkdkHl D= mdk, upupHy, 0 — muk, (E.56a)
v v

_ 1

dipdpHsy : — mjk (—tg), upupHo :  — %5, (E56b)

dpdiHs :  — m:k (—itgys), upurpHz: — n?“(_g@, (E.56¢)

and similarly for the leptonic couplings.

E.4.2 Type II Yukawa couplings in the alignment limit with ag = +m/2

In this case, Hy is CP-odd, and the neutral-fermion Yukawa couplings can be written as

JkdkHl D= mdk, upupHy 0 — muk, (E57a)
v v
dpdpHy @ — (Fitgys), UpurpHz: — %M, (E.57b)
v v tg
- 1
dpdiHs :  — 2% (1tg),  wpupHs: — My (FL), (E.57c)
v v tg
and similarly for the leptonic couplings.
E.5 Basis transformations for the fermionic sector
If we change basis by
@ d
Y=v| '), (E.58)
), Dy

the Yukawa matrices na’o will transform accordingly. We shall here work out the transfor-
mation rules of the Yukawa matrices under a U(2) change of basis. More explicitly, we can

write

Py = Uy, @) + U3 0y, (E.59)
Dy = Uy @) + Us, 5. (E.60)

From eq. (E.1) we find for leptons

- i i i i
1 * l, * l, * l, * l7
—LyP =4 |:(I)/1 <U11 (7710) + U, (7720) ) + @ <U21 (7710> + Up (7720) )} I%
+h.c., (E.61)
therefore
(n?%)" = Unint® + Urans?, (E.62)
1,0\ 1,0 1,0

(n5") = Uany” + Usany - E.63)
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The matrices k and p are expressed in terms of 7,-matrices and the VEVs as follows

l 1,0 ~

K =1y W — 77l2’01f)1, E.64)
l

= —n}ba + 5% (E.65)

—~

Since v; transform in the same way as the doublets themselves therefore one finds eventually
that
(x1)" = &, (E.66)
(pl)/ = pldet(U). (E.67)

Since U is unitary, det(U) is just a phase factor. The same transformation rules apply to
the down-quark Yukawa matrices, i.e.,

(Hd)/ = k4, E.68)
(pY)" = p?det(U). (E.69)

—~

(ﬁ“)/ = kY, (E.70)
(p*)" = p"det(U). (E.71)

These transformation rules are in agreement with what is given in ref. [53].

Since the k-matrices are all invariant, this tells us that the fermion masses are all
invariant under a change of basis (as they must be since they are observables). The p-
matrices are pseudo-invariants, meaning that their absolute value is an observable.

The Yukawa couplings also contains some other quantities that are potentially sensitive
to a change of basis, these are e;, f;, and e~ €11€2)  We shall find out how do they transform
under a U(2) basis transformation. Let us start by illustrating the invariance of e;:

e = 1R}y + vyRiy = v1Rj1 + vaRjo = e, (E.72)

obtained by applying the transformation rules?% for v; and R;; under a change of basis.
Next, let us consider f;

fi=vRiy — 3R}y —ivR3 = ¢ (v1Rjo — vaRj1 — ivR;3) = € f;, (E.73)

&

where € is a phase factor given as

i5 (Ullvl + U12U2ei(§2—§1)) (U22v2 + U21U16—i(§2—€1))
e

= det[UT]. E.74
= Ul (B74)

Lastly, we consider the phase factor e~ #(¢1+¢2)
e HEHE) — omiliHEe) o —il€ —&1) o —ilE—E2) (E.75)

#6See ref. [55] for the transformation rules used here.

— 492 —



where we have rewritten the expression in order to extract the factor e *(¢€1+€2)  In order
to deal with the last two factors, we consider the transformation rules for the VEVs again

to get
gy _ Unun+U %?e_i(gr&), (E.76)
oilty—€2) _ Uznv2t Ui;vlei(&&). (B.77)
This yields
i) _ milert) (Ufyvr + UfQUQe—i(&—ﬁ;)l)viU;Qvg + Uzyvrei&2—81) ' (E£78)
Combining all this, we find that the combination
(pv 4 f) = et g, (E.79)

is invariant under a change of basis. This in turn implies that the couplings of for instance
eq. (E.13) are invariant, hence observable. This implies

( ﬁu,d,l)’ _ bl (E.80)

which tells us that the couplings given in for instance eq. (E.14) are pseudo-invariant, hence
not observable (but their absolute value is observable), and they transform with the exact
opposite phase as f; under a change of basis.

F Triangle functions

For the glue-glue induced Higgs production we need the scalar and pseudoscalar loop

functions,
A(T) =2[1 + (t = 1) f(1)]772, (F.1)
B(r) =27 f(7), (F.2)
with f(7) defined by
arcsin® \/7, 7<1
f(r) = vr 2 (F.3)

_1 4171

4[log1_m ir| , T>1

and 7 = MIQ{/(ZLm?) We recall that this function has a cusp for 7 = 1, i.e., at the particle-
antiparticle threshold. This cusp is present in the pseudoscalar contribution, proportional
to |B(7¢)|?, but not in the scalar one.
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