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We discuss various properties of the generic two-Higgs-doublet exten-
sion of the Standard Model focusing on the region of parameter space known
as the alignment limit. We emphasize that in the alignment limit in order
to retain a possibility of CP violation in the scalar potential, one has to
relax the traditional Z symmetry introduced to prevent flavour changing
neutral currents at the tree level in Yukawa couplings. We point out vari-
ous correlations between properties of non-standard Higgs bosons Hs and
Hj present in the model and suggest measurements at the LHC that can
test the alignment scenario. Spontaneous CP violation in the 2HDM is also
discussed in the alignment limit.
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1. Introduction

The Two-Higgs-Doublet Model (2HDM) is an attractive extension of the
Standard Model (SM), see [1, 2| and references therein. Its advantages are
the extra source of CP violation (CPV) needed for baryogenesis [3], inter-
esting and rich phenomenology that agrees with properties of the observed
Higgs boson, and a possibility for flavour-changing neutral interactions in
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the Yukawa couplings at the tree level. In this paper we will discuss a partic-
ularly interesting region in the 2HDM parameter space, the so-called align-
ment limit [4-6] in which the lightest (heavier states might also play that
role) Higgs boson has exactly SM couplings to vector bosons and fermions,
while other scalars could have masses as low as O(200-400 GeV). Of course,
the lightest Higgs boson would have SM-like couplings also in the decoupling
limit where all beyond-the-SM states are very heavy. An interesting feature
of the 2HDM is that the decoupling is not the only possibility and here we
are exploring this option.

The scalar potential of the 2HDM shall be parametrized in the standard
fashion

V (&), By) = —1 {m§1¢§¢1 + m2, LBy + [m%Qcp}dﬂQ + H.c.} }
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Usually, a Zo symmetry is imposed on the dimension-4 terms in order to
eliminate potentially large flavour-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 the Zs symmetry.

In an arbitrary basis, the vacuum may be complex, and the Higgs dou-
blets can be parameterized as

+
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with the v; real numbers satisfying v} + v3 = v%. The fields n; and y; are
real, and the phase difference between the two vevs is given by & = & — £;.
The vevs may also be written as
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where

Next, we define orthogonal states

()= (s g
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()= (o ) () (©)

Then G and G* become the massless Goldstone fields, whereas H* are the
charged scalars.

The model also contains three neutral scalars, which are linear combina-
tions of the n;,

and

H, m
Hy | =R| n ) (7)
Hj 73
with the 3 x 3 orthogonal rotation matrix R satisfying
RMPRY = M,y = diag (M7, M3, M) , (8)

and with M7 < My < Mj. The rotation matrix R can be parametrized as
7, 8]

Ri1 Ri2 Riz c1e2 51 C2 59
R=| Ro1 Rop Roz |=| —(c1s2s3+s1¢3) cre3—s1s283 c283
R31 R32 Rss —c182¢3+ 5153 —(c183+s152¢3) cac3

9)
Since R is orthogonal, only three of the elements R;; are independent, the
rest can be expressed by these through the 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 a general basis as we consider
here, these expressions are quite involved and lengthy so, for convenience,
we have collected them in Appendix A of [9].

2. Implications of the LHC Higgs signal

Much of our discussion will be phrased in terms of the four physical
masses of the model,

My < My < Mg, and Mg+, (10)

together with parameters e;, ¢; and q. The e; parametrize H;VV cou-
plings |9]

€ = UlRil + U2Ri2 . (11)
The ¢; are H;H*H~ couplings |9
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where g; = v3 Rio +v3 R;1, while ¢ is the HTH~H™H~ coupling given in [9].
Important parameters are also f; = v1 Rj2 — voR;1 — ivR;3, they enter gauge
couplings that involve Higgs bosons.

2.1. The alignment limit

The Higgs boson observed at the LHC [10, 11| has SM-like couplings
to vector bosons. Therefore, we are going to concentrate here on a region
of parameter space such that Hi couples as the SM Higgs boson, i.e. the
alignment limit defined formally as

e1=v, e2 =e3=0. (13)

In terms of the mixing angles, the alignment means a; =  and oy = 0.
Other couplings and parameters are also subject of severe constraints in this
limit, e.g. f1 =0, fo =ifs = f =v(cg —is3) and

1
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vCgS3 236 205 2cgsp

A relevant observation at this moment is that properties/couplings of Ha
and Hj are correlated in the alignment limit.

2.2. CP wviolation in the alignment limit

Necessary conditions for having CP violation in the 2HDM were found
in terms of invariants with respect to weak-basis transformations more than
20 years ago by Lavoura, Silva and Botella [12, 13]. More recently, it has
also been addressed by Branco, Rebelo and Silva-Marcos [14], by Gunion and
Haber [15], and by Haber and O’Neil [16]. Independent strategies have been
presented both in terms of algebraic invariants [17] and geometric quantities
[18-21]. Detailed discussions of CP-violating invariants are also contained
in [22]. These invariants are analogous to the Jarlskog invariant J [23]
describing CP violation induced by the Yukawa couplings in the Standard
Model (SM).

Adopting an alternative invariant Jso introduced in [9], the following set
of invariants could be adopted to parametrize CP violation present in the
model
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1
ImJ, = U—Sz:qjkaeiekqj, (15)
1,5,k
2616263
mJy = =5 > erMME (16)
Z'7j7k
1
Im J3g = W;EiijiMzzeij- (17)
27.77

One can show that in the alignment limit, the invariants reduce to

ImJ; =TmJo =0, and TmJy= 28 (MZ—M§).  (18)
v

It turns out that in the Zy symmetric versions of the 2HDM models, g2-g3 = 0
as a consequence of consistency conditions. An important implication of
this observation [9] is that in the alignment limit in order to allow for CP
violation in the potential, one has to relax the Zs symmetry and consider

the most general version of 2HDM.

2.8. “Heavy” Higgs bosons (Hy, Hz, H*) in the alignment limit

As has already been mentioned earlier, the advantage of the alignment
limit is that the H; may couple exactly in the SM manner, while Hs, H3 and
H* could be relatively light with electroweak-scale masses. Since their cou-
plings are correlated in this region of the parameter space, some observables
that can test the alignment scenario can be defined. For instance,

BR(H; —» HYH™)  [M3—4M}, (19)
BR(Hg — HQHQ) N M32 — 4M22 '

On the other hand, some couplings vanish so that various processes are
forbidden

BR(H, - WtW~™,ZZ) = BR(Hsyq — WTW™,ZZ), (20)
BR(HQ’?) — I/[/'_~_1/‘/,_7 ZZ, HlHl,H1Z) = 07 (21)
BR(Hg — HlHQ) =0 (22)

at tree level.
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3. Spontaneous CP violation

In this section, we are going to discuss possibilities for spontaneous CPV
(SCPV). Conditions for SCPV in terms of scalar potential parameters have
been known since the seminal paper of Lee [24], however conditions formu-
lated in terms of measured physical parameters were unknown until recently.
It turns out [25] that the following holds.

Theorem 3.1 Let us assume that the quantity
D = eI MIM3 + e3MIM} + e M7 M3 (23)
is non-zero'. Then, in a charge-conserving general 2HDM, CP is violated

spontaneously if and only if the following three statements are satisfied si-
multaneously

— At least one of the three invariants Im Jy, Im Js, Im J3¢ is non-zero,

2
— M3, =35 [eeqa M3 M3 + eaqa M35 M7 + e3qs M Mz — M{M3 M3,

— =355 [(62413 — e3q2)* M} + (esq1 — e1q3)? M3 + (e1q2 — e2q1)* M3
+M§M§M§]

An important comment is here in order. The above relation involves all
the parameters of the scalar potential, so the issue of SCPV may only be
resolved if the whole potential is known.

It turns out that in the alignment limit, the above theorem greatly sim-

plifies
2 2 2 M2
9 vq1 — Mj 1 /¢ q3 1
My = ——F—, q2<M22+M32+v2 . (24)

4. Summary

The 2HDM allows for extra sources of CP violation that might be useful
to explain baryon asymmetry. In addition, it allows for the alignment limit in
which Hj couples to vector bosons and fermions in exactly the SM manner.
It turns out that the alignment limit does not require the other “heavier”
scalar bosons to be heavy, they may remain in the range of the electroweak
mass scale. As has been shown, if the alignment limit is combined with a Zs
that forbids FCNC, then CPV is not allowed by the model. Therefore, one
has to consider the generic 2HDM (\g # 0 and/or A7 # 0) to retain CPV.

! In any meaningful model, we demand that all M? > 0 and that at least one e; is
non-zero, implying D > 0.
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A consequence of that is a possibility of generating FCNC at the tree level.
One can define observables that can test the alignment limit at the LHC.

In the alignment limit complicated conditions for spontaneous CP vio-
lation simplify so that this scenario could in principle be tested.
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