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We consider a decoupling scenario within the two-Higgs-doublet model (2HDM) with small CP-violation.
Mass eigenstates of this model include one neutral scalar field with the mass of the Standard model (SM) Higgs
boson and four other scalars, which decouple at low energies. We derive the effective operators of interac-
tions between the SM fermions and the lightest scalar particle of the model. The coefficients at these operators
are expressed in terms of the two-Higgs-doublet model parameters. The scattering processes affected by this
effective Lagrangian are identified.
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1. Introduction

Nowadays, the Standard model is the best experimentally proven theoretical description
of interactions between elementary particles. However, there are physical phenomenons which
could not be explained within the SM, such as baryon asymmetry in the Universe, neutrino
masses, dark matter, etc. To address these problems, many different models were proposed,
which extend the SM with different new particles. Observable predictions of these models had
been tested in experiments, but no new states beyond the SM were found so far. This could
happen because of different reasons. In our paper, we consider the case when masses of new
particles are much bigger than the collision energies used in the experiments. Hence, their
contributions to the scattering amplitudes could be small because of decoupling, and the non-
resonant search methods become relevant [1].

It is convenient then to describe the interactions of new particles with the low-energy ef-
fective Lagrangian (EL) of the SM fields, which consists of high-dimensional operators. Then
contributions of these operators could be constrained by experiment. The low-energy effec-
tive Lagrangians of the new physics models are also different — some types of operators are
suppressed or enhanced in a particular model. Thus, it is necessary to obtain the experimental
constraints for the effective Lagrangian of each model, to improve the experimental reach [2].
In our paper, we derive the low-energy effective Lagrangian of the two-Higgs-doublet model
(2HDM). A detailed review of this model could be found in [4,6-9].

Here we consider the 2HDM as one of the extensions of the SM, which introduces a wide
variety of new phenomena. For instance, one of Sakharov’s baryogenesis conditions could be
fulfilled within the SM extended with one scalar doublet [5]. As it is known, the minimal SM
does not have this feature [13].

The 2HDM predicts that there exist five ’physical” scalar particles, while only one has
been experimentally observed as the Higgs boson. We investigate the case when the SM Higgs
boson is the lightest state of the 2HDM, and the other four scalar particles are heavy. We in-
tegrate over these heavy scalar bosons and obtain a low-energy EL of the 2HDM. We find the
analytical expressions for the corrections coming from interactions with heavy scalars to the
Yukawa couplings of the SM and parameters of the tree-level potential of the SM Higgs boson.
Then we derive new effective operators of the dimensions 5 and 6. They are introduced by in-
teractions with the heavy 2HDM bosons, and find the analytical expressions for the couplings
of these operators. All the corrections we provide up to the order of A~2, where A is a mass
scale of the heavy bosons. We point out decoupling phenomenon in the considered model.
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The scenario where some or all of the scalar bosons become heavy was considered in
[3,7,11]. CP-conserving potential of the 2HDM which is symmetric under the change of sign of
one of the doublets was discussed in these papers. Expressions for the couplings of ’physical”
scalars to other fields were obtained in [7]. In that research, a scenario where couplings between
the non-minimal scalars and the SM particles are small for some values of the model parameters
was discussed. Low-energy effective Lagrangian of the 2HDM was obtained in [11] for the
case when all physical 2HDM particles are beyond the reach of the modern colliders. However,
the discovery of the 125 GeV Higgs boson makes this hypothesis questionable, so we do not
proceed with it. Authors of [3] have obtained the low-energy EL for the 2HDM where one of the
scalars is light and the others are heavy. As it was shown there, such variant of the 2HDM does
not fit good enough to the LHC Higgs data, and some modifications of the model are required.
In our paper, we choose the more general potential, discussed in [6, 8], which also allows for a
small violation of the CP-symmetry, and obtain the low-energy EL for such a model.

This paper is organized as follows. In section 2 we discuss the particle spectrum of the
model and analyze properties of the particles. Section 3 contains the low-energy effective La-
grangian of the 2HDM. In that section we figure out corrections to the parameters of the SM and
couplings of the effective operators introduced by the 2HDM. Section 4 summarises our results.
We provide analytical expressions for the mass matrices of the scalar particles and for the terms
of Yukawa interaction between the 2HDM scalars and the SM fermions in the Appendix.

2. Two-Higgs-doublet model potential
We start with the Lagrangian of the 2HDM scalar fields £;:

. L1 | _
Lo=> (D"¢:)' Dy — V(dr;¢2), Dy =i, + 590aWii +5¢'By, a=T3. (1)
i=1,2

Here ¢ and ¢, denote two scalar doublets. V' (¢1; ¢2) is a potential of the scalar fields. There is
also a Lagrangian Ly of Yukawa interaction between the scalar doublets and the SM fermions,
which we discuss in the next section. In our investigation, we consider only effective vertexes
with the SM Higgs h and/or fermions in the initial and final states. Contributions of the weak
gauge bosons to these vertexes are of the next-to-leading order, so we neglect them and omit
gauge fields in the kinetic term in (1).

There are many possible types of interactions between particles which could be introduced
by a general potential of the two-Higgs-doublet model. In our paper, we choose the specific
potential:

V(p1; ¢2) = mydldr + mBaphde — (miyel do + msplon)+

SN 0[61) + Sha(0h62)? + Aa(6]01) (6h62) + Ma(0]62) (01 +

+3 [Pl + x565007). 2)
+ 1
o= (G) . 9= J5lttitic). 3

Here aj, b; and ¢; are charged, neutral CP-even and neutral CP-odd components of the dou-
blet ¢;, respectively. Neutral components of the doublets have real vacuum expectation values

(VEVs) %vl and %02, v1 > vg. All parameters in the potential (2) are real, except m%Q and
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5. Because of this, there are neutral scalars with unspecified CP-parity among the mass eigen-
states of the model. Yukawa interaction of these states with fermions violates CP-parity [6], and
the magnitude of CP-violation is regulated by Im As.

Vacuum state of the model minimizes the potential (2):

v
991

From these equalities we find relations between some of the model parameters:

B ov

=0, — =0.
vac 6¢2

vac

v 1
m%l = v—jRe m%Q ~3 [)\11)% + v% (A3 + A4+ Re )\5)] ,

v 1
mi, = U—;Re miy — 3 [)\zv% + v} (A3 + A1+ Re Xs)]

1
Im m%Q = 51}11}21111 A5.

We investigate the scenario when one of the mass eigenstates has the same mass as the SM Higgs
boson, and four another are very heavy, so they decouple at energies of order O(v), where v is
the SM Higgs VEV. This scenario could be realized if we put Re m?, to be very big [3,7,9]. In
our research we consider Re m%g, v1, v9 and scalar self-couplings \;, ¢ = 1; 5 as free parameters
of the model. For simplicity we also assume that Im A5 is small.

The mass matrices of the scalar fields are given by coefficients in the quadratic terms of
the Taylor series expansion of (2) near its minimum,

b\ " by
Vv . =V . aii_ TM2 al_ 1 b2 M2 b2 9] 3
(¢15¢2) = V(o1;¢2)| + ot “ \ay 5 e be e |+ (¢°).
C2 Co

In this equation, M, 3 and M, bQC are the mass matrices of the particles af, b; and ¢;, respectively
[6,8]. The expressions for them are given in the Appendix. Eigenstates of the matrix M2 are
the charged Goldstone boson Gt and the massive particle H+:

H' = —afsinB+aj cosB, G' =aj cosp+aj sinp,
tan B = %2 (4)
U1

One of the eigenvalues of MbQC 1S zero, so that there are three massive scalars hi, ho, h3
and one Goldstone boson Gy:

hy b1

ho Zsz,Rzlo,Rgz_Sﬁcﬁ,
hs 1 0 Rg cg  Sg
Go Co

sg=sinf3, cg=-cosf3, tg=tanf.
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The mass matrix of the massive neutral scalars hq, ho and hg is

)\11126% +tsRem?y  v2sgcgAsss — Remi, —%Im As02sg
M}% — v25505)\345 —Re m%z )\21}28% + %Re m%2 —%Im )\51;205 ,
—%Im )\51)255 —%Im )\51)205 S;Cﬁ Re m%2 — Re \502

v? =0} +v3, Asas = A3 + M+ ReXs.

We diagonalize this matrix via 3 the rotations of the basis { h1; ho; hs} [6]. The rotation matrixes
are

Ca;  Sa; O Cazs 0 Say 1 0 0
R1 = —So Cay 0 s RQ = 0 1 0 N Rg = 0 Ca3 Sa3 s
0 0 1 —Say 0 cay 0 —Say Cay
0
a=a;— o (5)

Here we follow the notation of [6] and use the angle « instead of ;. Non-diagonal element
M?,, of M? vanishes after the rotation Ry:

S+ A 0 —3ImAsv%catp
MY = RiMZRT = 0 S—A $Im A502s0 5 ,
—1Im Asv2cayp  3ImA50Zs01p sﬁ%ﬂRe m3, — Re A\5v?

where S, A and « are defined as

1 1
S = 5 [SﬁcﬁRem%Q + 1)2()\10% + )\28%):| ,

1 2 2 2 2 2
= 2 cos 2o |:t2/BRe mig — U (A]-Cﬁ - )\28,3) 5 (6)
1-— l6)\345525 1}2
tan 2a = 1o 2 , €= . (7)
o1- %57525()\10% - )\28%) Rem?,

The angle « is such that cos 2o > 0 by definition. We diagonalize M with rotations R and
R3. Since |Im 5| < 1 and aig ~ Im A5, ag ~ Im A5, the corresponding rotation angles a and
oz are small, too. So the following approximations for R and R3 are valid,

1 0 o 1 0 0
RQ ~ 0 1 0 N R3 ~ 0 1 Qs
— Q9 0 1 0 —Q3 1

We neglect all the terms of the second and higher orders in Im A5, and obtain the following
approximations for cig and az:

_ ImAs50° cos (o + 3)

T 2MP, —2(S+4)’
Im Asv? sin (o + 3) (8)
2MP,, —2(S — A)’

(6%

a3 =~
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Here M 233 denotes the third diagonal element of the mass matrix M?. Finally, we obtain the
neutral mass eigenstates H, h and Ay

H h1 —b1Sa + bacq + g (cacos f — ¢ sin B)

h = R3RoR1 | ho | = —bico — basy + a3 <C2 cos 3 — ¢q sin 6)

Ag hs b1 (a3co + 284) + ba (—ancq + a3sq) + cacos 5 — c1 sin
Go = c1c08 3+ cosin 3. (9)

As one can seen from these expressions, the neutral fields h, H and Ag do not have definite
CP-parities, because they are the linear combinations of the CP-even fields by, by and CP-odd
fields ¢; and co. This mixing is proportional to Im A5. So, when Im A5 = 0, h and H become
CP-even, and Ay becomes CP-odd. Simultaneously, CP-parity of the Goldstone boson G does
not depend on Im A5, and this particle always remains CP-odd.

The masses of the particles are given in the table 1.

Table 1
Masses of the 2HDM bosons
1 1

HE | m?,, = sﬂ65Re miy — 51)2()\4 + Re X5)

Ao m% = . Rem?2, — Re A5v?

BCs
H m%{ =S+A
h m}% =S-A

In the 2HDM, the masses of the weak gauge bosons are introduced by interaction with the
scalar doublets, and they are proportional to v. Hence, v is equal to the VEV of the Higgs field
in the minimal SM — v ~ 250 GeV'. In the limit when Rem?, > v? and the all scalar self-
couplings are ~ O(1), particles H*, H and Ay become heavy and nearly degenerate in masses,
as it is shown in the table 2.

Table 2
Masses of the Higgs bosons in the limit Re m?, > v?
H* m2., ~ Rem?
H+ 5503 12
Ao m? ~ Rem?,
SBCs
2 2
H my ~ Remfi,
SBCs
1 1 1 1
h | mi~ - v2ca |1+ + v?s3 [ 1—
h ™ gttt cos 23 972" %8 cos 2

This limit also implies that tan 2o — tan 23. Mass of the scalar boson % is then O(v), so
this quantity could be close to that of the SM Higgs boson.
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Hereafter we use the following parametrization for the scalar doublets:
¢1 =U (\}5 [’Ul + (A()Oég — h)Ca + (A()OQ — H)Sa — Z(AO + Hag + hOég)S@]) ’

H+65
=t (x}i [va + (Apas — h)sq — (Apag — H)eoq +i(Ag + Hag + ha3)65]> 7

U = exp [—i (Cj}a)] , (G7) = 0'G1 + 0*Ga + 0°G3,

Gt = —(Gy FiGy), Go=Gs. (10)

S

Here 0,, a = 1; 3 denote Pauli’s matrices. The original parametrization (3) could be obtained
from (10) if one neglects the terms which are quadratic in fields [11]. In the unitary gauge (10),
the inessential Goldstone degrees of freedom do not enter the potential (2), and V (¢1; ¢2) is
represented in terms of the ’physical” scalar fields, only.

3. Low-energy effective Lagrangian of the 2HDM

We assume in our treatment that the SM Higgs is the lightest scalar boson of the Standard
model with two scalar doublets, and it is described with the h field. Then the high-energy
dynamics of the 2HDM and fermions is described by the following Lagrangian:

L="Ls+Ly. (11)

The second term of (11), Ly, is the Lagrangian of Yukawa interaction:

Z Z { Yypr al QL ¢z) Dty ff/ (QL ¢z)

fifi=1,2
l c
+ f(f’)()(LL CZ’z) '+ f(f’) (LL ¢ )VR + h. C}

() (f)
c Lk u v
[P =13, ¢ = —io29], (Lf) = (d(Lf)> ) Lgf) - (6(Lf)> - (12)
L

L
In this expression y}(clf),(q), yﬁ/(q), yl(flf)/(l) and yl(fzf)/(l) are the Yukawa couplings. Superscripts (¢)
and () denote couplings which describe interactions with quarks and leptons, respectively. ¢ is

the doublet which is charge-conjugated to ¢;, (f ) , and L(L ) are the doublets of the left-handed

quarks and leptons of the generation f, respectlvely. For instance, u( ) is a left-handed u- quark,

dg) is a right-handed s-quark etc. Similarly, I/g) is a left-handed electron neutrino, and e%)
is a left-handed tau-lepton. Fermion doublets in (12) are parametrized in such a gauge that
Goldstone’s bosons do not enter Ly . Besides, the all fermionic fields in (12) are the symmetry
eigenstates.

As it is known from the experimental data, there are no tree-level flavour-changing in-
teractions between charged leptons or quarks of the same charge, in the considered range of
energies. This fact could be taken into account with the specific choice of the pattern or values
of the Yukawa couplings. However, the main results of our investigation do not depend on such

constraints. So we use the general expression for the Yukawa Lagrangian (12).
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In terms of the mass eigenstates of the 2HDM, the Yukawa Lagrangian (12) reads:
Ly =—J"H —J H" —JgH — JsAp — Jph. (13)
In this equation, J*, J~, Jy, J4 and J;, denote contributions of the fermionic fields of the SM:
JE= @ 4 =0 gy = g9 g0 g, =50 g0 g =02 4 g0 (1)

Here operators J (@) j+(@), ng), Jg]) and J,gq) contain quark fields, while J—®), (), Jg),

JX) and J. }(Ll) consist of leptonic fields. These terms are given in Appendix.
Lagrangian (1) in terms of the mass eigenstates reads:

3

Ly = ;azl(a Ga)? + O H O, H™ + + (a Ao)?+
42 S (0uH)? + (8“h)2 _V(HE: Ay H: B). (15)

ER] 79

Hereafter we enumerate fields H+, H—, H and Aj with one index
{HY H  H; Aoy = {H"}, a=T1;4

Now we derive the effective action I'. s of the light particles of the theory. ',y describes
the interactions of the light particles in the processes where the non-minimal Higgs bosons H*,
H and A do not appear in the initial or final states. Instead, they participate in the interactions
as the virtual states only, and contribute the low-energy dynamics via the effective operators of
the SM fields. We integrate over the non-minimal scalar bosons and derive I'c s :

elerr — /DHDAODH+DH exp (i/d4x£> (16)

Since £ contains the terms which are cubic and quartic in the scalar fields, we calculate I'. ¢ ¢ in
the Gaussian approximation. That is, we expand action of the scalar fields near some classical
field configuration H?,

class?
- HY = 4 4 AH?
Sthi 1Y) = [ dtot = Sihi 1, / da Ha i DH@)
41 / dadies " AH“(zl)AHb(xg) + O(AH™Y?)
2 5Ha(x1)5Hb(l‘2) H((‘llaee ’
AHa({L‘) :Ha(x> _Hglass(x)' (17)
The fields H,, are such that S has a minimum at H§_ ., and we find this configuration as the

solution to the classical motion equations:

5S
dH(x) |Ha=H®

class

N ov 0Ly
class OH | e=pe, =~ OH|Ho=ms

class

=0= 5

—0.  (18)

Simultaneously, we neglect all of the terms which contain AH%(x) in powers which are big-
ger than two in the expansion (17). In this way, effective action I'c ;¢ accounts only for the
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contributions of small quantum fluctuations over the classical background H ..

Classical motion equations (18) are non-linear, and we solve them approximately, similarly
to [3]. In the zeroth order in the scalar self-couplings and for energies |[p?| < Rem?,, [p?| =
O(v?), the solutions are

+ ~ _ SBCB J:t

class ™ Re m%2 ’

A, e —225208) + a3(1+ cya—p)) St 2895 — 52(a—28) Tae
Oclass 20375 SCziﬁRe m%2

@2(820 — S2(a—28) — 2528) + az(c2a — C2(a—28)) J
- 8 2 R 2 H)

__ 52(a—B) 5565(04352(&_5) — OéQCQ(a_ﬁ)) + a2spcs 528
Hetass ~ 2c2 h 2c2_ Rem? Ja - 2¢2_ .Rem? JH.
a—f a—f 12 a—f3 12

(19)
Here we neglected the kinetic terms in the equations (18) within the low-energy approximation
p°| < [Remiy| = |0PH*| < Remi|H™|, [0?H| < Remiy|H|, [9*Ag| < Remd,|Ao|.

We insert the solutions (19) into the Lagrangians £ and Ly, and get

3
. 1 1 1
Lalh Hijgss) = 5 ) (0,Ga)? + 2, (0uh)? = Su*h* - ABRS — AWpt—
a=1 a—

€ 3
—eh(C1Jg + Cada) — ;hQ(C’gJH + CyJy) — U—2h3(C5JH + CgJa)—
_ esop(as + aote—g) J10%h + £828la—p Tud?h (20)
21}202{7ﬁ 2020276 ’

Q252(q—B) T 2a36i_ﬁj N 52(a—p) JH) _

ﬁy[h; glass] =—h (Jh -

2 A 2
QCQ_B 2%—5
€(82a + 2525 — Sz(a_w)) 2 €828 .o
B 8v2c? Ja - 202¢2 Tt
a—pf a—pf
£S89 _ ES9B88a—
+T26J+J — #JAJH (Q3Ca,5+a28a,ﬂ). (21)
a—p

Here we have taken into account only the operators of up to sixth order and neglected the others,
which are suppressed by the factors (Rem?,)~% d > 2. p?, A®), A4 and C;, i = T;6 are
constants. Their values are as follows

/‘62 = Ii’U27 >\(3) = - i ’ )\(4) = QLa
2Cq-8 8Ca—ﬂ
"8 8 N 4N o + Neas|
A = e, V=30 ongs, V= A0 —2ags, (22)
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C, = —m?{;ﬁ {)\S)(sa_gg + 35a+8) + N'sa—p + )\,/Sa+36:| ;
2= 328025_ﬂ [N (aaca—ss + @3catss + 2025a438) + 2N (@3a—p + 025a-p) —

— 2Im A5 (s24 + 2525 — S2(a—28))+

+2/\§§)(a23a,35 + 328048 + 20i3¢4—33 + 2043Ca+5)} ) (23)
Cs = _203_501’ Cs = ZC(il_ﬁcl, Cy= _203_502, Co = 2031_502. (24)

As one can see, the corrections to the 2HDM are linearly-dependent. Only Cy, C5, x and
cos (o — f3) could be independently measured at low energies, in the processes with fermions
and the SM Higgs boson in the external states.

Now we turn to the contribution of the quadratic terms in the Gaussian approximation (17).

Second functional derivatives in the expansion (17) could be represented in the following matrix
form:

AHH " AH*
528 AH~ AH™
AH®(z1)AH(z5) = M
SH(z1)0HY(x2) lHo=HY, (1) (w2) AH S| alg |
AA AAg
_ O ©) _ _ + My
Ms = Ms™+0Ms, Ms" = 0 0 F+my 0 |
0 0 0 9%+ m?

0 6t & of
ot 0 by oy
657 Oy Omm dma
6% 64 Odma baa

§Mg = — (25)

As we can see here, the matrix M éo) contains the inverse propagators of free fields H*, H and
Ag. The functional integral of exponent of the quadratic terms is

525 ‘
5Ha(.7}1)5Hb(:E2) He=H?Y

class

/ DHDADHDH™ exp [; / Az dies x

xAHﬂ(xl)AHb(mz)} — (det Mg) ™2 = exp [_; Trin MY — % Trln (1 + Mg”‘laMg)] ,

0 G*1 o 0

o |Gt 0 0 0
Ms™ =1 0o Gyt o |- (26)
0 0 0 Gt

In this equation, trace is computed over both spatial and discrete indices of the matrix Mg. The

term Trln M éo) does not contain any fields and is constant, so we omit it. The matrix § Mg
consists of the terms which come from the quartic part of the potential (2). So the components
of this matrix are proportional to the scalar self-couplings. Hence, the Taylor series expansion of
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the logarithm in (26) in powers of M éo)_léM 5 is equivalent to a perturbative series expansion.
In the first order in the scalar self-couplings, the last term in the square brackets in (26) reads

exp [—; Trn (1 + Méo)‘laMs)} ~ exp [—; Tr (M§°>‘15MS)} -
= exp B / d'x (2G* (2;2)8% (2) + G (w3 2)0mm () + Galw; x)csAm))] L@

Here 6% (x), g (x) and 644 (2) contain only the terms which are proportional to J*, Jy,

Ja, JEh, Jgh and Jah. G*(x;z), Gg(x;z), and Ga(x;2) are constants which describe

contributions of heavy scalar loops. We include these terms into the renormalization of fermionic

masses and the corresponding Yukawa couplings. So their contributions are not observable.
Finally, the effective Lagrangian of the 2HDM is

3
5 (OGP + g (Bun)? — S AR A D
a—p

a=1 -

289(qpg) + 2032 89(a—
Jh+<502— 2%2(ah) i 5) JA+<601+ 2(2 B))JH]_

Lepp =

—h

2037,8 260(7,8
— %h2(03JH + CyJy) — %h3(05<]1-1 + CeJa)—

B 5825(013 + Oégta_g)

21)203_5 21}203_5
€(S2a + 2525 — So(n—9 €S

B ( e < 2/82 (O‘ ﬁ))J,24 o 5 ! 226 JI2—[+

Calo viC, g

€S2p + - ES28Sa—p8
1}2 JTJ — mJAJH (0430(17[3 + 0[28a7ﬁ> . (28)

to
JA0%h 4 280aB g2y

_l’_

This description of interactions between the SM and the heavy scalars of the 2HDM is valid for
the energies which are much less than Re m?,. The operators Jih and J4h in (28) correspond
to the Yukawa interactions between h and the fermions. These terms modify the Yukawa cou-
plings of the SM. As it is shown in (28), these corrections to the Yukawa couplings are either
proportional to (Rem?,)~L, sin (2(av — 3)) or a3, so they become small when ¢ < 1. In par-
ticular, in this limit we have the following relations for the mixing angles, using definitions (7)
and (8):

1in(1)tan20z =tan2f = a=p, sin2(a—p3)—0,
E—>

e—0

Lagrangian (28) also contains new effective vertexes, which are introduced by interactions
with the additional scalar particles. These are non-renormalizable contact four-fermion interac-
tions JTJ 7, JaJgy, Jf{ and J%I, and contact interactions of the SM Higgs and fermions Jzh?,
Jah?, Jugh3, Jah3, Jg0?h and J40%h. These new effective vertexes are suppressed by the

factor (Rem2,) L.
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When ¢ < 1 we have the following expressions for the constants in (22), (23) and (24):

lim 2 = ko?

, ImA®) = —Zgko,  lim AW = E,
e—0 e—0 2 8

e—0

1 _
lim x = 3 [)\' + 4)\§2)025 + )\”045] ,

e—0

. _ 528 [ (—) " }
1 =212
651(1)01 16 Mg 828 + A's43]
lim Cy = 526 [2@2)\”345 — 8s95Im A5 + 4042/\(_)325
e—0 32 12 ’

. 3 . 1 . 3 . 1
L R L - R

As it follows from these equalities, in the decoupling limit the relations between A(Y), \(3) and
12 are the same as those in the potential of the minimal SM Higgs boson, up to the sign of the
h field.

However, transformation properties of i are not identical to those of the SM Higgs boson
when € — 0. In this limit, A does not become a CP-even field, as in the one-Higgs-doublet SM.
Even when additional scalar bosons become heavy, the mixing angle ao does not vanish, so h
contains the contribution of the CP-odd states ¢; and cs, which is proportional to «o,

Im A5cop525

lim ap = (30)

e—0 t26()\10% — )\28%) — QSQBRG /\5 — 825(/\16% + )\25%) '

Hence, some effects of CP violation could be detected in processes with the h boson.
4. Discussion and conclusions

In the previous sections we discussed the scenario when one of the 2HDM scalar particles
has a mass similar to that of the SM Higgs boson, and the other model states are heavy. We have
obtained the analytical expressions for the effective operators describing interactions between
the SM fermions and the lightest particle of the two-Higgs-doublet model, in terms of the 2HDM
parameters. The considered potential of the scalar fields also introduces a small CP-violation.
It was shown that the angle ao, which describes mixing of the scalars with opposite CP-parity,
does not vanish in the limit when heavy scalars decouple, and the lightest neutral mass eigenstate
of the model is not the eigenstate of the CP transformation. Hence, CP-violation in the 2HDM
is potentially visible in the experiments at low energies, and additional interactions within the
scalar sector could be identified. Besides, we found that parameters co and a3 also contribute
the effective vertexes in the low-energy EL (28).

Atatree level, the 2HDM introduces reactions mediated by the charged scalars H + which
are absent in the SM with the one Higgs doublet. In the low energy region, these processes are
described by the effective operators J (@) J—(@) g+ j=O  j+@) j=O and J+O j=(9) Similar
processes take place in the SM, too, but they are mediated only by the vector bosons TW=.

Effective Lagrangian (28) also introduces the new vertexes, which describe annihilation of
the fermion-antifermion pair and the subsequent production of one, two or three Higgs bosons.

Numerical predictions of the model with the EL (28) are left beyond the scope of this paper,
and will be studied in a separate paper.
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Appendix

The mass matrices of the scalar fields in 2HDM are

[Rem? 1 v2 —V1V9
M? = |—/—2 _ ~(\; +Re)s) 2 57,
L V1V2 2 —U1V2 (%
%22Re m2 + )\11}2 —Rem? + A34501 V9 v2 |2 —M?
o1 12 1 e , 2 v be2s Mbezs
1 L
= v 2 2 vl a2
be 2 M 03 Mpeos My ss v Myss |
—M?2 _ 1 pp2 _ v pf2 Ky
Mbc23 v2 Mbc23 Vo Mbc33 v% Mbc33
1 v
2 2 2

Yukawa’s interactions of the 2HDM mass eigenstates with the SM fermions is described by the
terms in (13). The contributions of quarks .J i(q), J }}1), JE‘Q) and J }(LQ) are as follows:

J (@ — Z [(yfgcl,)( )C/3 _ y}g},)(q) )H(Lf)dg/) + <yf§u)(q)* S5 — Z/fsu)( Q)% ) (! )d(f)}
It

(32)
1(1 201 ) 1 () (f
H _ fE:{[ yfgu)(q Sa+yfgc/)(Q)ca+ZO(2 (_yfgu)( )35+y (M), )}dL d% )+

Lf

+ [ yfgu)(  sa + yfgu)(Q)ca + i (yfgu)(q)% - yfc?,)@c/g)] u(L )ug) + h. c.} , (33)

A‘]) \[Z{yddL )+yuﬂ(Lf) (f)+h C}
I3

i = [Py 4 20 4 (g2 g0 + aase) + 520D e — azsa))]
Yu |:y}(2)(q) sg — yfcgc%)(q)cﬁ +1i <—y]1c§c2,)( )(agca + a28q) + yf( )(q)(agca - Oégsa)>] ,
(34)
J@ _ (1)), 2(1)(q) , 1(1)(q) 21)(@),. V] 7 g
h \/72{[ yff/ yff/ Sa+'LOé3 <_yff, S/B"‘yff/ )i| dL d +

£t
+ [ y;‘g?/)( De, — y?%)(q)sa + 103 (y gu)(Q)s/g - yfcgc%)(q)%)] ué )u% ) + h.c. } (35)
The contributions of leptons are analytically the same. They could be found if one substitutes

u-type quarks with neutrinos and d-type quarks with electrons, of the corresponding generation.
From the Yukawa Lagrangian (12) we also have the mass terms for the fermion fields

Lo \f S o [ Od d) i D0+
=12 fif

RO 1y QOB ], (36)
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