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Abstract We put forward a two-Higgs-doublet model, fur-
nished with a Z3 symmetry, wherein C P is conserved in the
dimension-four terms of the Lagrangian and is softly bro-
ken in the scalar potential. The new particles of our model
are one neutral scalar H, one neutral pseudoscalar A, and
two charged scalars H*. In our model the only locus of
C P violation is the CKM matrix. Strong C P violation is
absent both at the tree and one-loop levels. We work out the
phenomenological constraints on our model, which features
flavour-changing neutral Yukawa interactions, showing that
the new scalar particles may in some cases be lighter than
500 GeV.

1 Introduction

Non-perturbative effects in Quantum Chromodynamics
(QCD) may lead to P and C P violation, characterized by a
parameter 6, in hadronic processes. The experimental upper
bound on the electric dipole moment of the neutron neces-
sitates & < 107°.! The presence in the Lagrangian of this
unnaturally small parameter is known as the ‘strong CP
problem’.

The angle 6 is the sum of two terms, Ogcp and Ogrp.
Here, Oqcp is the value of a P- and C P-violating angle in
the QCD vacuum, and Ogpp originates in the chiral rotation
of the quark fields needed to render the quark masses real and
positive. Let p and n denote the three up-type quarks and the
three down-type quarks, respectively, in a weak basis. Let the
mass terms of those quarks be given by

! For a recente estimate of the maximum possible value of 0, see Ref.

[1].
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Lmass = —pLMypr —npMyng +H.c., (D

where M), and M,, are 3 x 3 matrices in flavour space. Then,
Oqrp = argdet (M, M,,).

There are two general approaches to solving the strong C P
problem. In the first approach it is claimed that 6 has no sig-
nificance or physical consequences; theories with different
values of 6 are equivalent and one may set 6 to zero without
loss of generality. This may happen either because one of the
quarks is massless? or because of the presence in the theory
of a Peccei—Quinn symmetry [3]; there are also claims that
QCD dynamics itself cures the strong C P problem.’ The
second approach, which we shall follow, acknowledges the
strong C P problem and tries to find some symmetry that
naturally leads to the smallness of 6. One firstly assumes
the dimension-four part of the Lagrangian to be either C P-
symmetric or P-symmetric; this assumption sets 6gcp to
zero. The C P or P symmetry must be either softly or spon-
taneously broken; one performs this breaking in such a way
that Ogrp turns out to be zero at the tree level, because of some
peculiar form of M, and M,,. Still, it is difficult to avoid loop
contributions to fgpp arising from the quark self-energies X;
they add to the tree-level mass matrices M and then

argdet (M + ¥) ~ Im[tr(M ' )] )

is in general nonzero. Artful models are able to obtain
Im[tr(M[j1 Xp)l+ Im[tr(Mn_1 ¥5,)] equal to zero at the one-
loop level and sometimes even at the two-loop level.

There are various ways to achieve quark mass matrices
displaying argdet (M,M,) = 0. Most of those ways, col-

2 For a recent speculation that some quarks may be massless, see Ref.

(2].

3 For a recent instance of such a claim, see Ref. [4].
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lectively known as Barr—Nelson-type models*, employ extra
quarks. There are also many models for solving the strong
C P problem that use extra gauge symmetries, especially the
left-right symmetry SU (2), x SU2)r x U(1) p—r. In this
paper we propose a simple extension of the Standard Model
(SM), with gauge group SU (2)1, x U (1) and without any
extra fermions, that partially solves the strong C P problem.
Our model is a two-Higgs-doublet model (2HDM) [6].
In a 2HDM the quark Yukawa Lagrangian is

3 2
Lyukawa = — Z Z QL]

jk=1a=1

x [ @0 (Ta) i + ®a (Aa) i pre ] + Hee. 3)

where @, = (¢, ¢>2)T and @, = (92", —qb;)T fora =
1,2 are scalar doublets of SU (2)r. Furthermore, Q Lj =
(Prj, irj), and the T'y and A, are four 3 x 3 matrices in
flavour space containing the Yukawa coupling constants. We
expand the scalar doublets as

® :eixa ( ¢2_ > (4)
“ (Va + pa +ina) N2 )’

where v, exp (iR,) / V2 = <O |¢2| O) and the v, are non-

negative real by definition. We define v = vl2 + v% =
2my /g = 246 GeV and tan § = vy /vy; then,

U1 v2 .

— =cosf, — =sinf, Q)
v v

where the angle g is in the first quadrant. There is one phys-
ical pseudoscalar A and one unphysical (Goldstone boson)
pseudoscalar G*:

0
(%)= %)) ©
Sﬁ —Cﬁ n
(From now on, sz = sin§ and ¢ = cosé for any needed

angle £). There is a pair of physical charged scalars H* and
a pair of unphysical (Goldstone bosons) charged scalars G*:

G* _(cp sp ¢1i
(Hi>_(5ﬂ _Cﬂ)<¢2i ' @
There are two physical neutral scalars 7 and H:
h S _Ca> (/01 )
- : 8
(H> (—ca —Sq 02 ®

The neutral scalar £ is chosen to coincide with the LHC-
observed particle with mass 125 GeV. In our specific 2HDM

4 For a recent example of one such model, see Ref. [6]
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there are softly-broken C P and Z3 symmetries such that
h and H do not mix with A. The interaction Lagrangian
between a scalar and a pair of gauge bosons is

8 - mz
Lsyy == <mWW$ Wit == zng> i1p1 + v202)
v 2cg,,

(%a)

m

=—g (mwwgwé+ + CZ 2525) (hsp—a + Hep—a) s
611,‘
(9b)

where 6,, is Weinberg’s angle. Because of the LHC data we
now know that |Sﬁ_a| ~ 1.
The quark mass matrices are

vlemlf‘l + vgemzrz

M, = , (10a)
" V2
—iN A 7iR2A
M, =2° 1+ve 7Ag (10b)
V2

Let the unitary matrices U, % bi-diagonalize M, and M, as

UMM, UL = My = diag (mg, mg, myp), (11a)
U M, UL = M, = diag (my, me. m;). (11b)
The CKM matrix is
v=uru;. (12)
We define
iRlF _ iNzF
N, = Ve 1 —ve 2’ (13a)
V2
Ve IA| — pe 2 A
N, = e 1 1€ 2’ (13b)
V2
and
Ny = U} N, UL, (14a)
N, = U N, UL, (14b)

Then, the Yukawa interactions in the physical basis are given
by

iA _
Lohysical = — (N P = N, PL)u (15a)

iA - 4

+—d(N} Py — NgPr)d (15b)
v
h _ +

+; u[(sﬁ—otMu - C/S—aNu)PL
+(Sﬁfonu - CﬁfotNu)PR]u (15¢)
h - ;

+=dl(sp-aMa — cp-aNj)PL
+(sp—aMg — cg—aNag)Prld (15d)
H #

+7 u[(Cﬂ—aMu + S,B—aNu)PL
+(Cﬂ—otMu + sﬂ—aNu)PR]u (15e)
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H -
+—dl(cp-aMa + sp-aNj) P

+ (cp—aMa + sg—a Na) Pr1d (15f)
2HT

+‘/— #(NV P, — VNyPR)d (15g)
v
2H™ - .

+\/_ d(VIN,Pr — N,V PL)u, (15h)
v

where P;, = (1 —y5)/2 and Pg = (1 + ys)/2 are the projec-
tors of chirality. Also, u and d are column vectors subsum-
ing the fields of the physical up-type and down-type quarks,
respectively. In Eq. (15) we have omitted the Yukawa interac-
tions of the Goldstone bosons; they have the same Lagrangian
as in the SM.

In this paper we put forward a 2HDM where C P is con-
served in the dimension-four terms of the Lagrangian, hence
fqcp = 0, and det (M, M},) is real both because of C P and
because of a Z3 symmetry. (Another symmetry-furnished
2HDM that also purported to alleviate the strong C P prob-
lem was proposed long time ago [7]). Remarkably, our model
provides for the absence of strong C P violation even at the
one-loop level.

In Sect. 2 we explain our model. In Sect. 3 we demon-
strate that strong C P violation vanishes at the one-loop level
in our model. Section 4 is devoted to the phenomenological
constraints on the model. Section 5 contains the main con-
clusions of our work. Appendices A, B, and C present some
formulas used in the analysis of Sect. 4. Appendix D gives a
benchmark point for the parameters of the model.

2 The model

Our model is a 2HDM supplemented by the standard C P
symmetry and by a Z3 symmetry. Let o = exp (2in/3),
then the Z3 symmetry reads

Dy — 0’ Dy, (16a)
Qr1 — @*Qr1. Q12— w0Qp, (16b)
nR3 — WNR3, (16c)
PR1 — WPR1, PR2 —> WPR2. (16d)

This represents just a slight change from the Z3 symmetry
of the 2HDM of Ref. [8].

Both CP and Z3 are softly broken by terms in the
quadratic part of the scalar potential. Soft breaking of a sym-
metry consists in that symmetry holding in all the Lagrangian
terms of dimension higher than some value, but not holding
for the Lagrangian terms of dimension smaller than, or equal
to, that value. In our case, both C P and Zj3 hold for terms of
dimension four but are broken by terms of dimension two, viz.
by the terms with coefficient 3 in line (17a). In principle,
a model with a softly broken symmetry should eventually

be justified through an ultraviolet completion, viz. a more
complete model, with extra fields active at higher energies,
which effectively mimics at low energy scales the model with
the softly-broken symmetry. Unfortunately, such a ultravio-
let completion is often quite difficult to construct explicitly
— we attempted such a construction by adding singlet scalar
fields to the theory, who would develop vevs at some high
scale and then be “integrated out”, leaving the desired low
energy potential with only two doublets. However, we were
unable to build such extensions that left both the C P and Zs3
symmetries intact at low energies — which of course does not
mean such an UV completion does not exist. In the absence
of any such explicit construction, a softly broken symmetry
constitutes a strong, non-trivial assumption. This is, certainly,
a weakness of the model in this paper.

The softly broken C P and Zj3 scalar potential is written
as

V=1 @] + pp @y,

— 137N 0T D,y + Mol D)) (17a)
A A2

+7(q>1c1>1)2 + 7(q>;<1>2)2

33 P] Dy DI + ds DDy DIy, (17b)

where 3 is real and positive by definition. The terms with
coefficient 3 break the symmetry Zs3 softly. The phase R
breaks C P softly.

The vacuum expectation values (O|¢>2|O) = v, exp (iR,)/
/2 have phases 8, such that 8, — R = N offsets the phase
—R of the term —ju3¢ "N @] d, of the scalar potential. Thus,
there is one gauge-invariant vacuum phase that offsets one
phase in the potential, with the consequence that the poten-
tial of the physical scalar fields is C P-invariant, in particular
there is no mixing between the scalars 4 and H and the pseu-
doscalar A. The stationarity equations for the vacuum are

MM Ao
PVt + Svf = povy +
2 2
A3+ Ag
= U3V V2 — v%v%. (18)
Referring to Eq. (4) and defining
2 2
Pg +1 _
T, = % + ¢, b (19)
for a = 1, 2, the potential is then
Alv?+)»2v§ A3+As 5
V=- — vivy (20a)
8 4
) vy
tw|—Ti+—Tr—p1,m
V1 v2
—mm — ¢y by — ¢;¢>1+) (20b)

@ Springer
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2
A
+ § 1 761 (Vapa + Ta)2
a=

4+ (A3 + Ag) (vip1 + Th) (v2p2 + T2) (20c)
A
- ?4 {[w1 4+ p1) 7 — (124 p2) &7 ]
x [(v1 + p1) ¢ — (v2+ p2) 9] (20d)
+ (mey —mey) (mes —mey) (20e)
+i (¢3¢ — ¢7 85 ) [m (v2 + p2)
—m i+ pDl}. (20f)

The potential (20) is invariant under the C P transformation

ba (x) = exp (iA) ¢ (X),

B (1) — exp (0 ; (), o
Pa (X) = pg (X),

Na (X) = —1nq (X),

CP:

fora = 1,2, where x = (¢, r) and x = (¢, —r). The phase
A in the C P transformation (21) is arbitrary.

The physical potential contains seven parameters 12,3
and A1 2 3.4, since the phase R in line (17a) is cancelled out
by the vacuum phase. Instead of those seven parameters we
will use as input v = 246 GeV, mj;, = 125 GeV, the angles «
and B, and the masses my of H, my4 of A, and m g+ of H*.
Then [9],

3 = mz;S,sCﬁ, (22a)
2.2 2.2 2 2
—m5 8z +mis; +mz,c
o= 2P e HE (22b)
vzcﬁ
2.2 2.2 2 2
—m5Ce +mic, +meys
Ay = AP vzilzoz H a’ (22¢)
B
2m2,. —m? m2, — m?)syc
s = H+v2 A, ( Hv2sﬂ£l; oCa (224)
2m%: —m
Ay = (ma =~ M) (22¢)

In order for the potential to be bounded from below, one
must impose the conditions [6]

M >0, >0, A3 >—vVA A, A3+ Xrg>—A1.

(23)

In order to avoid the situation of ‘panic vacuum’ [9] one must
enforce the condition [10]

2
ﬁ > A3+ Aa — VA (24)
102

The conditions in order for tree-level unitarity not to be vio-
lated are

[A1] < 8, (25a)

@ Springer

12| < 87, (25b)
[A3] < 8, (25¢)
A3 + As| < 87, (25d)
A3 — Agq| < 8, (25¢e)
A3 + 2X4| < 87, (25f)
Mo+ Ao+ (g — A2)? + 443 < 167, (252)
’3A1 + 3% + \/9 (A1 — 22)% +4 (23 + 24)?| < 16m7.
(25h)

Because of the Z3 symmetry (16), the matrices ', and A,
are

000 dy fo O

'=100b |, T,=10001], (26a)
di 1 0 0 0 b
000 p24q2 0

A]: P1 41 0 s A2= 00 mn . (26b)
0 0nr 000

The dimensionless numbers b, dg, fa, Pa> qa, and v, (a =
1, 2) are real because of the C P symmetry. Clearly,

dzvzemz fzvzemz 0

M, = — 0 0  bve™ |, (27a)
V2 dyvie™ flvleml borvye'™
1 pzvze_mz qzvze_mz 0
M, = 7 [)11)16‘_ml qlvle_ml rgvge_’:NZ . (27b)
2 0 0 rlvle_m‘
Therefore
vh?
det (M, M) = % by (i fo — daf1) 11 (P2g1 — P1g2)
(28)

is real, hence Ogrp = 0. Because of the assumed C P invari-
ance of the quartic part of the Lagrangian, gcp = 0 too.
Thus, 8 = 6gcp + Ogrp = 0, i.e. there is no strong C P
violation at the tree level.

We now define

Ba = argb,, 8, =argd,, ¢,=argfy,, (29a)

g = A Pgs  Xa = ALYa; Qaq = AlgTg, (29b)
fora =1,2; and

Aﬁ5ﬁ2_ﬁly A5552_817 A(PE(/JZ_(PL (303)

Ar =m —m, Ax=jx2—x1. Ao=02—01.(30b)

All the phases in equations (29) and (30) are either O or
T because by, dg, ..., 1, are real. We define the diagonal
matrices
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Xpn = diag (1, o ORTASHAP) ei(R+A8)> ,

X gy = diag ei(—Nz—Bz)’ e (~N2—e) ei(Nl—ZNz—AtS—ﬁz))’

(31a)

(31b)
X1, = diag (1’ o (CRFAT). ei(72N+An+Ag)) ’ Gle)

Xgp = diag ei(Rz—ﬁz)’ ei(Nz—Xz)’ ei(ZNz—Nl—Aﬂ—Qz))

’

(31d)
where 8 = Xy — R;. We then have
1 (120 [ f2v2] 0
XinMyXpgy = 7 0 0 |b1vg |
2 \Idivil [ fro1] €45=29) by
(32a)
=M, (32b)
1 [ P22l lg2v2 0
XipMpXpp = 7 [p1vil Iqivi] € AT=A0) [rpuy|
0 0 [r1v1]
(32¢)
= M), (32d)

The matrices M, and M), are real, therefore they may be
bi-diagonalized through real orthogonal matrices Oy, Oy,
OLp, and Oy as

OLnM,/, Orn = My, OLpMLORp =M,. (33)
Therefore, in the notation of Eq. (11),
Up" = OpnXin. Up = XgaOka,
Ul = 0rpX1p, UL =XgyOgp. (34)
The CKM matrix is then
V = Oy x diag
% (1 ol (F3NHAT—AS-AB) ei(73R+A7rfA8+Ag)) % OZ
’ ’ n*
(35)

One sees that the CKM matrix is complex because of the
presence of the phase 3N.

When we compute the matrices N, and N, defined in
Eq. (13), we find that

| [ vl — | f2vil 0
XinNpyXpn = —= 0 0 |b1va|
V2 ldivl 1fival 4980 — |
(36a)
=N/, (36b)

— | p2v1] —lqav1] 0
XipNpXgp = — | Ip1v2l Iqival € A7=20 — [rpuy |
v2\ o 0 Irival
(36¢)
=N, (36d)

and then, from Eq. (14),

Ng = OLnNy/,ORm Ny, = OLpNII;ORp‘ (37
The matrices Ng and N, are real.
Thus, in our model

1. The CKM matrix is complex.

2. The matrices N, and Ny are real.

3. There is one pseudoscalar A that does not mix with the
scalars 4 and H.

4. There is no C P violation in the cubic and quartic inter-
actions of the scalars.

In our model CP violation is located solely in the CKM
matrix and originates entirely in the phase 3R. This is the
same that happened in the model of Ref. [8]; however, in that
model there was strong C P violation, while in the present
model strong C P violation is absent at the tree level.

3 No strong C P violation at the one-loop level

At one-loop level the diagonal and real quark mass matrices
M, (where g may be either u or d) get corrected by self
energy diagrams: M, — M, + X,. If the diagonal elements
of ¥4 are complex, then Im[tr(M ! ¥,)] may be nonzero
and strong C P violation may arise.

In our model there are no complex phases except in the
CKM matrix. Since the matrices N, are real, and since the
scalars & and H do not mix with the pseudoscalar A, the X,
generated through the emission and reabsorption (E&R) by
the quarks of either 4 or H or A are real, hence innocuous.
The same happens with the X, generated through the E&R of
79 gauge bosons. On the other hand, diagrams with the E&R
of W* gauge bosons do not generate mass renormalization
(they just produce wavefunction renormalization), since the
coupling of W¥ to the quarks is purely left-handed. There-
fore, the only diagrams where the complex matrix V arises,
and might produce complex X, are the ones with E&R of
charged scalars H™.

The Yukawa interactions of the charged scalars are given
by lines (15g) and (15h). They contain two complex matrices,
X = NJ V and Y = V N;. The one-loop self-energy of an
up-type quark u,, caused by the E&R of H™ and a down-type
quark d; is

@ Springer
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S (p) = = ddkd : 1
v Qm)? k2 — m% k — p)> — miﬁ
(38a)
X (Xqj Py — Yo PR)(K+mj)
(X[, Pr— Y], PL) (38b)
d 1
- %u“*" (;n]; . /O dx 3 _1 i (38¢)
X (x| Xoj|* pPr + x|Yajl* pPL
—Xajm; Y[, PL— Yojm;X | Pr).  (38d)
where
Aj = p*x® 4 (=p> + my —m3)x +m3 (39)

and we perform the computation in a space—time of dimen-
sion d. Thus, the only potentially complex part of the self-
energy is

il T
oncPL + YotjijjaPR

87202

b Xajm;
Ea(p—>0)=—/ dx
0

2 'y
X|—— =y —-In——),
4—a VT Magp2

where y is Euler—-Mascheroni’s constant. One must sum the
expression in the right-hand side of Eq. (40) over the flavour
Jj of the quark d;.

The one-loop value of the strong-C P parameter 6 is
Im[tr(M,] s, + Md_lEd)]. The diagonal matrix elements
of M ', are m;' X, (p — 0). Now,

(40)

;
X()tiY' + 1
D= NV e — (N[ V)ai (41a)
- Mmy = Mmy
= (NIVIM NI V) (41b)
=17
= (U;éTNnMpl N;UZ)ji- (41¢c)
Therefore,
3 Xajm; Y}, f(m3)
- My
o,
—1T
= fhmyWURNIMTNTUD 55 (42a)
j
= u[U? f(MaMHMaUL NI N 42b
=ulUp f(MaMy)MqUg'N,M," N,] (42b)
n 1t
= tr[f (MMM, N M N, (42¢)

One easily finds that, in our model, both matrices M, M,J{ and
M, N, M;] ' N;, and all of their products too, have a structure
of phases of the form

@ Springer

0 28 RN
28 0 —N |, (43)
X X 0

where 8 = Ry —R. Therefore, the diagonal matrix elements
of f(M, M,T)Mn N; M; 1 N;, and hence its trace, are real, no
matter what the function f is.

In this way we have demonstrated that tr(M,; I's,) isreal.
In a similar way one may show that tlr(Ma?1 34) is also real,
hence strong C P violation vanishes at the one-loop level in
our model.

4 Phenomenological analysis of the model
4.1 Constraints

We proceed to analyse how our model conforms to the exper-
imental results. The model has tree-level flavour-changing
neutral currents (FCNC) coupling to the scalars, so there
is a wealth of flavour-physics observables that need to be
taken into account whilst performing a fit of the model to
the experimental data. Our procedure involves a global fit
of the model’s parameters, simultaneously requiring compli-
ance with the theoretical and experimental bounds from the
gauge, scalar, and fermionic sectors.

One may rotate the right-handed quarks ng; and nga
between themselves in such a way that the entry f> of the
Yukawa-coupling matrix I'; becomes zero. Similarly, one
may rotate pr1 and pg> so that g» becomes zero.>0 We use
as input the ten entries by, di, f1, b2, d2, p1, q1, 1, P2,
and r (f> and g are set to zero) of the Yukawa-coupling
matrices (26), allowing those entries to be either positive or
negative. We further input the C P-violating phase X. We
fit these eleven parameters in order to reproduce the quark
masses [11]7

m, = (2.2+£2 x 0.6) MeV, (44a)
mg = (4.7+2 x 0.5) MeV, (44b)
mg = (96 £ 2 x 8) MeV, (44c)
me = (1.28 £0.03) GeV, (444)
mp = (4.18 £ 0.04) GeV, (44e)

5 Notice that ng; and ngy transform in the same way under the Z3
symmetry (16), and pr; and pg2 also transform in the same way under
that symmetry.

6 With f» = ¢g» = 0, the phases Ag and Ay in Eq. (30) become
meaningless. That has no impact on our reasonings, in particular the
matrix V in Eq. (35) does not depend on those phases.

7 We have doubled the uncertainty intervals quoted in Ref. [11] for the
masses of the light quarks u, d, and s; we have done this because of
the large theoretical indefinition, due to QCD considerations, as to what
exactly should be interpreted as the value of those masses.
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m; = (173.2 £0.6) GeV, (44f)
and the CKM-matrix observables [11]
[Vius| = 0.2243 £ 0.0005, (45a)
[Vep| = 0.0422 £ 0.0008, (45b)
| Vup] = 0.00394 £ 0.00036, (45¢)
y = arg (—Vud—v"*b> = (73.5+5.5)° (45d)
= Vea V', . 5)°.

We furthermore input tan 8 = vy /v1. We compute the matri-
ces N, and N, through Eq. 36), and the matrices Ny and
N, through Eq. (37). Finally, we input o and get to know
Lphysical in Eq- 15)8

In the scalar potential (17) there are seven independent
parameters (12,3 and A1 23 4. We input instead the seven
observables

l.v=,/ v% + v% = 246 GeV, which produces the correct

masses for the electroweak gauge bosons W* and Z°;
2. the lightest C P-even-scalar mass mj, = 125 GeV, corre-
sponding to the Higgs boson observed at the LHC;
the angle 8 = arctan (v2/v1);
the angle «;
5. the remaining scalar masses—m g of the second CP-even
scalar, m 4 of the pseudoscalar, and m g+ of the charged
scalar.

o

The last five parameters must be found through the fitting pro-
cedure. We have constrained m g+ to be larger than 100 GeV
and my and m 4 to be larger than 130 GeV. We have further-
more assumed all three masses to be smaller than 1.2 TeV;
values of the masses larger than 1.2 TeV would certainly be
allowed by the fitting procedure.

The quartic couplings of the model are determined via
Eq. (22). We check that the scalar potential is bounded from
below, that it does not have a panic vacuum, and that it sat-
isfies unitarity, viz. we check conditions (23, 24, 25). The
constraints from the electroweak oblique parameters S and
T are also imposed, by using the expressions for the 2HDM
in refs. [12,13].

We will now go into detail about the further constraints
that we have imposed.

e Weimplementtheb — sy bound describedin Appendix A,

including the contributions from both the neutral and the
charged scalars.

e The most relevant bounds on the off-diagonal entries
of the matrices Ny and N, come from flavour-physics

8 The angle o may be restricted to lie either in the first quadrant or in
the fourth quadrant [6].

observables, specifically the K, By, By, and D neutral-
meson mass differences, and the C P-violating param-
eter ex. We detail the computation of those quantities,
and the requirements on them that we use in our fit, in
Appendix B.

e The Z — bb constraints described in Appendix C
are also taken into account. In this case we use only
the charged-scalar contributions; the neutral-scalar ones
should be negligible.

e For the regions of parameter space where m;, > m, +
mp+, q being a down-type quark, or where m; > m, +
mg, q being either ¢ or u and S being either 4 or H or
A, we require that the branching ratio for each of the
kinematically viable t — light quark + scalar decays be
smaller than 5 x 1073, in accordance with the current
results on FCNC top decays and on the total top-quark
width [11].

e In order that the scalar / of our model complies with the
observational data from the LHC—it should be SM-like
in its behaviour—we require that its couplings to the elec-
troweak gauge bosons and to the top and bottom quarks
do not deviate significantly from the SM expectations.
We achieve this by focusing on the coupling modifiers
kx defined as gnzz = kz 8hyg. ShWW = KW &y
Smi = Kt g}sl}\tf', and g,,; = k»p 8%;- In our model
k7 = kw = ky and

cp—a (Nu)33
Ky = S—a> Kt =Sg—a — m s
t
cg_a (N,
kp = $pq — 2 "nib 3. (46)

cf Eqs. (15c) and (15d). In the first stage of the fit we
constrain these couplings to obey 0.8 < ky < 1,0.8 <
ky < 1.2,and 0.8 < |xp| < 1.2,2:10 in order to roughly
reproduce the LHC results. A second stage of the analysis
further constrains these couplings, as detailed below.

A numerical scan of the parameter space of the model,
in both the scalar and Yukawa sectors, was performed to
discover points that obey all the constraints described above.
It must be stressed that we have introduced nowhere in our
scan a ‘no-fine-tuning’ assumption: we have tolerated any
set of input values that led to the right outputs, even if either
the input values or any intermediate computations displayed
either ‘fine-tunings’ or ‘unnatural cancelations’. Strong fine-
tunings are often required in order to fit the D-meson mass

9 Notice that we allow the possibility of a ‘wrong-sign regime’ [14,15]
in the bottom-quark coupling. However, the combination of cuts applied
to the model ends up not allowing for that regime.

10 Notice that ky and k; must have the same sign, otherwise one would
expect a huge variation in the 4 diphoton width, in disagreement with
the SM-like observed values.
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difference constraint whenever m i and m 4 are not very high;
for the other constraints, fine-tunings are at most moderate
and do not occur at all for many points in our fit. As a matter
of fact, even for the D-meson mass difference, there are many
choices of parameters for which no fine-tuning is necessary
and one of the scalars has relatively low mass; one such case
is presented in Appendix D.

With those points we have proceeded to compute the LHC
production cross sections of the neutral scalars in the model,
using the software SusHTI [16,17] to include the NNLO
QCD corrections. We have limited ourselves to the gluon—
gluon production process, which is the dominant one in the
LHC environment. Regarding the vector boson-fusion pro-
cess, no differences will occur in this model vis a vis the usual
2HDM, as the couplings of the scalars to the gauge bosons
are the same in both models.

The results for i are expressed in terms of the ratios

_o(pp—>h)BR(h - X) 7
HX =M (pp = 1) BRM (7 — X))

where X may be either Z970 wtw-, bb, tz, or yYy.
The value uy = 1 indicates exact SM-like behaviour. We
require that all the pux be within 20% of 1, which is a fair
description of the current LHC results, taking into account
the uncertainties. With this imposition, the ranges of varia-
tion of ky = sg_q, k¢, and k; become much smaller than
initially allowed in the fit: we obtain 0.929 < ky < 1
and 0.952 < {k;, kp} < 1.04. For comparison, we will also
present results for the tighter constraint |[ux — 1| < 0.1.

In principle, we should also consider the leptons. The 7Z3
symmetry in the quark sector must be extended to the leptonic
sector. Since flavour violation with leptons is much more
constrained than with quarks, the best choice would be to
extend Zj3 to the leptonic sector in a way identical to the
flavour-preserving 2HDMs, allowing only one of the two
doublets @, to couple to the leptons and give them mass.
We would then have have two possibilities for the couplings
of the scalars to the charged leptons—either ©; couples to
the charged leptons or @, does. The coupling modifier k; =

gh,f/g,flrvi- is given by

and Kk, = — (48)

for the first and second choices, respectively. For definiteness,
in our fit we have adopted the second option in Eq. 48), viz.
we have imposed

0.8 < sin o

<1.2 (49)

cos B

to the points in our fit. However, since the extension of our
model to the leptonic sector is largely arbitrary, we have

@ Springer

refrained from taking into account any other constraints on
our model that might arise from processes involving leptons.
We point out, though, that flavour-changing constraints from
processes like K; — pTu~ or By — utu~™ may pose
serious challenges to our model.

4.2 General results

The bounds on the scalar sector—unitarity, oblique parame-
ters, and vacuum stability—produce the same contraints on
the model’s parameters than those found in the usual version
of the 2HDM. On the other hand, since the symmetry that we
are considering affects in a non-trivial way the quark Yukawa
matrices, there are major differences relative to other 2HDMs
when the flavour-physics bounds are imposed. The flavour
constraints from meson observables and from the top-quark
FCNC decays and total width, previously described, con-
strain severely the magnitudes of the off-diagonal elements of
the matrices N, and Ny. Our fit achieves to keep FCNC under
control even with extra scalars of “low” masses—H and A
may have masses below 500 GeV. This is in contrast with the
often-made assumption that models with tree-level FCNC
imply masses above 1 TeV; this had already been shown not
to necessarily apply in the previous version of the current
model [9]. In Ref. [18] it has been argued that contributions
from the scalar and pseudoscalar particles (H and A, respec-
tively) to FCNC meson observables tend to cancel each other;
we have explicitly observed that, for many points in our fit
(cf. the point given in Appendix D), the arguments of Ref.
[18] apply, and this is the reason why masses of the extra
scalars lower than 1 TeV are possible.

One consequence of the present model is the fact that
the scalar /#, which we have taken to be the 125GeV state
observed at the LHC, has tree-level FCNCs, as indicated by
its Yukawa interactions in lines (15c¢) and (15d). Thus, unlike
in the (tree-level) SM, h has the possibility of FCNC decays
to final states sb, db, ds, uc, and their charge-conjugate
states. However, for all the points resulting from our fit, these
decays are extremely suppressed—the sum of the branching
ratios for all of them being at most 2 x 107 but usually
much lower. Therefore, in our model the FCNC decays of
the 125 GeV-particle are impossible to observe at the LHC,
and almost certainly even at future eTe™ colliders such as
the ILC; the existence of those decays has no measurable
impact on the phenomenology of the scalar 4. The FCNC
also raise the possibility of alternative production mecha-
nisms for &, such as ds — h or uc — h; such production
channels would be favoured by larger proton PDFs relatively
to the SM production mechanism bb — h. However, once
again these FCNC processes are found to be extremely small
in our fit. According to (15¢) and (15d), all the FCNC h
interactions are suppressed by their proportionality to cg_g,
which is required to be quite small by the SM-like behaviour
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Fig. 1 vy/v; versus the charged-Higgs mass for the parameter-space
points that survived all the theoretical and experimental constraints

of the 125 GeV scalar £, by the ratio between a light-quark
mass and v = 246 GeV, and, sometimes, by the smallish off-
diagonal N, and N,, matrix elements induced by compliance
with meson-physics bounds.

In Fig. 1 we show the points generated by our fit, displayed
on the tan f—m g+ plane.

(The observed low density of points is merely a con-
sequence of the difficulty in achieving good fits—further
searches would yield more points and fill many more regions
in the plot; lack of points in some areas has no physical mean-
ing, it is just an artifact of the limited parameter space scan).
A clear conclusion from Fig. 1 is that 1/20 < tan 8 < 20
in our model!!; this is mainly a consequence of the b — sy
bounds and, to a lesser degree, of the Z — bb bounds. One
also sees in Fig. 1 that values of the charged-scalar mass as
low as 130GeV are easily attained; this is in stark contrast
with the findings for the type Il 2HDM, where a lower bound
on m g+ of roughly 580GeV exists. Unlike in the usual type-
I and type-II 2HDMs, in our model the quark mass matri-
ces do not emerge from the Yukawa couplings to a single
scalar doublet, but rather from the couplings to both ®; and
®,. As such, although we employ the standard definition
tan 8 = vy /v1, the usual wisdom about the values of this
parameter does not apply.

The matrices N, and Ny also exist in the usual flavour-
preserving 2HDMs, but there they are diagonal and propor-
tional to the quark mass matrices. In fact, in the type-I1 2HDM

11" As is plain in equations (26), in our model there is a symmetry
between the Yukawa couplings of @ and the ones of ®;, so that, for
any given ¢, tan B = ¢ is just as (im)possible to achieve as tan § = 1/¢.
This is in contrast to what happens in the usual 2HDMs types I and II.

M, My
u - ’ d = —T—____» (50)
tan 8 tan 8
whereas in the type-11 2HDM
M,
N, = — , Ng= Mgtan B. (@28
tan 8

Now consider Fig. 2, where we have plotted the values of
both |(Ng)33| /m;, and |(NVy)33] /m, as functions of tan §.

The green line shown in plot (a), upon which many blue
points are superimposed, corresponds to [(Ng)sz| /mp =
1/ tan B, that one would obtain if the model behaved, for the
bottom quarks, as a type-I 2HDM. The red line would cor-
respond to type-II behaviour, viz. |(Ng)s3| / mp = tan B. It
appears that, in this model, most regions of parameter space
yield either approximate type-I behaviour or approximate
type-1I behaviour for bottom quarks. Note that, although
the blue points appear superimposed on the green and red
lines, they are not exactly on them — the type-I and type-1I
behaviours displayed are approximate and there are devia-
tions from them, which indeed can be large, as we observe
in particular for low values of tan 8. In Fig. 2b we observe
the same behaviour for top quarks—most points have either
|(Nu)33l /ms = tan B or |(N,)33] /m; = cot B.

From Eq. (50) it follows that, in the type [ 2HDM,

(Ny)3z mp

52
(Na)33 my 52)

is equal to one, whereas in the type II 2HDM, from Eq. (51),

_ (Nu)33 (Na)33
memy

(53)

is equal to one. In Fig. 3 we display the quantities (52)
and (53) plotted against each other.

That figure shows that, for most points, our model is more
similar to the type-1 2HDM, at least in what concerns giving
mass to the third generation, i.e. the top-quark and bottom-
quark masses originate mostly in the Yukawa couplings to the
same scalar doublet. However, there are also many allowed
points for which the quantity (52) is not unity; for those points
another regularity applies, namely the quantity (53) is very
close to zero.

Still, one should remember that in our model there is
flavour violation in the Yukawa interactions, and one obtains
different results from those in Figs. 2 and 3 for both the (1, 1)
and (2, 2) entries of both N; and N,,. In fact, the deviations
from either type I- or type II-like behaviour for the first and
second generations are much more pronounced than what one
observes in Fig. 2. But, the corresponding Yukawa couplings
being much smaller, that has much less importance for the
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Fig. 2 a|(Ng)s3l / mp and b [(Ny)33] / m; versus tan § for the parameter space points (in blue) which survive all the theoretical and experimental
constraints. The green lines correspond to y = cot 8 and the red lines correspond to y = tan 8, where y is [(Ny)33| /m;, in (a) and |[(N,)33] /m,

in (b)
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Fig. 3 -(Nu)33 (Na)33 / (mpmy) versus (N)az mp [ [(Na)zz mi]

Higgs-boson phenomenology than the third-generation cou-
plings that we have discussed in those figures.

4.3 Properties of the extra scalars

We now turn to the extra neutral scalars in the model, H
and A. The LHC Collaborations have been looking for neu-
tral scalars other than the 125 GeV boson by investigating the
production of W¥ W, Z°Z%, and r 7, among other channels.
The non-observation thus far of meaningful excesses in the
cross sections, relatively to their SM expectations, imposes
bounds on the masses and couplings of new particles. In our
model, the imposition of the top- and meson-physics con-
straints should force the off-diagonal entries of the matrices
Ny and N, to be smallish, hence we expect that, just as &, the
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scalars H and A will have reduced flavour-changing interac-
tions. Therefore, our model is expected to behave very much
like the flavour-preserving 2HDMs in what concerns the pos-
sibility of evading the current experimental non-observation
bounds for the extra scalars. As we will now show, there
is a vast parameter space still allowed by the experimental
constraints.

We firstly consider the limits coming from the search for
resonant Z°Z pairs by both the ATLAS [19-23] and CMS
[24-26] Collaborations. This is a good channel to look for
the heavy CP-even scalar H, which may decay at tree level
as H — 7°7°.12 In Fig. 4 we show the points which obey
all the constraints described in Sect. 4.1; the points in blue
correspond to the requirement that all the ;x are within 20%
of 1, and the points in red have all the  x less than 10% away
from 1.

The yellow line is the upper 20 bound from the observed
limit from Ref. [23]. We observe that most of the allowed
parameter space yields a pp — gg — H — Z°Z0 cross
section below the experimental upper bound; only a few low-
mpy points exceed the bound, but even for those low values
of m y there are plenty of points which are still allowed. The
tighter constraint of 10% on the & production rates does not
qualitatively change the picture. There is a simple explana-
tion for why low values of the pp — gg — H — 2°7°
event rate should be obtained, namely, in any C P-conserving
2HDM (or, indeed, multi-Higgs-doublet model) there is the
sum rule

2HDM
(8 hzz ) + (g

M) = (e2) (s

12 Unlike the pseudoscalar A, which may decay to Z°Z° only through
loops.
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Fig. 4 Cross section of the process pp — gg — H — Z°Z0 at
13TeV collision energy, as a function of the mass of the heavy C P-
even scalar H. All the points displayed obey the constraints for our
model described in Sect. 4.1. For the blue points, the 125GeV scalar
h has all its production rates within 20% of their SM-expected values;
for the red points those production rates are all within 10% of their SM
values. The yellow line is the 2o upper bound given in Ref. [23]

for the couplings of the C P-even neutral scalars to gauge-
boson pairs. Therefore, if the coupling of / to Z° (and W)
pairs is very close to its SM value, then the coupling of

H to such pairs will be suppressed. Equation (54) is nor-

mally expressed through g%I;EM =Sp-a g%’lz and g%IHZDZM =

Ch—a gfll%/lz; SM-like behaviour of 4 means sg_, 2 1, which
implies cg_q = 0.

In Fig. 5a we show the gluon—gluon production cross sec-
tion for a pseudoscalar A, multiplied by its branching ratio
to a 7 pair, at LHC. (Similar results were obtained for H
instead of A, but the obtained values of o x BR were about
one order of magnitude lower than those of A). There are
some LHC results for searches in the ¢ channel [27,28]; we
have used the results of Ref. [28], although the analysis in that
paper does not deal with the 2HDM. In Fig. 5a, the yellow
line is the upper 20 bound in figure 11 of Ref. [28].!13 The
published results only extend down to m 4 >~ 500 GeV, but it
is clear that no exclusion will occur even for A masses lower
than that. As before, the red (blue) points indicate a cut of
10% (20%) on the px ratios for the Higgs boson 4, meant to
ensure its SM-like behaviour and compliance with the LHC
results. The green points in the same plot are the subset of
the red ones for which the width of A is larger than 10% of
its mass: "4 /mA > (0.1. We have thus far been assuming the
validity of the narrow-width approximation and neglecting
eventual interferences between backgrounds and signal; by

13 That figure concerns the possibility of a spin-2 Kaluza—Klein gravi-
tation excitation, and it is the one for which the lowest values of o x BR
are achieved, as well as the production channel where the initial state
includes two gluons; we have chosen it as a conservative option.

marking these large-width points in green, we want to draw
attention to the only regions where that approximation might
fail.'* The conclusion to draw from Fig. 5a is that the current
exclusion bounds from the ¢f resonance searches are easily
evaded by our model.

In Fig. 5b we investigate the possibility of the heavy
C P-even scalar H being observed through its decay to two
125 GeV scalars 4. This hh channel is being thoroughly stud-
ied at the LHC, considering several possible decay channels
for both h particles [29-37]; the yellow line in Fig. 5b is the
20 upper bound of figure 6 of Ref. [29]. The blue and red
points are the same as before; the green points are the subset
of the red ones for which I'y / mpg > 0.1. (Therefore, the
green points in Fig. 5b do not coincide with the green points
in Fig. 5a). Unlike in Fig. 5a, the green points, correspond-
ing to scalars H with a large width,'> correspond to smaller
values of o x BR. Just as in the previous figures, we see that
virtually all of our parameter space, except a few low-mass
points, complies with the existing experimental bounds.

Since the model that we are studying differs from usual
versions of the 2HDM through the existence of FCNC, we
have considered the possibility of single-top decays of the
heavy (pseudo)scalars H and A. Indeed, the non-diagonal
Yukawa interactions lead to the possibility of decays like
H — tiiand A — ct, which might be observed as top-quark
+ jetevents at the LHC; such events should be quite challeng-
ing to study in an hadronic machine such as the LHC, but the
recent progress in charmed-jet identification algorithms may
be a significant contribution for a future analysis. .

In Fig. 6 we present the expected cross section times
branching ratio for both (a) the H and (b) the A. In Fig. 6
we have grouped together all the FCNC decays of the scalars
with a single top in the final state, viz. the decays to ti, fu,
t¢, and 7c. The top- and meson-physics constraints described
in subsection 4.1 usually produce N, matrices with smallish
off-diagonal elements, and this yields very small branching
ratios for FCNC decays of both H and A — the maximum
values that we have obtained were smaller than 5 x 1074,
but usual values were much smaller than that. Therefore, the
model predicts values for o x BR usually orders of magni-
tude below the fentobarn. It is difficult to find experimental
bounds on such a search channel, but the search for a W’
decaying to a single top quark plus a bottom quark [39] can
at least give arough idea of the current sensitivity of the LHC
for a top+jet resonance analysis. Though the mass range is
different (the analysis of Ref. [39] starts at 1 TeV), the bounds
shown in that paper for the cross section times the branch-

14 Notice, though, that the width of A is never larger than 29.2% of its
mass for the points obtained in our fit.

15 But, for all the points analyzed the width of H was never larger than
35% of its mass.

16 We thank Nikolaos Rompotis for this comment. See also Ref. [38]
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Fig. 5 a The gluon—gluon production and decay to 7 of the pseu-
doscalar A versus its mass. The yellow line is the upper 20 bound in
figure 11 of Ref. [28]. b The gluon—gluon production and decay to ih
of the scalar H versus its mass. All the points displayed obey the con-
straints described in Sect. 4. For the blue points, / has production rates
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within 20% of its SM-expected values; for the red points those produc-
tion rates are within 10% of the SM value. The green points are a subset
of the red ones, for which the width of the scalar in each plot is larger
than 10% its mass. The yellow line is the 20" upper bound in figure 6 of
Ref. [29]
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Fig. 6 a The gluon—gluon production and the decay to g of a the pseudoscalar A and b the heavy C P-even scalar H versus their respective

masses. The colour code is the same as in the previous figures

ing ratio are of order 0.1 pb, and therefore much above the
predicted o x BR shown for our model in Fig. 6.

5 Conclusions

In this paper we have presented a two-Higgs-doublet model
that attempts a partial solution of the strong C P problem by
relegating a possible generation of a nonzero 6 to the two-
loop level. Our model achieves this by postulating a soft C P
violation that transfers itself just to the CKM matrix, with no
C P violation anywhere else in the model, especially no C P
violation in scalar—pseudoscalar mixing.

@ Springer

We do not claim that our model achieves a full solution
of the strong C P problem, because the 6 generated at two-
loop level might still be too large. However, since in our
model C P violation exists only in the CKM matrix, one may
expect 0 to be proportional to J ~ 1073, the only CP-
violating invariant quantity in that matrix. Adding in a two-
loop factor (16712)_2 ~ 10~* and [40] probable suppression
factors my/myw, where m, is a generic second-generation
quark mass, one might well reach a sufficiently small 6.

Of course, a 2HDM where C P violation only occurs in
the CKM matrix eschews one of the motivations for multi-
Higgs-doublet models, namely, obtaining extra sources of
C P violation in order to reach a sufficiently large baryon
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number of the Universe. We have nothing to say about this
insufficiency.

We have investigated the compatibility of our model with
the outstanding experimental constraints, in particular on
the flavour-changing neutral currents. Our model can easily
evade them, at the price of cancelations that might be quali-
fied as fine-tuning. We find that the new scalars in our model
may in some cases be little heavier than the observed Higgs
particle of mass 125GeV. That will not necessarily make
them easy to discover, though, as we have seen in Sect. 4.
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A The decay B — X,y

The decays of a bottom-flavoured meson to a strange-
flavoured meson and a photon proceed via the quark tran-
sition b — sy. Those decays constitute one of the most
relevant constraints on the parameter space of a multi-Higgs-
doublet model, because they receive important contributions
from loops with charged scalars. This is because the inter-
actions of a charged scalar with down-type quarks may be
substantially enhanced by ratios of VEVs. Consequently, in
a 2HDM the constraints from b — sy typically eliminate
substantial regions of the m y+—tan B plane.

In the model under discussion in this paper, the occurrence
of tree-level FCNC means that the neutral scalars also con-
tributetob — sy, unlike what happens in flavour-conserving
2HDMs. We follow the general analysis of Ref. [41] to take
into account both the charged and the neutral scalars’ con-
tributions. We write the Yukawa interactions of our model in
the notation

Ephysical
k(LS PLrRE PR) j (550)

(ng PL+RE, PR) j+He. |

a=u,c,t  j=b,s.d
(55b)
with coefficients defined as'’
Sp-amicdij — cpa (N}) ;4
Ly = - Ly (56a)
n o Sp—aMibkj — cp—a (Na)i;
R}, = . , (56b)
Cp-amidij + Sp—a (Ng)
L = - L (56¢)
Ch—amidkj + Sg—a (Na)y;
R = = -’U’“‘ L (56d)
L(N7)
L = Tj (56¢)
—i (Na)g;j
Rf = . L (56f)
V2
C
Lg=-— Y (Vi) ge Vaio (562)
B=u,c,t
V2
Rgj=—== 2 Va(Na);- (56h)

I=d,s.b

The Wilson coefficients required for the computation of b —
sy are [41]

e

Cr(w)=g— 3 (57a)
e/
AC7 (n) =g' — 3 (57b)
Cy () = f +e, (57¢)
ACg(n) = f'+¢, (57d)
where
= R
4Vl>§‘ thm%"l* a=u,c,t “
c mgz c Ma mgz
x| Ry, I3 — + Ly, — 14 5 ,  (58a)
My b M+
S YR
A e— !
4Vl>~|; thm%—l"’ a=u,c,t “

7 In our model the matrices N, and N, are real, still we write the
coefficients in the general form that follows from Eq. (15), viz. allowing
for complex N, and Ny.
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2
m m m
x |:R§b15( = )+L§b—°‘16( = )} (58b)
mH+ mpy, mHJr
2
v 1 *
_ - RS
* Z 2 ks
AVisViy S=h.H,A ™S k=d.s.b
2
m mp m
x |:Rkb L —’2‘> + LY, — Iy (—’;)] : (58¢)
mg mp S
and
f'=f(RE < LE), (59a)
g =g(R® & LE), (59b)
¢ =e(RS < L% forS=h,H,A. (59¢)

The functions I3 4 5 ¢ are given in equations (40)—(43) of Ref.
[41].

To compute the overall branching ratio of b — sy we fol-
low refs. [42,43]. We use the effective operators described
above, defined as being at the Fermi scale u = my, and
include NLO QCD corrections by choosing m, as the renor-
malization scale. Let n = a5 (mw) /aS (mp) = 0.5651 [42]
be the ratio of the running strong coupling constant between
scales mw and mp. We compute

AC (mp) = n'*% AC7 (mw)

8
+5 (02 —n'2) Ay mw). (600)
C’ (mp) = 0" C} (mw)
8
+§ (U14/23 . 7716/23) Cl (mw) . (60b)

and then [44]

BR (b — sy) =BR (b — sy)sm

—0.706 Re[AC (mp)]},

where BR (b — sy)gq = 3.15 x 10~*. We consider our
model to be in compliance with the b — sy dataif it yields a
branching ratio within twice the experimental error bar, viz.
we require 2.4406 x 107* < BR(b — sy) < 3.8594 x
1074,

B The neutral meson—antimeson observables

The FCNC induced by the off-diagonal entries of Ny and N,
lead to tree-level contributions to flavour observables such as
C P violation through the parameter ex and the mass differ-
ences in the K'Y, Bg, B?, and DY meson—antimeson systems.
These are sensitive observables and new-physics contribu-
tions to them may easily be overwhelming. Thus, we must
make sure that the contributions to them from the scalar sec-

@ Springer

(61a) MNP =
+ (2.47 x 10—3) {|AC (mp) 2 +|C" (mp)|*
(61b)

tor of our model conform to the current data. We use the
numbers listed in Ref. [11].

B.1 K%-KO observables

Two K° meson observables are sensitive to the tree-level
FCNC contributions from the scalar sector: the C P-violating
parameter €x and the mass difference between K and Ky .
Both observables arise from the matrix element effecting the
trasition K° — K9, called M. This receives contributions
from the SM, via box diagrams, and from new physics (NP),
through FCNC in the scalar sector: M>; = M%\’I + M%P. We
use the results presented in Ref. [45]. The SM contribution
originates in a box diagram and is given by

G2 m2 fmeBK
MM = ——EE K=l A2 So(we) + 2 A7 So(xr)
+213 AeAr So(xe, X0)1, (62)

where G r is the Fermi constant, my is the W-boson mass,
fx = 0.1555GeV is the K-meson decay constant, mg =
0.497611GeV is the K-meson mass, and Bx = 0.723
parameterizes the error in the vacuum-insertion approxima-
tion for the relevant matrix element. The x;, = (mq /m W)2
and Ay =V, Vys for g = c, 1. The functions Sy are given in
equations (B.15) and (B.16) of Ref. [45]. Finally, the param-
eters 1 = 1.38, np = 0.57, and n3 = 0.47 account for QCD
corrections.

The new-physics contribution originates in the tree-level
exchange of 4, H, and A. One has, by using the vacuum-
insertion approximation for the matrix elements of the oper-
ators,18

2
femx { [(NJ)ZS + (Nd)fd]

96v2
10m% 1 o Sha 6
(mg +m )2 m_z_ m? B m2 (63a)
s d A h H

+4(N3),. (Na) 1+%
d)ds d7sd (ms +ma)?

2 2
1 g S
x (—z+ ﬁza+ﬁ—za)}~
m mH

A
Notice that Mgllp in our model is real.

The Ks—K mass difference is given by Amg = 2 |M>y|.
Unfortunately, the SM contribution to Amg is affected by
considerable uncertainties, stemming from long-distance,
difficult to compute contributions to MZS]M, and also from
imprecisions in the value of Bg. Therefore, we just require
that the new-physics term does not give a contribution to
Ampg larger than the experimental value, i.e. while fitting

(63b)

18 See refs. [45] and [8] for a detailed derivation of Eq. (63).
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the parameters of the model we demand that 2 |[M)F| <
3.484 x 10~ GeV.

It is expected that the uncertainties which trouble the cal-
culation of Am g do not affect the computation of €k, given
by

Im(Ma15%)

€k =2228x 103 = ———="u 2
V2 Amg |2y l?

(64)

In Eq. (64), we use in the numerator M| = MZSfVl + Mgllp s
while for Amg in the denominator we use the experimental
value. We accept fit results which give ex within a 10%
deviation from the central value.

B.2 By—B; mass differences

The mass differences in the meson—antimeson Bg—ég and
BY-BY systems are well measured and their theoretical cal-
culation, unlike that of Amg, is reliable. We use, for the
B% — BY transition,

2.2 2
Grmy f5,mB, BB,

2
1272 nB, (V,bV;i) So (x1)

(65)

SM _
M21 -

with fp, = 0.1902GeV, mp, = 5.280GeV, Bp, = 1.219,
and np, = 0.55. Note that in Eq. (65) one uses only the box
diagram with top-quark internal lines. The NP contribution
is given by an expression analogous to Eq. (63), with the
obvious substitutions fx — fp,, mg — de, and my; —
mj. We accept the result of the fitif 2 [ MSM + M| is within
10% of the experimental value Amp, = 3.333 x 10_13 GeV.

For the BY — B transition we have Eq. (65) with all
indices d — s and fp, = 0.228GeV, mp, = 5.367GeV,
Bp, = 1.28, and np, = 0.55. The NP contribution is given
by an expression analogous to Eq. (63), with the obvious
substitutions fx — fp,, mg — mp,_, and mg — mj. We
accept the result of the fit if 2 [M5M + MNP| is within 10%
of the experimental value Amp, = 1.17 x 107! GeV.

B.3 The mass difference in the D°—D° system

There are also contributions to the mass difference in the
meson system D%—DO. As in the KO—K© system, there are
considerable uncertainties in the calculation of M%v[ There-
fore, once again, we resort to requiring only the New Physics
contribution not to be too large. We have

NP fzz)mD ) 2
My = 9612 [(Ntt)uc+(NM)cu]
% L — 62__"‘ — Sé__“ (662)
(m¢ +mu)2 m,24 mi m%-]

6m?>
4(N 4+ D
+4(Nyy) .y (Nu )uc[ (chrmu)z]

2 2
1 Ch_ Sg_

X (_2+ﬂ_2"l+ﬂ_2“>}’
nmy my My

with fp = 0.212GeV and mp = 1.865GeV. Conserva-
tively, we require 2 |M§1P| to be smaller than the measured
mass difference 6.253 x 10715 GeV.

(66b)

C Z — bb constraints

A potentially very important constraint to two-Higgs-doublet
models (2HDMs) stems from the measurement of the decay
Z — bb. We follow the treatment of that decay in refs. [46—
48]. The Lagrangian for the Zbb vertex is written as

“ by"™gr PL + gX Pr)D, (67)
SWCW

L7v5
where the coefficients gé’R are, at tree level in the SM,
gk = —1/2+s3,/3 and g} = s3,/3. In both the SM and in
extensions thereof, these coefficients get one-loop contribu-
tions. To wit, in the 2HDM the contributions of loops with
charged scalars to g~ and g5 are given by

G 2
8gy = f; F|(NTV)33| Si ( i ) (68a)
mH+
2
82y = —{6 51 (VND3 2 ( o ) (68b)
mH+
where
fla) = — (1— Inx ) (69)
x—1 x—1

The contributions of loops with neutral scalars are expected
to be small, both for 2HDMs with flavour conservation [46—
48] or without it [49]; we neglect them. In order to take into
account the current experimental results on the observable
quantities Rj, and Ap (see refs. [11,46]), we have required
that the charged-scalar contribution added to the SM one,
viz. gk = —0.42112 + 83t and gF = 0.07744 + 83, does
not deviate from the SM prediction by more than 20, viz.
2(3F)’ +2(28)” = 0.36782 + 0.00143.

D A benchmark point

To illustrate the model, we provide a specific point, which is
meant to serve only as an example. The input in the scalar
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sector is
v=,/v] +v3 =246GeV, v = 145.48GeV,
B — o = 289.46°, (70a)
my = 125GeV, mpy = 688.46GeV,
ma =364.01GeV, mpy+ =712.00GeV. (70b)

To this input correspond the following (approximate) values
for the parameters of the scalar potential:

w1 = 89682.55GeV?, o = 31942.59 GeV?,

w3 = 63188.85GeV?, (71a)
A1 =9.9708, A, =3.7121, A3 = 6.8336,
A4 = —12.3750. (71b)

It is easy to confirm that the values (71) fulfil all the condi-
tions (23, 24, 25). Notice in Eq. (70b) that the masses of all
four scalars are neither too close nor too far away from each
other.

The Yukawa-coupling matrices are as in Eq. (26), with

by = 1.0761 x 1073, d; = 1.9555 x 1074,

f1=5.1710 x 1073, (72a)
by = —9.3709 x 107%, dy = —3.0026 x 1072,

=0, (72b)
p1=6.9338 x 1072, ¢ = —3.0282 x 1074,

r = —1.3664 x 1072, (72¢)

pr=—12295, ¢»=0, r,=-9.2531x 1073, (72d)

Wealsoinput®; = 0, 8, = 1.33 rad. One thus obtains quark
masses and a CKM matrix in agreement with Egs. (44, 45).
The matrices that parameterize the FCNC are

74x1073 27x1072 42 x 1072
Ng=| -18x%x107 0.15 —5.0x 1073 |,
53%x 1070 —3.9x 1077 —3.09
(73a)
1.2 x 1072 -0.29 —1.61
N,=| 64x102 —-0.93 —149 (73b)

—27%x1073 1.3x107* —126

One sees that some off-diagonal matrix elements of N, are
not very small, and some off-diagonal matrix elements of
N, — which is almost a triangular matrix — are pretty large.
There is a cancelation of about one part in 47 between the
contributions to the neutral- D-meson mass difference of the
neutral scalars & and H on the one hand and of the pseu-
doscalar A on the other hand; there are analogous, yet milder,
cancelations among the contributions to the other neutral-
meson mass differences. In general, we have found that the
D-meson mass difference constraint requires quite strongly
fine-tuned cancelations when the neutral scalars have low
masses, while the constraints from all other neutral-meson

@ Springer

systems are much easier to satisfy and mostly require no
fine-tuning. Still, notice that this benchmark point has one
particle (the pseudoscalar A) with relatively low mass.

With this benchmark point, the coupling modifiers defined
in Eqgs. (46) and (48) are

ky =0.9993, «,=009721, «p =0.9720, «; = 1.0502,

(74)

and some of the phenomenological quantities computed in
Sect. 4 are found to be:

BR (h — ¢g') = 6.89 x 107!, (752)

o (gg — h) = 38.98pb, (75b)

o (gg —~ H— ZOZO> = 0.75 fb, (75¢)
o (gg > A — tg,) = 0.03 b, (75d)

where (1) g¢’ refers to a sum over all possible FCNC decays
of h, (2) the cross sections are for a LHC center-of-mass
collision of 13 TeV, (3) the FCNC decays of A involve g, = u
and ¢, = ¢, and (4) we have grouped together all the FCNC
decays of the scalars with a single top in the final state.
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