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Abstract Models with scalar doublets and charged scalar
singlets have the interesting property that they have couplings
between one Z boson and two charged scalars of different
masses. This property is often ignored in phenomenological
analysis, as it is absent from models with only extra scalar
doublets. We explore this issue in detail, considering 7 —
Zy, B — Xy, and the decay of a heavy charged scalar into
a lighter one and a Z boson. We propose that the latter be
actively searched for at the LHC, using the scalar sector of
the Zee-type models as a prototype and proposing benchmark
points which obey all current experimental data, and could
be within reach of the LHC.

1 Introduction

Over many decades, the Standard Model (SM) [1-3] has been
confirmed to unprecedented precision. This culminated with
the 2012 experimental detection of a fundamental scalar par-
ticle with mass 125 GeV (the Higgs Boson £125) [4,5], which
had been proposed in the early 1960’s [6,7]. Still, the SM
leaves unanswered questions, from the nature of neutrino
masses, to the origin of Dark Matter (DM). Having found
one fundamental scalar, the most pressing question is: are
there more fundamental scalars in Nature? There is a large
international effort to answer this question, both from the
theoretical point of view, and from the robust experimental
physics programs currently pursued at CERN’s LHC.

Thus, one is lead to study and search for signals of extra
scalars. It is known experimentally that the masses of the W
and Z bosons bear arelation very close to that predicted in the
SM: Mz cos 6w /Mw ~ 1, where Oy is the Weinberg angle.
This holds automatically if the extra scalars are in doublets
or singlets of the electroweak gauge group. Thus, we are lead
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to study theories with any number of scalar doublets and/or
singlets; the latter neutral and/or charged.

A case of particular interest is the Zee model [8] with
two Higgs doublets and one charged singlet, originally pro-
posed to explain naturally small neutrino masses, and later
adapted to explain also DM [9,10]. The Zee model with an
extra Z symmetry proposed by Wolfenstein [11] is not con-
sistent with current data from neutrino oscillations [12,13],
but the original proposal is still consistent with all leptonic
experimental results [14,15]. But the scalar sector of the Zee
model (and of models having the same scalar sector, which
we dub ‘“Zee-type” models) also has another striking feature
which is mostly ignored; it is the minimal model predicting
the existence of couplings ZH li H5 between the Z gauge
boson and two charged scalars (HIJr and H2Jr ) of different
mass. This is the feature highlighted in this article.

Even before direct detection of the extra charged scalar
particles, Z H]jE H;" couplings could potentially have a vir-
tual effect on current measurements, such as k15 — Zy.
We discuss this example in detail. In fact, the contribution of
the charged scalars to the branching ratio can even vanish,
but that is not because the Z couples to two different charged
scalars, but rather because there are two charged scalars con-
tributing in the loop. Indeed, this feature is already present for
instance in the 3HDM, where there are two charged scalars
but the coupling of the Z to them is diagonal. Although there
is a modulation of the result with the mixing angle between
the two charged Higgs, this is hidden when the sum over all
diagrams is performed.

To study this model we took into account all the theo-
retical and experimental constraints coming from the scalar
and quark sectors. In particular, we considered in detail the
influence of the bounds coming from BR(B — X;y) [16].
This is especially important because, as there are two charged
Higgs, one can evade the 580 GeV limit for the 2HDM [17].
We will discuss the implications of this for Zee-type models.
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A distinctive signal for this model with its ZH li H3F cou-
plings is the decay of the heavier charged Higgs into the
lightest one and one Z. We performed an analysis of the
parameter space to look for regions where this decay can be
large. This lead us to identify examples of benchmark points
where the decay H2+ — H1+ Z can be large as well as the
decay H 1+ — tb, leading to a clear signature that should be
searched for at the LHC.

The paper is organized as follows. In Sect. 2, we review
the formalism for models with an arbitrary number of dou-
blets and singlets, and in Sect. 3 we apply it to the case of
the scalar and quark sectors of Zee-type models. In Sect. 4
we discuss the constraints on the model, both theoretical and
experimental. Our results are presented in Sect. 5 where we
discuss the impact on 4 — Zy and in Sect. 6 where we
study the novel decay H2+ — H1+ Z. For this decay we pro-
pose benchmark points with noteworthy features in Sect. 7.
The possibility of having neutrino masses and mixings in
these type of models is briefly discussed in Sect. 8. After
the conclusions in Sect. 9, some appendices are included. In
Appendix A we list the relations of the parameters of the
potential with the masses and angles and in Appendix B,
we collect the relevant couplings of the charged Higgs. The
details of the calculation of the BR(B — Xy) are given in
Appendix C, while the detailed formulas for the loop decays
are presented in Appendix D and for perturbative unitarity in
Appendix E. As far as we know, the latter are presented here
for the first time.

2 Models with an arbitrary number of doublets and
singlets

We consider the models studied in [18] and use a similar
notation to the one presented there. The scalar part of the
model consists of ny doublets of SU(2), n. singly charged
singlets and n,, real neutral singlets. The fermionic and vector
fields are identical to the SM content.

The scalars are denoted by

+
¢a=<¢”), a=1,2,...,nq,

¢
Xl+’ i:1725""nc‘7
XX, r=12,.n,, (D
and the neutral fields can be expanded around their vevs as
@0 = (v + 0¥
- a
a \/z a
X0 =+ x ©)

with complex v, and real u,, where the former satisfy
v = (3 |val?) = 246GeV. With a total of n = ng + n
complex singly charged scalar fields and m = 2ng4 + n, real
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neutral scalar fields, we can define the change to the physical
basis S} (@ = 1,2,...,n) anng B=12,...,m)with
masses M+, and mog respectively, throughout the unitary
transformations

00 =UgSy
Xi+ =TS, ,
o =VIsg.,
X' =RESg, 3)

where the last matrix is real and the others are complex. In
this text, every index appearing up and down in the same
expression is assumed to be summed over. The matrices

~ U«
Ua/ - < a) ’
a Tia

Re Vaﬂ
Vi =mv/|, @)
R}

are, respectively, the unitary and orthogonal matrices that
diagonalize the charged and neutral mass matrices. The phys-
ical fields with indices « = 1 and B = 1 are assigned to
the unphysical Goldstone bosons, and the neutral Sg field
is assigned to the Higgs particle measured at the LHC with
mass my >~ 125 GeV. We note that even though the matri-
ces defined in Eq. (4) are unitary, the matrices in Eq. (3) do
not need to be. In fact, only if there is no mixing between
the doublet fields and the charged singlets, can the matrices
be brought to a basis where they become composed of zeros
surrounding a unitary square matrix. This characteristic is of
significant importance as we will show later.

2.1 Scalar potential

For simplicity, we assume a discrete symmetry under which
all fields transform trivially, except the neutral singlet scalars,
for which x® — —x0. The scalar potential may then be
conveniently written as
b ij - 5,00
V= ui"¢ip+ w3 X a1 K X
+ (1§ paioadpx; +h.c)
bed f ijkl - -
+ 2Pl da + 25 x X X
stu 0,000 bij -
F A A K K A 2 Bl xT X
+ 285 pi o x + g K K a0 )
where o7 is the second Pauli matrix, 3 and A3 are real and
the rest complex, while 4.c. stands for hermitian conjugate.
The parameters are subject to the relations

Jik

lu‘l2] = /‘1‘2 9

bax

b
l’l/? =l‘L1 ’
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rs __ , Sr abi __ bai : C
W3 = 3, My ' ==, (6)  We see from Eq. (10) that there is no mixing between the
charged fields originating from doublets with the charged
and fields originating from singlets, unless ,ujb’ # 0 for some

abed __ ycdab __ + badcx ijkl S klij o jilkx
Al = Al =A] s )‘2 = )‘2 = )Lz ,

rstu __ 4 (rstu) abij . bajix
k3 = )\.3 s )»4 = )L4

’

)\'gbrs — )&gars* — )\'gbsr’ )\gjrs — )Léirs* — kngr ’ 7)
where (rstu) stands for any permutation of the indices rstu.
After expanding around the vevs with Eq. (2) and using
Egs. (3) and (4) we are interested in the cubic terms

V 2 24P (o) vp + vie) e o

1 abij _
+ 5257 @ op + v X

2
+2u 28 oo XY + 2uny”

M‘a‘bi

V2
abix

My -0 0
+ 7(goa (ph/* _ (pa/*

X

re) — oY o x

e (8)
= [)»ﬁled(Va’g*vb + v} Vf)Uf‘*U§2+

%Azhij(vaﬁ*vb +o Vf)Tl-“‘ T;_xz*
+ 2u A U UL RE 4 2ua T T RY

ug” p
o o *
NG vy = viuH T
Mabi*
k —
e - v s s
= gl y st s, Sy, )

and in the quadratic terms with charged scalars, given by

V D (iP 4+ 24P yvF + 28 uug)gp

B o i . B
a5 A vy 4 A ) T 1
bi
wy -
+ %(Wp; — @)X
Mabi*
+ b Wie, — vhen (10)
= [ (1?21l + 28wy, ) UF U
o i .
ij abij ijrs *
+ <,u2 + 5)»4 VpU; + A¢ u,us) Tl_Oll T]‘?‘z
bi
MZ o] o o
+ == (vaUp" — vpUSY) T
V2 '
Mubi*
e (U U T s s an

combination of indices. Thus, the cubic terms in the potential
(5) are essential for the non-unitary behaviour of the matrix
U that will be shown to be mandatory for the appearance of
ZH 1+ H," couplings that change the “flavour” of the charged
scalars. Also, Eq. (8) tells us that the coupling h°H 1+ Hy
exists with u4?" = 0 only for H;" and H;" belonging both
to the doublet sector or both to the singlet sector, while only
,u,ibi # (0 induces a mixing of the sectors. Since uﬁbi is anti-
symmetric in (a, b), the minimal scalar sector containing
such a coupling is a model with two doublets and one charged
singlet. This corresponds to the Zee-type models, which we

study in the next section.

2.2 Gauge-scalar couplings

The part of the Lagrangian regarding the covariant derivative
of the scalars, was derived in Eq. (29) of [18]. The relevant
terms for our purposes are

L DieA, 8% (SFaS, — S, 01 ST)
+ A AR S ST
My .
o 118 <0
g (MW Wiwh s 2 zuz”) Re(w' V)"

. 8 4 / _ _
- zﬂzﬂ(zsw““ —(UTUY (S S, — 85,008

€8

— A ZM s 8 — U0 )S, ST (12)
cw

where w, = v, /v. Here we finally observe the appearance of
the expression (UTU )*'® that is diagonal if UY is unitary. In
models without a /ij ! coupling, this expression will then be
diagonal and there will be no “flavour” changing Z H 1+ Hy
coupling. The exploration of this under-appreciated point is

one of the distinguishing features of this work.

2.3 Fermion-scalar couplings

The Yukawa Lagrangian is the same as for the NHDM for
N = ng, and the fermion-scalar couplings were calculated
for that model in [19]. The calculation for our model proceeds
in a similar fashion, leaving us with the relevant Lagrangian
term

1. 1
£ ——d (N“Bﬁso)d ., (N“Bﬁ*so)
v L dPa”p ) 4R UML uBo O ) UR
1
- e (Nj‘Bng) er

— iV (NSST)dr +dL VT (NESy)ug +he., (13)
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where

B =uUlivp,

NY = %U;LF“UMU;",

NY = %U;LA“UMRU;’*,

N = %UZLF;‘UeRUg. (14)

V is the CKM matrix, I"%, A% and I'/* are the Yukawa cou-
pling matrices, and Uy g are the rotation matrices to the
physical basis. We ignore neutrino masses for simplicity. To
calculate the Higgs decays, the relevant terms may be written
as

1 -
45 =3 (V2G,)  mpdsa +iysbussy. sy
f

where m y are the fermion masses, G, is the Fermi constant,
_1

satisfying («/iGM) > —v,and

B__Y pfB 18
= —(R L7Fy,

ay o, ( + )
B _
=

b = i (RIP 4+ LIP),
2my

1
B — L Naph
RP = ~N{Bf,

1
L = ;N;"‘ij*, f=de,
1
Rllﬁ — ;N’;“Bg* ,
1
L' = ;NJ"‘BO'?. (16)

3 The scalar sector of Zee-type models

As an example, we look at a particular case of Zee-type mod-
els [8] consisting of a type 2 2HDM with a complex singly
charged singlet scalar. In a type 2 2HDM, the fields satisfy
a Zo symmetry where ¢, and up transform as ¢ — —1,
while the other fields do not transform under the symmetry.
This means that ¢» will only couple to the up type quarks
while ¢ will only couple to the rest of the fermions.

Our purpose is not to make a global fit to the quark, scalar
and also the lepton sectors of any specific Zee model, but
rather to highlight those features of such types of model that
could be probed at LHC. As a result, we do not explore the
bounds coming from the lepton sector, including neutrino
oscillations; an analysis which can be found, for example,
in Refs. [14,15]. These references simplify the analysis by

@ Springer

effectively using the Z, symmetry in the quark sector, which
is helpful to fix the production and some branching ratios at
LHC. Those simulations also assume some scalar couplings
to vanish, effectively bringing the result close to that in the
Z, scalar sector used here. For simplicity, we take couplings
consistent with Z, in the quark-scalar sectors, reducing the
number of parameters to scan, and simplifying the analysis
of some theoretical constraints, such as bounded from below
(BFB) and absence of charge breaking (CB) vacua. Our main
result, the importance of searching for the decay H2+ —
Hﬁ Z, is not affected by this simplification.

3.1 The Higgs potential and rotation matrices

The Higgs potential can in general be written as a particular
case of Eq. (5),

V= mex T xT +reGT T+ [1a prioagox” +hc]
+mig o+ mipigs —my (4102 + 411
+ [k1¢>f¢1 + k2¢§¢2 — k12 <¢>I¢>2 + ¢;¢1)] xTx
» 2 s N2
+ 5 (0101) + 5 (6362) +230(010102

+aaolontlon+ 2 [(ol) + (slon) | an

where we generalized the 2HDM potential with a Z, sym-
metry in [20]. For simplicity, we consider all parameters and
vevs real, corresponding to CP conservation.!

Allowing the doublets to develop vevs, the minimum con-
ditions read

2m%2v2 — v%kl — vlv%()@ + Xq4 + As5)

2

my = ,
! 201

ml 2m%201 - v;k] — vzv%()g + g+ As) (18)
2 202 ’

The analytic expressions for the mass matrices have no
inherent interest, so we will just state some of their properties,
while defining the rotation to the physical basis. First, we
note that CP-odd fields do not mix with the CP-even fields.
The mass matrix for the CP-odd fields has the eigenvectors
(v1, v2) and (v2, —v1), with the first corresponding to a null

I The parameters m%z, 4, ki and As (as well as the vevs) are in
general complex, in such a way that there is no basis where they can
all be rendered real. These quantities could be set real by imposing
the symmetry CP on the theory; however, this symmetry is violated by
quark interactions. In other words, if CP is enforced in the potential
while allowing it to be violated elsewhere, the model will very likely
suffer from the same inconsistency as described in Ref. [21]. We focus
on the particular region of the parameter space of the (CP-violating)
model where the parameters of the potential take real values only.
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eigenvalue, which is the Goldstone boson. We can transform
the fields into the physical mass basis through?

S? =G _ [ cosp sinp Imw?’
$9=A ) \—sinB cos g) \Imgpy’
_ Imw?’
=0p <1m<p§’ ’ (1

where

cos B =vi/v, sinf =w/v, v=,/v12+v§. (20)

By applying the same rotation to the doublets’ charged
scalars

+ _ o+ : +
S _+G _ co's,B sin 8 <er ’ @1
H —sin B cos 8] \ @,
we find the charged Goldstone boson G, and the intermedi-
ate field H™, not yet a mass eigenstate. Finally, the remaining
charged and neutral scalars do not follow such simple rela-

tions. So we need to diagonalize, in the general case, with
two new independent angles

SN [ cosa sina) (Rep?\ _ Rego]
(Sg) - <— sina cos oc) (Re(p(z)’ = Ou Reg)’ > (22)
S\ _ ( cosy siny\ (HT\ _ HT
(S;L) N (— siny cosy ) \xt )~ Oy xt) - @3)
Note that, if we had applied the rotation by g initially to the
doublets themselves, we would get to the so-called Higgs
basis [22].
Inverting all transformations and joining the two charged

transformations above, we find that the matrices defined in
Egs. (3) and (4) are

__(icosB cosa —sina —isin B 24)
" \isinB sina cosa icosp

__(cosB —sinfBcosy sinpfsiny 25)
" \sinB cosBcosy —cosfBsiny)’

=(0siny cosy) . (26)

Some of the relevant combinations of these matrices that
appear in the Lagrangian terms calculated in the previous
section are

1 0 0
viv=1o0 coszy —sinycosy | , (27)

0 —siny cosy sin® y

2 For convenience, we place the pseudoscalar as the last of the neutral
scalars. So Sff is the CP odd scalar and SS, Sg are the two CP even
eigenstates. Notice that this choice affects the order of the columns in
the matrix V in Eq. (24).

B=U'V (28)

(i cos(B — ) sin(B — «) 0 )
= |0 —cosysin(f —a) cosycos(B—a) icosy |,
0 sinysin(B —«a) —sinycos(f —a) —isiny
Rew'V = (0 cos(B — ) sin(f — ) 0) . (29)
Note that, if we had started by bringing the doublets to the
Higgs basis, and then defined « as the rotation of the neutral
CP-even fields from that basis to the physical one, then «
would transform as « — « + B, and these matrices would
become independent of .

The non diagonal nature of UTU is what gives rise to the
flavour changing coupling of the charged scalars with the Z
boson, adding a new type of diagrams to the processh — Zy
when compared to the general NHDM. In that same sense,
the non mixture of the first component of that matrix with the
rest ensures that the charged would-be Goldstone bosons do
not take part in those flavour changing couplings, so that the
diagrams involving the W bosons remain safely of the same
nature.

3.2 The choice of independent parameters

The Higgs potential of Eq. (17), after using the minimization
Egs. (18) has twelve real independent parameters,

Mg, Ac, las miy, ki, ko, k12, A1, A2, A3, A, As . (30)

For phenomenological studies it is convenient to trade some
of these parameters for the physical masses of the neutral
and charged scalars: M0 M0, 140, Mgt and M- This
follows a standard procedure "We just glve the example of
the mass matrix for the pseudoscalars. We have

1 Img,
Z5 —E[Imgo  Img ]MP [Imw ]+ . 31)
where
U2
) 5 <m%2 — )»5U1U2> —m%z + As5v102
My = l_m2 = Vi (32)
12 + Asviv2 o mi, — Asv1v2
Now using
Imgo(l)’ T G°
we obtain
00
G5 M3 0T = [0 m%] | (34)
A

From here we can get A5 as a function of the mass m 40 and
other independent parameters,

A5=i _m20+m—%2 ) (35)
v2 A" " sinBcos B

@ Springer
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Following this procedure for the other mass matrices we can
solve for the other A’s as well as for j14, m% For completeness
we give their expressions in Appendix A. This choice is, of
course, not unique but it is a convenient one. In the end, our
set of twelve independent parameters is,

2
L0, M0, A0, Mg, M, Mo, & Y, Aes K, ko, k1o (36)

We emphasize that the crucial parameter of the potential, 1¢4,
is traded for the mixing angle between the charged Higgs, y,
through the relation,

2
M4=—£(m2+—m2 L)cosysiny. 37
v H H,

3.3 Fermion couplings to scalars

The Yukawa couplings to the quarks can be written as

- %y = 01 g2Yuur + 0L ¢1Yadg + h.c. (38)

Going to the charged physical basis, we find the couplings
V2Vig

— Zy O T (Pt magd Pr) dx

x (cos ySl+ — sin )/S;) +h.c., (39)

where, with these definitions,
g4 =cotf, &l =tanp. (40)

These are exactly the 2HDM couplings of fermions to the
only charged scalar existent in that case: H;;IDM [20]. We re-
obtain them with the substitution (cos y S fr — sin )/S;r ) —
H;HDM. Said otherwise, the vertices ud Sfr and ud S;r are the
same as the 2HDM vertex ud HZJ{_[DM, but with the factors
cos y and — sin y, respectively. This is not surprising. Indeed,
the combination of scalars appearing above corresponds to
the H™ field. This field is the one we find in the doublets when
in the Higgs basis and so the result is the same as treating
the model as we would treat the 2HDM, and then replace the
charged scalar by this combination.

4 Constraints on the model

4.1 Theoretical constraints

4.1.1 Bounded from below

The necessary and sufficient conditions for the potential to be
bounded from below (BFB) are know [23,24] for the neutral
part of the potential, that coincides with the 2HDM. They are
A1=0, 22>0, A3++A1A2 >0,

A3+ Ag — |As| +4/A1A2 = 0. (41)

@ Springer

For the Zee model they were studied in Ref. [25]. They
extended the conditions in Eq. (41) but were not able to find
necessary and sufficient conditions, only necessary condi-
tions. To explain these conditions it is better to use their
notation and indicate the correspondence with ours. They
write the quartic part of the potential as

Vo = booxg + bnxlz + bzzx% + b33x32 + b44x2
—+ bo1xox1 + bopxox2 + bozxox3
+ broxi1x2 + b13x1x3 + bp3xoxs, (42)

where

xo = xT1% x1 = g1, x2 = |$al?
X3 = Re(¢] ¢2), x4 = Im($] ) . 43)

Comparing with the potential in Eq. (17) we obtain

1 1
boo = Ac, bi1 = =A1, by = =\a,
00 C 11 ) 1 22 ) 2

b33 = Ay + s, baa = Ay — As,
bo1 = k1, b = ka, boz = —2k12,
bip =23, bi3 =0, b3 =0. (44)

They found the following necessary conditions for the poten-
tial to be BFB,

b11 =20, byp >0, bip > —2/b11b22, (45a)
b12 + bag > —2y/b11b22, D12 + b3z > —2y/b11b22, (45b)

bo1 > —2+/boob11, boa = —2+/boob22, (45¢)
f(as 9) 2 01 VO{,G' (45d)
where
1 . .0
f(a,0) = §b03 sin 26 sin” 2«
1 2 .2 .2
+ 1 <b01 cos” 6 + bgp sin 0) sin“ 2o
+ [bn cos* 6 + b sin* @
l ) .4
+ 1 (b12 + b33) sin“ 20 | sin” « . (46)

Itis easy to verify that the conditions in Eq. (45b) correspond
to the usual conditions for the 2HDM in Eq. (41). The others
are new for Zee-type models. The condition in Eq. (46) can-
not be solved analytically for the b;;. Therefore we took a
large random sample of 6§ and « and excluded points that have
f(a,0) < 0. As explained in Ref. [25], even after applying
these constraints there are a few points that are still not BFB.
We have verified this fact when considering the analysis of
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the charged breaking minima in the following section, and
we have also discarded those points.

4.1.2 Charged breaking minima

The analysis of the charged breaking (CB) minima is much
more complicated that in the 2HDM [24], because of the
cubic term in the potential. Indeed, contrary to the 2HDM,
the condition

Ve > Vi 47

is not guaranteed to be verified even when we are at the
normal neutral minimum, Vy. As it is very complicated (if
not impossible) to solve a set of nonlinear equations for the
stationary points of V¢ g, we took a different approach, based
on Ref. [25]. We parameterize the possible charge breaking
minima as

1 Y3 +
= s = , = . 48
o1 [yz] 033 [yJ X ys (48)

Then, for the parameters for which we have a normal min-
imum Vy,

Setmm = {m%a m%a m2C7 )\'Cﬂ n4, m%27 (49)
ki, ko, ki, A1, A2, A3, A4, A5}, (50

we consider the function Viher (Setmin, ¥i). We start by taking
a large set of random values for y;

yi € [—1000, 1000] GeV, (51)

and then for each of these initial values we apply the method
of gradient descent to obtain the lowest possible value for
Vother (Vi) and compare it with Viy. If Vy < Vimer we keep
the point. In doing this we also verified the claim [25] that the
BFB conditions are not sufficient, as we found a small amount
of points corresponding to potentials unbounded from below.

There is a final point deserving a comment. When doing
the procedure described above, in many cases we got to a
point where ys = O (of course numerically there is no such
thing as zero and we have considered |ys5| < 107%). As y;
and y3 are non-zero, the question is if this is really a charged
breaking minimum or not. We can make an SU(2) rotation
to bring to zero the upper component of the first doublet

: sin6 | fy1| _ 0/ ’ tang = 2L (52)
| —sin€ cos@ | |y2| [ V5] y2

[ cos@

Now, if the same rotation on the second doublet also gives

[ cos6 sin6] [y3] _ (0]
| —sinf cosf | |ya| |vi]’ (53)

and

v
VY24 = 7 (54)

then this is just a normal minimum. In all occasions we found,
this was precisely the same normal minimum Vy in a differ-
ent guise.> We have looked at these situations and kept the
points if these conditions were verified.

4.1.3 Perturbative unitarity

To ensure perturbative unitarity of the quartic couplings we
implemented the general algorithm presented in Ref. [26].
As we are interested in the high energy limit, one just needs
to evaluate the scattering S-matrix for the two body scalar
bosons, and these arise exclusively from the quartic part of the
potential. Since the electric charge and the hypercharge are
conserved in this high energy scattering, we can separate the
states according to these quantum numbers. In the notation
of Ref. [26],

¢._ wi+ ¢T_ w;T _ 4t * __ o, (55)
[ ni ’ i = I’l;k ’ X_Xv X _X .

This corresponds to the following possibilities,

4o+ 4+
={w] w", wiwy, wi )",

wiwy, wy xToxtxt), (56a)

0=2Yv=1 S

+ + + +
Se ={w| ni, wna, wyny,

+
wz np, X+n15 X+n2}a

+ +o %tk
Toj_ ={w{'n}, win3, wynj,

+ % + % + %
wy Ny, XNy, X sk

(56b)

(56¢)

=0,Y=1 S0 ={nny, nina, nans}, (56d)

T, ={wiwi, wiwy, wy x*,
u);wf, w;u);, w;XJr,
x wiox T x o xt
niny, nins, nanj, nan3}.

(56¢)

With this setup we have to find the scattering matrices for
each (Q, Y) combination and their eigenvalues. Let us call

this set A;. Then the perturbative unitarity constraints are
max(A;) <8m, i=1,...,19. (57)

In Appendix E we write explicitly the various scattering
matrices and their eigenvalues. In total we have 19 differ-
ent eigenvalues, as we already anticipated in Eq. (57).

4.1.4 The oblique parameters S, T, U

All the points in parameter space have to satisfy the elec-
troweak precision measurements, using the oblique param-
eters S, T and U. We demand that S, T and U are within

3 This explains why we used Vyer above, and not Vep.
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Table 1 Values for 1;; taken from [29]
Decay mode Production processes
ggF VBF VH ttH

H— yy 0967013 1.39+049 1.09%038 1.10704!

+0.16 +0.98 +1.20 +0.59
H—Z7Z 1.0475 13 2.687 %3 0.68757¢ 1.5073,
H—>WW 1087019 0.597938 - 1.507939
H— 1t 0.9603 1167038 - 1.38" 000
H — bb —~ 3.0118 1191077 0.7979%

20 of the fit given in [27]. For general models with an arbi-
trary number of doublets and singlets the expressions for the
oblique parameters were given in Refs. [18,28]. They depend
on combinations of the matrices V and U defined in Egs. (24)
and (25). The needed matrices are UTU in Eq.(27),U TV in
Eq. (28), and

mViv =
0 —cos(f —a) —sin(B — a) 0
| cos(B—a) 0 0 —sin(B — @)
sin(f — «) 0 0 cos(f — o)
0 sin(f —a) —cos(B —a) 0

(58)

4.2 Constraints from the LHC

From the LHC data we have two types of constraints. First
we consider the constraints on the /125 Higgs boson. These
are normally enforced through the signals strengths for each
production mode i = ggF, VBF, VH, ttH and final state
j=H—>yy,H—>ZZ, H—~ ZZ,H — tt,H — bb,
and are defined by

oi(pp > H) BR(H — j)

o 59
Hij oM (pp — H) BRSM(H — j) (59)

The values for the signals strengths are given in Table 1 and
were taken from Fig. 5 of Ref. [29]. The other type of con-
straints from the LHC data are the bounds on other neutral
and charged scalars. This we implemented using the most
recent version of HiggBounds5 [30].

4.3 Constraints from BR(B — X;y)

In models with charged scalar bosons it is well known [16,17,
31-33] that the experimental limits on the BR(B — X;y)
can put important constraints in the parameter space of these
models. For instance, in Ref. [17] the bound

my+ > 580GeV, (60)

is derived for the type 2 2HDM at 95% CL (20). In fact
the exact number depends on the errors both in the theoret-
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ical calculation [34] as well in the experimental errors. For
instance, the result for the SM at NNLO is [33,35]

BRM(B — X,y) = (3.40 £ 0.17) x 1074, 61)

which shows an error of 5%, to be compared with the world
average [36]

BR*P(B — X,y) = (3.32+0.15) x 1074, (62)

Here we take the approach of considering for the theoretical
error a band around the central value of the calculation with
an error of 2.5%, and following [33], for the experimental
error, we consider 99% CL (30), that is,

278 x 107 < BR(B — X,y) <3.77 x 107%. (63)

In Appendix C we give the details of the calculation of the
BR(B — X,y) for models with two charged Higgs, and
study the implications of the results in the following sections.

4.3.1 The result for the 2HDM type 2

First we considered the particular case of the 2HDM with type
2 couplings to fermions. In our model this is accomplished by
setting ¥ = 0. Then the second Higgs decouples completely
(X, = Y> = 0) and we have an effective 2HDM. The results
are shown in Fig. 1. On the upper panel we considered a band
corresponding to 2.5% in the calculation and a 30 band for
the experimental result. On the lower panel we considered a
band corresponding to 5% in the calculation and a 20" band
for the experimental result. We see that the limit for the mass
of the charged scalar that we get is similar in both cases and
also similar to what was obtained in Ref. [17]

As we are not doing a NNLO calculation, our goal here is
not to improve the limit for the 2HDM with type 2 couplings.
We just want to show that in models with more charged
scalars, as was addressed in Ref. [33], the limit in Eq. (60)
can be relaxed for one of them and this will have implica-
tions for Zee-type models. We discuss this in the next section
for the case of Zee-type models. For definiteness we take the
choice on the upper panel of Fig. 1.
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2HDM, Type2, tb=50

4.8

BR x 104
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2HDM, Type2, th=50
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250 500 750
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Fig. 1 BR(B — X,y) as afunction of the charged scalar mass. Upper
panel: The lines in blue represent the 30 experimental limits, and those
in red to 2.5% error in the calculation. Lower panel: The lines in blue
represent the 20 experimental limits, and those in red to 5% error in the
calculation

4.3.2 Implications for the Zee model

We have just seen that in the case of having just one charged
scalar boson we have a limit for its mass coming from the
BR(B — Xjy) for the case of 2HDM with type 2 fermion
couplings. Now we consider the case of Zee-type models also
with type 2 fermion couplings. We start by just considering
the variation of the masses and of the mixing angle y without
imposing all the theoretical and experimental constraints on
the model. That will be done below when we consider the dis-
cussion of benchmark points. Our purpose here is just to show
how the constraints from BR(B — X,y ) can be satisfied in
the model. Although we can always choose m HY < My
we start by not imposing that constraint. All points satisfying
Eq. (63) are shown on the upper panel of Fig. 2. We see that
we have an exclusion for both masses to be below the value
found (in the 2HDM) with one single charged scalar, but it
is possible that one of the masses is lower than 580 GeV if

Type 2 Zee Model, tanf=50

1000 [
800 |
S 600 |
S [
o [
= 400:
200
0'...|...|...|...|..‘
0 200 400 600 800 1000
mH1+(GeV)
Type 2, Zee Model, tanf=50
1000
800
% 600
2
T
: 400
200
0 PRETET T SRS BRSNS NSRS RSN U SN R Y
-16 -1.2 -08 -04 0O 04 08 12 1.6

Y

Fig. 2 Upper panel: points satisfying Eq. (63) for Zee-type models.
Lower panel: mass of the lightest charged scalar boson as a function of
the mixing angle y

the other is above. This is a function of the mixing angle y
as shown on the lower panel of Fig. 2. We see that m ;+ can
be as low as 50 GeV if the mixing angle is close to £ /2.
Notice that for y = 0 we recover the previous result. As can
be seen from Fig. 2, when m HY is low, the other mass has
always to be above the 580 GeV limit.

This result means that for each point in parameter space
we have to evaluate the BR(B — Xy) to see if it passes the
bounds in Eq. (63), instead of using just one fixed limit for
all points, like in the 2HDM.

There is a final comment. The charged Higgs contribute
to AMp, ,, coming from the B meson oscillations. We have
not considered this contribution from flavour data because,
as shown in [37], they are important only for very low tan g,
below what we already exclude from the other constraints;
see Fig. 3 below.
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0 P L i i L L L Fig. 4 Charged scalars contributions to & — yy
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a
12 T lation between « and . We see that all the points satisfy
[ . |cos(B — )| < 1, that is they are close to the alignment
10 '_i o limit, where the 125 GeV neutral scalar has couplings equal
[ . 3 to their SM values. The points with negative o correspond
8 _': H ] to the wrong sign of the fermion couplings [38,39]. We also
¢ see that despite having varied tan 8 in a larger interval, the
= 6 good points have tan 8 € [1, 10].
T L
oL )
[ 5 Impact of the charged scalars on the decays 7 — yy
2 L 7 and h — Zy
0 TN R P . T i T 5.1 The diagrams of the charged scalars
-16 12 -08 04 O 04 08 12 16

a

Fig. 3 Upper panel: correlation between « and f; Lower panel: corre-
lation between « and tan 8

4.4 Scanning strategy

We made our scans varying the parameters in the following
ranges,

mp, = 125GeV, my+ € [500, 1000]GeV, (64)
My My, m g+ € [100, 1000]GeV, (65)
T T
e [—5, 5], tan B € [0,60], y e [—5, 5], (66)
mi, € [1071,10°1GeV?, A, € [1072,10%], (67)
k, € [1073,10%1, &, € [1073,10%], k, € [1073,107],
(68)

and take randomly m%Z, k,, with both signs. Despite this flat
scan, there are large correlations in the points that satisfy all
the constraints. For instance, we show in Fig. 3 the corre-
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As we discussed before, the distinctive feature of our imple-
mentation of Zee-type models is the appearance of the off-
diagonal coupling Z HlinjF . This contributes to the loop
decay h — Zy and, in principle, could lead to some new
feature. For the decay 4 — yy, on the contrary, because of
the photon coupling being always diagonal, the contribution
of the charged scalars will not depend on the off-diagonal
Z HliH; coupling. In fact, the diagrams coming from the
charged scalars and contributing in this model for 2 — yy
are shown in Fig. 4 while for the case of the decay h — Zy,
besides those equivalent to Fig. 4 (with one y exchanged
with a Z) we also have those with the off-diagonal cou-
pling, as shown in Fig. 5. The formulas for these loop decays
in the absence of couplings of the type Z Hfr H; are well
known. They were explicitly written for the C2ZHDM in Ref.
[40] and, for h — yy, they can be easily adapted for the
case of Zee-type models. We generalize the formulas for
h — Zy to include the new couplings, and write the full
expressions in Appendix D. The new couplings needed are
given in Appendix B and were obtained with the help of
the software FeynMaster [41,42], that uses QGRAF [43],
FeynRules [44,45] and FeynCalc [46,47] in an inte-
grated way.
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5.2 Discussion of the impact of the charged scalars on the
loop decays

5.2.1 Couplings thj H,

The couplings h1 H 1+ H| and h; H2+ H, do not have a strong
dependence on y. On the contrary the couplings / H1+ H,
and h H2+ H|" are proportional to sin y.

. + —
5.2.2 Couplings ZHj H,

The couplings ZH 1+ H, and Z H2+ H| aregiveninEgs. (B.3b)
and (B.3c). They are proportional to sin(2y) and vanish for
y = 0, £7/2, while the couplings ZH1+H1_ and ZH2+H2_
vary with y like

Syprp- < (—1+ 4s2W +cos2y). (69)
It is interesting to note that because —1 + 4s‘24, ~ 0 they
behave approximately like cos 2y that vanishes at + /4.

5.2.3 Results and conclusions

Because of the dependence of the couplings on the mixing
angle y, we looked at the contributions of the charged scalars
as a function of this angle. If the loop integral did not vary
much with the masses, the results would be proportional to
the products of the h]Hj.*H,: and ZH;FH,: couplings, as
the photon coupling is universal. In the following figures
all points passed all the constraints, including HiggsBounds
5.9.1 and those coming from BR(B — Xy), as discussed
in Sect. 4.3.

In Fig. 6 we show on the upper panel the result of the
product of the couplings (we divide by v because the coupling
thj+ H,~ has dimensions of mass), first for the case of Hl+
running in the loops of Fig. 4 in red, and then for the case of

Amp(H14), Amp(Hy)

-1 PRPRNT N USRS UN U USSR S U |

-1.2 -08 -04 0 04 08 12 16
Y

-1.6

Fig. 6 Results for the charged scalars amplitudes contribution to &7 —
Zy as afunction of the mixing angle y. On the upper panel the coupling
products and on the lower panel the actual amplitudes. The red dots
correspond to the case of Hl+ running in the loop, while blue dots
corresponds to the case of H2+

H2+ in blue. From the above discussion we expect the result to
vary like cos 2y, and that is indeed the case. Our assumptions
that the loop integrals do not depend much on the masses can
be verified in the lower panel of Fig. 6, where we show the
actual plot for the loop amplitudes. The behaviour as cos 2y
is clear in both cases.

Now we can study the case where there are two differ-
ent charged scalars, H1+ and H2+ , running in the loops of
Fig. 5. This is shown in Fig. 7. Again on the upper panel we
plot the product of the couplings, and on the lower panel the
loop amplitudes. In this case Amp(H;", H2Jr ), corresponding
to diagrams 7, 10 and 11 of Fig. 5 in red, coincides with
Amp(H,", H;") corresponding to diagrams 8, 9 and 12. As
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Fig. 7 Results (blue dots) for the charged scalars amplitudes contri-
bution to 4 — Zy in the case of having both Hli and H2i running in
the loop, as a function of the mixing angle y. On the upper panel the
coupling products and on the lower panel the actual amplitudes

expected we see clearly a dependence on sin 2y, confirming
our expectations.

However this nice result will not help us in using the decay
rate h — Zy toidentify the novel coupling Z H 1+ H, appear-
ing in Zee-type models. The problem is that once we sum all
contributions we loose the dependence on y. This can be
seen on Fig. 8, both for the products of the couplings in the
left panel, and for the final result for the charged scalar con-
tribution to h — Zy.

In conclusion, although the contribution of the charged
scalars can have both signs and also be zero, the dependence
on y and therefore on the mixing parameters j4 is hidden.
In fact we can have the same behaviour of the charged scalar
amplitudes in other models like the 3HDM [48].
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Fig. 8 Results (red dots) for the sum of all charged scalar amplitudes
contributing to 1 — Zy, as a function of the mixing angle y. On the
upper panel the sum of the product of couplings and on the lower panel
the complete result

6 Decays of the charged Higgs
6.1 The decay H2+ — H1+ +Z

If we want to have a unique signal for this model it would
be the decay of one charged Higgs in another one plus a Z
boson. This is only possible if ¥ # 0. We have checked that
this can indeed occur, as shown in Fig. 9. All points shown
satisfy all the constraints discussed in Sect. 4. We see clearly
that, as expected, one has to be away from y = 0 to have a
sizable decay width.

6.1.1 Decays of the heavier H2i

Depending on the masses the following decays are among
the most important,
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I ! rA(x2,y2, 2% =\/x4 + y4 4 74 —2x2y2 —2x272 —2y272
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>
] L
S ol For the other decays we have
) !
+
= + - 3> 2 2
I | I'H - t+b)=—"—my+A(my+,m;, m
1 ( ) 327 M7, MO 1)
¥ 20
T | x [(1 — x; — xp) (Y2 + X2x) — 4xtbe2Y2] .4
0 [ ! where
400 600 800 1000 5 )
+ mt mb
mH (Gev) Xt = ) Xp = ) (75)
Mg+ m g+
B0 [mrmrmrTmrr[ T[T T[T T T T H; H,
| and X, Y; are given in Eq. (B.9a). For the decay into the
S g other charged Higgs and one neutral Higgs boson we have,
> I 4
)
< 40
) ] [(Hi — HE 4+ hy)
+
+ _ 8niHpiHmkli, 2, 112
' j p16:m W g m e mi). (76)
T [ Hy
+o 20
5 L
. The decay into one W and one neutral Higgs boson is similar
to the decay into the charged Higgs and Z. We obtain
0

-16 1.2 08 04 O 04 08 12 1.6

Y

Fig. 9 Decay with H2+ — Hl+ + Z. On the upper panel the depen-
dence on the mass of the decaying charged Higgs and on the lower panel
the dependence on the mixing angle y

Hif - Hf + 27, Hf —t+b, Hf — Hf+h,
(70)
Hf - WE+n, Hf - v +7t. (71)

The first decay is unique to this type of models and not present
in NHDM. It requires a mixing between the charged Higgs
from the doublets with the charged Higgs from the singlets.
The expression for the width is

F(Hf - Hf +2) =
2

an—Wng_]Hme[z 17 )»(mHJr, H*’MZ)3

(72)

where the Killen function is given by

F(HE — WE +h))
2
=5 g i, 2P Am>,., M2, m?> )3,
6471m§1+M‘%V 8hjHpkwm [, 2] A( o MW h,)
2

(77)

Finally the decay in the third family leptons (the others are
negligible) is given by

F(HY - v +1h)

2
2 2
8 2 2 mz
=2 ZImimys |1 - . (78)
32 M3, R m?{;

6.1.2 Decays of the lighter HljE

Except for the decays into another charged Higgs, that are not
allowed because we assume that m Y < My the decays
are similar to those of the heavier charged scalar. If kinemat-
ically available, the expressions for the decays can be easily
obtained from the above with index 2 — 1. All the couplings
needed are given in Appendix B and were obtained with the
help of the software FeynMaster [41,42].
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Table 2 Model parameters of the four benchmark points. We also took 8 ~ « within a variation of 1%

BPI BP2 BP3 BP4
mp, (GeV) 125 125 125 125

My, (GeV) 715.0 580.7 7283 314.9

My, (GeV) 767.4 633.7 720.5 651.3

mp+ (GeV) 550-700 250-360 260-470 250-525
myz (GeV) 750-900 635-800 710-900 660-680
m3, (GeV?) 8.3 x 10* 5.8 x 10* 9.5 x 10* 1.9 x 10*
o 1.391 1.398 1.401 —1.402

% 0.894 1.089 —1.145 —1.421

A x 10 43.63 447.3 2.67 2.00

ki 0.4633 1.082 7.15 1.4 x 1072
ka x 10? 46.33 0.398 1.425 43.2

kiz x 107 5.43 1.267 1.29 -0.96

7 Benchmark points for Zee-type models
7.1 Looking for a distinctive signature

As we have discussed before, Zee-type models provide an
example of the non-vanishing coupling between two different
charged Higgs and the Z boson. For instance, this cannot
happen in any NHDM, even with a large N. So we want to
see if there is a signal of this coupling.

As we explained in Sect. 5, the first idea was to look at
the impact on the BR(k125 — Zy). But it turns out that
the effect of the extra diagrams is not quantitatively different
from the effect of a second charged scalar coupling only diag-
onally to the Z boson, as occurs for instance in the 3HDM,
where there are two charged Higgs bosons, but no ZH 1+ Hy
coupling [48]. So, although there is an effect, for instance
the contribution of summing over all the charged Higgs dia-
grams can vanish, this is not an effect specific to the Z H ]+ H,
coupling. So we turn to a distinctive decay:

H2+—>H1++Z, and H1+—>t+5 (79)

This decay has a very clear signature and should be searched
for at the LHC.

As the model has many independent parameters, if we try
to plot the various branching ratios of the H 1+ or H2+ instead
of obtaining something similar to the famous plot [49] of
the SM Higgs boson BR’s as a function of its mass (when
this mass was yet not known), we would get a figure with
all the points superimposed and no lines. So, to have a better
visualization we fix most of the parameters and show that
indeed the branching ratios for the processes in Eq. (79) can
be important, or even dominant. This leads us to the choice
of benchmark points. In choosing these benchmark points
for Zee-type models we take into account all the theoretical
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and experimental constraints on the model. The parameters
of the model for the four benchmarks points are shown in
Table 2. In choosing these points we considered a variety of
situations. First both charged Higgs masses high, for Py, then
the lightest the smallest possible, for P, and P3, and in all
these cases maximizing the benchmark decay H2jE — H IiZ .
Finally the benchmark point P4 was chosen due to the recent
interest in the decays Hii — hj W= [50]. We turned each
of these four benchmark points into benchmark regions in
the following way. Once a point (say Pp) is found passing
all constraints in Eq. and having the characteristics we are
looking for, we fix all parameters except m HE and
tan 8. The masses m HE My are valid within the intervals
shown in Table 2, wh1le B varies in the interval a(1 +0.01).
Thus each benchmark point originates a benchmark region
of points with similar characteristics. It is such collections of
points in benchmark regions that we show in Figs. 10, 11, 12
and 13 below. They permit us to simulate a broad range of
situations, which should be searched for experimentally.

7.2 Benchmark Point P;

For the first benchmark point, P;, we choose a situation when
both masses are above* the limit of Eq. (60). The parameters
are given in Table 2. The corresponding benchmark region is
shown in Fig. 10. We see that our signal decay has the largest
branching ratio, while H 1+ decays almost 100% into ¢ + b.
This should provide clear signatures at the LHC. A detailed
analysis, with background studies, should of course be done.
The width of the bands comes from the variation of tan g and

4 The starting point satisfied Eq. (60), but as we vary the masses some
points are slightly below that limit.
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Fig. 10 Dominant BR’s for H;r (upper panel) and Hl+ (lower panel)
for benchmark point P; versus the charged Higgs masses

Mgt Mgt which were varied independently. All the points
pass all the constraints, including that of Eq. (63).

7.3 Benchmark point P,

One could argue that P; will lead to a situation where the
constraint of Eq. (63) was verified, as we took the masses
to satisfy the bound of Eq. (60). Therefore we want to show
another benchmark point that would be excluded by Eq. (60).
That is, we do not exclude points a priori, but for each point
we evaluate the BR(B — X,y ) to see if it passes the bounds
in Eq. (63).

For the second benchmark point P, we therefore choose a
situation where the lowest charged Higgs mass is below that
limit, as shown in Table 2. The situation is shown in Fig. 11.
We see that our signal decay has the largest branching ratio,
while H 1+ decays almost 100% into £ +b. This should be clear
signatures at the LHC, although background studies should

Fig. 11 Dominant BR’s for H;r (upper panel) and Hl+ (lower panel)
for benchmark point P> versus the charged Higgs masses

be done. Recall that the width of the bands comes from the
variation of tan 8 and m y+, m g+ which were varied inde-

] 1 ) . .
pendently. All the points pass all the constraints, including
that of Eq. (63).

7.4 Benchmark point P3

We have a large set of benchmark points that illustrate our
signal, the decay H," — H," + Z. We just give another
example, our benchmark point Ps. It is similar to P, and the
parameters are given in Table 2. The situation is shown in
Fig. 12. Again we see that our signal decay has the largest
branching ratio, while H1+ decays almost 100% into ¢ + b.
The width of the bands comes from the variation of tan 8 and
Mg M g which were varied independently. All the points
pass all the constraints, including that of Eq. (63).
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Fig. 12 Dominant BR’s for H;r (upper panel) and Hl+ (lower panel)
for benchmark point P3 versus the charged Higgs masses

7.5 Benchmark point Py

It has been pointed out recently [50], that there are some
decay channels for the charged Higgs that have not been
investigated at LHC. One of them is the decay H1+ —
W™ + hy. We looked in our data sample for points where
the BR(H1+ — W™ + hy) could be large. For our model,
after passing through the HiggsBounds 5.9.1, there are not
many points of the general scan that have a large BR(H 1+ —
W ++h). We took one of these which is our benchmark point
P, with parameters given in Table 2. The situation is shown in
Fig. 13. We see that, in our model, both BR(H," — WT+h)
and BR(H1+ — W7 + hy) can be sizable. In this case, the
BR(H;' — H 1+ + Z) is very small, around 2%. However the
BR(H,” — W + hy) and BR(H,” — W + hy) can also
be large, making this an interesting benchmark point. The
width of the bands comes from the variation of tan 8, m H
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Fig. 13 Dominant BR’s for H1+ (upper panel) and H2+ (lower panel)
for benchmark point P4 versus the charged Higgs masses

and m g+, which were varied independently. All the points
pass all the constraints, including that of Eq. (63).

7.6 Production cross-sections and experimental bounds

One can ask if a charged Higgs boson with a large BR(H+ —
tb) is not in contradiction with experimental bounds from the
LHC. Although we have checked all the points with Higgs-
Bounds 5.9.1 [30], it is perhaps helpful to show it explicitly
for our benchmark points. The result for benchmark points
P; and P; is shown in the upper panel of Fig. 14, while in
the lower panel we have the case of benchmark points P3
and P4. We used the values for the production cross-section
o(pp — thH™) from Refs. [51,52]. To see if the points
are allowed we considered the worst case scenario where
BR(H* — tb)=1 (although for our benchmark points this is
only true for the lightest charged Higgs boson); see Figs. 7
and 8. The green line is the current experimental bound from
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Fig. 14 o(pp — thH™") x BR(H;r — tb) versus the charged Higgs
mass for benchmark points P; and P, (upper panel) and P3 and Py
(lower panel). In magenta we have Hl+ and in dark green we consider
H,;". We took BR(H;" — tb)= 1. The light green line is the current
LHC limit

ATLAS [53] as discussed in Ref. [50]. So we conclude that
all our benchmark points are consistent with the latest LHC
data.

7.7 Summary of the benchmark points

To highlight the off-diagonal coupling Z Hli H3" we chose a
set of benchmark points where the decay, Hzi — HliZ s
could be dominant. We have found that branching ratios
above 70% could be easily obtained while the lighter charged
Higgs decays predominantly as H1+ — tb. Both are clean
signatures, and therefore a study of these decays at the LHC,
including the possible backgrounds, should be done. While
the first benchmark, Pj, has high mass for both charged Higgs
bosons, we have shown with benchmarks P> and P3, that we
can have a situation where the lighter charged Higgs in well

below the limit of Eq. (60). Finally we also consider one
benchmark point, P, that highlights a decay that has not yet
been much searched for at the LHC [50].

8 Perspectives for future work

As mentioned in the introduction, in this article we wish
to point out that models with scalar doublets and charged
singlets allow for couplings of the type ZHliH; , which
imply very interesting signals that should be searched for at
LHC. We highlighted this feature and its consequences in the
simplest such model; one with two scalar doublets and one
charged scalar singlet. This coincides with the scalar sector
of the popular Zee model for neutrino masses [8].

For simplicity, we imposed in the scalar and quark sectors
a Zp symmetry. Among other advantages, it precludes quark
flavour changing neutral scalar interactions [54,55], which
are strongly restricted by experiment. Any study which does
not apply this symmetry must then perform a fit to all the
bounds affecting quark flavour changing neutral scalar inter-
actions, which is a large task in itself. It turns out that the
Wolfenstein [11] suggestion of imposing a Z> symmetry in
the lepton sector (the so-called Zee—Wolfenstein model) is
precluded by current neutrino oscillation data [12, 13].

As a result, one must remove the Z, symmetry from the
leptonic sector, and go back to the original Zee proposal [8].
But then, one must perform a fit to all the bounds affecting
lepton flavour changing neutral scalar interactions, which is
another large task in itself. Indeed, it can be shown that one
can conform to all leptonic data in the Zee model; this has
been done, for example, in refs. [14,15]. However, for sim-
plicity, such references assume couplings for the quark sec-
tor which are those one would have if Z, were applied there.
Strictly speaking, this is not consistent. What one would have
to do is to remove Z, everywhere and thus, perform a simul-
taneous fit to all bounds affecting quark flavour changing
neutral scalar interactions and all bounds affecting lepton
flavour changing neutral scalar interactions. This is a whole
research program in itself, and lies outside the scope of the
current paper.

Butit will be interesting to pursue such a program. The rea-
son is that the same (.4 coupling whose presence is at the root
of the Z HllL Hf vertex, is responsible for neutrino masses.
Indeed, in the Zee model the neutrino masses appear at one-
loop due precisely to the pa ¢rioag x ™~ term in Eq. (17).
Within approximations discussed in detail in [14], the neu-
trino mass matrix may be written as

2
m
2feTY2re feTY;M-i‘fMTY;e _ rmﬂf fep. fe‘L'er'L’ _ mTrfeT
T
1 14 zf/tfyzl‘ fﬂr’fzft,mTrT{luf s
i T
. Zm—rfM Y,

(80)
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where
n=—Armyg
v
r= ,
ﬁsﬁ
2
t 1 M+
A=8—’32 - —In— 2, (81)
S T

and three entries have not been written since the matrix is
symmetric. The couplings f and Y» link the leptons with
the charged singlet and the ¢» doublet, respectively — precise
definitions can be found in [14]. In the exact Z, limit, Y, = 0
and we obtain a matrix proportional to

0 mife,u. m%fer
wal o 0 mipe | (82)
0

which is the Zee—Wolfenstein neutrino mass matrix. That it
does not conform to neutrino data is beautifully explained
already (for example) in [13].

For our purposes, the most important feature of Eq. (80)
is that the neutrino mass matrix is proportional to p4. This
shows that, in a Zee model of neutrino masses consis-
tent with all experimental constraints (most notably with
those affecting flavour changing fermion-scalar interac-
tions), there is a relation between the neutrino mass scale and
the ZH li H;T coupling. Of course, with more scalar doublets
and/or charged singlets, one can construct situations where
these two phenomena are not related. Still, such theories will
have ZHH, . (a # b) couplings, and these should be sought
at LHC.

9 Conclusions

A singular feature of models with multiple scalar doublets
and charged singlets is the presence of off-diagonal Z H li H5
couplings. We have studied this feature in detail, using the
scalar sector of Zee-type models as an example.

Some formulae are presented in a form useful for generic
models with any number of doublet and singlet scalars. We
use in our scans all known theoretical constraints, including
a careful analysis of the BFB conditions, the exclusion of
lower-lying CB vacua, and the unitarity conditions derived
here for this model.

We show that Z HlinjF couplings appear in h — Zy
and B — Xy, but that there they do not impose features
beyond those already present in generic 3HDM (where such
off-diagonal couplings are not present).

We stress the importance of looking experimentally for
H; — H 1+ Z decays and propose interesting benchmark
points. We also found in our model interesting values for

@ Springer

the decays recently proposed in [S0]. We found that there
are regions of parameter space consistent with large branch-
ing ratios for H1+ — W+h1,2 or H2+ — W+h1,2. But,
in those cases, we found no example where simultaneously
BR(H2+ — H1+ Z) was large. We strongly urge a search for
H2+ — H 1+ Z decays. The relation between these decays
at the LHC and the masses and mixings of the neutrinos in
these Zee type models needs a dedicated future work that
includes also the constraints from flavour changing fermion-
scalar interactions.
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Appendix A: Solving for parameters of the potential

Following the procedure outlined in Sect. 3.2, we can solve
for the other A’s as well as for 14, mzc We find,

1 2 2 2 s 2 2
A= m (mH,OCOS o +mH§ sin” o —mlztan,B) ,
(A.la)
1
M=—7F— (m2 cos® a® — m?, cot B + m? , sin® a) ,
> 7 Vi g\ H 2cotp Hy
(A.1b)
1 2 2 2 s 02
A3 = U—Z(ZmHIJr cos“y + 2mHZJr sin” y (A.1¢)
m%z + (m%i0 — mi{o) cos o sin
- 2 : ; (A.1d)
sin B cos B
1 2 2 2
= - Asv” + 2mH+ cos“y (A.le)
v 1
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2m2 . . .
_ mi, 4 2m?, . sin2 V), (A1F) Appendix B.3: Couplings to quarks and leptons
sin B cos B H,
V2 The interactions of charged Higgs bosons with quarks are
Wy = _T(miﬁ — miﬁ) cos y sin y, (Alg) given by the following Lagrangian
1 2
1 1
2 2 .2 2 . 2.2
mg = —=kjv“cos” B+ kjpv“cosBsin B — —krv” sin my. _
¢ 2 p psinf 2 p g:%[MJXkﬁ,'V,'jPRd/-i-%XkﬁiVinkPLdj
) 2 2 w ’ w
+ mH1+ sin“ y + mH2+ cos”y . (A.1h) (B.7)
mp 4
+ _ZlePRel]Hk + h.c. (B.8)
Appendix B: Couplings of the charged Higgs My
Appendix B.1: Couplings to the Z boson where k = 1, 2 and we have used the conventions of Borzu-
mati and Greub [16], extended in Ref. [33], which is conve-
We define the coupling as nient for the BR(B — X, y) calculation. We get
+ —
LH) H ., Z] X =tan B cosy, X, = —tan B sin y, (B.9a)
. 8 . .
= —i T(pH]f — pH;)“ngmekZ[],k], (B.2) Y =cotfBcosy, Y, = —cotBsiny, (B.9b)
w
) ) Zy = , Zy)=— iny, B.
where all particles are entering the vertex and | =tanfcosy 2 tan B sin y (B.9¢)
1 Appendix B.4: Couplings to neutral Higgs
gupjtimizl 1. 11 =3 (cﬁv — 353+ cos(2y)) , (B.3a)
1 . Finally the couplings to the neutral Higgs are given by the
gHpjHmkz[1, 2] = — E sin(2y), (B.3b) Lagrangian
1. _ ..
gHpjHmkz[2, 1] = — 3 sin(2y), (B.3c) £ = HH[ hjgnjnpitimklj, i, k], (B.10)
gHpiHmkz[2, 2] :% (c%v _3 S%V _ cos(2y)) ’ (B.3d) where ghjHpiHmk are long expressions that we do not repro-

Notice that when the mixing angle y vanishes the singlet
decouples from the doublet and there is no [Hj,*, H_ ,Z7Z]
vertex for j # k.

Appendix B.2: Couplings to the W boson

For CP even neutral Higgs bosons (j = 1, 2) we define the
coupling as
[y B W1 =i Sy — piy) ghitipivnl k1. (B4)

where all particles are entering the vertex. For CP odd neutral
Higgs boson (j = 3) we define

(s HE W1 i= 3y = Py ghitpwm 3. K] (B.5)

where

gniapkwMm[ 1, 1] =cos(y) sin(a — B)), (B.6a)
ghipkwm[ 1, 2] = — sin(a — B) sin(y), (B.6b)
ghjapkwm[2, 1] =cos(a — B) cos(y), (B.6¢)
ghjHpkwM[2, 2] = — cos(a — B) sin(y), (B.6d)
ghjHpkwM[3, 1] = cos(y), (B.6e)
ghjHpkwMm[3, 2] = — sin(y), (B.6f)

duce here. Note however that gnjnpiHmk (3, i, k) = 0.

Appendix C: The calculation of the BR(B — X;y)

Our calculation follows closely the original calculation of
Ref. [16]. The central point in that calculation is that the new
contributions from the charged scalar bosons are encoded in
the Wilson coefficients,

7 (uw) = CTmw) + 1Y PCH 3y (w)

+(XYICYSY (w) (C.11a)
g (uw) = Cgigmuw) + 1Y PCg Ty (w)
+(XYCPRy (w) (C.11b)

2 (w3
Cy M (uw) = Eo(x) + glog (M_‘g> FIYPERO).

w
(C.11¢)
7 (uw) = Cygmuw) + 1Y PC 5y (w)
+ XYy (aw) . (C.11d)
Cy " (uw) = Cgm(w) + 1Y PCy gy (w)
+ (XY Cy v (w) - (C.11e)
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All the expressions needed are given in Ref. [16]. Also
there one finds the way to evolve these coefficients to the
scale ;;, = my,. The dependence on the charged scalar mass
appears because the functions, C 2 $$, Cg ;$ C il"ég, Cl-l,’;ﬁ,
depend on y = ml2 / m%# while the SM coefficients depend
onx =m?/ M%,.

The generalization for models with more charged scalars
is straightforward. The case of two charged scalar bosons
was considered in Ref. [33]. We just give the example of
C;’eﬁ (w), all the other having similar expressions.

1,eff 1,eff 1,eff
C7 M (uw) = C7gpw) + IN1PCo 5y (ww. y1)
1,eff
+ V22 Cr Gy (mw. ¥2)
1,eff
+ (X1Y1*)C7’)egy(MWv y1)

+ (XY Oy (hw. ¥2) . (C.12)

where X;, ¥; are defined in Eq. (B.7), taking the values in
Eq. (B.9a) for Zee-type models, and we wrote explicitly the
dependence on the charged scalar masses,

my my
VN=—F— N=— (C.13)
mH1+ mH;

An important point in the calculation is the value of the
input parameters. We took those of Ref. [16] except for
as(Mz), my, Mz, My that were updated to the values of the
PDG [56]. The values are

as(Mz) =0.1179 £ 0.0010, (C.14a)
m; = 172.76 +£0.3GeV , (C.14b)

me/mp =0.29 +0.02, (C.14c)

my —me = 3.39+0.04GeV , (C.14d)

a,l =137.036+, (C.14e)

IVEVip/ Vep? = 0.95 4 0.03 (C.14f)
BRs, = 0.1049 & 0.0046 . (C.14g)

We should emphasize that, using the input values of Ref.
[16], we were able to reproduce their results® for the SM.

Appendix D: The decays h — yy and h — Zy

These decays were calculated for the 2HDM to one loop
approximation in [40]. Since most terms in the Lagrangian of
our model only differ by multiplicative constants, our results
will only change by some factors. We adapt from [40] for

5 We are indebted to C. Greub for discussions and for having shared
with us the original code for cross checking our independent calculation.
One important point was that the parameter A; = 0.12 GeV? defined
in Ref. [16] should be positive.
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the next results. The major difference occurs in h — Zy,
where the presence of the ZH li H5T coupling allows for the
new diagrams in Fig. 5.

Appendix D.1: Fermion loops

The fermion loops are easily obtained plugging the couplings
of Eq. (15) in the results of [40]:

Xy ==3 " Nl2ak QFr 4+ (=1 f(xp)],
f

Y2 == Nl2vh Qhrpf(rp)
7

2 f 2
v FAar8y Qrmy
X =y vy M
SwcCw
f

2 M2
x[ z

(

mi _ M%)ZI: VAR

- Bo(Mé,mic,mio}
+ ;[(4m2 —mi + M2)Cy
m% — M% f h V4
x (M2,0,m2, m?, m%, m3) +z]] ,
.4b2g“CQf~m2
f
x (M7, 0, mj, m%, m%, m%),

Swew

(D.15)

where ch is 3 for quarks and 1 for leptons, Q y is the fermion

charge, g‘f; is the fermion’s vector coupling to the Z boson

and the sums run over all fermions f. The function appearing
is defined as

2mzf 2 2 2 2
f(T) = _7C0(07 O9mhs mfv mf’ mf)

[sin! (VI7O)]'.

_ A 2
—A—IL In ﬁ —im |, if1:<1’
1—JV1—-1

ifr >1

(D.16)

while By and Cy are the Passarino—Veltman functions.

Appendix D.2: Charged gauge boson loops

The only change in these loops comes from the 2 V'V vertex,
which is multiplied by a factor Re(w' V)#, and so is the loop.
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Using the notation of [40], we have

X1 =Re(@ V)P 24 3ty + 3w (2 — ww) f(zw)]

Re(wV)P
xzr — Re@ V)7 (D.17)
tan Oy
where,
AM2
wa = va/v, T =—5",
my
Iy = —[m2 1 —tan 0
— 2M3 (=5 + tan? GW)]M%ABO
+ —[m2 1 —tan% @
— 2M3, (=5 + tan® Oy)
+ 2M3, [(=5 + tan® Oy) (m3 — 2M3,)
— 2M%(~3 + tan? GW)]CO]MﬁABo ,
ABy = Bo(mj,, My, My,) — Bo(M7, My, My,) ,
Co = Co(M3,0,m3, M3,, M3, M3,) . (D.18)

Appendix D.3: Charged Scalar Loops

For the decay to yy, the loops are the same as the one pre-
sented in [40] with the cubic scalar vertex replaced by the
ones we defined in Eq. (8). Besides this replacement, we
only need to sum over the charged scalars, obtaining

g2a(x U2
XY ==Y S taall — o f (124, (D.19)
o Zmia

where 74, = 4m}2! /m i, . Regarding the decay to Zy, we can
allow two different scalars to run within the same loop, as
seen in Fig. 5. This generalizes the result in [40]. We obtain

(25,8192 —

sin Oy cos Oy

(UTU)OQD(]) g2a1a2 U2
2 2
mij, — Mgz

Xg==Y

ajan

2

Z 2 2 2
X —2 ) (Bo(mh,mial,miaz)

mij, — My
2 2 2
—By(M7, Miy, > miaz)) +1
2

2 2 2 2 2
+ m:tal CO(MZ’ O’ my, m:l:ot] ’ m:tal ’ m:l:(xz)

2 P 2 2 2 2
+miy, Co(M7,0,mj, mi,,,my,,, mial):| .

(D.20)

If there were no cubic terms in Eq. (5) (,uf{bi = 0), then
(UTU)*™ = §*2% and there would be no diagrams involv-
ing simultaneously two different charged scalars.

Appendix D.4: Final widths for loop decays

The final widths are given by

Gpa2m2
rth— yy) = W (|X;V + XV XY 24 ) 7
3
GF(sz}zl M%
I'th—>2Zy)=—— 11— —%
( V) 64\/5713 m%l

< (IXF + X3 + X7 2+ 1y 1?) . 02D

Appendix E: Perturbative unitarity

We write here the scattering matrices for the various (Q, Y)
combinations and list all the eigenvalues at the end. This is
presented here for the first time. We follow the notation of
[26]

AppendixE.1: 0 =2,Y =1

For the combination of states S} in Eq. (56a) we have

A1 0 0 s 0 O
Ox+2x 0 0 O O
0 0 ki 0 —=kip O
++ _
M;” = A5 0O 0 A% 0 O E22)
0 0 —ki20 k O
0 0 0 0 0 2

Appendix E2: 0 =1,Y =1

For the combination of states S(;" in Eq. (56b) we have

A 0O 0 A5 O 0
0x32 0 O 0
0Xx423 0 O 0
A5 O 0 A O 0
0000 ki —kp
00 0 0 —kip k

My = (E.23)

Appendix E3: 0 =1,Y =0

For the combination of states Tofr in Eq. (56¢) we have

A0 02X O 0
0Xx3A25 0 O 0
0x523 0 O 0
MM 0O 0 A O 0
00 O0O0 ki —kp
00 0 0 —kip k

Mf = (E.24)
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Appendix E4: 0 =0,Y =1

For the combination of states Sg in Eq. (56d) we have

000
My=1000
000

(E.25)

Appendix E5: 9 =0,Y =0

For the combination of states TO? in Eq. (56e) we have

A B
0 _
My = [BT C] (E.26)
with
211 0 0 0 A3 O 0 7
0 25 0 X34 O 0 0
O 0 0 0 0 O ki
A= 0 X34 02X O O 0 (E.27)
Mg 0O 0O 0 20 O 0
0O 0 0 0 0 O —kp»
| 0 0 ki 0 O —k;p O |
0 ki A1 0 0 A37]
0 —kip 0 A5x4 O
—kip 0O 0 0 0O
B = 0 —kip 0 A4 A5 O (E.28)
0 ky A3 0 0 Xy
ko 0O 00O00O0
. O 0O 000 0]
0 0 0 O 0 O
0 4r. ki —kio —kio k2
10 ki 2x O 0 Ay
€= 0—kip 0 25 A34 O (E.29)
0—kip 0 A3zg 215 O
10 k» Azg O 0 21
and where for simplicity we have defined
Mg = A3+ Mg (E.30)

Appendix E.6: The independent eigenvalues

We can obtain easily the eigenvalues for all the matrices
except for M8 in Eq. (E.25) for which we have to solve
numerically a fourth order polynomial. The list of indepen-
dent eigenvalues is,

1
Ay = 3 (—\/(k1)2 — 2k1k2+4(k12)2+(k2)2+k1+k2> ,

1
h=3 (VD =2k1k + 4122 + ()7 + ki + kz) :
A3 =23+ Agq
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1
5( A2 —2,\1A2+A§+4x§+/\1+xz>,
1 2 2 2
= SR+ 3+ a2 40+,
6= 2Ac
A7—k3—)»4,
A—1 \/ﬁ 2hdy + A2+ 402+ 0+ A
s=5\ VM 1A+ A +4A;+A1+A2 ),

1
Ay =3 (\//\% —2hiha + A3+ 40T+ +/\2> ,

Ao = A3 — As,
A = A3+ A5,

Alz_z( V2 =2k 4k 2+ (a2 —k —ka )

—k2> ,

1
Az = 2 (\/(k1)2 — 2k1ky + 4(k12)? + (k2)? —

Ay = As — A3,
Als = —A3 —2h4 + 325

The remaining eigenvalues, Ajg — Ajg, are the roots of the
polynomial of fourth degree

co+cant+an+an+ant=0, (E.32)

where

co = 6(k1)*A223 + 12(k1)*Aaha+18(k1) hohs —8ki1kad3
— 20kikahzhg — 24k1kohshs —8kikorZ — 12k kahgs
+36(k12) A2 — 16(k12)*A3 — 16(k12)*A3ks
— 4(k12)*23 4 6(k2)* A3 + 12(ka)* A1 rg
+ 18(k2)?A1hs — 36X 1 k2h3he — T2A 1 Ao hahe
— 10811 AoAshe + 4823 hahe + 4823 hs5h. + 16231,
+ 3623030 + 48A3hahshe + 1225 A52 + 8A3Ac

c1 = —6(k1)*hy — 2(k1)*A3 — 4(k1)*ha — 6(k1)*As
+ 8kikohs + dkikohg — 12(k12) A1 — 12(k12)*Aa
— 6(k2)* 11 — 2(ka)*A3 — 4(ka)*hg — 6(k2)*As
4 9A122A3 + 1801204 + 2741 Aoks + 3641 Aohe
+ 1201 A3h¢ 4 2401 Aghe 4 3601 AsAc 4 120043,
+ 2409k + 36A2hshe — 122304 — 12035
— 16A34c — 403 — 94345 — 1243045
— 16A3hghe — 30305 — 4AT0 — 223,

2 = 2(k1)*+4(k12)*+2(k2)* — 9h1h2 — 3A1A3 — 6A1Ay
—9h1As — 1241 A — 3A2A3 — 6A2A4 — Ohods
— 1200h¢ + 443 + 4h30g — 4h3he + 25
— 8ghe — 1225Ac
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c3 =3A1 +3A2 + A3+ 244 + 3A5 + 4A,,
cqg = —1.
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