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Summary. — One natural way to understand the excess of the measured H — ~~
rate over the standard model (SM) expectation at the Large Hadron Collider (LHC)
is to have charged scalar bosons, existing in most of the SM extensions. Motivated by
this LHC result, we explore if it also sheds light on solving the small neutrino mass
generation problem. We concentrate on a class of models with high-dimensional
representations of scalars to realize Majorana neutrino masses at the two-loop level
without imposing any new symmetry. In these models, multi scalars with electric
charges higher than two are naturally expected, which not only enhance the H — ~v
rate, but provide more searching grounds at the LHC. In particular, the rate of
H — Z~ is also correlated to that of the diphoton channel.

PACS 12.60.Fr — Extensions of electroweak Higgs sector.
PACS 14.60.Pq — Neutrino mass and mixing.

PACS 14.80.Bn — Standard-model Higgs bosons.

PACS 14.80.Fd — Other charged Higgs bosons.

1. — Introduction

Last year in July a boson with its mass around 125 GeV has been discovered by both
ALTAS [1] and CMS [2] Collaborations, and its spin-parity property is further identified
to be 0T according to the latest results based on the LHC full 2011+2012 dataset [3]. So
far the scalar is most likely the Higgs particle as its properties are consistent with the SM
predictions except the possible large production rate of H — . In 2012, the excess in
both experiments is around 20 deviation from the SM prediction. Currently the measured
signal strength of Higgs to diphoton by the ATLAS collaboration is u = 1.6f8:§ [4] while
the CMS collaboration’s result goes down to u = 0.787028 [5]. In other words, the excess
still survives in ATLAS but disappears in CMS. To eliminate the discrepancy between
the two collaborations one has to rely on the future data accumulation and analysis
in the LHC Run-II. At this moment, we consider the possibility that if the deviation is
sustained, it is clearly a call for new physics. One of the natural mechanisms is to include
new charged particles in the SM [6, 7], which would enhance the decay rate due to the
new charged loop contributions.
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In this paper we show that the inclusion of an extra scalar multiplet in the SM would
naturally generate neutrino masses at the two-loop level and its charged components in
turn would help in resolving the excess of the H — v rate at the LHC. The correlation
between H — vy and H — Zv is also further studied. Consequently, multi scalar
bosons with electric charges higher than 2 appear. These multi charged scalars clearly
ensure some rich phenomenologies at the LHC. We will explore them along with the
lepton-number—violating processes.

2. — Multi scalars and neutrino mass generation

If the extra scalars do not involve strong interaction with non-trivial SU(2)y x U(1)y
quantum numbers, there are only three possible renormalizable Yukawa interactions,
given by

(1) fabeZLbsv yabgg%aZRb(b7 and gabingT7

where L (£) stands for the left-handed (right-handed) lepton, a or b denotes e, y1 and T,
c represents the charged conjugation, s and ® are SU(2), singlet scalar fields with Y = 2
and Y =4, and T is an SU(2), triplet with the hypercharge Y = 2, respectively. The
third Yukawa interaction would generate neutrino masses at the tree level which is the so-
called famous Type-II seesaw mechanism [8], and the explanation of tiny neutrino masses
requires an extreme small value of the VEV or Yukawa couplings, which is obviously un-
natural. Without introducing the triplet 7', the interactions in eq. (1) are precisely
given by the Zee-Babu model [9], which has been extensively studied in the literature, in
particular its phenomenology of the doubly charged scalar at the LHC. In this work, we
consider a new class of models by adding a scalar field £ with ¥ = 2 and a non-trivial
SU(2), representation n. To minimize our models, we disregard the singlet scalar s and
keep the other singlet ® so that only the second Yukawa interaction in eq. (1) can exist
at the tree level.
The general scalar potential reads

(2) V(H,& %) = —pgy|HP? + M| H|* + i€ + A [E]a + ng |2 + Aol @[
X ([HPIEP) 5 + Ama | HP @ + Aea €| + [n€€® + hoc],

where «, (3 are the short-handed notations denoting the possible invariant terms for higher
representations in general. Also notice that all terms in the potential are self-Hermitian
except the last u-term, which is related to the dynamics of the lepton number breaking
to be discussed later. For the even-dimensional representations, i.e. n = 2,4,6..., the
products &£ vanish since

(3) 8 = ¢€i€jjrepn - Cijh. Cirjrkr... = —€ii€jri€rrk - - Sijk. ity ... = 0,
due to the antisymmetric matrix of €; (i,j = 1,2). Subsequently, we only need to
consider the odd dimensional representations of &, i.e. n = 3,5,7.... Since the triplet

has been dropped out, the next minimal choice is n = 5. From now on, we concentrate
on this minimal one, the quintuplet, with & = (¢+++ ¢++ ¢+ €9 ¢7)T. One shall bear in
mind that the results can be easily extended to those with higher representations of £. In
these cases, there are three and two irreducible terms for |£|* and |H |?|¢|?, respectively.
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Fig. 1. — Two-loop contributions to neutrino masses.

With this setup, the neutrino masses can be generated in the two-loop diagrams as
shown in fig. 1. In this mechanism, neutrino masses are calculable, and are given by

4 2 2
g , 1. o (M2 1. 5 (M2

(4) My, >~ —————MaMpVeYap Sin 20 [ log ( - log ,
" V2(4m)t ¢ M, M) M M3,

where m,; correspond to charged lepton masses; Py and P> are the mass eigenstates
of doubly charged scalars with 6 representing their mixing angle and Mp, > My is
assumed. Note that the neutrino masses are suppressed by the two-loop factor, SU(2)y
gauge coupling, charged lepton masses, mixing angle #, and VEV of £, respectively,
without fine-tuning Yukawa couplings y,,. Due to the hierarchical structure in charged
lepton masses, the model predicts the neutrino mass spectrum to be a normal hierarchy
if one requires the perturbative bound on y,;. Consequently, the neutrino mass matrix
is given by

T
(5) My, = UPMNSMwg;0, Upning X Yabs

v S

where m,,,,. = diag (mul, \/m21 +Am?2,,, \/mg1 + Amitm) with m,, the lightest v

mass. In other words, if one neglects the Majorana phases two unknown parameters are
left in this expression, m,, and Dirac CP phase, dcp. Interestingly, one is able to pin
down the neutrino parameters via the leptonic processes governed by v, by utilizing the

neutrino oscillation data. For example, the ratio R, = %(1) is related to the

lightest neutrino mass, m,,, as illustrated in fig. 2, with the use of the latest neutrino
oscillation data [10]. In principle, many variants of such kind of quantity can be also
defined from the leptonic rare decays or same-sign dilepton decays of ®**. Hence, our
model provides a complementary way to determine neutrino parameters.

We now move to the lepton number (L) violation. In general, U(1); can be either
global or gauge symmetry. If the lepton number indeed comes from a global symmetry as
that in the SM, the spontaneous symmetry breaking will generate a Nambu-Goldstone
(NG) boson, usually called Majoron. In this model, the VEV of v¢/v/2 = (¢°) breaks
U(1)r spontaneously. Since £ is an SU(2) multiplet, its corresponding Majoron has a
direct coupling to the Z boson, which is strongly constrained by the LEP measurement

(*) Here, we have used Br(T — ey)* = T'(1 — ey)/T(1 — ebevsy).
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Fig. 2. — R, versus m,,, where the blue, red and green curves correspond to dcp = 0, 180° and
300°, respectively, with the global x* analysis in ref. [10], while the dashed black line represents
the lower bound set by cosmology.

of the invisible Z decay width. There are many ways to resurrect it, we illustrate here
by adding another SU(2), triplet (3) scalar field A = (AT, A%, A7) with Y = 0 to the
model. The potential involving A is given by

1 K *
(6) V= o uA AT+ A 4 A H 4 fo A0 4 f (A7),
+io AHH* + [isAEE* + [MAEH H* 4+ h.c],

where r = 1,2, corresponding two gauge invariant terms. Note that the cubic term A3
automatically vanishes in eq. (6). It is easy to see that the coexistences of [GIr®, p&éP
and ASH*H* in eqs. (1), (2) and (6), respectively, break the lepton number explicitly.
The Higgs mass spectrum can be solved by analyzed the potential. Assuming ug, A >
0, then p% > 0leads to (H") = 75 (€% = %, (A% = wva. Wetake i > v* > v = 03,

say pa & 1TeV, vg = va =~ 1 GeV as constrained by p parameter, and denote p7 = av®.

The mass eigenvalues of scalar fields are approximately given by mi = 2\gv?, mQRBEO =

Alvz and m3, = pi + fgv? where we identify h as the SM-like Higgs boson. The

pseudo-scalar fields are méo = 0 which is the NG boson absorbed by the Z boson and

Mipeo = A21 v?. The singly charged scalars we obtain mZ,, = 0 is the NG boson providing

RNC)
mass to the W boson, and three physical fields with masses m§+ =0 (a + =5+ )

SEENC
mg_ = U2|: (a—l— Je 4 ) + X\ ] and m%, = pA + fgv?. From the positive-definite
S INC))
condition for mg, we have the relation o + =5* + ¢ < A1. For doubly charged scalars

in the basis (§7F, ®TT), the mass matrix is

2 ~
- 5 (da+ 2L+ A~ A1) V20 W}f
—V/2fi1v¢ 13 + *AH<I>

. .. . . V21 ve 3
with mixing angle 6 given by tan20 = TP NS Y W The off:
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Fig. 3. — Contributions to H — vy from charged scalar exchanges in the loops.

diagonal elements determine the scale of neutrino mass. The diagonal terms, which are
A @ <
equal to mass eigenvalues in leading order, are given by M3, = v [2 (a—l- e ) - ﬁ}

2

and Mp, = pg + ﬁ/\H(p. The mass of triply charged scalar £+ is given by m,;.HJr =

)\(1) )\(2) - (1) )\(2 5\
v? {3 (a—l— SHe g THe ) A ] It leads to a + Hﬁ + = 2 5. Combining with the upper
A(l) )\(2) -
limit from singly charged scalar mass, one has ’\—1 <o —i— == 4+ = < Ao Note that

the mass formulae of £’s implies that m€0 = 4m§+Jr+ + mE , m£+ = §m§+++ + %mg,,

£++ = Zm§+++—|—fm5, Therefore both hierarchy m5+++ > ngr+ > mé > mgo > mz,

and m£+++ < m£++ < m£+ < mgo < m?_ are possible.

-
3. — h — vvy/Z~ correlation

Since £ does not directly interact with the SM fermions, the Higgs production is not
expected to be modified. However, as promised, the decay rate of H — ~~ receives extra
contributions from the new charged scalars in the loops as shown in fig. 3, the decay rate
which is relative to the SM prediction can be expressed as

2
A’Y’Y (TS)
b (59) s e

where Qg is the electric charges of the component of the scalar multiplet &, (I3 + 1),

I3 runs from —(n — 1)/2 to (n — 1)/2, N represents the degeneracy of the multiplet,
and g is the trilinear coupling to the SM Higgs. The amplitudes AO,%J and the mass

(8> Ry F(h — ’W) = ‘

Csar(h — )

ratios 7y w,g are defined in ref. [11]. Here, for simplicity, we have taken the same trilinear
coupling us and charged scalar mass mg. The new contributions from the multi charged
scalars interfere constructively with that of the SM if pug < 0. h — Zv receives similar
contributions from the new scalar, given by [12]

I'(h — Z7v)
FSM(h b Z’y)

2
TR AP (14, \
®) Rzy =t Nlrtﬂ <2 §I Qs 'gzss> 7(75 s)

S ‘ASM

Tt is straightforward to show that our formula in eq. (9) for the Zv decay can be retrieved
to the one in eq. (8) for the vy mode when taking mz — 0 and making the replacement
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Fig. 4. - Ry, =T'(H — vv)/T'(H — vy)sm and Rz, = I'(H — Z~v)/T(H — Z~v)swm as functions
of the degenerate mass factor m; of the multi charged scalar states with n = 5 and the universal
trilinear coupling to Higgs, us = —100 GeV.

gzss — Qs. We plot the ratio of R, =I'(H — ~v)/T(H — vy)sm and Rz =T'(H —
Zv)/T(H — Zv)sym in fig. 4 with a typical value of s = —100GeV and n = 5. It is
clear that the excess rate in the diphoton decay channel reported at the ATLAS and CMS
collaborations can be easily explained by these multi charged scalars. It is interesting to
see that the factor Qg - gzss can be examined in a general scalar multiplet. By using
the identity @ = Is + Y/2, we have

1 Y Ys2
10 . = Is+ =) | I3¢%, — —=% ).
(10) Qs - gzss P~ ( 3+ 2) ( 3Cy 5 )

When the isoweak charge I of the scalar multiplet is larger than its hypercharge Y, we
find Qg - gzss > 0, which indicates the enhanced behavior in the Z~ channel compared
with the SM prediction. In contrast, for the multiplet with Y > I, we get Qs -gzss < 0,
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Fig. 5. — Rz, as a function of the isospin I and Y with R,, = 1.5 and ms = 300 GeV,
respectively.
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leading to a suppressed rate of h — Z~. Moreover, if we take the ratio

Rz, —1 A[A] (tw) + NeQFAT )y (7)) AZY (75, Ag) 35, @s - 9zss

R, —1 vAZY, Ag'(7s) >, Q%

A (15, As) AI(I +1)c3, — 3Y2s2,
A3 (1s) AI(T+1)+3Y2 7

(11)

=271

we find the two limitations for the Z+ and 7 correlations as a function of isospin I and
hypercharge Y, respectively. The figures are plotted in fig. 5. It shows that I'(h — Z~)
only depends on the relative size of the isospin 7" and the absolute value of the hypercharge
Y. In particular, we have shown that the enhancement factor Rz, is a monotonically
increasing function of I and a monotonically decreasing one of |Y| with a fixed value of
R.,,. This observation enables us to predict that 0.76 < Rz, < 2.05 by imposing the
observed range 1.5 < R, < 2, if the scalars are heavier than 200 GeV. Note that this
range is irrelevant to the number of the scalar multiplets, their representations, and the
couplings to the Higgs particle. The neutrino models and our results on the h — Z~ decay
clearly can be tested at the LHC. Also by studying the correlations between R, and
Rz, the simultaneous observations of vy and Z+ modes would help for discriminating
the possible new physics beyond the SM.
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