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Abstract

The discovery of the Higgs boson suggests that also neutrinos get their mass from spontaneous
symmetry breaking. In the simplest ungauged lepton number scheme, the Standard Model (SM)
Higgs has now two other partners: a massive CP-even scalar, as well as the massless Nambu-
Goldstone boson, called majoron. For weak-scale breaking of lepton number the invisible decays
of the CP-even Higgs bosons to the majoron lead to potentially copious sources of events with
large missing energy. Using LHC results we study how the constraints on invisible decays of the
Higgs boson restrict the relevant parameters, substantially extending those previously derived

from LEP and potentially shedding light on the scale of spontaneous lepton number violation.
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I. INTRODUCTION

The recently discovered Standard Model (SM) Higgs boson is most likely the first of a
family. Indeed, after the historic Higgs discovery by the LHC experiments [I], 2] it is more
than ever natural to imagine that the BEH mechanism [3H5] is also the one responsible
for generating all masses in particle physics, including those of neutrinos [6] Extra Higgs
scalars are also expected in order to account for the existing cosmological puzzles, such as
dark matter and inflation, as well as to realize natural schemes of symmetry breaking, such
as those based on supersymmetry.

Here we focus on neutrino masses. These are expected to arise from the exchange of
some heavy messenger states which, depending on the underlying mechanism, need not be
too heavy [7, 8]. If lepton number is broken through a SU(3). ® SU(2), ® U(1)y singlet
vacuum expectation value [9] [10] there is a physical pseudoscalar Nambu-Goldstone boson
— the majoron. All majoron couplings to SM particles are very small except, perhaps,
those with the Higgs boson. As a result the CP even Higgs scalars have sizeable “invisible”
decays, for example, [8, 11} 12]

h— JJ, (1)

where J = v/2Im o denotes the associated pseudoscalar Goldstone boson — the majoron.
The coexistence of such novel decays with the SM decay modes affects the Higgs mass
bounds obtained [I3HI6], as well as provide new clues to the ongoing Higgs boson searches
at the LHC.

Current LHC data suggest that the new particle discovered with a mass m = 125
GeV [II, 2] is indeed the long-awaited for Standard Model (SM) Higgs boson (mpy = m).
This places restrictions on the extended Higgs sector providing neutrino masses, which we
now analyse. We find that, despite the data accumulated so far at the LHC, the possibility
of having an invisibly decaying Higgs boson is not too tightly constrained. Experimental
searches have been mainly motivated by dark matter models where the Higgs might decay
into the dark matter candidate, say Y, if its mass is m, < ", such as supersymmetric
models with R-parity conservation. However, invisible Higgs boson decays appear most
naturally in low-scale models of neutrino mass generation. In these models neutrino masses
arise from the spontaneous breaking of an additional U(1) global symmetry associated to
lepton number in the SU(3). ® SU(2), ® U(1)y theory. This symmetry is broken when a
lepton-number-carrying scalar singlet o gets a non-zero vacuum expectation value (vev),
ie. (o) =v.

There are many genuine low-scale neutrino mass scenarios of this type [7], such as in-
verse [17, 18] or linear [I9H21] seesaw schemes. For simplicity, however, one may take the
simplest SU(3). ® SU(2), ® U(1)y extension of neutrino mass generation, namely the type-
I seesaw mechanism [22H26]. In this case in order to account for the small neutrino masses
one must assume very small Dirac-type Yukawa couplings. The important consequence

of spontaneous breaking of lepton number is the appearance of a physical Goldstone bo-



son [9, 10], and the decays in Eq. . The scalar sector, in the simplest scenario, contains
only one SU(2) scalar doublet ¢ and a singlet o, called 12-model in [I0]. Hence there are
three physical spin zero states, the two massive CP-even scalars H; and Hs and one mass-
less pseudo-scalar, the majoron J. Assuming the ordering mpy, < mp, the most interesting
case is when my, = 125 GeV. In this letter we focus on the possibility that the Higgs H,
is the one reported by the LHC!, i.e. mp, = 125GeV, and that in general the CP-even
scalars can decay into majorons as follows,

Hy, = JJ and Hy — 2H, — 4] (When mu, < m;) , (2)
We note that there are strong constraints on invisible decays of a scalar with mass below
~ 115GeV coming from the searches carried out by LEP [15]. In the next section we
describe the main features of the symmetry breaking sector of the 12-model. We present
our results in section III, and we discuss how the main features of this simplest model can
also be present in other schemes with additional experimental signatures in section IV. We
conclude in section V.

II. SYMMETRY BREAKING IN THE 12-MODEL

The simplest way to model spontaneous lepton number violation contains, in addition

to the usual SM Higgs doublet ¢,
(bO
5 (3)

a complex lepton-number-carrying scalar singlet o that acquires a non-zero vev (o) that
breaks the global U(1), symmetry [9, [I0]. This scalar gives Majorana mass to right-
handed neutrinos, while ¢ couples to SM fermions. This structure defines the simplest
type-I seesaw scheme with spontaneous symmetry breaking. Many other scenarios sharing
the same symmetry breaking sector can be envisaged though, for definiteness, we assume
the simplest type-I seesaw.

A. The scalar potential

The scalar potential is given by [, 11} [12]

V= dolo + u3olo + A (o0) + 20 (616)" + iz (o10) (610) (4)

! The latest results from LHC for the Higgs boson mass are 125.36 4= 0.37 GeV from ATLAS [27] and
125.02 + 0.26 — 0.27 (stat) + 0.14 — 0.15 (syst) GeV from CMS [2§].



The singlet ¢ and the neutral component of the doublet ¢ acquire vacuum expectation
values v; and vy, respectively. Therefore we shift the fields as

(%1 Rl—i‘i[l
0O =——= —_—
V2 V2

=4+ — 5

7 7 ()

Solving the minimization equations we can obtain p? and u3 as functions of the vevs, in
the usual way,

1y =— Mvi — 5)\121@

1
fi3 = — Agv — §>\127ff (6)

B. Neutral Higgs mass matrices

Evaluating the second derivatives of the scalar potential at the minimum one finds, in
the basis (Ry, Ry) and (I3, I5), the CP-even and CP-odd mass matrices, M3 and M? read

M3 = M2——O0 7
R_|: ) I_[()O] ()

As expected, the CP-odd mass matrix has two zero eigenvalues. One corresponds to

2)\17)% >\12U1U2

2
)\121)11}2 2/\2’112

the would-be Goldstone boson which becomes the longitudinal component of the Z boson
after the BEH mechanism. The other is the physical Goldstone boson resulting from the
breaking of the global symmetry, namely the majoron J. Hence we have,

J=1, G'=1,. (8)

For the CP-even Higgs bosons we define the two mass eigenstates H; through the rotation
matrix Op as,

H; Ry cosa  sina Ry
— OR = . I (9)
H, R, —sina cosa| |Rs
satisfying
Or M}, O, = diag(mj;,,m},) . (10)

One can use Eq. and Eq. in order to solve for the parameters Ai, Ag, A\12 in terms
of the two physical masses and the mixing angle av. We get

2 2 2 win2
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A
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C. Higgs couplings and decay widths

The couplings of the Higgs boson to Standard Model particles get modified according to
the substitution rule

h — sina Hy + cosa Hy . (12)

In addition to these, there are two new important couplings coming from the extended
Higgs sector, namely HyH,H; and H;J.J. The former is given, with our conventions?, by

GHyH Hy, = 2V [3)\2 cos acsin o — 3\ cos a? sin « cot 15}
A
— % csc B(sin(a — B) — 3sin(3a + )|, (13)

or in terms of the masses,

GHyH H, = (2m3;, + m7;,) sin 2a (sin awvy — cos avs)

2U1U2

t

- a2n b (2m3;, + m7,) sin 2a (cot Bsin o — cos @) ,
v

while the couplings H;.JJJ are given by

tan [
9H;JJ = o m%{i Okri1, (14)
where we have defined 5
m v
v=vy =" tanf=—2, (15)
g U1

are responsible for the invisible Higgs decays. The decay widths to SM states are obtained
from those of the SM with the help of the substitution rule in Eq. . On the other hand
the new widths leading to the invisible Higgs boson decays are

H2 — HlHl and Hl — JJ, (16)
are given by
O (Hy o HyHy) = Smm (1 4mi ) 17
— = Z2fU ] —
(H> 1) 32mm, m, (17)
and
P(H; = ) = L i1 (18)
‘ 327 mpy, )

2 Our Higgs trilinear self-coupling parameters are obtained after minimizing the Higgs potential. In order
to get the Feynman rules we have to multiply by —z.



III. RESULTS

We now discuss the constraints on invisibly decaying Higgs bosons which follow from
searches performed at LEP as well as LHC. We focus on the case where the Higgs H is
the one reported by the LHC, i.e. mpy, = 125 GeV, while mpy, < mpy,. Both states may in
principle have SM-like as well as invisible decays to majorons as given in Eq. .

A. Parameter sampling procedure

In order to cover the possibility of a Higgs boson with mass below 125 GeV, we generate
points in parameter space taking mpy, = 125 GeV and 15 < mpy, < 115 GeV. In our
simple model, the only remaining parameters are the vev v, characterizing the spontaneous
violation of lepton number and the mixing angle «, which we take as,

vy € [500,1500] GeV, « € [0,7]. (19)

However, as the results do not depend very much on the value of v; in that interval, we will
use v; = 1000 GeV in most of the results presented.

B. Theoretical constraints

The points generated must fulfill several constraints. First come the consistency re-
quirements for the scalar potential, namely that it must be bounded from below and that
perturbative unitarity be respected. The unbounded from below constraint reads [29]

A > 0, Ao > 0, Ao+ 24/ A A >0 (20)

while for the unitarity we just take a simplified approach requiring that all couplings are less
than v/4m. Certainly this can be refined [30], though Eq. is sufficient for our current
purposes.

C. Constraints from invisible decay searches

The second type of constraints comes from the LEP collider. Searches for invisibly
decaying Higgs bosons using the LEP-II data have been performed by the LEP collabora-
tions. In our setup these constraints apply to the lightest Higgs boson, H;. For the channel
ete™ — ZH — Zbb the final state is expressed in terms of the SM H Z cross section through

=0y X C%(H—wé) , (21)



where Ry is the suppression factor related to the coupling of the Higgs boson to the gauge
boson Z (i.e. R7Y =1 and for the model we have Ry, 7 = sin? a; note also that C
independent of my). Here BR(H — bb) is the branching ratio of the channel H — bb which
in the model is modified with respect to the SM by the presence of the invisible Higgs boson
decay into the Goldstone boson J associated to the breaking of the global U(1);, symmetry.

As illustration we consider the results from the DELPHI collaboration, Ref. [I5], where
they give upper bounds for the coefficients C’é( Hs D)
Higgs boson mass in the range from 15 GeV up to 100 GeV. From this one determines the

)is

corresponding to a lightest CP-even

regions of my, — sin @ which are currently allowed by the LEP-II searches. The results are
shown in Fig. [l The region excluded by the LEP results corresponds to the blue regions
in this figure. One sees that the LEP results do not exclude much of the parameter space

v4=1000 GeV
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Figure 1: my, versus sin a in the model for v; = 1000 GeV. The blue region is the region
excluded by LEP results. The red, cyan and magenta regions correspond to an invisible
BR excluded at 75%, 50% and 25% respectively.

for a light Higgs boson (below 115 GeV) as long as its coupling to the Z boson is reduced
with respect to that of the SM. However, in this simple model, if we take into account
the discovery at the LHC of a Higgs boson at 125 GeV the parameter space is further
restricted. In fact, in this picture the heavier Higgs boson couples to the Z boson with a
reduced strength cos . The restriction on cos a depends on the upper limit on the invisible
decay of the Higgs boson. Here we consider three values, from 25% up to 75%, which is
the current upper bound given by the ATLAS collaboration [31] for the branching ratio to
invisible particle decay modes. This will be improved in next run of the LHC, but current
results indicate that there is still room for such decays, as shown in Fig. [1L Note that the
kink in the plot is associated to the decay in Eq. .



D. Constraints from visible decay searches

We just saw the implementation of the LHC upper limit on the invisible decay of the
Higgs boson. However we must also enforce the limits coming from the other, well-measured,
SM channels. These are normally expressed, for a SM final state f, in terms of the signal
strength parameter,

oNP(pp — h) TNP[h — f] TSM[h — all]

= G5V (pp — h) TM[ — f] TNP[h — all]’ (22)

where o is the cross section for Higgs production, I'[h — f] is the decay width into the final
state f, the labels NP and SM stand for New Physics and Standard Model respectively,
and I'[h — all] is the total width of the Higgs boson. These can be compared with those
given by the experimental collaborations. We reproduce here the compilation performed in
Ref. [32] for the most recent results of the ATLAS [33] and CMS [34] collaborations. One
sees that the current limits, although compatible at 1 — o, still have quite large errors.

channel ATLAS CMS
fiy 1174027  1.147038
pww 1007032 0.83+0.21
pzz 1447039 1.00+£0.29
frtr—  L4ATSS 0914027
[ip 0.270¢  0.93+0.49

Table I: Current experimental results of ATLAS and CMS, taken from the compilation
performed in Ref.[32].

Since the number of parameters is very small in our model, it suffices to take as a
constraint the limits on wuyy (V. = W, Z) in order to illustrate the situation. Instead of
taking each experiment individually, we just note that, in a qualitative sense, the LHC
results indicate that pyy ~ 1 to within 20%, that is,

0.8 < puyy < 1.2 (23)

The results are shown in Fig.[2 On the left panel we consider v; = 1000 GeV while on the
right panel we let it vary in the range v; € [500, 1000] GeV. As before, the blue region is the
LEP exclusion region, while the red region is excluded by the LHC limit on pyy. The green
region is the region still allowed by the current LHC data. If we compare the left panel of
Fig. 2| with Fig. [I] that corresponds to the same value of vy, we see that the limit imposed
by pyy implies, in this model, an upper bound on the invisible Higgs decay of around 20%,
therefore more stringent that the one presented by the ATLAS collaboration [31]. This is

8
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Figure 2: my, versus sin« in the model for v; = 1000 GeV (left panel) and
vy € [500,1000] GeV (right panel). The blue region is the region excluded by LEP results.
The red corresponds to the points excluded by the LHC as discussed in the text and the
points in green pass all constraints.

due to the fact that the number of independent parameters is very much reduced in this
model, and the cut on pyy implies a cut on a. To show this, we plot in Fig. [3 i1z against
BR(H,; — Inv). The color code is as in Fig. 2 On the left panel we see that the invisible

v4=1000 GeV v4=1000 GeV
1 I
08 F
0.6 f :
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O F ] E
0 0.2 0.4 0.6 08 1 0 02 0.4 0.6 0.8 1
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Figure 3: Left panel: uyy versus BR(Hy — Inv). Right panel: the same for
BR(H; — Inv). The color code is as in Fig.

branching ratio of the 125 GeV Higgs boson, H, in our model, could be as large as one but
this is ruled out by LEP. Furthermore the LHC limit on uzz, reduces the allowed space,
and we obtain an upper bound on the invisible decay, for this simple model, of around
20% as we explained before. The corresponding plot for the lightest Higgs boson is shown
on the right panel. We see that an invisible branching ratio of 100% is compatible with



the LHC results for this model. The correlation between the invisible branching ratios of
the two Higgs bosons is shown on the left panel of Fig. [4] with the same convention for the
colors. Finally, on the right panel we plot mpg, as function of BR(H; — Inv), with the same
conventions. We see a strong anti-correlation among these panels, due to the simplicity of
the model.

v4=1000 GeV v4=1000 GeV
100
100
_ 80
101 <
< T 60
o £
40
102 b——— PP P PP B 20
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
Br(hq—Inv) Br(hq— Inv)

Figure 4: Left panel: BR(H; — Inv) as a function of BR(H; — Inv). Right panel: my, as
a function of BR(H; — Inv). The color code is as in Fig. .

In order to better illustrate this anti-correlation we plot in Fig. 5] pzz as a function of
H~~- The straight line reflects the fact the there is essentially only one parameter left, the

v4=1000 GeV
1
08 F
0.6 L
N g
e :
04 F
02 F

0 L 1
0 0.2 0.4 06 0.8 1
Myy

Figure 5: Correlation between pzz and p.,. The color code is as in Fig. .

angle o, after we fix the two Higgs boson masses. We also notice that in the model, the js
for the channels where the final state f exists in the SM can only be less then one. This
results from the reduced coupling of the SM-like Higgs boson.
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More general models with a richer Higgs boson sector naturally emerge, for example,
in neutrino mass schemes with more than one scalar doublet [§, 12, 35] or models with a
doublet and triplet [36]. In this case, in addition to the scalars considered here there are
also charged Higgs bosons. Similar features hold in models where the origin of neutrino
mass is supersymmetric, due to spontaneous breaking of R-parity [37, [38].

IV. DISCUSSION

In this paper we have given a simple “generic” example illustrating how the physics
associated to the Higgs boson may get modified within extensions of the minimal
SU(3)e ® SU(2), ® U(1)y theory with spontaneous lepton number violation at low-
scale [6] 3. So far we have considered the simplest scenario for spontaneous breaking of
ungauged lepton number symmetry responsible for inducing the tiny neutrino masses. The
latter involves the standard SU(3). ® SU(2), ® U(1)y electroweak gauge structure, and
hence gives rise to a physical Goldstone boson that provides an invisible Higgs decay chan-
nel. Such simple scheme can be implemented in a variety of ways both at the tree level as
well as within radiative schemes [7, §].

Additional phenomenological signatures beyond the invisible Higgs decay channel in
Eq. include charged lepton flavour violation processes such as radiative muon and tau
decays, e.g. p— ey, u — 3e as well as mu-e conversion in nuclei. The expected rates
for such processes will depend on the details of the model considered. For this reason
they have not been discussed explicitly in the present paper. For example p — ey can
be large in inverse seesaw schemes [40H42]. Likewise, mu-e conversion in nuclei is also
enhanced [43]. Similar enhancement of lepton flavour violation processes exists for lin-
ear seesaw-type schemes [44]. Similar features arise within radiative models of neutrino
mass generation, for example models of the Zee-Babu-type [45]. These models include also
physical charged scalar bosons running in the neutrino mass loop, and their scalar poten-
tial is richer than we have considered above. Note that the charged scalar states present
in such models also give a contribution to H — 7 decays. Finally, there is a different
class of charged lepton flavour violation processes involving majoron emission, for example
i — eJ. This possibility has been considered, for example, within supersymmetric models
with spontaneous R parity violation [46H48].

3 High-scale seesaw models may lead to sizeable lepton flavour violation rates coming from supersymmetric
contributions [39]. However here we discard this possibility, since the sizeable invisible Higgs boson decay

physics would be absent in that case.
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V. CONCLUSIONS

Here we have considered the constraints implied by current data, including the Higgs
discovery, on the extended electroweak symmetry breaking potential corresponding to the
simplest neutrino mass schemes with spontaneous breaking of lepton number. There are
two CP-even Higgs scalars that can decay to Standard Model states as well as invisibly to
the majoron, the pseudoscalar Goldstone boson associated to lepton number violation. If
lepton number symmetry breaks at the weak scale, the invisible modes can yield potentially
large rates for missing energy events. Using current results from LEP and ATLAS/CMS
at the LHC we have studied the constraints coming from SM searches as well as invisible
decays, showing how, despite the large data sample, there is still room for improvement of
invisible decay limits in the coming LHC run. Within our simple framework these limits
provide a probe into the scale characterizing the violation of lepton number responsible
for neutrino mass generation. Having set out the general strategy, other more complex
symmetry breaking sectors may be analysed in a similar way such as, for example, those
arising in models containing charged Higgs bosons.
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