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Abstract

Neutrino mass generation through the Higgs mechanism not only suggests the need to reconsider the
physics of electroweak symmetry breaking from a new perspective, but also provides a new
theoretically consistent and experimentally viable paradigm. We illustrate this by describing the main
features of the electroweak symmetry breaking sector of the simplest type-II seesaw model with
spontaneous breaking of lepton number. After reviewing the relevant ‘theoretical’ and astrophysical
restrictions on the Higgs sector, we perform an analysis of the sensitivities of Higgs Boson searches at
the ongoing ATLAS and CMS experiments at the LHC, including not only the new contributions to
the decay channels present in the standard model (SM) but also genuinely non-SM Higgs Boson
decays, such as ‘invisible’ Higgs Boson decays to majorons. We find sensitivities that are likely to be
reached at the upcoming run of the experiments.

1. Introduction

The electroweak breaking sector is a fundamental ingredient of the standard model (SM), many of whose
detailed properties remain open even after the historic discovery of the Higgs Boson [1, 2]. The electroweak
breaking sector is subject to many restrictions following from direct experimental searches at colliders [3, 4], as
well as global fits [5, 6] of precision observables [7-9]. Moreover, its properties are may also be restricted by
theoretical consistency arguments, such as naturalness, perturbativity and stability [10]. The latter have long
provided strong motivation for extensions of the SM such as those based on the idea of supersymmetry.

Following the approach recently suggested in [11, 12] we propose to take seriously the hints from the
neutrino mass generation scenario to the structure of the scalar sector. In particular, the most accepted scenario
of neutrino mass generation associates the small size of the neutrino mass to their charge neutrality which
suggests them to be of Majorana nature due to some, currently unknown, mechanism of lepton number
violation. The latter requires an extension of the SU(3). ® SU(2);, ® U(1)y Higgs sector and hence the need to
reconsider the physics of symmetry breaking from a new perspective. In broad terms this would provide an
alternative to supersymmetry as a paradigm of electroweak breaking. Amongst its other characteristic features is
the presence of doubly charged scalar bosons, compressed mass spectra of heavy scalars dictated by stability and
perturbativity and the presence of ‘invisible’ decays of Higgs Bosons to the Nambu-Goldstone boson associated
to spontaneous lepton number violation and neutrino mass generation [13].

In this paper we study the invisible decays of the Higgs Bosons in the context of a type-1I seesaw majoron model
[14] in which the neutrino mass is generated after spontaneous violation of lepton number at some low energy
scale, Apw < A ~ O(TeV)[15, 16]". This scheme requires the presence of two lepton number carrying scalar

* The idea of the Majoron was first proposed in [ 17] though in the framework of the type I seesaw, not relevant for our current paper. On the
other hand the triplet Majoron was suggested in [ 18] but has been ruled out since the first measurements of the invisible Z width by the LEP
experiments. Regarding the idea of invisible Higgs decays was first given in [ 19], though the early scenarios have been ruled out.
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Figure 1. Diagram that generates non-zero neutrino mass in the model.

multiplets in the extended SU(3). ® SU(2). ® U(1)y model, a singlet 0 and a triplet A under SU(2)—this
seesaw scheme was called 123’-seesaw model in [14] and here we take the ‘pure’ version of this scheme, without
right-handed neutrinos. The presence of the new scalars implies the existence of new contributions to ‘visible’ SM
Higgs decays, such asthe h — ~yy decay channel, in addition to intrinsically new Higgs decay channels involving
the emission of majorons, such as the ‘invisible’ decays of the CP-even scalar bosons. As a result, one can set upper
limits on the invisible decay channel based on the available data which restrict the ‘visible’ channels.

The plan of this paper is as follows. In the next section we describe the main features of the symmetry
breaking sector of the 123’ type Il seesaw model. In section 3 we discuss the ‘theoretical’ and astrophysical
constraints relevant for the Higgs sector. Taking these into account, we study the sensitivities of Higgs Boson
searches at the LHC to Standard Modelscalar boson decays in section 4. Section 5 addresses the non-SM Higgs
decays of the model. Section 6 summarizes our results and we conclude in section 7.

2. The type-II seesaw model

Our basic framework is the ‘123’ seesaw scheme originally proposed in [14] whose Higgs sector contains, in
addition to the SU(3). ® SU(2), ® U(1)y scalar doublet @, two lepton-number-carrying scalars: a complex
singlet o and a triplet A. All these fields develop non-zero vacuum expectation values (vevs) leading to the
breaking of the Standard Model(SM) gauge group as well as the global symmetry U (1) associated to lepton
number. The latter breaking accounts for generation of the small neutrino masses.

Therefore, the scalar sector is given by

AF
JA\
0
P = z, and A = . V2 1)
A A
V2
with L = Oand L = —2, respectively, and the scalar field o with lepton number L = 2. Below we will consider

the required vev hierarchies in the model.

2.1. Yukawa sector

Here we consider the simplest version of the seesaw scheme proposed in [14] in which no right-handed
neutrinos are added, and only the SU(3). ® SU(2)L ® U(1)y electroweak breaking sector is extended so as to
spontaneously break lepton number giving mass to neutrinos. Such ‘123’ majoron—seesaw model is described by
the SU3). ® SUR)L ® U(1)y ® U(1) invariant Yukawa Lagrangian,

LY = y;@uRj<I> + y;(j,dR]&) + }’:jL_,fR](b + )/;/L,TCALJ + h.c. (2)

In this model the neutrino mass (see figure 1) is given by,
2
v
m, = y'kv) —22 3)
UON
where v, and v, are the vevs of the singlet and the doublet, respectively. Here x is a dimensionless parameter that
describes the interaction amongst the three scalar fields (see below), and m is the mass of the scalar triplet A.

At this point we note that the smallness of neutrino mass i.e.
m, < 1eV

~
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may define interesting regions of the parameter space in any neutrino mass generation model where the new
physics is expected to be hidden from direct observation. In particular, we are interested in spotting those regions
accessible at collider searches such as the ongoing experiments at the LHC (see [20] and references therein).

In our pure type Il seesaw model where lepton number is spontaneously violated at some low energy scale we
have

m, =y’ (A)

with the effective vevis given as (A) =  (®)? /M3 where A is the isotriplet lepton—number—carrying scalar.
Here (®) is fixed by the mass of the Wboson and

1= KW
is the dimensionful parameter responsible of lepton number violation, see equation (3). Therefore if y” ~ O(1)
and the mass My liesat 1 TeV region then one has that (A) ~ m, and pr ~ 1 eV.

Note that one may consider two situations: v; > Agyw (high-scale seesaw mechanism) in whose case the
scalar singlet and the invisible decays of the Higgs are decoupled [ 15]; the second interesting case is when
Agw < vi<few TeV (low-scale seesaw mechanism). In this case the parameter « is the range [10~!4, 10~1¢] for

y¥ ~ O(1).In this case one has new physics at the TeV region including the ‘invisible’ decays of the Higgs
Bosons.

Therefore, led by the smallness of the neutrino mass we can qualitatively determine that the analysis to be
carried out is characterized by having a vev hierarchy

VL2 V> Vs

and the smallness of the coupling k, thatis k < 1.

2.2. The scalar potential

The scalar potential invariant under the SU(3). ® SU(2); ® U(1)y ® U(1); symmetryis given by[15, 16]°

V = pio¥o + 30 + ptr(NA) + N (D)2 + Ny [tr(ATA) P

+ AP Otr(ATA) 4+ Mtr(AANA) 4+ N5 (DFTANAD) 4 B, (0%0)?
+ By (D' @) (0F0) + Bs3tr(AA)(o*0) — k(PTAPo + h.c.). 4)

As mentioned above the scalar fields o, ¢ and A acquire non-zero vacuum expectation values, vy, v, and vs,
respectively, so that, they can be shifted as follows,

- L + R1 -+ 111
V2 N
0o_ M R2 + 112
= + >
TR
R; + ik
N0 — s + 37‘
V2 V2
The minimization conditions of equation (4) are given by,
2 —261v) — Bavivy — Bavivs + Kvyvs
= 2v ’
1

1
1 == SN+ B+ s+ A = 2kmv),

2= 2+ A3 — (A3 + As)vivs — Bavlvs + kvivs
i= .

(€)

21/3
and from these one can derive a vev seesaw relation of the type
2
ViV3 ~ IiVZ N

where £ is the dimensionless coupling that generates the mass parameter associated to the cubic term in the
scalar potential of the simplest triplet seesaw scheme with explicit lepton number violationas proposed in [21]
and recently revisited in [12].

Neutral Higgs Bosons

One can now write the resulting squared mass matrix for the CP-even scalars in the weak basis (R}, R, R3) as
follows,

5 . . .
From now on we follow the notation and conventions used in [16].
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1 v 1
200V + —kvy = Baviva — Kvavs Bsvivs — —kv;
2 V1 2
Mg =| Bamivy — kvavs 23 Az + As)wvs — kvpvy |- (6)

1 1
B3vivs — 5/{1/22 (A3 + As)vavy — kvivy 2(\ + )\4)1/32 + Envzzﬂ
V3

The matrix M is diagonalized by an orthogonal matrix as follows, OxMz O% = diag(m Ifﬁ , m 1%12 , m fg )
where

H1 Rl
H| = Orl R | (7)
H3 R3

We use the standard parameterization Or = Ry3 Rj3 Ry, where

(5)) S12 0 qas 0 513 1 0 0
Ro=|—-5s2 a, 0y, Rs=| 0 1 0} R3s=[|0 a3 s (8)
0 0 1 —s3 0 a3 0 — s 03

and ¢;; = cos ayj, s;; = sin ayj, so that the rotation matrix Oy is re-expressed in terms of the mixing angles in the
following way:

a20a3 assi2 513
Or =|— @3%512 — Q2513523 Q3012 — S12513523 Q13523 |. 9)
— 0203513 + 523512 — ©3512513 — 12523 Q3023

On the other hand, the squared mass matrix for the CP-odd scalars in the weak basis (I}, L, L) is given as,

1 V3 1 2
—Vy— VV3 —V.
2%y 27
M12 = K| VV3 2V1V3 vy |. (10)

1 1 V1
— V22 viva — sz —
2 2 V3

The matrix M7 is diagonalized as, O;M} OF = diag(0, 0, m?), where the null masses correspond to the would-
be Goldstone boson G° and the Majoron ], while the squared CP-odd mass is

2,2 2.2 2,2
4
m = K ViV T vvs F A (1)
2V3 Vi
The mass eigenstates are linked with the original ones by the following rotation,
A J I
AZ = GO = O[ 12 (12)
A3 A 13
where the matrix O is given by,
V2 —2mvi — ovivs
O = 0 v/V =21/ V |, (13)
bv,/2v, b bvy/2v3
with
V2= + 4v},
= VA4 dvivy + vyvg (14)
4y2y2
P=— 12/1‘2/3 2 2 (15)
vy + vivy + dviv
Charged Higgs Bosons
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The squared mass matrix for the singly-charged scalar bosons in the original weak basis (¢*, AT)is given by,

1 1

KV — —Asv2 ——1(As5v3 — 2KV

i 13 = S AsYs NG 2(Asvs )
M= 4 ' : (16)

—— vy (A\sv3 — 26V)) —VE(—Asv3 + 2KV

2ﬁ2(53 1)41/32( 5V3 )]

We now define
£ c s + )

(fli) = (_j;i Ci)(ii)’ and OiMIZ{inTE = diag(0, méi). (17)

where cy and sy aregivenas c;. = v, / Jvi + 2viand sy = 2 v; / \v# + 2v}. The massless state corresponds

to the would-be Golstone bosons G* and the massive state H* is characterized by,

1
m?. = —(2rv — Asv3) V3 + 2v3). (18)
41/3
On the other hand, the doubly-charged scalars A** has mass
1
M3, = ;(/@vlvzz — 243 — Asvivs). (19)
3

2.3. Scalar boson mass sum rules
Notice that using the fact that the smallness of the neutrino mass implies that the parameters « and v5 are very
small one can, to a good approximation, rewrite equation (6) schematically in the form,

* % 0 az s2 0
Mi~|x % 0] sothat Ox ~|—s, q 0} (20)
0 0 % 0 0 1
and equation (11) becomes,
2
mj ~ /{m. (21)
21/3
Asaresult, the scalar H; and the pseudo-scalar A are almost degenerate,
mpy, = (Mg)s3 ~ mj. (22)
In the same way, by using equations (11), (18) and (19), one can derive the following mass relations,
\sv2
mi — ml.~ 542 and 2m?. — m; — M gV,
which can be rewritten in the form,
\sv2
mé+—mé+%m§—mé+% 542. (23)

This sum rule is also satisfied in the type-1I seesaw model with explicit breaking of lepton number. Imposing the
perturbativity condition one finds that the squared mass difference between, say doubly and singly charged
scalar bosons, cannot be too large [12]. Explicit comparison shows that )5 in equation (4) corresponds to Xy o in
[12]. Therefore when the couplings of the singlet o in equation (4) are small, \s is constrained to be in the range
[—0.85, 0.85], so that the remaining couplings are kept small up to the Planck scale and vacuum stability is
guaranteed. See figure 4 in [12]. Likewise when one decouples the triplet one also recovers the results found
in[11].

3. Theoretical constraints

Before analyzing the sensitivities of the searches for Higgs Bosons at the LHC experiments, we first discuss the
restrictions that follow from the consistency requirements of the Higgs potential. We can rewrite the
dimensionless parameters )\ , 3 and (3, , 3 in equation (4) in terms of the mixing angles, c;; and scalar the masses

mp,,, by solving OxMg O% = diag(mp;, mf,, mp,)and OM} O = diag(0, 0, m3). Hence one gets,

5
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1 2 2.2 2
_ 2 2 2
N = 22 [mp ci3siz + mp, (q2as — s1251353)° + M, (2523 + $12513023)°]
V2

2

1 2 .2 2 2 2 2 2 V1V

N =—[myg sz + e3(mp, sy + mp 3] — [ Mg + i—
2v; 4v;

as 2 2 2
As = —[mHl 512813 + My, $23 (203 — s12513523) — Mp, 03 (c2523 + 51251303

Vo V3
V1
—| X — k2
V3
2
1 2 2.2 2 nv
— 2 2 2 2V3
b= ——mp ciyes + my, (51263 + a2s23513)* + mp, (512523 — @203513)°] — K=
2v] 4y
_ 1 2 2 2
Ba= —[mH1 Q2512613 — Mp, (@3512 + c2513523) (2023 — S12513523)
Viv
2 V3
— mp, (523512 — a251303) (2523 + S1251303)] + K—
"1
as V2
_ 2 2 2 2
B3 = —[mH1 Q2513 — Mg, $23 (51203 + a2s13523) + M, 03(s12523 — a2s133)] + K .
V1V3 2vyv3

In addition, using equations (11), (18) and (19) we can write the dimensionless parameters A\, s and x as
functions of the vevs v, , 5 and the masses of the pseudo-, singly- and doubly-charged scalar bosons (i.e. 114, 7+
and m s+, respectively) as,

2,2
v
Ay = —|2m? 2 — m? — m?
2 S 2 A2 2 2,2 2 i
v H s+ 2v; vivs + v (vy + 4v)) A
2
1 v
As=|—4m2, + 4m? 1
2 2 A2 2 2,2 2
H 2+ 2v; v + vt (vy + 4vy)
ViV3

/izZmi T

. (24)
vy V3 + V12 (V22 + 4V32)

From the theoretical side we have to ensure that the scalar potential in the model is bounded from
below (BFB).

3.1. Boundedness conditions

In order to ensure that the scalar potential in equation (4) is bounded from below we have to derive the
conditions on the dimensionless parameters such the quartic part of the scalar potential is positive V® > 0 as
the fields go to infinity. We have that the parameter £ < 1 (due to the smallness of the neutrino mass) and non-
negative. This follows from

K~ ijlz. (25)

V] V2
where we have used the last expression in equation (24) and the fact that v; < v,, v;. Then & is neglected with
respect to the other dimensionless parameters \; and 3;,i.e. A;, 3; > k. Asaresult the quartic part of the
potential V|, _, turns to be a biquadratic form \;; cpf cp? of real fields. Therefore, in this strict limit, the

copositivity criteria described in [22] may be applied and the boundedness conditions for equation (4) are the
following,

N>0, B3>0, Ay>0, A= 06, + 28N >0,
= 53 + Zﬂ'ﬂl)\M > 0, A= A3 + 9(—)\5))\5 + 2J A4 > 0, and

JBA s 4 s + 0(=2)Ms1B810 + Bav s + BN + VAIX >0, (26)

where Ay = A\; + A4 Inaddition all the dimensionless parameters in the scalar potential are required to be less
than v/4m in order to fulfill the perturbativity condition.

3.2. Astrophysical constraints
In our type-II seesaw model there are some constraints on the magnitude of SU(2) triplet’s vev (A) = v3, that
one must take into account. First of all, v5 is constrained to be smaller than a few GeVs due to the p parameter
(p = 1.0004 & 0.00024 [23]).

On the other hand, the presence of the Nambu-Goldstone boson associated to spontaneous lepton number
violationand neutrino mass generation implies that there is a most stringent constraint on v; coming from

6



10P Publishing

NewJ. Phys. 18 (2016) 033033 CBonilla et al

0.15

0.10
>
(5]
=)
o
A

0.05

0.00

0 500 1000 1500
vi[GeV]
Figure 2. The shaded region represents the allowed region of v5 as function of v,.

astrophysics, due to supernova cooling. If the majoron is a strict Goldstone boson (or lighter than typical stellar
temperatures) one has an upper bound for the Majoron-electron coupling

Ig]ee| S 10713,
This is discussed, for example, in [24] and references therein. This implies
|g]ee| = |0112me/V2| .

Taking into account the profile of the Majoron [ 14]° one can translate this as a bound on the projection of the
Majoron onto the doublet as follows [16]

2|valvs

VW 0 + 9D + wdvi + vivi

[{Jlg) | = S 107 27)

Notice that this restriction on the triplet’s vev is stronger that the one stemming from the p parameter. The
shaded region in figure 2 corresponds to the allowed region of v5 as function of v;.

To close this section we mention that our phenomenological analysis remains valid if the Nambu-Goldstone
boson picks up a small mass from, say, quantum gravity effects.

4. Type-II seesaw Higgs searches at the LHC

We now turn to the study of the experimental sensitivities of the LHC experiments to the parameters
characterizing the ‘123’ type-II majoron seesaw Higgs sector, as proposed in [14]. In the following we will
assume that mpy, < mp, < mpy, where 1, 2, 3 refer to the mass ordering in the CP even Higgs sector. Therefore,
there are two possible cases that can be considered”:

1. mpg, < mHande2 = Mmy;

ii. mpy, = mg,

where my;is the mass of the Higgs reported by the ATLAS [2] and CMS [25] collaborations, i.e.
my = 125.09 £ 0.21(stat.) £ 0.11(syst.) GeV[26]. For case (i), we have to enforce the constraints coming
from LEP-II data on the lightest CP-even scalar coupling to the SM and those coming from the LHC Run-1 on
the heavier scalars. Such situation has been discussed by us in [13] in the simplest ‘12-type’ seesaw Majoron
model. In case (ii), only the constraints coming from the LHC must be taken into account.

® This is derived either by explicit analysis of the scalar potential or simply by symmetry, using Noether’s theorem [14].

7 Recall that mp, ~ my, equation (22), which implies that the mass of H; must be close to that of the doubly-charged scalar mass. Therefore,
as we will see in the next section, the existing bounds on searches of the doubly-charged scalar exclude the case where 11y, is lighter than the
other CP-even mass eigenstates.
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Table 1. Current experimental results of ATLAS and

CMS, [28].

channel ATLAS CMS ATLAS+CMS
i, 1157937 112433 1161039
Hyw 1.23703] 0.917031 L1176

tyy 1517939 1.057532 131302

Hor L411938 0.89703 1127533

T 0.621537 0.81794 0.697932

Table 2. Scalar mass eigenstates in the model.

= vz/quz + 203, 5. = \/51/3/\/1/22 + 20,

Mass eigenstate ¢ Mass squared mé Composition

Hi(i=1,2,3) m; OfR, + OR, + OFR;

J 0 OfiL + OLL + 0Lk

G’ 0 OLL + O35

A K(vzzv12+vzzv32+4v32vlz) Oélll + nglz + O§3I3
2v3v]

G* 0 crpF + s AF

H* %ﬁ(val — Asv3) (¥ + 2v) —sppF 4+ L AF

AtE ZLH(KVIVZZ — 204V) — Asvivs) AR

The neutral component of the Standard Model Higgs doublet couplings get modified as follows,
¢ — CH, + CH, + C3H; (28)
where we have defined C; = OX and Of} are the matrix elements of OR in equation (9).

4.1. LEP constraints on invisible Higgs decays .
The constraints on Hy, when mpy, < 125 GeV, stem from the process ete~ — Zh — Zbb which is written as
[27]

Ohz—bhz = iy X Ruz x BR(h — bb)
SM
=0z X Cé(h%hg)’ (29)
where o33 is the SM hZ cross section, Ry, is the suppression factor related to the coupling of the Higgs Boson” to
the gauge boson Z. Since 13 < 1,, we have that the factor Rz ~ Ciz where C; = cos a3 sin ay,, equation (28).

Notice that C; = sin ay; for the limit ;3 < 1and then one obtains the same exclusion region depicted in figure
lin[13].

4.2. LHC constraints on the Higgs signal strengths
In addition, we have to enforce the limits coming from the Standard Modeldecay channels of the Higgs Boson.
These are given in terms of the signal strength parameters,

_ oNP(pp — h) BRN’(h — f)
Hf = O’SM(pp—>h) BRM (h _)f)’

(30)

where o is the cross section for Higgs production, BR (h — f) is the branching ratio into the Standard
Modelfinal state f, the labels NP and SM stand for New Physics and Standard Model, respectively. These can be
compared with those given by the experimental collaborations. The most recent results of the signal strengths
from a combined ATLAS and CMS analysis [28] are shown in table 1.

One can see with ease that the LHC results indicate that 1, ~ 1.In our analysis, we assume that the LHC
allows deviations up to 20% as follows,

0.8 < piyy < 1.2 (31)

2
8 The Feynman rules for the couplings of the Higgs Bosons H; to the Z are the following: izgfz (ORv, + O8w) S
‘w
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4.3. LHC bounds on the heavy neutral scalars

In our study we will impose the constraints on the heavy scalars from the recent LHC scalar boson searches.
Therefore, we use the bounds set by the search for a heavy Higgsin the H — WW and H — ZZ decay channels
in the range [145—1000] GeV [29] and inthe h — 77 decay channel in the range range [100—1000] GeV [30].
We also adopt the constraints on the process h — v in the range [65—600] GeV [31] and the range

[150, 850] GeV [32]. Besides, we impose the bounds in the A — Zh decay channel in the range

[220—1000] GeV [33].

4.4. Summary of the searches of charged scalars
The type-II seesaw model with explicit breaking of lepton number contains seven physical scalars: two CP-even
neutral scalars H; and H,, one CP-odd scalar A and four charged scalars A¥* and H=~. Such a scenario has been
widely studied in the literature and turns out to be quite appealing because it could be tested at the LHC [34—44].
For instance, the existence of charged scalar bosons provides additional contributions to the one-loop decays of
the Standard Model Higgs Boson. Indeed, they could affect the one-loop decays h — ~y [39,40]and h — Zv
[40]in a substantial way. In this case the signal strength /1. | can set bounds on the mass of the charged scalars,
Attand/or H.

The doubly-charged scalar boson has the following possible decay channels: £+, W*W*, W*H=* and
H*H*. However, it is known that for an approximately degenerate triplet mass spectrum and vev
v3 S 107 GeV the doubly charged Higgs coupling to W+ is suppressed (because it is proportional to v; as can
be seen from table 3) and hence A** predominantly decays into like-sign dileptons [41, 44, 45]. In this case,
CMS [46] and ATLAS [47] have currently excluded at 95% C.L., depending on the assumptions on the branching
ratios into like-sign dileptons, doubly-charged masses between 200 and 460 GeV”. For v; > 10~* GeV, the
Yukawa couplings of triplet to leptons are too small so that A** dominantly decays to like-sign dibosons, in
which case the collider limits are rather weak [43, 48—50].

In the present ‘123 type-II seesaw model there are two additional physical scalars, a massive CP-even scalar
Hj and the massless majoron J. The latter, associated to the spontaneous breaking of lepton number, provides
non-standard decay channels of other Higgs Bosons as missing energy in the final state'’.

5. Invisible Higgs decays at the LHC

We now turn to the case of genuinely non-standard Higgs decays. We focus on investigating the LHC
sensitivities on the invisible Higgs decays. In so doing we take into account how they are constrained by the
available experimental data. In the previous section we mentioned that in our study the CP- even scalars obey the
following mass hierarchy mpy, < mpy, < mpy,. Furthermore, we will also assume that the masses mpy,, 14, my+
and mxr+ are nearly degenerate.

Asa consequence, the decay of any CP-even Higgs H; into the pseudo-scalar A is not kinematically allowed.
Therefore, the new decay channels of the CP-even scalars are just, H; — JJ and H; — 2H; (when mp, < % for
i = j). Thelatter contributing also to the invisible decay channel of the Higgs as, H; — 2H; — 4].

The Higgs-Majoron couplings are given by,

OI 2 OI 2 OI 2
Euyy = (1) O + G O + (i O |mi,s (32)
v V3 Y1
where ij are the elements of the rotation matrix in equation (13) and the decay width is given by

2

g
I'H,—J]) = 1 HaJJ (33)

327 my,

? From doubly-charged scalar boson searches performed by ATLAS and CMS one can also constrain the lepton number violation processes
pp — AFEATF — £EAEWTW T and pp — ATEHT — £+ WTZ [41]. This may also shed light on the Majorana phases of the lepton
mixing matrix [34-36].

10 These include, for example, H; — JJ and H* — JWT. Here we focus mainly on the first, the decays of H* deserve further study but it is

beyond the scope of this work and will be considered elsewhere.
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Table 3. Feynman rules for the couplings of the Higgs Bosons H; to the gauge bosons.

Vertex Gauge Coupling
1 HW, W, i (0%, + 208 g,
2 H, WJWI,’ i%(O§2V2 + 205v3) 8
3 HWw, i%z(o§2V2 + 2053) 8
4 NEEWEWF 28" 5
5 H iW;TZv %% (4
6 G*W;z, i% (%5&151 + (0 58
- WA, —iermg,,
8 AFTNWIW, g g,
9 HH W, W, i1+ 3c)) g,
10 GG W W, i1+ 35D g,
1 HHW, W, i£.(05 + 205 g,

— .g%

12 HHLW,W, (05" + 2039 g,
13 HH,W,/W, i%2(0§22 +20%) g,
14 JIW, W, i€ (017 +201D)g,,
15 GGW W, i%z((?éf +203) 8,
16 AAW/TW; ig;(oézz + 20§32) 8w
17 AFEHTW P Figey (Pr=P)y
18 AFEGTW,F Figs, (P1—Pu
19 HHW +i5 (520 = V200 (=P
20 HH*W; :I:i%(siO?Z - V2208 (p—p,)
21 H;H*W T i’%(&oé{z = V2e:0%) (p—pu
22 HYW T g(SiO{Z + V200 (p—py
23 G'H*WF —%(sioéz + V2605 (PP
24 AH*W,F *%(51(9%2 +V2e:05) (p—p)u
25 GEH,W,} ii%(cioﬁ + V25:08) (=),
2% G*H, Wi :I:i%(ci(’)fz + V25:0%) (PP
27 GEH W, £i2(c20% + V25:0%) (p—p,)u
28 GHW, *%(Cio{z — V25:00) (p—p,)u
29 G'%G*wW,; %(Cioﬁz — V25:0%) (0=p)u

suiysiiand dol
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Table 3. (Continued.)
Vertex Gauge Coupling
30 AGEW,, %(Cioéz — V25059 (p—pyy
Vertex Gauge Coupling
31 HZ,Z, i%(ofm + 408w g,,
32 2,7, i%((?fm + 40%v3) S
33 02,2, %(ofm +40%v)) g,
35 H*H 2,2, i (53 (ciy — si)? + 4sived) g,
36 G*G 2,2, i (e ey — si)? + dswsD g,
37 HH\Z,Z, i (O + 40150 g,
38 HH,Z,27, i (0% + 403D g,
39 HH; 2,7, i (0% + 405D g,
40 12,2, i (01 +40i) g,
41 G'G'z,7, i (03 + 405 g,,
e AAZ,Z, i%(ogf +405)) g,
. Nz, —E (e = 53 (p—po)
44 H H'Z, %(Si (civ — siv) — 2sicd) (p—pyu
45 GG*Z, s (CE (i = siv) = 25iys2) (pr=pyy
46 H\JjZ, *%(Oﬁofz - 208500 (p—Py)u
47 G'H,Z, 20y (0105 = 201503) (P=py)
48 AH,Z, %W(Of;(/)gz — 20805 (PP,
49 ]z, - sz (03,01, = 205,01 (p=p,)s
50 G'H,Z, Z%W(ngoéz - 20505 (0—p)
51 AH,Z, ﬁ(oﬁoéz - 2050%) (p=p)
52 Hjz, *ﬁ(ofzollz = 205,00) (p=py)y
53 G'Hs 2, (0505, = 205,05 (=P,
54 AH;Z, %W(sz(?gz - 2050%) (P—py
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Table 3. (Continued.)

Vertex Gauge Coupling
55 GTH*Z, :Fﬁcisi (Pr=Pu
56 NTATALA, 8ie? S
57 H H'A,A, i2e’g,,
58 G GTALA, i2e? '
59 NHATTA, —2ie (p—py)u
60 HYH A, ie (Py=Pu
61 G*GA, ie ()—py)y
62 ATTANTTALZ, 4if—‘i (¢ — siy) S
63 H*HA,Z, i (2 (ay — siy) — 2cE5i0) &,
64 G'GAZ, i Gy — si) — 252 8,
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Following our conventions we have that the trilinear coupling H, H H; turns out to be,

S 30, (08)20%v: + 30 + A)(OFPOkys

A A
it 32 L (OF2O%ws + (O5PO%w; + 205080k, + O]

+ 38, (O O5v + = b

ﬁs

[(O D205 + (OF)2 0%, + 2080805 + OF )]
[(O)?O5m1 + (OF)*O%vs + 205,05(0%v1 + OFv3))]

—[ 2(’) (913(’)221/2 ((’) )(O S+ (’) v3) — 2012((’) (O v+ (9211/2)
OR(O%y + OFw3)]. (34)

and hence, for example when mpy, < 2mp,, the decay width H, — H, H; is given by

2 2 \1/2
g 4m
T'(H, — HH) = —2hh (1 - Hl] .

] (35)

2mmp, M,

As we already mentioned, a salient feature of adding an isotriplet to the Standard Modelis that some visible
decay channels of the Higgs receive further contributions from the charged scalars, namely the one-loop decays
h — yyand h — Zv. Thatis, the scalars H* and A** contribute to the one-loop coupling of the Higgs to two-
photons and to Z-photon, leading to deviations from the Standard Modelexpectations for these decay channels.
The interactions between CP-even and charged scalars are described by the following vertices,

H,H H™ : gy oy
HaA++A77 . igHaA‘ FA

where

1
2w} + 2v9)
+ Asva[—2055mvs + OB — 20)] + 46, 05mv3 + 265 Ognvs
+ 41273 (Ofv + Ofim)]
Sy aa-=2X% ORvs + \0R v, + 3,08 0,.

gHﬂH+H’ = [8A1 a2V2V3 + 4()\2 + )\4) Oa3V2 V3 + 2)\3(Oa2V2 + 2 031/33)

Note that the contributions of H* and A** to the decays h — 7y and h — Zy are functions of the singlet’s
vev vy, this is in contrast to what happens in the type-II seesaw model with explicit violation of lepton number.
According to equation (26) the dimensionless parameters A; and 3; can change the sign of the couplings of
&y - and gy v+ p--> hence the contribution of the charged scalars to h — vy and h — Zvy may be either
constructive or destructive.

For the computation of the decay widths 1 — ~yand h — Z~ we use the expressions and conventions
givenin [51]. The decay width I'(H, — ~7) turns out to be

Gpa2m3

128V2 7%

where Gris the Fermi constant, cv is the fine structure constant and the form factors X! are given by'’,

I'(Hy — vy) = X7+ X3 + X1 (36)

X ==2C, Y NI Qfre[1 + (1 — mf (7)),
f

X3 =Cal2 4+ 1w + 31w (2 — w)f (tw)]

-V Ry — 7
X)) = gHH—f Tl — T f (Tgo)] — 4gH“A—+2ATAii[1 — T f ()] (37)
2 mes 2 M s

where 7, = 4m?/m3. Here N: and Qp denote, respectively, the number of colors and electric charge of a given
fermion. The one-loop function f (7) is defined in appendix B. The parameters C, correspond to the Standard
Model Higgs couplings in equation (28).

! We have taken into account that vsis very 2small so that any contribution involving the trlglet s vevis neglected. Then for instance the
Feynman rule for the vertex H, W*W (OaR2 v, + 20113 ) S is approximated as Nz— (Oazvz) S (see table 3).
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The decay width I'(H, — Z), using the notation in [51], is expressed as follows

2.3
Gramy,

I'(H, — Zv) =
( ) W

3
2
m -~ ,
[1 - = ) IXZ" + X{7 + X7 P (38)
mHu

where the form factors X! are given by'?,

fQ m? 2m2
XFZV =—4C, ZI\]Cf Svf f{( > Mz AB({ +
mH“

7 Swew — m3)? mp, — my
x [(4m} — m} + m3)Cl + 2]}
Xf = o, (1 = an?0) — 2md (=5 + tan? 0y) | mE ABY
tan Oy (mpg, — my)
1

ﬁ[mé (1 — tanzew) — 2m&,(—5 + tanzﬂw)
(mg, — mz) ’

+ 2mE [(—5 + tanzew)(méu —2md) — 2m2 (=3 + tan26y)]1Cy

2

Z tan 0y my

X = =28y pr VT > > > ABOi + (ZmI%IiCOi + 1)
(my, —mz)| mg, — my

_ 48Hava Y (1 — tan? 9W)l m;

ABF*F + @m2..CFt + 1)
tan Oy (mf,a — m3) mf,a — m} ‘ Ao

where C5 and AB{ are defined in appendix B.

6. Type-II seesaw neutral Higgs searches at the LHC

We stated above that in our study we are assuming my, < mpy, < mpy,and v; 2 v,. Furthermore, because of the
p parameter and the astrophysical constraint on the triplet’s vev we also have that v; < vy, v,. We found that the
smallness of v and the perturbativity condition of the potential lead to a very small mixing between the mass
eigenstate H; and the CP-even components of the fields, o and @, in other words, the angles ;3 and a3 must lie
close to 0 or 7. As aresult, we obtain the following relation,

mé} — mf‘ ~ 2)\21/32 = mpy, = my. (39)
This extra mass relation is derived from equation (24), by using equation (25) and the fact that ;3 53 ~ 0(m).

In addition, also as a result of a3 53 ~ 0(7), we find that the coupling of H; to the Standard Modelstates is
negligible,
Eur  8mvv

M SM
Eny 8hvv

In figure 12 of appendix A we give a schematic illustration of the mass profile of the Higgs Bosons in our
model. The mass spectrum and composition are summarized in table 2, and provide a useful picture in our
following analyses.

6.1. Analysis (i)
In this case we have taken the isotriplet vev v; = 107> GeV, automatically safe from the constraints stemming
from astrophysics and the p parameter. We have also considered the following mass spectrum,

mp, = [15, 115] GeV, mpy, = 125 GeV, mp, =~ my =~ mpy= =~ mp== = 500 GeV,
and varied the parameters as
V1 S [100, 2500] GCV, a12 c [O, 71'] and Q1323 = (S(y(ﬂ. — 6(\,) (41)

where 0 < 6, < 0.1. Asdescribed in section 4 we must enforce the LEP constraints on the lightest CP-even
Higgs H, and LHC constraints on the heavier scalars. The near mass degeneracy of Hs, A, H* and A** ensures

that the oblique parameters are not affected. In analogy to the type-1I seesaw model with explicit lepton number
violationwe expect that, because of v; < 107* GeV, the doubly-charged scalar predominantly decays into same

12 Here we have also assumed v; < 150 as to make the following approximation, H*H"Z, : —ig sin 0y tan 6y (p,—p ).
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v1=[100,2500] GeV, \«'3=10'5 GeV

mHI
(=]
[==]

0 02 04 06 08 I
C

Figure 3. Analysis (i). The mass of the lightest CP-even scalar as a function of the absolute value of its coupling to Standard Model
states. The blue region corresponds to the LEP exclusion region and the green (red) one is the LHC allowed (exclusion) region.

v1=[100,2500] GeV, v3=10"> GeV v,=[100,2500] GeV, v3=10"5 GeV

]g""l""l""T""l" 3 | prrr 5
08 F 3 0.8 — 3

g 0.6 - — 5 0.6 *
3 E E E
04 1 ™ o4 =
02 E 1 02 3
0E \<||||||||.||iw||||‘||||g 0 IJIIIIJIIIIIillllllllllllllll!llg

0 0.2 0.4 0.6 0.8 1 0 02 04 06 08 1 12 14
Mzy Myy

Figure 4. Analysis (i). On the left, we show correlation between 415, and 11, . On theright, correlation between 415, and y. . The
color code as in figure 3.

sign dileptons [41, 44, 45] and that m:+ = 500 GeV is consistent with current experimental data, see
section 4.4.

We show in figure 3 the mass of the lightest CP-even scalar as a function of the absolute value of its coupling
to the Standard Modelstates, |Cj| in equation (28). The blue region corresponds to the LEP exclusion region and
the green(red) one is the LHC allowed(exclusion) region provided by the signal strengths 0.8 < 1, < 1.2.

The presence of light charged scalars can enhance significantly the diphoton channel of the Higgs [39].
Figure 4 shows the correlation between i, and 4, (11,) on the left(right) with .. | < 1.2 for charged Higgs
Bosons of 500 GeV.

The correlation between the signal strength 11, and the signal strengths 4., and 1, is shown in figure 4. Note
that the former may exceed one due to the new contributions of the singly and doubly charged Higgs Bosons.

The invisible decays of the Higgs Bosons, characteristic of the model, turn out to be correlated to the visible
channels, represented in terms of the signal strengths, as shown in figure 5. Note that the upper bound on the
invisible decays of a Higgs Boson with a mass of 125 GeV has been found to be BR(H, — Inv) < 0.2. This limit
is stronger than those provided by the ATLAS [52] and the CMS [53] collaborations'”.

In figure 6 we depict the correlation between the invisible branching ratios of H, with the one of the lightest
scalar boson H;. And, as can be seen, H; can decay 100% into the invisible channel (majorons).

Finally, as we have mentioned we obtained that the reduced coupling of H; to the Standard Modelstates is
C; ~ O(1077) so that it is basically decoupled. As a result its invisible branching is essentially unconstrained,
107> < BR(H; — Inv) < 1.On the other hand we find that the constraint coming from the LHC on the
pseudo-scalar A with a mass of 500 GeV is automatically satisfied as well, since from the LHC,
o(gg — A)BR(A — ZH,)BR(H, — 77) < 102 while for m, = 500 GeV we
obtain o (g¢ — A)BR(A — ZH,)BR(H, — 77) < 10715,

'? The ATLAS collaboration has set an upper bound on the BR (H — Inv) at 0.28 while the CMS collaboration reported that the observed
(expected) upper limit on the invisible branching ratio is 0.58(0.44), both results at 95% C.L.
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v;=[100,2500] GeV, v3=10"% GeV v;=[100,2500] GeV, v3=10"5 GeV
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Hyy
Hzz

02 04 06 08 1 0 02 04 06 08 1
BR(H,~Inv) BR(H,~Inv)

Figure 5. Analysis (i). On the left: the signal strength p. ., versus BR(H, — Inv). On theright: 1, versus BR(H, — Inv). The color
code asin figure 3.

v1=[100,2500] GeV, v5=10 GeV

~ 01
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0.001
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Figure 6. Analysis (i). Correlation between the invible branchings BR(H, — Inv) and BR(H; — Inv). The color code as in figure 3.

6.2. Analysis (ii)
We now turn to the other case of interest, namely

mpy, = 125 GeV, mpy, = [150, 500] GeV, mpy, =~ my >~ my+ >~ mp+ = 600 GeV,

with v3 = 107> GeV, as before. Now we scanned over
vy € [100, 2500] GeV, aj; € [0, m] and q323 = 6o (T — 64) (42)

where 0 < 6, < 0.1. As we already mentioned in this case we only have to take into account the constraints
coming from Run 1 of the LHC at 8 TeV, see table 1.

In practice we assume /1y, = 1.0793. We show in figure 7 the correlation between 1., and Horr, (Hi7,) on the
left(right). As before, the allowed region is in green while the forbidden one is inred. We cansee that p1.,, < 1.2
for myr >~ maz+ = 600 GeV.

On the left(right) of figure 8 is depicted the correlation between the signal strength 11, (41.,) and the
branching ratio of the channel H; — JJ. We can see in figures 8—10 that BR(H; — Inv) < 0.2. One can see from
figure 9 that BR(H; — Inv) < 0.1for v; 2 2500 GeV.

In this case we find that equation (32) (for a3 53 ~ 0(7) and v; < v}, 1,) atleading order is given by,

COS (12 2
8y ™ V_l Mg, (43)

where mp, = 125 GeV. BR(H; — Inv) versus the Higgs-majoron coupling g;; ,; is shown on the right of
figure 9. Note also from the left panel in figure 9 that BR(H, — Inv) is anti-correlated with v;, as expected.

In figure 10 we show the correlation between the invisible branching ratio of H, (the Higgs with a mass in the
range 150 GeV < mp, < 500 GeV)and the one of H;.

We have verified that the LHC constraints on the heavy scalars (H,, H; and A) are all satisfied. As an example,
the reader can convince her/himself by looking at figure 11 that H, easily passes the restriction stemming from
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v;=[100,2500] GeV, v3=10"5 GeV v,=[100,2500] GeV, v3=105 GeV
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Figure 7. Analysis (ii). On the left, 11, versus fi,,. Ontheright, y,, versus 1. . The allowed region (in green) is the region inside the
range /iy, = 1.0707 while the forbidden one (in red) is the one outside that range.

v1=[100,2500] GeV, v3=10 GeV . v1=[100,2500] GeV, v3=10 GeV
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Figure 8. Analysis (ii). On the left: the signal strength 41, versus Br(H, — Inv). On theright: 1, versus Br(H, — Inv). The color
code asin figure 7.

v1=[100,2500] GeV, v3=10" GeV
v3=10" GeV 1

BR(H;—Inv)
BR(H|—=Inv)
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Figure 9. Analysis (ii). BR(H, — Inv) versus v, (on theleft) and BR(H, — Inv) versus the Higgs-majoron coupling g;; ;; (on the
right). The color code as in figure 7.

o (ggH,)BR(H, — 77) (top left) and/or o (bbH,) BR(H, — 77) (top right). The black continuous lines on those
plots represent the experimental results from Run 1 of the CMS experiment [30]. We also found that the square
of the reduced coupling of H, to the Standard Model states is C; < 0.1 for m m, = [150, 500] GeV.Then, one

~

finds that the experimental upper bounds set by the search for aheavy Higgsinthe H — WW and H — ZZ
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Figure 10. Analysis (ii). Correlation between BR(H, — Inv) and BR(H; — Inv). The color code as in figure 7.
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Figure 11. Analysis (ii). On the top right (left) o (¢¢gH,) BR(H, — 77) (¢ (bbH,) BR(H, — 77)) versus the mass of H,.

decay channels in [3, 29] are automatically fulfilled. However, improved sensitivities expected from Run 2 may
provide a meaningful probe of the theoretically consistent region, depicted in green.
Also in this case, H; is decoupled, so the restrictions on H; and the massive pseudoscalar A are automatically

fulfilled.

7. Conclusions

In this paper we have presented the main features of the electroweak symmetry breaking sector of the simplest
type-II seesaw model with spontaneous violation of lepton number. The Higgs sector has two characteristic
features: (a) the existence of a (nearly) massless Nambu—Goldstone boson and (b) all neutral CP-even and CP-
odd, as well as singly and doubly-charged scalar bosons coming mainly from the triplet are very close in mass, as
illustrated in figure 12 of appendix A. However, one extra CP-even state, namely H, coming from a doublet-
singlet mixture can be light. After reviewing the ‘theoretical’ and experimental restrictions which apply on the
Higgs sector, we have studied the sensitivities of the searches for Higgs Bosons at the ongoing ATLAS/CMS
experiments, including not only the new contributions to Standard Modeldecay channels, but also the novel
Higgs decays to majorons. For these we have considered two cases, when the 125 GeV state found at CERN is
either (i) the second-to-lightest or (ii) the lightest CP-even scalar boson. For case (i), we have enforced the
constraints coming from LEP-II data on the lightest CP-even scalar coupling to the Standard Modelstates and
those coming from the LHC Run-1 on the heavier scalars. In case (ii), only the constraints coming from the LHC
must be taken into account. Such ‘invisible’ Higgs Boson decays give rise to missing momentum events. We have
found that the experimental results from Run 1 on the search for a heavy Higgsinthe H — WW and H — ZZ
decay channels are automatically fulfilled. However, improved sensitivities expected from Run 2 may provide a
meaningful probe of this scenario. In short we have discussed how the neutrino mass generation scenario not
only suggests the need to reconsider the physics of electroweak symmetry breaking from a new perspective, but
also provides a new theoretically consistent and experimentally viable paradigm.
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Figure 12. Type-II seesaw Higgs Boson mass spectrum.
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Appendix A. Higgs Boson mass spectrum

Appendix B. Loop functions

The one-loop function f (7) used in equation (37) is given by,

arcsin®(1/~/7) ifr>1
= I — : Bl
fo —i[log(ii + 1 T ) — iw] ifr<1 (B1)
— — T

The functions Cjand AB{ are given in terms of the Passarino—Veltman functions [54],

b 2 2 2 2 2 1
Cl() - CO(mZ> 0’ mHuy my, my, mb) - __ZIZ(TZJ: )\b))
my,

b 2 2 2 2 2 2
ABO = B()(mHa, mb, mb) — B()(mz, mb, mb)

22 2 2% 22
= mpg. _ my . (mHu - "ZZ) L(7, )\b) + zmH“—ZmZIZ(Tb) Ap) (B2)
my 2m,my; m;
where \, = 4mj /mf ,
)\ 7'2)\2 7'2)\
L(r, \) = —~ O]+ — 2 — g,
7N = 5 4 3R ) - F ]+ ) g O]
A
b, )= —"12 — OV, B3
(7 ) = =5 S L () = f O] (B3)
and
N7 — larcsin/T fort > 1
g(r) =11 1+V1—7 .. (B4)
—«/ﬁ(logil A 17r] ifr<1
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Appendix C. Higgs Boson couplings
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