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Abstract

We consider the exotic decays of the SM-like Higgs state within the E inspired supersymmetric (SUSY) models.
In these models the lightest SUSY particle (LSP) can be substantially lighter than 1 eV forming hot dark matter in the
Universe. The next—to-lightest SUSY particle (NLSP) also tend to be light. We argue that the NLSP with GeV scale
mass may lead to the substantial branching ratio of the nonstandard decays of the SM-like Higgs boson into NLSPs.
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1. Introduction

The discovery of Higgs boson may provide a window
into new physics beyond the Standard Model (SM). In-
deed, physics beyond the SM may affect the Higgs de-
cay rates to SM particles and give rise to new channels
of Higgs decays. In this context it is especially inter-
esting to consider the nonstandard decays of the SM—
like Higgs boson within well motivated extensions of
the SM. Here we focus on the E¢ inspired SUSY mod-
els which are based on the SU(3)¢c X SUQR)w X U(1)y X
U(1)y gauge group, where

Vis
4
The two anomaly-free U(1), and U(1), symmetries
can originate from the breakings E¢ — S O(10)x U(1)y,
SO(10) — SU(S) x U(1),. To ensure anomaly can-
cellation the particle spectrum in these models is ex-
tended to fill out three complete 27-dimensional repre-
sentations of the gauge group E¢. Each 27-plet contains
one generation of ordinary matter; singlet fields, S ;; up
and down type Higgs doublets, H; and Hf; charged
+1/3 coloured exotics D;, D;. The presence of exotic
matter in Eg inspired SUSY models generically lead to

1
Uy = U, + == U(),. (1)
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non—diagonal flavour transitions and rapid proton de-
cay. To suppress flavour changing processes as well as
baryon and lepton number violating operators one can
impose a set of discrete symmetries [1, 2]. The E¢ in-
spired SUSY models with extra U(1)y gauge symme-
try and suppressed flavor-changing transitions, as well
as baryon number violating operators allow exotic mat-
ter to survive down to the TeV scale that may lead to
spectacular new physics signals at the LHC which were
analysed in [1, 2, 3, 4, 5, 6]. Only in this Exceptional
Supersymmetric Standard Model (E¢SSM) [1, 2] right—
handed neutrinos do not participate in the gauge inter-
actions so that they may be superheavy, shedding light
on the origin of the mass hierarchy in the lepton sec-
tor and providing a mechanism for the generation of the
baryon asymmetry in the Universe via leptogenesis [7].
Recently the particle spectrum and collider signatures
associated with it were studied within the constrained
version of the E¢SSM [8, 9, 10, 11, 12].

2. E¢ inspired SUSY models with exact Z;’ sym-
metry

Here we study the nonstandard Higgs decays within
the E; inspired SUSY models in which a single discrete

This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


http://www.elsevier.com/locate/nppp
http://dx.doi.org/10.1016/j.nuclphysbps.2015.09.105
http://dx.doi.org/10.1016/j.nuclphysbps.2015.09.105
http://www.sciencedirect.com
http://creativecommons.org/licenses/by/4.0/

R. Nevzorov, S. Pakvasa / Nuclear and Particle Physics Proceedings 273-275 (2016) 690-695 691

Zf symmetry forbids tree-level flavor-changing transi-
tions and the most dangerous baryon and lepton num-
ber violating operators [13]. These models imply that
near some high energy scale (scale Mx) E¢ or its sub-
group is broken down to SU3)e X SUR)w X U(1)y X
U(1)y x U(1), x Z¥, where Z) = (~=1)*®~D is a matter
parity. Below scale My the particle content of the con-
sidered models involves three copies of 27,—plets and a
set of M; and M, supermultiplets from the incomplete
27; and 27’; representations of Eg. All matter super-
fields, that fill in complete 27,—plets, are odd under Zf
discrete symmetry while the supermultiplets M; can be
either odd or even. All supermultiplets M, are even un-
der the Zg’ symmetry and therefore can be used for the
breakdown of gauge symmetry. In the simplest case the
set of M, includes H,, H;, S and L4, where L4 and Ly
are lepton S U(2)y doublet and anti—doublet supermul-
tiplets that originate from a pair of additional 27; and
27';.

At low energies (i.e. TeV scale) the superfields H,,,
H, and S play the role of Higgs fields. The vacuum ex-
pectation values (VEVs) of these superfields ((H;) =
vi/ V2, (H,) = v2/V2 and (S) = s5/V?2) break the
SUQR)w x U(l)y x U(l)y gauge symmetry down to
U(1).,, associated with the electromagnetism. In the
simplest scenario Eu, ﬁd and S are odd under the Zf
symmetry. As a consequence H,, Hy and S from the
27", get combined with the superposition of the corre-
sponding components from 27; so that the resulting vec-
torlike states gain masses of order of Mx. On the other
hand L4 and L4 are even under the Zf symmetry. These
supermultiplets form TeV scale vectorlike states to ren-
der the lightest exotic quark unstable. In this simplest
scenario the exotic quarks are leptoquarks.

The Z;' symmetry allows the Yukawa interactions in
the superpotential that originate from 27; X 27;, X 27,
and 27; X 27; x 27;. One can easily check that the corre-
sponding set of operators does not contain any that lead
to the rapid proton decay. Since the set of multiplets
M; contains only one pair of doublets H; and H, the
Zg’ symmetry also forbids unwanted FCNC processes at
the tree level. The gauge group and field content of the
E¢ inspired SUSY models considered here can originate
from the orbifold GUT models in which the splitting of
GUT multiplets can be naturally achieved [13].

In the simplest scenario discussed above extra mat-
ter beyond the minimal supersymmetric standard model
(MSSM) fill in complete S U(5) representations. As a
result the gauge coupling unification remains almost ex-
act in the one—loop approximation. It was also shown
that in the two—loop approximation the unification of

the gauge couplings in the considered scenario can be
achieved for any phenomenologically acceptable value
of a3(M7), consistent with the central measured low en-
ergy value [14].

As mentioned before, the gauge symmetry in the Eg
inspired SUSY models being considered here, is bro-
ken so that the low—energy effective Lagrangian of these
models is invariant under both Zé"’ and Z;' symmetries.
Since Z# = Z) x ZF the Z¢ symmetry associated with
exotic states is also conserved. The invariance of the La-
grangian under the Zf symmetry implies that the light-
est exotic state, which is odd under this symmetry, must
be stable. Using the method proposed in [15, 16, 17]
it was argued that there are theoretical upper bounds on
the masses of the lightest and second lightest inert neu-
tralino states [18, 19, 20, 21]!. These states are predom-
inantly the fermion components of the two SM singlet
superfields S ; from 27; which are odd under the Zf sym-
metry. Their masses do not exceed 60 — 65 GeV so that
the lightest and second lightest inert neutralino states
(A and HY) tend to be the lightest exotic particles in
the spectrum [18, 19, 20, 21].

The Zé” symmetry conservation ensures that R—parity
is also conserved. Since the lightest inert neutralino I:I(l)
is also the lightest R—parity odd state either the lightest
R—parity even exotic state or the lightest R—parity odd
state with Zf = +1 must be absolutely stable. In the
considered E¢ inspired SUSY models most commonly
the second stable state is the lightest ordinary neutralino
/\((1) (Zf = +1). Both stable states are natural dark matter
candidates.

When |m1:1?| < My the couplings of the lightest inert
neutralino to the gauge bosons, Higgs states, quarks and
leptons are very small resulting in very small annihila-
tion cross section for I:I?I:I? — SM particles, making
the cold dark matter density much larger than its mea-
sured value. In principle, AY could account for all or
some of the observed cold dark matter density if it had
a mass close to half the Z mass. In this case the light-
est inert neutralino states annihilate mainly through an
s—channel Z-boson [18], [22]. However the usual SM-
like Higgs boson decays more than 95% of the time into
either HY or AY in these cases while the total branch-
ing ratio into SM particles is suppressed. Because of
this the corresponding scenarios are basically ruled out
nowadays [21].

The simplest phenomenologically viable scenarios

'We use the terminology “inert Higgs” to denote Higgs—like dou-
blets and SM singlets that do not develop VEVs. The fermionic com-
ponents of these supermultiplets form inert neutralino and chargino
states.



692 R. Nevzorov, S. Pakvasa / Nuclear and Particle Physics Proceedings 273275 (2016) 690—695

imply that the lightest inert neutralinos are extremely
light. For example, these states can be substantially
lighter than 1eV?. In this case, light I:I? forms hot dark
matter in the Universe but gives only a very minor con-
tribution to the dark matter density while the lightest
ordinary neutralino may account for all or some of the
observed cold dark matter density.

3. Exotic Higgs decays

As discussed earlier, the Eg inspired SUSY models
considered here involves three families of up and down
type Higgs-like doublet supermultiplets (H} and Hlf")
and three SM singlet superfields (S;) that carry U(1)y
charges. One family of the Higgs—like doublets and
one SM singlet develop VEVs breaking gauge symme-
try. The fermionic components of other Higgs—like and
singlet superfields form inert neutralino and chargino
states. The Yukawa interactions of inert Higgs super-
fields are described by the superpotential

Wig = AapS (H;’Hg) + fopS o(HaHp)

~ 2
+f(l/)’Sa(HgHu), ( )

where @, = 1,2. Without loss of generality it is al-
ways possible to choose the basis so that Ay = Agq Oap-
In this basis the masses of inert charginos are given by
/laa
mp: N s. 3)

In our analysis here we choose the VEV of the SM
singlet field s to be large enough (s ~ 12TeV) to en-
sure that the experimental constraints on Z’ boson mass
and Z — Z’ mixing are satisfied. To avoid the LEP lower
limit on the masses of inert charginos we also choose the
Yukawa couplings A,, so that all inert chargino states
have masses which are larger than 100 GeV. In the fol-
lowing analysis we also require the validity of pertur-
bation theory up to the GUT scale that constrains the
allowed range of all Yukawa couplings.

Here we restrict our consideration to the part of the
parameter space that corresponds t0 Adgq S > fopV, fwﬁv.
In that limit two lightest inert neutralino states A and
HY are predominantly inert singlinos. These states tend
to be substantially lighter than 100 GeV.

When the SUSY breaking scale Mg is considerably
larger than the electroweak (EW) scale, the mass matrix

2The presence of very light neutral fermions in the particle spec-
trum might have interesting implications for the neutrino physics (see,
for example [23]).

of the CP—even Higgs sector has a hierarchical structure
and can be diagonalized using the perturbation theory
[24, 25, 26, 27, 28]. Here we are going to focus on the
scenarios with moderate values of tan 8 (tang < 2 — 3).
For these values of tan g the mass of the lightest CP—
even Higgs boson my, is very sensitive to the choice
of the coupling A(M;). In particular, in order to get
my, ~ 125 GeV the coupling A(M,) must be larger than
g = 0.47. When A 2 g/, the qualitative pattern of the
Higgs spectrum is rather similar to the one which arises
in the PQ symmetric NMSSM [27, 28, 29, 30, 31]. In
the considered limit the heaviest CP—even, CP—odd and
charged states are almost degenerate and lie beyond the
TeV range while the mass of the second lightest CP—
even Higgs state is set by Mz [1]. In this case the
lightest CP—even Higgs boson is the analogue of the SM
Higgs field.

In contrast with the MSSM, the lightest Higgs bo-
son in the E¢ inspired SUSY models can be heavier
than 110 — 120 GeV even at tree level. In the two—loop
approximation the lightest Higgs boson mass does not
exceed 150 — 155GeV [1]. Recently, the RG flow of
the Yukawa couplings and the theoretical upper bound
on the lightest Higgs boson mass in these models were
analysed in the vicinity of the quasi—fixed point [32] that
appears as a result of the intersection of the invariant and
quasi—fixed lines [33]. It was argued that near the quasi—
fixed point the upper bound on the mass of the SM-like
Higgs boson is rather close to 125 GeV [32].

The lightest and second lightest inert neutralinos in-
teract with the Z-boson and the SM-like Higgs state.
The corresponding part of the Lagrangian, that de-
scribes these interactions, can be presented in the fol-
lowing form [34]:

Lz, = Za,ﬁ %ZH(HSTVMVSHS)RZM
“)
+ Y p(= 1)9"+9ﬁXgﬁ(l!/gT(—i75)9"+9"¢2)h :

where @, = 1,2. In Eq. (4) ¢° = (—iys)% H? is the set
of inert neutralino eigenstates with positive eigenvalues,
while 6, equals O (1) if the eigenvalue corresponding
to HY is positive (negative). The inert neutralinos are
labeled according to increasing absolute value of mass,
with FI? being the lightest inert neutralino.

We further assume that the lightest inert neutralino
is substantially lighter than 1eV so that it gives only a
very minor contribution to the dark matter density. On
the other hand we allow the second lightest inert neu-
tralino state to have mass in the GeV range. Although
these states are substantially lighter than 100 GeV their
couplings to the Z—boson can be rather small because
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of the inert singlino admixture in these states. There-
fore any possible signal which these neutralinos could
give rise to at former colliders would be extremely sup-
pressed and such states could remain undetected.

| |
A -0.03 0
A2 0 0.02
Ap 0 0.02
A1 0.03 0
f2 -0.1 0.6
fo 0.1 0.00245
fi2 0.00001 0.00245
Su 0.1 0.00001
S 0.1 0.6
S 0.1 0.002
fi2 0.000011 0.002
S 0.1 0.00001
Imyl/GeV 27-10T [ 031-107°
Imyl/GeV 1.09 0.319
Imgl/GeV 254.6 169.7
Imyl/GeV 255.5 169.7
Imgo|/GeV 255.8 199.1
mgol/GeV 256.0 199.4
mg:/GeV 254.6 169.7
Img:/GeV 254.6 169.7
IRz11] 0.0036 1.5-1077
[Rz12| 0.0046 1.7-107%
[Rz20| 0.0018 0.106
X2 0.0044 0.00094
Br(h — ¥5¢9) 4.7% 0.22%
Br(h — bb) 56.6% 59.3%
T(h — 75%9)/MeV 0.194 0.0088
" /MeV 415 3.962

Table 1: Benchmark scenarios for my, ~ 125GeV. The branching
ratios and decay widths of the lightest Higgs boson, the masses of
inert neutralinos and charginos as well as the couplings of I:I? and I:Ig
are calculated for s = 12000GeV, A = 0.6, tanB = 1.5, my+ ~ my =~
mpy = 9497 GCV, mp, = sz ~ 4450 GCV, mg = my = Ms =
4000 GeV and X; = V6Ms.

The couplings of the Higgs states to the inert neutrali-
nos originate from the superpotential (2). If all Higgs
states except the lightest one are much heavier than the
EW scale then the couplings of the SM-like Higgs bo-
son to the lightest and second lightest inert neutralinos
are determined by their masses [18]. Since we assumed
that the mass of I:I(l) is lighter than 1eV the couplings
of the lightest Higgs boson to AYAY and AYHY) are neg-

ligibly small and can be ignored in our analysis. Also
because of this the experiments for the direct detection
of dark matter do not set any stringent constraints on the
masses and couplings of the lightest and second lightest
inert neutralinos. In the considered case the coupling of
the SM-like Higgs state to HY is basically proportional
to the second lightest inert neutralino mass divided by
the VEV, i.e. ng ~ |m,;g|/v [18]. This coupling gives
rise to the decays of the lightest Higgs boson into Hg
pairs with partial widths given by [34]

Xy mpP P
(Xz) ’“(1—4 o ) .5

2
4 m,

T(hy — HYAY) =

In order to compare the partial widths associated with
the exotic decays of the SM-like Higgs state (5) with
the Higgs decay rates into the SM particles we specify
two benchmark points (see Table 1). For each bench-
mark scenario we calculate the spectrum of the inert
neutralinos, inert charginos and Higgs bosons as well
as their couplings and the branching ratios of the non-
standard decays of the lightest CP-even Higgs state. We
fix tang = 1.5 and A(M;) = 0.6. As it was mentioned
before, such a large value of A(M;) allows my, to be
125 GeV for moderate tan3. In Table 1 the masses of
the heavy Higgs states are computed in the leading one—
loop approximation. In the case of the lightest Higgs
boson mass the leading two—loop corrections are taken
into account.

From Table 1 it follows that the structure of the Higgs
spectrum is extremely hierarchical. As a result the par-
tial decay widths that correspond to the decays of the
lightest CP-even Higgs state into the SM particles are
basically the same as in the SM. Because of this, for the
calculation of the Higgs decay rates into the SM par-
ticles we use the results presented in [35] where these
rates were computed within the SM for different val-
ues of the Higgs mass. When my, =~ 125 GeV the SM-
like Higgs state decays predominantly into b-quark. In
the SM the corresponding branching ratio is about 60%
whereas the branching ratios associated with Higgs de-
cays into WW, ZZ and yy are about 20%, 2.1% and
0.23% respectively [35]. The total decay width of the
Higgs boson near 125 GeV is 3.95 MeV.

For the calculation of the Higgs decay rates into
ﬁgﬁg we use Eq. (5). From this equation one can see
that the branching ratios of the SM-like Higgs state
into the second lightest inert neutralinos depend rather
strongly on the masses of these exotic particles. When
I:Ig is relatively heavy, i.e. mpo > my(my, ), the lightest

Higgs boson decays predominantly into I:I(Z)Hg while the
branching ratios for decays into SM particles are sup-
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pressed. To ensure that the observed signal associated
with the Higgs decays into yy is not too much sup-
pressed we restrict our consideration here to the GeV
scale masses of the second lightest inert neutralino.

The benchmark scenarios (i)-(ii) demonstrate that one
can get extremely light Y with mass ~ 0.1 — 0.01eV,
relatively light ﬁg, that has a mass of the order of
1-0.1GeV, and a relatively small value of the coupling
Rz, that allows the second lightest inert neutralino to
decay within a reasonable time. In these benchmark
scenarios the second lightest inert neutralino decays into
the lightest one and a fermion—antifermion pair via vir-
tual Z. Since Rz, is relatively small Flg tend to have a
long lifetime. If the second lightest inert neutralino state
decays during or after Big Bang Nucleosynthesis (BBN)
it may destroy the agreement between the predicted and
observed light element abundances. To preserve the
success of the BBN, I:Ig should decay before BBN, i.e.
its lifetime T has to be smaller than something like
1 sec. This requirement constrains |Rzj»>|. Indeed, for
mgy = 1 GeV the absolute value of the coupling Rz

should be larger than 1 - 107%. On the other hand the
value of |Rz1»2| becomes smaller when the mass of the
lightest inert neutralino decreases. Therefore in gen-
eral sufficiently large fine tuning is needed to ensure that
|Rz12| 2 107° for sub-eV lightest inert neutralino state.
The constraint on |Rz};| becomes much more stringent
with decreasing Mg because Th ~ 1/ (|R212|2m2~,0)- As
a result, it is somewhat problematic to satisfy this re-
striction for mpo < 100 MeV.

The benchmark scenarios (i)-(ii) presented in Table 2
indicate that the branching ratio of the decays of SM—
like Higgs boson into second lightest inert neutralino
can vary from 0.2% to 4.7% (i.e. from 0% to 4.7%
for practical purposes) when m A9 changes from 0.3 GeV
to 1.1 GeV. For smaller (larger) values of the second
lightest inert neutralino masses, the branching ratio as-
sociated with these nonstandard decays of the lightest
CP-even Higgs states is even smaller (larger). At the
same time the couplings of I:I? and I:Ig to the Z—boson
are so tiny that the lightest and second lightest inert neu-
tralino states could not be observed before. In particular,
their contribution to the Z-boson width tend to be rather
small. The Z—boson invisible width is characterized by
the effective number of neutrino species fo ! 1ts mea-
sured value is Ni*¥ = 2.984 + 0.008 whereas in the SM
Nﬁf /= 3. The contributions of the lightest and second
lightest inert neutralino states to the Z—boson width can
be parameterized similarly. In the case of benchmark
scenarios (i) and (ii) the effective numbers of neutrino
species associated with these contributions are 5.8-107°

and 0.011 respectively.

The second lightest inert neutralino states, that orig-
inate from the decays of the SM-like Higgs boson, se-
quentially decay into I:I? and pairs of leptons and quarks
via virtual Z. Thus, in principle, the exotic decays of
the lightest CP—even Higgs state results in two fermion—
antifermion pairs and missing energy in the final state.
Nevertheless because coupling Rz, is quite small FI(Z)
tend to live longer than 10~8sec. As a consequence
the second lightest inert neutralino state typically de-
cays outside the detectors and will not be observed at
the LHC. Therefore the decay channel ; — ﬁgflg nor-
mally give rise to an invisible branching ratio of the
SM-like Higgs boson.

4. Conclusions

In this work we consider the nonstandard Higgs de-
cays within the Eg inspired SUSY models based on
the SUB)c x SUQ)w x Uy x U(l)y X Z) sym-
metry in which a single discrete Z;’ symmetry forbids
tree-level flavor-changing transitions and the most dan-
gerous baryon and lepton number violating operators.
These models contain at least two states which are ab-
solutely stable and can contribute to the relic density
of dark matter. One of these states is a LSP while an-
other one tends to be the lightest ordinary neutralino. In
the simplest phenomenologically viable scenarios LSP
is expected to be substantially lighter than 1 eV forming
hot dark matter in the Universe. At the same time the
lightest ordinary neutralino can account for all or some
of the observed cold dark matter relic density.

The masses of the LSP and NLSP are set by the VEVs
of the Higgs doublets. As a consequence they give rise
to nonstandard decays of the lightest Higgs state. Since
the couplings of the SM-like Higgs boson to the LSP
and NLSP are determined by their masses LSP does
not affect Higgs phenomenology whereas NLSP with
GeV scale masses results in substantial branching ratio
of the lightest Higgs decays into NLSPs. After being
produced NLSP sequentially decays into the LSP and
pairs of leptons and quarks via virtual Z. However due
to the small couplings of the LSP and NLSPs to the Z—
boson NLSP tends to be longlived particle and decays
outside the detectors leading to the invisible branching
ratio of the SM-like Higgs state.
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