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1. Introduction

In the year 2012 the ATLAS and CMS collaborations have discovered a new particle that –

within theoretical and experimental uncertainties – is consistent with the existence of a Standard-

Model (SM) Higgs boson at a mass of ∼ 125 GeV [1–3]. No conclusive signs of physics beyond

the SM have been found so far at the LHC. However, the measurements of Higgs-boson couplings,

which are known experimentally to a precision of roughly ∼ 20%, leave room for Beyond Standard

Model (BSM) interpretations. Many BSM models possess extended Higgs-boson sectors. Conse-

quently, one of the main tasks of the LHC Run II and beyond will be to determine whether the

observed scalar boson forms part of the Higgs sector of an extended model.

Motivated by the Hierarchy Problem, Supersymmetry (SUSY) extensions of the SM play a

prominent role in the exploration of new physics. SUSY doubles the particle degrees of freedom by

predicting two scalar partners for all SM fermions, as well as fermionic partners to all SM bosons.

The simplest SUSY extension is the Minimal Supersymmetric Standard Model (MSSM) [4, 5]. In

contrast to the single Higgs doublet of the SM, in the MSSM two Higgs doublets, Hu and Hd ,

are required. In the C P conserving case the MSSM Higgs sector consists of two C P-even, one

C P-odd and two charged Higgs bosons. The light (or the heavy) C P-even MSSM Higgs boson

can be interpreted as the signal discovered at ∼ 125 GeV [6] (see Refs. [7, 8] for recent updates).

Going beyond the MSSM, a well-motivated extension is given by the Next-to-MSSM (NMSSM),

see e.g. [9, 10] for reviews. The NMSSM provides a solution for the so-called “µ problem” by

naturally associating an adequate scale to the µ parameter appearing in the MSSM superpoten-

tial [11, 12]. In the NMSSM a new singlet superfield is introduced, which only couples to the

Higgs- and sfermion-sectors, giving rise to an effective µ-term, proportional to the vacuum ex-

pectation value (vev) of the scalar singlet. In the C P conserving case the NMSSM Higgs sector

consists of three C P-even Higgs bosons, hi (i = 1,2,3), two C P-odd Higgs bosons, a j ( j = 1,2),

and the charged Higgs boson pair H±. In the NMSSM the lightest but also the second lightest C P-

even Higgs boson can be interpreted as the signal observed at about 125 GeV, see, e.g., [13, 14].

A natural extension of the NMSSM is the µνSSM, in which the singlet superfield is interpreted

as a right-handed neutrino superfield [15, 16] (here we focus on the “one generation case”), see

Refs. [17–19] for reviews. The µνSSM is the simplest extension of the MSSM that can provide

massive neutrinos through a see-saw mechanism at the electroweak scale. A Yukawa coupling for

the right-handed neutrino of the order of the electron Yukawa coupling is introduced that induces

the explicit breaking of R-parity. One consequences is that there is no lightest stable SUSY particle

anymore. Nevertheless, the model can still provide a dark matter candidate with a gravitino that

has a life time longer than the age of the observable universe [20–23]. The explicit violation of

lepton number and lepton flavor can modify the spectrum of the neutral and charged fermions in

comparison to the NMSSM. The three families of charged leptons will mix with the chargino and

the Higgsino and form five massive charged fermions. Within the scalar sector, due to R-parity

breaking, the left- and right-handed sneutrinos will mix with the doublet Higgses and form six

massive C P-even and five massive C P-odd states, assuming that there is no C P-violation.

Also in the µνSSM the signal at ∼ 125 GeV can be interpreted as the lightest or the second lightest

C P-even scalar. As SUSY models, but also other BSM Higgs-boson sector extensions can possess

a scalar below 125 GeV the search for such light scalars is of high importance at the LHC.
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2. Experimental data

Searches for Higgs bosons below 125 GeV have been performed at LEP, the Tevatron and the

LHC. LEP reported a 2.3σ local excess observed in the e+e− → Z(H → bb̄) searches [24], which

would be consistent with a scalar mass of ∼ 98 GeV (but due to the final state the mass resolution

is rather coarse). The “excess” corresponds to

µLEP =
σ
(
e+e− → Zφ → Zbb̄

)

σSM
(
e+e− → ZHSM → Zbb̄

) = 0.117±0.057 , (2.1)

where the signal strength µLEP is the measured cross section normalized to the SM expectation,

with the SM Higgs-boson mass at ∼ 96 GeV. The value for µLEP was extracted in Ref. [25] using

methods described in Ref. [26].

Interestingly, recent CMS Run II results [27] for Higgs searches in the diphoton final state

show a local excess of ∼ 3σ around ∼ 96 GeV, with a similar excess of 2σ in the Run I data at a

comparable mass. In this case the “excess” corresponds to (combining 7, 8 and 13 TeV data)

µCMS =
σ (gg → φ → γγ)

σSM (gg → HSM → γγ)
= 0.6±0.2 . (2.2)

First Run II results from ATLAS with 80 fb−1 in the γγ searches below 125 GeV were recently

published [28]. No significant excess above the SM expectation was observed in the mass range

between 65 and 110 GeV. However, the limit on cross section times branching ratio obtained in the

diphoton final state by ATLAS is not only well above µCMS, but even weaker than the corresponding

upper limit obtained by CMS at ∼ 96 GeV. This is illustrated in Fig. 1, where we compare the

expected (dashed) and observed (solid) limits in the gg → φ → γγ channel (normalized to the SM

value) as reported by CMS (red) and ATLAS (blue) as a function of mφ . Shown in magenta is µCMS

of Eq. (2.2). The “weaker” expected (and observed) exclusion around 91 GeV corresponds to the

Z peak, where a larger background is expected.

3. BSM models

Several analyses attempted to explain the combined “excess” of LEP and CMS in a variety of

BSM models1. To our knowledge explanations exist in the following frameworks (see also [29]):

• Higgs singlet with additional vector-like matter, as well as Type-I 2HDM [30].

• Radion model [31].

• Type-I 2HDM with a moderately-to-strongly fermiophobic C P-even Higgs [32].

• µνSSM [33], as will be discussed in Sect. 3.2.

• Higgs associated with the breakdown of an U(1)Lµ Lτ symmetry [34].

• NMSSM [35], as will be discussed in Sect. 3.1.

• Higgs inflation inspired µNMSSM [36].

On the other hand, in the MSSM the CMS excess cannot be realized [7].

1More analyses attempted to explain one of the two “excesses”, but we will not discuss these further here.
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With growing µeff, the mixing between the two light C P-even states increases, eventually

pushing the singlet mass down to ∼ 90 GeV and the mass of the SM-like state up to ∼ 128 GeV.

Consistency with the experimental results obtained on the observed state at 125 GeV is achieved

for a mass of the SM-like state that is compatible with the LHC discovery within experimental and

theoretical uncertainties. The C P-odd singlet has a mass of ∼ 150 GeV, while the heavy doublet

states are at ∼ 1 TeV in this scenario. The decay properties of h1 and h2 are given in Tab. 1 (for

a specific point). The quantities ξb and ξγ of Eq. (3.1), are shown in Fig. 2, estimating the sig-

nals associated with h1 in the bb̄ channel at LEP and in the γγ channel at the LHC, as compared

to an SM Higgs at the same mass. The magnitude of the estimated e+e− → Z(h1 → bb̄) signal

reaches ∼ 13% of that of an SM Higgs at Mh1
∼ 95 GeV, while pp → h1 → γγ corresponds to more

than 40% of an SM signal in the same mass range. In this example, BR(h1 → γγ) (or BR(h1 → gg))

is only moderately enhanced with respect to the SM branching fraction due to an H0
u -dominated

doublet composition of h1, while BR(h1 → bb̄) remains dominant, albeit slightly suppressed. This

scenario would thus simultaneously address the LEP and the CMS excesses in a phenomenologi-

cally consistent manner.

Table 1: The Higgs properties for one example point in the NMSSM. The Higgs width into xx′ is denoted

by Γxx′ , and the width normalized to the SM width at the same mass is represented by Γ̂xx′ . The symbol B̂Rxx′

represents the Higgs branching ratio into xx′, normalized to the SM branching ratio at the same mass.

h1 h2 h1

Γγγ [GeV] 6.3 ·10−7 7.6 ·10−6 B̂Rγγ 2.2

Γbb̄ [GeV] 1.4 ·10−4 2.1 ·10−3 B̂Rbb̄ 0.88

Γgg [GeV] 2.2 ·10−5 2.2 ·10−4
Γ̂gg 0.18

ΓZZ [GeV] 1.0 ·10−7 9.7 ·10−5
Γ̂ZZ 0.15

ΓWW [GeV] 8.4 ·10−6 7.9 ·10−4 ξγ 0.41

Γττ [GeV] 1.5 ·10−5 2.4 ·10−4 ξb 0.13

Γcc̄ [GeV] 1.8 ·10−5 1.2 ·10−4

Mhi
[GeV] 95.0 125.5

3.2 The µνSSM solution

The results in this section are based on Ref. [33]. Within the µνSSM (in the simplified “one

generation case”) we will interpret the light scalar as the C P-even right-handed sneutrino. Since

the singlet of the NMSSM and the right-handed sneutrino of the µνSSM are both gauge-singlets,

they share very similar properties. However, the explanation of the excesses in the µνSSM avoids

bounds from direct detection experiments, because R-parity is broken in the µνSSM and the dark

matter candidate is not a neutralino as in the NMSSM but a gravitino with a lifetime longer than

the age of the universe [18]. This can be important since the direct detection measurements were

shown to be very constraining in the NMSSM while trying to explain the dark matter abundance

on top of the excesses from LEP and CMS [25].

In Tab. 2 we list the values of the parameters we used to account for the lightest C P-even

scalar as the right-handed sneutrino and the second lightest one the SM-like Higgs boson (see

4







P
o
S
(
C
H
A
R
G
E
D
2
0
1
8
)
0
1
6

A Higgs Boson at 96 GeV?! S. Heinemeyer

of γγ events at ∼ 96 GeV as reported recently by CMS in their Run I and Run II date. It can

simultaneously describe the 2σ excess of bb̄ events observed at LEP at a similar mass scale.

A new Higgs boson with a mass of ∼ 96 GeV is easily kinematically accessible at future e+e−

colliders, assuming an energy of at least
√

s= 250 GeV. It was shown in Ref. [47] that a light Higgs

boson explaining the LEP “excess” is easily within the reach of the ILC250. Further confirmation

of these “excesses” would strengthen the already robust physics case for such a machine.
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