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Abstract Hints for an additional Higgs boson with a mass
of about 95 GeV originate from LEP and searches in the
diphoton channel by CMS and ATLAS. A search for resonant
production of SM plus BSM Higgs bosons in the diphoton
plus bb channel by CMS showed some excess for a 650 GeV
resonance decaying into the SM Higgs plus a 95 GeV Higgs
boson. We investigate whether these phenomena can be inter-
preted simultaneously within the NMSSM subject to the lat-
est constraints on couplings of the SM Higgs boson, on extra
Higgs bosons from the LHC, and on dark matter direct detec-
tion cross sections. We find that the hints for a 95 GeV Higgs
boson in the diphoton channel by CMS and ATLAS and in
the diphoton plus bb channel by CMS can be fitted simulta-
neously within the 2 o level.

1 Introduction

Various well-motivated extensions of the Standard Model
(SM) predict additional Higgs bosons, and the search for
them is one of the tasks of earlier, present and future exper-
iments in particle physics. These have provided some hints
at where such additional Higgs bosons may exist.

The combination of searches for the SM Higgs boson at
the ALEPH, DELPHI, L3 and OPAL experiments at LEP [1]
showed some mild excess of events in the Z* — Z + bb
channel in the mass region of 95-100 GeV.

Searches for Beyond-the-Standard Model (BSM) Higgs
bosons at the LHC in the diphoton channel were performed
by CMS and ATLAS. A search at run 1 by CMS showed a
~ 2o excess at 97 GeV [2], which was confirmed by CMS
later in [3] and in [4] for a mass hypothesis of 95.4 GeV.
A somewhat less sensitive search in the diphoton channel
by ATLAS in [5] lead to an upper limit on the fiducial cross
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section which did not contradict the possible excess observed
by CMS, arecent analysis by ATLAS in the diphoton channel
in [6] showed a mild excess of 1.7 0 at 95 GeV. A search
for BSM Higgs bosons in the di-tau channel by CMS in [7]
showed an excess of 2.6 o (local) for a mass of 95— 100 GeV.
Finally a search for resonant production via a heavy boson X
of a SM Higgs boson together with a BSM Higgs boson Y in
the diphoton plus bb channel by CMS in [8] showed an excess
of 3.8 o (local) for Mx ~ 650 GeV, My ~ 90-100 GeV.

The hints for an additional Higgs boson in the mass
range of 95-98 GeV have already lead to numerous explana-
tions within Two-Higgs-Doublet models (2HDM), 2HDMs
extended by singlets, radions, pseudo-Goldstone bosons,
the Next-to-Minimal supersymmetric extension of the SM
(NMSSM) and the vSSM [9-46].

The ~ 2o excess at LEP was quantified in [10]. Let us
denote the extra (lighter) Higgs boson by Hj, with a reduced
coupling to vector bosons W+, Z (relative to the coupling
of a SM-like Higgs boson of corresponding mass) given by
Cy (1). Then the authors in [10] define (see also [31])

upE? = Cy(1)? x BR(Hy — bb)/BR(Hy, — bb)
= 0.117 £ 0.057 (1.1)

where Hgi,l denotes a SM-like Higgs boson with a mass of
95 GeV.

The best fits for a diphoton signal of H; in CMS and
ATLAS were combined in [41]. The authors in [41] obtain

Luc _ 0(gg —> Hi— yy)

- (1.2)
o T g — HS, — vy)

+0.09
= 0.2479% .

Again, H gjsw denotes a SM-like Higgs boson with a mass of
95 GeV.

The best fit for the excess in the di-tau channel at 95 GeV
observed by CMS in [7] corresponds to a cross section times
branching fraction
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3.9

o(gg — Hi — t1) =783 7pb . (1.3)
For H 59151/1 we obtain

o(gg —> H — t71)
pEHC = =1.38709. (1.4)

o(gg — HS915W — TT)

Finally the best fit for the excess in the search for X —
(Hsy — yvy) + (Hy — bb) for My ~ 650 GeV and
My, = 90 — 100 GeV observed by CMS in [8] is a cross
section times branching fraction given by

Obbyy = o(gg — Xes0 — (H1 — bB) + (Hsy — vy))
= 0357513 (1.5)

In fact, a search for X — (H; — bl;) + (Hsy — 77)
has been carried out by CMS in [50], without an excess
for My, = 90-100 GeV and Mx = 600 GeV or My =
700 GeV. Instead, an upper 95% CL limit of ~ 3 fb was
obtained for opp;; for these choices of masses. For Hgyy,
the BR(Hsy — trt) is about 30 times larger than the
BR(Hspy — yy). Accordingly, assuming 3 fb as upper
limit on X¢so — (Hsy — tt) + (H — bl;) implies
an upper 95% CL limit of ~ 0.1fb on Xe¢s0 — (Hsy —
yy) + (Hy — bb) which is barely (but still) compatible
with the lower 2 ¢ boundary of 0.09 fb of the fit in Eq. (1.5).
(The 650 GeV excess in [8] had already been discussed in
connection with the 95 GeV excesses in [37,39].)

The aim of the present paper is to verify in how far the
previous excesses can be described simultaneously within
the NMSSM [51,52] subject to the most recent constraints
from the LHC, notably the recent measurements of Higgs
couplings by CMS [47] and ATLAS [48], the upper limit
on the dark matter relic density (allowing for additional
contributions beyond the lightest supersymmetric particle)
and searches for direct detection of dark matter [53-59]. To
this end we employ the public codes NMSSMTools-6.0.2
[60-62] and MicrtOMEGAS [63]. Similar studies of excesses
within the NMSSM have been performed before in [9, 10,
14,16,18,21,24,26,29,35] without, however, the most recent
constraints from the LHC and, notably, without considering
the possible excess in X¢s0 — (Hsy — yy)+ (H — bl;).
Given the above constraints, we find that the hints for a
95 GeV Higgs boson at LEP and in the diphoton channel
by CMS and ATLAS and in the diphoton plus 55 channel by
CMS can be fitted simultaneously within the 2 o level.

In the next section we summarize the relevant features
of the NMSSM, and the constraints which we apply to our
scan of the parameter space of the NMSSM. In Sect.3 we
show the results of scans of the NMSSM parameter space in
the form of figures showing correlations among masses and
production cross sections relevant for searches for additional
heavy resonances in various channels. We conclude in Sect. 4.

@ Springer

2 Applied constraints to the NMSSM

The Higgs sector of the NMSSM consists in two SU(2) dou-
blets and a complex SU(2) singlet. In the CP-conserving
NMSSM, the physical scalars can be decomposed into three
neutral CP-even states, two neutral CP-odd states and one
complex charged state. One of the three neutral CP-even
states has to correspond to the SM-like Higgs boson. A priori
the masses and couplings of the remaining states can assume a
large range of values, depending on the five NMSSM-specific
parameters A, k, Ay, A, Uetf as well as on tan B [51,52].

In general, the three neutral CP-even states as well as the
two neutral CP-odd states are mixtures of SU(2) doublets
and a SU(2) singlet; thereby all scalars obtain couplings to
SM fermions and gauge bosons (originally reserved to the
SU(2) doublets). Still, in most of the parameter space one
can denote each of the three CP-even scalars Hy, H» and
Hj; (ordered in mass) as either mostly singlet-like, or mostly
SM-like, or mostly MSSM-like. (Pure singlet-like, SM-like
or MSSM-like states represent the so-called Higgs basis.)

The mostly singlet-like state is a candidate for an extra
BSM Higgs boson H; near 95 GeV [9,10,14,16,18,21,24,
26,29,35]. However, as discussed below, the recent combi-
nations of CMS [47] and ATLAS [48] of the couplings of
the SM Higgs boson in the x framework limit the couplings
of the singlet-like state. Consequently, its remaining allowed
production cross sections at LEP and the LHC contradict
some of the scenarios proposed earlier.

The notion MSSM-like refers to a nearly degenerate SU(2)
doublet (if much heavier than the SM-like Higgs boson) con-
sisting in a neutral CP-even, a neutral CP-odd and a charged
complex state. The CP-even state H3 is a candidate for a
heavy resonance X near 650 GeV generating the excess in
X — (Hsy — yy) + (Hy — bb) observed by CMS [8].
Expressions for triple Higgs couplings in the NMSSM have
been given in [65]; for the triple Higgs coupling relevant here
(recall that Hgy; = H») one finds at tree level

A
— H H2H3 («/Emeff + —Ak> +, 2.1)

NG
where the dots denote relatively small corrections originating
from the rotation from the Higgs basis to the physical basis.
The production of X = Hj3 at the LHC can well take place
via gluon fusion. We recall, however, that the production
cross section times branching fraction for X — (Hsy —
yy) + (H; — bb) is limited to ~ 0.1 fb by upper limits on
X — (Hsy — t1) + (H; = bb) from CMS in [50].

The scan of the general NMSSM parameter space is per-
formed with help of the codes NMSSMTools-6.0.2 [60—
62] and MicrOMEGAs [63].

For the SM-like Higgs boson we require a mass within
125.2 4+ 3 GeV (allowing for theoretical uncertainties), and
that the couplings in the k-framework satisfy combined lim-
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its of CMS [47] and ATLAS [48]. In the NMSSM, the
reduced couplings of Hgys to W and Z bosons are the same,
whereas they are measured separately by ATLAS and CMS.
However, since the corresponding uncertainties are corre-
lated, one cannot consider these measurements as indepen-
dent. Given that the measurements of «z are slightly more
precise, we combine the corresponding results of ATLAS
and CMS and ignore the measurements of xw in order to
remain conservative. From Fig.6 in [48] we find including
1 o uncertainties kz = 0.99 & 0.057, from Fig. 4a in [47]
we use kz = 1.04 £ 0.07. Combining both measurements
one obtains kz > 0.923 at the 2 o level. This value of k»
close to 1.00 corresponds to the so-called alignment limit of
the NMSSM discussed in [49], and the values of A and tan g8
are indeed in the range found in [49]. It has been proposed
previously in [29] that the alignment limit of the NMSSM
can accomodate an extra Higgs boson near 95 GeV. In BSM
models with an arbitrary number of Higgs doublets and sin-
glets one obtains the sum rule Zi Cy ()% = 1, hence

Cy(1)? <0.148 (2.2)

at the 2 o level.

In addition we impose constraints from b-physics, con-
straints from searches for BSM Higgs bosons by ATLAS
and CMS as implemented in NMSSMTools-6.0.2, and
constraints from the absence of a Landau singularity for the
Yukawa couplings below the GUT scale. It confines values
of the NMSSM-specific coupling A to & < 0.7. Constraints
from the anomalous magnetic moment of the muon as in
[64] are left aside as these concern the smuon/gaugino sector
which is irrelevant here. (Constraints from the anomalous
magnetic moment of the muon can always be satisfied by
choosing the soft supersymmetry breaking trilinear coupling
A, large enough.) The constraint on My as applied in [64] is
not used since it relies on a single experimental result which
differs significantly from many others. The references to con-
straints from BSM Higgs-boson searches, b-physics (of lit-
tle relevance here) are listed on the web page https://www.
lupm.in2p3.fr/users/nmssm/history.html. All soft supersym-
metry breaking terms are taken below 3 TeV. Constraints on
the sparticle spectrum are taken into account using the code
SModels-2.2.0 [66-69].

We require that the lightest supersymmetric particle (LSP)
is neutral (the lightest neutralino), since it is stable and con-
tributes necessarily to the relic density of the universe. We do
not require that it accounts for all of the observed dark matter
relic density as there may exist additional contributions from
physics far above the weak scale. However, the stable light-
est neutralino unavoidably contributes to dark matter direct
detection experiments, and must satisfy corresponding con-
straints which are imposed since the properties of the lightest
neutralino (its mass and its annihilation rate typically via the
CP-odd scalar A in the s-channel) depend on parameters

which play also a role in the NMSSM Higgs sector. We find
that the LSP is a higgsino-singlino mixture, with a relic den-
sity Qh? ~ 1074-1073.

For the calculation of the cross sections ggF — H/A we
start with the BSM Higgs production cross sections at /s =
13 TeV from the LHC Higgs Cross Section Working Group
[70] (CERN Yellow Report 4 2016). These are multiplied by
the reduced couplings squared of H/A. Thereby we capture
most of the radiative QCD corrections in the form of K-
factors; the remaining theoretical uncertainties are at most of
0(10%).

For the purpose of this paper we require that the singlet-
like scalar has a mass in the range 95.44+3 GeV (allowing for
a theoretical uncertainty of 3 GeV), /L[be P in the 2 o range of
(1.1),and /L)e)flc in the 2 o range of (1.2). In order to describe
the excess in oy, We require that the MSSM-like scalar
H3 has a mass in the range 650 &+ 25 GeV (given that the
mass My in [8] is given in steps of 650 &= n x 50 GeV), and
Opbyy in the 2 o range of (1.5).

Let us discuss in how far the excesses ,u,i‘bE P in (1.1),
M%’C in (1.2), nLHC in (1.4) and oppyy in (1.5) can be
described simultaneously. First, once the contribution of
ATLAS to /,L)I;f € from [6] is combined with the correspond-
ing contributions from CMS implying a lower central value
as in [41], the excesses juj;F" and plff € can be described
simultaneously at the 2 o level in the NMSSM with its type II
Yukawa structure. Within the 2 o level, a suppression of the
BR(H; — bb) in order to enhance the BR(H, — yy) (as
argued earlier in [31]) is then no longer necessary. Also the
excess in oppy, in (1.5) can be fitted simultaneously at the
2 o level.

However, a description of the di-tau excess 1 2/7€ in (1.4)
would require a large BR(H; — tt7) (or a large H; pro-
duction cross section) which is incompatible with present
constraints on the H; — Hg)s mixing angle. The incompat-
ibility of the uL/'¢ and utH for a type I1 Yukawa struc-
ture was also underlined in [41]. Thus we will not require a
description of the di-tau excess 1€ in the following.

Then, all constraints from Egs. (1.1), (1.2) and (1.5) can
be satisfied simultaneously. However, the upper 2 o limit on

kr from the combination of [47,48],

K < 1.033, (2.3)

constrains the parameters and the cross sections to very
narrow ranges around values corresponding to those of the
benchmark point BP1 shown in the next section.

We found it appropriate to show the possible parameters
and cross sections after relaxing the constraint (2.3). Then
the input parameters assume values within the ranges shown
in Table 1. We show u}f}f P and /L%I € for viable points as
function of My, in Fig. 1, and o4y, and opp;; in Fig. 2.
Within these and the subsequent figures, the light blue regions
contain points which satisfy the constraint (2.3) on k;. As
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Table 1 Range of input parameters for our scan (dimensionful parameters in GeV)

A K Ay Ay Heff tan B
0.610-0.687 0.307-0.391 400-480 —621 to (—402) 238-291 1.97-2.58
M, M> M3 A, Mo, My,
255-3000 338-2800 423-3000 —2222 10 1288 825-3000 857-3000

635
m“‘[GeV]

Fig. 1 pLFP

points whose properties are given in the Tables 2 and 3

o(ggF > H, > H H, > bbyy) [fb]

6
my, [GeV]

635
m”X [GeV]

as function of My, (left), ,uly‘ffc as function of My, (right). The coloured dots here and the subsequent figures denote six benchmark

o(ggF > H, > H H, > bbtr) [fb]

635
my [GeV]
i

Fig. 2 oppy, as function of My, (left), oppcr as function of My, (right). 0ppy ), and oppe¢ are limited from above by constraints from the search

by CMS in [50]

discussed in the Introduction, both oy, and opp; are lim-
ited from above by constraints from the search by CMS in
[50]. The coloured dots in all figures indicate six benchmark
points (BPs) BP1 (red), BP2 (green), BP3 (blue), BP4 (yel-
low), BP5 (violet) and BP6 (orange), whose properties are
given in the Tables 2 and 3 in the next Section.

As a consequence of the freedom in the elements of the
3 x 3 mass matrix in the CP-even Higgs sector, the coupling
of Hg to b-quarks and thus the branching fraction BR(Hs —
bl;) is variable. Since this branching fraction is dominant, its
reduction implies an increase of others like the diphoton rate

@ Springer

BR(Hs — yy). At first sight, an increase of the diphoton
rate is welcome in order to fit the central value of ,u;f)f’ € 129].
However, since the increase of the diphoton rate comes hand-
in-hand with a reduced BR(Hg — bb), it becomes difficult
to obtain a large enough oy, , which is left aside in [29]. In
fact, since opp), decreases with My, for kinematic reasons,
larger values of My, require larger values of the BR(Hs —
bb) and thus smaller values of the BR(Hgs — yy)or ,u%lc.
This explains the shape of Fig. 1 (right). Actually we find that

the desired cross section for oy, can be achieved only for
My, < 645 GeV.



Eur. Phys. J. C (2023) 83:1138

Page 50f9 1138

Table 2 NMSSM specific input parameters, M g, stop masses and A; for six benchmark points

A K Ay Ay Jeff tan B8 Mpy, My, M, A; Colour
BPI 0.670 0.327 442 —495 282 2.04 626 1007 1175 —508 Red
BP2 0.657 0.388 440 —552 265 2.36 646 2865 2921 —-215 Green
BP3 0.661 0.376 443 —489 245 2.50 629 2563 2948 —152 Blue
BP4 0.663 0.361 446 —526 269 2.24 635 1090 2947 —986 Yellow
BP5 0.653 0.378 424 —537 258 2.34 626 2539 2663 —197 Violet
BP6 0.656 0.355 442 —536 272 2.18 631 1172 2881 —1016 Orange

Table 3 ,u.lffp, ;,L%’C and oppy,, from Sect. 1, reduced couplings to

tt and additional cross sections times branching fractions for processes
for the six benchmark points. abzlt];lm denotes the cross section for

ggF — Hy — (Hy — bb) + (Hsy — 171), %121[7211 the cross sec-

tion for ggFF — H3 — (H} — bb) + (H, — bb), G?}ISM the cross

2

section for ggFF — A, — Z + Hgy, and U?H] the cross section

for ggF — Ay —> Z + (H; — bb), and O'tll;li the cross section for
pp — H* — tb. All cross sections are given in fb

BP1 BP2 BP3 BP4 BP5 BP6
REEP: 1.22 x 1072 1.90 x 1072 2.68 x 1072 1.79 x 1072 2.47 x 1072 1.49 x 1072
nLHC: 8.02 x 1072 8.06 x 1072 1.21 x 107! 9.96 x 102 1.65 x 107! 8.01 x 1072
Obbyy: 9.16 x 1072 9.01 x 1072 9.01 x 1072 9.13 x 1072 9.00 x 1072 9.81 x 1072
SHuit" —0.491 —0.429 —0.404 —0.445 —0.432 —0.630
Ayt 0.487 0.421 0.398 0.444 0.429 0.456
ot 2.65 2.67 276 2.67 272 278
o 7.09 6.04 7.51 6.95 7.44 7.00
O b’ 1.51 3.01 3.94 273 4.45 251
a;;,l : 48.9 55.0 59.7 54.3 57.4 53.9
ol* 30.9 20.3 18.2 24.4 23.7 26.9

3 Benchmark planes and points

If the scenario with additional Higgs bosons near 95 GeV
and 650 GeV is realized within the NMSSM, several addi-
tional search channels can serve to discover or to exclude it.
In this section we present the prospects for such additional
searches in the form of benchmark planes of couplings and
Ccross sections.

A Higgs resonance H3 near 650 GeV can be searched
for by its decays into heavy quarks. We find that the region
in the NMSSM parameter space satisfying the constraints
corresponds to relatively small values of tan § ~ 2-3. Then
the search for the H3 decay into bb is not very promising,
in contrast to the search for its decay into ¢f as performed
by CMS in [71]. In Fig. 3 left we show its coupling strength
modifier gy, as a function of the heavy scalar boson mass.
The width of H3 (~ 6 GeV)is always ~ 1% of its mass which
is relevant for the search in this channel. Nearly degenerate
with H3z (about 3 GeV lighter) is a pseudoscalar A,, with a
width of ~ 1.5% of its mass and with a very similar coupling
strength modifier g4, shown in Fig. 3 right. The upper limits
from [71] are ~ .735 on gy, and ~ .675 on g a,;,. It should
be noted that the branching fractions of these states into 77

could be somewhat reduced by up to &~ 10% due to decays
into neutralinos/charginos depending on the parameters of
this sector. Still, given that the limits from [71] are based on an
integrated luminosity at the LHC of 35.9 fb—!, corresponding
updates may well become sensitive to the NMSSM scenarios
presented here.

The coupling H> H> H3 contributes to resonant SM Higgs
pair production on which the most recent constraints origi-
nate from ATLAS in [72,73] and CMS in [74,75], the latter
only for heavy resonances above 800 GeV. From the com-
bination of final states in [72] and for My, near 650 GeV,
the upper limit on o x Br(ggF — H3; — Hgsy + Hsy)
is ~ 11 fb. However, one finds that the coupling H> H> H3
is suppressed by Mz and, for the allowed regions of the
parameter space of the NMSSM, much smaller than the
Hi Hy H3 coupling in (2.1) implying a maximal cross sec-
tion of ~ 1 fb for resonant SM Higgs pair production for
My, near 650 GeV. Actually a mild ~ 1 o excess is visible
in [73] for the bbyy channel for M H, near 650 GeV, but
the required cross section for a visible excess in this channel
would be impossible to achieve within the allowed regions
of the parameter space of the NMSSM.

@ Springer
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0.52
0.5 B
0484 B

- 046 ; B
o
0.44 B

e W
0.42 88 - o

04 3 L |

635
my [GeV]

o3gl—e L o 1ol
620 622 624 626 628 630 632 634 636 638 640 642

m, [GeV]

Fig. 3 Left: coupling strength modifier gy, as a function of the heavy scalar boson mass My;. Right: coupling strength modifier ga,; as a
function of the heavy pseudo-scalar boson mass M 4,. The upper limits from [71] are ~ .735 on gp,s and ~ .675 on ga, s

Relatively large cross sections of & 10 fb are found within
the allowed regions of the parameter space of the NMSSM for
the process gg ' — Hz — Hj + Hj, with branching ratios
of Hj into bb, T+t~ and yy ~ 20% larger than for Hgy,.
We find it worthwhile to perform corresponding searches in
channels with low enough SM backgrounds; they may lead
to hints for or the discovery of two BSM Higgs bosons at a
time. Corresponding cross sections times branching fractions
are shown in Fig. 4. (No upper limits exist on these processes
at present.)

Also the heavy pseudoscalar A, with its mass close to
My, givesrise to interesting signatures. Searches for gg F' —
Ay — Z + Hgyy and for ggF — A — Z + Hj have been
performed by CMS in [76,77] and by ATLAS in [78]. For
Aj masses relevant here, upper limits on the cross sections
for ggF — Ay — Z + (Hsy — bb) from CMS [76]
and from ATLAS [78] are ~ 30 fb, upper limits on cross
sections for ggF — Ar — (Z — €0) + (H, — bb)
from CMS [77] are ~ 20 fb. In Fig. 5 we show, both as
function of Ma,, 0(ggF — Ay — Z + (Hsy — bl;)) on
the left, and 0 (ggF — A» — (Z — €0) + (H; — bb))
on the right. Both cross sections are factors of 20 (for Z +
Hgyy) or 5 (for Z + Hyp) below the limits from ATLAS/CMS,
but since the limits from CMS are based on 35.9 fb~! of
integrated luminosity the cross section from Fig. 5 are not
out of reach in the future. Note that once one multiplies the
cross sections into H; on the right hand side by 1/0.0673 in
order to compensate the BR(Z — ¢¢), one finds that these
are by a factor ~ 30 — 40 larger than the cross sections into
Hg s on the left and side.

Finally the charged Higgs boson with its mass similar to
M p, might be observable via its dominant decay channel
H¥* — t 4 b. Recent searches in this channel have been per-
formed by CMS in [79] (based on 35.9 fo—!) and by ATLAS
in [80] (based on 139 fb~!). For Mpy+ ~ 600—650 GeV, the
upper limiton o (pp — thHT) x Br(H* — tb) obtained in
[80] is of the order of 150 fb. We have computed the charged
Higgs production cross section using results from the LHC

@ Springer

Higgs Cross Section Working Group [70] (CERN Yellow
Report 4 2016) based on results in [§1-85]. In Fig. 6 we
show o(pp — thH*) x Br(H* — tb) as function of
M p+; we see that the possible values in the NMSSM sce-
nario presented here are still below the present sensitivities.
Actually the branching ratio Br(H* — W* + Hj) is in the
10-20% range. A search for o (pp — (HT — W* 4+ H))
has been carried out by CMS in [86] assuming, however,
My = 200 GeV and not 95 GeV as it would be the case
here.

We end this section with Tables giving details of some
benchmark points satisfying all of the imposed constraints.
The benchmark points are chosen such that they cover various
regions visible in Figs. 1,2, 3,4 and 5. NMSSM specific input
parameters, Mpy,, stop masses and A; are given in Table 2.
The not too large values for the stop masses and A; indicate
that, compared to the MSSM, less contributions from stop
loops are necessary in order to lift the SM Higgs mass to
125.2 £3 GeV.

In Table 3 we show the corresponding (reduced) cross
sections as definedin (1.1), (1.2) and (1.5), reduced couplings
of H3 and A, to top quarks, as well as cross sections times
branching fractions for additional processes involving H3 or

. . Ar An
Aj. The ratio of the cross sections o, H to o, Hen shows

more clearly the factor ~ 30—40 in favour of ‘7?12-11 .

4 Summary and conclusions

In the present paper we have shown which sparticle spec-
tra in the NMSSM can simultaneously describe an extra
Higgs boson near 95 GeV, and an excess in the resonant
production of SM plus BSM Higgs bosons in the diphoton
plus bb channel by CMS in [8] for a heavy resonance of a
mass near ~ 650 GeV. This region of the parameter space
of the NMSSM is limited, amongst others, by a search for
X — (Hsy — t7) + (Hi — bb) by CMS in [50] for
Myx = 600,700 GeV. Still, we find viable regions in the
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o(ggF > H3 > H]H] = bbbb) [fb]

v b b b e b b

‘H‘ = bbyy) [fb]

0.055

o(ggF = H, >H

TN FEETN FENT FRUTI FRT) FENT) SRRR) FRRS FRRTE FUR A

625 630 635 640 645
m,, [GeV]

o(ggF = H,> H‘H‘ = bb11) [fb]

G
|

o(ggF > H, > H|H| = yytr) [fb]

630 635 640 645
m,, [GeV]

Fig. 4 Upperleft: o(ggF — H3 — H H| — bbbb), upper right: o (g¢F — H3 — H H| — bbttt7), lower left: o (¢gF — H3 — H{H| —
bbyy), lower right: 0 (ggF — H3 — H{H, — yyt 1), all cross sections as a function of the heavy scalar boson mass M,

T T T T T T T T

2.6

24

22

o(ggF = A, > ZH, > Zbb [fb]
>

L e B S B e s
PR NN IO NN S - I I NI R

‘x_ .‘Q‘ ~
L .

| TR N AN TS NN S MY SO ST N
620 622 624 626 628 630 632 634 636 638 640 642
m, [GeV]

0.8 L

L

M

| |

P N B

2g!

w

& ¢
TTrTT T T T

S T S S S I AN S I
620 62 624 626 628 630 632 634 636 638 640 642
m, [GeV]

2.8 L
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parameter space at the 2 o level. Admittedly this is perhaps
not the strongest hint for new physics at present, but we find
it worthwhile to underline that this region exists even in the
light of the latest results from the LHC, notably in light of the
measurements of CMS [47] and ATLAS [48] of the couplings
of the SM Higgs boson.

One interesting feature is that relatively light higgsino-
like charginos with masses below ~ 400 GeV can help to
enhance the BR(H; — yy) via loops to the level required
by Eq. (1.2), at least within the 2 o level. This also implies

relatively light neutralinos, which is visible in the form of
et for the benchmark points shown.

In the NMSSM, the spectrum of additional Higgs bosons
near 650 GeV is necessarily MSSM-like, i.e. consists
in nearly degenerate scalars, pseudo-scalars and charged
scalars. However, their branching fractions into standard
search channels are reduced by their decays into light Higgs
bosons, higgsinos and charginos. Searches for the bb final
state are disfavoured by the low value of tan g, searches for
the ¢7 channel are more promising. Likewise, searches for

@ Springer
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Fig. 6 o(pp — thHT) x Br(H* — tb) as function of M=

the charged Higgs in the 7b + c.c. channel can be promis-
ing, although the corresponding branching fraction can be
somewhat reduced by the decays H™ — W + H.

Cross sections times branching fractions for the produc-
tion of the MSSM-like sector are shown in Figs. 2, 3, 4, 5
and 6, which should help to verify or exclude the NMSSM
scenarios presented here in the future. Some of the available
searches by ATLAS and CMS already touch the parameter
space of the NMSSM, and our tables allow to estimate which
future searches can be promising not only using available
data, but also after the upgrade of the LHC to high lumi-
nosity after a suitable rescaling. The parameters shown in
Table 1 help to clarify which range of NMSSM parameters
correspond to these scenarios. It is remarkable that the rele-
vant ranges of large A and small tan 8 coincide with the ones
where a NMSSM-specific uplift of the SM Higgs mass at
tree level helps to explain its value well above Mz [51,52].
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