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Recent experimental hints from the Large Hadron Collider (LHC) in diphoton and partially in the 777~
final states suggest the possible existence of an additional Higgs boson with a mass around 95 GeV.
Interestingly, these observations are consistent with earlier results from the Large Electron-Positron
collider, which pointed to an excess in bb final states within a similar mass range. Additionally, CMS has
observed an excess in the yybb final state, indicating a possible resonance near 650 GeV decaying into a
pair of Standard Model (SM)-like Higgs bosons or into a SM-like Higgs boson accompanied by a lighter
scalar with mass near 95 GeV. In this work, we investigate whether these anomalies can be simultaneously
explained within the next-to-two-Higgs-doublet model (N2ZHDM), an extension of the SM scalar sector
featuring two complex Higgs doublets and an additional real singlet. Assuming the existence of a CP-even
Higgs state compatible with the 95 GeV excesses (restricted to the yy and bb channels), we analyze the
Type-1I and Type-Y Yukawa structures, taking the observed 650 GeV resonance to be a CP-even Higgs
state. An extensive parameter scan is performed, incorporating the latest constraints from the properties of
the observed 125 GeV Higgs boson, direct searches for additional Higgs states, flavor physics data, and
electroweak precision observables. Our results show that a heavy CP-even Higgs resonance around
650 GeV, produced predominantly via gluon-gluon fusion and subsequently decaying into a 125 GeV
Higgs boson together with another scalar at approximately 95 GeV, can be simultaneously accommodated
within both the N2HDM Type-II and Type-Y frameworks in parameter regions that remain consistent with
the relevant experimental 2¢ intervals for the reported excesses, once all theoretical and experimental
constraints are imposed. This interpretation leads to distinctive and testable predictions for the ongoing
LHC Run 3 and the forthcoming high-luminosity LHC phase, in particular through correlated rates in the
yybb, tt17bb, bbyy, and yyr*7~ final states.
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The discovery of a 125 GeV Higgs boson at the LHC in
July 2012 (Hgy) [1,2] confirmed the key missing piece of
the Standard Model (SM) and, most crucially, confirmed
the strong role of the Brout-Englert-Higgs mechanism
of electroweak symmetry breaking (EWSB). However,
despite this success, the SM Higgs sector faces several
theoretical shortcomings that motivate extensions. In par-
ticular, the SM provides no explanation for key open
questions such as neutrino masses, dark matter, and the
matter-antimatter asymmetry from the experimental side as
well as the naturalness (or hierarchy) problem on the
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theoretical side, among others. These limitations have
spurred considerable interest in models with an extended
Higgs sector, viewed as low-energy realizations of more
fundamental high-scale theories.

Extending the scalar sector of the SM can alleviate many
of the issues mentioned above. The presence of additional
scalar fields can introduce new interactions that improve
the high-scale behavior of the Higgs potential or provide
hints of new physics beyond the SM (BSM), potentially
addressing the naturalness problem altogether. Nonminimal
supersymmetric models—e.g., the next-to-minimal super-
symmetric Standard Model (NMSSM) [3] and the new
minimally extended supersymmetric Standard Model [4]
(see [5] for a review of a class of these)—are compelling
solutions to this issue, as they typically introduce a large
array of new particles and parameters. An alternative, more
minimal and nonsupersymmetric approach is to extend the
SM by a second SU(2), scalar doublet, known as the two-
Higgs-doublet model (2HDM) [6,7], or by adding both a
Higgs doublet and a real singlet field. The latter is known as
the N2HDM [8-15], providing a simpler alternative to the
nonminimal supersymmetric scenarios. In fact, it captures
many of the same Higgs-sector benefits (additional states, a
singlet that can help explain observed resonances, etc.)
without the elaborate superpartner sector. This simplicity
implies fewer parameters and often clearer correlations
among observables, making the N2HDM an appealing
framework for interpreting collider anomalies.

In fact, recent experimental observations at the LHC and
previous colliders have revealed intriguing hints of new
(pseudo)scalar resonances beyond the well-established
125 GeV state. Among the most notable ones are the
excesses around 95 GeV, first seen in LEP experiments and
later reinforced by the CMS and ATLAS collaborations
in multiple decay channels including bb [16], vy [17-20],
and "¢~ [21], which have received considerable attention
recently and have been extensively studied in various
theoretical frameworks [22-85]. Another prominent
anomaly has been observed by the CMS Collaboration
near 650 GeV in the diphoton plus bb final state [86],
suggesting a heavy resonance potentially decaying into a
pair of Higgs bosons or a Higgs boson accompanied by a Z
boson. Indeed, in the absence of any observed excess in the
7t bb final state, the CMS Collaboration has placed a
95% confidence level (CL) upper limit of approximately
3 tb on the cross section for a 650 GeV resonance decaying
via cascade processes such as X¢59 — HgyYos — 717 bb
[87]. This constraint, derived from full Run 2 data at
13 TeV, serves as a critical test when evaluating scenarios
involving heavy Higgs cascades. Hence, any viable model
interpretation must ensure that the predicted cross section
for this channel remains below this threshold in order to
be consistent with all current experimental bounds. In
addition to these two anomalies, further mild excesses
associated with charged Higgs states have also been

investigated [88-90], providing additional motivation to
investigate extended Higgs sectors. In the literature, many
theoretical frameworks have been proposed to simultane-
ously accommodate the 650 GeV and 95 GeV resonances,
including the N2HDM with a U(1),, gauge symmetry [91],
the NMSSM [92], the 2HDM Type-III [93], the 2HDM
Type-I [94], and the I(1 4+ 2)HDM [95].

Motivated by these considerations and benefiting from
the mixing of the additional singlet scalar with the two
doublets, the N2HDM allows for more flexibility in accom-
modating multiple (pseudo)scalar resonances, thereby pro-
viding a consistent and simultaneous interpretation of both
the 95 GeV and 650 GeV anomalies. In this study, we
systematically analyze the parameter space of the N2HDM
within the Type-II and Type-Y Yukawa structures, consid-
ering two distinct scenarios in which the 650 GeV reso-
nance corresponds to either a CP-even (scalar) or a CP-odd
(pseudoscalar) state. In the first scenario, a particularly
compelling interpretation is that the heavier CP-even state
(h3) near 650 GeV decays directly into the SM-like Higgs
boson (h, = Hgy) and a lighter Higgs boson (k) around
95 GeV, followed by h, decays to yy and h; decays to bb.
Alternatively, the 650 GeV resonance may correspond to
the CP-odd Higgs state (A) of the N2ZHDM, which allows
for a cascade decay into a SM-like Higgs boson (/,) and a
Z boson, yielding the same final state with two photons and
two bottom (anti)quarks,1 respectively. Furthermore, recall
that, given the limited resolution of the bb and 7t
invariant masses (of order 10 GeV) with respect to the
yy one (of order 1 GeV) at the above LEP and LHC
experiments, all such excesses could well be consistent
with the best measured value (in the diphoton channel) of
95 GeV (so that, in this paper, we assume the latter value as
the common one to all anomalies).

By incorporating all relevant experimental constraints,
we find that the CP-even interpretation of the 650 GeV
resonance remains viable in both N2HDM Type-II and
Type-Y frameworks, with the corresponding predictions
lying within the adopted 2¢ experimental intervals for the
95 GeV and 650 GeV hints. In contrast, the CP-odd
interpretation yields no parameter region that simultane-
ously accounts for both excesses once the existing LHC
searches for heavy neutral Higgs bosons are imposed
mainly by direct A — h,Z searches [96-98], together with
ttZ-sensitive top-associated modes [99], and subleading
constraints from the 777~ searches [100]. As a result, the
pseudoscalar option is effectively excluded by current BSM
Higgs limits. Accordingly, the remainder of this work

'Note that, although the cited CMS analysis of the yybb signal
models the excess as a decay X¢s9 = HsmYos, With Xgs0 and Yos
being spin-0 states, at /s ~ m, = 650 GeV, where m%/s < 1,
the equivalence theorem affirms that the pseudoscalar polariza-
tion of the Z boson behaves like the corresponding neutral
Goldstone mode, which is indeed a (CP-odd) spin-0 state, with
deviations suppressed by O(m2/s) < 2%.
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focuses exclusively on the CP-even scenario, for which the
lightest CP-even state near 95 GeV remains consistent with
the aforementioned yy and bb excesses. These findings
offer valuable guidance for future searches, indicating that
the 650 and 95 GeV excesses may be simultaneously
explained within extended scalar sectors, pointing toward
BSM physics (as hinted by the extensive literature on the
subject).

The paper is organized as follows. Section II briefly
reviews the main features of the N2HDM setup. In Sec. 111,
we outline the theoretical and experimental constraints used
to shape the parameter space of this scenario. Section IV
summarizes the relevant experimental anomalies. In Sec. V,
we present the numerical results for the CP-even scenario
and highlight selected benchmark points (BPs). We con-
clude in Sec. VL

II. BASICS OF THE N2HDM

In this section, we briefly discuss the basic features of the
N2HDM, which extends the SM Higgs sector by incor-
porating two complex SU(2), Higgs doublets H; (i = 1,
2), with hypercharge Y = 1, and a real Higgs singlet, with
hypercharge Y = 0. This extension increases the (pseudo)
scalar field content, introducing additional physical Higgs
bosons and expanding the phenomenological scope of the
model. After EWSB, the fields acquire vacuum expectation
values (VEVs) and can be parametrized as

o7
H"‘(ﬁ(v&@ﬂm)) wd Szt

where vy, v, and v, denote the VEVs of the respective
fields, satisfying v = /o7 + v3 = 246 GeV.

The N2HDM Higgs potential, consistent with the
SU(2); ® U(1), gauge symmetry, is given by [8-15]:

V(H,.H,.S)=m3 H{H +m3,H}H, %, (H|H,+ H3H,)
1 A A
§m§32+31(HTH1)2+32<H;H2)2

+13(H{H\)(HyH,) +A4(H Hy) (H3H, )

VI + (HH, Y]

Aoy 1
+§6S4 +§(/17HIH1 +AsHSH,)S?, (2)

where m?,, m3,, and m3 are the quadratic mass terms
for the Higgs doublets H;, and the singlet field S,
respectively. The CP conservation of the scalar potential,
which we assume, is guaranteed by the absence of com-
plex phases in the parameters (including the VEVs).
Accordingly, all quartic couplings 4; (i =1,...,8) and
the bilinear term 3, are assumed to be real.

This potential structure arises from the imposition of two
discrete Z, symmetries. In general, if both doublets couple
to the same fermion types, tree-level flavor changing
neutral currents (FCNCs) arise, which are strongly con-
strained by experiment. To eliminate such effects, a discrete
Z, symmetry is imposed under which the fields transform
as Hy - Hy, Hy - —H, and S — S. This symmetry is
softly broken by the y?, term to avoid undesirable vacua
and ensure a realistic Higgs spectrum. A second Z,
symmetry, under which § — —S, is also required to
distinguish the singlet role. This symmetry is spontane-
ously broken once S develops a VEV, in turn allowing
singlet-doublet mixing and thus enriching the scalar phe-
nomenology compared to the 2HDM, while essentially
leaving untouched the pseudoscalar and charged Higgs
sector of the latter.

The physical Higgs spectrum of the N2HDM consists
of three CP-even neutral scalars (h;, h,, and h; with
my, < my, < my), one CP-odd neutral scalar (A) and a
charged Higgs pair (H*). The squared masses of the
charged and CP-odd Higgs states match those in the
2HDM and are related via [101],

1
My, = mj + 5”2(/15 — ), (3)

with the associated mass matrices diagonalized by the

rotation
C Sp
B0, @
—S/; C/j

where c; = cos f, sz =sinf, and tanf = t5 = v,/ v;.

In contrast, the CP-even sector differs from that of
the 2HDM due to the aforementioned mixing. The three
physical CP-even scalars h; = {hy, hy, h3} arise from the
orthogonal rotation,

hy o
hy | =R| ¢ |, (5)
hS ¢s

where R is a 3 x 3 rotation matrix parametrized by the three
mixing angles a, a, and a3,

(S14] S1€2 $2

R = —C185283 — §1C3 C1C3 — 85185283 CrS83 , (6)

—C1S2C3+S1S3 —C183 — §1852C3 CrC3
with s, = sin(a;) and ¢; = cos(q;) for k =1, 2, 3.

This mixing leads to a nontrivial singlet-doublet com-
position of the CP-even Higgs states, quantified by
%, = |Ri[* (i = 1,2, 3), which denotes the singlet fraction
in each mass eigenstate. This admixture modifies the
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couplings of the Higgs bosons to SM particles, thereby
affecting their branching ratios (BRs) and production cross
sections. In the context of the present analysis, this singlet-
doublet mixing plays a central role: it allows /; to have
sufficiently suppressed couplings to electroweak gauge
bosons to be compatible with the LEP Zh; rate, while
still retaining adequate couplings to fermions and gluons to
reproduce the LHC yy and bb signals, and at the same time
permits /5 to develop a sizeable h; — h,h, branching ratio
without spoiling the SM-like nature of /,. As we show in
Sec. V, the parameter points that survive all constraints
share common trends: moderate tan /3, a suppressed heavy-
to-VV coupling, a dominant #; — bb decay, and a non-
negligible singlet fraction in both /&, and A;.
Regarding Yukawa interactions, the first Z, symmetry is
extended to the fermion sector to ensure that each type of
fermion couples to only one Higgs doublet, thereby
forbidding FCNCs at tree level. This leads to four distinct
Yukawa structures, as follows.
(1) Type-I: All fermions couple to H,.
(ii) Type-II: Up-type quarks couple to H,, down-type
quarks and leptons to H;.

(iii) Type-X (Lepton-specific): Quarks couple to H,,
leptons to H;.

(iv) Type-Y (Flipped): Up-type quarks and Ieptons
couple to H,, down-type quarks to H.

The couplings of the CP-even Higgs states to fermions,
normalized to their SM values can be expressed in terms of
the rotation matrix elements R;;, as shown in Table I.
Notably, the Yukawa structure remains identical to that of
the 2HDM [7].

Moreover, by expanding the covariant derivatives in the
kinetic term of the Lagrangian, one can easily derive the
coupling coefficients for the couplings to the gauge bosons
W* and Z, for the three CP-even Higgs bosons. These
reduced couplings are independent of the Yukawa type and
can be expressed as,

cpvv = CpRi1 + spRin, (7)
which satisfies the following sum rule,
3

Clzz,»VV =L (8)
i=1

TABLE 1. Normalized (to the SM) Yukawa couplings of the
N2HDM Higgs bosons h; (i =1, 2, 3).

Chiiit Ch,bb Chiet
Type 1 Rpr/sp Ri>/sp Ri>/sp
Type IT RiZ/Sﬁ Ril/cﬁ Ril/clf
Type X Riy/sp Riy/ss Ri1/cp
Type Y Rjy/s R /cy Riy/sp

We further notice here that the singlet component R;; does
not couple directly to gauge bosons since the singlet does
not contribute to the gauge interaction terms in the kinetic
part of the Lagrangian.

For our analysis, we use the public code Scanners
[8,102,103] to set the N2HDM inputs in terms of the
reduced couplings and mixing matrix elements, adopting its
scheme with the SM-like state Hgy; identified as h,. The
independent input parameters are,

m Iy m hy» tan ﬂ s

My, Ma, My,

C%ZVV’ c%zzt?’ sign(Ry3), Rz, miy, v (9)

Here C%QVV and c%hﬁ are the squared reduced couplings of
h, fixed by the assumption (¢ v )(c; ;) > 0 to determine
the mixing angles a , 3. The factor sign(R,;) sets the sign

of the singlet component in h,, while R3 is the singlet
admixture of h;.

III. RELEVANT CONSTRAINTS

As with any BSM extension, the N2HDM parameter
space must fulfill extensive theoretical and experimental
requirements, which are summarized below.

(i) Perturbative unitarity is enforced by requiring that all
eigenvalues of the tree-level 2 x 2 (pseudo)scalar
scattering matrix lie below the perturbative limit 87 [8].

(i1) Boundedness from below (BFB) is ensured by the
analytic positivity conditions on the quartic cou-
plings of the N2HDM potential, which guarantee
that the scalar potential remains positive along all
field directions at large field values [8,104]. The
BFB tests are applied by ScannerS to every parameter
point we consider.

(iii) Vacuum (meta)stability: Vacuum (meta)stability of
the electroweak (EW) minimum is evaluated with
the public code EVADE [11,105,106], which is
interfaced to ScannerS. If the EW minimum is not
the global one at tree level, EVADE provides an
estimate of the EW vacuum lifetime. Parameter
points are retained only if the EW vacuum is global
or, if metastable, the estimated lifetime exceeds the
age of the Universe.

(iv) EWPOs: related to the so-called oblique parameters,
S, T, and U [107,108], they provide a strong indirect
probe of new physics. These parameters, which
quantify deviations from the SM in terms of radi-
ative corrections to the W*, Z, and y self-energies,
receive new contributions in the framework of the
N2HDM resulting from h; (i = 1, 2, 3), A and H*
states. Predictions for S, 7, and U are evaluated at
one loop using the implementation in ScannerS, for
models containing singlet and SU(2), doublet scalar
sectors [109,110], and required to be within the 26
ellipse of the global fit result [111].
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(v) Flavor-physics observables: these are incorporated
using the implementation in ScannerS. Since the
charged sector of the N2HDM is identical to that
of the 2HDM, the corresponding 2HDM bounds can
be applied directly to our model for most of the
B-physics observables. Theoretical predictions for
the BRs of B —» X,y, B, —» puu and B,; — uu are
required to be consistent with experimental mea-
surements at 95% CL [112]. These constraints
impose bounds on tanf and my: in the N2HDM
Type-II and Type-Y. While many additional flavor
observables have now been measured with high
precision, including semileptonic b — s£*¢~ tran-
sitions and related angular observables, we do not
include them in our fit for two reasons. First, in the
CP-conserving N2HDM with a Z,-symmetric Yu-
kawa sector, tree-level FCNC are absent and the
dominant sensitivity to the charged scalar is captured
by the channels listed above, which directly con-
strain my+ and tanf. Second, accounting for the
current b — s ¢~ anomalies would require addi-
tional nonminimal flavor structures that go beyond
the purely Higgs-sector interpretation pursued here.
We therefore restrict our flavor analysis to the
observables that are most constraining for the
scenarios under study.

(vi) Higgs data and direct collider searches: for each
viable output of ScannerS, we apply collider con-
straints from LEP, Tevatron, and the LHC using the
HiggsTools library [113]. Direct search limits on
additional Higgs bosons are tested with the Higgs-
Bounds-V.6 subpackage [114] at 95% CL, while the
125 GeV signal rate fit is evaluated with the
HiggsSignals-V.3 subpackage [115]. We use Ay?,s =
Zompm — 2w and reject points with Ay, > 6.18,°
the SM reference being y2,, = 152.54 for 159 de-
grees of freedom. The required production and
decay rates are supplied to HiggsBounds and Higgs-
Signals via the HiggsPredictions module of HiggsTools.
In our setup, the cross sections are derived
internally via the effective couplings coefficients,
while the BRs and total widths are computed with
the program N2HDECAY [8,116], interfaced to
ScannerS, and passed to the analyses through
HiggsPredictions.

IV. EXPLAINING THE ANOMALIES

In this section, we briefly summarize the experimental
results that can be interpreted as hints for the observed
resonances near 95 GeV and 650 GeV being Higgs bosons.

The requirement Ay3,s < 6.18 is applied only as a consis-
tency check of the SM-like Higgs sector and is not combined with
the 95 GeV and 650 GeV excesses into a global statistical
interpretation.

The 95 GeV scalar resonance has been observed in multiple
channels, starting with a local 2.36 excess reported by LEP
in the eTe™ — ZH(— bb) channel [16], consistent with a
Higgs boson of mass around 95 GeV and a signal strength
of [22,117],

exp  OleTe” = Zhos — Zbb)
bb " 6SM(et e~ — Zhgy — Zbb)

=0.117 £ 0.057. (10)

where hys is the lightest CP-even Higgs boson h; of the
N2HDM responsible for the excesses observed around
95 GeV and hgy is interpreted as the SM-like Higgs boson
with a mass identical to that of the hg5. The best fits for the
LHC diphoton channel observed by CMS and ATLAS for a
mass of ~95 GeV of the Run 2 results of [17-20] were
combined in [118] reaching a local significance of 3.1c
with a signal strength given by,

exp _ 0(99 = hos — y7)

usP = =02470% (11
T o™(gg ~ hswi — 17) aos (1)

Another anomaly in the low mass region at 95-100 GeV
was reported by the CMS Collaboration showing a local
significance between 2.6 and 3.1¢ in the di-tau final state.
For a mass hypothesis of 95 GeV, the measured signal
strength was found to be [21,92],

exp __ O'(gg - h95 - T+T—)

— +0.69
= Mgy S e ey — 18NS (12)

Additionally, the existence of a Higgs boson at 95 GeV is
further supported by a 3.8¢ local excess (reduced to 2.8¢
global) observed in a search by CMS for a 650 GeV
resonance decaying into a SM Higgs boson plus a new
lighter Higgs boson at 90-100 GeV in the yybb final state,
using the full Run 2 dataset [86]. The best fit value for the
product of the cross section times the relevant BRs for this
decay channel is given by,

exp

yybb o(pp = Xeso = HsmYos — yybb)

=0.357017 fb. (13)

o

As clarified, in our analysis, we focus on the CP-even
interpretation of the 650 GeV excess within the N2HDM,
taking the resonance to be the heavier CP-even state
(h; = Xg50)- In this scenario h; decays directly into the
SM-like Higgs boson (h, = Hg) and the lighter CP-even
scalar (b, =Y) near 95 GeV, with h, — bb. When
h, — yy, the cascade yields the characteristic yybb final
state that we confront with data in the Type-II and Type-Y
Yukawa structures.
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V. SCAN AND NUMERICAL RESULTS

In what follows, we assess the simultaneous viability of
the two hints within the N2HDM, wherein h; and h5 are
identified with the 95 GeV and 650 GeV states, respec-
tively. A comprehensive investigation of this scenario is
performed via a random scan over the specified parameter
ranges in Table II. We retain only the points that satisfy the
theoretical and experimental requirements discussed ear-
lier. The resulting viable set underlies the plots shown
below, from which we extract representative BPs with
testable predictions for current and upcoming LHC runs.

To rigorously interpret our predicted cross sections in the
yybb channel within the N2HDM, we also rely on the CMS
measurements of the closely related zt7z~bb final state.
Specifically, CMS conducted a dedicated analysis at a
center-of-mass energy of 13 TeV searching for a heavy
Higgs resonance Xgso decaying into a SM-like Higgs
boson Hgy; and a lighter scalar, setting, in the absence
of any excess, an upper limit of approximately 3 fb at
the 95% CL on the production cross section times BRs,
6(99 = Xeso = HsmYos — T777bb), hereafter denoted as
0,55 as clearly outlined in [87,92]. Given that the rate
difference between the 77z~ bb and yybb final states arises
mainly from the differences in the BRs of the SM-like
Higgs boson decays to 777~ and yy, we adopt the approach
described in [91,92] by rescaling the experimental limit
of 3 fb on the related z+7~bb final state. In our N2HDM
analysis, we find this ratio of BRs (BR(Hgy — 7777)/
BR(Hgy — 7)) to be approximately 22.95 for the Type-II
framework and about 28.22 for the Type-Y one.
Consequently, the experimentally derived limit of 3 fb
on 77~ translates into estimated upper limits of about
0.130 fb and 0.106 fb for the yybb final state in Type-II and
Type-Y, respectively. These scaled limits provide critical
tests for our parameter space exploration, highlighting
regions where our model predictions can simultaneously
accommodate the observed experimental anomalies around
95 and 650 GeV while remaining consistent with other
experimental constraints. Throughout, the signal rates for
pp — hy = hy(D)h(bb) with D =yy,zv7" at /s =
13 TeV are evaluated as,

o'(pp - h3) X BR(h3 - hzhl) X BR(h2 - D)
x BR(h; — bb). (14)

TABLE II.
v,(43,) are given in GeV®).

The production cross section o(pp — h3) from gluon
fusion (ggF) and b-quark fusion (bbF) are computed at
next-to-next-to-leading-order in QCD using tabulated
results from the public program susHi [119,120], while
the BRs are obtained with N2HDECAY; both codes are
interfaced to ScannerS for each parameter point.

Figure 1 illustrates the scatter plots of the predicted yybb
rate yield from the CP-even cascade hy — hyh;, represent-
ing the experimental resonance at 650 GeV, against the
signal strengths of the lighter Higgs boson #/; around
95 GeV in the context of the N2HDM Type-II (top panels)
and Type-Y (bottom panels). The allowed parameter space
corresponds to the intersection of the horizontal shaded
bands (blue), indicating the 20 cross section range for the
650 GeV resonance, and the vertical shaded bands (brown),
representing the 1o signal strength intervals for the 95 GeV
resonance. Points marked in magenta are excluded by
the CMS 7Tz~ bb search [87]. The color scale encodes
BR(h3 — hih,). As can be seen, in the Type-II case (top
panels), the scanned points within the overlap form a well-
defined region with a clear optimal range within the lo

level of ,uf,‘y‘ (left) and /‘Z}; (middle), giving rates up to
~1.2x 107! fb with BR(h3 — hyh,) around 20% for
,u,}f} 2 0.18 and //;}-7 ~ 0.05-0.17. Similarly, for the Type-
Y (bottom panels), the same pattern holds but with a
slightly lower reach into the signal region. Thereby, the
predicted cross section reaches up to ~1.0 x 107! fb
when BR(h3 — h h,) ~ 0.17, while the most viable points

concentrate over the ranges ,uf; ~0.19-0.32 and ﬂZIB%

0.06-0.18. Pushing the ,ufy‘ and ”Z;’; beyond their preferred
regions, the cross section decreases significantly, high-
lighting a limited window of viable parameter space for
Type-Y compared with Type-II. Furthermore, turning to
leptonic modes, both Yukawa types predict moderate -+ -
signal strengths. Points compatible with the CMS band tend
to predict u,+,- below 0.34 (0.63) in Type-II (Type-Y),
which is constrained by the exclusion limits based on CMS
searches [121,122], which makes the z+z~ signal strength
less significant in shaping the simultaneous fit. Overall,
both Yukawa types can simultaneously reproduce the
observed excesses at 95 GeV and 650 GeV within the
targeted 20 CL, with Type-II reaching slightly larger o,
than Type-Y.

Scan ranges for the Scanners input parameters in the N2HDM Type-II and Type-Y. Physical masses and

mp, mp, my, my M+ tan
[94, 97] 125.09 [625, 675] [400, 1000] [600, 1000] [1, 10]
Cﬁzvv Cizﬁ sign(Ry3) Ry3 m?, vg
[0-6, 1] [0.6, 1.2] +1 [-1.1] 0,5 x 103] [10, 2000]
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FIG. 1. Cross section 6(pp — h3) x BR(h3 = hyh; — yybb), denoted as o,,p5> Shown as a function of the signal strengths (yf;, yﬁ})
and yfir_) of the lighter Higgs boson /4, at approximately 95 GeV, within the N2HDM frameworks. The upper (lower) panels correspond
to Type-II (Type-Y) Yukawa interactions. The shaded horizontal blue bands represent the experimentally allowed 2¢ regions for the
cross section of the 650 GeV resonance observed by CMS in the yybb final state. The vertical shaded brown regions represent the
experimentally allowed 1o intervals for the signal strengths of the 95 GeV resonance in each decay channel. Colors of the points
quantify the BR(h3 — hyh,). The squares with magenta color indicate points excluded by the CMS Higgs resonance searches in the

777 bb final state [87].

Figure 2 shows the dependence of the cross section 6,5
on tan f#, emphasizing the role of key BRs in both the Type-
IT (top panels) and Type-Y (bottom panels) realization of
the N2HDM. The horizontal shaded band denotes the
experimentally allowed 2¢ interval for the predicted rate
o, Herein, the left panels reveal a significant correlation
between tanff and BR(h3 — hh,): the allowed points
show a clear rise of BR(h3 — hh,) with increasing
tanf in both Yukawa types. Indeed, for Type-II, the
accepted tanf range is from 1.001 to 3.738, with a
maximum BR(h; — hh,) = 0.444 at tan 8 = 3.738. For
Type-Y, the region is from tan # =~ 1.364 to 3.589, reaching
a maximum BR(h3 — hhy) = 0.322 at tanf = 2.438.
This behavior results from the suppression of the dominant
decay channel i3 — ¢f at higher tan 3, thereby enhancing
hs — h;h,. However, at very large tan f3, the gluon-gluon
fusion cross section diminishes due to weakened top-quark
loop contributions, limiting the overall enhancement of the
signal rate. The middle panels show that both Yukawa types
predict consistently large values of BR(h; — bb) = 80%,
underscoring the dominance of the bb final state. At high
tan # the production via ggF weakens and bbF cannot

compensate, so the rate falls. In Type-1I, a few of the
highest points are constrained by the CMS 7+7~bb search,
but a region of viable points remains in the allowed
experimental band. The right panels emphasize the role
of BR(h, — yy), which remains appreciable across the
viable parameter space, with slightly larger values in Type-
II than in Type-Y, reflecting different sensitivities to loop-
induced processes but with modestly altered diphoton rates.

These findings present a coherent picture in which a light
scalar near 95 GeV and a heavier one around 650 GeV can
naturally arise in the N2HDM Type-II and Type-Y frame-
works and explain well the excesses studied, with the
possible exception of the 77z~ one for the lower mass
(which is marginal in comparison to yy and bb). For such a
reason and to enable future tests of the N2HDM, crucially,
in the configuration explaining such anomalies, we provide
a selection of four BPs in each Yukawa structure of it,
which parameters and corresponding BRs are listed in
Tables III and V for Type-II as well as in Tables IV and VI
for Type-Y. For all such BPs, the signal strengths for the /,
state near 95 GeV are fully consistent with experimental
LHC and LEP searches at 1o, while the predicted 650 GeV
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FIG. 2. Cross section 6,,,;, as a function of tan § values versus the BRs of 3 — & h, (left panel), i — bb (middle), and h, — yy
(right) in the N2HDM Type-II (top) and Type-Y (bottom). Magenta squares are the same as in Fig. 1.

0,5 rate falls within the CMS 2o sensitivity. Across these
BPs, the heavy CP-even hj is produced mainly via ggF,
couples weakly to VV, and decays dominantly to ¢7. For
moderate values of tan f3, a sizable h; — h,h; decay mode
is maintained, which in turn drives the o,,,; signal.
Complementing the foregoing analysis, the CMS
Collaboration has recently released the results of an

analysis for a possible heavy spin-0 resonance in the
inverted final state h3 — hy(— bb)h (= yy) [123]. We
present in Fig. 3 our N2HDM predictions Type-II (left
panel) and Type-Y (right panel) superimposed onto the
observed 95% CL exclusion limits from this CMS bbyy
search [123]. All surviving points lie below the exclusion
contours for both types, thereby confirming consistency

TABLE III. BPs for the Type-II Yukawa framework. TABLE IV. BPs for the Type-Y Yukawa framework.
Type-1I Type-Y

Parameters BP1 BP2 BP3 BP4 Parameters BP1 BP2 BP3 BP4
mp, 95.28 95.81 95.03 95.40 my, 95.48 95.06 95.75 95.43
my, 125.09 125.09 125.09 125.09 my, 125.09 125.09 125.09 125.09
my, 651.05 650.93 650.89 650.69 my, 650.49 649.41 649.89 650.42
my 717.89 717.92 709.59 653.39 my 661.74 657.25 664.44 656.09
M= 633.30 700.23 687.13 697.28 my= 681.22 686.44 710.88 670.71
tan 8 1.470 1.478 1.42 1.45 tan 8 1.50 1.49 1.50 1.57
a 1.243 1.272 1.164 1.248 a 1.225 1.227 1.238 1.233
a —-1.231 —1.252 —1.206 —-1.251 a -1.176 —1.206 —1.194 —1.184
a3 —1.359 —1.331 —1.438 —1.345 o —1.385 —-1.336 —-1.377 —1.393
m?, 139691.27  150158.52  124611.04 134830.86 Ui 169235.35 169329.11 167695.59 166901.55
vy 40.03 41.49 40.95 48.03 vy 106.92 104.47 104.19 103.56
//’1_ 0.078 0.063 0.104 0.068 ”Z}; 0.096 0.070 0.084 0.094

bb
ul 0.248 0.241 0.221 0.223 iy 0.268 0.255 0.253 0.256
Gy 1] 12.17 % 1072 11.32x 1072 10.01 x 1072 922 x 1072 G5 []  9.94x 1072 9.38 x 1072 9.23 x 107> 9.01 x 1072
6,5 D] 3.035 2.860 2.437 2.354 6.5 [fD] 2.991 2.808 2.814 2.673
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TABLE V. BRs for the Type-II BPs.

BRs in Type-II

hy bb cc A wWw 77 vy
BP1 0.611 0.118 0.061 1.0 x 1072 1.40 x 1073 2.57 x 1073
BP2 0.570 0.133 0.057 1.19 x 1072 1.61 x 1073 2.78 x 1073
BP3 0.688 0.089 0.069 0.77 x 1072 1.10 x 1073 2.08 x 1073
BP4 0.599 0.123 0.060 1.04 x 1072 1.45 % 1073 2.57 x 1073
hy bb cc Tt WwW Y44 vy
BPI 0.557 0.033 0.059 0.226 0.028 240 x 1073
BP2 0.558 0.033 0.059 0.226 0.028 2.37 x 1073
BP3 0.544 0.035 0.058 0.233 0.029 240 x 1073
BP4 0.559 0.033 0.060 0.225 0.028 2.35 % 1073
hy 1t hyhy hih, hyhy wWwW 4
BP1 0.460 0.329 0.171 449 x 1073 0.021 0.010
BP2 0.443 0.344 0.173 7.02 x 1073 0.019 9.47 x 1073
BP3 0.631 0.17 0.121 9.42 x 1073 0.038 0.018
BP4 0.553 0.275 0.129 6.41 x 1073 0.022 0.010

A 1t bb 99 Zh, Zh, Zhs
BP1 0.927 1.30 x 1073 234 x 1073 0.051 0.012 1.10 x 1074
BP2 0.929 1.33 x 1073 2.34 x 1073 0.055 0.011 1.11 x 107
BP3 0.943 1.17 x 1073 240 x 1073 0.032 0.021 5.05 x 1073
BP4 0.947 1.28 x 1073 2.58 x 1073 0.039 0.008 1.00 x 10~!1
H* th ts T Wh Wh, Whs
BP1 0.946 1.54 x 1073 2.05 x 1074 0.042 0.009 0

BP2 0.931 1.52 x 1073 2.05 x 1074 0.055 0.011 2.85x 1073
BP3 0.945 1.54 x 1073 1.80 x 1074 0.031 0.020 533 x 10
BP4 0.939 1.53 x 1073 1.93 x 1074 0.048 0.010 2.04 x 1075

TABLE VI. BRs for the Type-Y BPs.

BRs in Type-Y

hy bb cc Tt ww 7z vy
BP1 0.553 0.092 0.191 8.38 x 1073 1.16 x 1073 2.14 x 1073
BP2 0.479 0.107 0.223 8.60 x 1073 1.23x 1073 2.29 x 1073
BP3 0.535 0.095 0.199 0.01 x 1073 1.22x 1073 2.19 x 1073
BP4 0.565 0.089 0.186 8.34 x 1073 1.15x 1073 2.18 x 1073
hy bb cc T ww 77 vy
BPI 0.553 0.032 0.071 0.222 0.027 237 x 1073
BP2 0.557 0.032 0.070 0.221 0.027 2.36 x 1073
BP3 0.549 0.032 0.072 0.224 0.028 2.38 x 1073
BP4 0.556 0.032 0.070 0.221 0.027 237 x 1073
hs it hihy hyhy hyhy ww zZ
BPI 0.716 0.037 0.163 0.026 0.035 0.017
BP2 0.686 0.065 0.175 0.022 0.031 0.015
BP3 0.705 0.044 0.159 0.031 0.037 0.018
BP4 0.727 0.041 0.157 0.023 0.031 0.015

A 11 bb g9 Zh, Zh, Zhs
BP1 0.938 1.46 x 1073 2.54 %1073 0.048 8.13 x 1073 1.30 x 1078
BP2 0.931 1.43 x 1073 2.53x 1073 0.057 6.62 x 1073 2.13x 107

(Table continued)
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TABLE VL. (Continued)

A 1 bb 99 Zh, Zh,y Zhs

BP3 0.936 1.48 x 1073 252 %1073 0.049 9.97 x 1073 471 x 1078
BP4 0.943 1.78 x 1073 2.57 x 1073 0.045 7.04 x 1073 475 x 10710
I'Ii tb ts 12 Whl Wh2 W]’lg

BP1 0.934 1.52x 1073 432 x 1075 0.054 0.009 2.52 x 107
BP2 0.924 1.50 x 1073 427 x 1075 0.066 0.007 6.44 x 107°
BP3 0.926 1.51x 1073 428 x 1075 0.059 0.012 991 x 1075
BP4 0.940 1.53x 1073 435 % 1075 0.050 0.007 3.47 x 1077

with the CMS sensitivity band. Additionally, CMS has
also tested the possibility of an excess from the process
pp = Xes0 = Yos(— yy)Hsy(— 77) setting an observed
95% CL upper limit of 1.6208 fb [124]. Our N2HDM
predictions are much smaller: 6(pp — hz = h;(— yy) X
hy(— 77)) 2 2.66 x 1072 fb (Type-II) and around 1.75 x
1072 fb (Type-Y). Thus, this channel lies significantly
below the current sensitivity by factors of ~60 to 92,
showing no anomaly and leaving our viable parameter
space unconstrained. Overall, the recent bbyy and yyrr
bounds are fully compatible with our interpretation, and
provide promising additional probes of the N2HDM
Type-II and Type-Y in, possibly, Run-3 and, more probably,
at the High-Luminosity Large Hadron Collider (HL-LHC)

CMS 132 fb~! (13 TeV)

T T
Observed 95% upper limit
Expected 95% upper limit
95% expected
68% expected
e N2HDM Type-II

mp, =650 GeV

o(pp—hs3) x BR(hs=hyh1=bbyy) [fb]

1000 E

1
100

%0
mp, [GeV]

75 80 85 95 105

FIG. 3.

[125]. Taken together, the existing ybe, e bb, bl_Jyy, and
yyT T searches already probe the correlated cascade struc-
ture in several complementary ways, and the same channels
at Run 3 and especially at the HL-LHC will be able either to
confirm the present picture or to close the remaining window
of N2HDM parameter space identified in our scan. As
depicted in Fig. 4, the HL-LHC projection is displayed in
the plane of the Higgs normalized couplings (|cp, vy || ¢,z )
defined relative to their SM values. Our surviving scan points
compatible with the observed excesses are superimposed. A
subset of these points lies within the projected HL-LHC 1o
sensitivity contour for these reduced couplings, indicating
that part of the excess-motivated parameter space could
remain viable with future precision Higgs measurements.

CMS 132 fb~1 (13 TeV)
T T T T T
mp, = 650 GeV —e— Observed 95% upper limit
--- Expected 95% upper limit
95% expected
I 68% expected

e N2HDM Type-Y

o(pp—hs3) x BR(hs—h,h1-bbyy) [fb]

100F E

! !
90 100

mp, [GeV]

75 80 95 105

Surviving parameter points for ¢(pp — h3) x BR(h3 — hy(— bb)h (= yy)), overlaid onto the observed 95% CL exclusion

limits [123]. All points satisfy the full set of theoretical and experimental constraints discussed above within the N2HDM Type-II (left)

and Type-Y (right).
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Chyre|) plane for the N2HDM Type-II (left), and Type-Y (right). The red

ellipse in each panel indicates the projected lo uncertainties at the HL-LHC [125].

VI. CONCLUSIONS

In this paper, we have shown how the N2HDM can
successfully be invoked to explain a series of anomalies in
LEP (from ADLO) and LHC (from ATLAS and CMS)
data, which can be attributed to an extended Higgs sector.
In fact, excesses have been found at around 95 GeV at both
colliders, in the former case for the bb channel while in the
latter case for the yy and 777z~ channels. Furthermore,
the CMS Collaboration has also published results on
anomalous events in the yybb channels clustering around
650 GeV. The N2HDM provides three neutral CP-even
Higgs states (h, 5 3) and one neutral CP-odd Higgs state (A)
[alongside two charged Higgses (H*)]. These can be
arranged in mass and coupling spectra of the N2HDM
in such a way that i, is the SM-like Higgs state with mass
125 GeV (the one discovered at CERN in 2012), h; has a
mass of 95 GeV and either the /3 or the A has a mass of
650 GeV. In such circumstances, the LEP and LHC
anomalies at 95 GeV can be addressed through ete™ —
Z* — Zh,(—= bb) and gg — h|(— yy, bb) production and
decay, respectively, while the LHC one at 650 GeV can be
explained through either gg — hy — hy(— yy)h (= bb)
or gg— A — hy(— yy)Z(— bb) (recall that the mass
difference m;, — my is smaller than the resolution of the

bb invariant mass). Concerning the viable Yukawa struc-
tures of the N2HDM, we have found that all such anomalies
(with the 777~ actually being rather marginal in the y? fits)
can be explained simultaneously only through the /4
mediated process in the case of Type-II and Type-Y.
All such results have been obtained in the presence of
all available theoretical and experimental constraints,

which we have implemented through state-of-the-art
numerical tools. Furthermore, we have also found that
the regions of the N2HDM parameter space explaining the
discussed anomalous data are not excessively fine-tuned, in
comparison to what is obtained in more minimal models of
the Higgs sector. Therefore, the N2HDM tested here is of
phenomenological interest, so that we have finally pro-
duced several BPs, covering both the Type-II and Type-Y
Yukawa structure, amenable to further investigation. From
an experimental perspective, the most direct tests of this
interpretation are improved searches in the yybbh and
tt7bb channels, together with dedicated analyses of
the inverted bbyy and yyrt¢~ final states, whose rates
are tightly correlated in the viable parameter region and
therefore provide a concrete avenue to validate or falsify the
scenario at Run 3 and the HL-LHC. Ultimately, our
findings motivate continued theoretical and experimental
efforts to explore the rich phenomenology of the N2HDM
and its potential to shed light on BSM physics.
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