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Exploring Potential Higgs Resonances at 650 GeV and 95 GeV in the 2HDM Type III
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Recent searches by the CMS collaboration at the Large Hadron Collider (LHC) in the ‘diphoton plus bb final
state” have revealed an excess near 650 GeV, which might indicate the presence of a (broad) heavy resonance
decaying into a Standard Model (SM) Higgs boson and an additional particle. At the same time, both ATLAS
and CMS as well as all experiments at the Large Electron-Position (LEP) collider have reported excesses con-
sistent with a light Higgs boson channel around 95 GeV, suggesting a potential connection between these two
signals. In this study, we investigate these anomalies within the context of the CP-conserving 2-Higgs-Doublet
Model (2HDM) Type III. In our proposed scenario, a heavy CP-odd Higgs boson A with a mass near 650 GeV
decays into a SM-like Higgs boson H and a Z boson, with the H boson subsequently decaying into diphotons
and the Z boson decaying into bb pairs. To explain the excess around 95 GeV, we independently select the
mass of the light CP-even Higgs boson of the model % to be around this value. This configuration allows for a
consistent explanation of both the high- and low-mass excesses observed in the experiments. Through a detailed
analysis, we demonstrate that these two signals can be fitted simultaneously at the 2.5¢ significance level, offer-
ing a promising solution to the observed anomalies and potentially hinting at new physics Beyond the Standard

Model (BSM).

I. INTRODUCTION

The discovery of the 125 GeV Higgs boson at the Large
Hadron Collider (LHC) [1, 2] has firmly confirmed the
Electro-Weak (EW) Symmetry Breaking (EWSB) mechanism
described by the Standard Model (SM) and validated the cen-
tral role of the Higgs field in giving mass to fundamental par-
ticles. This milestone confirmed the last missing piece of the
SM, yet it simultaneously opened the door to further inves-
tigations. In fact, while the SM provides a comprehensive
framework for particle interactions, it is also known to have
several limitations, particularly in explaining phenomena like
Dark Matter (DM), neutrino masses and the hierarchy prob-
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lem. These shortcomings motivate the exploration of well-
motivated extensions to the SM.

Among the most prominent theoretical frameworks are
Supersymmetric models, like the Minimal Supersymmetric
Standard Model (MSSM) (see Ref. [3] for a review), as a high
energy theory, and 2-Higgs-Doublet Models (2HDMs), as low
energy framework [4, 5], both of which predict the existence
of additional (pseudo)scalar particles beyond the SM Higgs
boson. The search for these additional states, which could
play a crucial role in addressing the above open questions, re-
mains one of the central objectives of both ongoing and future
experimental programmes at the LHC and other experimental
facilities.

A recent CMS search in the*yy (diphoton) plus bb’ final
state has reported an intriguing excess at approximately 650
GeV, with a local significance of 3.8¢ [6]. This excess has
been interpreted as evidence of a heavy resonance decaying
into a SM-like Higgs boson and an additional state, potentially
(but not necessarily) a new particle within an extended Higgs
sector. The measured production rate, expressed as the gluon-
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gluon fusion into the 650 GeV state cross section times the
relevant Branching Ratios (BRs), is approximately 0.35 fb,
which suggests that this signal deviates from what is expected
in the SM in this decay channel.

Simultaneously, several independent analyses have re-
ported potential signals of a light Higgs-like state near 95
GeV, further fueling interest in the exploration of extended
Higgs sectors. Notably, the LEP collaborations observed a
mild excess in the ete™ — Z* — Zbb channel in the mass
range of 95-100 GeV [7]. At the LHC, CMS initially re-
ported an excess of approximately 20 in the diphoton chan-
nel near 97 GeV during Run 1 [8], which was later reinforced
by Run 2 data, yielding a local significance of 2.9, specifi-
cally, at m., = 95.4 GeV|[9, 10]. In parallel, an independent
search by ATLAS in the diphoton channel observed a similar
excess with a local significance of 1.7¢ [11, 12]. Moreover,
CMS also observed a 2.60 excess near 95 GeV in the di-tau
channel [13], although recent constraints on Higgs produc-
tion in association with top-quark pairs or a Z boson decaying
into 777~ [14] make this result somewhat less definitive (so
that we will ignore it in our forthcoming numerical analysis).
Given these constraints, our analysis focuses primarily on the
diphoton and diphoton plus bb signatures, where excesses in
both the high- and low-mass regions have been consistently
reported.

The simultaneous observation of excesses in distinct mass
regions, 650 GeV and 95 GeV, has spurred interest in the
possibility of unified theoretical models that can explain
both mass excesses within a coherent framework. Sev-
eral models have been proposed to explain the presence of
additional (pseudo)scalar states, including the Next-MSSM
(NMSSM) [15], the N2HDM-U (1) [16] and various other
Beyond SM (BSM) scenarios [17-77]. Among these exten-
sions, the 2HDM remains particularly attractive due to its
minimality and its ability to naturally accommodate addi-
tional(pseudo)scalar particles. The Type III variant of the
2HDM, where both Higgs doublets couple to all fermions in
a CP-conserving manner, has been shown to effectively ex-
plain the observed excesses by implementing an appropriate
Yukawa texture. This model provides a natural explanation
for the 95 GeV signal in the for of a light CP-even Higgs bo-
son [51-53] (or even a superposition of this and a CP-odd
state [56]) while remaining consistent with the experimental
constraints on other properties of the Higgs sector.

In this study, we focus on a CP-conserving 2HDM Type III
scenario, where a heavy CP-odd Higgs boson, A, with a mass
near 650 GeV decays into a SM-like Higgs boson, H, and a
Z boson in the decay channel A — HZ. The SM-like Higgs
boson, H, decays into diphotons whereas the Z boson decays
into a bb pair, a signature which could explain the observed
excess in the high-mass region. Simultaneously, we introduce

a light CP-even Higgs boson, h, with a mass around 95 GeV,
to account for the low-mass diphoton excess. Our analysis
shows that this framework can simultaneously accommodate
both observed excesses, yielding a combined significance of
approximately 2.50 when considering all relevant experimen-
tal constraints. This result provides a potential solution to
the observed anomalies, suggesting that both excesses may
be consistent with a unified extended Higgs sector.

The remainder of this paper is organised as follows. In
Section 2, we detail the theoretical framework of the CP-
conserving 2HDM Type I1I, including the scalar potential and
Yukawa interactions. Section 3 reviews the experimental ex-
cesses in the 650 and 95 GeV mass regions and summarises
the key Higgs production and decay channels. In Section 4,
we present the results of our numerical analysis, discussing
the fit to the excesses and the constraints from various ex-
periments. Finally, Section 5 concludes with a summary and
outlook on future directions for research in this area.

II. THE 2HDM TYPE III

We consider the CP-conserving 2HDM of Type III, which
extends the SM by adding a second SU(2);, scalar doublet
with hypercharge ¥ = 1. Electroweak symmetry break-
ing leads to five physical Higgs bosons: two CP-even states
(h, H), one CP-odd state (A), and a pair of charged states
(H?). In this study, we focus on the inverted hierarchy where
the heavier CP-even state H is identified with the observed
125 GeV Higgs boson.

The scalar potential and Yukawa structure have been ex-
tensively discussed in Refs. [53, 56]. In this framework, both
scalar doublets couple to all fermion types, inducing tree-level
flavor-changing neutral currents (FCNCs). We control these
effects by adopting the Cheng-Sher ansatz [78, 79], where the
Yukawa couplings are parametrized by dimensionless coeffi-
cients X{i’ restricted to real and diagonal entries to avoid lep-
ton flavor violation and CP violation.

Our analysis is performed in the physical basis', defined
by the Higgs boson masses mp, ma, and mg+, the ratio of
vacuum expectation values tg, the CP-even mixing parameter
$8—a» and the soft mixing term m?,. This set is supplemented
by the diagonal Yukawa texture parameters X{z

All parameter points considered are required to satisfy the-
oretical consistency conditions, including perturbative uni-
tarity [80, 81], vacuum stability [82, 83], and the pertur-
bativity of quartic couplings [5]. Experimental constraints

! For simplicity, we set A\ = A7 = 0.



include electroweak precision observables [84], Higgs sig-
nal strength measurements from the LHC, evaluated with
HiggsSignals-v3 [85, 86] via HiggsTools [87],
and exclusion limits from direct searches for additional
Higgs bosons at LEP, Tevatron, and the LHC using
HiggsBounds-v6 [88-91]. Flavor constraints from B —
Xy, Bsa = ptp~, and Bt — 77v, are evaluated with
SuperIso_v4.1 [92]. The numerical analysis follows the
methodology described in Refs. [53, 56], ensuring consistency
with all relevant theoretical and experimental bounds.

II. ANALYSIS OF THE EXCESSES IN THE vy AND bb
CHANNELS

In this section, we investigate the potential of the 2HDM
Type III to provide a simultaneous explanation for the ex-
cesses observed at approximately 95 GeV and 650 GeV in the
diphoton () and bb final states, both separately and together.

In particular, the combined excess can be interpreted as a
heavy resonance decaying into a SM-like Higgs boson and an-
other particle. Specifically, the CMS measurement suggests:

Obbyy = (99 = Xeso — Xos(— bb)Hsm(— 7))
= 0.35101% fb. (1)

In the 2HDM Type 111, as intimated, Hg) is the heaviest CP-
even Higgs state, H, whereas Xg5 can represent either a light
CP-even Higgs boson, h, or, in fact, a Z boson. Notice that
the latter possibility, which we adopt here (so that the 95 GeV
excesses can be explained in terms of the h state), is plausible
for two reasons. Firstly, the invariant mass resolution of the
bb system is larger than 5 GeV. Secondly, the significance of
the excess is maximised over the interval 70 GeV < m; < 1
TeV (or s0). Thus, in our framework, the X¢5( is nothing but
the CP-odd Higgs state, A.

The signal strength modifier for the bb channel is defined
as:

BRoupm (¢ — bl—’_)
BRSM(H%?/I — bb)’

O’QHDM(6+67 — Z¢)
osm(ete™ — ZHS)

Hyh = @)
where ooppy refers to the Higgs production rate and BR to
the decay rate. Similarly, for the diphoton channel, the signal
strength modifier is given by:

2 This will require correcting the Z decay rates to remove off-shell contribu-
tions of the gauge boson below the lower end of this mass interval, which
we will account for in all forthcoming numerical studies (it is of order per-
cent).

BRaupm(¢ — 77)
BRsm(HEy = 77)

o = ooupM (99 — @)
T osmlgg — HEYy)

3)

Here, ¢ corresponds to the light CP-even Higgs boson, &, in
our 2HDM Type 1II setup and HJy; is a fictitious CP-even
Higgs state with SM couplings and a mass of 95 GeV.

The experimentally measured signal strengths for the 95
GeV excesses reported by the LHC (ATLAS and CMS com-
bined [33]) as well as LEP provide important data points for
comparison with the 2HDM Type III predictions. The mea-
sured signal strengths for the vy and bb channels are given by,
respectively:

posP = 0.2419:99, fyy” = 0.117 4 0.057. €]

The uncertainties in these values are relatively large but
they still suggest a possible presence of BSM signals, particu-
larly when considered in conjunction with the excess observed
at 650 GeV. In this analysis, as mentioned, we consider the
light CP-even Higgs boson, h, as a candidate to explain the
observed excess in the diphoton and bb channels at 95 GeV.
By comparing the v+ and bb signal strengths above to exper-
imental data recasted in the same form as well as by fitting
the event rate corresponding to the bb final state, we can then
assess the viability of the 2HDM Type III as a unified expla-
nation for all discussed excesses.

The following sections will delve deeper into the theoretical
implications of these and other experimental results. Specifi-
cally, we will explore the parameter space of the 2HDM Type
III in the presence of consistency requirements.

IV. EXPLANATION OF THE EXCESSES

We now present our numerical analysis to assess whether
the 2HDM Type III can simultaneously account for the ex-
cesses observed at approximately 95 GeV and 650 GeV in the
diphoton and bb channels as well as the bby~ final state, re-
spectively.

Spectrum generation is performed using 2HDMC
1.8.0 [93], which incorporates the theoretical constraints
and EWPOs outlined above. The resulting parameter points
are then subjected to experimental tests using HiggsTools
and SuperIso_v4.l.

In the scenario considered here, the heavier CP-even Higgs
boson, H, is identified with the SM-like Higgs observed at
the LHC with mpy = 125.09 GeV. The lighter CP-even Higgs
boson, h, with m;, € [94,97] GeV, is responsible for the
excesses observed in the diphoton and bb channels near 95
GeV. Simultaneously, the heavy CP-odd Higgs boson, A, with



ma € [625,675] GeV, is assumed to decay via A — HZ,
with H — ~v and Z — bb, thereby generating the 650 GeV
excess.

As for the scan intervals of the other model parameters,
these are listed in Tab. 1.
2 £l
mn mH ma myg+ S8—a tg mia Xij
[94, 97]|125.09 |[625, 675]|[600, 700]|[0, 0.5]|[1, 15]|m2ss_acs—a|[—3, 3]

Table I. Scan ranges of the 2HDM Type III input parameters (masses
in GeV).

Figs. I and 2 display the predicted signal strengths (., and
15, Tespectively, as functions of the cross section o(pp —
A — H(— vv)Z(— bb)). The dashed lines and bands in-
dicate the experimental central values and 2.5¢0 uncertainties.
Red points represent parameter space points that satisfy all
imposed constraints, including those from HiggsSignals,
while green points meet all constraints except for the latter
requirements.

The results clearly indicate that the 2HDM Type III can si-
multaneously reproduce the observed excesses at 95 GeV and
650 GeV at the 2.50 level. In this framework, the decay chain
A — HZ, where A is a heavy CP-odd Higgs and H is a light
CP-even state, provides a natural mechanism to explain both
features: the light scalarh accounts for the diphoton and bb ex-
cesses near 95 GeV, while the heavy state A is responsible for
the potential resonance around 650 GeV. The predicted signal
strengths align well with CMS and ATLAS data, particularly
in regions of parameter space where i, ~ 0.04-0.1 while
1p; Temains consistent with LEP and LHC observations.

To further explore the features of the viable 2HDM Type
III parameter space, Fig. 3 shows the BRs of the heavy CP-
odd Higgs boson A into ZH (left) and ¢t (right), shown as
colour scales. The upper (lower) panels display correlations
with py (iy3) in the o(pp — A — H(— v7)Z(— bb))
and o(pp — A — tt) planes. In the region compatible with
both the 95 GeV and 650 GeV excesses (within 2.5¢0), the
BR(A — ZH) stabilises around 20%, supporting the inter-
pretation that the A — ZH transition plays a dominant role
in establishing the 650 GeV signal. Furthermore, the A — tt
decay mode, which becomes increasingly relevant at higher
m 4 values, yields cross sections reaching up to ~ 12 fb, still
within the experimental limits from current LHC searches for
heavy resonances decaying into ¢t final states.

These findings therefore illustrate a coherent picture in
which a light scalar near 95 GeV and a heavier pseudoscalar
around 650 GeV can naturally arise in the 2HDM Type III
framework with extended Yukawa structures. Moreover, the
ability of the model to accommodate both such excesses with-
out violating theoretical and experimental constraints lends
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Figure 1. Correlation between p, and o(pp - A — H(—
) Z(— bb)). The orange (gray) dashed line marks the central value
of the cross section (1t4~), with the corresponding 2.50 uncertainty
shown as a shaded band. Green points satisfy all theoretical and
experimental constraints except HiggsSignals, while red points
additionally satisfy the HiggsSignals test.

== o(pp > A— HZ) (£2.50) °
==y (£1o) °

Allowed by HB
Allowed by HB & HS

100 T T T T T T

Figure 2. Same as Fig. 1, but for ;5. The orange dashed line and
band represent the cross section and its 2.5¢ uncertainty, while the
gray dashed line and band show the central value and 1o uncertainty
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significant credibility to its viability. The strong correlations
between production cross sections, BRs, signal strengths (at
95 GeV) and event rates (at 650 GeV) reinforces the interpre-
tative power of the proposed scenario and offer the chances
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to provide Benchmark Points (BPs) over its parameter space
which can be tested at current and upcoming LHC runs.

Therefore, Tab. II presents two BPs that successfully repro-
duce the observed excesses near 95 GeV and 650 GeV. Their
main features are as follows.

The signal strengths 11, and p,; are fully consistent with
experimental trends, while the predicted cross sections of
0.031 fb and 0.028 fb for the process pp — A — H(—
¥v)Z(— bb) lie well within the sensitivity of current LHC
analyses. Crucially, for both BPs, moderate values of tan /3
and a non-zero sg_, allow sizable couplings of h to SM par-
ticles. In particular, enhanced third-generation Yukawa cou-
plings lead to significant contributions in the h — v and
h — bb decay channels.

Finally, Fig. 4 shows the branching ratios for the two BPs,
highlighting A — Zh and h — bb as the dominant decay
modes that characterize these scenarios.

V.  CONCLUSIONS

We have examined the potential of the CP-conserving
2HDM Type III to simultaneously address two distinct exper-
imental anomalies: the ~95 GeV excesses observed in the
diphoton and bb channels (the first from the LHC and the sec-
ond from LEP) and the ~650 GeV excess in the vy + bb
final state (also seen at the LHC, but most notably reported
by the CMS Collaboration). In this framework, the light CP-



Table II. Model parameters and predictions for the selected BPs. Masses are in GeV.

mp  MH

d d d ! l 1
ma Mmpgx Sg_a tg XT1 X%2 X33 Xi1 X22 X33 Xi1 X2 X33 My

BP; 95.44 125.09 638.55 645.53 0.45 8.47 0.01 0.69 -0.27 0.05 0.06 1.56 -0.19 -0.36 1.46 0.0410 0.2297
BPy 95.34 125.09 649.96 650.29 0.44 8.19 0.18 0.70 -0.28 -0.13 0.16 1.56 0.25 -0.40 1.43 0.0409 0.2295

Hpp  Tpp—sAHZ (D) Opps Azt (Tb)
0.031 11.68
0.028 11.24

A Decays (BRs)

3.95%

AN

BP,
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A Modes
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77.56%
92.59%
h Modes
h — bb
h— 17
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1.71%
20147
1.52% \
\ N
77.75%
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Figure 4. BRs of A and h decays for BP; and BPs.

even Higgs boson h explains the low-mass excesses through
its enhanced couplings to third-generation fermions and non-
negligible interactions with gauge bosons, while the heavy
CP-odd Higgs boson A undergoes the decay chain A — HZ
with H — v and Z — bb, thereby accounting for the high-
mass structure. Our analysis incorporated the latest theoretical
consistency conditions, including vacuum stability, perturba-
tivity, and unitarity, as well as current experimental constraints
from flavour physics, EWPOs and collider limits. Using state-
of-the-art numerical tools, we have identified viable regions
in the 2HDM Type III parameter space where the excesses are
simultaneously accommodated at the 2.5¢ level.
Furthermore, we have provided BPs that exemplify the suc-
cessful realisation of this BSM scenario, characterised by
moderately large values of tan /3, sizeable Yukawa couplings

to third-generation fermions as well as non-alignment, which
allows for non-negligible AV V' couplings (V = W, Z). We
have also explored the two competing decay channels of the
heavy pseudoscalar A, particularly A — ZH and A — tt,
highlighting regions of parameter space where the former is
indeed contributing to the 650 GeV excess while the latter is
such that direct searches for heavy resonances in ¢t final states
are not constraining our viable regions. Needless to say, both
these modes can be probel simultaneously in future LHC anal-
yses.

Overall, our results suggest that the 2HDM Type III offers a
consistent and predictive framework for addressing both low-
and high-mass anomalies in current collider data. Future ex-
perimental efforts, including improved measurements in the
diphoton and bb final states, separately as well as combined in



the same final state, and dedicated searches for heavy scalar
resonances decaying into H Z and t#, will be crucial in testing
the viability of this scenario.
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