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We propose an interpretation of a rather significant 650 GeV excess emerged at the Large Hadron
Collider (LHC) from CMS Collaboration data in the γγbb̄ final state, accompanied by further clusters
at 125(90-100) GeV in the γγ(bb̄) system, within the 2-Higgs Doublet Model Type-I (2HDM-I) in
presence of a softly broken Z2 symmetry. The underlying process that we probe is gg-initiated
production of a CP-odd (or pseudoscalar) Higgs boson A, with mass around 650 GeV, decaying
into the Standard Model (SM)-like Higgs state H (decaying into γγ) and a Z boson (decaying into
bb̄). We configure this theoretical framework so as to also have in the spectrum a light CP-even (or
scalar) Higgs state h with mass around 95 GeV, which is included for the purpose of simultaneously
explaining additional data anomalies seen in the bb̄, γγ and τ+τ− final states while searching for
light Higgs states at the Large Electron-Positron (LEP) collider (the first one) and LHC (the last
two). By accounting for both experimental and theoretical constraints, our results show that the
2HDM-I can explain all aforementioned anomalies at a significance level of 2.5σ.

I. INTRODUCTION

The detection at the Large Hadron Collider (LHC) of a 125 GeV Higgs boson in 2012 [1, 2] has clearly verified
that Electro-Weak Symmetry Breaking (EWSB) is governed by the Higgs mechanism. This key event seems to have
provided us with the only missing element of the Standard Model (SM), as – after many years of studying this object
– we have verified that its properties are very compatible with the corresponding predictions of such a theoretical
framework. However, the SM, while providing us with a comprehensive framework for particle physics, including both
matter and interactions, it is also well-known to have several flaws (see Ref. [3] for a review). On the experimental
side, it fails in explaining phenomena like Dark Matter (DM), neutrino masses and the matter-antimatter asymmetry
in the Universe. On the theoretical side, it suffers from the so-called hierarchy problem, i.e., its inability to reconcile
the EW and Planck scales without excessive fine tuning of fundamental parameters. These shortcomings therefore
motivate the exploration of possible extensions of the SM.

A possibility is to consider 2-Higgs-Doublet Models (2HDMs) [4, 5], which predict the existence of additional
(pseudo)scalar Higgs states beyond the SM one. The search for these additional states, which could play a crucial
role in addressing the above open questions, especially when 2HDMs are embedded in fundamental theories of the
EW scale (like, e.g., Supersymmetry and Compositeness), has been ongoing for several years now.

In fact, the first evidence of the possible existence of one such additional particles emerged already at the Large
Electron Positron (LEP) collider. Notably, the four experimental collaborations therein, ALEPH, DELPHI, L3 and
OPAL (ADLO), have observed a moderate excess in the e+e− → Z∗ → Zbb̄ channel in the mass range of 95–100
GeV [6], thus pointing to a possible CP-even Higgs state produced in association with the Z (mostly decaying
hadronically) and mediating the bb̄ decay. More recently, several independent analyses at the LHC have reported
potential signals of a light Higgs-like state near 95 GeV. Initially, CMS discussed an excess of approximately 2σ in the
di-photon (i.e., γγ) channel near 97 GeV during Run 1 [7], which was later confirmed by Run 2 data, which provided
a local significance of 2.9σ at mγγ ≈ 95 GeV [8, 9]. Furthermore, an independent search by ATLAS in the di-photon
channel observed a similar excess with a local significance of 1.7σ [10, 11]. Finally, CMS additionally observed a 2.6σ
excess, also near 95 GeV, in the di-tau (i.e., τ+τ−) channel [12].

Even more intriguingly, a very recent CMS search in the γγbb̄ channel has reported quite a significant excess at
approximately 650 GeV, with a local significance of 3.8σ [13]. This excess has been interpreted as evidence of a heavy
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resonance decaying into a SM-like Higgs boson (of 125 GeV) and an additional state, potentially (but not necessarily)
a Higgs boson with a mass of about 95 GeV. The measured production cross section of the possible 650 GeV resonance
times the relevant Branching Ratios (BRs), i.e., of the relevant decays into γγ and bb̄, is approximately 0.35 fb.

The simultaneous observation of all such excesses has gathered widespread interest in theoretical models that
can possibly explain these, separately or together. Here is an exhaustive list of references: [14–77]. Among these
extensions, as evident from sampling such a list, the 2HDM remains particularly popular, specifically, because of its
minimality (only one additional doublet with respect to the SM) and its ability to naturally accommodate additional
(pseudo)scalar Higgs particles. In particular, it has been proven that in its Type-III incarnation, the 2HDM can
simultaneously explain both the 95 and 650 GeV excesses [77].

Trailing this last paper, here, we study instead the 2HDM Type I (2HDM-I) 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 then decays into a di-photon pair whereas the Z boson decays into a bb̄ one. In
fact, we also retain in the particle spectrum of the 2HDM-I the h state fitting the aforementioned low mass excesses.
Notice that this interpretation is well motivated. In fact, although the CMS analysis [13] originally models the excess
as a decay X650 → h125

SMY , with h125
SM(Y ) being the SM-like Higgs boson(a new spin-0 state), at

√
s = mA ≃ 650 GeV,

where m2
Z/s ≪ 1, the equivalence theorem ensures that the psudoscalar polarisation of the Z boson behaves like the

corresponding neutral Goldstone mode, with deviations suppressed by O(m2
Z/s) ≲ 2%. Hence, also considering the

limited mass resolution of bb̄ pairs, of some 10 GeV or so, and the fact that none of the selection cuts used by CMS
has a marked spin dependence, it is conceivable that the Z boson of the SM could be behind the 95 GeV component
of the 650 GeV anomaly.

The rest of this paper is organised as follows. In Sect. II, we detail the theoretical framework of the CP-conserving
2HDM-I. The following section discusses both the theoretical and experimental constraints that must be enforced
on the parameter space of our Beyond the SM (BSM) framework. Then, in Sect. IV, we present the results of our
numerical analysis. We finally conclude.

II. THE 2HDM-I

In this section we will briefly review the scalar sector of 2HDM-I. To avoid tree level Flavour Changing Neutral
Current (FCNC) processes, one can assume an additional discrete symmetry Z2 in addition to the SM gauge symme-
tries, SU(2)× U(1)Y × SU(3)C , under which the doublet fields transform as ϕ1 → ϕ1 and ϕ2 → −ϕ2. Alongside the
(pseudo)scalar fields, the SM fermion fields are also charged under this Z2 symmetry and transform as ui

R → −ui
R

(right handed up quark), diR → −diR (right handed down quark) and ℓiR → −ℓiR (right handed lepton), respectively.
With these charge assignments, one can realise that the fermion fields exclusively couple to the ϕ2 doublet. In Eq.(1)
we present the Higgs potential of the model.

V (ϕ1, ϕ2) = m2
11ϕ

†
1ϕ1 +m2

22ϕ
†
2ϕ2 −m2

12

[
ϕ†
1ϕ2 + ϕ†

2ϕ1

]
+

λ1

2
(ϕ†

1ϕ1)
2 +

λ2

2
(ϕ†

2ϕ2)
2

+ λ3(ϕ
†
1ϕ1)(ϕ

†
2ϕ2) + λ4(ϕ

†
1ϕ2)(ϕ

†
2ϕ1) + {λ5

2
(ϕ†

1ϕ2)
2 + h.c.}.

(1)

Herein, one observes that the term proportional to m2
12 introduces a soft breaking of the Z2 symmetry. This soft

breaking plays an important role in enlarging the viable parameter space, allowing for parameter points that satisfy
the theoretical consistency conditions. Both doublet fields, ϕ1 and ϕ2, acquire Vacuum Expectation Values (VEVs)
and break the underlying gauge symmetry down to the U(1)EM one of the Electro-Magnetic (EM) sector. After such
EWSB, the particle spectrum of the model consists of a pair of singly charged scalar H±, one CP-odd state A and
two CP-even states, H and h (with mh < mH). Hereafter, we identify H as the SM-like Higgs boson and h as a
lighter state. In Eq. (2) we present the relations between the potential parameters λi’s with the physical parameters
of the model in the gauge basis:
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λ1 =
c2αm

2
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2
h
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,
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,
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m2
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,

λ4 =
m2

A − 2m2
H±

v2
+

m2
12

v1v2
,

λ5 = −m2
A

v2
+

m2
12

v1v2
.

(2)

Comparing with Eq.(1), one can notice that the potential has seven independent parameters. Writing down the above
potential in the mass basis, instead, one can express all the λi’s in terms of the physical Higgs masses h,H,A and
H±, the angles α (regulating the mixing between the two neutral CP-even Higgs states) and β (the ratio of the two
VEVs) plus the softly symmetry breaking term m12. We use the latter parameterisation for further analysis.

In Eq. (3) we write down the Yukawa part of the Lagrangian in the mass eigenstate basis:

−LYukawa = +
∑

f=u,d,ℓ

[
mfff̄ +

(mf

v
κf
hf̄fh+

mf

v
κf
H f̄fH − i

mf

v
κf
Af̄γ5fA

)]
+

√
2

v
ū
(
muV κu

H+PL + V mdκ
d
H+PR

)
dH+ +

√
2mℓκ

ℓ
H+

v
ν̄LℓRH

+ + h.c.

(3)

Here mf is the fermion mass, V is the Cabibbo-Kobayashi-Maskawa (CKM) matrix and PR/L = 1+/−γ5

2 are the left-
and right-handed projection operators. The explicit form of the scaling functions κi’s (also called coupling modifiers)
are detailed in Table I.

κi
S Coefficient

κV
H cos(β − α)

κV
h sin(β − α)

κf
H

sinα
sin β

κf
h

cosα
sin β

κf
A cotβ

κu
H+ cotβ

κ
d/ℓ

H+ − cotβ

TABLE I: Explicit form of different coupling modifiers κi
S . Here S denotes different (pseudo)scalar states in the

2HDM-I and i can refer to SM gauge bosons and fermions.

III. CONSTRAINTS

In this section, we describe different theoretical and experimental constraints which are required to restrict the
parameter space of the 2HDM-I.

A. Theoretical Constraints

• Vacuum Stability: To satisfy the vacuum stability one needs to check whether the potential is strictly positive
for all possible large field directions. To achieve this, the λi parameters must follow certain relationships such
that the quartic terms in the potential must dominate for large field values. In the following we write down the
conditions on the λi’s that ensure the stability criteria [78]:

λ1 > 0, λ2 > 0, λ3 +
√
λ1λ2 > 0, λ3 + λ4 − |λ5|+

√
λ1λ2 > 0.
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• Unitarity: The requirement of unitarity places important restrictions on the parameter space of the model,
ensuring that scattering amplitudes remain well-behaved at high energies. At tree level, this translates into
conditions on the eigenvalues of the full set of 2 → 2 (pseudo)scalar scattering processes involving Higgs and
Goldstone bosons. For the 2HDM, these conditions have been worked out explicitly in Refs. [79, 80]. The
resulting unitarity bounds take the following form:

|ui| ≤ 16π (i = 1, ...6),

where

u1 =
1

2
(λ1 + λ2 ±

√
(λ1 − λ2)2 + 4|λ5|2),

u2 =
1

2
(λ1 + λ2 ±

√
(λ1 − λ2)2 + 4λ2

4),

u3 =
1

2
(3(λ1 + λ2)±

√
9(λ1 − λ2)2 + 4(2λ3 + λ4)2),

u4 = λ3 + 2λ4 ± 3|λ5|,
u5 = λ3 ± |λ5|,
u6 = λ3 ± λ4.

• Perturbativity: Finally, we also demand that the model remains within the perturbative regime. To maintain
this condition, one can impose further upper bounds on λi’s corresponding to the quartic terms of the potential:
λi ≤ |8π| (i = 1, ...5).

B. Experimental Constraints

• EW Precision Tests: We evaluated the EW precision constraints by computing the S, T and U parameters
using the SPheno package [81], with the model files written in SARAH [82]. These so-called ‘oblique parameters’
provide stringent constraints on new physics masses and relevant couplings. Therefore any BSM scenario should
conform to these precision data which were primarily collected by LEP, SLC and Tevatron. In the present
scenario, these constraints typically enforce an approximate degeneracy between the CP-odd neutral state and
the charged ones. The numerical values, with correlation coefficients of +0.92 between S and T plus −0.68
(−0.87) between S and U (T and U) are [83]

S = 0.04± 0.11, T = 0.09± 0.14, U = −0.02± 0.11.

• BSM Higgs Boson Exclusions: We assessed the exclusion limits from direct searches for BSM (pseudo)scalar
states at LEP, Tevatron and the LHC. These exclusion limits were evaluated at the 95% Confidence Level (C.L.)
using the HiggsBounds-6 [84] module via the HiggsTools [85] package. In our analysis, we have also demanded
that our lighter Higgs boson must comply with the results of [86], where the Higgs particles are produced in
association with a massive vector boson or a top anti-quark pair and further decays via leptonic modes.

• SM-Like Higgs Boson Discovery: We then examined the compatibility of our 125 GeV Higgs boson H with
the discovered SM-like Higgs boson using a goodness-of-fit test. Specifically, we calculated the χ2 value with
HiggsSignals-3 [87] via HiggsTools, comparing the predicted signal strengths of our Higgs boson to those observed
experimentally. We retained the parameter spaces that satisfies the conditions χ2

125 < 166.93, χ2
125 < 189.42

and χ2
125 < 213.11, corresponding to 68.27%, 95% and 99.73% C.L., respectively, with 159 degrees of freedom

[52, 55]. The choice of these upper bounds corresponds to a global χ2 goodness-of-fit test ensuring that the
predicted properties of the heavier CP-even Higgs state (with mass mH = 125 GeV) of the underlying 2HDM-I
closely match those of the Higgs boson observed at the LHC, thereby keeping the model compatible with these
experimental constraints too.

• Flavour Physics: We incorporated constraints from B-physics observables, which are sensitive to potential
new physics contributions in loop mediated FCNC processes, specifically, we tested the most stringent bound
on the B → Xsγ decay using Next-to-Leading Order (NLO) calculations in QCD as discussed in [88]:

BR(B → Xsγ) =
Γ(B → Xsγ)

ΓSL
BRSL, (4)
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where BRSL is the semi-leptonic BR and ΓSL is the semi-leptonic decay width. These can impose a stringent
bound on the charged Higgs boson mass as well as its coupling with SM fermions. We took our input parameters
from the most recent Particle Data Group (PDG) compilation [89], as follows:

αs(MZ) = 0.1179± 0.0010, mt = 172.76± 0.3,

mb

mc
= 4.58± 0.01, α =

1

137.036
,

BRSL = 0.1049± 0.0046, |V
∗
tsVtb

Vcb
|2 = 0.95± 0.02,

mb(MS) = 4.18± 0.03, mc = 1.27± 0.02,

mZ = 91.1876± 0.0021, mW = 86.377± 0.012.

The following restriction has then been imposed, which represents the 3σ experimental limit:

2.87× 10−4 < BR(B → Xsγ) < 3.77× 10−4.

Other B-physics observables, like BR(B+ → τ+ντ ), BR(Ds → τντ ), BR(Bs → µ+µ−) and BR(B0 → µ+µ−)
have been taken care of by using the FlavorKit tool [90] provided by the SPheno package [81]. Our calculated
b → sγ results were also found to be consistent with the FlavorKit tool.

IV. ANALYSING THE EXCESSES

In this section, we illustrate how to explain the excesses observed at 650 GeV and 95 GeV in the γγbb̄ as well as
γγ, τ+τ− and bb̄ channels, respectively. In particular, as mentioned, the first (combined) excess can be interpreted
in the 2HDM-I as a heavy CP-odd scalar decaying into a SM-like Higgs boson H accompanied by a Z boson, i.e.,
gg → A → HZ → γγbb̄. The CMS collaboration reports the best-fit signal yield of

σCMS
γγbb̄ = 0.35+0.17

−0.13 fb. (5)

As intimated, the aforementioned additional state Y can be interpreted as either a lighter Higgs boson or a Z boson.
In this work, we treat Y as the Z boson, which allows the observed excess around 95 GeV to be uniquely attributed
to the light CP-even state, h, while X corresponds to the CP-odd Higgs, A. To characterise the low-mass excess at
95 GeV, we define the signal strengths in the τ+τ−, γγ and bb̄ final states as

µτ+τ− =
σ2HDM(gg → H)

σSM(gg → h95
SM)

× BR2HDM(H → τ+τ−)

BRSM(h95
SM → τ+τ−)

,

µγγ =
σ2HDM(gg → H)

σSM(gg → h95
SM)

× BR2HDM(H → γγ)

BRSM(h95
SM → γγ)

,

µbb̄ =
σ2HDM(e+e− → ZH)

σSM(e+e− → Zh95
SM)

× BR2HDM(H → bb̄)

BRSM(h95
SM → bb̄)

.

(6)

Here, h95
SM corresponds to a SM-like Higgs Boson with a mass of 95 GeV while h is a 2HDM-I Higgs state with the

same mass. The experimental measurements for these three signal strengths around 95 GeV are expressed as

µexp
γγ = µATLAS+CMS

γγ = 0.24+0.09
−0.08 [8, 91, 92],

µexp
τ+τ− = 1.2± 0.5 [12],

µexp

bb̄
= 0.117± 0.057 [93, 94].

(7)

The contribution to the χ2 for each of the channels is calculated using the formula

χ2
τ+τ−,γγ,bb̄ =

(µτ+τ−,γγ,bb̄ − µexp

τ+τ−,γγ,bb̄
)2

(∆µexp

τ+τ−,γγ,bb̄
)2

. (8)

Hence, the resulting χ2, which we will use to determine if the excesses can be achieved by any (theoretically and
experimentally) allowed region of the parameter space of the 2HDM-I, or otherwise, is the following:

χ2
τ+τ−+γγ+bb̄ = χ2

τ+τ− + χ2
γγ + χ2

bb̄. (9)

As a reference, a 2HDM-I parameter point is considered consistent with the data at the 1σ level if χ2
τ+τ−+γγ+bb̄

< 3.52.
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V. EXPLAINING THE ANOMALIES

In this section, we present our numerical analysis to investigate whether the 2HDM-I can simultaneously account for
the excesses observed at 650 GeV and 95 GeV. The model file was generated using the SARAH package [82], while the
spectrum generator SPheno [81] was employed to compute the cross sections and BRs. Monte Carlo (MC) samples
were generated within the parameter ranges specified in Table II and subsequently subjected to both theoretical
consistency checks and experimental constraints using the HiggsTools package. The generated points were further
tested against the most recent CMS upper limits on the cross section for the process pp → Y (→ τ+τ−)H(→ γγ)
[95] and these were found not constraining the relevant regions of 2HDM-I parameter space. In fact, bearing in
mind [96] alongside [95], the following production and decay patterns were also tested: pp → H(→ bb̄)Y (→ γγ) and
pp → H(→ τ+τ−)Y (→ γγ). However, since in our case Y ≡ Z,1 the (non-resonant) transition Z∗ → γγ is highly
suppressed in view of the Landau-Yang theorem [97, 98] (see also [99]), the corresponding experimental limits are
inconsequential for our theoretical scenario.

We thus work within the inverted mass hierarchy scenario of the 2HDM-I, where H corresponds to the SM-like
Higgs boson (with a mass of exactly 125 GeV) and the lighter CP-even state h lies in the range 93–97 GeV. This
lighter state is responsible for the excesses observed near 95 GeV in the γγ, τ+τ− and bb̄ channels. At the same
time, the CP-odd scalar A is taken in the range 625–665 GeV, decaying predominantly through A → HZ, followed
by H → γγ (as computed by SPheno) and Z → bb̄ (BR = 0.15). The BR of the diphoton channel lies in the range
0.0024–0.0035, as we relax the alignment limit and vary sin(β − α) during parameter sampling. Hence, this decay
chain provides a natural explanation for the anomaly reported around 650 GeV.

Figure 1 displays the distribution of χ2 values as a function of the cross section σ(pp → A → H(→ γγ)Z(→ bb̄)).
The points are colour-coded according to their agreement with the χ2 goodness-of-fit test: blue corresponds to 1σ,
orange to 2σ and red to 3σ. The grey dashed band highlights the parameter space consistent with the 95 GeV
anomaly at the 1σ level while the orange dashed band marks the region consistent with the 650 GeV anomaly at
2.5σ. Our results therefore demonstrate that the 2HDM-I can successfully accommodate both excesses simultaneously,
reproducing the 650 GeV anomaly at 2.5σ and the 95 GeV anomaly at 1σ. The Benchmark Points (BPs) yielding
the best simultaneous fits are summarised in Table III. The signal strengths for the γγ, τ+τ− and bb̄ channels are
presented separately in Figure 2. This figure shows that a simultaneous agreement within 1σ can be achieved for
the di-photon and di-tau channels, when considered independently, while such consistency is not realised for the bb̄
channel. The colour scheme used in this plot is consistent with that of Figure 1.

Parameter Scan Range

mH 125 GeV
mh 93 GeV− 97 GeV
mA 625 GeV− 665 GeV
mH± 620 GeV− 675 GeV
tanβ 2.3− 10
sin(β − α) 0− 0.75

TABLE II: The scan ranges which are used for the MC sampling.

Parameter mH mh mA mH± tanβ sin(β − α) µτ+τ− µγγ µbb̄ χ2
τ+τ−+γγ+bb̄ σpp→A→H(γγ)Z(bb̄) (fb)

BP1 125.0 96.02 625.65 638.24 2.96 0.46 0.932 0.246 0.187 1.802 0.029
BP2 125.0 93.30 627.88 633.04 2.95 0.46 0.988 0.244 0.190 1.830 0.029

TABLE III: BPs extracted. Masses corresponding to BSM scalars are in GeV unit.

1 And the 2HDM-I used here is CP-conserving, so that the decay A → Hh is not possible.
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FIG. 1: Scatter plot of χτ+τ−+γγ+bb̄ versus σ(pp → A → H(→ γγ)Z(→ bb̄))(fb) for parameter points satisfying all
theoretical and experimental constraints. Points in blue, orange, and red correspond to those passing the

HiggsSignal χ2 goodness-of-fit test within 1σ,2σ and 3σ, respectively. The grey dashed band denotes the 1σ limit on
χ2 while the orange dashed band represents the 2.5σ limit from the CMS measurement of the analysed process.

FIG. 2: Scatter plot of the signal strengths in the three channels τ+τ−, γγ and bb̄. The colour scheme is consistent
with that used in Figure 1.

VI. CONCLUSIONS

In this analysis, we have probed the 2HDM-I as a possible theoretical framework addressing several data anomalies
that have recently appeared in experimental data, most probably emerging from an extended Higgs sector, i.e., above
and beyond the SM one. In particular, excesses over predictions within the latter have been seen in the search for
new Higgs bosons with masses both below and above 125 GeV (the one of the SM-like Higgs state detected at the
LHC in 2012). Excesses have been seen around 95 GeV in analyses targeting e+e− → Z → h(→ bb̄)Z(→ jets) at LEP
and pp → h → γγ and τ+τ− at the LHC. In addition, a rather significant excess has been more recently detected
also at 650 GeV, again, at the LHC, potentially due to gg → A → H(→ γγ)Z(→ bb̄). All these production and
decay channels are present in our theoretical construct and, over large expanses of the parameter space of it, they can
explain all aforementioned anomalies (possibly except the bb̄ one) at the 2.5σ CL.
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