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Recently the CMS collaboration reported a ∼ 3f local excess in the di-photon spectrum at 96
GeV. The same mass range concurs with a ∼ 2f local excess in the 11̄ invariant mass spectrum in
four-jet events collected at LEP. In this contribution we show that at 1f level the 2HDM type-III
can perfectly fit both excesses simultaneously, while satisfying all experimental and theoretical
constraints.
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1. Introduction

The discovery of a scalar particle at the Large Hadron Collider (LHC) [1, 2], has been widely
hailed as the opening of a new era in particle physics. Such a Higgs boson is the first fundamental
particle to be found in Nature and the last remaining undiscovered particle required for the experi-
mental confirmation of the SM. Even though the measurements of the production and decay rates
of the 125 GeV Higgs boson are currently in good agreement with the expectations within the SM,
the Higgs sector chosen by Nature may not necessarily be the minimal one of such a construct.
There might be additional real or complex singlets, doublets triplets, and so on, or any mixture of
these. An extended Higgs sector may also be incorporated into a proper theoretical framework,
for example, a specific realisation of the 2-Higgs Doublet Model (2HDM) can be made part of the
Minimal Supersymmetric Standard Model (MSSM).

Light neutral Higgs bosons searches have been performed at LHC in the di-photon final state
?? → q → WW. In this regard CMS has identified two excesses [3] with 2f local significance at
<WW = 97.6 GeV at Run-1 (2012) with 19.7 fb−1 of luminosity and with 3f local significance at
<WW = 95.3 GeV at Run-2 (2016) with 35.9 fb−1 of luminosity. Around the aforementioned mass
range, an anomaly has remained from LEP data, in the 4+4− → / (� → 11̄) channel, wherein a
2.3 f local excess was observed in the 11̄ invariant mass. [4].

In this work, we aim to investigate such reported excesses within a 2HDM Type-III with a
specific Yukawa texture allowing for some amount of Lepton Flavour Violation (LFV). This is done
to comply with LEP, Tevatron, LHC and low energy measurements sensitive to not only the SM-like
Higgs boson � but also to a potentially lighter ℎ state playing the role of the object behind the
aforementioned excesses at 96 GeV. In fact, a generic 2HDM contains five physical Higgs bosons:
2 CP-even ℎ and � (<ℎ < <� ), one CP-odd � and a pair of charged Higgs �±. The 2HDM
can be classified into Type-I, Type-II, lepton-specific, and flipped depending on how the Higgs
doublets couple to the fermions. The 2HDMType-III corresponds to the case where each of the two
Higgs doublets couples to all fermions simultaneously. Consequently, tree-level Flavour Changing
Neutral Currents (FCNCs) in the sectors of charged quarks and leptons are being induced. In our
approach, rather than postulating a /2 symmetry (exact or softly-broken) to control the latter, we
assume a generic Yukawa texture that we will constrain by exploiting theoretical conditions of
self-consistency as well as experimental measurements of masses and couplings.

The contribution is organized as follows: In the next section we shall introduce briefly the
basic notation of 2HDM, We then move on to explain the features of the two experimental excesses
(LEP and LHC). Then we will map one onto the others by presenting numerical results. We will
finally conclude.

2. General 2HDM

The most general scalar potential of the 2HDM can be written as [5]:

V = <2
11Φ

†
1Φ1 + <2

22Φ
†
2Φ2 −

[
<2

12Φ
†
1Φ2 + H.c.

]
+ _1(Φ†1Φ1)2 + _2(Φ†2Φ2)2 + _3(Φ†1Φ1) (Φ†2Φ2)

+_4(Φ†1Φ2) (Φ†2Φ1) + 1
2

[
_5(Φ†1Φ2)2 + H.c.

]
+

{[
_6(Φ†1Φ1) + _7(Φ†2Φ2)

]
(Φ†1Φ2) + H.c.

}
(1)
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Adopting CP-conserving option, and very minimal version of Higgs couplings, the above potential
can be parametrized by seven free parameters, those are: Higgs masses, <ℎ, <� , <�± , <�, the
ratio of the vacuum expectation values of the two Higgs doublets fields tan V = E2/E1, the mixing
angle of the CP-even Higgs states U, and <2

12. In the Yukawa sector, the general scalar to fermions
couplings are expressed by:

−L. = &̄!.
D
1 *'Φ̃1 + &̄!.D2 *'Φ̃2 + &̄!. 31 �'Φ1 + &̄!. 32 �'Φ2

+ !̄. ℓ1 ℓ'Φ1 + !̄. ℓ2 ℓ'Φ2 + �.2. (2)

where &! = (D! , 3!) and ! = (ℓ! , a!) are the doublets of (* (2)! , and . 5 ,ℓ1,2 denote the 3 × 3
Yukawa matrices. To get naturally small FCNCs while inducing flavor violating Higgs signals,
we adopt the description presented in [6] by assuming a flavour symmetry that suggest a specific
texture of the Yukawa matrices, where the non-diagonal Yukawa couplings, .̃8 9 , are given in terms
of fermions masses and dimensionless real parameter, .̃8 9 ∝

√
<8< 9/E j8 9 .

After electroweak symmetry breaking (EWSB) the Yukawa Lagrangian can be expressed in terms
of the mass eigenstates of the Higgs bosons, as follows:

−L� � �. =
∑

5 =D,3,ℓ

<
5

9

E
×

(
(b 5
ℎ
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5

�
)8 9 5̄!8 5' 9�

)
+
√

2
E

3∑
:=1

D̄8

[(
<D8 (bD∗� ):8+: 9%! ++8: (b

3
�): 9<

3
9 %'

)]
3 9�

+

+
√

2
E
ā8 (bℓ�)8 9<

ℓ
9%'ℓ 9�

+ + �.2. (3)

Here the reduced Yukawa couplings (b 5 ,ℓ
q
)8 9 are given in Table 1, in terms of the mixing angles U

and V , and of the free parameters1 j 5 ,ℓ
8 9

.

q (bD
q
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q
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√
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Table 1: Yukawa couplings of the ℎ, �, and � bosons to the quarks and leptons in the 2HDM Type-III.

3. Explaining the excesses with 2HDM Type-III

In this section, we investigate whether the 2HDM Type-III can explain simultaneously the
excesses observed by both LEP and CMS at 96 GeV. The evaluation of the signal strengths for these

1The free parameters j 5 ,ℓ
8 9

are tested at the current B physics constraints (more details can be found in Refs [7]).
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excesses was done in the narrow width approximation where we assume that the cross section ratio
can be expressed via the normalized coupling:

`bb
LEP =

f2HDM(4+4− → /ℎ)
fSM(4+4− → /ℎ) ·

BR2HDM(ℎ→ 11̄)
BRSM(ℎSM → 11̄)

= |2ℎ// |2 ×
BR2HDM(ℎ→ 11̄)
BRSM(ℎSM → 11̄)

= 0.6 ± 0.2.

(4)

`
WW

CMS =
f2HDM(66 → ℎ)
fSM(66 → ℎSM)

· BR2HDM(ℎ→ WW)
BRSM(ℎSM → WW) = |2ℎCC |

2 × BR2HDM(ℎ→ WW)
BRSM(ℎSM → WW) = 0.117 ± 0.057.

(5)

In order to analyse whether a simultaneous fit to the observed excesses is possible, we perform a j2

analysis where the latter can be defined by the measured central values `exp and the 1f uncertainties
Δ`exp of the signal rates related to the two excesses as mentioned in Eq. 4 and Eq. 5.

j2
96 =

(
`bb

LEP − `
bb,exp
LEP

Δ`
WW,exp
CMS

)2

+
(
`
WW

CMS − `
WW,exp
CMS

Δ`
bb,exp
LEP

)2

. (6)

4. Numerical Results

Before presenting our result, we describe how theoretical self-consistency requirements and
experimental measurements were used to constrain the parameter space of the 2HDM Type-III
scenario that we are aiming for. The theoretical requirements are perturbativity of the scalar quartic
couplings, vacuum stability and the tree-level perturbative unitarity conditions for various scattering
amplitudes of gauge and Higgs boson states (All these constraints are tested via the public code
2HDMC-1.8.0 [8]). Moreover, on the experimental side, we consider constraints from electroweak
precision observables (EWPO) in terms of the oblique parameters (, ) , and *, measurements at
the LHC of the properties of the newly discovered Higgs boson (HiggsSignal-2.6.0[9]), Cross-
section limits from LEP, Tevatron and the LHC (HiggsBouns-5.9.0[10]) and finally constraints
from flavor physics [11]. For more details we refer to Ref. [7]. Then we performed a systematic
scan over the following parameter ranges.

<ℎ ∈ [80, 110] GeV, <� = 125 GeV, sin(V − U) ∈ [−0.5, − 0.1], <� ∈ [70, 90] GeV,
<�± ∈ [140, 180] GeV, tan V ∈ [1.1, 1.5], <2

12 = <
2
ℎ tan V/(1 + tan2 V). (7)

In Fig. 1 we present the surviving points over the (`CMS, `LEP) plane, where the colour code
indicates Δj2

125. The dashed and solid lines correspond to the 1f and 2f ellipses, respectively,
and the pink star indicates the best fit point. All the points shown in the figure have Δj2

125 ≤ 12. It
is interesting to note, that there are many points (in red) with Δj2

125 ≤ 2.33 within the 1f ellipse.
Also, our best fit point is near the centre of the ellipses. Overall, the 2HDMType-III is fully capable
of capturing the excess of 96 GeV. Fig. 2 shows the predicted rate for f(?? → ℎ → WW) (left) in
our 2HDM Type-III and its ratio to the SM results, f(?? → ℎ → WW)/SM, for each parameter
point, in combination with the expected and observed upper limits from the CMS analysis [3]. Its
clearly visible in both panels that many points could indeed contribute to the excess observed by
CMS in the ℎ→ WW final state.
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Figure 1: The signal strengths `CMS and `LEP following the scan described in the text. The dashed and solid
black lines indicate the 1f and 2f ranges of j2

96, respectively. The pink star corresponds to the best fit point
in the ℎ mass range [94, 98] GeV. The colour code indicates the Δj2

125 values.

Figure 2: Surviving points, following the discussed theoretical and experimental constraints, superimposed
on the results of the CMS 8 + 13 TeV low-mass di-photon analysis [3]. The dashed line corresponds to the
expected upper limit on f × BR(ℎ→ WW) (left) and f × BR(ℎ→ WW)/f(" × BR(" (ℎ→ WW) (right) at
95% C.L., with 1 and 2 sigma errors in green and yellow, respectively. The solid line is the observed upper
limit at 95% C.L.

5. Conclusion

In this contribution, we have shown how excesses observed by the CMS and LEPCollaborations
could possibly be attributed to a Higgs boson produced by 66 fusion and decaying into WW and 11̄
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withmass around 96GeV,we have identified the regions of parameter spacewhere the lightCP-even
state, ℎ, can fit such excesseswhile being fully compliant with the required signal strengthsmeasured
at both colliders. This has been accomplished after considering all the up-to-date theoretical and
experimental constraints.
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