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July 4, 2012: A Landmark Discovery

[PRL 114, 191803 (2015)]

[ATLAS Collaboration/CERN]

▶ The Standard Model is one of the most well-tested theories in
particle physics



SM and Beyond Evidence for a light Higgs boson T2HDM framework Description of the excesses Conclusion

Limits of Standard Model

Thankfully, there are a lot of unexplained mysteries:
• It does not unify the Strong and Electro-Weak forces

(GUTS?).
• It ignores Gravity, so does not tell us anything about how

it might be unified with the other forces.
• It does not explain Dark Matter and Dark Energy.
• The hierarchy problem
• Neutrino oscillations can’t be explained
• Why is there so much more matter compared to

anti-matter?
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Is there another Higgs at 95 GeV?

LEP excess:

• LEP SM Higgs boson search results :
excess in bb̄ final states at mH = 98 GeV

• Local significance: 2.3 σ

• µLEP
bb =

σ(e+e−→ZH→Zbb̄)
σSM(e+e−→ZHSM→Zbb̄)

= 0.117 ± 0.057.

[Cao, Guo, He, Wu, Zhang: 1612.08522]

[LEP: hep-ex/0306033]
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ATLAS full Run 2 results on the low-mass Higgs search in pp → H → γγ:

• Di-photon excess at mH = 95.4 GeV

• Local significance: 1.7 σ

• µATLAS
γγ ==

σ(pp→H→γγ)
σSM(pp→HSM→γγ)

= 0.18 ± 0.10

[ATLAS: LHCSeminarArcangeletti]
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CMS full Run 2 results on the low-mass Higgs search in pp → H → γγ:

• Di-photon excess at mH = 95.4 GeV

• Local significance: 2.9 σ

• µCMS
γγ ==

σ(pp→H→γγ)
σSM(pp→HSM→γγ)

= 0.33+0.19
−0.12
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CMS result for the low-mass search in the di-tau final states:

• Excess in the τ+τ− final states
at 95.4 GeV ∼ 100 GeV

• Local significance: 2.6 ∼ 3.1 σ

• µCMS
ττ =

σ(pp→H→ττ)
σSM(pp→HSM→ττ)

= 1.2 ± 0.5

[CMS: 2208.02717]
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Looking BSM...

µ
exp
γγ = µATLAS+CMS

γγ = 0.24+0.09
−0.08 ∝ 3.1σ [2306.03889v2[hep − ph]]

µ
exp
ττ = 1.2 ± 0.5

µ
exp
bb = 0.117 ± 0.057
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Can we describe all three excess simultaneously?

The total χ2:

χ2
γγ+ττ+bb =

(µγγ − µ
exp
γγ )2

(∆µ
exp
γγ )2

+
(µττ − µ

exp
ττ )2

(∆µ
exp
ττ )2

+
(µbb − µ

exp
bb )2

(∆µ
exp
bb )2

The theoretical predictions of the signal strengths:

µγγ =
∣∣ch1 t̄t

∣∣2 × BR2HDMT(h1 → γγ)

BRSM(hSM
95 → γγ)

,

µττ =
∣∣ch1 t̄t

∣∣2 × BR2HDMT(h1 → τ+τ−)

BRSM(hSM
95 → τ+τ−)

,

µbb̄ = |ch1ZZ|2 ×
BR2HDMT(h1 → bb̄)
BRSM(hSM

95 → bb̄)
,
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2HDM + real Triplet ∆

why T2HDM: thanks to its richer scalar particle spectrum, T2HDM
can lead to a potential dark matter candidate via the neutral
component of the triplet field, and can achieve a viable scenario
based on Electroweak Baryogenesis,...

Fields: T2HDM model contains two Higgs doublets Hk (k = 1,2) in
addition with a real triplet scalar field ∆ with Y∆ = 0,

Hk =

(
ϕ+

k
1√
2
(vk + ρk + iηk)

)
(k = 1, 2), ∆ =

(
(vt + ρt)/2 δ+/

√
2

δ−/
√

2 −(vt + ρt)/2

)
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Lagrangian: Implementation of a two doublets H1,2 and a scalar field
∆ in the Standard Model. The lagrangian is,

L =

2∑
i=1

(DµHi)
†(DµHi) + Tr(Dµ∆)†(Dµ∆)− V(Hi,∆) + LYukawa

while the scalar potential of this model is,

V(Hi,∆)=m2
1 H†

1H1 + m2
2 H†

2H2 − m2
12 H†

2H1 +
λ1

2
(H†

1H1)
2 +

λ2

2
(H†

2H2)
2

+λ3 H†
1H1 H†

2H2 + λ4 H†
1H2 H†

2H1 +
λ5

2

[
(H†

1H2)
2 + (H†

2H1)
2
]

+λ6 H†
1H1Tr∆†∆+ λ7 H†

2H2Tr∆†∆+ µ1H†
1∆H1 + µ2H†

2∆H2

+µ3[H
†
1∆H2 + hc] + λ8 H†

1∆∆†H1 + λ9 H†
2∆∆†H2

+m2
∆ Tr(∆†∆) + λ̄8(Tr∆†∆)2 + λ̄9Tr(∆†∆)2
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• To avoid Flavour Changing Neutral Currents (FCNCs) at the
tree level, a discrete Z2-symmetry on the doublets is imposed :
H1 → +H1 and H2 → −H2

• T2HDM framework encompasses four distinct types, leading to
natural flavour conservation, and whose couplings between the
Higgs doublets and the fermions as exactly in the 2HDM,

u-type d-type leptons
type I H2 H2 H2
type II H2 H1 H1
type III (lepton-specific) H2 H2 H1
type IV (flipped) H2 H1 H2
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Higgs spectrum:

• h1, h2, h3 (CP-even) ordered according to mh1 < mh2 < mh3 ,

• H±
1 , H±

2 (charged) with mH±
1
< mH±

2
,

• A (CP-odd).

The mixing in the CP-even scalar sector:

h1
h2
h3

= E

ρ1
ρ2
ρ3


where,

E =

 cα1 cα2 sα1 cα2 sα2

−(cα1 sα2 sα3 + sα1 cα3) cα1 cα3 − sα1 sα2 sα3 cα2 sα3

−cα1 sα2 cα3 + sα1 sα3 −(cα1 sα3 + sα1 sα2 cα3) cα2 cα3

 .
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The mixing in the charged sector:

G±
0

H±
1

H±
2

= C

ϕ±
1

ϕ±
2

δ±


where,

C =

 cθ±
1

cθ±
2

sθ±
1

cθ±
2

sθ±
2

−(cθ±
1

sθ±
2

sθ±
3
+ sθ±

1
cθ±

3
) cθ±

1
cθ±

3
− sθ±

1
sθ±

2
sθ±

3
cθ±

2
sθ±

3

−cθ±
1

sθ±
2

cθ±
3
+ sθ±

1
sθ±

3
−(cθ±

1
sθ±

3
+ sθ±

1
sθ±

2
cθ±

3
) cθ±

2
cθ±

3


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Higgs bosons couplings to fermions:

Type I

ϕ c(hiuu) c(hidd) c(hiℓℓ)

h1 (c2s1)/sβ (c2s1)/sβ (c2s1)/sβ
h2 (c1c3 − s1s2s3)/sβ (c1c3 − s1s2s3)/sβ (c1c3 − s1s2s3)/sβ
h3 −(c1s3 + c3s1s2)/sβ −(c1s3 + c3s1s2)/sβ −(c1s3 + c3s1s2)/sβ

Type III

ϕ c(hiuu) c(hidd) c(hiℓℓ)

h1 (c2s1)/sβ (c1c2)/cβ (c1c2)/cβ
h2 (c1c3 − s1s2s3)/sβ −(c3s1 + c1s2s3)/cβ −(c3s1 + c1s2s3)/cβ
h3 −(c1s3 + c3s1s2)/sβ (s1s3 − c1c3s2)/cβ (s1s3 − c1c3s2)/cβ

Table: Coupling coefficients c(hiff ) of the Yukawa couplings of the
T2HDM Higgs bosons hi, defined as c(hiff ) = ghiff/ghSMff .



SM and Beyond Evidence for a light Higgs boson T2HDM framework Description of the excesses Conclusion

Higgs bosons couplings to to the gauge bosons:

c(hiVV) c(hiWW) c(hiZZ)

h1
(cβE11 + sβE12) vd + 2E13vt

v
(cβE11 + sβE12)

h2
(cβE21 + sβE22) vd + 2E23vt

v
(cβE21 + sβE22)

h3
(cβE31 + sβE32) vd + 2E33vt

v
(cβE31 + sβE32)

Table: The effective couplings of the neutral CP-even T2HDM Higgs
bosons hi to the massive gauge bosons V = W,Z, defined as
c(hiVV) = ghiVV/ghSMVV.
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Relevant Constraints:

The space parameters of the T2HDM has been constraints by several
theoretical and experimental requirements :

• Perturbative Unitarity constraints

• Boundedness From Below (BFB).

• Constraints from direct searches at colliders:
→ HiggsBounds-5.10.2

• Constraints from the SM-like Higgs-boson properties:
→ HiggsSignals-2.6.2

• Electroweak precision observables are expressed in terms of the
parameters S, T, and U which are required to be within 95% C.L.
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Results
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Projection of the T2HDM parameter points :

▶ The Type-I of our parameter scan can accommodate the observed
excess better than the Type-III.
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CONCLUSION

▶ Evidence for a light Higgs boson at ∼ 95 GeV
• CMS: 2.9 σ ⇒ pp → h95 → γγ

• ATLAS: 1.7 σ ⇒ pp → h95 → γγ

• CMS: 2.6 σ ⇒ pp → h95 → ττ

• LEP: 2.3 σ ⇒ e+e− → Zh95 → Zbb̄

▶ Possible model explanation
• T2HDM : Two Higgs Doublets Model plus a real Triplet

⇒ possible interpretation in Type-I and Type-III
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