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Introductory motivations

Many motivations to go beyond the SM, that we all know!
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Introductory motivations

a ’theorem’ by Nelson Mandela
(not to be confused with the Coleman-Mandula theorem)
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The experimental indications

Combined Significance= our combination of global significances

[6,7,18] CMS-PAS-HIG-14-037; CMS [arXiv:1811.08459 [hep-ex]]; T. Biekötter et al. [arXiv:2203.13180 [hep-ph]]; + many more
[8] CMS-PAS-HIG-21-001
[33] LEP [arXiv:hep-ex/0306033 [hep-ex]]
[12] CMS-PAS-HIG-20-016
[10,11] ATLAS [arXiv:2009.14791 [hep-ex]], [arXiv:2103.01918 [hep-ex]]
[13] CMS-PAS-HIG-21-011
[16] ATLAS [arXiv:2311.04033 [hep-ex]]
[14] CMS [arXiv:1908.01115 [hep-ex]]
[15] ATLAS-CONF-2022-043
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CMS PAS HIG-20-016 (2022/03/11)

e e e e e
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Models?...Model?

While an h95 object could be accounted for within several (SUSY or
non-SUSY) model settings, doublets,...

H650 proves more rebellious!

coupling to WW very close to SM-like → potential violation of unitarity
sum rules for WW scattering!

g2
WWh

(SM)
=

∑
i

g2
W+W−ϕ0

i

−
∑

k

|gW−W−ϕ0
k
++ |2

→ at least one doubly-charged scalar is needed!
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Models?...Model?

→ a consistent model needs (at least one) SU(2)L triplet

→ only one (e.g. Type II seesaw) would not work: ρ ≃ 1 ⇒ single
production of H650 suppressed

→ two (e.g. Georgi-Machacek) disfavored, H650ZZ ∼ 2.6 × H650WW

→ two triplets + one extra doublet?
→ opens new possibilities: can fit the three (CP-even) states
h125,h95,H650 + an extra H320
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a Model

Φ1 =

(
ϕ+

1
ϕ0

1

)
,Φ2 =

(
ϕ+

2
ϕ0

2

)
,X =

 χ0∗ ξ+ χ++

−χ+∗ ξ0 χ+

χ++∗ −ξ+∗ χ0



H1
H2
H3
H4

 = X4×4


Reϕ0

1
Reϕ0

2
Reχ0

ξ0

 , X †X = XX † = 1, [X ]ij ≡ xij

→ Identify Ha=1,...,4 = (h95,h125,H320,H650)

→ extended Georgi-Machacek, ⟨ϕ0
1⟩ ∼ v1, ⟨ϕ0

2⟩ ∼ v2, ⟨χ⟩ = ⟨ξ⟩ ∼ u
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a Model

Coupling to two gauge bosons

Lcubic =
g2v1

2
√

2
S1 W · W +

g2v2

2
√

2
S2 W · W +

2g2u√
3

S3 W · W + g2u [W ⊗ W ] · F

vκHa
W =v1xa1 + v2xa2 + 2u(xa3 +

√
2xa4),

vκHa
Z =v1xa1 + v2xa2 + 4uxa3,

v2 =v2
1 + v2

2 + 4u2 ≃
(

246√
2

)2

,

Yukawa couplings:

Type − II 2HDM : κHa
d =

v
v1

xa1 , κHa
u =

v
v2

xa2

Type − I 2HDM : κHa
d = κHa

u =
v
v2

xa2
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SM-like h125

vκh125
W =v1x21 + v2x22 + 2u(x23 +

√
2x24),

vκh125
Z =v1x21 + v2x22 + 4ux23

v2 =v2
1 + v2

2 + 4u2 ≃
(

246/
√

2
)2

κh125
W ≃ κh125

Z ≃ 1 ⇒ x23 −
√

2x24 = 0

Type − II 2HDM ⇒ u2 =
3
4

1 − κh125
Z

3 − sign(u)2
√

6
v2 ⇒ u verysmall → disvavoured

G. Moultaka, LUPM-Montpellier Resonances all over the place? PASCOS2024, ICISE, Quy Nhon 11 / 20



scan strategy

Stick to Type-I 2HDM-like

Take X real, orthogonal

Needs 6 input: e.g. κh125
t , κh125

Z , κh125
W , κh95

t , κh95
W , κH650

W

h125 ⇒ u, v1, v2, x2i
′s

subspace orthogonal to x2i , and h95 ⇒ x1i
′s

subspace orthogonal to x1i , x2i , and H650 ⇒ determines x3i
′s and x4i

′s,
four-fold solutions.
check compatibility with experimental indications

µγγ =
σ(pp → h95 → γγ)

σ(pp → ϕ → γγ)
= 0.33+0.19

−0.12 ,

µ
τ+τ− =

σ(pp → h95 → τ+τ−)

σ(pp → ϕ → τ+τ−)
= 1.2 ± 0.5 ,

µbb̄ =
σ(e+e− → Zh95 → Zbb̄)

σ(e+e− → Zϕ → Zbb̄)
= 0.117 ± 0.057
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≃ 650GeV
⇓

h

σVBF × BR∗
H650→W+W− = c σ

(SM)
VBF × BR∗(SM)

H650→W+W−

correlations:
∣∣∣κH650

W

∣∣∣ , ∣∣∣κH650
Z

∣∣∣ , ∣∣∣κH650
t

∣∣∣, ⇒ ∣∣∣κH650
W

∣∣∣ ∈ [.96,1.1 [
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solutions
e.g. κ650

W = 1.015 → u ≃ 69 GeV, v1 ≃ 14 GeV, v2 ≃ 104 GeV
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solutions
e.g. κ650

W = .97 → u ≃ 78 GeV, v1 ≃ 16 GeV, v2 ≃ 76 GeV

xi1 xi2 xi3 xi4 κt κZ κW

h95 0.6 -0.25 -0.76 -0.01 -0.58 -1.41 -0.74
h125 0.73 0.43 0.44 0.29 0.99 1.04 1.02
H320 0.17 -0.86 0.43 0.2 -1.98 0.4 0.27
H650 -0.26 0.05 -0.23 0.93 0.1 -0.42 0.97
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solutions
e.g. κ650

W = 1. → u ≃ 69 GeV, v1 ≃ 14 GeV, v2 ≃ 104 GeV

xi1 xi2 xi3 xi4 κt κZ κW

h95 0.23 −0.34 −0.42 0.81 −0.56 −0.85 0.4
h125 0.65 0.59 0.4 0.26 0.99 1.04 1.02
H320 −0.47 0.73 −0.46 0.2 1.21 −0.33 0.26
H650 −0.55 −0.06 0.68 0.48 −0.1 1. 1.
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What else?

For the VBF production, the maximum deviation is for a signal mass hypothesis around 620 GeV, with a local significance of 2.4
standard deviations and a global significance of 0.9 standard deviation.

Still awaiting CMS to release its ZZ/4lepton analysis!
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What else?

ATLAS-CONF-2023-023: Local excess at a resonance mass around 450 GeV, 2.5 (global).

BUT sin θH ≲ 0.4 → u ≲ 35 GeV → too small!

Perhaps other decay channels, e.g. to singly charged Higgs, or allow complex X → possible new sources of CP-violation?
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What else?

Eur.Phys.J.C 81 (2021) 8, 723

Situation unclear!
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Conclusions

Given the huge data taking at LHC, excesses are occasionally
observed in searches for new resonances, that might or might not
stand the test of time.
But if they occur at roughly the same invariant mass, maybe
something real is round the corner
Recent indications for a 650 GeV in various channels, 4σ
combined (global) implies SU(2)L triplets → new neutral, charged,
and doubly-charged scalars to look for.
But not easy to implement → extended Georgi-Machacek,
including consistently, the 125 GeV, a 95 GeV, and perhaps a
≃ 300 GeV CP-even neutral scalars.
wait and see what happens with future data...
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