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Hints at 152 GeV

• SM search for 𝑯 → 𝜸𝜸 + 𝑿 (𝒎𝜸𝜸 = 105-160 GeV) 

• Hints for a resonance decaying to photons in associated 
production with 𝒍, MET, jets, etc.

• Reduced SM background and enhanced NP sensitivity

[Moriond 2024][ATLAS]
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Hints at 152 GeV
[Moriond 2024][ATLAS]

6

• Drell Yan is suggested as 
associated production mechanism

• 152 GeV neutral Higgs boson 
produced in combination with a 
charged scalar (1𝝉 signal region)

Guglielmo Coloretti LFC2024 SISSA
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Drell-Yan production

New Higgses mostly produced via Drell-Yan 
at the LHC must have specific properties
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Drell-Yan production

New Higgses mostly produced via Drell-Yan 
at the LHC must have specific properties

Transform non-trivially 
under 𝑆𝑈 2 𝐿

No direct (or tiny) Yukawa 
couplings

Have small vacuum 
expectation value

Small mixing with the SM 
Higgs boson

Prod. cross section fixed by 
𝑆𝑈 2 𝐿 repesentation

Suppressed gluon-fusion 
production

Suppressed VBF and VH 
production

Bounds from Higgs data

7Guglielmo Coloretti LFC2024 SISSA



Interpretation of the excesses

Is there a minimal model to 
explain the 152 excesses?
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Interpretation of the excesses
≈152 GeV mostly 

produced in
 association (AP)

[S. Banik, GC, A. Crivellin et al.]
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Real Higgs triplet
≈152 GeV mostly 

produced in
 association (AP)

𝑊 mass 
(1.4/3.5𝜎 over SM 
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Multi- lepton anomalies
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• Fields → neutral ∆0, charged ∆±

• Parameters → Δ = 𝑣∆, 𝛼Δ
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Real Higgs triplet

No direct coupling to SM fermions:
• Gluon fusion ∝ 𝛼 ≪ 1

• Flavour effects ∝
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The 𝚫SM model
Production cross section 

and Br(Δ±) fixed 

• 𝒎𝚫𝟎, 𝚫±  

• Br(𝚫𝟎 → 𝜸𝜸) 

[S. Banik, GC, A. Crivellin et al.]
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Results: ∆𝟎 → 𝜸𝜸 + 𝑿
[S. Banik, GC, A. Crivellin et al.]

Br 𝚫𝟏𝟓𝟐
𝟎 → 𝜸𝜸 ≈ 𝟏% preferred over SM by ≈ 𝟒𝝈

• Combination of all relevant signal regions
• Bonus: SFOPT induced within our benchmark points
• Connection with dark matter?  

LFC2024 SISSA 10Guglielmo Coloretti
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Can we do even better?

• Two new scalars: 𝑺𝟏𝟓𝟐 and 𝑺±

• 𝑺𝟏𝟓𝟐 produced only via DY

 

• Dominant decays of 𝑺±:
𝒕𝒃
𝝉𝝂

𝑾±𝒁

[S. Banik and  A. Crivellin]
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Can we do even better?

• Separate study of each decay mode of 𝑆±

• UFO model (at NLO) generated using FeynRules
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Simplified model analysis

𝑾±𝒁 leads to too many leptons
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2HDM Type-I

• Scalar sector: two 𝑆𝑈 2 𝐿 doublets 𝜙1 and 𝜙2

• 𝑍2 symmetry to avoid FCNC leads to the scalar potential:

𝑉 𝜙1, 𝜙2

= 𝑚11𝜙1
† 𝜙1 + 𝑚22𝜙2

† 𝜙2 − 𝑚12 𝜙1
† 𝜙2 + ℎ. 𝑐. + 𝜆1 𝜙1

† 𝜙1

2
+ 𝜆2 𝜙2

† 𝜙2

2

+ 𝜆3 𝜙1
† 𝜙1 𝜙2

† 𝜙2 + 𝜆4 𝜙1
† 𝜙2 𝜙2

† 𝜙1 + 𝜆5[ 𝜙1
† 𝜙2

2
+ ℎ. 𝑐. ]

• Scalar particles: ℎ, 𝐻, 𝐴, 𝐻±

• Parameters: tan 𝛽 = 𝑣2/𝑣1, 𝛼 ℎ − 𝐻 mixing , 𝑚12
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2HDM Type-I: Drell-Yan

• Suppressed 
 gluon fusion (𝐜𝐨𝐭(𝜷)),
 VBF and VH (𝐬𝐢𝐧(𝜷 − 𝜶))

𝐭𝐚𝐧 𝜷 ≫ 𝟏
and

𝜶 ≪ 𝟏
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2HDM Type-I: Drell-Yan

• Suppressed 
 gluon fusion (𝐜𝐨𝐭(𝜷)),
 VBF and VH (𝐬𝐢𝐧(𝜷 − 𝜶))

• Allowed by flavor bounds

Dominant Drell-Yan production

[J. Haller, A. Hoecker et al.]

𝐭𝐚𝐧 𝜷 ≫ 𝟏
and

𝜶 ≪ 𝟏
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2HDM Type-I: Results
[S. Banik and  A. Crivellin]

15Guglielmo Coloretti LFC2024 SISSA

https://inspirehep.net/literature/2806093


2HDM Type-I: Results

• 𝛼 − 𝛽 ≈ 𝜋/2
• tan 𝛽 = 20
• 𝑚12 = 1100 GeV

[S. Banik and  A. Crivellin]

15Guglielmo Coloretti LFC2024 SISSA

https://inspirehep.net/literature/2806093


2HDM Type-I: Results

• 𝛼 − 𝛽 ≈ 𝜋/2
• tan 𝛽 = 20
• 𝑚12 = 1100 GeV

• Br(𝐴 → 𝑊±𝐻∓) ≈ 100%

• Increased significance 
w.r.t. simplified model

[S. Banik and  A. Crivellin]

15Guglielmo Coloretti LFC2024 SISSA

https://inspirehep.net/literature/2806093
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• 𝛼 − 𝛽 ≈ 𝜋/2
• tan 𝛽 = 20
• 𝑚12 = 1100 GeV

• Br(𝐴 → 𝑊±𝐻∓) ≈ 100%

• Increased significance 
w.r.t. simplified model

𝐻± → 𝑐𝑠 can be numerically sizable 
but small impact in all signal regions

[S. Banik and  A. Crivellin]
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2HDM Type-I: Br(𝑯𝟏𝟓𝟐 → 𝜸𝜸) 

• Type-I: tan 𝛽 ≫ 1 ⟹ reduced Br(𝐻152 → 𝛾𝛾)

Br(𝐻152 → 𝛾𝛾) required at the % level
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Flavor aligned 2HDM

• Yukawa’s of 𝜙1 ∝  Yukawa′s of 𝜙2  ⟹ NO FCNC

𝐿𝑌 = −𝑄𝐿𝑌𝑑 𝜙2 + 𝜻𝒅𝜙1 𝑑𝑅 − 𝑄𝐿𝑌𝑢 𝜙2 + 𝜻𝒖𝜙1 𝑑𝑅 − 𝐿𝐿𝑌ℓ 𝜙2 + 𝜻ℓ𝜙1 ℓ𝑅

17Guglielmo Coloretti LFC2024 SISSA
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Flavor aligned 2HDM

• Yukawa’s of 𝜙1 ∝  Yukawa′s of 𝜙2  ⟹ NO FCNC

• No 𝑍2 symmetry imposed ⟹ 𝝀𝟔 and 𝝀𝟕 terms allowed

𝑉 𝜙1, 𝜙2 Type−I + 𝝀𝟔𝜙1
† 𝜙1𝜙1

† 𝜙2 + ℎ. 𝑐. + (𝝀𝟕𝜙2
† 𝜙2𝜙1

† 𝜙2 + ℎ. 𝑐. )
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[A. Pich, P. Tuzon]

https://inspirehep.net/literature/841681


Flavor aligned 2HDM

• Yukawa’s of 𝜙1 ∝  Yukawa′s of 𝜙2  ⟹ NO FCNC

• No 𝑍2 symmetry imposed ⟹ 𝝀𝟔 and 𝝀𝟕 terms allowed

Sizable Br(𝑯𝟏𝟓𝟐 → 𝜸𝜸) through 𝑯± loop  

[S. Banik and  A. Crivellin]

𝑉 𝜙1, 𝜙2 Type−I + 𝝀𝟔𝜙1
† 𝜙1𝜙1

† 𝜙2 + ℎ. 𝑐. + (𝝀𝟕𝜙2
† 𝜙2𝜙1

† 𝜙2 + ℎ. 𝑐. )
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https://inspirehep.net/literature/2806093


𝒕 ҧ𝒕 distributions as a probe for NP

18

[F. Maltoni, D. Pagani et al.]

Guglielmo Coloretti LFC2024 SISSA

• After Run3, LHC will provide approximately 109 
top-quark pairs

• Top-quark data in quite good agreement with SM 
higher order computations 
(NNLO in QCD, NLO in EW)

• However: tension in 𝒕 ҧ𝒕 differential distributions 
at low invariant masses

[F. Maltoni, C. Severi et al.]

https://inspirehep.net/literature/2796902
https://inspirehep.net/literature/2747788
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top-quark pairs

• Top-quark data in quite good agreement with SM 
higher order computations 
(NNLO in QCD, NLO in EW)

• However: tension in 𝒕 ҧ𝒕 differential distributions 
at low invariant masses

• LFC have a dedicated 𝒕 ҧ𝒕 run

• Clean initial states and precise measurements of 
𝑡 ҧ𝑡 distributions

18

[F. Maltoni, D. Pagani et al.]

Guglielmo Coloretti LFC2024 SISSA
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𝒕 ҧ𝒕 distributions as a probe for NP
[ATLAS]

19Guglielmo Coloretti LFC2024 SISSA
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𝒕 ҧ𝒕 distributions as a probe for NP

“No model can describe all 
measured distributions within 
their uncertainties.” 
ATLAS 2303.1534

[ATLAS]
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𝒕 ҧ𝒕 distributions as a probe for NP

“No model can describe all 
measured distributions within 
their uncertainties.” 
ATLAS 2303.1534

[ATLAS]

• Higher order corrections? Toponium?
• New Physics pollution of this SM measurement?

19Guglielmo Coloretti LFC2024 SISSA

https://inspirehep.net/literature/2648096


A simple NP model
[S. Banik, GC, A. Crivellin, B. Mellado]

• Associated production of new scalars decaying to 
𝑊𝑊 and 𝑏 ത𝑏 has a  top-like signature

• Fix 𝑚Δ0 = 152 GeV and 𝑚𝑆 = 95 GeV by the hints for 
narrow resonances

• Weak 𝑚𝐻 = 290 GeV dependence

20Guglielmo Coloretti LFC2024 SISSA
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A simple NP model
[S. Banik, GC, A. Crivellin, B. Mellado]

• ATLAS analysis normalized to the 
total cross section

• Only sensitive to the shape of NP

• Associated production of new scalars decaying to 
𝑊𝑊 and 𝑏 ത𝑏 has a  top-like signature

• Fix 𝑚Δ0 = 152 GeV and 𝑚𝑆 = 95 GeV by the hints for 
narrow resonances

• Weak 𝑚𝐻 = 290 GeV dependence
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𝑯𝟐𝟗𝟎 → 𝚫𝟏𝟓𝟐
𝟎 𝑺𝟗𝟓 → 𝑾𝑾𝒃ഥ𝒃 

ATLAS generated 𝑡 ҧ𝑡 samples with several different matrix element 
generators, parton shower, and fragmentation simulation

[S. Banik, GC, A. Crivellin, B. Mellado]

21Guglielmo Coloretti LFC2024 SISSA

https://inspirehep.net/literature/2688610


FCC-ee improvement

• Improvement of SM prediction imperative!

• FCC-ee 𝒕 ҧ𝒕 run will provide top-quark differential 
distributions in a clean environment

• Test of NP faking 𝑡 ҧ𝑡 production and decay

22Guglielmo Coloretti LFC2024 SISSA



95 GeV and 152 GeV excesses?

• 𝑆95: SM singlet mostly 
decaying to 𝑏 ത𝑏

• Δ0: real Higgs triplet 
mostly decaying to 𝑊𝑊

[S. Banik, GC, A. Crivellin, B. Mellado]

23Guglielmo Coloretti LFC2024 SISSA
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95 GeV and 152 GeV excesses?

• 𝑆95: SM singlet mostly 
decaying to 𝑏 ത𝑏

• Δ0: real Higgs triplet 
mostly decaying to 𝑊𝑊

Consistent with the 95 GeV 𝜸𝜸 signal 
strength and a mass for Δ𝟎 of 152 GeV

[S. Banik, GC, A. Crivellin, B. Mellado]

23Guglielmo Coloretti LFC2024 SISSA

https://inspirehep.net/literature/2688610


The 𝚫2HDMS

• 𝑡 ҧ𝑡 differential distributions
• 𝛾𝛾 excesses
• Resonant elevated

𝜎(𝑝𝑝 → ҧ𝑡𝑡(𝐴 → 𝑡 ҧ𝑡))
• EW baryogenesis

Combined explanation possible

24

[M. Ramesey-Musolf et al.]

Guglielmo Coloretti LFC2024 SISSA

https://inspirehep.net/literature/1389169


LFC projections

25

• Indications for new Higgses at the LHC

• 95 GeV Higgs produced via Z-strahlung

• 152 GeV Higgs produced via Drell-Yan

• 𝑡 ҧ𝑡 differential distributions as a probe for NP

Guglielmo Coloretti LFC2024 SISSA



FCC-ee: 𝒕 ҧ𝒕 run
• Scalars produced in associated production via DY are a 

prominent candidate for FCC-ee

Courtesy of Rebeca Gonzalez Suarez

26Guglielmo Coloretti LFC2024 SISSA

https://indico.psi.ch/event/15237/contributions/46274/attachments/28461/54226/Zuoz-I.pdf
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Real triplet at the FCC-ee
• Only 𝑍∗/𝛾∗ s-channel

• Suppressed Δ0Δ0 production for a real triplet

• Pair production of the charged components 

27Guglielmo Coloretti LFC2024 SISSA



6ℓ + MET at the FCC-ee

• Br(Δ± →  𝑊±𝑍) ≈ 80%

• The decay ∆± → 𝑊±𝑍 leads to a 6ℓ(+ MET) signature

28Guglielmo Coloretti LFC2024 SISSA
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6ℓ + MET at the FCC-ee

• Br(Δ± →  𝑊±𝑍) ≈ 80%

• The decay ∆± → 𝑊±𝑍 leads to a 6ℓ(+ MET) signature

• 𝜎(𝑒+𝑒− → ∆± ∆∓)  determined at 13% confidence level

• FCC-ee nicely suited for this NP scenario

Events expected in the ΔSM model

𝑒+𝑒− → ∆± ∆∓→ 6ℓ + MET ≈ 46

Events expected in the SM model

𝑒+𝑒− → 6ℓ( + MET) ≈ 1
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Conclusions and Outlook

29

• Interesting indications for new Higgses at the LHC

• 95 GeV would be produced via Z-strahlung at LFC

• Drell-Yan production is suggested at 152 GeV

• New Higgses produced via Drell-Yan are prominent 
scalar extensions to test at LFC 

• 𝑡 ҧ𝑡 run at LFC will provide a clean environment for 
the study of 𝑡 ҧ𝑡 differential distributions

Guglielmo Coloretti LFC2024 SISSA
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• Interesting indications for new Higgses at the LHC

• 95 GeV would be produced via Z-strahlung at LFC

• Drell-Yan production is suggested at 152 GeV

• New Higgses produced via Drell-Yan are prominent 
scalar extensions to test at LFC 

• 𝑡 ҧ𝑡 run at LFC will provide a clean environment for 
the study of 𝑡 ҧ𝑡 differential distributions

THANK YOU FOR THE ATTENTION!
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ATLAS: 𝑯 → 𝜸𝜸 + 𝑿 
• ATLAS search for associated production with full Run2 data
• SM search for 𝑯 → 𝜸𝜸 + 𝑿 (𝒎𝜸𝜸 = 105-160 GeV)

• 22 categories (𝑋 = 𝑙, 𝑗, 𝑗𝑏 , 𝐸𝑇
𝑚𝑖𝑠𝑠 …)

[ATLAS]

DRELL-YAN PRODUCTION OF NEW HIGGSES 6Guglielmo Coloretti

https://arxiv.org/abs/2301.10486


Excesses @ 𝒎𝜸𝜸 = 𝟏𝟓𝟐 GeV
• 𝜸𝜸 + 𝒍𝒃 ≥ 𝟏𝒍 , ≥ 𝟏𝒃−jet

• 𝜸𝜸 + 𝑬𝑻
𝒎𝒊𝒔𝒔 > 𝟏𝟎𝟎 𝐆𝐞𝐕

[ATLAS]
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Excesses @ 𝒎𝜸𝜸 = 𝟏𝟓𝟐 GeV
• 𝜸𝜸 + 𝒍𝒃 ≥ 𝟏𝒍 , ≥ 𝟏𝒃−jet

• 𝜸𝜸 + 𝑬𝑻
𝒎𝒊𝒔𝒔 > 𝟏𝟎𝟎 𝐆𝐞𝐕

• 𝜸𝜸 + 𝟏𝝉

Hints for 𝐩𝐩 → 𝑺𝟏𝟓𝟐𝑺±

[ATLAS]
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NO excesses @ 𝒎𝜸𝜸 = 𝟏𝟓𝟐 GeV

• 𝜸𝜸 + 𝟐𝒍 
• 𝜸𝜸 + 𝒕𝐥𝐞𝐩 = 𝟏𝒍 , = 𝟏𝒃−jet

[ATLAS]

DRELL-YAN PRODUCTION OF NEW HIGGSES 8Guglielmo Coloretti

https://arxiv.org/abs/2301.10486


NO excesses @ 𝒎𝜸𝜸 = 𝟏𝟓𝟐 GeV

• 𝜸𝜸 + 𝟐𝒍 
• 𝜸𝜸 + 𝒕𝐥𝐞𝐩 = 𝟏𝒍 , = 𝟏𝒃−jet

• 𝜸𝜸 + 𝟐𝝉

Disfavored 𝐩𝐩 → 𝑺𝟏𝟓𝟐𝑺′
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[ATLAS]
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Scalar potential
• Vacuum stability and perturbative unitarity in slight 

tension with other phenomenological observables
• Pointing to additional fields at or above the EW scale

[S. Banik, GC, A. Crivellin et al.]

Guglielmo Coloretti LFC2024 SISSA

https://inspirehep.net/literature/2779998


3 and 4 – leptons bounds
[In prepation…]

[ATLAS]

• Multi-lepton searches with 3 and 4 leptons as final states 
are not excluding a real Higgs triplet at low masses

Guglielmo Coloretti LFC2024 SISSA

https://inspirehep.net/literature/1873911


Low mass 𝑾𝑾 searches (139 fb-1)

• ATLAS: SM Higgs 

rescaled by 1.21

• CMS: bkg refitted

[C
M

S]

[ATLA
S]

Guglielmo Coloretti LFC2024 SISSA

https://inspirehep.net/literature/2098239
https://inspirehep.net/literature/2104733


𝑾𝑾 analysis

No dedicated BSM search for 𝒈𝒈 → 𝑯 → 𝑾𝑾 with full 
luminosity and including 90 GeV for the range of 𝑚𝐻

Leptonic decays + jet veto

• Re-casting analyses to search 
for new scalars

• Simulation with 
MadGraph5_aMC@NLO 
(Pythia8, Delphes)

[GC, A. Crivellin et al.]

Guglielmo Coloretti LFC2024 SISSA

https://inspirehep.net/literature/2632801


𝑾𝑾 results
• CMS and ATLAS combined
• Observed limit is weaker than expected over the whole 

mass range (room for NP ≥ 𝟐𝝈)

[GC, A. Crivellin et al.]

Guglielmo Coloretti LFC2024 SISSA

https://inspirehep.net/literature/2632801


𝑾𝑾 simulation efficiency
[GC, A. Crivellin et al.]

Guglielmo Coloretti LFC2024 SISSA

https://inspirehep.net/literature/2632801


Fit: 𝚫𝟎 → 𝜸𝜸

For the fit, all parameters 
subsumed into single relevant 
phenomenological one

𝑓(𝑚Δ0  , 𝛼 , 𝑚Δ± − 𝑚Δ0  , 𝑣Δ ; … )

Br[Δ152
0 → 𝛾𝛾]

(although explicit formulae 
used to compute, for instance, 
bounds on SM ℎ → 𝛾𝛾)

[S. Banik, GC, A. Crivellin et al.]

Guglielmo Coloretti LFC2024 SISSA

https://inspirehep.net/literature/2779998


Guglielmo Coloretti LFC2024 SISSA

Different MCs in 𝒑𝒑 → 𝒕 ҧ𝒕
[ATLAS]

https://inspirehep.net/literature/2648096


Guglielmo Coloretti LFC2024 SISSA 89

The ∆2HDMS: prediction

• Deviations from SM prediction in 𝑚𝑏 ത𝑏𝑒𝜇 

[GC, A. Crivellin, B. Mellado]

https://inspirehep.net/literature/2741845
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