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Scalar sector

• Minimality of the scalar 
sector of the SM not 
guaranteed theoretically

• Scalar extensions common 
to multiple NP models

• Electroweak (EW) scalars must 
play a sub-leading role in EW 
spontaneous symmetry breaking
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Di-photon excesses
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Hints at 95/98 GeV

• LEP: 𝑍 + 𝑏 ത𝑏 (2.3 𝜎)
• ATLAS:  𝛾𝛾 (1.7 𝜎)
• CMS:  𝛾𝛾 (2.9 𝜎)
• CMS: ҧ𝜏𝜏 (2.4 𝜎)

(but not seen by ATLAS)
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[CMS]

[LEP]

[CMS]

[ATLAS]

Guglielmo Coloretti

Inclusive searches
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Hints for New Physics at 152 GeV
No significant excess in 
inclusive 𝜸𝜸 searches

[A
TL

A
S]

[C
M

S]

Associated production mechanism

Interesting excesses in 𝜸𝜸 + 𝑿
(𝑋 represents additional 

particles in the signal regions)
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https://arxiv.org/abs/2301.10486
https://inspirehep.net/literature/1851456


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

• 𝜸𝜸 + 𝑬𝑻
𝒎𝒊𝒔𝒔 > 𝟏𝟎𝟎 𝐆𝐞𝐕

• 𝜸𝜸 + 𝟏𝝉
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Excesses at 𝒎𝜸𝜸 = 𝟏𝟓𝟐 GeV
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Hints for 𝐩𝐩 → 𝑺𝟏𝟓𝟐𝑺±
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Guglielmo Coloretti

Background 
refit !
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NO excesses at 𝒎𝜸𝜸 = 𝟏𝟓𝟐 GeV
[ATLAS]
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• 𝜸𝜸 + 𝟐𝒍 
• 𝜸𝜸 + 𝒕𝐥𝐞𝐩 = 𝟏𝒍 , = 𝟏𝒃−jet

• 𝜸𝜸 + 𝟐𝝉

[M
o

ri
o

n
d

 2
0

2
4

]

https://arxiv.org/abs/2301.10486
https://inspirehep.net/literature/2791857


NO excesses at 𝒎𝜸𝜸 = 𝟏𝟓𝟐 GeV

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

• 𝜸𝜸 + 𝟐𝝉

Disfavored 𝐩𝐩 → 𝑺𝟏𝟓𝟐𝑺′
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[ATLAS]
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Associated production
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(Asymmetric-) associated production
[ATLAS and CMS review]

Guglielmo Coloretti

• Provides a yet unexplored 
window on new physics

• Additional particles required in 
the signal regions (on top of the 
decays of  the NP candidate)

Searches at 
low energy

Searches at 
high energy

Large background

Small cross sections

Suffers from

Swamped by

ASSOCIATED PRODUCTION OF HIGGSES IN 2HDMS 11

https://cds.cern.ch/record/2891236?ln=en


(Asymmetric-) associated production
[ATLAS and CMS review]

Guglielmo Coloretti

• Provides a yet unexplored 
window on new physics

• Additional particles required in 
the signal regions (on top of the 
decays of  the NP candidate)

• Reduced SM background and 
enhanced NP sensitivity

Searches at 
low energy

Searches at 
high energy

Large background

Suffers from

Swamped by

Small cross sections

ASSOCIATED PRODUCTION OF HIGGSES IN 2HDMS 11

https://cds.cern.ch/record/2891236?ln=en


(Asymmetric-) associated production
[ATLAS and CMS review]

Drell-Yan production

Guglielmo Coloretti

• Provides a yet unexplored 
window on new physics

• Additional particles required in 
the signal regions (on top of the 
decays of  the NP candidate)

• Reduced SM background and 
enhanced NP sensitivity

Future lepton colliders!
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(Asymmetric-) associated production
[ATLAS and CMS review]

Drell-Yan production

Guglielmo Coloretti

• Provides a yet unexplored 
window on new physics

• Additional particles required in 
the signal regions (on top of the 
decays of  the NP candidate)

• Reduced SM background and 
enhanced NP sensitivity

Future lepton colliders!

Possible explanation of the 
152 GeV excesses:
real Higgs triplet 

(preferred over SM by ≈ 𝟒𝝈)
[S. Banik, GC, A. Crivellin et al.]
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Real Higgs Triplet
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Real Higgs Triplet
[S. Banik, GC, A. Crivellin et al.]

• Br 𝚫𝟎 → 𝜸𝜸 ≈ 𝟏% preferred over SM by ≈ 𝟒𝝈

• SFOPT induced within our benchmark points

Can we do even better?

[Bandyopadhyay et al.]

Guglielmo Coloretti 2ND PHD COMMITTEE MEETING 14
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A2HDM & CP-violation
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Guglielmo Coloretti

Suppressed GF

Suppressed VBF/VH

Higgs/Flavor bounds
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Associated production of Higgses
Tiny couplings 

to fermions

Tiny VEV

Alignment 



2HDMs and Drell-Yan

Guglielmo Coloretti

Suppressed GF

Suppressed VBF/VH

Higgs/Flavor bounds

𝑌ΦNP
≪ 1

ΦSM ≈ 𝑣, ΦNP ≪ 1

Small mixing

[J. Haller, A. Hoecker et al.]
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2HDMs and Drell-Yan

Guglielmo Coloretti

Drell-Yann is the main 
production mechanism

[J. Haller, A. Hoecker et al.]
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2HDMs and Drell-Yan

Guglielmo Coloretti

Drell-Yann is the main 
production mechanism

• Difficult to obtain sizable di-photon branching ratios 
with 𝑍2 symmetries (type I, type II, etc.)

• Composite Higgs? Relaxing 𝒁𝟐 symmetries?

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

Suppressed VBF/VH

Higgs/Flavor bounds

𝑌ΦNP
≪ 1

ΦSM ≈ 𝑣, ΦNP ≪ 1

Small mixing

https://inspirehep.net/literature/1658767


A2HDM

• Yukawa’s of 𝜙1 ∝  Yukawa′s of 𝜙2  ⟹ NO FCNC
[P. Tuzon, A. Pich]
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A2HDM

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

• No 𝑍2 symmetry imposed ⟹ 𝝀𝟔 and 𝝀𝟕 terms allowed

[S. Banik, GC, A. Crivellin, H. Haber - IN PREPARATION]

Sizable Br[𝑯/𝑨 → 𝜸𝜸] through 𝑯± loop  
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𝜻𝒇 ≪ 𝟏 → suppressed GF

(small mixing)



A2HDM: CP-violation

• CP-violation of the model 
(Baryogenesis?)

[S. Banik, GC, A. Crivellin, H. Haber - IN PREPARATION]

Yukawa sector: 𝜁𝑢, 𝜁𝑑, 𝜁ℓ Scalar potential: 𝜆5, 𝜆6, 𝜆7 
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Guglielmo Coloretti

• ℜ 𝜆6  / ℑ[𝜆6] drives Br[𝐻 / 𝐴 → 𝛾𝛾]
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• CP-violation of the model 
(Baryogenesis?)

[S. Banik, GC, A. Crivellin, H. Haber - IN PREPARATION]

Yukawa sector: 𝜁𝑢, 𝜁𝑑, 𝜁ℓ
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𝒊 𝒅𝒇 ഥ𝒒𝝈𝝁𝝂𝒑𝝁𝜸𝟓𝒒 ⊂

• ℜ 𝜆6  / ℑ[𝜆6] drives Br[𝐻 / 𝐴 → 𝛾𝛾]

• Correlating Br[𝑨 → 𝜸𝜸]
 with EDMs? 
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Scalar potential: 𝜆5, 𝜆6, 𝜆7 



Higgs basis
• Higgs-flavor symmetry:

•  

• Explicit treatment of CP-violation

𝑍7 (𝜆6) independent of mixing angles

[S. Davidson, H. Haber]
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Suppressed VBF / VH (small mixing)

https://inspirehep.net/literature/679963


EDMs
[M. Jung, A. Pich]

• Electron gives stringent bounds (10-30 e cm-1)

• Projection for neutron and proton are also 
considered (10-28/10-29 e cm-1)

• RGE improved chromo-
magnetic contributions

• Analytic results 

Guglielmo Coloretti

[W. Altmannshofer, S. Gori, N. Hamer, H. Patel]
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A2HDM: 𝑨𝟏𝟓𝟐 → 𝜸𝜸

Guglielmo Coloretti

[S. Banik, GC, A. Crivellin, H. Haber - IN PREPARATION]

• 𝜁𝑢 = 𝜁𝑑 = 𝜁ℓ = 𝜁𝑓 ∈ ℝ

•  𝜃12 = 10−3

 𝜃13 = 𝜃23 = 10−2

• 𝑍2 = −𝑍3 = 0.2

• ℜ 𝑍7 = 0.1

• HiggsTools, perturbativity, 
vacuum stability

ASSOCIATED PRODUCTION OF HIGGSES IN 2HDMS 21
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A2HDM: 𝑨𝟏𝟓𝟐 → 𝜸𝜸

Guglielmo Coloretti

[S. Banik, GC, A. Crivellin, H. Haber - IN PREPARATION]

• 𝜁𝑢 = 𝜁𝑑 = 𝜁ℓ = 𝜁𝑓 ∈ ℝ

•  𝜃12 = 10−3

 𝜃13 = 𝜃23 = 10−2

• 𝑍2 = −𝑍3 = 0.2

• ℜ 𝑍7 = 0.1

• HiggsTools, perturbativity, 
vacuum stability

𝜁𝑓 ≪  1, 𝜃𝑖𝑗 ≪ 1  

⟹ DY production 
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A2HDM: 𝑨𝟗𝟓 → 𝜸𝜸, 𝑯𝟗𝟖 → 𝒃ഥ𝒃

Guglielmo Coloretti

[S. Banik, GC, A. Crivellin, H. Haber - IN PREPARATION]

• Gluon fusion contribution:
𝜁𝑑 = 𝜁ℓ = 0, 𝜁𝑢 ∈ ℝ

•  𝜃12 = 0.25 (𝜇𝑏 ത𝑏,98
LEP )

 𝜃13 = 10−2, 𝜃23 = 3 × 10−2

• 𝑍2 = −𝑍3 = 0.2

• ℜ 𝑍7 = 0.1

• HiggsTools, perturbativity, 
vacuum stability
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[A
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A
S]

𝜁𝑢  ≠ 0 ⟹ 
a bit of GF 
in addition

https://inspirehep.net/literature/2635801


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?
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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]
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https://inspirehep.net/literature/2688610


Conclusions and Outlook

Guglielmo Coloretti

• Asymmetric associated production of scalars is 
a prominent signature to look for NP at the LHC

• A2HDM achieves sizable Br[𝐻/𝐴 → 𝛾𝛾] and can 
be correlated to EDMs (Baryogenesis?)

• A2HDM provides explanation of the diphoton 
excesses at 95 GeV and 152 GeV
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Conclusions and Outlook

Guglielmo Coloretti

THANK YOU FOR THE ATTENTION!

• Asymmetric associated production of scalars is 
a prominent signature to look for NP at the LHC

• A2HDM achieves sizable Br[𝐻/𝐴 → 𝛾𝛾] and can 
be correlated to EDMs (Baryogenesis?)

• A2HDM provides explanation of the diphoton 
excesses at 95 GeV and 152 GeV
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BACK UP SLIDES
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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

Gauge interaction with SM 
fields

Suppressed gluon-fusion 
production

Suppressed VBF and VH 
production

Bounds from Higgs data
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Minimal model

Is there a minimal model to 
explain the 152 excesses?
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Real Higgs triplet
[S. Banik, GC, A. Crivellin et al.]

• Fields → neutral ∆0, charged ∆±

• Parameters → Δ = 𝑣∆, 𝛼Δ

Is there a minimal model to 
explain the 152 excesses?
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• Fields → neutral ∆0, charged ∆±

• Parameters → Δ = 𝑣∆, 𝛼Δ

Is there a minimal model to 
explain the 152 excesses?

Vacuum 
expectation value 

of the triplet Δ

Mixing angle between
SM Higgs h –  neutral component of the triplet Δ0
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Real Higgs triplet
[S. Banik, GC, A. Crivellin et al.]

• Fields → neutral ∆0, charged ∆±

• Parameters → Δ = 𝑣∆, 𝛼Δ

Is there a minimal model to 
explain the 152 excesses?

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

• Flavour effects ∝
𝑣Δ

𝑣𝑆𝑀
≪ 1

Vacuum 
expectation value 

of the triplet Δ

Mixing angle between
SM Higgs h –  neutral component of the triplet Δ0
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Real Higgs triplet
≈152 GeV mostly 

produced in
 association (AP)

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

• Fields → neutral ∆0, charged ∆±

• Parameters → Δ = 𝑣∆, 𝛼Δ

Produced in AP 
via Drell-Yan (DY)
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Real Higgs triplet
≈152 GeV mostly 

produced in
 association (AP)

Produced in AP 
via Drell-Yan (DY)

No room for NP
at ≈152 GeV

in 𝑍𝑍 but in 𝑊𝑊 

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

• Fields → neutral ∆0, charged ∆±

• Parameters → Δ = 𝑣∆, 𝛼Δ

Multi- lepton anomalies

∆0𝑊𝑊 but no ∆0𝑍𝑍 
(tree level, 𝛼Δ = 0)
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Real Higgs triplet
≈152 GeV mostly 

produced in
 association (AP)

Produced in AP 
via Drell-Yan (DY)

𝑊 mass 
(1.4/3.5𝜎 over SM 

w/o CDFII)

No room for NP
at ≈152 GeV

in 𝑍𝑍 but in 𝑊𝑊 

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

• Fields → neutral ∆0, charged ∆±

• Parameters → Δ = 𝑣∆, 𝛼Δ

Multi- lepton anomalies

∆0𝑊𝑊 but no ∆0𝑍𝑍 
(tree level, 𝛼Δ = 0)

𝑣∆ ≈ 2.3/3.4 GeV
(𝑚∆0 ≈ 𝑚∆±)

[T
. B

la
n

k,
 W

. H
o

lli
k]
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The 𝚫SM model
• Production cross section 

and Br(Δ±) fixed

• Free parameters: 
𝒎𝚫𝟎, 𝚫±  ,  Br(𝚫𝟎 → 𝜸𝜸) 

[S. Banik, GC, A. Crivellin et al.]
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Fit: 𝚫𝟎 → 𝜸𝜸

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

𝑓(𝑚Δ0  , 𝛼 , 𝑚Δ± − 𝑚Δ0  , 𝑣Δ ; … )

Br[Δ0 → 𝛾𝛾]

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

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

• Br 𝚫𝟎 → 𝜸𝜸 ≈ 𝟏% preferred over SM by ≈ 𝟒𝝈

• SFOPT induced within our benchmark points [Bandyopadhyay et al.]
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Results: ∆𝟎 → 𝜸𝜸 + 𝑿
[S. Banik, GC, A. Crivellin et al.]

• Br 𝚫𝟎 → 𝜸𝜸 ≈ 𝟏% preferred over SM by ≈ 𝟒𝝈

• SFOPT induced within our benchmark points

Can we do even better?

[Bandyopadhyay et al.]
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Simplified model analysis
[S. Banik and  A. Crivellin]
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Simplified model analysis

𝑾±𝒁 leads to too many leptons

[S. Banik and  A. Crivellin]
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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.]
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Real Triplet: individual SRs
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Real Triplet: individual SRs
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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
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𝑾𝑾 analysis

CMS ATLAS

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

• CMS and ATLAS analyses available for SM Higgs (135 𝐟𝐛−𝟏)

Leptonic decays → jet veto

• Re-casting analyses to search for new 
scalars

• Simulation with 
MadGraph5_aMC@NLO 
(Pythia8, Delphes)

[GC, A. Crivellin et al.]
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𝑾𝑾 results

• Observed limit is weaker than expected over the whole 
mass range (room for BSM ≥ 𝟐𝝈)

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

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

[S. Banik and  A. Crivellin]
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FCC-ee prospects
Courtesy of Rebeca Gonzalez Suarez

• Scalars produced in associated production via DY are a 
prominent candidate for FCC-ee
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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 
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6ℓ + 2𝜈 at the FCC-ee
• The decay ∆± → 𝑊±𝑍 leads to a 6ℓ(+ MET) signature

• Log-Likely-hood ratio yields 𝜒2 ≈ 80

• 𝜎(𝑒+𝑒− → ∆± ∆∓) could be measured at ≈ 9𝜎

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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