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Introduction
• The SM Higgs boson opens a new window

for new physics beyond the SM
• Possible connections between Higgs and 

major open questions of particle physics 
and cosmology
– The hierarchy problem
– Matter and antimatter asymmetry
– Dark matter
– …

27/4/23 Lailin Xu

Salam, G.P., Wang, LT. & 
Zanderighi, G.
Nature 607, 41–47 (2022)

https://doi.org/10.1038/s41586-022-04899-4


Outline
• Recent searches for new physics in the Higgs sector with full LHC Run2

data
– Search for additional Higgs bosons (𝑚! ≠ 125 GeV)
– Search invisible Higgs decays
– Search for HH production
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Search for additional Higgs bosons
(𝑚! ≠ 125 GeV)
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Additional Higgs boson
• Why there should be only one (ℎ!"#)?
• Many extensions of the SM predict additional Higgs bosons

– Electroweak singlets
– Two-Higgs-Doublet-Models (2HDM)
– Minimal Supersysmmetric Standard Model (MSSM) 
– Georgi-Machacek model (GM)
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H (CP-even), A(CP-odd), 𝐻±,

Generic searches:
• New scalars
• New pseudo-scalars

• Eg. Axions

Benchmark model searches:
• 2HDM
• GM

Quintet(𝐻"##, 𝐻"#, 𝐻"$, 𝐻"%, 𝐻"%%), triplet(𝐻&#, 𝐻'$, 𝐻&%), H

H



Additional Higgs boson
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Searches Ref. Searches Ref.
Boosted 𝒂 → 𝜸𝜸

(10 GeV < 𝑚! < 70 GeV)
arXiv:2211.04172 𝒕 → 𝑯±𝒃,𝑯± → 𝒄𝒃 arXiv:2302.11739

Low-mass resonance 𝑿 → 𝜸𝜸
(66 < 𝑚! < 110 GeV)

ATLAS-CONF-2023-035 𝑯±± → 𝒍±𝒍± arXiv:2211.07505

𝒕𝒕𝒂, 𝒂 → 𝝁𝝁 arXiv:2304.14247 𝒕𝒕𝑯/𝑨 → 𝒕𝒕𝒕𝒕 arXiv:2211.01136
𝑿 → 𝒁𝜸 ATLAS-CONF-2023-030 𝑨 → 𝒁𝑯 → 𝒍𝒍𝒕𝒕 + 𝒗𝒗𝒃𝒃 ATLAS-CONF-2023-034

𝑿 → 𝑾𝑾 ATLAS-CONF-2022-066 FCNC 𝒕 → 𝒒𝑿, 𝑿 → 𝒃𝒃 arXiv:2301.03902

Not able to cover all of them or in very detail

https://arxiv.org/abs/2211.04172
https://arxiv.org/abs/2302.11739
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-035/
https://arxiv.org/abs/2211.07505
https://arxiv.org/abs/2304.14247
https://arxiv.org/abs/2211.01136
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-030/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-034/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-066/
https://arxiv.org/abs/2301.03902


Boosted 𝑎 → 𝛾𝛾
• Search for narrow resonances (X) in 10 GeV < 𝑚= < 70 GeV

– 𝑝(
)) > 50GeV à motivated by the boosted signal and to reduce background

• Background shape parameterized with analytical functions
– Background modelling uncertainties reduced with Gaussian Processes 
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arXiv:2211.04172

Largest deviation observed at 19.4 GeV with 
3.1𝜎 of local significance (Global 1.5𝜎)

https://arxiv.org/abs/2211.04172


Boosted 𝑎 → 𝛾𝛾
• Results
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arXiv:2211.04172

Limits interpreted into the KSVZ-ALP parameter space

Most stringent exclusion limits
Covers a longstanding gap in diphoton resonance 
searches

Model-independent limits (fiducial cross-sections)

https://arxiv.org/abs/2211.04172


Low-mass resonance 𝑋 → 𝛾𝛾
• Search for light scalar 𝑋 → 𝛾𝛾 with 66 < 𝑚= < 110 GeV

– CMS sees a 2.9σ excess at 95 GeV
• Model-independent search with 3 categories:

– CC: two converted photons
– UU: no conversion
– UC: one converted photon

• Model-dependent search (to be compared with CMS):
– Additional BDT used to separate the signal from background

97/4/23 Lailin Xu

ATLAS-CONF-2023-035

CMS PAS HIG-20-002

Un-converted
photon

Converted
photon

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-035/
https://cds.cern.ch/record/2852907


Low-mass resonance 𝑋 → 𝛾𝛾
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ATLAS-CONF-2023-035

Model-independent Model-dependent

The 95 GeV excess
is not confirmed

Model-dependent

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-035/


𝑡𝑡𝑎, 𝑎 → 𝜇𝜇
• Search for a light pseudoscalar produced with a top-quark pair, 15 < 𝑚? < 72GeV
• Two signal processes:

– 𝒕𝒕𝒂, 𝑎 → 𝜇𝜇
– 𝒕 → 𝑯#𝒃,𝑯# → 𝑾#𝒂, 𝑎 → 𝜇𝜇: 120 < 𝑚*± < 160GeV

• Semileptonic 𝑡𝑡 decays with 𝑒𝜇𝜇 and 𝜇𝜇𝜇
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arXiv:2304.14247

Use dimuon mass 𝑚++ to search
for signals

𝑒𝜇𝜇 𝜇𝜇𝜇

https://arxiv.org/abs/2304.14247


𝑡𝑡𝑎, 𝑎 → 𝜇𝜇
• Results

127/4/23 Lailin Xu

arXiv:2304.14247

𝑡 → 𝐻#𝑏, 𝐻# → 𝑊#𝑎𝑡𝑡𝑎

First limit on 𝑡𝑡𝑎
Lagest excess: 27 GeV with a
local significance of 2.4s

Upper limits on 𝜎×𝐵𝑟

Limits presented for
𝑚#± = 120, 140, 160GeV
respectively

𝑚#± = 120GeV

Compared with a theory prediction

https://arxiv.org/abs/2304.14247


Heavy resonances, 𝑋 → 𝑍𝛾
• Search for heavy narrow resonances in 𝑋 → 𝑍𝛾, 𝑍 → 𝑒𝑒/𝜇𝜇, 220 GeV < 𝑚= < 3.4 TeV

– Spin-0: ggF
– Spin-2: ggF and qqàX
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ATLAS-CONF-2023-030

Background shape
parameterized using
analytical functions

A dedicated electron 
identification is developed for
boosted 𝑍 → 𝑒𝑒

Upper limits on 𝜎×𝐵𝑟 (Spin-0)

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-030/


𝑡𝑡𝐻/𝐴 → 𝑡𝑡𝑡𝑡
• Search for a new heavy scalar/pseudo-scalar (𝐻/𝐴 → 𝑡𝑡) produced in association with 𝑡𝑡

– Signal model: type-II 2HDM, 400 < 𝑚*,- < 1000GeV

• SR: 2l same-sign (𝑙±𝑙±) or 3l with ≥ 6 jets and ≥ 2 b-jets
• Mass-parametrized BDT to separate BSM from the SM
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arXiv:2211.01136

Upper limits on 𝜎×𝐵𝑟 tan𝛽 𝑣𝑠 𝑚-

https://arxiv.org/abs/2211.01136


𝐴 → 𝑍𝐻 → 𝑙𝑙𝑡𝑡 + 𝑣𝑣𝑏𝑏
• In 2HDM, 𝑚G > 𝑚! is favored by electroweak baryogenesis and strong first-order

phase transition
– 𝐴 → 𝑍𝐻 decay dominates

• 𝑙𝑙𝑡𝑡 channel: sensitive to 𝑚! > 350GeV
– 3 lep, ≥ 4-jets, 2 b-jets
– Main bkg: 𝑡𝑡𝑍

• 𝑣𝑣𝑏𝑏 channel: sensitive to 𝑚! < 350GeV
– 𝐸(./00 > 150 GeV, ≥ 2 b-jets
– Main bkg: 𝑡𝑡 and Z+heavy flavor
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ATLAS-CONF-2023-034

These channels have not been 
previously explored at the LHC

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-034/


𝐴 → 𝑍𝐻 → 𝑙𝑙𝑡𝑡 + 𝑣𝑣𝑏𝑏
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ATLAS-CONF-2023-034

𝑔𝑔 → 𝐴 → 𝑍𝐻 → 𝑙𝑙𝑡𝑡 𝑔𝑔 → 𝐴 → 𝑍𝐻 → 𝑣𝑣𝑏𝑏

Exclusion limits in the 𝑚- −𝑚* plane
in both type-I and type-II 2HDM (only type-I shown here)

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-034/


𝑡 → 𝐻±𝑏, 𝐻± → 𝑐𝑏
• Search for a charged Higgs boson produced in top-quark decays, 60 < 𝑚*± < 160GeV
• Mass parametrized Neural Network discriminant
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arXiv:2302.11739

Upper limits on 𝐵(𝑡 → 𝐻±𝑏) ×𝐵(𝐻± → 𝑐𝑏)

Compared with predictions from the 3HDM

Largest excess: 3𝜎@𝑚#± = 𝟏𝟑𝟎
GeV (Global significance: 2.5𝜎)

A factor 5 improvement
compared to previous CMS 
search (JHEP11(2018)115) and
with extended mass range

https://arxiv.org/abs/2302.11739
https://doi.org/10.1007/JHEP11%282018%29115


𝐻±±, 𝐻±± → 𝑙±𝑙±
• Search for pair production of doubly charged Higgs bosons 𝐻±±, 300 < 𝑚*±± < 1300GeV

– 𝐻±± → 𝑙±𝑙±, 𝑙 = 𝑒, 𝜇, 𝜏 with electrons and muons in the final state
– Assuming the same Br of 𝐻±± → 𝑒𝑒, 𝑒𝜇, 𝜇𝜇, 𝑒𝜏, 𝜇𝜏, 𝜏𝜏 final states 
– Benchmark signal model: left-right symmetric type-II seesaw and Zee–Babu 

• Signal regions: 𝑙±𝑙±, 𝑙±𝑙±𝑙∓, 𝑙M𝑙M𝑙N𝑙N
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arXiv:2211.07505

𝑚#±± < 1080 900 GeV
excluded for the LRSM
(Zee-Babu) model

Provides a first direct test 
of the Zee–Babu model 
(𝑘$$𝑘%%) at the LHC

https://arxiv.org/abs/2211.07505


Search invisible Higgs decays
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Invisible Higgs decay
• In the SM, Br(Hàinv) = 0.1% (𝐻à𝑍𝑍∗à4𝑣)
• Higgs portal is a benchmark Dark Matter model

207/4/23 Lailin Xu



Combination of invisible Higgs searches
• Channels entering the conbintion:

– ggF: 𝑗𝑒𝑡 + 𝐸(./00 PRD 103 (2021) 112006

– VBF: VBF + 𝐸(./00 JHEP 08 (2022) 104

– ZH: Z(àll) + 𝐸(./00 PLB 829 (2022) 137066

– ttH: tt + 𝐸RSTUUEPJC 83 (2023) 503
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Phys. Lett. B 842 (2023) 137963

Observed (expected) 95% CL limit:
Br(Hàinv) < 10.7 (7.7)%

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.103.112006
https://link.springer.com/article/10.1007/JHEP08(2022)104
https://www.sciencedirect.com/science/article/pii/S0370269322002003
https://link.springer.com/article/10.1140/epjc/s10052-023-11477-z
https://www.sciencedirect.com/science/article/pii/S0370269323002976?via=ihub


Higgs portal Dark Matter

227/4/23 Lailin Xu

Complementary sensitivity
between direct-detection
experiments and collider
searches



Search for HH production
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DiHiggs production
• Non-resonant hh：

– Direct probe of the trilinear Higgs self-coupling 𝜅1
– Main production processes: ggF and VBF

247/4/23 Lailin Xu

• Resonant hh production: BSM
– 𝑋 → ℎℎ

~2000 times smaller than that
for the single Higgs production



hh combination
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Phys.Lett.B 843 (2023) 137745

https://doi.org/10.1016/j.physletb.2023.137745


h + hh combination
• Single-Higgs processes are indirectly sensitive to 𝜅V via NLO EW corrections:

267/4/23 Lailin Xu

Universal correction 𝑶(𝜅&'): Higgs loops

Linear correction 𝑶(𝜅&): both process and kinematics dependent

• Simplified template cross-section (STXS) results are parametrized as a function of
(𝜅V, 𝜅S) 𝜅(: the other couplings modifier (𝜅) , 𝜅* , 𝜅+ , 𝜅,)

Phys.Lett.B 843 (2023) 137745

production decay

https://doi.org/10.1016/j.physletb.2023.137745


h + hh combination
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Phys.Lett.B 843 (2023) 137745

Great advantage
of combinationProvides the most stringent constraints on 

Higgs boson self-interactions to date

https://doi.org/10.1016/j.physletb.2023.137745


Summary
• Diverse program in the Higgs sector to probe BSM physics

– Direct searches for Higgs-like new scalar or pseudo-scalars
• Produced in pp collisions or exotic Higgs decays

– Charged or doubly charged scalars
– Invisible Higgs decays
– DiHiggs production: resonance and non-resonance
– …
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• Covers many event topologies and BSM models
• No significant deviation from the SM yet, but Run3 

data taking is on-going … and the HL-LHC …



Backup
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Heavy resonances, 𝑋 → 𝑊𝑊
• Search for heavy narrow resonances in 𝑋 → 𝑊𝑊 → 𝑒𝑣𝜇𝑣
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ATLAS-CONF-2022-066

Results are interpreted in 5 signal models

bulk Randall-Sundrum radion spin-1 heavy vector triplet (HVT)

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-066/


FCNC 𝑡 → 𝑞𝑋, 𝑋 → 𝑏𝑏
• lepton+jets 𝑡𝑡 → (𝑞𝑋)(𝑏ℓ𝜈) with scalar 𝑋 → 𝑏𝑏 and 𝑞 = 𝑢/𝑐

– Light scalar 𝑚2 < 𝑚3 (uncovered search at the LHC)
• A mass-parameterized neural network to separate S/B
• Main bkg normalization from control regions
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arXiv:2301.03902

𝑡 → 𝑢𝑋 𝑡 → 𝑐𝑋

Exclusion limits on Br(𝑡 → 𝑞𝑋) for 20 < 𝑚! < 160GeV

A factor of 3 improvement in sensitivity for 𝑚! = 125GeV (𝑡 → 𝑞𝐻)

https://arxiv.org/abs/2301.03902


Axions
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L. Di Luzio

https://indico.cern.ch/event/653347/contributions/2695611/attachments/1529646/2393652/Di_Luzio_Heidelberg.pdf


2HDM
• Two complex scalar SU(2) doublets

337/4/23 Lailin Xu

Yukawa couplings of u, d, l to the neutral Higgs bosons h, H, A in the 
four different models

P. M. Ferreira et al. arXiv:1106.0034

https://arxiv.org/abs/1106.0034


2HDM+a
• A simplified Dark Matter model for spin-0 mediators based on 2HDM

– Gauge invariant and renormalisable
– Pseudoscalar mediators: advantage of avoiding constraints from DM direct detection experiments
– Recommended by the LHC DM WG (arXiv:1810.09420)

• Model parameters
– 14 in total, 

• 2HDM parameters: 𝑚! , 𝑚" , 𝑚"± , 𝑚#, 𝜆$, 𝑉𝐸𝑉, tan𝛽, cos(𝛽 − 𝛼)
• Additional parameters on the pseudoscalar:

– 𝑚-: mass of the pseudoscalar
– Quartic couplings with a: λP1, λP2
– θ: mixing between a and A

• Additional parameters on DM: 𝑚%, 𝑦% (the coupling between a and the DM)
– reduced to 5 with some assumptions

• 𝑚&, 𝑚#, 𝑚%, tan𝛽, sin𝜃

347/4/23 Lailin Xu

U. Haisch et al JHEP05(2017)138

https://arxiv.org/abs/1701.07427


3HDM
• X, Y , and Z are coupling functions of four parameters of a unitary matrix U
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The values of d, u, and l in these matrix elements depend 
on which of the five distinct 3HDMs is under consideration

A.G. Akeroyd, Stefano Moretti, Muyuan Song,
arXiv:1810.05403

https://arxiv.org/abs/1810.05403


Summary plots: generic (narrow width) neutral scalars
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ATL-PHYS-PUB-2023-007

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2023-007/


Summary plots: diboson resonances
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ATL-PHYS-PUB-2023-007

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2023-007/


Summary plots: hMSSM and 2HDM
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ATL-PHYS-PUB-2022-043

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-043/


Summary plots: Georgi-Machacek
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H5 plane benchmark of the Georgi-Machacek model ATL-PHYS-PUB-2022-008

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-008/


Summary plots: 𝑋 → ℎℎ
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ATL-PHYS-PUB-2021-031

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2021-031/


Boosted 𝑎 → 𝛾𝛾
• Shape parameterized with analytical functions

– Background modelling uncertainties reduced with Gaussian Processes 

417/4/23 Lailin Xu

arXiv:2211.04172

https://arxiv.org/abs/2211.04172


Boosted 𝑎 → 𝛾𝛾

427/4/23 Lailin Xu

arXiv:2211.04172

Spurious signal systematic

https://arxiv.org/abs/2211.04172


Low-mass resonance 𝑋 → 𝛾𝛾
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CMS PAS HIG-20-002A diphoton BDT is used to discriminate between diphoton events 
from Higgs boson decays and those from the diphoton continuum

https://cds.cern.ch/record/2852907


Low-mass resonance 𝑋 → 𝛾𝛾
• Background-only fits to data

– Background modelled with analytical functions
– Modelling systematics reduced after smoothing with a Gaussian Process regression

447/4/23 Lailin Xu

ATLAS-CONF-2023-035

Model-independent
UU CC

The DY background is modeled using a 
DSCB function 

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-035/


Heavy resonances, 𝑋 → 𝑊𝑊
• Results are interpreted in 5 signal models

– a Higgs-like narrow width scalar
– a Higgs boson in the Georgi–Machacek model
– a radion particle arising in the bulk Randall-Sundrum model
– a spin-1 heavy vector triplet 
– a spin-2 graviton

457/4/23 Lailin Xu

ATLAS-CONF-2022-066

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-066/


𝑡𝑡𝑎, 𝑎 → 𝜇𝜇
• 2HDM+a Results

467/4/23 Lailin Xu

arXiv:2304.14247

Expected and observed lower limits on tan𝛽

https://arxiv.org/abs/2304.14247


𝑡 → 𝐻±𝑏, 𝐻± → 𝑐𝑏

477/4/23 Lailin Xu

arXiv:2302.11739

Post-fit signal for mH± = 130 GeV 
inormalised to the best-fit 
branching fraction of 0.16%

https://arxiv.org/abs/2302.11739


𝐻±±, 𝐻±± → 𝑙±𝑙±

• Results

487/4/23 Lailin Xu

arXiv:2211.07505

Assuming the same branching ratio of 𝐻±± → 𝑒𝑒, 𝑒𝜇, 𝜇𝜇, 𝑒𝜏, 𝜇𝜏, 𝜏𝜏 final states 

Sensitivity driven by the 4l channel

https://arxiv.org/abs/2211.07505


𝐴 → 𝑍𝐻 → 𝑙𝑙𝑡𝑡 + 𝑣𝑣𝑏𝑏

497/4/23 Lailin Xu

ATLAS-CONF-2023-034

Δ𝑚 = 𝑚-
4567 −𝑚*

4567 ≅ 𝑚- −𝑚*

𝑔𝑔 → 𝐴 → 𝑍𝐻 → 𝑙𝑙𝑡𝑡

𝑔𝑔 → 𝐴 → 𝑍𝐻 → 𝑣𝑣𝑏𝑏

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-034/


𝑋 → ℎℎ, ℎℎ → 𝑏𝑏𝜏𝜏
• 𝜏^_`𝜏^_` and 𝜏abc𝜏^_` di-tau final states + 2-b jets
• pDNN to separate S/B

507/4/23 Lailin Xu

arXiv:2209.10910

https://arxiv.org/abs/2209.10910


𝑋 → ℎℎ, ℎℎ → 𝑏𝑏𝜏𝜏

517/4/23 Lailin Xu

arXiv:2209.10910

https://arxiv.org/abs/2209.10910

