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Landscape of Higgs Searches

• Soon to be 10 years since Higgs discovery
• Precise Higgs mass measurement ~ order of per-mille

• ~ 90 % of Higgs branching is observed
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• Datasets with millions of Higgs bosons 
recorded by ATLAS & CMS enabling 
further exploration
• Rare decays 

• H → μμ, H → ee, H → Zγ, H → cc

• Exotic decays
• H → invisible, H → aa

• Extended H sector
• MSSM, Charged Higgs
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Outline

Rare Decays

VH → cc ATLAS-HIGG-2021-12, CMS-HIG-21-008 Jan/Mar 2022

ggH → cc CMS-HIG-21-012 New

H → Zγ ATLAS-HIGG-2018-42, CMS-HIG-19-014 2020/2021

H → μμ ATLAS-HIGG-2019-14, CMS-HIG-19-006 2020

H → ee ATLAS-HIGG-2018-58, CMS-HIG-21-015 Moriond 2022 (CMS)
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BSM: Exotic Decays

VBF H → invisible ATLAS-EXOT-2020-11, CMS-HIG-20-003 Jan/Feb 2022

ZH → invisible ATLAS-HIGG-2018-26, CMS-EXO-19-003 Nov 2021, 2020

Low Mass H → aa → 4γ CMS-HIG-21-016 Moriond 2022

Low Mass H → 2γ ATLAS-CONF-2022-018 Moriond 2022

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2021-12/
http://cms-results.web.cern.ch/cms-results/public-results/superseded/HIG-21-008/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-42/
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-014/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2019-14/
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-006/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-58/
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-21-015/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2020-11/
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-20-003/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-26/
http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-19-003/index.html
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-21-016/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-018/


Outline
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BSM: Extended Higgs Sector

tqX → bb ATLAS-CONF-2022-027 New

W±H →W±WW ATLAS-CONF-2022-033 New

ttH/A → tttt ATLAS-CONF-2022-008 Moriond 2022

MSSM/VLQ φ → ττ CMS-HIG-21-001 Moriond 2022

High Mass H→WW CMS-HIG-20-016 Moriond 2022

H±→HW±, H→ττ CMS-HIG-21-010 Moriond 2022

H±± → l±l± ATLAS-CONF-2022-010 Moriond 2022

H+ → WZ →lnll ATLAS-CONF-2022-005 Moriond 2022

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-027/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-033/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-008/
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-21-001/index.html
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-20-016/index.html
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-21-010/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-010/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-005/


H → cc

• Yukawa couplings to 2nd generation of fermions 
• Key test of SM.

• Difficult
• 20x smaller BR than H → bb

• Charm quark signature in detector less prominent
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LHC Seminar: Constraining the Higgs-charm coupling at CMS 

H. Qu & L. Mastrolorenzo



VH → cc (ATLAS)

• Analysis strategy
• 0, 1, 2 lepton categories

• Further split by number of c-jets

• Limit set at 26 (31) x SM @95% C.L.

• Evidence for VW → cq 
• 3.8σ (4.6σ)

• VZ → cc 
• 2.6σ (2.2σ)
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2021-12/


VH → cc (CMS)

• Combined boosted and resolved approach
• 2 AK4 jet system for VpT < 300 GeV

• AK15 jet for VpT > 300 GeV
• ParticleNet identification (Talk by Congqiao)
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• Limit set at 14 (7.6) x SM @95% C.L.
• Constraint on the level previously 

expected for HL-LHC

• Observation of VZ → cc
• 5.7σ (5.9σ) 

• First time at LHC

https://indico.cern.ch/event/1109611/timetable/?view=standard#725-boosted-algorithms-for-sea
http://cms-results.web.cern.ch/cms-results/public-results/superseded/HIG-21-008/index.html


VH → cc, Constraining κc

• ATLAS 
• First direct limit on |κc|< 8.5 (12.4 expected)

• Simultaneous constraint |κc / κb|< 4.5

• CMS
• 1.1 < κc < 5.5 (3.4 expected)
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2021-12/
http://cms-results.web.cern.ch/cms-results/public-results/superseded/HIG-21-008/index.html


VH → cc, Extrapolation to HL-LHC

• Targeting simultaneous constraints for κc and κb
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Talk by Tristan

ATLAS-HIGG-2021-12 CMS-HIG-21-008

https://indico.cern.ch/event/1109611/timetable/?view=standard#761-higgs-charm-coupling-const
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2021-12/
http://cms-results.web.cern.ch/cms-results/public-results/superseded/HIG-21-008/index.html


ggH → cc
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• Higgs candidate as AK8 jet, pT > 450 GeV

• Signal identification with DeepDoubleX
• CNN/RNN/FC, low-level inputs

• Mass-independent via dedicated training samples

• Validate with Z → cc measurement

NEW



ggH → cc
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• Observation of Z → cc
• First at LHC in Z+jets

• Significance >> 5σ

• Inclusive in H production mode 
• ~ 50% ggF, ~30% VBF

• Limit set at 45 (38) x SM @95% C.L.
• Entirely orthogonal to VH → cc

• Not yet sensitive to κc

NEW



H → Zγ

• ATLAS
• 3.6 (2.6) x SM @95% C.L.

• CMS
• 4.1 (1.8) x SM @95% C.L.

• Statistically limited
• Run3 expected to be interesting
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Talk by Milos

https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-014/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-42/
https://indico.cern.ch/event/1109611/timetable/?view=standard#756-higgs-rare-decays-at-atlas


H → μμ

• ATLAS
• μ=1.2 ± 0.6 @ 2.0𝜎 (1.7𝜎)
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• CMS
• μ=1.2 ± 0.4 @ 3.0𝜎 (2.5𝜎)

13ATLAS-HIGG-2019-14 CMS-HIG-19-006

Talk by Milos

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2019-14/
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-006/index.html
https://indico.cern.ch/event/1109611/timetable/?view=standard#756-higgs-rare-decays-at-atlas


H → ee

• Probing first generation
• BR 40 000 x smaller than H → μμ

• Should not be visible at the LHC

• No deviation from SM observed

• ATLAS
• BR  < 3.6 (3.5) * 10-4 @95% C.L.

• CMS
• BR  < 3.0 (3.0) * 10-4 @95% C.L.
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-21-015/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-58/


BSM: Exotic Decays
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H → invisible

• SM prediction for H→ZZ*→ 4ν ~ 0.1%
• Enhanced in various BSM models

• Challenging experimental signature
• Missing ET

• VBF most sensitive 
• Offers balance of production rate & background rejection

• All production channels explored by ATLAS + CMS
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Talk by Laurent

https://indico.cern.ch/event/1109611/timetable/?view=standard#634-searches-for-higgs-boson-d


VBF H → invisible

• CMS
• 𝐵𝑅𝑖𝑛𝑣 < 0.18 (0.10) @95% CL

• VBF + 𝐸𝑇
𝑚𝑖𝑠𝑠

• ATLAS
• 𝐵𝑅𝑖𝑛𝑣 < 0.15 (0.10) @95% CL

• VBF + 𝐸𝑇
𝑚𝑖𝑠𝑠 and ttH + 𝐸𝑇

𝑚𝑖𝑠𝑠

• Various improvements
• signal selection/binning

• Multijet/V+jets background estimation
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ATLAS-CONF-2020-052

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2020-11/
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-20-003/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-052/


VBF H → invisible

• Limits set on Dark Matter, Higgs Portal models

• Outperforms other experiments at low mDM
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ZH → invisible

• Z → ll final states
• Fit BDT (ATLAS) or 𝑝𝑇

𝑚𝑖𝑠𝑠 (CMS)

• 𝐵𝑅𝑖𝑛𝑣 < 0.19 (0.19 exp.) @95% CL (ATLAS)

• 𝐵𝑅𝑖𝑛𝑣 < 0.29 (0.25 exp.) @95% CL (CMS)

• Recast as limits for various DM models
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-26/
http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-19-003/index.html


H → aa → 4γ (Low Mass)

• Extremely low mass 0.1 to 1.2 GeV

• γγ deposits merged in calorimeter
• Novel end-to-end DL algorithm to identify a candidates
• Bypass PF, evaluate detector data

• No excess over SM found,  𝐵𝑅 < 10-3 @95% C.L.

19th May 2022 Andrzej Novak LHCP 2022 20CMS-HIG-21-016

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-21-016/index.html


Low Mass H → γγ

• Very precise
• Mass range from 10 to 70 GeV

• Previously only down to 65 GeV 

• No significant deviations from SM 

• Interpretation as a limit for axion-like-particle
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-018/


BSM: Extended Sector

19th May 2022 Andrzej Novak LHCP 2022 22

Talk by Giuseppe

https://indico.cern.ch/event/1109611/timetable/?view=standard#633-exotic-higgs-decays-incl-n


tqX → bb

• Search for FCNC top decays into an up-type 
quark and light scalar (SM suppressed)

• 4 jets + lepton final state
• Categorized by jet multiplicity, number of b-jets 

• NN trained for signal extraction

• No excess above expected SM background

19th May 2022 Andrzej Novak LHCP 2022 23ATLAS-CONF-2022-027

t → cXt → uX

SR x 3 (4j3b, 5j3b, 6j3b) + 3 x CR

Talk by Kenneth NEW

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-027/
https://indico.cern.ch/event/1109611/timetable/?view=standard#653-ttxtx-x-anything-but-h-pro


W±H → W±WW

• Heavy Higgs, decaying to W pair

• 2 SS leptons, 2 jets, 𝐸𝑇
𝑚𝑖𝑠𝑠

• Very low SM background

• Higher order enhancements to production rate
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NEW

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-033/


ttH/A → tttt

• Heavy (pseudo) scalar Higgs production
• Two-Higgs doublet model (2HDM) II 

• 3 or 2 SS leptons, ≥ 6 jets, ≥ 2 b-jets
• BDT for signal extraction (mass parametrized)

• ttH/A → tttt – 14 (10) fb @95% C.L. (4x improvement)

• Heavy Higgs – 6 (5) fb @95% C.L.
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4 x improvement 
over past result 

(BDT)

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-008/


MSSM/VLQ φ → ττ

• ττ final state is a key search channel 
• Strong coupling due to high mass

• Good background rejection from τ id.

• Three searches for a ττ resonance
• Model independent ggφ/φbb
• “low mass”: 60 GeV < mφ < 250 GeV

• “high mass”: 250 GeV < mφ < 3.5 TeV

• t-channel vector leptoquark

• MSSM
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VLQ
MSSM

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-21-001/index.html


MSSM/VLQ φ → ττ

• Combination across channels
• eμ, μτh, eτh, and τhτh

• Two local excesses observed
• ggφ production mode
• Consistent across final states and years
• 100 GeV @ 3.1σ (local)
• 1.2 TeV @ 2.8σ (local)

• Interpretations
• VLQ (lepton flavour anomalies in B decays)
• Limit within preferred range

• MSSM (model dependent)
• Exclusion limits for 2 scenarios
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-21-001/index.html


High Mass H → WW

• Search for resonances decaying to WW
• Range 115 GeV to 5 TeV

• Targeting VBF and ggH production modes with leptonic final states

• Use DNN to define enriched regions and regression for mass resolution
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ggH VBF sideband

CMS-HIG-20-016

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-20-016/index.html


High Mass H → WW

• Three interpretations
• Model independent

• MSSM (six scenarios)

• Two Higgs Doublet Model (THDM)

• Excess ~650 GeV
• Local (global) significance 3.8 (2.6)σ

• VBF only

• Statistically limited
• Order of magnitude improvement 

projected for HL-LHC 
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-20-016/index.html


H+ → WZ → lνll

• WZ resonance search in VBF production mode
• Fully leptonic final state 

• Local excess - 375 GeV @ 2.8σ
• Statistically limited

• Two interpretations
• H+ in Georgi-Machacek Model 

• Heavy Vector Triplet 
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-005/


H± → HW±, H → ττ

• Heavy charged H → heavy neural H

• Covers 43% of expected BR
• Fit MVA for eτh, μτh

• Fit transverse mass of H cand for eτhτh, μτhτh

• No deviation from SM found
• Limit set on 𝐵𝑅 × 𝜎 from 13 to 80 fb, depending on H mass
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-21-010/index.html


H±± → l±l±

• Search for Doubly Charged Higgs H±±

• Same charge leptonic decays (ee/μμ)

• No significant excess found
• Statistically limited

• Excluding H±± masses < 1080 GeV
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-010/


Relevant LHCP Talks and Posters
Rare

• Higgs rare decays
• Milos, Tuesday, H → Zγ, H → μμ

• Higgs-charm coupling constraints
• Tristan, Wednesday, H → cc

• Precision Higgs experiment (plenary)
• Karsten, Wednesday

BSM

• Searches for Higgs decays to invisible
• Laurent, Monday

• Search for heavy particles decays to 3rd gen. 
• Zhi, Tuesday, ttH/A → tttt

• Exotic Higgs decays, incl. new scalars
• Giuseppe, Monday, H→WW, H±→HττW±, φ→ττ

• Resonant and non resonant searches
• Saranya, Thursday, H → γγ, ttH/A → tttt

• ttX/tX (X = anything but H)
• Kenneth and Carlos, tqX → bb
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Performance

• Jet/MET + b/c tagging
• Jyothsna, Monday

• Boosted algorithms for searches
• Congqiao, Thursday

Posters 

• ttH/A → tttt
• Shuhui

• H → μμ (ATLAS)
• Jay
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https://indico.cern.ch/event/1109611/timetable/?view=standard#756-higgs-rare-decays-at-atlas
https://indico.cern.ch/event/1109611/timetable/?view=standard#761-higgs-charm-coupling-const
https://indico.cern.ch/event/1109611/timetable/?view=standard#534-precision-higgs-experiment
https://indico.cern.ch/event/1109611/timetable/?view=standard#634-searches-for-higgs-boson-d
https://indico.cern.ch/event/1109611/timetable/?view=standard#602-search-for-heavy-particles
https://indico.cern.ch/event/1109611/timetable/?view=standard#633-exotic-higgs-decays-incl-n
https://indico.cern.ch/event/1109611/timetable/?view=standard#607-resonant-and-non-resonant
https://indico.cern.ch/event/1109611/timetable/?view=standard#653-ttxtx-x-anything-but-h-pro
https://indico.cern.ch/event/1109611/timetable/?view=standard#711-jetmet-bc-tagging
https://indico.cern.ch/event/1109611/timetable/?view=standard#725-boosted-algorithms-for-sea
https://indico.cern.ch/event/1109611/timetable/?view=standard#835-search-for-the-higgs-boson


Conclusions

• Great progress in last few years
• (Graph) NNs and advanced calibration methods

• Novel analysis approaches

• Order of magnitude improvement in H → cc sensitivity
• Evidence possible at HL-LHC?

• H → μμ evidence

• Exciting times ahead with Run3 starting
• Several ~3σ excesses

• Statistically limited analyses (H → Zγ)
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Thank You
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ZH → invisible

• Z → ll final states 

• 𝐵𝑖𝑛𝑣 < 0.19 (0.19)% @95% CL

• Recast as limits for various DM models
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-26/
http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-19-003/index.html


H → ee

• Probing first generation
• Should not be visible at the LHC

• ggH/VBF categories
• MVA to separate into enriched categories

• Signal extraction BDT
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-21-015/index.htm
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-58/


MSSM/VLQ φ → ττ
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• Combination across channels
• eμ, μτh, eτh, and τhτh

• Two local excesses observed
• ggφ production mode

• Consistent across final states and data taking years

• 100 GeV – 3.1σ

• 1.2 TeV – 2.8σ

• Something to keep an eye out for

bbφ ggφ



MSSM/VLQ φ → ττ

• VLQ presence → enhanced non-resonant production 
at high mass
• Motivated by lepton flavour anomalies in B decays

• Limit within preferred range

• MSSM (model dependent)
• Exclusion limits for 2 scenarios

• Slight excess in data
• Constrains weaker than expected
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High Mass H→WW

• Search for resonances decaying to WW
• Range 115 GeV to 5 TeV

• Targeting VBF and ggH production modes with leptonic final states

• Use DNN to define enriched regions and regression for mass resolution
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ggH VBF sideband

CMS-HIG-20-016

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-20-016/index.html


High Mass H→WW

• Three interpretations
• Model independent

• MSSM (six scenarios)

• Two Higgs Doublet Model (THDM)

• Excess ~650 GeV
• Local (global) significance 3.8 (2.6) σ

• Order of magnitude improvement 
projected for HL-LHC 
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H±→HW±, H→ττ

• Covers 43% of total BR
• Fit MVA for eτh, μτh

• Fit transverse mass of H cand for eτhτh, μτhτh

• No deviation from SM found
• Limit set on 𝐵𝑅 × 𝜎 from 13 to 80 fb, depending on H mass
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-21-010/index.html

