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Introduc7on
• Overview

Ø Higgs over the past 10 years
Ø Measurements
Ø Overview

• Higgs measurements
Ø H→bb
Ø H→WW
Ø H→ττ
Ø H→γγ
Ø Combinations
Ø Higgs width

• Summary
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Just over 10 years ago…
• There was some excitement about a smattering of events
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 All classes combined

“More data are required to ascertain
the origin of this excess.”

CMS: arXiv:1202.1487
ATLAS: arXiv:1202.1415

“Once the look-elsewhere effect is considered, 
none of these excesses are significant.”

http://arxiv.org/abs/arXiv:1202.1487
http://arxiv.org/abs/arXiv:1202.1487
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2012-01/


…the discovery…
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“An excess of events is observed above the 
expected background, with a local 
significance of 5.0 standard deviations, at a 
mass near 125 GeV, signalling the 
production of a new particle. 

CMS arXiv:1207.7235
ATLAS arXiv:1207.7214

“Clear evidence for the production of a 
neutral boson with a measured mass of 
126.0 +/- 0.4(stat) +/- 0.4(sys) GeV is 
presented.”

http://arxiv.org/abs/arXiv:1202.1487
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-12-028/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2012-01/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2012-27/


…approximately 10 years (and 15M 
Higgs bosons) later

• A lot of amazing progress….
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All main production modes observed to > 5 sigma

VH (V=W,Z) ttH

VBFggH

γγ, WW, ZZ, ττ, bb decays observed > 5σ
μμ decay evidence > 3σ
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New era for Higgs physics
• Moving from the era of discovery to measurement
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Measurements
• Inclusive (although also used broken down into production/decay modes)

Ø Signal strength: μ = measurement/SM prediction
Ø Coupling strength modifier: κX = alter strength(s) of coupling to X

• Simplified Template Cross Section (STXS)
Ø Measure cross-sections in template bins

• Minimise theoretical uncertainties
• Maximise experimental sensitivity
• Enhanced sensitivity beyond SM (BSM)

• Fiducial
Ø Measure in restricted phase space that closely matches experimental selection

• Less model dependence
• Combinations more difficult
• Difficult for complicated variables (multivariate outputs)

Ø Differential: Measure in several bins
12/04/2022 7



State-of-the-art
Channel STXS Fiducial

H→bb ATLAS: ATLAS-CONF-2021-051 (09/21) ATLAS: ATLAS-CONF-2022-015 (03/22)
CMS: arXiv:2006.13251 (06/20)

H→WW ATLAS: ATLAS-CONF-2021-014 (03/21) 
CMS: CMS-HIG-PAS-20-013 (03/22) CMS: arXiv:2007.01984 (04/20)

H→ZZ ATLAS: arXiv:2004.03447 (04/20)
CMS: arXiv:2103.04956 (03/21)

ATLAS: arXiv:2004.03969 (04/20)
CMS: arXiv:2103.04956 (03/21)

H→ττ ATLAS: arXiv:2201.08269 (01/22)
CMS: CMS-PAS-HIG-19-010 (07/20) CMS: arXiv:2107.11486 (07/21)

H→yy ATLAS: ATLAS-CONF-2020-026 (07/20)
CMS: arXiv:2103.06956 (03/21)

ATLAS: arXiv:2202.00487 (02/22)
CMS: CMS-PAS-HIG-19-016 (03/22)

Combinations ATLAS: ATLAS-CONF-2021-053 (09/21)
CMS:  CMS-PAS-HIG-19-005 (01/20)

ATLAS: ATLAS-CONF-2022-002 (01/22)

Channel State-of-the-art limits

H→cc ATLAS: arXiv:2201.11428 (01/22), CMS: CMS-PAS-HIG-21-008 (02/22)

Property State-of-the-art measurements

Mass ATLAS: ATLAS-CONF-2020-005 (04/20), CMS: arXiv:2002.06398 (02/20)

Width ATLAS: arXiv:1808.01191 (08/18), CMS: arXiv:2202.06923 (02/22)

CP ATLAS: arXiv:2109.13808, arXiv:2004.04545 CMS: arXiv:2110.04836, arXiv:2003.10866
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Newer results in RED discussed today

See talks on Thursday for latest H->cc and CP results

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-051/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-015/
https://arxiv.org/abs/2006.13251
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-014/
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-20-013/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-002/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-002/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-28/
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-001/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-29/
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-001/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2019-09/
https://cds.cern.ch/record/2725590?ln=en
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-20-015/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-20-015/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-026/
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-015/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-015/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2019-13/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2019-13/
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-19-016/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-053/
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-19-005/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-002/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2021-12/
https://cds.cern.ch/record/2802742/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-005/
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-004/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2017-06/
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-21-013/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2017-13/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2019-01/
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-20-006/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-013/index.html
https://indico.cern.ch/event/1101427/contributions/4714950/
https://indico.cern.ch/event/1101427/contributions/4714950/


H→bb
• Two VH, H→bb results combined in new STXS 

measurement
Ø Resolved: arXiv:2007.02873
Ø Boosted: arXiv:2008.02508
Ø Enhanced sensitivity to BSM

• Fiducial measurements*
Ø Based upon resolved VH, H→bb STXS
Ø Focuses only on H(bb) + MET final state
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ATLAS-CONF-2021-051
ATLAS-CONF-2022-006

* See also X+H->bb measurements, ATLAS arXiv:2111.08340, CMS arXiv:2006.13251

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-51/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-52/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-051/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-006/
https://arxiv.org/abs/2111.08340
https://arxiv.org/abs/2006.13251


H→bb Fiducial Measurement
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ATLAS-CONF-2022-006

Limited by modelling of:
• Data statistical
• Jets
• Background modelling
• Unfolding uncertainty

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-006/


H→WW
• Targets ggH, VBF, VH production modes

• Final states with at least two leptons

• Measurements
Ø Combined cross section

• μ=0.95 +0.10 -0.09
Ø Production mode cross sections
Ø 14 STXS bins
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CMS-HIG-PAS-20-013

NEW

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-20-013/index.html


H→WW

Limited by:
• Data statistical
• Signal uncertainties
• Lepton modelling
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CMS-HIG-PAS-20-013

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-20-013/index.html


H→ττ
• Full Run 2 dataset STXS measurements

Ø Targets ggH, VBF, VH, oH produc-on modes
Ø Leptonic and hadronic τ final states
Ø 12 reconstruc-on categories designed for STXS binning

• Measure
Ø Inclusive and produc-on mode cross sec-ons
Ø STXS cross sec-on measurements in 9 bins
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ATLAS arXiv2201.08269

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2019-09/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2019-09/


H→ττ
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ATLAS arXiv2201.08269

Limited by
• Data sta-s-cal
• Signal uncertain-es
• Jet and missing transverse 

energy modelling
• Background sample size

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2019-09/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2019-09/


H→ττ
• Full Run 2 dataset results:

Ø Fiducial inclusive cross section
• 426±102 fb (expected 408 ± 27 fb)

Ø Differential fiducial cross-sections
• Number of jets, Higgs pT and leading jet pT
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CMS arXiv:2107.11486

Limited by
• Data statistical
• Signal uncertainties
• Background modelling

https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-20-015/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-20-015/index.html


H→γγ
• Updated measurements with full Run 2 dataset

Ø Both CMS and ATLAS provided fiducial cross-sec-ons measurements:
• Inclusive and differen-al
• Targe-ng several produc-on modes
• As a func-on of mul-ple variables
• Double differen-al measurements
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ATLAS arXiv:2202.00487
CMS-PAS-HIG-19-016

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2019-13/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2019-13/
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-19-016/index.html


H→γγ

12/04/2022 17

ATLAS arXiv:2202.00487
CMS-PAS-HIG-19-016

Both measurements primarily limited 
by data sta3s3cal uncertainty

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2019-13/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2019-13/
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-19-016/index.html


H→γγ
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ATLAS arXiv:2202.00487
CMS-PAS-HIG-19-016

Double
differential

Differential

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2019-13/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2019-13/
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-19-016/index.html


Combination
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• Combination of latest results in
Ø γγ, ZZ, WW, ττ, bb, μμ, Zγ
Ø Many updated to full dataset
Ø New channels included

• Global signal strength
Ø 1.06 ±0.06

ATLAS-CONF-2021-053

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-053/


STXS Combination
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• STXS combination performed
Ø Covers 37 bins

• Measurements parameterized as:

• All measured coupling strength parameters
found to be consistent with the SM

ATLAS-CONF-2021-053

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-053/


Fiducial Combination
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• Combined measurement of H→ZZ and H→γγ

• Channels extrapolated to full phase space
Ø Reduced total uncertainty

• Measurements as a function of:
Ø Higgs transverse momentum, rapidity, number of jets, and leading jet 

transverse momentum

ATLAS-CONF-2022-002

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-002/


Higgs Width
• Up to full Run 2 dataset ZZ production

Ø Four charged leptons or two charged leptons and MET

• First evidence for off-shell Higgs production

• Provides measurement of Higgs width
Ø ΓH= 3.2+2.4-1.7 MeV
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CMS arXiv:2202.06923

https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-21-013/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-21-013/index.html


Summary 
• An amazing amount of progress has been made since Higgs discovery in 2012

Ø All main production channels and decays now observed
Ø Significant progress on gaining sensitivity to rarer modes

• Higgs boson physics now into the age of measurements
Ø Rapid and continual progress in making more precise measurements
Ø Main limitations

• Signal modelling uncertainties, object modelling and data statistics

• Still only at the very beginning of our exploration of the Higgs
Ø A lot more data to analyse and improvements to be made
Ø A lot more to learn and maybe some surprises….
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Backup Slides



H→bb: Signal Yields

12/04/2022 25



H→bb: Composition
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H→bb: Efficiency/Purity
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H→bb: Samples
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H→bb: Selection
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H→WW: STXS
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H→WW: Signal Composition
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H→WW: Correlation
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H→ττ: STXS
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H→ττ: Composition
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H→ττ: Contribution
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H→ττ: Fit
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H→ττ: Correlations
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H→ττ: Samples
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H→ γγ : Sample Composition
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H→ γγ : Response Matrices
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H→ γγ : Response Matrices
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H→ γγ : Selections
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H→ γγ : Event Spread
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H→ γγ : Correlation
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H→ γγ : tau_c
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Combination
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Combination: Correlations
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Combination: Correlations
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Fiducial Combina7on
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Acceptance Correlation



Fiducial Combination
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Diphoton

ZZ


