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The Higgs – (Almost) 10 Years Later 
• Higgs Boson discovered in 2012
• What Now?

Shift focus from discovery to precision
“Tools”: 

Couplings
STXS
Differential Cross-Sections 
Mass 
Width
… 
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Simplified Template Cross Section (STXS)

• Framework for subdividing Higgs boson measurements into
orthogonal regions – “bins”
• (𝜎×𝐵) measurement for each bin 

• Multiple “Stages” with different granularity of subdivision
• Bins chosen such that they: 
• Are defined by Higgs boson production modes
• Are agnostic to Higgs boson decay

- Only fiducial cut: 𝑦! < 2.5
• Reduce large theoretical uncertainties
• Isolate regions potentially sensitive to Beyond Standard Model 

physics
• STXS bins ≠ analysis categories!
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STXS



STXS – Stage 0
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Stage 0 
~ Production Mode

Independent of 
Higgs Boson decay 

mode

Plus 𝑡𝐻…

ggH

VHlep

VBF/ 
VHhad

ttH



STXS – Stage 1.2
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Bins defined at truth level



STXS – Stage 1.2
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Subdivide Stage 0 
bins into subregions 

based on 
kinematic/event 

variables 

Bins defined at truth level



STXS – Stage 1.2
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Further subdivide 
into individual, 
orthogonal bins

Choose 
kinematic/event 
variable bin cuts 

such that possible 
BSM effects are 

isolated

Bins defined at truth level



STXS – Stage 1.2
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Bins can be merged 
(Necessary when 

statistically limited)

Choice of which 
STXS bins to target 

is up to each 
analysis

Bins defined at truth level



STXS – Stage 1.2

21-Oct-21 R. Hyneman - Higgs 2021 11

Plus 𝑡𝐻…

arXiv:1605.04692
arXiv:1906.02754
arXiv:1610.07922
arXiv:2003.01700

ggH

VHlep

VBF/ 
VHhad

ttH

https://arxiv.org/abs/1605.04692
https://arxiv.org/abs/1906.02754
https://arxiv.org/abs/1610.07922
https://arxiv.org/abs/2003.01700


Combined Results: STXS Framework
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𝜸𝜸 ggH, EW qqH, VHlep, ttH, tH
𝒁𝒁(→ 𝟒ℓ) ggH, EW qqH, VHlep, ttH
𝑾𝑾 ggH, EW qqH
𝝉𝝉 ggH, EW qqH, ttH

𝒃𝒃 EW qqH, VHlep, ttH

ATLAS-CONF-2021-053

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


Combined Results: 𝜿 Framework
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• 𝜅 Framework: 
• Define deviations 

from Higgs Boson 
couplings in terms of 
𝜅 modifiers 

• SM prediction: all 𝜅
values equal 1

• Insensitive to more 
general deviations 
from SM (i.e.
kinematic) 

• No significant 
disagreement with SM (Left: 𝐵! = 𝐵" = 0, Right: 𝐵!, 𝐵" free)

HIG-19-005

(𝐵! = 𝐵" = 0)

ATLAS-CONF-2021-053

https://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-2021-053/
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So What Goes Into These 
Combination Plots…?



Higgs→ 𝜸𝜸: Overview
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HIG-19-015 (March 2021)

ATLAS-CONF-2020-026 (July 2020)

• Clean signature → target all Stage-0 regions
• Smooth continuum background 

• Model with functional form

ATLAS

https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-015/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-026/


Higgs→ 𝜸𝜸: STXS Bins 
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CMS

• Multiple ttH bins
• Only decay channel 

featuring tH bin
• Coarser merging of 

VHlep bins
HIG-19-015 (March 2021)

https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-015/index.html


Higgs→ 𝜸𝜸: Reconstructed vs STXS Bins
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• Define analysis 
“Reconstruction Bins” to 
isolate STXS Bins as much 
as possible 

• Multiple Reconstruction 
Bins may target same 
STXS Bins 
• May improve analysis 

sensitivity, i.e. through 
categorization 

ATLAS-CONF-2020-026 (July 2020)

ttH Region

(Merged)

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-026/


Higgs→ 𝜸𝜸: Results
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HIG-19-015 (March 2021)

ATLAS-CONF-2020-026 (July 2020)

• Similar STXS 
merging 
schemes 
utilized 
between both 
experiments

• Large 
uncertainties 
in tH bin 

ggH

qqH

VH

ttH

tH

ttHVHqqHggH tH

https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-015/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-026/


Higgs→ 𝒁𝒁 → 𝟒ℓ: Overview
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HIG-19-001 (March 2021) HIGG-2018-28 (April 2020)

• Clean signature 
→ target all 
Stage-0 Regions
• No tH bin

• Combine results 
from 𝑍𝑍 -decay 
channels: 4𝑒, 4𝜇, 
2𝑒2𝜇/2𝜇2𝑒

• Dominant 
background: ZZ* 

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-2018-28/


Higgs→ 𝒁𝒁 → 𝟒ℓ: Results
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HIG-19-001 (March 2021) HIGG-2018-28 (April 2020)

• Statistically limited channel → coarse bins beyond ggH
• Few VHlep, ttH bins

ggH qqH VH ttH

ttH
VH

qqH

ggH

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-2018-28/


• CMS analysis selects for 
leptonic 𝑉𝐻 production:
• 𝑊𝐻 → 2ℓ2𝜈𝑞𝑞 (WHSS)
• 𝑊𝐻 → 3ℓ3𝜈 (WH3l)
• 𝑍𝐻 → 3ℓ𝜈𝑞𝑞 (ZH3l)
• 𝑍𝐻 → 4ℓ2𝜈 (ZH4l)

• ATLAS analysis selects for 
𝐻 → 𝑊𝑊∗ → 𝑒𝜈𝜇𝜈 decay

Higgs→ 𝑾𝑾: Overview
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ATLAS-C
O

N
F-2021-014

(M
arch 2021)

HIG-19-017 (March 2021)

→ →

(ATLAS) 𝐻 → 𝑊𝑊∗ → 𝑒𝜈𝜇𝜈
Combined VBF SR

(CMS)
𝑊𝐻 → 3ℓ3𝜈
OSSF SR

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-014/
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-19-017/index.html


Higgs→ 𝑾𝑾: Results
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ATLAS-CONF-2021-014 (March 2021)

HIG-19-017 (March 2021)

• Complimentary results from the same decay mode
• ATLAS analysis targets ggF bins, EW qqH bins (VBF signal regions)
• CMS analysis targets VHlep bins

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-014/
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-19-017/index.html


Higgs→ 𝝉𝝉: Overview
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HIG-19-010 (July 2020)

ATLAS-C
O

N
F-2021-044

(July 2021)

→
• Target ggH Region, VBF subset 

of qqH Bins
• Especially sensitive to high-pT

ggH bins, VBF production mode
• Four channels: 

• 𝜏,𝜏,
• 𝑒𝜏,
• 𝜇𝜏,
• 𝑒𝜇

• Combination of MVA techniques 
to reconstruct hadronic 𝜏 decays, 
reject fakes ATLAS Combined 

𝝉𝐥𝐞𝐩𝝉𝐡𝐚𝐝 SR
CMS All 

Combined SRs

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-19-010/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-044/


Higgs→ 𝝉𝝉: Results (CMS)
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“Process” Merging Scheme “Topology” Merging Scheme

H
IG

-1
9-

01
0

(J
ul

y 
20

20
)

• “Process” Merging: qqH/ggH processes treated separately 
• “Topology” Merging: Combine ggH+qqH processes in VBF-like region

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-19-010/index.html


Higgs→ 𝝉𝝉: Results (ATLAS)
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ATLAS-CONF-2021-044 (July 2021)

• Primarily target high-pT ggH and VBF subset 
of qqH bins

• Include one merged ttH bin (all-had. only) 

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-044/


Higgs→ 𝒃*𝒃: Overview
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→ 1ℓ → 0,2ℓ

• Exclusively select for leptonic 𝑉𝐻
production mode 
• Provide trigger-able objects 

• Three final states: 
• 0-lepton: 𝑍𝐻 → 𝜈𝜈𝑏-𝑏
• 1-lepton : 𝑊𝐻 → ℓ𝜈𝑏-𝑏
• 2-lepton : 𝑍𝐻 → ℓℓ𝑏-𝑏

• Complimentary Resolved and 
Boosted analyses 
• Significant overlap 

Resolved: Combined SR 
Background-Subtracted

Boosted: Combined SR 
Background-Subtracted

HIGG-2018-51 (July 2020) HIGG-2018-52 (August 2020)

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-51/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-52/


Higgs→ 𝒃*𝒃: Results
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Resolved Boosted

Large Branching Ratio 
→ sufficient statistics to probe more un-merged VHlep bins than other channels (in ATLAS)

H
IG

G
-2018-51

(July 2020)

H
IG

G
-2018-52

(August 2020)

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-51/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-52/


• Exclusively select for 
leptonic 𝑉𝐻 production 
mode 
• Three final states (0-, 1-, 

and 2-lepton)
• Low sensitivity for STXS 

measurement
• Place limits on 𝑉𝐻 → 𝑐 ̅𝑐

signal strength and 𝜅- instead
• Dedicated charm-tagging 

MVA

𝑯 → 𝒄-𝒄: Direct Coupling Constraints
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ATLAS-CONF-2021-021 (July 2021)

Limits on 𝜿𝒄: 
Observed – 𝜿𝒄 < 𝟖. 𝟓
Expected – 𝜿𝒄 < 𝟏𝟐. 𝟒

2 c-tag SR 
(background-subtracted)

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-021/
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Wrapping Up



Summary

• Full Run 2 STXS and couplings measurements from ATLAS and 
CMS in many decay channels
• Complimentary sensitivities from different decay channels 
• Significant benefit from STXS’s ease of combination 

• No significant deviations from SM observed from 
STXS/Couplings measurements 
• 𝜅-Framework provides constraints on individual couplings 
• STXS Framework further isolates regions of potential BSM 

contribution

• Run 3 is on the horizon! 
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Additional Material



All Analyses Covered Here
• Combination: 

• CMS: HIG-19-005 (January 2020)
• ATLAS: ATLAS-CONF-2020-027 (July 2020)

• Higgs→ 𝛾𝛾
• CMS: HIG-19-015 (March 2021)
• ATLAS: ATLAS-CONF-2020-026 (July 2020)

• Higgs→ 𝑍𝑍 → ℓℓℓℓ
• CMS: HIG-19-001 (March 2021)
• ATLAS: HIGG-2018-28 (April 2020)

• Higgs→ 𝑊𝑊
• CMS: HIG-19-017 (March 2021)
• ATLAS: ATLAS-CONF-2021-014 (March 2021)

• Higgs→ 𝑏'𝑏
• ATLAS (Resolved): HIGG-2018-51 (July 2020)
• ATLAS (Boosted): HIGG-2018-52 (August 2020)

• Higgs→ 𝑐 ̅𝑐
• ATLAS:  ATLAS-CONF-2021-021 (July 2021)

• Higgs→ 𝜏𝜏
• CMS: HIG-19-010 (July 2020)
• ATLAS: ATLAS-CONF-2021-044 (July 2021)
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https://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-2020-027/
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-015/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-19-001/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-28/
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-19-017/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-014/
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-2021-021/
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-19-010/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-044/


Higgs→ 𝜸𝜸: STXS Bins (ATLAS) 

21-Oct-21 R. Hyneman - Higgs 2021 33



Combined Results: Production Modes
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HIG-19-005

• Good 
agreement 
with SM 
predictions 

ATLAS-CONF-2021-053

https://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-2021-053/


Higgs→ 𝜸𝜸: Uncertainties
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CMS
ATLAS



Higgs→ 𝒁𝒁 → 𝟒ℓ: Event Selection (CMS)
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Higgs→ 𝒁𝒁 → 𝟒ℓ: Event Selection (ATLAS)
• Two Neural Networks for event selection 

• Jet RNN, Lepton RNN 
• Combine Jet+Lepton RNNs with event-level variables 

using feed-forward multilayer perceptron (MLP)
• Multiple output nodes (signal and/or background 

processes)
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Higgs→ 𝒁𝒁 → 𝟒ℓ: STXS Bins (ATLAS)

21-Oct-21 R. Hyneman - Higgs 2021 38

Ten ggH-targeted bins
Merge high-pT bins

Six qqH/VBF-targeted bins
Higher granularity in VBF subregion

Single VHlep bin, and single ttH bin

STXS Stage 1.1

HIGG-2018-28 (April 2020)

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-28/


Higgs→ 𝒁𝒁 → 𝟒ℓ: STXS Bins (CMS)
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Ten ggH-targeted bins
Merge high-pT bins

Six qqH/VBF-targeted bins
Higher granularity in VBF subregion

Two VHlep-targeted bins 
Split by Higgs pT

Single ttH bin 

HIG-19-001 (March 2021)

https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-001/index.html


Higgs→ 𝒁𝒁 → 𝟒ℓ: Uncertainties
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CMS 
ATLAS



Higgs→ 𝑾𝑾: Analysis Selection (ATLAS)
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Higgs→ 𝑾𝑾: Analysis Selection (CMS)
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WHSS

WH3l

ZH3l

ZH4l



Higgs→ 𝑾𝑾: STXS Bins
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ATLAS-CONF-2021-014 (March 2021)• ATLAS analysis targets ggH and 
VBF production modes
• Cut on 𝑚$$ to reduce hadronic 

V(qq)H contribution 
• CMS analysis targets VHlep

production mode

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-014/


Higgs→ 𝑾𝑾: Uncertainties
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CMS 
ATLAS



Higgs→ 𝒃*𝒃: Analysis Selection (ATLAS, Resolved)
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Higgs→ 𝒃*𝒃: Analysis Selection (ATLAS, Boosted)
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Higgs→ 𝒃*𝒃: STXS Bins
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→ 1ℓ → 0,2ℓ

• Three final states: 
• 0-lepton: target 𝑍𝐻 → 𝜈𝜈𝑏-𝑏
• 1-lepton : target 𝑊𝐻 → ℓ𝜈𝑏-𝑏
• 2-lepton : target 𝑍𝐻 → ℓℓ𝑏-𝑏

• Exclusively target VH (leptonic) 
production modes 



Higgs→ 𝒃*𝒃: Uncertainties (ATLAS)
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Higgs→ 𝝉𝝉: Trigger/Object Selections
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CMS Trigger and Lepton Selections ATLAS Lepton pT Selections



Higgs→ 𝝉𝝉: Analysis Selection (CMS)
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• Five categories: 
• 0-jet (mostly ggF) 
• VBF low-/high-𝑝*+ categories (target VBF)
• Boosted 1-/2-jet categories (mostly ggF+recoil, some 

VBF and VHHad)
• Observables aligned with STXS Bin variables



Higgs→ 𝝉𝝉: Analysis Selection (ATLAS)
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• VBF, V(had)H and 
𝑡 ̅𝑡(0ℓ)𝐻 → 𝜏0𝜏0 Categories 
further subdivided using BDT 

• 𝑡 ̅𝑡(0ℓ)𝐻 → 𝜏0𝜏0
• ≥ 6 jets (≥ 1 tag) or ≥
5 jets (≥ 2 tag)

• VBF
• 𝑚11 > 350 GeV, 
𝑝2
1 subleading > 30 GeV

• Match with VBF STXS bins
• Δ𝜂11 > 3.0



• Process” Merging 
• qqH/ggH processes treated separately 

• “Topology” Merging
• Combine ggH+qqH processes in VBF-like region

Higgs→ 𝝉𝝉: STXS Binning (CMS)
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HIG-19-010 (July 2020)

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-19-010/index.html


Higgs→ 𝝉𝝉: STXS Binning (ATLAS)
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ATLAS-CONF-2021-044 (July 2021)

• Primarily target 
ggH and qqH bins 

• Include ttH Stage 
0 bin 

• Certain categories 
further subdivided 
using BDT

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-044/


Higgs→ 𝝉𝝉: Uncertainties
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CMS
ATLAS


