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Outline

➢Overview of Higgs physics in diboson final states

➢Higgs boson cross sections measurement
• Measurement of Simplified Template Cross Section (STXS) 

in H→WW*, H→ZZ* and H→γγ decay channels

• Fiducial inclusive and differential cross-section measurements
in H→ZZ* and H→γγ decay channels

➢Summary
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➢ The most prolific decay: H →bb (58%), very hard to observe

➢ The branching ratios (BR) of H → WW*(→lvlv) /γγ/ ZZ*(→4l) are 1.0%, 0.23% and 

0.012%, respectively

➢ The final states (e, μ, γ ) are very sensitive & leave a clean signature in the ATLAS 

detector

➢ H→ZZ*→4l and H →γγ : the most sensitive channels for observation

➢ H→ZZ*→4l,  S/B > 2

➢ H→γγ, S/B ~5%

➢ H→ WW*→lvlv (high yield with fair S/B)

• Larger branching ratio

• High background

Higgs Physics In Diboson Final States

• Clean signature

Powerful tool for measuring the Higgs properties
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Simplified Template Cross Section (STXS)
➢ The aim with STXS method:

• Improve sensitivity of measurements
• Reduce their dependence on the theory
• Isolation of possible BSM effects

➢ STXS framework provides different stages 
(e.g. stage 0, stage 1, stage 1.2) with increasingly 
fine granularity, more details

➢ Categorizing events into bins of key (truth) 
variables (pT

H, Njets, mjj) in different production 
modes (ggH, qqH, VH and ttH)

➢ STXS well-suited to combine different decay 
channels

➢ Higgs boson properties measured with 139 fb-1

(√s = 13 TeV) for Higgs boson rapidity |yH| < 2.5

(ggF + Z(→qq)H)
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• Signal: different flavour (eμ+μe) opposite charge leptons + MET

• Events split in 4 analysis categories based on Njets
(*)

• ggF: Njets = 0,1, ≥ 2 , cut based

• mT used as discriminant variable

• VBF: Njets ≥ 2, “deep” neural network (DNN) based

• DNN used as discriminant variable

• Main background:

• Non-resonant qqWW, top and Z→ττ

• ggF: qqWW, top and Z→ττ normalized by 
control regions (CR)

• VBF:  top and Z→ττ normalized by CRs

• Background with mis-identified leptons  
estimated by data-driven fake factor method 

(*) Full event selection in the backup

H→WW*: Analysis Strategy

Submitted to PRD

Top0jCR
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H→WW*: STXS

➢ Split by pT
H, Njets, mjj

into 11 categories

➢ 17 signal regions (SR)

➢ 27 control regions (CR)

Submitted to PRD

➢ This analysis based on the reduced stage 1.2 category to ensure sensitivity for all measurements.
➢ CRs split similar to SRs where statistics allow
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H→WW*: Results
Submitted to PRD

➢ Compatible with SM predictions within 1 σ

➢ Extracted by profile likelihood fit: 17 SRs 
(mT/DNN) + 27 CRs

➢ ggH uncertainties limited by both stat. + 
syst. uncertainty

limited by statistical 
uncertainty at high mjj / pT

H

ggH

qqH

Coupling results
STXS results

6Dongshuo Du (USTC)
中国物理学会高能物理分会第十一届全国会

员代表大会暨学术年会；辽宁师范大学

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2021-20/


H→ZZ*→4ℓ: Four-lepton Invariant Mass Distribution

Analysis features：
➢ Small branching fraction （0.0124% at mH = 125 GeV）

➢ Best final S/B ratio, better than 2:1

➢ Clean signature with fully reconstructed final state

➢ good mass resolution = 1-2%

Signal:  4 leptons (4e, 4μ, 2e2μ and 2μ2e)

Backgrounds: 
➢ Dominant background: Non-resonant ZZ*/Zγ*,  estimated from data sideband (105–160 GeV)

➢ Reducible background with non-prompt leptons for Z+jets, ttbar constrained by dedicated CR.

Signal region
[115-130] GeV

Eur. Phys. J. C 80, 957 (2020).

ggF 0jet category 
with 𝑝𝑇

𝐻 < 10 GeV
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Cross sections extracted by fit to the NN observable 

https://doi.org/10.1140/epjc/s10052-020-8227-9


H→ZZ*→4ℓ: STXS

➢ The inclusive H→ZZ* production cross-section 
for |yH| < 2.5:  

1.34 ± 0.12 pb

➢ Good agreement with the SM predictions:
1.33 ± 0.08 pb

Production Mode Stage Reduced Stage 1.1

➢ 12 pois measured simultaneous
• ggF/VBF: 7/3 categories separately
• VH-lep/ttH: One bin from each mode

➢ Due to finer categorization, results  are 
statistically limited.

Eur. Phys. J. C 80, 957 (2020).
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H→γγ: Diphoton Invariant Mass Distribution

Analysis features：
➢ Fairly high branching fraction wrt H→ZZ*→4ℓ: 

~20 times larger

➢ Excellent performance of photon reconstruction 
and identification

➢ Final states are fully reconstructable

➢ Good mass resolution = 1-2%

Signal: diphoton

Backgrounds: 

➢ SM diphoton production (>75%) or γ+jets (~20%), jet+jets (<5%) 

estimated from data sideband

Submitted to JHEP

Signal + background model fit for all 

categories with 𝑚𝛾𝛾, and the residual 

plot after subtracting the backgrounds
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➢ The contribution from the 𝑏𝑏𝐻 process is 
included in the ggF

➢ Good agreement with SM prediction.

➢ 𝜎𝑡𝐻
𝑂𝑏𝑠 (𝑒𝑥𝑝)

< 10 (6.8) 𝜎𝑡𝐻
𝑆𝑀 at 95% CL 

• Unique sensitivity to the sign of the top-
quark Yukawa coupling

H→γγ: Production Mode Cross Sections

➢ The overall Higgs boson signal strength: 

Submitted to JHEP

Good agreement with SM prediction 
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H→γγ: STXS

➢ More statistics with Full Run2 dataset, 
finer binning especially for non-ggH
production mode.

➢ Cross-sections of 28 STXS regions are 
measured
➢ First to measure ttH differentially
➢ Access to the very high pT

H region
➢ Access to 𝑡𝐻 production mode 

(𝑡𝐻𝑞𝑏 and 𝑡𝐻𝑊) 

➢ Very good agreement with SM prediction 
with a p-value of 93%.

➢ Due to finer categorization,  
measurements are statistically limited.

Submitted to JHEP

ttH

VH

qqH

ggH

tH
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Differential and Fiducial Cross Sections
➢ Fiducial region:  The fiducial selection closely match the detector level

• Minimise model-dependent acceptance extrapolations
• Allow for easy comparison of physics models today and in the future 

Ns : number of observed signal events,               : the correction factor for detector 
efficiency and resolution effect, Lint : Integrated luminosity

➢ Inclusive fiducial cross-section: No attempt to separate Higgs production/decay modes 
→ compare with best available predictions in the detector phase space

➢ Differential cross-section: Different differential cross-section measurement sensitive to 
the different physics:
• The Higgs pT distribution can test couplings to b and c quarks, 

and high pT can tests new physics.
• The jet multiplicity is sensitive to different production mechanisms

and the theoretical modelling of high-quark and gluon emission.

➢ Combination needs extrapolation to the full phase space due to the fiducial regions are 
different (acceptance + BR)

𝜎fid = 𝜎𝑇otal × Α × 𝐵𝑅 =
𝑁s

𝐶 × 𝐿int

𝐶 =
𝑁Re 𝑐
𝑁𝐹𝑖𝑑
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H→ZZ*→4ℓ: Inclusive and Differential Cross Section

➢ H→ZZ*→4ℓ decay mode 

provides excellent resolution for 

Higgs kinematic variables

➢ Fitting 4ℓ distribution in each 
final state (right) or differential 
bin ( )to extract the 
measured cross section 

Eur. Phys. J. C 80, 942 (2020)

Low pT
H test couplings to b and c 

quarks and High pT
H test BSM Sensitive to production mode

Measured cross sections in good agreement 
with SM predictions within uncertainties

Limited by statistical uncertainties

Inclusive fiducial cross section:

𝜎fid = 3.28 ± 0.30 stat. ± 0.11 (syst. ) fb

𝜎fid,𝑆𝑀 = 3.41 ± 0.18 fb

10% level precision and Good agreement 
with LHCXSWG prediction

Total Xsec
Fiducial Xsec

Differential cross section with 20 observables:
• 9 Higgs kinematic-related variables: like pT

H

• 7 Jet-related variables: like Njets

• 4 Higgs boson and jet-related variables
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Predictions for comparison

https://doi.org/10.1140/epjc/s10052-020-8223-0
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2019-13/


H→γγ: Inclusive and Differential Cross Section

➢ The H → γγ signal yields are 

extracted from fits to the diphoton 

invariant mass spectrum

Inclusive fiducial cross section:

𝜎fid = 67 ± 6 fb

𝜎fid,𝑆𝑀 = 64.2 ± 3.4 fb

The measurement has precision at 9% level

Accepted by JHEP

➢ Excellent performance of photon 

reconstruction and identification

→ good resolution for Higgs variables

Low pT
H test couplings to b and c 

quarks and High pT
H test BSM

Double-differential cross section:

pT
γγ in bins of |yγγ|

Njets → test modelling of radiations at high pT

and production modes

Measured cross sections in good agreement with SM predictions within uncertainties

Differential cross-section still limited by 

statistical uncertainties
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More details in Fabio’s talk

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2019-13/
https://indico.ihep.ac.cn/event/16065/timetable/?view=standard#512-h-fiducial-and-differentia


Combination: H → γγ and H → ZZ 

15

Submitted to JHEP➢ Combination between H → γγ and H → ZZ can improve 
the measurement precision.
• Based on the individual channel
• The uncertainties from same source are correlated
• Both channels are extrapolated to the full phase 

space to do the combination

➢ The Combined differential result still dominated by the 
statistical uncertainty 

Measured total XS: 55.5−𝟑.𝟖
+𝟒.𝟎 pb

SM prediction:  55.6 ± 2.8 pb

The differential XS distribution of pT
H can used to 

indirect constrain the Yukawa coupling of charm and 

bottom quark (𝑘𝑐 and 𝑘𝑏 ).
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Total XS vs. √𝑠

More details in Tao’s talk

pT
H precision:

20-30% up to 300 GeV

~60% 300-650 GeV

>100% 650-1200 GeV

With more date, the precision 

can be further improved

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2022-04/
https://indico.ihep.ac.cn/event/16065/timetable/?view=standard#526-study-of-charm-yukawa-coup


Summary
➢H → ZZ*, H → γγ, H → WW* channels investigated with 139 fb-1

of data collected with the ATLAS detector @13TeV

• Inclusive, STXS and differential cross section measurements are presented

• All the measurements are in agreement with the SM predictions

• The precision of the fiducial cross section measurement in both H → ZZ* and 
H → γγ channel about 10%.

• All the differential cross section measurement still dominant by the statistical 
uncertainty

➢Run3 has just started with much more to come. Stay tuned!
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Thank you for your attention
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Back up
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Higgs Physics In Diboson Final States

➢ The most prolific decay: H →bb (58%), very hard to observe

➢ The branching ratios (BR) of H → WW*(→lvlv) 

/ZZ*(→4l)/γγ are 1.0%, 0.012% and 0.23%, respectively

➢ The final states (e, μ, γ ) are very sensitive & leave a clean 

signature in the ATLAS detector

Production modes Higgs decay to diboson
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Higgs mass measurement
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➢ First mass measurement of Higgs boson with HZZ 
channel by using Full Run2 data

➢ 𝑚𝐻 is extracted by performing a simultaneous fit to 
the four subchannels (4𝜇, 2𝑒2𝜇, 2𝜇2𝑒, and 4𝑒) in 
the 𝑚4ℓ range between 105 and 160 GeV.

➢ The results are still limited by statistical uncertainty

➢ Run1+Run2 combined results with new correlation 
scheme(Systematic uncertainties largely reduced)

➢ The most precise measurement of 𝑚𝐻 in the 𝐻 → 
𝑍 𝑍∗ → 4ℓ channel by the ATLAS Collaboration

Submitted to Physics Letters B

More details in Han Li’s talk

https://doi.org/10.1016/j.physletb.2018.07.050
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2020-07/
https://indico.ihep.ac.cn/event/16065/timetable/?view=standard#527-measurement-of-the-higgs-b


More about the Fiducial and differential cross 
sections measurement

Fiducial region is defined to closely match to

experimental acceptance

To obtain the data distributions in fiducial region, the 
response matrix Rtruth_reco is used to accounting for the 
bin migrations

Unfolding

Response Matrix: few 
percent migration

𝑪𝒓
𝒇𝒊𝒅

: Corrects for events that pass 
selection but outside of the fiducial region.

𝑹𝒕,𝒓 is the response matrix. 
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Main improvement for HWW analysis

Big picture:
1. Total integrated luminosity

2. Additional consider ggF 2jet analysis

3. STXS also measured in this analysis
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More specific: 
① Ttbar nnlo reweighting to correct the mismodeling ofthe leading-lepton PT

due to missing higher-order corrections
② B-tagging  change from MV2C10 to DL1r
③ DNN to replace the BDT for VBF analysis
④ The central jet veto is applied for jets with pT > 30 GeV, compared to pT > 20 

GeV used previously, reducing the theory modelling uncertainty
…

https://doi.org/10.1007/JHEP10(2017)186


Main improvement for H γγ

➢New categorization; ∼ 20% improvement in sensitivity.

➢Increased granularity; 28 STXS categories from 101 reconstruction 
categories 
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Categorization

The previous analyses performed such categorization sequentially, giving higher priority to 
production processes with lower cross sections, the new strategy considers all production 
processes simultaneously. 

1. Signal multi-class BDT: splits signal into STXS regions, aiming to simultaneously 
reduce the uncertainties and correlations between the classes.

2. Background rejection binary BDT: in each of the signal multi-class BDT output classes 
a dedicated BDT is trained. This BDT aims to separate signal from the backgrounds.



Multi-class BDT: Training variables 

Submitted to JHEP

𝐻 → 𝛾𝛾
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Binary BDT: Training variables 

Submitted to JHEP

𝐻 → 𝛾𝛾
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Main improvement for HZZ

➢ Improved lepton isolation to mitigate the impact of pile-up

➢ Improved jet reconstruction using a particle flow algorithm

➢Additional event categories for the classification of Higgs boson

candidates

➢New discriminants to enhance the sensitivity to distinguish the

various production modes of the SM Higgs boson

➢ Use of data sidebands to constrain the dominant 𝑍𝑍∗ background

process
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H→WW*: analysis

Submitted to PRD
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Reconstructed with the 
collinear approximation
method

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2021-20/
https://arxiv.org/abs/hep-ph/9911385


H→WW*: analysis

Submitted to PRD
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VBF ≥2 Jet: Deep Neural Network (DNN)
Submitted to PRD

DNN inputs:

Training done after preselection, b veto &&

Training target: VBF  VS all bkg( ggF, ttbar, ww*.. )

Two most powerful variables
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H→WW*: analysis

Submitted to PRD
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H→WW*: Break down
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H→WW*: STXS
Submitted to PRD
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H→WW*: STXS
Submitted to PRD
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Statistically dominant for 
most categories

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2021-20/


H→ZZ*: STXS
Eur. Phys. J. C 80, 957 (2020).
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H→ZZ*: STXS
Eur. Phys. J. C 80, 957 (2020).

➢ Two types of NNs are used: feed-forward multilayer perceptron (MLP) and recurrent (RNN)

➢ The input variables used to train the MLP, and the two RNNs for the four leptons and the jets 
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H→ZZ*: STXS

Eur. Phys. J. C 
80, 957 (2020).
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H→ZZ*: STXS

Eur. Phys. J. C 
80, 957 (2020).

➢ The luminosity uncertainty, which is measured to be 1.7% and increases for the VH 
signal processes due to the simulation-based normalisation of the background.
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: 45 STXS analysis region

Submitted to JHEP

𝐻 → 𝛾𝛾
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: Measured STXS (28 pois)𝐻 → 𝛾𝛾
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H→γγ: Production Mode Cross Sections

The events in each category 
are weighted by ln(1+S/B)

➢ This choice of event weight is designed to enhance the contribution of events from 
categories with higher signal-to-background ratio in a way that approximately 
matches the impact of these events in the categorized analysis of the data

➢ Shape description: a double-sided Crystal Ball (DSCB) function，a Gaussian 
distribution around the peak region, continued by power-law tails at lower and higher 
mγγ values.

The fitted signal-plus-background 
pdfs from all categories are also 
weighted and summed, shown as 
the solid line.
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H→γγ: Production Mode Cross Sections
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H→γγ: Production Mode Cross Sections

In this calculation, only Higgs boson events from the targeted 
production processes are considered as signal events.

Higgs boson events from other processes as well as the continuum 
background events are considered as background.
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H→γγ: Production Mode Cross Sections (breakdown)

Inclusive case
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H→γγ: Production Mode XSs
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Due to contamination by qq →Hlv events 
in the categories targeting the pp → 𝐻𝜈𝜈  ̄
process. 

Due to the ttH contamination in the 
categories targeting tH
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Results for STXS
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H→ZZ*→4ℓ: Inclusive and Differential Cross Section

Eur. Phys. J. C 80, 942 (2020)
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Matrix-based likelihood unfolding
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H→ZZ*→4ℓ: Inclusive and Differential Cross Section

Eur. Phys. J. C 80, 942 (2020)
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H→ZZ*→4ℓ: Inclusive and Differential Cross Section
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pseudo-observables (arXiv:1504.04018):

𝜀L, 𝜀R : relating the couplings for left- and 

right-handed leptons to Higgs boson

𝛋ZZ changes the coupling between H to Z 
boson

https://doi.org/10.1140/epjc/s10052-020-8223-0
https://arxiv.org/abs/1504.04018


H→ZZ*→4ℓ: Inclusive and Differential Cross Section
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Combination: H(γγ) and H(ZZ) 
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yH precision: 20-30% up to 2 Njets precision: 20-30%

Jet distributions can test pQCD modeling of 
the ggF production mode, and contributions 
of other production modes

Probes PDFs and pQCD modeling 
of the ggF production mechanism
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Combination: H(γγ) and H(ZZ) 
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The results for one coupling modifier are obtained while 
fixing the other one to the SM expectation 

The combined observed limit on kb less 
stringent than the individual ZZ* :
➢ Cross section quadratically depend on kb

➢ Double minimum in the NLL scan
➢ kb parameter being further from the SM 

expectation only with the H(γγ) channel

The combined observed limit on kc similar to
the individual ZZ*, but the 68% CL observed 
combined limits on kc are worse than the 
results from the ZZ channel :
➢ The correlation between the kb and kc

parameters
➢ Different best-fit kb observations for ZZ 

and γγ channel

➢ Data fluctuations in some pT
H bins
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Interpretation with shape vs. shape + norm.
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