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Cross-sections over 12 years
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Run I
Discovery of a new particle
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Run I
Discovery of a new particle

Run-II
Precision physics era

Run-III
The Higgs realm

• Access to higher  

• Improved analysis techniques 

• Stress test of the SM predictions

s

Cross-sections over 12 years



Higgs cross sections at the LHC
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Run-II (2016-2018) 
precision physics era

Run I
Run II

Run III



A well understood particle (?)

• All the main production modes have been observed with a 
5 SD significance 

• Main production modes (ggH, VBF) probed at ~ 10% level 

• We are entering the realm of measurements limited by 
systematic uncertainties (eg in ggH) 

• Measuring inclusive signal strengths gives us an overall 
characterisation of the SM
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Nature 607 (2022) 60

https://www.nature.com/articles/s41586-022-04892-x


The STXS Framework
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The primary goal of STXS framework is to minimise the measurement 
dependence on theory predictions without losing sensitivity

Coverage of the entire phase space and specific regions designed to detect BSM effects



The STXS Framework

8Higgs 2024, 07/11/24 - M. Bonanomi

BSM-like

SM-like BSM-like
SM-like

The primary goal of STXS framework is to minimise the measurement 
dependence on theory predictions without losing sensitivity

Coverage of the entire phase space and specific regions designed to detect BSM effects



A look under the hood
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Nature 607 (2022) 60

https://www.nature.com/articles/s41586-022-04892-x


With more data comes more responsibility
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Statistically limited

Inclusive xsec 
Signal strenghts

STXS Fiducial Cross Sections

Model independence 👍
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https://www.nature.com/articles/s41586-022-04892-x
https://cds.cern.ch/record/2827421
https://cds.cern.ch/record/2905357/files/ANA-HIGG-2022-07-PAPER.pdf


References and overview
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Collaboration Reference Topic

Nature 607 (2022) 60 Run-II Combination

Nature 607 (2022) 52 Run-II Combination

ATLAS HIGG-2022-07 H(ττ) Run-II 

CERN-EP-2024-194 ttH(bb) Run-II

HIGG-2020-20 VH(bb) Run-II

HIG-23-013 Run-II differential combination

HIG-23-015 ttH multilepton differential

HIG-23-014 H(γγ) differential Run-III

HIG-24-013 H(ZZ) differential Run-III

https://www.nature.com/articles/s41586-022-04892-x
https://www.nature.com/articles/s41586-022-04893-w
https://cds.cern.ch/record/2905357/files/ANA-HIGG-2022-07-PAPER.pdf
https://cds.cern.ch/record/2904447?ln=en
https://cds.cern.ch/record/2915296/files/ANA-HIGG-2020-20-PAPER.pdf
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-23-013/index.html
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-23-014/index.html
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-24-013/index.html


References and overview
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Collaboration Reference Topic

HIG-19-010 H(ττ) Run-II 

HIG-19-011 ttH(bb) Run-II

HIG-20-001 VH(bb) Run-II

JHEP 05 (2023) 028 Run-II differential combination (ZZ, γγ)

Eur. Phys. J. C 84 (2024) 78 H(γγ)/H(ZZ) differential Run-III

HIGG-2022-17 Run-II differential xsec EFT interpretation

The “negative picture” of the results shown today, from the other side of the LHC

https://arxiv.org/abs/2204.12957
https://cds.cern.ch/record/2868175?ln=en
https://cds.cern.ch/record/2827421
https://link.springer.com/article/10.1007/JHEP05(2023)028
https://arxiv.org/abs/2306.11379
https://cds.cern.ch/record/2888749/files/ANA-HIGG-2022-17-PAPER.pdf


Run-II STXS characterisation

• High granularity characterisation of 
the Higgs boson production modes 
using full Run-II dataset 

• In high-stat bins, experimental 
precision is comparable with theory 
precision! 

• With Run-II data we can probe in 
detail BSM-like phase space and 
rarer production mechanisms! 

• ATLAS & CMS keep improving their 
results to enhance the understanding 
of the Higgs sector
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Nature 607 (2022) 52

https://www.nature.com/articles/s41586-022-04893-w


ATLAS Run-II legacy H → ττ
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ATLAS HIGG-2022-07

• 25% improvement in the ttH signal strength 

• NN-based reconstruction of , yielding a 50% improvement in 
resolution 

• Multi-class BDT used to enhance separation of  events from 
backgrounds in VBF and  categories 

• VBF categories, much higher granularity: from 1 to 8 bins

pH
T

tt̄H
tt̄H

https://cds.cern.ch/record/2905357/files/ANA-HIGG-2022-07-PAPER.pdf


ATLAS Run-II legacy H → ττ
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• 25% improvement in the ttH signal strength 

• NN-based reconstruction of , yielding a 50% improvement in 
resolution 

• Multi-class BDT used to enhance separation of  events from 
backgrounds in VBF and  categories 

• VBF categories, much higher granularity: from 1 to 8 bins

pH
T

tt̄H
tt̄H

ATLAS HIGG-2022-07

Measurement of cross-section in differential bins of  and Δϕjj pH
T

Comparison with SM, but also with EFT scenarios for different Wilson Coefficients

https://cds.cern.ch/record/2905357/files/ANA-HIGG-2022-07-PAPER.pdf


ATLAS Run-II legacy tt̄H(bb̄)
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CERN-EP-2024-194

• Measurement of all  STXS bins 

• NN-based classifier using transformers 
with attention mechanism 

• Additional improvements in MC modelling 

• Transformer NN to select the two Higgs 
candidate jets  improved 
categorisation into different STXS regions  

• Overall uncertainty improved by factor 
1.8 

• 4.6 SD observed in ttH(bb) alone!

tt̄H

⇒

https://cds.cern.ch/record/2904447?ln=en
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• Measurement of all  STXS bins 

• NN-based classifier using transformers 
with attention mechanism 

• Additional improvements in MC modelling 

• Transformer NN to select the two Higgs 
candidate jets  improved 
categorisation into different STXS regions  

• Overall uncertainty improved by factor 
1.8 

• 4.6 SD observed in ttH(bb) alone!

tt̄H

⇒

ATLAS Run-II legacy tt̄H(bb̄)

ATLAS JHEP 06 (2022) 097

From 2.7 SD to 5.4 SD in expected sensitivity!

CERN-EP-2024-194

https://link.springer.com/article/10.1007/JHEP06(2022)097
https://cds.cern.ch/record/2904447?ln=en
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Run-II legacy : ATLAS & CMStt̄H(bb̄)

CERN-EP-2024-194HIG-19-001

https://cds.cern.ch/record/2904447?ln=en
https://cds.cern.ch/record/2668684?ln=en


ATLAS Run-II legacy VH(bb̄)
• Combined measurement of VH(bb) and 

VH(cc), use flavor-based CRs to control 
different flavor components 

• DL1r used for flavour-based jet-tagging  

• Combination of resolved and boosted final 
states in the V-leptonic channel 

• Target STXS V-lep bins & benchmarked 
against VZ(bb) 
   First ATLAS result of VZ(cc) at 5 SD 

• Uncertainties reduced by ~20% 

• First observation of  at 5.3 SD

⇒

WH(bb̄)
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HIGG-2020-20

https://cds.cern.ch/record/2915296/files/ANA-HIGG-2020-20-PAPER.pdf


• Exclusion of bottom-charm Yukawa coupling 
universality at ~ 3 SD 

• Simultaneous extraction of  and 
, for an upper limit of  

 
          < 11.5 @ 95% CL 

• Simultaneous extraction of  and 
 coupling modifiers 

 
          < 4.2 @ 95% CL 
 
  (HL-LHC projection was < 3)

VH(bb̄)
VH(cc̄)

μVH(cc̄)

VH(bb̄)
VH(cc̄)

∣ κc ∣

∣ κc ∣
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Strongest (obs) limit on VH(cc̄)

HIGG-2020-20

https://cds.cern.ch/record/2915296/files/ANA-HIGG-2020-20-PAPER.pdf


CMS Run-II legacy VH(bb̄)
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HIG-20-001 HIG-21-020

Dedicated measurements of VH(bb) in resolved and boosted topologies
Precision of STXS measurements comparable to ATLAS results

https://cds.cern.ch/record/2827421
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-21-020/


Jet-taggers from Run-II to Run-III

• DL1r used for flavour-based jet-tagging  

• Combination of resolved and boosted final 
states in the V-leptonic channel 

• Measure all STXS V-lep bins & benchmarked 
against VZ(bb) 
   First ATLAS result of VZ(cc) at 5 SD 

• Uncertainties reduced by ~20% 

• WH->bb 5.3 SD first observation

⇒
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Evolution of algorithms from Run 1 to Run 3

25

Figure 13: Evolution of the 
light- (udsg, yellow bars) 
and c-jet (red bars) 
rejection for a fixed b-jet 
identification efficiency of 
70% for taggers from Run 1 
to Run 3. The BvsAll 
discriminator is used to 
derive all numbers but the 
last one, where the 
weighted BvsAll 
discriminator with a factor 
of kc = 0.14 is used, yielding 
a good trade-off between 
light- and c-jet rejection.

CMS Run-II analyses

Run-III Target

Up to x2 in c-jet identification!

Analogous picture for ATLAS (see backup)



CMS Run-II combination

• Characterisation of Higgs boson kinematics to 
the highest level of precision possible, 
combining all the main decay channels 

• Run-II legacy result, probing kinematics of 
the Higgs boson and its couplings with 
respect to the SM hypothesis 

• Re-interpretation of differential 
measurements in -framework, extending 
previous results 

• First CMS interpretation of differential 
measurements in SMEFT, using PCA 
decomposition of EFT operators

κ
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PAS-HIG-23-013

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-23-013/index.html


CMS Run-II combination

• Eigenvector decomposition of the Fisher information matrix 

• Eigenvalues with highest constraining power left floating in 
the (simultaneous) fit 

• Sensitivity of decay channels dominated by cHG 

•  introduces sensitivity to cHB, cHW, and cHBW 

• Similar result from ATLAS in HIGG-2022-17

Hγγ
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PAS-HIG-23-013

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-23-013/index.html


CMS ttH multilepton differential
• Target the three most sensitive final states: 2lss + 0 , 3l + 0 , 2lss + 1  

• DNNs to categorise events and regress , using custom loss function  

• Measurement of differential xsec in (adapted) STXS and  bins

τh τh τh

pH
T L =

1
N ∑

N

((yt − yp)2 × ∣ σ2
t − σ2

p ∣ )

mtt̄H
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PAS-HIG-23-015



Run-III differential xsec
• Cross sections measured at  TeV in  and  

• Results limited by statistics at the current stage, with only 34.7 fb-1 analysed 

s = 13.6 H → ZZ H → γγ
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PAS-HIG-24-013 PAS-HIG-23-014

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-24-013/index.html
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-23-014/index.html


Extrapolation to full phase space
• Cross sections measured at  TeV in  and  (equivalent results from ATLAS) 

• Results limited by statistics at the current stage, with only 34.7 fb-1 analysed 

s = 13.6 H → ZZ H → γγ
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CMS HIG-24-013 CMS HIG-23-014
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full phase space, additional uncertainties in the acceptance and in the branching fraction are considered
(see Sections 4.5 and 5.4). The total Higgs boson production cross-section at 13.6 TeV is measured to be
f(?? ! �) = 67+12

�11 pb using the � ! WW channel and f(?? ! �) = 46 ± 12 pb using the � ! 4✓
channel. The two measurements are compatible with a p-value of 20%.

A likelihood combination of the two decay channels is performed, following the method described in
Ref. [118].
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Figure 3: Values of the f(?? ! �) measurements from this and previous [119, 120] ATLAS publications as a
function of the ?? centre-of-mass energy. The SM predicted values and their uncertainties are shown by the shaded
band. The individual channel results are offset along the G-axis for display purposes.

Experimental and theoretical uncertainties that affect both channels are correlated via common nuisance
parameters. The correlated experimental uncertainties include the uncertainties in the integrated luminosity,
in the description of pile-up in the simulation, in the common electron–photon energy scale, in the
Higgs boson mass value, and in the relative contributions of the different Higgs boson production modes.
Additionally, the common sources of theoretical uncertainty in the � ! //

⇤ ! 4✓ and � ! WW branching
fractions (Us, 1- and 2-quark masses, and partial decay widths into the main decay channels, such as two
vector bosons, two gluons, or a 11̄ pair) are also correlated. Finally, the theoretical uncertainties in the
acceptance factor due to missing higher-order QCD effects, PDF variations, variations of the modelling of
the PS, and signal composition are also correlated.

The asymptotic approximation [98] for the distribution of the profile likelihood ratio is assumed in the
computation of uncertainties. The validity of this approximation was verified in previous analyses by
performing pseudo-experiments.

The total Higgs boson production cross-section, obtained by combining the � ! WW and � ! //
⇤ ! 4✓

results, is f(?? ! �) = 58.2 ± 8.7 = 58.2 ± 7.5 (stat.) ± 4.5 (syst.) pb at 13.6 TeV. All three
results (� ! WW, � ! //

⇤ ! 4✓ and their combination) are in agreement with the SM prediction of
f(?? ! �)SM = 59.9 ± 2.6 pb. The nuisance parameters associated with the position of the signal mass
peak do not show any significant pull.
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Eur. Phys. J. C 84 (2024) 78

https://arxiv.org/abs/2306.11379


Conclusion

After 12 years, we have achieved a substantial understanding of the Higgs boson properties at the LHC 

• Cross sections of the main production modes have been measured with O(10%) precision 

• STXS gives access to a high-granularity description of the Higgs production, enhancing sensitivity to 
new physics 

• ATLAS and CMS released Run-II legacy results in all production modes, over exceeding the expectations 
we had at the beginning of Run-II (e.g.  < 4.2 @ 95% CL, comparable with HL-LHC projections) 

• Run-III data-taking will end next year, giving access to more data and better characterisations! 

∣ κc ∣
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To expand on today’s talk
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+ A. Nigamova (EFT), D. Valsecchi (Taggers/ML), P. Bokan (Higgs properties), and all other plenary talks!



BACKUP SLIDES



EFT Sensitivity in STXS
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HIGG-2022-17



Impacts on Run-II legacy tt̄H(bb̄)
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CERN-EP-2024-194HIG-19-011



Impacts on Run-II legacy tt̄H(bb̄)
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CERN-EP-2024-194HIG-19-011



Jet-taggers from Run-II to Run-III

• DL1r used for flavour-based jet-tagging  

• Combination of resolved and boosted final 
states in the V-leptonic channel 

• Measure all STXS V-lep bins & benchmarked 
against VZ(bb) 
   First ATLAS result of VZ(cc) at 5 SD 

• Uncertainties reduced by ~20% 

• WH->bb 5.3 SD first observation

⇒
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ATLAS-CONF-2024-010

ATLAS-CONF-2024-010

Run-III Target

Up to x4 in c/l-jet rejection!



Extrapolation to full phase space
• Cross sections measured at  TeV in  and  (equivalent results from ATLAS) 

• Results limited by statistics at the current stage, with only 34.7 fb-1 analysed 

s = 13.6 H → ZZ H → γγ
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CMS HIG-24-013 CMS HIG-23-014


