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✦ The heart of the Standard Model uncovered
✦
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✦ Higgs boson - the heart of the Standard Model (SM)
✦

LSM = - 1
4Fµ⌫F

µ⌫ + i †
D + yij i� j + h.c. + |Dµ�|

2 - µ2(�†�)- �(�†�)2

LSM = - 1
4Fµ⌫F

µ⌫ + i †
D + yij i� j + h.c. + |Dµ�|

2 - µ2(�†�)- �(�†�)2

Particle with unique quantum numbers (JCP = 0+), needs to be studied in detailed 

Interacts directly with all massive particles of the SM  
(and indirectly with )γ, g

15 out of 19 parameters in the SM connected to the Higgs Boson  

Yukawa Interaction

BEH Mechanism
LSM = - 1

4Fµ⌫F
µ⌫ + i †

D + yij i� j + h.c. + |Dµ�|
2 - µ2(�†�)- �(�†�)2

LSM = - 1
4Fµ⌫F

µ⌫ + i †
D + yij i� j + h.c. + |Dµ�|

2 - µ2(�†�)- �(�†�)2
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 incredibly rich phenomenology ! →
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✦ Producing Higgs bosons
✦
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Kinematic features of the processes allows to pin-down the production 

Cross-section of different modes, varies across 3-orders of magnitude !
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✦ Observing Higgs bosons
✦
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Higgs boson has a narrow width (4.07 MeV) and decays instantaneously ! (~10-22 sec)

Decays to all particles except the top quark  multiple channels to study Higgs boson→
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✦ ATLAS workflow : testing physics theories with data
✦
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✦ testing physics theories with data : Likelihood function
✦

Likelihood function, L(data|theory), is used to perform statistical inference on physics parameters

likelihood function captures, 

i. Behaviour of theory model parameters on  
  observables For ex. : Higgs boson signal strength 
 
ii. Systematic uncertainties from experimental sources 
   For ex. : Calibration of Jet energy scale 
 
iii. Theoretical uncertainties on model 
   For ex. : PDF scale and factorisation uncertainty  
 
iv. Consistent signal & background modelling across  
    different analyses 
   Avoid overlapping kinematic regions to extract information 
 

Combined likelihood function 
O(5000) parameters 
O(200,000) functions 
O(5500) pdfs

Nuisance  
Parameters

Parameters  
of interest
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✦ Higgs inclusive measurements at ATLAS 
✦

Run-2 30x as many Higgs wrt Run-1, allows for precise measurements of cross-sections & couplings
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Strong indications for rare Higgs decays : obs. (exp) significance of 2.0𝜎 (1.7𝜎) for    
                                                                                          and 2.3𝜎 (1.1𝜎) for  

H → μ+μ−

H → Zγ

All major production modes have 5  observation and for tH 95% obs. (exp) upper limit of 15 (7) x SMσ

Nature 607, 52 (2022)

https://www.nature.com/articles/s41586-022-04893-w
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✦ Higgs couplings to particles 
✦
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Framework is designed for rates, not sensitive to kinematic distributions

Is a LO - order framework and not a QFT that extends the SM

With a more sophisticated couplings framework like an Effective  
Field theory, information of kinematic distributions is crucial !
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✦ Analysing Higgs boson - a concerted effort
✦

- Each measurement consists of multiple signal regions, designed to selected target Higgs production 
- Distribution of a (multivariate) discriminant is interpreted in terms of sum of signal and background
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✦ Unfolding Higgs boson kinematics
✦ A well conditioned response matrix

Ex. based on

- One way to study kinematic properties of Higgs boson is to unfolding, typically with maximum  
  likelihood method, to obtain differential measurements, usually limited to one or two-dimensional distributions  
- Well suited for high precision, low background channels which can rely on simple cut-based analysis  
  without needing multivariate discriminants, non-trivial to map multivariate discriminants in fiducial phase space

- Can be easily compared to theory predictions,  harder to combine different channels without involving  

   extrapolation to full phase space   
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- One way to study kinematic properties of Higgs boson is to unfolding, typically with maximum  
  likelihood method, to obtain differential measurements of one and two-dimensional distributions  
- Well suited for high precision, low background channels which can rely on simple cut-based analysis  
  without needing multivariate discriminants 
- Generally bins are broad enough resulting in minimal migrations, defined such that the condition number is 
  not too large, regularised unfolding explored in some channels, reduction in variance at the cost of bias  
  

✦ Sensitivity to new physics
✦

The p  spectrum is dominated by gg H,  
 new physics affecting any other production  

 mode will be diluted in this observable  
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✦ Simplified template cross-sections (STXS) 
✦

Measure production mode cross-section in fiducial volumes, designed to separate out different production modes

- Minimise model dependence and  
  maximise experimental sensitivity
- Allow isolation of possible BSM effects
- Staged binning : evolves in granularity  
  with more data

438 III.2.1. Overview
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Figure 217: Schematic overview of the simplified template cross section framework.

precise form of the categorization. Typically, a subset of the experimental event categories is designed to
enrich events of a given Higgs boson production mode, usually making use of specific event topologies.
This is what eventually allows the splitting of the production modes in the global fit. Another subset of
event categories is defined to increase the sensitivity of the analysis by splitting events according to their
expected signal-to-background ratio and/or invariant-mass resolution. In other cases, the categories are
motivated by the analysis itself, e.g. as a consequence of the backgrounds being estimated specifically
for certain classes of events. While these are some of the primary motivations, in the future the details of
the event categorization can also be optimized in order to give good sensitivity to the simplified template
cross sections to be measured.

The centre of Figure 217 shows a sketch of the simplified template cross sections, which are
determined from the experimental categories by a global fit that combines all decay channels and which
represent the main results of the experimental measurements. They are cross sections per production
mode, split into mutually exclusive kinematic bins for each of the main production modes. In addition,
the different Higgs boson decays are treated by fitting the partial decay widths. Note that as usual,
without additional assumptions on the total width, only ratios of partial widths and ratios of simplified
template cross sections are experimentally accessible.

The measured simplified template cross sections together with the partial decay widths then serve
as input for subsequent interpretations, as illustrated on the right of Figure 217. Such interpretations
could for example be the determination of signal strength modifiers or coupling scale factors  (pro-
viding compatibility with earlier results), EFT coefficients, tests of specific BSM models, and so forth.
For this purpose, the experimental results should quote the full covariance among the different bins. By
aiming to minimize the theory dependence that is folded into the first step of determining the simpli-
fied template cross sections from the event categories, this theory dependence is shifted into the second

Experimental analyses in  
different decay channels 

Combination within simplified template cross-section framework Test different  
theory models

Design guided by,

There is some residual model dependence  
as some regions cannot be fully distinguished  
at reco. level ex. ggF+2jet vs VBF

Fiducial bins measured based on the  
maximum likelihood method



14

✦ STXS analysis : the Higgs   case
✦

→ γγ
- Analysis measures kinematic properties of key production modes with full Run-2 dataset 

- Split events into different STXS bins while keeping correlation low and sensitivity high 

- Two step categorisation approach, 
i. signal-vs-signal: First, a multiclass BDT to separate  
  all signal classes  
 
ii. signal-vs-background: Second, a binary BDT to  
   reject non-resonant background ( ) 

- Multiclass BDT boundaries decided based on  
D-optimality , perform iterative categorisation and  
minimise the determinant of the covariance matrix 

- Allows to minimise overall uncertainty and correlation  
across cross-section measurements 

γj, jj

http://dx.doi.org/10.7488/era/3404

JHEP 07 (2023) 088

https://www.jstor.org/stable/2237191
http://dx.doi.org/10.7488/era/3404
https://link.springer.com/article/10.1007/JHEP07(2023)088
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✦ STXS bins measured 
✦

Figure 11: Summary of the 28 regions for which STXS measurements are reported.

Results are shown in Table 10 and Figure 12. The correlation matrix of the measurements is shown
in Figure 13. The correlation between most STXS region measurements is small, and the largest
correlation is �51%, observed for the measurements of STXS regions 66 ! �, � 2-jets, < 9 9 � 350 GeV,
?
�

T < 200 GeV and @@
0
! �@@

0, � 2-jets, 350  < 9 9 < 700 GeV, ?�T < 200 GeV. The Higgs boson
production processes in these STXS regions have similar event topologies and are intrinsically difficult to
separate. The relative uncertainties in the measurements range from 20% to more than 100%. Smaller
uncertainties are associated with the 0-jet and 1-jet regions of 66 ! �, as well as the 200  ?

�

T < 300 GeV
region of 66 ! � and the < 9 9 � 700 GeV region of @@0 ! �@@

0. Larger uncertainties occur especially
in regions of high ?

�

T and ?
+

T , as well as the low-< 9 9 regions of @@0 ! �@@
0. The systematic component

of the uncertainties is everywhere smaller than the statistical component, but reaches similar values for the
0-jet regions of 66 ! �. No significant deviations from the SM expectation are observed and the ?-value
for compatibility of the measurements and the SM predictions is 93%. Results in a finer set of 33 STXS
measurements regions are also presented in Table 13 of Appendix A. Results are not reported using the full
granularity of the 45 STXS analysis regions, since the statistical power of the � ! WW analysis alone is
currently insufficient to perform this measurement. This configuration is however used in the � ! WW

inputs to combinations with other Higgs boson processes, which allow more granular measurements. This
includes for example combinations [161] with the ATLAS +�, � ! 11̄ analysis [162, 163], which reports
STXS results in the @@̄

0
! ,� and ?? ! /� processes using a finer granularity than in the present

paper.

36

binning in  
p , M , NT
H jj jets

binning in  
pT
V

binning in  
pT
H

STXS bins reported by  corresponds to merged bins of the STXS fine bin definitionsH → γγ

Note that final STXS binning is much more finer when combining with  
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✦ Signal purity for categories
✦

Analysis categories

Typically, analysis categories finer than final STXS bins

ST
XS

 b
in

s
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✦ What is published
✦
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Experimental likelihood function captures all relevant statistical information of measurement  
(calibration, theory uncertainties, etc)  
 
 

Higgs analyses 
 categories 

Constraint  
term of systematic 
effects

5.4 Simplified Likelihood

In this section a simplified statistical model of the measurements interpreted in this note is presented
that allows for the reproduction of the presented fit results with high accuracy. It is based on the model
introduced in Equation 15, which defines a signal-strength parameter for each EWPO, each electroweak
measurement bin, and each STXS region. The results of a maximum likelihood fit of this model are shown
in Tables 9 and 10. Figure 18 visualizes the correlation of the signal-strength modifier measurements.
The strongest correlations are present between bins of ATLAS electroweak measurements, which have
small statistical uncertainties and are dominated by correlated systematic uncertainties. For VBF / , the
uncertainty in the SM prediction of / 9 9 events with a high-mass dijet system is of particular importance.

From the vector of best fit results, labelled -̂, and their covariance, +`, a Gaussian approximation of the
likelihood can be constructed:

! (-) =
1q

(2c)=` det
�
+`

� exp
✓
�

1
2
�-|+�1

` �-
◆
, (18)

where =` is the number of signal strength parameters (=` = 128) and

�- = - � -̂ . (19)

As a function of the chosen signal strength parameters the above multivariate Gaussian is a good
approximation of the likelihood, due to the large underlying dataset. By substituting - for the SMEFT
parametrization, an approximation of the likelihood used to constrain Wilson coe�cients in this note can
be obtained. The approximate model is also valid in the linear+quadratic scenario, in which the likelihood
is non-Gaussian as a function of Wilson coe�cients. Profile-likelihood scans of this simplified model
result in constraints that are very similar to the full model, as shown in Figure 19.

The simplified model is nuisance parameter free, as the e�ect of all uncertainties is encoded in the
covariance matrix +`, and thus computationally inexpensive. The model can for example be used to
study alternative EFT scenarios, by simply substituting - for a modified or alternative parametrization.
As the signal strength modifiers describe the measurement in relation to the SM expectation, for such a
re-parametrization there is no need to re-evaluate the SM predictions and their uncertainties.
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Simplified likelihood  
Multivariate Gaussian approximation of the signal-strength measurements  best-fit + covariance matrix  
 
 

→

Full Experimental  
Likelihood

Ease of usage 

Validity of approximation

Multivariate  
Gaussian

Approximate Likelihoods
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Figure 19: Comparison of constraints on Wilson coe�cients from the combined analysis for the full negative
log-likelihood (NLL) and the simplified NLL, using the linearized SMEFT parametrization.
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multivariate Gaussian provides 
a reliable approximation !

Simplified likelihood provides a good approximation of overall constraint,  
but no additional information on systematic uncertainties!  
 
 
Available on public page of ATLAS publication note ATL-PHYS-PUB-2022-037 
i. best-fit + covariance matrix of 128 signal-strength measurements
ii. Corresponding EFT parameterisation

Generally good agreement between simplified and full likelihood, not  
expected to match exactly as the measurements are not exactly Gaussian 
 

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-037/
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✦ Outlook
✦

- Good progress on Higgs boson kinematic measurements, evolved from inclusive cross-section measurements  
to measuring kinematic observables

- For Run-2, the STXS measurements are an important highlight to study Higgs boson properties.  
Well complemented by unfolded fiducial differential cross-section measurements across some channels.

- Results have also been used widely by the theory community for reinterpretation 

- STXS is not by any means meant to be a static framework - serves as a guidance for analysis design and  
allow for combination across different Higgs decay channels

- active discussion within WG2: Higgs properties to extend and improve STXS, many ideas in the pipeline, 
- Including STXS-style binning on the Higgs decay side 
- Introducing kinematic splitting that are sensitive to CP-odd effects ( )
- Extending energy reach of STXS bin due to accommodate analyses with novel developments to probe  

boosted regime 
 

Δϕjj

https://indico.cern.ch/category/5848/


✦ Backup
✦
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✦ Detailed kinematic picture of the Higgs boson
✦
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Increased dataset and new analysis techniques gives detailed  
kinematic information 
 
Combining measurements from different analysis allows to  
study Higgs production across 4 orders of magnitude in cross-section 
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