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Introduction 

This talk: 

Introduce the common ATLAS fitting 
procedures and highlight standard practices 
related to fitting and EFT interpretation of  
combined results 

I’ll use mainly one example as a case study: the 
latest global EFT combination (ATL-PHYS-
PUB-2022-037)

https://cds.cern.ch/record/2816369
https://cds.cern.ch/record/2816369
https://cds.cern.ch/record/2816369
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Many results are interpreted in the SMEFT framework in ATLAS; 
different choices are made in terms of  fitting and dealing with the 
statistical model of  the data 

Focusing today on one of  the largest (in terms of  complexity of  the 
statistical model) combination in ATLAS, i.e. global EFT fits (some 
parts also from latest Higgs only combination)

Global EFT combinations

EWTOP

HIGGS

EFT interpretation of  combined results of Higgs, Electroweak and LEP data: constraints on 28 EFT 
operators (linear combinations of  Warsaw basis) 

Different use of  data in the statistical model in every sector, summarising the most common scenarios in 
combined EFT fits

https://arxiv.org/abs/2402.05742
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Input: Higgs sector

STXS (Simplified Template Cross-Section) 
framework used as input: 

Higgs cross sections measured differentially in 
production mode kinematic variables 

Five decay channels (ZZ, WW, , , )  
included, spanning all production modes 

By far the most complicated sector of  the analysis, 
but STXS bins have been designed to deal in 
advance with most of  the common issues in 
statistical combinations (overlap, systematics 
correlation etc.) 

γγ bb ττ
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EW data included in this combination: 

WW, WZ, Z + jets, ZZ differential 
distributions for complementary sensitivity to 
operators not probed in the Higgs sector 

LEP precision observables included (from 
the table): help us to understand where LHC 
data can make a difference in the SMEFT space
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Table 3: Electroweak precision observables included in the analysis. The second column corresponds to the
experimental value, the third to the theory prediction in the {<, ,</ ,⌧� } input parameter scheme, and the fourth
is the ratio of the two values.

Observable Measurement Prediction Ratio

�/ [MeV] 2495.2 ± 2.3 2495.7 ± 1 0.9998 ± 0.0010
'

0
✓ 20.767 ± 0.025 20.758 ± 0.008 1.0004 ± 0.0013

'
0
2 0.1721 ± 0.0030 0.17223 ± 0.00003 0.999 ± 0.017

'
0
1 0.21629 ± 0.00066 0.21586 ± 0.00003 1.0020 ± 0.0031

�
0,✓
FB 0.0171 ± 0.0010 0.01718 ± 0.00037 0.995 ± 0.062

�
0,2
FB 0.0707 ± 0.0035 0.0758 ± 0.0012 0.932 ± 0.048

�
0,1
FB 0.0992 ± 0.0016 0.1062 ± 0.0016 0.935 ± 0.021

f
0
had [pb] 41488 ± 6 41489 ± 5 0.99998 ± 0.00019

topologies. The inclusive 4✓ analysis is performed in various phase-space regions for the four-lepton invariant
mass of <4✓ > 20 GeV while the signal region of the � ! 4✓, together with the corresponding sideband
region used to constrain the continuum 4✓ background, comprise events with 105 GeV < <4✓ < 160 GeV.
A more optimal analysis of the Higgs boson mass regions is more important than the relatively weak
constraints provided by the low-mass region of the inclusive 4✓ measurement. Thus, this combination
includes the complete � ! 4✓ measurement but excludes analysis regions of the inclusive 4✓ analysis that
target <4✓ < 180 GeV.

The signal region of the ,, [19] measurement and the signal regions of the � ! ,,
⇤ [12] analyses that

target gluon fusion Higgs boson production are orthogonal, as the former analysis requires the dilepton
invariant mass <✓✓ > 55 GeV while the latter requires <✓✓ < 55 GeV. Overlap between the � ! ,,

⇤

signal region targeting VBF production and the ,, measurement is also negligible due to the requirement
of 2 jets with ?T > 30 GeV in the final state of the former analysis, as the ,, measurement vetoes events
containing jets with ?T > 35 GeV. However, the control regions of the � ! ,,

⇤ analyses that are used to
constrain the ,, background relax the <✓✓ requirement and thus partially overlap with the ,, analysis.
The 0-jet ,, control region of the � ! ,,

⇤ analysis is thus removed in this combined interpretation.
Instead, the normalization of the ,, background contribution in the 0-jet region is treated as correlated to
the normalization of the signal from the ,, measurement. The overlap between the ,, analysis and the
1-jet ,, control region of the � ! ,,

⇤ analysis is negligible, as only events with a jet with ?T between
30 and 35GeV are considered by both analyses.

6

Input: EW & LEP 
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Statistical model description 
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Likelihood contains parameters of  interests (POIs)  and nuisance parameters (NPs)  to quantify the effect of  
systematic uncertainties in the measurement 

Systematic uncertainties are coming from theory predictions (over signal or backgrounds) and detector effects (e.g. 
luminosity uncertainty, objects reconstruction efficiencies etc): common NPs are correlated between sectors 

μ ⃗θ

7

Statistical model: likelihood

EW

Stat-only covariance

Gaussian  
constraint terms

LEP

Likelihood ratio used as a test statistic to perform statistical inference on SMEFT parameters, built from 
product of  likelihood ratios of  the different analyses

Statistical model uses likelihood built at the measurement level (cross-sections or event counts)  and 
only later rotated into the EFT space

Higgs

Total covariance

L(x |μ, θ) =
Ncat

∏
c

[
Nbins

∏
e

Poisson(ΣsNc
s + ΣbNc

b), nobs,e]
nsyst

∏
i

( fi(θi) L(μ) = exp(−
1
2

(μ − ̂μ)TC−1(μ − ̂μ))
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Statistical model: nuisance parameters and systematics
Impact of  NPs in the Higgs sector is included per 
category  and generally parametrised as: c

Nc(θ) = Nc
0 exp(log(1 + α)θ) ≈ Nc

0(1 + αθ)

where  is the number of  events in the category ,  is the relative impact of  the systematic and  is the nuisance parameterNc c α θ

The values of   are constrained by additional measurements called auxiliary measurements  which are always assumed 
to be expressible as independent Gaussians 

The number of  NPs is in the thousands, but a pruning procedure (more in back- up) has usually been applied in the most recent 
combinations to skim their number  

In the EW sector: 

 

For LEP data, the effect of  systematic uncertainties is enclosed in the covariance matrix used to construct the Gaussian model 

θ fi(θi)

Δx(θ) = xpred − xmeas; xpred(θtheo sys) = xSM ×
ntheo syst

∏
j

(1 + αjθj); xmeas(θexp sys) = x ×
nexp syst

∏
i

(1 + αiθi)

Stat-only covariance

nsyst = ntheo syst + nexp syst

L(μ) = exp(−
1
2

(μ − ̂μ)TC−1(μ − ̂μ))

L(x |μ, θ) =
Ncat

∏
c

[
Nbins

∏
e

Poisson(ΣsNc
s + ΣbNc

b), nobs,e]
nsyst

∏
i

( fi(θi)
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Rotation in the EFT space

 SMEFT ~ σ |MSMEFT |2 =

+ Re2
c
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Linear : SM, d=6 interference

( x  Re+
c2

Λ4

|MSM |2 + 2Re(MSMM*EFT) + |MEFT |2 =

SMEFT effects on the SM predictions can be factored out in a linear and quadratic component 

SMEFT predictions  and  are obtained through simulation with MadGraph + SMEFTsim or SMEFTatNLO (loop-
induced processes) or through analytical predictions ( [1] or [2] decays) — more info in back-up 

This is included in the likelihood with a re-parameterisation step, where every measurement is expressed in terms of   and 
a subset of  these is chosen as POIs

Ai, Bi Cij
H → γγ H → Zγ

ci

SMEFT dependence parameterised as polynomials in Wilson coefficients:

μSMEFT = 1 + ∑
i

Aici + ∑
i

Bic2
i + ∑

i,j

Cijcicj

https://arxiv.org/abs/1405.0301
https://arxiv.org/abs/1709.06492
http://feynrules.irmp.ucl.ac.be/wiki/SMEFTatNLO
https://arxiv.org/abs/1807.11504
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.97.093003
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Fitting procedures



ATLAS fitting infrastructure in EFT fits11

Best fit values are obtained minimising  where  and  are the POIs and nuisance parameters 
respectively, is carried out with the MIGRAD method of  Minuit2

−2 log ℒ(μ, θ) μ θ

Minimisation and uncertanties 
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Figure 7: Profile likelihood as a function of the Wilson coe�cients 2 (1)�@ and 2, for individual input measurement
groups and their combination. These results are obtained using the linear+quadratic model while fixing all remaining
Wilson coe�cients to zero. In the limit of Wilks’ theorem crossing points of the profile likelihood curves with the
dashed lines correspond to borders of the 68% and 95% confidence intervals.

5.1 Fits of individual parameters

Scans of the profile likelihood test statistics defined in Equation 14 are shown in Figure 7 for 2 (1)�@ and 2, as
parameter of interest, while fixing all remaining Wilson coe�cients to zero. Scans of a likelihood including
individual measurement groups and their combination are compared for the linear model. Constraints on
2
(1)
�@ are dominated by the EWPO measurements, ATLAS Higgs boson and diboson measurements using

the ATLAS Run 2 dataset are an order of magnitude weaker. On the other hand, the triple-gauge-coupling
parameter 2, cannot be measured on the /-pole while measurements of electroweak processes and Higgs
decays into two photons o�er similar sensitivity.

5.2 Combined interpretation of ATLAS data

In this section, a combined SMEFT interpretation of ATLAS Higgs boson and electroweak measurements
is presented that does not take into account constraints from electroweak precision data.

The leading 24 eigenvectors of the principal component analysis described in Section 4.5 are visualized
in Figure 8. The eigenvectors are ordered by eigenvalues so that 2 [1]EV can be measured with the highest
sensitivity3 . All eigenvectors with the corresponding expected uncertainty of f < 5 are retained. Some
Warsaw basis vectors are closely aligned with an eigenvector, for example, 2 (3)�@ (with 2

[3]
EV), 21� , 2, ,

and 24� , indicating that an individual measurement in direction of the Warsaw basis vector is largely
uncorrelated to the measurement of other parameters of interest. However, most eigenvectors receive large
contributions from many Warsaw basis vectors, for example 2

[1]
EV and 2

[2]
EV, which predominantly a�ect

3 A notation that makes no distinction between the eigenvector and the corresponding coe�cient is used.

23

Uncertainties of  the POIs are estimated scanning the profiled 
likelihood, i.e. calculating  , where  are the values that 
maximise the likelihood for a given value of   (the remaining POIs are 
also profiled) 

Scan range based on the sensitivity studies (see next slide) 

The intersection between the scan of   and the values 1 
and 4 gives the 1  and 2  uncertainties on the POIs 

Results are normally quoted in terms of  best fit values, 68% and 95% 
confidence intervals

−2 log ℒ(μ, ̂θ) ̂θ
μ

−2 log ℒ(μ, ̂θ)
σ σ

Example of  scan result in ATLAS global EFT fits
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Sensitivity studies

Andrea Visibile

✦ Identifying sensitive directions 

13

Linear fit with all Wilson coefficients is not possible!

IEFT = PTC−1measP

We cannot tell apart every individual coefficient due to degeneracies in 
their effect on our set of measurements 

Sensitivity study: identify the 
sensitive directions

Principal component analysis on information matrix

Eigenvector basis

Fixing non-sensitive directions

Information matrix

These directions are difficult to interpret 
because of mixing of very different operators!

c′ 1

Here both parameters are loosely 
constraint

After rotation, the sensitive 
direction is identified and the 
insensitive direction is fixed to zero
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Information matrix
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Among our parameters we identify 27 
sensitive directions! 

Here both parameters are loosely 
constrained

After the rotation the sensitive 
direction is identified and the other 
one is fixed to SM

Not all Wilson coefficients ( ) can be simultaneously constrained by data 

Sensitivity studies: a PCA is performed over the information matrix to obtain the most sensitive 
directions in the space of  EFT coefficients (threshold applied to discriminate, generally )  

Other directions are fixed to SM ( )

ci

σci
≈ 5 or 10

c = 0

In this way the PCA allows us to identify flat directions and fix them to SM!
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Uncertainty estimation: statistical vs systematic
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30

Breakdown of  systematic and statistical uncertainties can obtained fixing the corresponding 
nuisance parameters (to the best fit values) and comparing the results 

Requires running again the fit for each of  the splitting (note: nominal results are obtained standalone and 
not with square sum of  the components)

From latest Higgs only combination 

https://arxiv.org/abs/2402.05742
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Simplified likelihood fits

Complexity of  the model makes the fitting long and CPU expensive: a quick 
way of  studying it is with simplified likelihood fits 

MultiVariate Gaussian model (MVG) constructed as:
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Figure 18: Correlation of the measurement of the parameters included in the combined maximum likelihood fit of the
combined ATLAS-only analysis, for the linear (left) and the linear+quadratic (right) model.

5.3 Simplified Likelihood617

In this section a simplified statistical model of the measurements interpreted in this note is presented that618

allows to reproduce the presented fit results with high accuracy. It is based on the model introduced in619

Equation 15, which defines a signal-strength parameter for each EWPO, each electroweak measurement620

bin, and each STXS region. The results of a maximum-likelihood fit of this model is shown in Tables 9621

and 10 while Figure 19 visualizes the correlation of the signal-strength modifier measurements. From the622

vector of best fit results, labelled -̂, and their covariance, ⇠`, a Gaussian approximation of the likelihood623

can be constructed:624

! (-) =
1q

(2c)=` det
�
⇠`

� exp
✓
�

1
2
�-|⇠�1

`
�-

◆
, (18)

where =` is the number of signal strength parameters (=` = 128) and625

�- = - � -̂ . (19)

By substituting - for the SMEFT parametrization, an approximation of the likelihood used to constrain626

Wilson coe�cients in this note can be obtained. Profile-likelihood scans of this simplified model result in627

constraints that are very similar to the full model, as shown in Figure 20.628

The simplified model is nuisance parameter free and thus computationally inexpensive. The model629

can for example be used to study alternative EFT scenarios, by simply substituting - for a modified or630

alternative parametrization. As the signal strength modifiers describe the measurement in relation to the631

SM expectation, for such a re-parametrization there is no need to re-evaluate the SM predictions and their632

uncertainties.633
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Figure 18: Correlation of the measurement of the parameters included in the combined maximum likelihood fit of the
combined ATLAS-only analysis, for the linear (left) and the linear+quadratic (right) model.

5.3 Simplified Likelihood617

In this section a simplified statistical model of the measurements interpreted in this note is presented that618

allows to reproduce the presented fit results with high accuracy. It is based on the model introduced in619

Equation 15, which defines a signal-strength parameter for each EWPO, each electroweak measurement620

bin, and each STXS region. The results of a maximum-likelihood fit of this model is shown in Tables 9621

and 10 while Figure 19 visualizes the correlation of the signal-strength modifier measurements. From the622

vector of best fit results, labelled -̂, and their covariance, ⇠`, a Gaussian approximation of the likelihood623

can be constructed:624
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where =` is the number of signal strength parameters (=` = 128) and625

�- = - � -̂ . (19)

By substituting - for the SMEFT parametrization, an approximation of the likelihood used to constrain626

Wilson coe�cients in this note can be obtained. Profile-likelihood scans of this simplified model result in627

constraints that are very similar to the full model, as shown in Figure 20.628

The simplified model is nuisance parameter free and thus computationally inexpensive. The model629

can for example be used to study alternative EFT scenarios, by simply substituting - for a modified or630

alternative parametrization. As the signal strength modifiers describe the measurement in relation to the631

SM expectation, for such a re-parametrization there is no need to re-evaluate the SM predictions and their632

uncertainties.633
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where  are the POIs best fit results obtained over the full statistical 
model and  is the covariance matrix at the best fit values, encoding 
information on statistical and systematic uncertainty 

̂μ
Cμ

Number of  floating parameters is thus reduced from thousands to ~30 

Info to construct these models is publicly available
Comparison full vs simplified likelihood from latest Higgs only combination 

https://arxiv.org/abs/2402.05742


ATLAS fitting infrastructure in EFT fits15

Estimation of  Hesse matrix and simplified likelihood fits

Simplified likelihood models are a great 
tool to study the links between 
measurements and EFT operators since 
they allow for reliable results to be 
obtained quickly  

However the results are reliable only if  we 
can trust the correlation structure used to 
build the model, which is normally 
obtained with the HESSE algorithm 
from Minuit2 

This might not always be the case! (e.g. 
forced positive definiteness) Comparison between MVG and full likelihood fits in latest Higgs only combination 
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Figure 24: Comparison of the observed result from the full likelihood fit in the SMEFT fit basis with only linear terms
(blue) to a fit based on a simplified likelihood constructed from the covariance matrix of the STXS measurements
rotated to the same SMEFT fit basis (purple).
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https://root.cern.ch/download/minuit.pdf
https://arxiv.org/abs/2402.05742
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Conclusions

Quick summary of  fitting procedures used inside ATLAS to obtain results in EFT interpretation of  
combined data presented today:  

Minimisation of  log likelihood and profiling give best fit values and uncertainties 
respectively, choice of  parameters to fit decided with sensitivity studies 

The minimisation procedure is realised with methods and classes of  RooFit, the code for 
sensitivity studies is on gitlab here 

Statistical models and treatments of  systematics can vary: splitting of  uncertainties 
can tell us how we can improve each operator’s sensitivity 

Simplified likelihood fits are very useful and generally reliable: discussion ongoing into the 
collaboration to decide to what extent publishing likelihoods

https://gitlab.cern.ch/rbalasub/senstiEFT
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Thanks!
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Back-up 
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NP pruning

The pruning technique is performed to reduce the number of  nuisance parameters and speed up 
the fitting procedure 

A group of  nuisance parameters is identified to prune such that when the group of  nuisance 
parameters is fixed, the uncertainties on any of  the POIs do not change by a less than a threshold 
(1%) 

Rank:

A search is used to identify the largest ranked NP such that the group of  all the following lower 
ranked don’t change the uncertainty of  the POIs more than the threshold 

where  denotes the uncertainty on the  POI and  the same without the contribution of  σ full
i i σreduced

i θNP



Global EFT fits and top measurements

Overview of  EFT predictions

EFT operator’s impact on measurements is estimated in different ways between the various measurements included:

The  electroweak input parameter scheme is used  

MadGraph plus SMEFTsim 3.0 is used for most of  the measurements 

Loop induced processed use instead SMEFTatNLO ( ) for NLO QCD corrections 

Analytical calculations are used for  (from Dawson, Giardino, Phys. Rev. D 98, 095005 in global EFT fits) 
and  (from Dawson, Giardino, Phys. Rev. D 97, 093003 in Higgs only comb) 

LEP EWPO from Corbett, Helset, Martin, Trott, JHEP06(2021)076

{mW, mZ, GF}

gg → H, gg → ZH, H → gg

H → γγ
H → Zγ

https://arxiv.org/abs/1405.0301
https://arxiv.org/abs/1709.06492
https://link.springer.com/article/10.1007/JHEP04(2021)073
http://feynrules.irmp.ucl.ac.be/wiki/SMEFTatNLO
https://arxiv.org/abs/1807.11504
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.97.093003
https://link.springer.com/article/10.1007/JHEP06(2021)076

