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• : STXS measurements:
CERN-EP-2022-094(SMEFTsim + SMEFT@NLO)

H → γγ

•First ATLAS Global combination (Higgs+EW+EWPO):

ATL-PHYS-PUB-2022-037 - (SMEFTsim + SMEFT@NLO)
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Latest results
Summary of new results that came out after the 4th LHCEFT General meeting on 23rd May 2022: Talk

Sketch from Rahul inspired by Ken Mimasu
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Top-quark LHC measurements in the SMEFT

•  FCNC: arXiv:2208.11415 (TopFCNC UFO)

•  charge (rapidity) asymmetry: arXiv:2208.12095 

(SMEFT@NLO)

tH(ττ)q
tt̄

Focus on results including dim-6 terms and CP-even operators.

•Electroweak  production and limits on anomalous 
quartic gauge couplings: arXiv:2208.12741

Z(νν̄)γjj
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https://arxiv.org/abs/2207.00348
https://cds.cern.ch/record/2816369/files/ATL-PHYS-PUB-2022-037.pdf
https://indico.cern.ch/event/1136803/contributions/4849616/attachments/2448980/4196679/LHC_general_ER.pdf
https://arxiv.org/pdf/1802.07237.pdf
https://arxiv.org/pdf/2208.11415.pdf
https://arxiv.org/abs/2208.12095
https://arxiv.org/pdf/2208.12741.pdf
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✦ Flavour symmetry for operators

# of CP-even d=6 operators

Relax t,b

“top” scheme “topU3l” scheme U(3)5 scheme

All lepton 
generations 
treated similarly

First two quark 
generations 
treated similarly

All lepton 
generations 
treated similarly

Relax leptons

First two quark 
generations 
treated similarly

All quark 
generations 
treated similarly

In general 2499 dim. 6 CP-even operators: additional flavour symmetry in SMEFT 
allows to scale down the complexity of operators !  

U(3)5 : all quarks & leptons affected by same set of operators  (used in 3-channel comb. ATLAS-CONF-2020-053) 

topU3l : top & bottom treated different from other quarks  
(global fit of Higgs, SM. EW & LEP EWPO ATL-PHYS-PUB-2022-037) 

top : treat all leptons separately  
- useful for allowing lepton-specific modifiers 
  (   
- prepare for global fit with relaxed flavour assumptions  
  (Drell-Yan …)

H → μμ, H → ττ, H → 4l, H → lvlv(l = μ, e)

Modest increase in operator  
groups that affect Higgs processes

3

• Warsaw basis, assuming  TeV.
• SMEFTsim + SMEFT@NLO + TopFCNC.
• Results are usually provided for linear model ( + linear-quadratic models).
• SMEFTsim: different flavour symmetries used to reduce the number of Wilson 

coefficients. 
("𝑈(3)5 flavour symmetry",“topU3I”): ( , ATLAS Global combination)

Λ = 1

H → γγ

EFT: theoretical framework
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Sketch from Andrea Visibile
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( ) FCNCtqH ττ arXiv:2208.11415  

production mode

decay mode

• Search for  vertex focusing on  in this analysis, where the 
remaining top decays into a W boson and a b quark - Production & decay mode.

• BDT trained to separate signal and background processes.
• BDT output used in a profile-likelihood fit to extract limits on the FCNC

signal processes. 
• The FCNC coupling parametrised using dim-6 operators:  

• The coefficient  can be extracted according to the Madgraph calculation using TopFCNC UFO.
• Improvements of factor 2 in limits on BRs compared to partial Run2 analysis.

tqH H → ττ

cqϕ

https://arxiv.org/pdf/2208.11415.pdf
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Evidence for the charge asymmetry in pp → tt̄
arXiv:2208.12095 


• Inclusive and differential full Run2 measurements of the top–antitop ( ) charge asymmetry  and the 
leptonic asymmetry  

• Differential measurements are performed as a function of the invariant 
mass, transverse momentum and longitudinal boost of the  system.

• Combined results are interpreted in the SMEFT framework.
• 14 four-fermion operators + 1 operator for top–gluon interaction.

• Large improvement comparing with   LHC 8TeV/Tevatron results.
• Interplay between sensitivity, which increases rapidly at higher  , 

and uncertainty, which grows from 0.2%–0.3% in the lowest mass bin 
to 2.9% in the highest bin.

• For the linear fit, the tightest limit is obtained in the mass bin 
from 1 to 1.5 TeV.

• Constraint from the  differential  measurement  more than  a factor 2
stronger than the one from inclusive measurement 
(increase in sensitivity with higher ).

tt̄ Att̄
c

Aℓℓ̄
c

tt̄

mtt̄

mtt̄

mtt̄

The combined inclusive charge asymmetry is measured to be = 00068 ± 00015, 
which differs from zero by 4.7 standard deviations.

Att̄
c

https://arxiv.org/abs/2208.12095
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arXiv:2208.12095 


other 2D scans in backup

blind direction for 
rapidity

asymmetry broken 
using

energy asymmetry
measurement

• Due to the extra jet in  production, the QCD structure of the energy asymmetry is not the same as 
for the charge asymmetry in  production, so the two asymmetries probe different directions in 
chiral and colour space.

• For colour-octet operators with the same chirality scenarios the shapes of the bounds look very 
different: the charge asymmetry (dashed/solid red lines) leaves a blind direction which is broken 
by the energy asymmetry (dashed/solid blue lines) due to operator interference with the QCD 
amplitude.

tt̄j
tt̄

Bounds on color-octet
operators

https://arxiv.org/abs/2208.12095
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measurements 


  

Higgs + EW: interpretation workflow

7

4th General Meeting of the LHC EFT Working Group Eleonora Ro!i 23/05/2022 2

Overview

Higgs

EWTop EW

Higgs



Eleonora RossiLHC EFT WG: 5th General Meeting - 02/12/2022 8

STXS X BR

Likelihood/Differential 
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measurements 
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Likelihood  re-parameterisation

Parameterisation

28/10/2021 Eleonora Ro!i 4

✦ EFT Overview

Final versions in preparation,  
Updates today

EFT interpretation coming along well, primary computational bottleneck — preparation of 

STXS x BR combined workspace, HESSE ( reqd. for sensitivity study & NP pruning) 

Step 1 (SMEFT parameterisation)

SMEFT@NLO
v3.0

Rivet code (public) implementing the classification of a 
MC event into STXS bins

STXS Rivet

Madgraph jobOption
• MG version 2 .9 .3 , 

AthGeneration 21.6.73

• additional settings w.r.t. public 
settings ( ConfNote 2020)
(ickkw=0, dparameter = 0.4, nJetMax=2, 
process='pp>h' when doing the mlm 
merging.) 

8

• Parameterise EFT dependence at 
the level of STXS and BR, 
differential cross sections. 

•Analytical Expression in term 
of the Wilson Coefficients.
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• Dimension-six operator effects are calculated:

- at tree level using SMEFTsim 3.0.

- for loop-induced processes (e.g ggH, ggZH): SMEFTatNLO.
- Analytic formulas for   including NLO EW 

corrections and LEP observables.

• Acceptance corrections to account for kinematic differences 
between SM and SMEFT in  Higgs boson decays.

• Effects of width changes of intermediate particles (“propagator 
corrections”) included. 

H → γγ

Higgs + EW: interpretation workflow

https://arxiv.org/abs/2012.11343
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Likelihood  re-parameterisation

Parameterisation

covariance
matrix

• Removing degenerate directions 
in the likelihood. 

•Keep only the sensitivity 
directions for final fits.

Sensitivity studies
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✦ EFT Overview

Final versions in preparation,  
Updates today

EFT interpretation coming along well, primary computational bottleneck — preparation of 

STXS x BR combined workspace, HESSE ( reqd. for sensitivity study & NP pruning) 

Step 1 (workspace)

STXS x BR

4

STXS X BR covariance matrix

For the combined STXS measurements, the 
fitResult + covariance matrix and the 

corresponding EFT linear parameterisation is 
published in the CONF. 

9

• Parameterise EFT dependence at 
the level of STXS and BR, 
differential cross sections. 

•Analytical Expression in term 
of the Wilson Coefficients.
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Higgs Higgs + EW: interpretation workflow
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STXS X BR

Likelihood/Differential 

cross-section 
measurements 


  

EFT


Likelihood  re-parameterisation

Parameterisation

covariance
matrix

• Removing degenerate directions 
in the likelihood. 

•Keep only the sensitivity 
directions for final fits.

Sensitivity studies

Re-functioned

EFT


Likelihood  

Results

Fit

sensitive directions
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• Parameterise EFT dependence at 
the level of STXS and BR, 
differential cross sections. 

•Analytical Expression in term 
of the Wilson Coefficients.
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: individual WCs constraintsH → γγ
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H
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Linear best-fit (obs.) 68% (obs.) 95% (obs.)

Linear+quadratic best-fit (obs.) 68% (obs.) 95% (obs.)

Figure 17: Summary of the 68% CL (solid lines) and 95% CL (dashed lines) intervals for individual measurements
of SMEFT parameters observed in data. In each case, SMEFT parameters other than the one measured are fixed to 0.
Blue and green curves correspond respectively to the linear and linear+quadratic SMEFT parameterizations. For
presentation purposes, some parameters are scaled by a factor indicated below the parameter name. Results are not
shown for coe�cients 2: where one or more of the intervals extend beyond the |2: |  20 region, which is considered
to be the region of validity of the SMEFT framework.

10.3 Simultaneous measurement of SMEFT parameters

In this section, multiple SMEFT parameters are left free to vary simultaneously. The information present
in the STXS measurement does not, however, allow constraints to be placed simultaneously on all the
SMEFT parameters listed in Table 11. In addition, both the constrained and the unconstrained degrees
of freedom generally consist in combinations of parameters, since predictions in each STXS region are
a�ected by multiple SMEFT operators.

Unconstrained directions can be removed from consideration without loss of generality, since the
corresponding measurement information is in any case negligible. This allows the number of measurement
parameters to be reduced without incurring model-dependence, and also avoids the probing of regions
of parameter space beyond the bounds of SMEFT validity that occurs when confidence intervals along
unconstrained directions extend beyond these bounds. Finally, this also avoids numerical issues in
maximum-likelihood fits, since non-linear minimization algorithms can fail in cases where the local
curvature of the likelihood function is too low.

The flat directions are identified by performing a principal component analysis of the information matrix
⇠
�1
SMEFT of the SMEFT parameter measurement. The information matrix is computed using the linear model

with the assumption that the probability distribution function of the STXS measurement is approximately
Gaussian. It is obtained as

⇠
�1
SMEFT = %

)
⇠
�1
STXS%

46

• Constraints on individual WCs (one at the time).
• All values compatible with the SM within measurement uncertainties.
• When the sensitivity on one parameter is driven by inclusive event yields, linear and 

linear+quadratic parameterisations provide similar results.
• Operators with sensitivity to high-  bins show smaller confidence intervals for the 

linear+quadratic case.
pH

T

CERN-EP-2022-094

4th General Meeting of the LHC EFT Working Group Eleonora Ro!i 23/05/2022 2

Overview

Higgs

EWTop

Higgs

4th General Meeting of the LHC EFT Working Group Eleonora Ro!i 23/05/2022 2

Overview

Higgs

EWTop

Higgs

4th General Meeting of the LHC EFT Working Group Eleonora Ro!i 23/05/2022 2

Overview

Higgs

EWTop

Higgs

Table 1: The decay channels, targeted production modes, and integrated luminosity (L) used for each input Higgs
boson analysis in the combination. Gluon-gluon fusion production is abbreviated ggF, vector-boson fusion VBF, the
associated production of a Higgs boson and a , boson or / boson is labelled ,� and /�, respectively, while CC̄�
(C�) stands for the associated production of a Higgs boson in association with a top quark pair (single top quark).
Except for the � ! WW channel, the small C� contribution is measured in combination with CC̄�.

Decay channel Target Production Modes L [fb�1] Ref.

� ! WW ggF,VBF,,�, /�, CC̄�, C� 139 [10]
� ! //

⇤ ggF,VBF,,�, /�, CC̄� (4✓) 139 [11]
� ! ,,

⇤ ggF,VBF 139 [12]
� ! gg ggF,VBF,,�, /�, CC̄� (ghadghad) 139 [13]

� ! 11̄

,�, /� 139 [14–16]
VBF 126 [17]
CC̄� 139 [18]

2.1 Combined analysis of measurements of Higgs boson production and decay processes

A combined measurement of Higgs boson production process in several Higgs decay channels allows
for the simultaneous measurement of Higgs boson branching ratios and production cross-sections in
the STXS framework [6–9]. The STXS framework partitions the phase space of each main Higgs
boson production process into multiple, non-overlapping regions based on the event kinematics, enabling
di�erential cross-section measurements of Higgs boson production for each production mode. For the
SMEFT interpretation of these measurements, STXS production cross-sections as well as Higgs boson
branching ratios are reparametrized in terms of Wilson coe�cients.

The results used for the interpretation in this note are based on ?? collision data delivered by the LHC and
collected by the ATLAS experiment between 2015 and 2018 at a centre-of-mass energy of 13 TeV. The
analyzed decay channels, targeted production modes, and integrated luminosities of the datasets from each
input analysis entering the combined Higgs boson measurement are shown in Table 1.

A combined SMEFT interpretation of these measurements has already been performed in Ref. [3] using a
more restricted flavour symmetry and considering only SMEFT e�ects of order ⇤�2.

2.2 Combined analysis of di�erential cross-section measurements for the electroweak
processes

Measurements of di�erential cross-sections of weak boson production and decay, referred to as electroweak
measurements, are also used for the interpretation presented in this note. These include measurements of
,, production in the 4

±
a`

⌥
a final state [19] (where a encompasses both neutrinos and anti-neutrinos),

,/ production in the ✓
±
a✓

+
✓
� final state [20] (where ✓ = 4, `), four lepton production [21] (4✓, with

4✓ = `
+
`
�
`
+
`
�
, `

+
`
�
4
+
4
�
, 4

+
4
�
4
+
4
�, which targets not only // production but also the production of

lepton-pairs via virtual photons), and / boson production in VBF topologies with subsequent / decays
into electron or muon pairs [22]. The corresponding unfolded fiducial cross-section measurements are
directly compared to particle level di�erential cross-section predictions that are, in each bin, parametrized
as a function of Wilson coe�cients.

3

SMEFTsim: ”𝑈(3)5 flavour symmetry”

https://arxiv.org/abs/2207.00348
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• Cannot constraints simultaneously all the WCs the STXS 
measurements are affected by (34).

• Operators grouped according to the eigenvectors of the 
information matrix of the measurement. 

• Inclusion of  propagator corrections  has been tested.

• Both linear and linear+quadratic results are provided.

• All results are in agreement with SM expectations.

12 directions

CERN-EP-2022-094

: constraints on sensitive directions H → γγ
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SMEFT parameterisations for STXS 28/11/2022Ana Cueto and Matthew Knight 11

SMEFT STXS interpretations in ATLAS
• Common trend to include SMEFT interpretations in single channel analysis

▪ Less constraining power than STXS combinations

▪ But useful when additional studies or other ways of presenting the results are checked

Acceptance effects in H->4l Impact of splitting high pTV
bins in H->bb

• In the following, we will focus on interpretations of combined measurements

Effects of linear propagator 
corrections in H→𝛾𝛾

Table 1: The decay channels, targeted production modes, and integrated luminosity (L) used for each input Higgs
boson analysis in the combination. Gluon-gluon fusion production is abbreviated ggF, vector-boson fusion VBF, the
associated production of a Higgs boson and a , boson or / boson is labelled ,� and /�, respectively, while CC̄�
(C�) stands for the associated production of a Higgs boson in association with a top quark pair (single top quark).
Except for the � ! WW channel, the small C� contribution is measured in combination with CC̄�.

Decay channel Target Production Modes L [fb�1] Ref.

� ! WW ggF,VBF,,�, /�, CC̄�, C� 139 [10]
� ! //

⇤ ggF,VBF,,�, /�, CC̄� (4✓) 139 [11]
� ! ,,

⇤ ggF,VBF 139 [12]
� ! gg ggF,VBF,,�, /�, CC̄� (ghadghad) 139 [13]

� ! 11̄

,�, /� 139 [14–16]
VBF 126 [17]
CC̄� 139 [18]

2.1 Combined analysis of measurements of Higgs boson production and decay processes

A combined measurement of Higgs boson production process in several Higgs decay channels allows
for the simultaneous measurement of Higgs boson branching ratios and production cross-sections in
the STXS framework [6–9]. The STXS framework partitions the phase space of each main Higgs
boson production process into multiple, non-overlapping regions based on the event kinematics, enabling
di�erential cross-section measurements of Higgs boson production for each production mode. For the
SMEFT interpretation of these measurements, STXS production cross-sections as well as Higgs boson
branching ratios are reparametrized in terms of Wilson coe�cients.

The results used for the interpretation in this note are based on ?? collision data delivered by the LHC and
collected by the ATLAS experiment between 2015 and 2018 at a centre-of-mass energy of 13 TeV. The
analyzed decay channels, targeted production modes, and integrated luminosities of the datasets from each
input analysis entering the combined Higgs boson measurement are shown in Table 1.

A combined SMEFT interpretation of these measurements has already been performed in Ref. [3] using a
more restricted flavour symmetry and considering only SMEFT e�ects of order ⇤�2.

2.2 Combined analysis of di�erential cross-section measurements for the electroweak
processes

Measurements of di�erential cross-sections of weak boson production and decay, referred to as electroweak
measurements, are also used for the interpretation presented in this note. These include measurements of
,, production in the 4

±
a`

⌥
a final state [19] (where a encompasses both neutrinos and anti-neutrinos),

,/ production in the ✓
±
a✓

+
✓
� final state [20] (where ✓ = 4, `), four lepton production [21] (4✓, with

4✓ = `
+
`
�
`
+
`
�
, `

+
`
�
4
+
4
�
, 4

+
4
�
4
+
4
�, which targets not only // production but also the production of

lepton-pairs via virtual photons), and / boson production in VBF topologies with subsequent / decays
into electron or muon pairs [22]. The corresponding unfolded fiducial cross-section measurements are
directly compared to particle level di�erential cross-section predictions that are, in each bin, parametrized
as a function of Wilson coe�cients.

3

10 directions from Higgs 
2020 combination  

(3 channels)

https://arxiv.org/abs/2207.00348
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Table 2: The LHC electroweak processes entering the combined interpretation, together with the most important
phase space requirements in each measurement, the observables used in the reinterpretation, and the integrated
luminosity analyzed in the measurement. The signed angle �q 9 9 is defined as q 5 � q1, where the two highest
transverse-momentum jets 5 and 1 are ordered such that H 5 > H1 .

Process Important phase space requirements Observable L [fb�1] Ref.

?? ! 4
±
a`

⌥
a <✓✓ > 55 GeV, ?jet

T < 35 GeV ?
lead. lep.
T 36 [19]

?? ! ✓
±
a✓

+
✓
�

<✓✓ 2 (81, 101) GeV <
,/
T 36 [20]

?? ! ✓
+
✓
�
✓
+
✓
�

<4✓ > 180 GeV </2 139 [21]
?? ! ✓

+
✓
�
9 9 < 9 9 > 1000 GeV, <✓✓ 2 (81, 101) GeV �q 9 9 139 [22]

For each of the four electroweak processes, di�erential cross-section measurement as a function of one given
observable is chosen as an input. The leading lepton ?T, ?lead. lep.

T , and the transverse mass distribution1,
<

,/
T , are used for the ,, and ,/ measurements, respectively. These observables are sensitive to

SMEFT e�ects that increase with the parton centre-of-mass energy,
p
B̂. In the 4✓ analysis, the invariant

mass of the secondary / boson candidate (the candidate with a mass that is less compatible with the /

boson mass), </2, is used, as this observable allows to distinguish between processes involving two or
only one on-shell / boson. The signed azimuthal angle between the two jets2, �q 9 9 , is employed as an
observable in / boson production in association with two jets, as this variable is especially sensitive to
SMEFT operators modifying triple gauge couplings. The measurements are summarized in Table 2.

2.3 Electroweak precision observables

In addition to the LHC measurements, electroweak precision observables measured at LEP and SLC
are included in the combined interpretation. The LEP accelerator operated from 1989 to 1995 in the
LEP-I phase, with electron-positron centre-of-mass collision energies at the Z boson resonance mass.
During LEP-I, the four experiments ALEPH [23, 24], DELPHI [25, 26], L3 [27–30], and OPAL [31–34]
collected approximately 17 million / bosons. The SLC accelerator started running in 1989 and from
1992 the SLD [35–40] accumulated approximately 600 000 / bosons. Despite the smaller dataset, SLD
measurements involving 1- and 2-quark events are typically of comparable or better precision, thanks to
the advantageous conditions at the SLC.

The measurements of eight pseudo observables describing the physics at the /-pole are interpreted in
this note: �/ , f0

had, '0
✓ , �

0,✓
FB , '0

1, '0
2, �0,1

FB , and �
0,2
FB (see Table 3). Definitions of these observables are

provided in this section. The combined interpretation of these observables helps to disentangle the impact
of SMEFT operators a�ecting up-type and down-type quarks, the first two quark generations from the
third, and couplings to left-handed from couplings to right-handed fermions. Due to the high measurement
precision of electron-positron collider experiments, the constraints obtained from interpretations of these
measurements are typically more precise than LHC constraints. However, only a limited number of
directions in parameter space can be constrained. Their inclusion in the global fit simplifies the interpretation

1 The transverse mass is defined as <,/
T =

r⇣Õ
?
✓
T + ⇢

miss
T

⌘2
�

⇣Õ
Æ?
✓
T + Æ⇢

miss
T

⌘2
, where Æ?

✓
T and ?

✓
T are the charged lepton

transverse momentum vectors and their magnitude, respectively, and Æ⇢
miss
T and ⇢

miss
T are the missing transverse momentum

vector and its magnitude.
2 The signed angle is defined as q 5 � q1 , where the two highest transverse-momentum jets 5 and 1 are ordered such that
H 5 > H1 .
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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.
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Table 1: The decay channels, targeted production modes, and integrated luminosity (L) used for each input Higgs
boson analysis in the combination. Gluon-gluon fusion production is abbreviated ggF, vector-boson fusion VBF, the
associated production of a Higgs boson and a , boson or / boson is labelled ,� and /�, respectively, while CC̄�
(C�) stands for the associated production of a Higgs boson in association with a top quark pair (single top quark).
Except for the � ! WW channel, the small C� contribution is measured in combination with CC̄�.

Decay channel Target Production Modes L [fb�1] Ref.

� ! WW ggF,VBF,,�, /�, CC̄�, C� 139 [10]
� ! //

⇤ ggF,VBF,,�, /�, CC̄� (4✓) 139 [11]
� ! ,,

⇤ ggF,VBF 139 [12]
� ! gg ggF,VBF,,�, /�, CC̄� (ghadghad) 139 [13]

� ! 11̄

,�, /� 139 [14–16]
VBF 126 [17]
CC̄� 139 [18]

2.1 Combined analysis of measurements of Higgs boson production and decay processes

A combined measurement of Higgs boson production process in several Higgs decay channels allows
for the simultaneous measurement of Higgs boson branching ratios and production cross-sections in
the STXS framework [6–9]. The STXS framework partitions the phase space of each main Higgs
boson production process into multiple, non-overlapping regions based on the event kinematics, enabling
di�erential cross-section measurements of Higgs boson production for each production mode. For the
SMEFT interpretation of these measurements, STXS production cross-sections as well as Higgs boson
branching ratios are reparametrized in terms of Wilson coe�cients.

The results used for the interpretation in this note are based on ?? collision data delivered by the LHC and
collected by the ATLAS experiment between 2015 and 2018 at a centre-of-mass energy of 13 TeV. The
analyzed decay channels, targeted production modes, and integrated luminosities of the datasets from each
input analysis entering the combined Higgs boson measurement are shown in Table 1.

A combined SMEFT interpretation of these measurements has already been performed in Ref. [3] using a
more restricted flavour symmetry and considering only SMEFT e�ects of order ⇤�2.

2.2 Combined analysis of di�erential cross-section measurements for the electroweak
processes

Measurements of di�erential cross-sections of weak boson production and decay, referred to as electroweak
measurements, are also used for the interpretation presented in this note. These include measurements of
,, production in the 4

±
a`

⌥
a final state [19] (where a encompasses both neutrinos and anti-neutrinos),

,/ production in the ✓
±
a✓

+
✓
� final state [20] (where ✓ = 4, `), four lepton production [21] (4✓, with

4✓ = `
+
`
�
`
+
`
�
, `

+
`
�
4
+
4
�
, 4

+
4
�
4
+
4
�, which targets not only // production but also the production of

lepton-pairs via virtual photons), and / boson production in VBF topologies with subsequent / decays
into electron or muon pairs [22]. The corresponding unfolded fiducial cross-section measurements are
directly compared to particle level di�erential cross-section predictions that are, in each bin, parametrized
as a function of Wilson coe�cients.
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Table 1: The decay channels, targeted production modes, and integrated luminosity (L) used for each input Higgs
boson analysis in the combination. Gluon-gluon fusion production is abbreviated ggF, vector-boson fusion VBF, the
associated production of a Higgs boson and a , boson or / boson is labelled ,� and /�, respectively, while CC̄�
(C�) stands for the associated production of a Higgs boson in association with a top quark pair (single top quark).
Except for the � ! WW channel, the small C� contribution is measured in combination with CC̄�.

Decay channel Target Production Modes L [fb�1] Ref.

� ! WW ggF,VBF,,�, /�, CC̄�, C� 139 [10]
� ! //

⇤ ggF,VBF,,�, /�, CC̄� (4✓) 139 [11]
� ! ,,

⇤ ggF,VBF 139 [12]
� ! gg ggF,VBF,,�, /�, CC̄� (ghadghad) 139 [13]

� ! 11̄

,�, /� 139 [14–16]
VBF 126 [17]
CC̄� 139 [18]

2.1 Combined analysis of measurements of Higgs boson production and decay processes

A combined measurement of Higgs boson production process in several Higgs decay channels allows
for the simultaneous measurement of Higgs boson branching ratios and production cross-sections in
the STXS framework [6–9]. The STXS framework partitions the phase space of each main Higgs
boson production process into multiple, non-overlapping regions based on the event kinematics, enabling
di�erential cross-section measurements of Higgs boson production for each production mode. For the
SMEFT interpretation of these measurements, STXS production cross-sections as well as Higgs boson
branching ratios are reparametrized in terms of Wilson coe�cients.

The results used for the interpretation in this note are based on ?? collision data delivered by the LHC and
collected by the ATLAS experiment between 2015 and 2018 at a centre-of-mass energy of 13 TeV. The
analyzed decay channels, targeted production modes, and integrated luminosities of the datasets from each
input analysis entering the combined Higgs boson measurement are shown in Table 1.

A combined SMEFT interpretation of these measurements has already been performed in Ref. [3] using a
more restricted flavour symmetry and considering only SMEFT e�ects of order ⇤�2.

2.2 Combined analysis of di�erential cross-section measurements for the electroweak
processes

Measurements of di�erential cross-sections of weak boson production and decay, referred to as electroweak
measurements, are also used for the interpretation presented in this note. These include measurements of
,, production in the 4

±
a`

⌥
a final state [19] (where a encompasses both neutrinos and anti-neutrinos),

,/ production in the ✓
±
a✓

+
✓
� final state [20] (where ✓ = 4, `), four lepton production [21] (4✓, with

4✓ = `
+
`
�
`
+
`
�
, `

+
`
�
4
+
4
�
, 4

+
4
�
4
+
4
�, which targets not only // production but also the production of

lepton-pairs via virtual photons), and / boson production in VBF topologies with subsequent / decays
into electron or muon pairs [22]. The corresponding unfolded fiducial cross-section measurements are
directly compared to particle level di�erential cross-section predictions that are, in each bin, parametrized
as a function of Wilson coe�cients.
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•  ATLAS Higgs boson data (2021 combination)
• Higgs boson production and decay combined 

measurements in  STXS bins 

First ATLAS Global combination
Higgs Combination

2nd EB meeting STXS-EFT HIGG-2022-17 2/11/22/ Andrea Visibile3

✦ Flavour symmetry for operators

# of CP-even d=6 operators

Relax t,b

“top” scheme “topU3l” scheme U(3)5 scheme

All lepton 
generations 
treated similarly

First two quark 
generations 
treated similarly

All lepton 
generations 
treated similarly

Relax leptons

First two quark 
generations 
treated similarly

All quark 
generations 
treated similarly

In general 2499 dim. 6 CP-even operators: additional flavour symmetry in SMEFT 
allows to scale down the complexity of operators !  

U(3)5 : all quarks & leptons affected by same set of operators  (used in 3-channel comb. ATLAS-CONF-2020-053) 

topU3l : top & bottom treated different from other quarks  
(global fit of Higgs, SM. EW & LEP EWPO ATL-PHYS-PUB-2022-037) 

top : treat all leptons separately  
- useful for allowing lepton-specific modifiers 
  (   
- prepare for global fit with relaxed flavour assumptions  
  (Drell-Yan …)

H → μμ, H → ττ, H → 4l, H → lvlv(l = μ, e)

Modest increase in operator  
groups that affect Higgs processes

SMEFTsim: “topU3l” flavour symmetry”
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Table 2: The LHC electroweak processes entering the combined interpretation, together with the most important
phase space requirements in each measurement, the observables used in the reinterpretation, and the integrated
luminosity analyzed in the measurement. The signed angle �q 9 9 is defined as q 5 � q1, where the two highest
transverse-momentum jets 5 and 1 are ordered such that H 5 > H1 .

Process Important phase space requirements Observable L [fb�1] Ref.

?? ! 4
±
a`

⌥
a <✓✓ > 55 GeV, ?jet

T < 35 GeV ?
lead. lep.
T 36 [19]

?? ! ✓
±
a✓

+
✓
�

<✓✓ 2 (81, 101) GeV <
,/
T 36 [20]

?? ! ✓
+
✓
�
✓
+
✓
�

<4✓ > 180 GeV </2 139 [21]
?? ! ✓

+
✓
�
9 9 < 9 9 > 1000 GeV, <✓✓ 2 (81, 101) GeV �q 9 9 139 [22]

For each of the four electroweak processes, di�erential cross-section measurement as a function of one given
observable is chosen as an input. The leading lepton ?T, ?lead. lep.

T , and the transverse mass distribution1,
<

,/
T , are used for the ,, and ,/ measurements, respectively. These observables are sensitive to

SMEFT e�ects that increase with the parton centre-of-mass energy,
p
B̂. In the 4✓ analysis, the invariant

mass of the secondary / boson candidate (the candidate with a mass that is less compatible with the /

boson mass), </2, is used, as this observable allows to distinguish between processes involving two or
only one on-shell / boson. The signed azimuthal angle between the two jets2, �q 9 9 , is employed as an
observable in / boson production in association with two jets, as this variable is especially sensitive to
SMEFT operators modifying triple gauge couplings. The measurements are summarized in Table 2.

2.3 Electroweak precision observables

In addition to the LHC measurements, electroweak precision observables measured at LEP and SLC
are included in the combined interpretation. The LEP accelerator operated from 1989 to 1995 in the
LEP-I phase, with electron-positron centre-of-mass collision energies at the Z boson resonance mass.
During LEP-I, the four experiments ALEPH [23, 24], DELPHI [25, 26], L3 [27–30], and OPAL [31–34]
collected approximately 17 million / bosons. The SLC accelerator started running in 1989 and from
1992 the SLD [35–40] accumulated approximately 600 000 / bosons. Despite the smaller dataset, SLD
measurements involving 1- and 2-quark events are typically of comparable or better precision, thanks to
the advantageous conditions at the SLC.

The measurements of eight pseudo observables describing the physics at the /-pole are interpreted in
this note: �/ , f0

had, '0
✓ , �

0,✓
FB , '0

1, '0
2, �0,1

FB , and �
0,2
FB (see Table 3). Definitions of these observables are

provided in this section. The combined interpretation of these observables helps to disentangle the impact
of SMEFT operators a�ecting up-type and down-type quarks, the first two quark generations from the
third, and couplings to left-handed from couplings to right-handed fermions. Due to the high measurement
precision of electron-positron collider experiments, the constraints obtained from interpretations of these
measurements are typically more precise than LHC constraints. However, only a limited number of
directions in parameter space can be constrained. Their inclusion in the global fit simplifies the interpretation

1 The transverse mass is defined as <,/
T =

r⇣Õ
?
✓
T + ⇢

miss
T

⌘2
�

⇣Õ
Æ?
✓
T + Æ⇢

miss
T

⌘2
, where Æ?

✓
T and ?

✓
T are the charged lepton

transverse momentum vectors and their magnitude, respectively, and Æ⇢
miss
T and ⇢

miss
T are the missing transverse momentum

vector and its magnitude.
2 The signed angle is defined as q 5 � q1 , where the two highest transverse-momentum jets 5 and 1 are ordered such that
H 5 > H1 .
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•  ATLAS electroweak data 
•  Differential cross-section measurements 

for diboson and Z production via VBF

First ATLAS Global combination
WW,WZ,4l, Z+2jets combination

assumed that statistical and systematic uncertainties that are modelled in + do not depend on the values of
nuisance parameters or Wilson coe�cients.

Experimental uncertainties modelled by nuisance parameters are denoted )exp syst = (\1, . . . , \ 9 , . . . , \=exp syst).
The nominal measurement result corresponds to a model in which all nuisance parameters are set to their
nominal values. Alternative cross-section measurements that correspond to 1f variations of each nuisance
parameter are used to interpolate an alternative measurement result that is a function of the nuisance
parameter values:

G
meas
1

�
)exp syst

�
= G1 ⇥

=exp syst÷
9

�
1 + \exp syst, 9E1, 9

�
, (11)

where G1 is the nominal measurement result and E1, 9 is the relative impact of the systematic variation 9 on
the measured cross-section in bin 1. The measured cross-section has little model dependence and thus
does not depend on the values of Wilson coe�cients and theory nuisance parameters, as motivated in
Section 3.4.

The likelihood ! (x |c, )) for an individual measurement is modelled as a multivariate Gaussian

! (x |c, )) =
1p

(2c)=bins det (+)
exp

✓
�

1
2
�x| (c, ))+�1�x (c, ))

◆

⇥

=theo syst÷
8

58
�
\theo syst,8

�
⇥

=exp syst÷
8

58
�
\exp syst,8

�
.

(12)

Here, ) represents all nuisance parameters, the 58 represent Gaussian constraints on nuisance parameters,
and the vector �x = (�G1, . . . ,�G=bins) is the di�erence between measurement and prediction, which in a
given measurement bin 1, is defined as

�G1 (c, )) = G
meas
1 ()) � G

pred
1 (c, )) . (13)

4.3 Likelihood for the interpretation of electroweak precision observables

The multivariate Gaussian model introduced above is also used for the interpretation of the EWPO. The
model contains no nuisance parameters and both theoretical and experimental uncertainties are included
in the covariance matrix. The correlation matrix for the electroweak precision observables is taken from
Ref. [5] and shown in Table 7.

4.4 Combination of likelihoods and estimation of confidence intervals

The likelihood for the combination of measurements is the product of measurement likelihoods with the
modification that nuisance parameters that describe the same e�ect in di�erent measurements are equated
and only one constraint for each independent nuisance parameter is included in the product. Nuisance
parameters that are equated between Higgs boson and electroweak measurements are listed in Table 8.
Following the methodology of Ref [94], the luminosity uncertainty is split into three components, one that
is correlated across all measurements, one that corresponds to an uncertainty on the integrated luminosity
collected in 2015/2016, and one that corresponds to the uncertainty of the 2017/2018 luminosity. The
uncertainty of the pile-up modelling and the pile-up jet suppression e�ciency is evaluated with a consistent

20

Multivariate gaussian

SMEFTsim: “topU3l” flavour symmetry”
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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.
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• One parameter at a time scans to compare sensitivity to an 
operator across the 3 measurement groups;

• all remaining Wilson coefficients fixed to zero;

• correlations between operators are neglected.

ATL-PHYS-PUB-2022-037
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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.
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Figure 2: Relative impact of linear SMEFT terms with Wilson coe�cients 2�⌧ , 2, , 2C⌧ , 21� , 2C� , and 24� on di�erential cross-sections of electroweak
processes, the electroweak precision observables, and on the Higgs STXS cross sections and branching ratios. The corresponding selected values of Wilson
coe�cients are shown on the right-hand side of the lower panel. To quantify the sensitivity of each measurement to constrain the coe�cients, the total relative
uncertainty (including statistical, systematic, and theoretical components) on the measurement in the corresponding regions is shown for comparison in the top
panel as a shaded area. For presentational clarity, the statistical uncertainty of low-precision STXS regions is clipped.
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Figure 2: Relative impact of linear SMEFT terms with Wilson coe�cients 2�⌧ , 2, , 2C⌧ , 21� , 2C� , and 24� on di�erential cross-sections of electroweak
processes, the electroweak precision observables, and on the Higgs STXS cross sections and branching ratios. The corresponding selected values of Wilson
coe�cients are shown on the right-hand side of the lower panel. To quantify the sensitivity of each measurement to constrain the coe�cients, the total relative
uncertainty (including statistical, systematic, and theoretical components) on the measurement in the corresponding regions is shown for comparison in the top
panel as a shaded area. For presentational clarity, the statistical uncertainty of low-precision STXS regions is clipped.
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Figure 2: Relative impact of linear SMEFT terms with Wilson coe�cients 2�⌧ , 2, , 2C⌧ , 21� , 2C� , and 24� on di�erential cross-sections of electroweak
processes, the electroweak precision observables, and on the Higgs STXS cross sections and branching ratios. The corresponding selected values of Wilson
coe�cients are shown on the right-hand side of the lower panel. To quantify the sensitivity of each measurement to constrain the coe�cients, the total relative
uncertainty (including statistical, systematic, and theoretical components) on the measurement in the corresponding regions is shown for comparison in the top
panel as a shaded area. For presentational clarity, the statistical uncertainty of low-precision STXS regions is clipped.
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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.
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• Constraining 7 individual 
and 17 linear combinations 
of Wilson coefficients.

• Data overlap across 
datasets checked -> remove 
from the combination 
whenever relevant.

• PCA to identify sensitive 
directions-> a modified 
basis of linear combinations 
of WCs is defined.

• The fit uses sensitivity 
eigenvectors instead of 
original WCs.
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Figure 10: Constraints on Wilson coe�cients from the combined ATLAS-only analysis, presented in four blocks
with di�erent G-axis ranges. The right-hand side panel shows the contribution of each input measurement group to
the eigenvector constraint in the Gaussian approximation of the linear model.
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Weakly constrained 
fit directions-> 

quadratic 
contributions are 

often large; validity 
of the obtained 

constraints is 
questionable 

Constrained by 
both diboson and 
VH measurements

Most stringent 
constraints

ATLAS Global combination

https://cds.cern.ch/record/2816369/files/ATL-PHYS-PUB-2022-037.pdf
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• Constraining 6 individual and 22 
linear combinations of Wilson 
coefficients.

• Several constraints driven by both 
ATLAS and LEP/SLD.

• Complementary information.
• Linear fits agree with the SM 

expectation for most fitted 
parameters, except for:
•  → excess driven by a well-

known discrepancy in  from 
the SM expectation.
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Figure 14: Constraints on Wilson coe�cients from the combined LHC+EWPO analysis, presented in four blocks
with di�erent G-axis ranges. right-hand side panel shows the contribution of each input measurement group to the
eigenvector constraint in the Gaussian approximation.
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ATLAS Global combination

https://cds.cern.ch/record/2816369/files/ATL-PHYS-PUB-2022-037.pdf
https://cds.cern.ch/record/2816369/files/ATL-PHYS-PUB-2022-037.pdf
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ATLAS Global combination: simplified likelihood
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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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• Simplified likelihood model: 

- format to deliver results for re-interpretation;

- signal strength modifier + correlation matrix.

• Results from the full likelihood fit compared to those 
using a simplified likelihood following a multi-variate 
Gaussian approach: 

- minimal differences between the two methods;

- the simplified model is nuisance parameter free, as the 
effect of all uncertainties is encoded in the covariance 
matrix-> computationally inexpensive.

• Signal strength modifiers + correlation matrix available, 
preparing shared parameterisation. 

https://cds.cern.ch/record/2816369/files/ATL-PHYS-PUB-2022-037.pdf
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•  First global ATLAS EFT interpretation available, also
providing a simplified likelihood model for re-interpretation.

• Well established framework used to perform the ATLAS Global
combination.

• Combination with additional Top + EW analyses ongoing->
provide complementary sensitivity.

• Ongoing Higgs interpretation of STXS results from Nature Paper (Link)-> 
improvement expected coming from the inclusion of new inputs such as:

- boosted-Hbb, 𝐻 → 𝑍𝛾, 𝐻 → 𝑐𝑐 ,̄ 𝐻 → 𝜇𝜇. 
- “Top" flavour scheme to fully exploit all the channels included in the combination.

• Ongoing studies on the inclusion of dimension 8 terms and mapping EFT and UV theories.

• ATLAS + CMS: ongoing exercise to include few channels and test the combination using consistent 
parameterisations and assumptions-> developing tools for EFT parameterisation 
(further details in Fabian’s talk)

What’s next 

Stay tuned for many interesting results to come!!

https://www.nature.com/articles/s41586-022-04893-w
https://indico.cern.ch/event/1201401/contributions/5145470/
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Evidence for the charge asymmetry in pp → tt̄
arXiv:2208.12095 


• Inclusive and differential full Run2 measurements of the top–antitop ( ) charge asymmetry  and the 
leptonic asymmetry  

• Differential measurements are performed as a function of the invariant 
mass, transverse momentum and longitudinal boost of the  system.

• Combined results are interpreted in the SMEFT framework.
• 14 four-fermion operators + 1 operator for top–gluon interaction.

tt̄ Att̄
c

Aℓℓ̄
c

tt̄

The combined inclusive charge asymmetry is measured to be = 00068 ± 00015, 
which differs from zero by 4.7 standard deviations.

Att̄
c

https://arxiv.org/abs/2208.12095
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• Inclusive and differential full Run2 measurements of the top–antitop ( ) charge asymmetry  and the 
leptonic asymmetry  

• Differential measurements are performed as a function of the invariant 
mass, transverse momentum and longitudinal boost of the  system.

• Combined results are interpreted in the SMEFT framework.
• 14 four-fermion operators + 1 operator for top–gluon interaction.

• Large improvement comparing with LHC 8TeV/Tevatron results.
• Interplay between sensitivity, which increases rapidly at higher  , 

and uncertainty, which grows from 0.2%–0.3% in the lowest mass bin 
to 2.9% in the highest bin.

• For the linear fit, the tightest limit is obtained in the mass bin 
from 1 to 1.5 TeV.

• Constraint from the differential  measurement more than a factor 2
stronger than the one from inclusive measurement 
(increase in sensitivity with higher ).

tt̄ Att̄
c

Aℓℓ̄
c

tt̄

mtt̄

mtt̄

mtt̄

The combined inclusive charge asymmetry is measured to be = 00068 ± 00015, 
which differs from zero by 4.7 standard deviations.

Att̄
c

Individual 68% (solid line) and 95% (dashed line) CL limits on the Wilson coefficient

https://arxiv.org/abs/2208.12095
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• Due to the extra jet in  production, the QCD structure of the energy asymmetry is not the same as 
for the charge asymmetry in  production, so the two asymmetries probe different directions in 
chiral and colour space.

• For colour-singlet operators with different quark chiralities (top row), the two asymmetries probe 
similar areas in the parameter space.

tt̄j
tt̄

https://arxiv.org/abs/2208.12095
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• Due to the extra jet in  production, the QCD structure of the energy asymmetry is not the same as 
for the charge asymmetry in  production, so the two asymmetries probe different directions in 
chiral and colour space.

• The bottom row shows. Here, the different shapes of the bounds are due to the different colour-
singlet and colour-octet contributions to  and  production, which is probed with high sensitivity 
by the asymmetries.

tt̄j
tt̄

tt̄ tt̄j

colour-singlet versus colour-octet operators with the same quark chiralities

https://arxiv.org/abs/2208.12095
https://arxiv.org/abs/2208.12095
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New SMEFTsim v3.0 model

From Ilaria’s talk

New SMEFTsim v3.0
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SMEFT parameterisation

The impact of dim-6 CP-even operators is estimated using both MC truth and analytical 
predictions for all the Wilson coefficients that have numerically relevant contributions (62).

• Dimension-six operator effects are calculated:

- at tree level using SMEFTsim 3.0.

- for processes that are loop-induced in the SM, thus ggH and gg𝑍𝐻 production,  Higgs 
boson decays into gluons -> SMEFTatNLO.

- Analytic formulas for   including NLO EW corrections 

and LEP observables.

• Theory uncertainties on SM predictions, no additional uncertainties on SMEFT.

• Acceptance corrections to account for kinematic differences between SM and SMEFT in 
 Higgs boson decays on both linear and linear+quadratic terms.

• Effects of width changes of intermediate particles (“propagator corrections”) included.  

H → γγ

SMEFT@NLO
v3.0

4th General Meeting of the LHC EFT Working Group Eleonora Ro!i 23/05/2022 2

Overview

Higgs

EWTop EW

Higgs

https://arxiv.org/abs/2012.11343
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SMEFT interpretation workflow
Parameterisation

CERN-EP-2022-094

28/10/2021 Eleonora Ro!i 8

Impact of SMEFT operators on STXS 

• Impact of each Wilson 
coefficient in the different 
STXS bins or partial widths. 

• The impact of most Wilson 
coefficients is rescaled to fit in 
the plot.

• Insuffic ient k inemat ic 
i n f o r m a t i o n t o p r o b e 
simultaneously 26 parameters! 

• P r i n c i p l e C o m p o n e n t 
Analysis in parameter groups 
to identify sensitive directions. 

• EFT parameterisation is 
affected by analysis level 
selections used to reconstruct 
SM Higgs.

• Acceptance effects are 
included for HWW and HZZ 
channels. 

 

Modification to 
Fermi constant 
(GF)

ATLAS-CONF-2021-053
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increasing impact with pH
T

STXS bins

Relative
Impact
w.r.t
SM

https://arxiv.org/abs/2207.00348
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• Operators grouped according to the eigenvectors of the information matrix of the measurement. 
• All results are in agreement with SM expectations.

12 directions

: constraints on sensitive directions H → γγ
CERN-EP-2022-094

https://arxiv.org/abs/2207.00348
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• Electroweak precision observables (EWPO) measured e.g. at LEP and SLC, including 8 
observables in our fit.

• Constraints obtained from the interpretation of these observables are typically more precise 
than LHC constraints but only a limited number of directions in parameter space   can be 
constrained. 

• The tight EWPO constraints provided on operators affecting weak-boson–fermion couplings 
allow to disentangle their effect from those affecting only Higgs or weak-boson self couplings, 
which cannot be constrained with 𝑍-pole data. 

• The precision observables agree very well with the SM expectation, with the exception of  
and  for which deviations of more than three and more than one standard deviations, 
respectively, are found.

• Linear only parameterisation.

A0,b
FB

A0,c
FB

Electroweak precision observables

ATLAS DRAFT

D Parametrizations1019

D.1 LEP1020

Linear parametrization:1021

�/

�/ ,SM
=1 + 0.0592 (1);; � 0.0042�1 � 0.0042�⇡ � 0.0072�3 � 0.0112 (1)�; � 0.0812 (3)�; � 0.0112�4

+ 0.0072 (1)�@ + 0.0212 (1)�& + 0.0752 (3)�@ + 0.0212 (3)�& + 0.0142�D + 0.0272�,⌫

'
0
✓

'
0
✓ ,SM

=1 � 0.0052�1 + 0.0142�⇡ � 0.0102�3 � 0.1332 (1)�; � 0.1302 (3)�; + 0.1072�4

+ 0.01032 (1)�@ + 0.0302 (1)�& + 0.1072 (3)�@ + 0.0302 (3)�& + 0.0212�D + 0.0142�,⌫

'
0
2

'
0
2,SM

=1 + 0.0052�1 + 0.0092�⇡ + 0.012�3 + 0.0012 (3)�;

� 0.1522 (1)�@ � 0.0302 (1)�& + 0.0342 (3)�@ � 0.0302 (3)�& + 0.0392�D + 0.0092�,⌫

'
0
1

'
0
1,SM

=1 � 0.0182�1 � 0.0052�⇡ + 0.0102�3 � 0.0022 (3)�;

� 0.0102 (1)�@ + 0.1072 (1)�& � 0.1072 (3)�@ + 0.1072 (3)�& � 0.0212�D � 0.0052�,⌫

f
0
had

f
0
had,SM

=1 + 0.0022�1 + 0.0022�⇡ + 0.0042�3 + 0.1542 (1)�; + 0.0572 (3)�; � 0.0852�4

� 0.0042 (1)�@ � 0.0122 (1)�& � 0.0432 (3)�@ � 0.0122 (3)�& � 0.0082�D + 0.0032�,⌫

�
0,✓
FB

�
0,✓
FB,SM

=1 + 1.702�⇡ + 0.972 (1)�; + 0.972 (3)�; + 1.212�4 + 1.822�,⌫

�
0,2
FB

�
0,2
FB,SM

=1 + 0.962�⇡ + 0.492 (1)�; + 0.492 (3)�; + 0.602�4

� 0.062 (1)�@ + 0.062 (3)�@ � 0.152�D + 1.032�,⌫

�
0,1
FB

�
0,1
FB,SM

=1 + 0.052�1 + 0.862�⇡ + 0.492 (1)�; + 0.492 (3)�; + 0.602�4

+ 0.012 (1)�& + 0.012 (3)�& + 0.922�,⌫

(19)
1022
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Example of linear parameterisation for EWPO observables

ATLAS DRAFT

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 {<, ,</ ,⌧� }, 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 ± 0.003 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 0.07583 ± 0.00117 0.932 ± 0.048

�
0,1
FB 0.0992 ± 0.0016 0.10615 ± 0.00162 0.935 ± 0.021

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

The for quantities �/ , f0
had, '0

✓ , and �
0,✓
FB , have been determined, together with </ , in a combined fit of181

measurements of the four LEP experiments on the / resonance. The hadronic pole cross-section is defined182

as183

f
0
had =

12c
<

2
/

�44�had

�2
/

, (2)

where �/ , �44, �had, and are the total / width and the partial widths for the decay into electrons and184

hadrons, respectively. It is furthermore185

'
0
✓ =

�had
�✓✓

, (3)

where �✓✓ is the partial width of the Z into one massless charged leptons. A forward-backward asymmetry186

is, in general, defined as187

�FB =
#� � #⌫

#� + #⌫
, (4)

where #� are the number of events in which the fermion (as opposed to anti-fermion) is produced in188

the direction of the electron beam (as opposed to positron beam). For increased statistical precision, the189

LEP asymmetries have been extracted from a fit of the di�erential cross-section. The asymmetry �
0,✓
FB is190

measured in leptonic final states and is corrected for radiative e�ects, H exchange and H � / interference to191

yield the “pole” observable indicated with the superscript 0.192

The heavy-flavour observables '0
1, '0

2 , �0,1
FB , and �

0,2
FB have been determined in a fit of 14 free parameters193

of the four LEP experiments and SLD. The ratios '0
1 and '

0
2 are defined as194

'
0
@ =

�@@

�had
, (5)

where @ = 1, 2 while �
0,1
FB , and �

0,2
FB are defined analogous to �

0,✓
FB .195

Table 3 shows the eight /-pole observables included in the fit, together with theoretical SM predictions in196

the {<, ,</ ,⌧� } input parameter scheme (see Section 3.6). The precision observables agree very well197

with the SM expectation, with the exception of �0,1
FB and �

0,2
FB , for which deviations of more than three and198

more than one standard deviations, respectively, are found.199

23rd May 2022 – 10:52 8
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ATLAS Global combination: acceptance ATLAS DRAFT
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Figure 1: Shape of the invariant mass distribution of the secondary lepton pair in � ! 4✓ decays for various values
of the Wilson coe�cients 2�, and 2�⌫.

e�ect in the linearized SMEFT expansion, propagator corrections are calculated with SMEFTsim 3.0 using288

dummy fields, following the methodology described in Refs [42, 47]. Quadratic corrections are expected289

to be small and are neglected.290

Higher-order QCD and electroweak corrections are included approximately under the assumption that their291

relative e�ect does not change in the presence of dimension-six operators. The di�erential cross-sections292

predictions in the SMEFT, which are obtained with M��G����5_�MC@NLO+P����� at leading order293

(LO) or next-to-leading order (NLO), are thus scaled in each di�erential bin by the ratio of a more precise294

SM particle-level prediction to the LO or NLO SM prediction. It is also assumed that the relative e�ect of295

theory uncertainties derived for the SM processes remains valid in the presence of dimension-six operators.296

Details on the precision SM predictions used are given in Section 3.5.297

E�ect of dimension-six operators on background processes are not taken into account. Background298

processes are either small compared to the signal processes or normalized to the data in kinematically299

similar control regions.300

3.4 Acceptance corrections301

For all Higgs-boson production processes it is assumed that acceptance and e�ciency in each STXS bin are302

identical to the SM value and independent of SMEFT e�ects. Furthermore, it is assumed that the shape of303

kinematic discriminants employed, for example invariant mass shapes or multivariate discriminant values304

are independent of Wilson coe�cients. The assumption are typically good approximations, as the the305

phase space of Higgs boson production kinematics is partitioned into regions of similar kinematics in the306

STXS framework. However, Higgs boson decay kinematics can, in particular for decays into four fermions,307

be strongly modified by SMEFT e�ects so that there are sizeable di�erences in the signal acceptance308

between SM and SMEFT. The e�ect is important for the Higgs decay into four leptons. The analysis places309

a cut of <✓✓ > 12 GeV on the secondary lepton pair. The shape of the dilepton mass distribution varies310

as a function of the Wilson coe�cients, as shown in Figure 1, and with it the analysis acceptance. An311

acceptance correction is estimated in the gluon fusion channel for the process ?? ! 4✓ that is assumed312

to be valid for all production processes. A parametrization as described in Equation 8 is derived for the313

partial width in the inclusive and the fiducial phase space that is defined by the measurement cuts. For each314
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•  EFT parameterisation is affected by analysis level selections used to 
reconstruct SM Higgs.

•  Acceptance effect can be considerable when the shape of EFT 
distribution is different from the SM distribution.

• Assuming SM-like acceptance not always possible-> modifications for 
  (ggH production - valid for all) and  are considered.

• Example: shape of the invariant mass distribution of the secondary 
lepton pair in 𝐻 → 4l decays for various values of the Wilson coefficients 

  and . 
• Acceptance parameterisation is a ratio of polynomials, linearised using 

Taylor expansion.

H → ZZ H → WW

cHW cHB

For one coupling, the acceptance can be approximated using 
a Taylor expansion:
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• Overlapping categories:

- regions of the inclusive  analysis that target  < 180 GeV are excluded (small impact on SMEFT).

- the 0-jet 𝑊𝑊 control region from HWW is excluded; 𝑊𝑊 normalisation is correlated with 𝑊𝑊 signal 
normalisation.

• A multivariate Gaussian model is used for the interpretation of both LHC EW measurements and EWPO. 

•  Systematic uncertainties modelled with common nuisance parameter:
- for unfolded SM measurements: experimental nuisance parameter shift unfolded results;
- same nuisance parameter shift reco-level prediction for Higgs measurements.

• For EWPO the model contains no nuisance  parameters and 
both theoretical and experimental uncertainties are included 
in the covariance matrix. 

• Limits on WCs extracted using combined likelihood (product of 
individual likelihood) .

4ℓ m4ℓ

33

ATLAS Global combination: statistical combination

ATLAS DRAFT

Table 8: Sources of experimental uncertainties that are modelled as correlated between Higgs and electroweak
measurements and the number of nuisance parameters.

Correlated Uncertainty Source Parameters

Luminosity (correlated part) 1
Luminosity 2015/16 1
Luminosity 2017/18 1
Pile-up modelling 1
Pile-up jet suppression 1
Jet energy scale (pile-up modelling) 3
Jet energy scale [-inter-calibration 1
Jet energy resolution 12
B-tagging e�ciency (,, and � ! ,,

⇤) 1
,, modelling (,, and � ! ,,

⇤) 2

likelihood fits are performed for individual Wilson coe�cients by setting other coe�cients to zero and478

maximizing the likelihood with respect to the nuisance parameters. Additionally, simultaneous fits of479

multiple Wilson coe�cients are performed by also profiling other parameters of interest, i.e. maximizing480

the likelihood with respect to both nuisance parameters and other Wilson coe�cients. Confidence intervals481

are derived using Wilks’ theorem [158], assuming that @(28) is j
2 distributed.482

4.5 Principal component analysis483

The measurements contain insu�cient information to constrain all coe�cients in a simultaneous maximum484

likelihood fit using the linear SMEFT parametrization. Multiple degrees of freedom are left unconstrained485

by the data, which manifests as flat directions in the likelihood. Flat and sensitive directions of the486

likelihood thus need to be identified to increase the numerical stability of the likelihood analysis and487

to better understand the directions in the space of Wilson coe�cients that can be constrained by the488

combination of the input measurements. To identify these directions, a modified basis that consists of linear489

combinations of the Warsaw basis vectors is constructed following the methodology of Refs [159, 160].490

In order to obtain the modified basis, a simultaneous measurement of the signal strength in each measurement491

bin is performed using a maximum likelihood fit that employs a statistical model in which the SMEFT492

parametrization substituted by a signal strength parameter `1 for each bin of the measurement:493

1 +

’
8

�1828 +

’
8

⌫182
2
8 +

’
8< 9

⇠18 9282 9 ! `1 . (16)

The Hessian matrix �` at the minimum of the negative log likelihood of the `1 measurement is494

reparametrized in terms of Wilson coe�cients using the linear parametrization matrix �18 . As the matrix495

� relates the signal strength in each bin to a linear combination of Wilson coe�cients the Hessian matrix496

in the space of Wilson coe�cients, �SMEFT, can be obtained from the Hessian matrix �` in `1 space:497

�SMEFT = �
T
�`�. (17)
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coefficient in the different 
STXS bins or partial widths. 

• The impact of most Wilson 
coefficients is rescaled to fit in 
the plot.

• Insuffic ient k inemat ic 
i n f o r m a t i o n t o p r o b e 
simultaneously 26 parameters! 

• P r i n c i p l e C o m p o n e n t 
Analysis in parameter groups 
to identify sensitive directions. 

• EFT parameterisation is 
affected by analysis level 
selections used to reconstruct 
SM Higgs.

• Acceptance effects are 
included for HWW and HZZ 
channels. 
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Figure 2: Relative impact of linear SMEFT terms with Wilson coe�cients 2�⌧ , 2, , 2C⌧ , 21� , 2C� , and 24� on di�erential cross-sections of electroweak
processes, the electroweak precision observables, and on the Higgs STXS cross sections and branching ratios. The corresponding selected values of Wilson
coe�cients are shown on the right-hand side of the lower panel. To quantify the sensitivity of each measurement to constrain the coe�cients, the total relative
uncertainty (including statistical, systematic, and theoretical components) on the measurement in the corresponding regions is shown for comparison in the top
panel as a shaded area. For presentational clarity, the statistical uncertainty of low-precision STXS regions is clipped.
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Impact of linear SMEFT parameterisation shown for bins along with corresponding measurement uncertainty
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Figure 3: Relative impact of linear SMEFT terms with Wilson coe�cients 2�4, 2 (1)�; , 2�D , 2�3 , 2 (1)�@ , 2 (3)�@ , 2 (1)�&, and 2�1 on di�erential cross-sections of
electroweak processes, the electroweak precision observables, and on the Higgs STXS cross sections and branching ratios. The corresponding selected values of
Wilson coe�cients are shown on the right-hand side of the lower panel. To quantify the sensitivity of each measurement to constrain the coe�cients, the total
relative uncertainty (including statistical, systematic, and theoretical components) on the measurement in the corresponding regions is shown for comparison in the
top panel as a shaded area. For presentational clarity, the statistical uncertainty of low-precision STXS regions is clipped.
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Figure 3: Relative impact of linear SMEFT terms with Wilson coe�cients 2�4, 2 (1)�; , 2�D , 2�3 , 2 (1)�@ , 2 (3)�@ , 2 (1)�&, and 2�1 on di�erential cross-sections of
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relative uncertainty (including statistical, systematic, and theoretical components) on the measurement in the corresponding regions is shown for comparison in the
top panel as a shaded area. For presentational clarity, the statistical uncertainty of low-precision STXS regions is clipped.
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Figure 2: Relative impact of linear SMEFT terms with Wilson coe�cients 2�⌧ , 2, , 2C⌧ , 21� , 2C� , and 24� on di�erential cross-sections of electroweak
processes, the electroweak precision observables, and on the Higgs STXS cross sections and branching ratios. The corresponding selected values of Wilson
coe�cients are shown on the right-hand side of the lower panel. To quantify the sensitivity of each measurement to constrain the coe�cients, the total relative
uncertainty (including statistical, systematic, and theoretical components) on the measurement in the corresponding regions is shown for comparison in the top
panel as a shaded area. For presentational clarity, the statistical uncertainty of low-precision STXS regions is clipped.
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• Additional sensitivity coming from EW measurements and EWPO, e.g. cW that cannot 
be disentangled using just  decay.H → γγ

ATLAS Global combination

https://cds.cern.ch/record/2816369/files/ATL-PHYS-PUB-2022-037.pdf
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Impact of linear SMEFT parameterisation shown for bins along with corresponding measurement uncertainty
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Figure 4: Relative impact of linear SMEFT terms with Wilson coe�cients 2�⌫, 2�,⌫, 2�, , 2�⇡ , 2C, , and 2C⌫ on di�erential cross-sections of electroweak
processes, the electroweak precision observables, and on the Higgs STXS cross sections and branching ratios. The corresponding selected values of Wilson
coe�cients are shown on the right-hand side of the lower panel. To quantify the sensitivity of each measurement to constrain the coe�cients, the total relative
uncertainty (including statistical, systematic, and theoretical components) on the measurement in the corresponding regions is shown for comparison in the top
panel as a shaded area. For presentational clarity, the statistical uncertainty of low-precision STXS regions is clipped.
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Figure 5: Relative impact of linear SMEFT terms with Wilson coe�cients 2;; , 2 (3)�; , 2�⇤, 23� , and 2D� di�erential cross-sections of electroweak processes, the
electroweak precision observables, and on the Higgs STXS cross sections and branching ratios. The corresponding selected values of Wilson coe�cients are
shown on the right-hand side of the lower panel. To quantify the sensitivity of each measurement to constrain the coe�cients, the total relative uncertainty
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shaded area. For presentational clarity, the statistical uncertainty of low-precision STXS regions is clipped.
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Figure 18: Relative impact of the eigenvectors of the �++ ,+ 5 5 operators on di�erential cross-sections of electroweak processes, the electroweak precision
observables, and on the Higgs STXS cross sections and branching ratios. The corresponding selected coe�cient values are shown on the right-hand side of the
lower panel. To quantify the sensitivity of each measurement to constrain the coe�cients, the total relative uncertainty on measurement in the corresponding
regions is shown for comparison in the top panel.
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Figure 18: Relative impact of the eigenvectors of the �++ ,+ 5 5 operators on di�erential cross-sections of electroweak processes, the electroweak precision
observables, and on the Higgs STXS cross sections and branching ratios. The corresponding selected coe�cient values are shown on the right-hand side of the
lower panel. To quantify the sensitivity of each measurement to constrain the coe�cients, the total relative uncertainty on measurement in the corresponding
regions is shown for comparison in the top panel.
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Figure 18: Relative impact of the eigenvectors of the �++ ,+ 5 5 operators on di�erential cross-sections of electroweak processes, the electroweak precision
observables, and on the Higgs STXS cross sections and branching ratios. The corresponding selected coe�cient values are shown on the right-hand side of the
lower panel. To quantify the sensitivity of each measurement to constrain the coe�cients, the total relative uncertainty on measurement in the corresponding
regions is shown for comparison in the top panel.
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Figure 17: Relative impact of the eigenvectors of the �++ ,+ 5 5 operators on di�erential cross-sections of electroweak processes, the electroweak precision
observables, and on the Higgs STXS cross sections and branching ratios. The corresponding selected coe�cient values are shown on the right-hand side of the
lower panel. To quantify the sensitivity of each measurement to constrain the coe�cients, the total relative uncertainty on measurement in the corresponding
regions is shown for comparison in the top panel as a shaded area. For presentational clarity, the statistical uncertainty of low-precision STXS regions is clipped.
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• SMEFT impact on measurements shown in Warsaw basis and fit basis-> allows to 
understand the impact of the different fit directions on measurements.
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Figure 3: Relative impact of linear SMEFT terms with Wilson coe�cients 2�4, 2 (1)�; , 2�D , 2�3 , 2 (1)�@ , 2 (3)�@ , 2 (1)�&, and 2�1 on di�erential cross-sections of
electroweak processes, the electroweak precision observables, and on the Higgs STXS cross sections and branching ratios. The corresponding selected values of
Wilson coe�cients are shown on the right-hand side of the lower panel. To quantify the sensitivity of each measurement to constrain the coe�cients, the total
relative uncertainty (including statistical, systematic, and theoretical components) on the measurement in the corresponding regions is shown for comparison in the
top panel as a shaded area. For presentational clarity, the statistical uncertainty of low-precision STXS regions is clipped.
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• P : m a t r i x t h a t g i v e s t h e 
p a r a m e t r i s a t i o n o f t h e 
observables as a function of the 
Wilson coefficients;

•  : factors obtained from the 
simulation.
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find the sensitive parameters would be to evaluate the fit for all possible combinations of Wilson coe�cients.468

However, this is computationally not manageable due to the large number of combinations. The sensitivity469

of the measurement to di�erent Wilson coe�cients is therefore evaluated using the covariance matrix.470

To determine the covariance matrix of the Wilson coe�cients from data, a full fit of all these coe�cients471

would be needed. Since the full fit is not possible due to convergence problems, the covariance matrix is472

obtained by propagating the parametrisation of the STXS cross sections through the full STXS covariance473

matrix using474

C�1
EFT = PT C�1

STXS P, (13)

where CEFT and CSTXS are the covariance matrices of the Wilson coe�cients and the STXS cross sections475

respectively. P is the matrix that gives the parametrisation of the STXS bin cross sections as a function of476

the Wilson coe�cients:477

P =

*......
,

Ab0
0 Ab0

1 Ab0
2 . . .

Ab1
0 Ab1

1 Ab1
2 . . .

Ab2
0 Ab2

1 Ab2
2 . . .

...
...

...

+//////
-
, (14)

where Ab j

i
is the linear parameter from Equation 4 for a given measured STXS bin times the branching478

ratio of a specific decay mode bj and Wilson coe�cient ci.479

480

The published STXS results are usually quoted in terms of production cross sections times H ! Z Z⇤481

branching ratio, together with the ratios of the other decay widths to the H ! Z Z⇤ width. However, for482

the sensitivity study described above, a more gaussian representation is needed; we thus use a fit of all483

�i ⇥ BRj , where i are the di�erent STXS bins and j are the included decay channels, in this case H ! ��,484

H ! Z Z⇤ ! 4` and H ! bb. For that fit to converge, a di�erent STXS merging scheme is implemented485

for every decay channel, and the EFT parametrisation is merged accordingly for each case. The resulting486

cross sections are shown in Fig. 4. The correlations matrices (observed and Asimov) are shown in Fig. 5.487

The covariance matrix is shown in Figure 6. The corresponding covariance matrix is used as CSTXS to488

obtain the EFT covariance matrix.489

490

The eigenvalues and eigenvectors of the resulting inverse EFT covariance matrix have been calculated491

to determine to which Wilson coe�cients the fit is sensitive. The eigenvalues Ei can be related to the492

expected uncertainty of the corresponding eigenvector ei in the fit by �ei ⇠ 1
p
Ei

. Large eigenvalues thus493

correspond to eigenvectors with sensitivity in the fit.494

This procedure assumes a Gaussian behaviour when propagating the EFT parametrisation to the STXS495

covariance matrix. The results can therefore only serve as a guideline for the choice of parameters. In496

practice the dominant Wilson coe�cients in each eigenvector corresponding to a “large” eigenvalue are497

chosen. The final choice of fitted Wilson coe�cients has been made by testing the fit convergence for498

di�erent scenarios and understanding the source of correlations between the Wilson coe�cients.499

Only the eigenvectors with a significant eigenvalue (larger than ⇠ 0.1) are taken into account. Wilson500

coe�cients with uncertainties >> 1 can anyway not be measured with a high enough precision in the501

domain of validity of the EFT approach.502

The Wilson coe�cients appearing in these eigenvectors have some sensitivity in the combined fit. In most503

cases, these Wilson coe�cients are then used as POI in the fit. In some cases, only a combination of several504
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• Principal Component Analysis to reduce the dimensionality of the fit.
• A simultaneous measurement of the signal strengths in each measurement bin is performed 

using a maximum likelihood fit exploiting a signal strength parameter :  

• The Hessian matrix 𝐻𝜇 at the minimum of the negative log likelihood of the  measurement 
is  reparameterised in terms of Wilson coefficients using the linear parameterisation matrix  P.

• , can be obtained from the Hessian matrix  in   space: 

μb

μb

HSMEFT Hμ μb

HSMEFT = PTHμP

ATLAS DRAFT

Table 8: Sources of experimental uncertainties that are modelled as correlated between Higgs and electroweak
measurements and the number of nuisance parameters.

Correlated Uncertainty Source Parameters

Luminosity (correlated part) 1
Luminosity 2015/16 1
Luminosity 2017/18 1
Pile-up modelling 1
Pile-up jet suppression 1
Jet energy scale (pile-up modelling) 3
Jet energy scale [-inter-calibration 1
Jet energy resolution 12
B-tagging e�ciency (,, and � ! ,,

⇤) 1
,, modelling (,, and � ! ,,

⇤) 2

likelihood fits are performed for individual Wilson coe�cients by setting other coe�cients to zero and478

maximizing the likelihood with respect to the nuisance parameters. Additionally, simultaneous fits of479

multiple Wilson coe�cients are performed by also profiling other parameters of interest, i.e. maximizing480

the likelihood with respect to both nuisance parameters and other Wilson coe�cients. Confidence intervals481

are derived using Wilks’ theorem [158], assuming that @(28) is j
2 distributed.482

4.5 Principal component analysis483

The measurements contain insu�cient information to constrain all coe�cients in a simultaneous maximum484

likelihood fit using the linear SMEFT parametrization. Multiple degrees of freedom are left unconstrained485

by the data, which manifests as flat directions in the likelihood. Flat and sensitive directions of the486

likelihood thus need to be identified to increase the numerical stability of the likelihood analysis and487

to better understand the directions in the space of Wilson coe�cients that can be constrained by the488

combination of the input measurements. To identify these directions, a modified basis that consists of linear489

combinations of the Warsaw basis vectors is constructed following the methodology of Refs [159, 160].490

In order to obtain the modified basis, a simultaneous measurement of the signal strength in each measurement491

bin is performed using a maximum likelihood fit that employs a statistical model in which the SMEFT492

parametrization substituted by a signal strength parameter `1 for each bin of the measurement:493

1 +

’
8

�1828 +

’
8

⌫182
2
8 +

’
8< 9

⇠18 9282 9 ! `1 . (16)

The Hessian matrix �` at the minimum of the negative log likelihood of the `1 measurement is494

reparametrized in terms of Wilson coe�cients using the linear parametrization matrix �18 . As the matrix495

� relates the signal strength in each bin to a linear combination of Wilson coe�cients the Hessian matrix496

in the space of Wilson coe�cients, �SMEFT, can be obtained from the Hessian matrix �` in `1 space:497

�SMEFT = �
T
�`�. (17)
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• PCA considering all operators: directions ordered by increasing uncertainties, keeping ;
• Wilson coefficients expected to be at most order 1, new physics scale Λ expected to be at least 

1 TeV -> directions with 𝜎 > 5 have very little impact on the measurement. 

σ < 5
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Figure 12: Graphical representation of the eigenvectors of the Hesse matrix of the combined LHC+EWPO analysis. Each row corresponds to an eigenvector and
the matrix visualizes the contribution of each Warsaw basis vector to the eigenvector. The components of eigenvectors are rounded to the second decimal place
and their size is also indicated by colour code. Empty columns correspond to Wilson coe�cients that have little impact on the analyzed measurements and thus
contribute to no eigenvector. Eigenvalues are denoted on the left of the plot.
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ATLAS Global combination: sensitivity studies
ATL-PHYS-PUB-2022-037

• PCA considering all operators: directions ordered by increasing uncertainties, keeping ;
• Fit basis defined by grouping operators of similar physics impact together.
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Figure 13: Fit basis for the combined LHC+EWPO analysis. Each row corresponds to a fitted linear combination of Warsaw basis vectors. Entries are rounded to
the second decimal place and their size is also indicated by colour code. Eigenvalues are denoted on the left of the plot.
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Figure 18: Relative impact of the eigenvectors of the �++ ,+ 5 5 operators on di�erential cross-sections of electroweak processes, the electroweak precision
observables, and on the Higgs STXS cross sections and branching ratios. The corresponding selected coe�cient values are shown on the right-hand side of the
lower panel. To quantify the sensitivity of each measurement to constrain the coe�cients, the total relative uncertainty on measurement in the corresponding
regions is shown for comparison in the top panel.
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Figure 18: Relative impact of the eigenvectors of the �++ ,+ 5 5 operators on di�erential cross-sections of electroweak processes, the electroweak precision
observables, and on the Higgs STXS cross sections and branching ratios. The corresponding selected coe�cient values are shown on the right-hand side of the
lower panel. To quantify the sensitivity of each measurement to constrain the coe�cients, the total relative uncertainty on measurement in the corresponding
regions is shown for comparison in the top panel.
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Figure 18: Relative impact of the eigenvectors of the �++ ,+ 5 5 operators on di�erential cross-sections of electroweak processes, the electroweak precision
observables, and on the Higgs STXS cross sections and branching ratios. The corresponding selected coe�cient values are shown on the right-hand side of the
lower panel. To quantify the sensitivity of each measurement to constrain the coe�cients, the total relative uncertainty on measurement in the corresponding
regions is shown for comparison in the top panel.
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Figure 17: Relative impact of the eigenvectors of the �++ ,+ 5 5 operators on di�erential cross-sections of electroweak processes, the electroweak precision
observables, and on the Higgs STXS cross sections and branching ratios. The corresponding selected coe�cient values are shown on the right-hand side of the
lower panel. To quantify the sensitivity of each measurement to constrain the coe�cients, the total relative uncertainty on measurement in the corresponding
regions is shown for comparison in the top panel as a shaded area. For presentational clarity, the statistical uncertainty of low-precision STXS regions is clipped.
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