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Outline

ATLAS DRAFT

calibration of the luminosity scale using G–H beam-separation scans, following a methodology similar to131

that detailed in Ref. [43], and using the LUCID-2 detector [44] for the baseline luminosity measurements.132

Table 1: The decay channels, targeted production modes and integrated luminosity (L) of the dataset used for
each analysis included in the combined measurements of Higgs boson production and decay rates, couplings and
simplified template cross-sections (labeled as ‘STXS’ in the ‘Binning’ column), or in the measurements of fiducial
?T-di�erential cross-sections (labeled as ‘di�erential’ in the ‘Binning’ column). The references for the input analyses
and information about which interpretation they enter are also provided. The definition of the STXS stage of the
signal yield parametrization is detailed in Section 2.3.

Analysis L
Reference Binning SMEFT

Dedicated
Decay channel Production mode [fb�1] BSM

� ! WW (all production modes) 139
[23] STXS-1.2 X X
[20] di�erential X(subset)

�! //
⇤! 4✓ (all production modes) 139

[22] STXS-1.2 X X
[19] di�erential X(subset)

(CC� multileptons) 36.1 [34] STXS-0 X

� ! gg (all production modes) 139 [29] STXS-1.2 X X
(CC� multileptons) 36.1 [34] STXS-0 X

� ! ,,
⇤ (ggF, VBF) 139 [30] STXS-1.2 X X

(+�) 36.1 [45] STXS-0 X
(CC� multileptons) 36.1 [34] STXS-0 X

� ! 11̄ (+�) 139 [24, 25] STXS-1.2 X X
(VBF) 126 [26] STXS-1.2 X X
(CC�) 139 [28] STXS-1.2 X X

(all production modes, boosted) 139 [27] STXS-1.2 X X

� ! /W (all production modes) 139 [31] STXS-0 X X
� ! `` (all production modes) 139 [32] STXS-0 X X

2.2 Simulation of the Standard Model signal133

Simulated event samples of SM Higgs bosons produced in ?? collisions and decaying to the final states134

considered in this study are generated and normalised to SM predictions calculated for a Higgs boson mass135

<� = 125.09 GeV. For each Higgs boson decay mode, the branching ratio that is used corresponds to the136

theoretical calculation at the highest available order of accuracy in perturbation theory [46]. All analyses137

except � ! 11̄ (VBF) use a consistent set of Higgs boson signal samples as described in the following138

paragraphs. The samples used for � ! 11̄ (VBF) are described separately at the end of this section.139

Higgs boson production via gluon-gluon fusion is simulated using the P����� B�� [47–50] NNLOPS140

implementation [51, 52]. The event generator uses HNNLO [53] to reweight the inclusive Higgs boson141

rapidity distribution produced by the next-to-leading order (NLO) generation of ?? ! � + parton events,142
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Sketch from R.Balasubramanian 
inspired by Ken Mimasu• Preparing the way towards a new ATLAS Global Combination!! 

• Off-shell HZZ SMEFT interpretation

• Latest interpretation of the Nature Higgs combination: consolidate EFT and BSM interpretations including new 
channels w.r.t. the 2021 combination + differential interpretation (ConfNote) - new inputs: boosted-Hbb, 𝐻 → 𝑍𝛾, 

 + differentialH → μμ

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-052/ATLAS-CONF-2023-052.pdf


Eleonora Rossi20th Workshop of LHC Higgs WG -  13-15/11/2023 3

EFT interpretation
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3 Methodology of E�ective Field Theory interpretations

Standard Model E�ective Field Theory provides a theoretically elegant language to encode the modifications
of the Higgs properties induced by a wide class of beyond-the-SM models that reduce to the SM at
low energies, and is systematically improvable with higher-order perturbative calculations. Within the
mathematical language of the SMEFT, the e�ects of BSM dynamics at high energies ⇤ � v, well above the
electroweak scale v = 246 GeV, can be parametrised at low energies, E ⌧ ⇤, in terms of higher-dimensional
operators built up from the Standard Model fields and respecting its symmetries such as gauge invariance

LSMEFT = LSM +

Nd6X

i

ci
⇤2O

(6)
i
+

Nd8X

j

bj

⇤4O
(8)
j
+ . . . , (4)

where LSM is the SM Lagrangian, O (6)
i

and O (8)
j

represent a complete set of operators of mass-dimensions
d = 6 and d = 8, and cj , bj are the corresponding Wilson coe�cients. Operators with d = 5 and
d = 7 violate lepton and/or baryon number conservation and are not relevant for Higgs physics. The
e�ective theory expansion in Eq. (4) is robust, fully general, and can be systematically matched to explicit
ultraviolet-complete BSM scenarios.

In this analysis the “Warsaw” basis [75] is used, which forms a complete set of all O (6)
i

operators in
Eq. (4) allowed by the SM gauge symmetries. This basis is widely used in EFT measurements in various
fields of particle physics and the usage of a common basis will allow easier future combination of these
measurements. Contributions of operators of mass-dimension d = 8 are not considered. The goal of the
analysis is to constrain the d = 6 Wilson coe�cients that correspond to operators that either directly or
indirectly impact Higgs boson couplings to SM particles [14, 76]. Table 3 lists the operators considered
in this analysis, and their corresponding Wilson coe�cients cj . Here, all CP-even d = 6 operators were
considered for which the ⇤�2-suppressed contribution to any of the STXS categories measured in Figure 1
exceeds 1‰ with respect to the SM prediction at ci = 1. In this analysis, a value of ⇤ = 1 TeV is assumed,
coe�cients for alternative values of ⇤ = X can be trivially obtained through a scaling with a factor
(X/1 TeV)2. All complex-valued Wilson coe�ents, notably cuW , cuG , cuB and cuH in this analysis, are
used with =(ci) = 0.

3.1 Simulation of the impact of SMEFT operators

The impact of the d = 6 SMEFT operators listed in Table 3 has been computed with the UFO model of
Madgraph [53], using lowest order calculations in QCD for all production and decay modes.

Calculations for Higgs production modes with tree-level diagrams have been performed with SMEFTsim [77],
under the assumption of a U (3)5 flavour symmetry (which corresponds to the unbroken global flavour
symmetry present in the SM outside the Yukawa sector), and providing the Fermi constant GF , and the Z
and W boson masses as input. Cross-sections have been calculated at NLO accuracy in QCD for ggH,
gg!Z H and H ! gg with SMEFTatNLO [78] and at NLO accuracy in QED for SMEFT-SM interference
terms in H! �� [79], also providing mW as input. SMEFT modifications to the background processes in
the included analyses are not considered.

In the simulation, kinematic cuts on the minimal (b-)jet transverse momentum of pT > 20 GeV have
been imposed. Furthermore, for the Higgs boson decay a requirement of �R > 0.05 between two jets
or two leptons is imposed in order to avoid divergences in the matrix element calculation. Additional

10

SM Lagrangian Wilson coefficients

EFT effects on cross 
section (tails) could be 

observable at LHC 

ℒEFT = ℒSM complete set of 
operators of mass-
dimensions d = 6 

and d = 8

Sketch by Nicolas

The LHC has not found any evidence of New Physics.
•  Direct searches for SUSY or exotics continue, but the focus on indirect exploration is increasing…

• An Effective Field Theory (EFT) approach can be used to set model-independent constraints on BSM physics and 
perform indirect searches for BSM physics that is not within the direct reach of the LHC.

• It is a very powerful tool used in different fields of physics; allows one to combine different types of 
measurements (Higgs, top, EW physics,…).

• Constrain EFT coefficients -> constrain large classes of UV theories.
• A popular EFT model is the SMEFT
• SMEFT is a complete QFT compatible with higher-order calculations.
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SMEFT interpretation of off-shell H->ZZ
• Higgs boson decays to 𝑍𝑍 → 4ℓ and 𝑍𝑍 → 2ℓ2𝜈 final states.
• Off-shell Higgs boson events offer the opportunity to probe a higher energy scale.

ATL-PHYS-PUB-2023-012
Results comparable to the boosted ttH analysis by CMS 

• Off-shell: mass-dependent term cannot be neglected-> degeneracy of the Higgs-
top quark and effective Higgs-gluon couplings broken, enabling separate 
measurements of the coupling modifiers.

• The 95% CL limits on the single WCs (lin+quad) are:
• 𝑐𝜑𝐺 (Higgs-gluon coupling modifier): observed & expected [-0.04, 0.03].
•  (Higgs-top coupling modifier): observed (expected) [-9, 18] ([-9, 17]).ctϕ

More details in Rafael’s talk

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2023-012/
https://arxiv.org/abs/2208.12837
https://indico.cern.ch/event/1276727/contributions/5643350/attachments/2751858/4790261/RCLSA_HiggsWorkingGroup_2023_Offshell_final.pdf
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STXS inputs

WW, ZZ γγ, Zγ ττ, μμ, bb̄

ATLAS-CONF-2023-052

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-052/ATLAS-CONF-2023-052.pdf
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SMEFT impact on STXS bins and decay

• 33 WCs plotted, remaining are 
subleading.

• Impact of quadratic terms 
significant for WH,ZH and tH.

Hyy,HZy

• Impact of Wilson coefficients can 
be visualised-> Value of ci scaled 
appropriately for plotting.

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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OtH

OHG
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Modification to 
Fermi constant 
(GF)

ATLAS-CONF-2021-053

OHq3

increasing impact with pH
T

ATLAS-CONF-2023-052

Overall norm

ggH & ttH

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-052/ATLAS-CONF-2023-052.pdf
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STXS sensitivity study
• 50 Wilson coefficients have a non-negligible impact on STXS bins.
• Not all the parameters can be constrained directly in the Warsaw basis, need to identify sensitive directions 

that can be reasonably constrained.
• Principal component analysis on information matrix:

- Full eigenvector basis-> Negligible correlation, hard to interpret.
- Fit basis-> Higher correlation, easy to interpret -> 19 directions

HSMEFT = PT HμP

Individual coefficients

Overall nor2alisation

top

Hy6,HZy

ggF

Wilson Coefficients

(W/Z) H

H->4l

Fit basis
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inc: breakdown into production 
modes is not available (𝐻 → 𝜇+𝜇− 

and 𝐻 → 𝑍𝛾). 

•  and  can be individually 
measured from the 
corresponding Higgs channels 
that enter the combination.

•  ,  and  are constrained 
by 𝑔𝑔𝐹 and 𝑡𝑡𝐻 production.

•  , , , impact on 
branching ratios of the 𝐻 → 𝛾𝛾 
and 𝐻 → 𝑍𝛾 decay.

ceH33
ceH22

cHG ctG ctH

cHW cHWB cHB

ATLAS-CONF-2023-052

Linear STXS SMEFT results

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-052/ATLAS-CONF-2023-052.pdf
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ATLAS-CONF-2023-052

Linear STXS SMEFT results

• Most of WCs are 
statistically dominated.

• 5 out of 19 parameters 
close to syst/stat parity.

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-052/ATLAS-CONF-2023-052.pdf
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Linear+quadratic STXS SMEFT results
ATLAS-CONF-2023-052

• For now treating difference between  and  
as magnitude indicator of effect missing SM-Dim8 
interference.

1/Λ2 1/Λ4

• Significant impact of quadratic terms for different parameters:
• ZH directions significantly affected + tH ( )e[3]

ttH

• Double minima structure observed for several parameters.

• Next steps:
1.  Collect & implement available 

dim-8 calculations (=incomplete 
but growing set) 

2.  Develop a more sophisticated 
strategy to quote truncation 
uncerta inty us ing part ia l 
calculations 

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-052/ATLAS-CONF-2023-052.pdf
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• Alternative likelihood function, based on a 
multivariate Gaussian approximation of the 
STXS measurements instead of the full 
measurement, built from the information 
provided in the paper.

• Make available digitally all information 
needed to reproduce. 

• It represents reasonably good  approximation 
of the full likelihood.  

Validity of 
Gaussian 

approximation  

ATLAS-CONF-2023-052

13

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-052/ATLAS-CONF-2023-052.pdf
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• Premise of EFT is that measurements can be mapped a posteriori to put constraints on UV-complete models 
• SMEFT constraints can be rotated into 2HDM models using inputs from the theory community

• Relevant Wilson coefficients (free parameters of SMEFT Lagrangian) can be expressed in terms of 2HDM 
parameters:

with  the SMEFT energy scale ,  the VEV,  the Yukawa-couplings (  ),  is the common mass 
of the heavy decoupled scalars.

• Formulas valid in the limit of  (alignment limit), in agreement with EFT assumptions.

Λ ν Yi Yi = 2mi /ν MA

cos(β − α) → 0

Paper

EFT to 2HDM
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3 Methodology of E�ective Field Theory interpretations

Standard Model E�ective Field Theory provides a theoretically elegant language to encode the modifications
of the Higgs properties induced by a wide class of beyond-the-SM models that reduce to the SM at
low energies, and is systematically improvable with higher-order perturbative calculations. Within the
mathematical language of the SMEFT, the e�ects of BSM dynamics at high energies ⇤ � v, well above the
electroweak scale v = 246 GeV, can be parametrised at low energies, E ⌧ ⇤, in terms of higher-dimensional
operators built up from the Standard Model fields and respecting its symmetries such as gauge invariance

LSMEFT = LSM +

Nd6X

i

ci
⇤2O

(6)
i
+

Nd8X

j

bj

⇤4O
(8)
j
+ . . . , (4)

where LSM is the SM Lagrangian, O (6)
i

and O (8)
j

represent a complete set of operators of mass-dimensions
d = 6 and d = 8, and cj , bj are the corresponding Wilson coe�cients. Operators with d = 5 and
d = 7 violate lepton and/or baryon number conservation and are not relevant for Higgs physics. The
e�ective theory expansion in Eq. (4) is robust, fully general, and can be systematically matched to explicit
ultraviolet-complete BSM scenarios.

In this analysis the “Warsaw” basis [75] is used, which forms a complete set of all O (6)
i

operators in
Eq. (4) allowed by the SM gauge symmetries. This basis is widely used in EFT measurements in various
fields of particle physics and the usage of a common basis will allow easier future combination of these
measurements. Contributions of operators of mass-dimension d = 8 are not considered. The goal of the
analysis is to constrain the d = 6 Wilson coe�cients that correspond to operators that either directly or
indirectly impact Higgs boson couplings to SM particles [14, 76]. Table 3 lists the operators considered
in this analysis, and their corresponding Wilson coe�cients cj . Here, all CP-even d = 6 operators were
considered for which the ⇤�2-suppressed contribution to any of the STXS categories measured in Figure 1
exceeds 1‰ with respect to the SM prediction at ci = 1. In this analysis, a value of ⇤ = 1 TeV is assumed,
coe�cients for alternative values of ⇤ = X can be trivially obtained through a scaling with a factor
(X/1 TeV)2. All complex-valued Wilson coe�ents, notably cuW , cuG , cuB and cuH in this analysis, are
used with =(ci) = 0.

3.1 Simulation of the impact of SMEFT operators

The impact of the d = 6 SMEFT operators listed in Table 3 has been computed with the UFO model of
Madgraph [53], using lowest order calculations in QCD for all production and decay modes.

Calculations for Higgs production modes with tree-level diagrams have been performed with SMEFTsim [77],
under the assumption of a U (3)5 flavour symmetry (which corresponds to the unbroken global flavour
symmetry present in the SM outside the Yukawa sector), and providing the Fermi constant GF , and the Z
and W boson masses as input. Cross-sections have been calculated at NLO accuracy in QCD for ggH,
gg!Z H and H ! gg with SMEFTatNLO [78] and at NLO accuracy in QED for SMEFT-SM interference
terms in H! �� [79], also providing mW as input. SMEFT modifications to the background processes in
the included analyses are not considered.

In the simulation, kinematic cuts on the minimal (b-)jet transverse momentum of pT > 20 GeV have
been imposed. Furthermore, for the Higgs boson decay a requirement of �R > 0.05 between two jets
or two leptons is imposed in order to avoid divergences in the matrix element calculation. Additional

10

Wilson coefficientsℒSMEFT = ℒSM

15

Further details in Andrea’s talk on Friday

https://journals.aps.org/prd/pdf/10.1103/PhysRevD.102.055012
https://indico.cern.ch/event/1296757/contributions/5662824/
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EFT to 2HDM

16

ATLAS-CONF-2023-052

Mapping is affected by missing SMEFT 
dimension-8 operators:
• constraints from SMEFT parameters 

weaker than from k-parameters

• Relevant coefficients parametrised as function 
of the 2HDM parameters.

• Linear expansion is performed.
• No constraints from vector boson couplings 

in SMEFT model (would occur in dim-8)-> 
relevant for constraining Type I at high  

• Others: the region with flipped coupling sign 
does not appear (petal region)-> likelihood 
function in the EFT-based approach is 
approximately Gaussian and has a single 
maximum.

tanβ

Detailed comparison w.r.t kappa results in backup

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-052/ATLAS-CONF-2023-052.pdf
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Differential SMEFT interpretation
Fiducial unfolded   from  & pH

T H → γγ H → 4l

arxiv: 2207.08615

• Combination of  measurements from the  and  
channels.

• Some operators are expected to have high impact in the tails of  
distribution:
★ : top-gluon interaction (additional amplitudes for ggH or tt𝐻 

Higgs boson production + 𝐻 → 𝑔𝑔).
★ : Higgs gluon interaction (𝐻𝑔𝑔 vertex that modifies the ggH 

production cross-section as well as the 𝐻 → 𝑔𝑔).
★ : Yukawa modifier for top quark (top-quark-loop mediated ggF, 

ttH, top-quark-loop amplitude contributing to the 𝐻 → 𝛾𝛾 partial 
width + 𝐻 → 𝑔𝑔).

pH
T H → γγ H → ZZ*

pH
T

ctG

cHG

ctH

https://arxiv.org/pdf/2207.08615.pdf
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Differential SMEFT interpretation
• High correlation-> new basis and most sensitive directions can be obtained with an eigenvector 

decomposition.

ATLAS DRAFT

3.3 Constraints from di�erential measurements646

Anomalous couplings of the Higgs boson to gluons and top quarks, as well as between gluons and647

top-quarks, can a�ect the total Higgs boson production cross-section and its dependence on the Higgs648

boson transverse momentum. The expected deviations from the SM predictions due to these anomalous649

couplings can be relatively large in high Higgs boson ?T regions, which are also characterised by a better650

signal-to-background ratio, making the ?
�
T -di�erential cross-section measurement more sensitive to these651

e�ects compared to a measurement of the inclusive rate.652

3.3.1 Sensitivity estimate and choice of parameters653

In this study, constraints on anomalous Higgs boson couplings to gluons and top quarks are set from the654

observed transverse momentum di�erential spectra of the Higgs boson decay products in the �! //
⇤! 4✓655

and �! WW decay channels. The constraints are inferred using an EFT approach in which the SM656

Lagrangian is augmented with the three dimension-6 SMEFT operators O�⌧ (Higgs-gluon point-like657

contact term), OC� (top quark Yukawa coupling modifier) and OC⌧ (chromomagnetic dipole operator), that658

are defined in Table 2. The operator O�⌧ introduces an �66 contact interaction that modifies the value659

and ?T-dependence of the ggF production cross-section, as well as the � ! 66 partial decay width, thus660

a�ecting indirectly the �! //
⇤! 4✓ and �! WW branching ratios. The operator OC� modifies the CC̄�661

vertex and thus a�ects Higgs boson production through top-quark-loop mediated gluon-gluon fusion or662

in association with a CC̄ pair, as well as the top-quark-loop amplitude contributing to the � ! WW partial663

width. The operator $C⌧ introduces a CC̄�6 vertex that leads to additional contributions to the amplitude664

for ggF or CC̄� Higgs boson production, as well as for � ! 66 decays, a�ecting in turn the branching665

ratios for both � ! WW and � ! // .666

The study presented in this section is performed in the scenario in which only the SM-BSM interference667

e�ects, linear in the Wilson coe�cients, are considered. Due to the statistical precision of the data sample668

and the very large correlations between the estimators for the three Wilson coe�cients, the constraints are669

initially set on one Wilson coe�cient at a time, while the values of the remaining coe�cients are assumed670

to be equal to zero. Subsequently, similar to the approach presented in Section 3.2.1, a rotation in the671

parameter space is performed to define a new set of coe�cients which are decorrelated and can be probed672

simultaneously. The new basis is formed by the three eigenvectors 4E [8 ] (8 = 1..3) of the Fisher information673

matrix, that are related to the three Wilson coe�cients by the following rotation:674

4E
[1] = 0.9992�⌧ � 0.0352C⌧ � 0.0032C� (18)675

4E
[2] = 0.0352�⌧ + 0.9782C⌧ + 0.2052C� (19)676

4E
[3] = �0.0052�⌧ � 0.2052C⌧ + 0.9792C� (20)677

The impact of the operators defining the new basis on the fiducial di�erential cross-sections is shown in678

Figure 17.679

3.3.2 Results680

The statistical interpretation is performed using a joint likelihood model of the data in the two decay681

channels, built – as described in Section 2.3 – from the observed and expected values of the fiducial682

13th July 2023 – 10:30 38

•  is mainly constrained by ggH - slight degradation in 
differential expected since the measurements are inclusive in 
production mode.

•  and  constraints come from the remaining 
production modes which can be probed separately in the STXS 
framework.

ev[1]

ev[2] ev[3]

ATLAS-CONF-2023-052

STXS - differential comparison

• Differential cross-section measurements have less constraining 
power than STXS ones:

• finer granularity + inclusive in production modes vs 
separation of the different production modes. 

•

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-052/ATLAS-CONF-2023-052.pdf
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ATLAS Global combination

• Previous round of Higgs combination 
used in the context of the ATLAS 
Global combination
(Higgs + EW + EWPO results in 
backup)

• Principal component analysis to 
identify sensitive directions-> a 
modified basis of linear combinations 
of WCs is defined (7+17 coefficients)

• Sensitivity eigenvectors instead of 
original Wilson Coefficient.

• Linear and linear+quadratic results.
• Complementary information.
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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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ATL-PHYS-PUB-2022-037

Weakly constrained 
fit directions-> 

quadratic 
contributions are 
large; validity of 
the constraints - 

neglected higher 
order contributions

Constrained by 
both diboson and 
VH measurements

Most stringent 
constraints

https://cds.cern.ch/record/2816369/files/ATL-PHYS-PUB-2022-037.pdf
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Road towards Global Combination(s)

Sketch from R.Balasubramanian 
inspired by Ken Mimasu

Several channels/data samples not yet included in current ATLAS EFT combination

• Within Higgs (w.r.t. 2023 Higgs combination)

• Rare processes 𝐻 → 𝑐𝑐, 𝑉𝐵𝐹 → 𝐻𝛾 

• Off-shell regions of 𝐻→𝑊𝑊 and 𝐻→𝑍𝑍

• Angular observables sensitive to CP-odd operators (in both production & decay) 

• Higgs pair production 

• First meeting to discuss LHC H+HH combination in EFT context on 29th March (indico) - LHC EFT 
HH Note

• First studies of HH fits in SMEFT already available ( ATLAS HH-> 4b + HH->bbyy - talk by Elisabeth)

• Outside Higgs – many opportunities for combinations 

• with other processes: dibosons, top-quarks

• Constraints from LEP/SLC precision data 
• Many potential challenges (besides harmonisations of SMEFT assumptions/tools)

•  signal = Higgs background-> coherent modelling of  in Higgs? 

• experimental systematics across physics groups? 

• Combination with CMS 

tt̄ tt̄

Stay tuned!!!

https://indico.cern.ch/event/1268329/
https://cds.cern.ch/record/2843280/files/LHCHWG-2022-004_2.pdf
https://cds.cern.ch/record/2843280/files/LHCHWG-2022-004_2.pdf
https://arxiv.org/abs/2301.03212
https://arxiv.org/abs/2310.12301
https://indico.cern.ch/event/1276727/contributions/5643182/attachments/2751674/4789887/ATLASresults_LHCHWG2023_141123.pdf


BACKUPThanks for your 
attention!
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and on high mass Drell-Yan (where I have been supervising two students); a
more long-term activity concerns the inclusion of all these analyses in a global
EFT interpretation of ATLAS Run2 results.
Preliminary results have been published for the Higgs combination (ATLAS-
CONF-2021-053), exploiting measurements of (fiducial) cross-sections that can
be used to constrain the Wilson coe�cients (ci) associated to each SMEFT op-
erator, and hence put constraints on new physics at a given fixed scale ⇤.
The available data samples contain insu�cient information to constrain all co-
e�cients simultaneously as degrees of freedom left unconstrained by the data do
not necessarily correspond to individual coe�cients ci, but may also be linear
combinations of them, thus the results, shown in Figure 5, are presented using
a modified basis of Wilson coe�cients c

0

i
=

P
i
aici.

Figure 5: Summary of observed measurements of the parameters c
0

i
within the

SMEFT linearised model. The ranges shown correspond to 68% (solid) and 95%
(dashed) confidence level intervals (ATLAS-CONF-2021-053).

All measured parameters are consistent with the SM expectation within
their uncertainty. The level of compatibility between the SM hypothesis with
the best-fit point corresponds to a p-value of pSM = 59%.

7

ATLAS-CONF-2021-053

• Operator grouping dictated by experimental sensitivity to physics.
• No strong tensions with the SM, 59% compatibility.
• Additional sensitivity from the ,  and ,  

input channels-> ,  + independent constraints for  .
H → ττ VBF, H → bb̄ tt̄H H → bb̄
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Figure 9: Summary of observed measurements of the parameters c0
i

with the SMEFT linearized model (blue) and the
SMEFT model with additional quadratic terms (orange). The ranges shown correspond to 68% (solid) and 95%
(dashed) confidence level intervals, where all other coe�cients and all nuisance parameters were profiled. For the
model with quadratic terms, two exactly degenerate solutions are found for c[1]

HW ,HB,HWB,HDD,uW ,uB, which are both
indicated.
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ATLAS-CONF-2020-053

• Sensitivity to the most sensitive directions in each of the remaining groups 
of the parameters is in general improved by up to 70%.

10 directions

• Sizeable sensitivity to operators suppressed by 
 in all of the measured parameters. Λ4

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

Previous 
combination

Higgs combination

http://cds.cern.ch/record/2789544/files/ATLAS-CONF-2021-053.pdf
https://cds.cern.ch/record/2743067
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• Warsaw basis, assuming  TeV.
• SMEFTsim + SMEFT@NLO
• 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”, "top")

Λ = 1

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

SMEFT parameterisation
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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

SMEFT parameterisation

https://arxiv.org/abs/2012.11343
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SMEFT impact on STXS bins and decay - fit basis
ATLAS-CONF-2023-052

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-052/ATLAS-CONF-2023-052.pdf
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STXS: acceptance corrections for HWW/H4l decays
• SMEFT operators can alter the kinematics of the Higgs boson decay products: acceptance differences between 

SM and SMEFT.
• For decay side, the acceptance effect is predominant in four-body decays but studies show effect also 

pronounced in some 2-body decays.
• Acceptance corrections for STXS interpretation have been included for H → WW* and H → 4l channels, linear 

and linear+quadratic results.
• Future: harmonised approach to acceptance possible in Run-3 with introduction of decay-side STXS definition.

ATLAS-CONF-2023-052

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-052/ATLAS-CONF-2023-052.pdf
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• Residual correlations present between  and   and  and  and which are caused by a 
common sensitivity to 𝑡𝑡𝐻 production and ggF 𝐻 → 𝛾𝛾, respectively. 

e[2]
ggF e[1]

ttH e[3]
ggF e[2]

Hγγ,Zγ

Linear STXS SMEFT results
ATLAS-CONF-2023-052

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-052/ATLAS-CONF-2023-052.pdf
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Linear+quadratic STXS SMEFT results
ATLAS-CONF-2023-052

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-052/ATLAS-CONF-2023-052.pdf
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Linear+quadratic STXS SMEFT results
ATLAS-CONF-2023-052

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-052/ATLAS-CONF-2023-052.pdf
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2HDM

, the softly breaking term of Z2 symmetry

• The most popular extension of Higgs Sector: two-Higgs doublet model

• Additional scalar doublet  with VEV 

- After symmetry breaking, four new bosons are predicted: 1 neutral CP-even Higgs bosons , 1 
neutral CP-odd Higgs boson  and 2 charged bosons .

- Observed Higgs assumed to be 

- In order to avoid flavour changing neutral currents(FCNC) at tree level, an additional symmetry is
 imposed: one fermion couples with only one Higgs doublet → Four types of 2HDMs

- Free parameters:
•  
• Angles  (mixing angle between the two neutral CP-even Higgs state) and 

•  and  determine the couplings to vector bosons and fermions;
• decoupling limit assumed-> 𝑚𝐻 ≫ 𝑣 -> implies the alignment limit ,  has 

SM-like couplings.

Φ2 ν2

H
A H±

h

mh, mH, mA, mH± and m2
12

α β ( tanβ =
ν2

ν1
)

α β
|cos(β − α) | ≪ 1 h
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2HDM

All models: similar exclusion regions in the tan 𝛽, cos(𝛽 − 𝛼) plane: for low values (≲ 1) of tan𝛽  a small region is 
consistent with the Higgs boson production and decay rates.  

ATLAS-CONF-2023-052

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-052/ATLAS-CONF-2023-052.pdf
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2HDM

Type I:
• In the large tan 𝛽 region, for 

positive cos(𝛽 − 𝛼), the 
observed exclusion region is 
significantly larger  than the 
expected one: values of the 
coupling strength modifiers 
to 𝑏, 𝑡 quarks and 𝜏 leptons 
smaller than  one and of the 
couplings to 𝑊, 𝑍 bosons 
larger than one are 
favoured.

ATLAS-CONF-2023-052

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-052/ATLAS-CONF-2023-052.pdf
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2HDM

• 𝑚𝐴 of 1 TeV when   is 
included

κλ

•  constraints mostly 
affects the high  region 
(already constrained in all 
scenarios except Type 1); 
the width of the 95% CL 
interval for cos(𝛽 − 𝛼) at 
large tan 𝛽 is reduced by 
about 50% 

κλ
tanβ

ATLAS-CONF-2023-052

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-052/ATLAS-CONF-2023-052.pdf
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2HDM

Region with 

Couplings with 
similar
magnitude but
opposite sign to SM.

Lack of (sign)
constraining power 
for leptons and down-
type quarks in
measurements.

cos(β + α) ≈ 0

ATLAS-CONF-2023-052

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-052/ATLAS-CONF-2023-052.pdf
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EFT to 2HDM ATLAS-CONF-2023-052

• Relevant coefficients parametrised 
as function of the 2HDM 
parameters.

• Type I: no constraints from vector 
boson

couplings in SMEFT model
(would occur in dim-8)

• Others: the region with flipped 
coupling sign does not appear (petal 
region)-> likelihood function in the 
EFT-based approach is Gaussian 
and has a single maximum.

Mapping is affected by missing 
SMEFT dimension-8 operators:
• constraints from SMEFT parameters 

weaker than from k-parameters

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-052/ATLAS-CONF-2023-052.pdf
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SMEFT interpretation of off-shell H->ZZ
• Higgs boson decays to 𝑍𝑍 → 4ℓ and 𝑍𝑍 → 2ℓ2𝜈 final states.
• Off-shell Higgs boson events offer the opportunity to probe a higher energy scale.

ATL-PHYS-PUB-2023-012

The observed and expected results based on the profile likelihood ratios (denoted by �2ln(_)) are presented
in Figure 7 including linear only and linear plus quadratic fits for each Wilson coefficient (the other is set as
0) of the operators modifying the Higgs-gluon effective coupling or the Higgs-top coupling. The observed
(expected) result of 2C i in the linear and quadratic fit is �1+19

�8 (0+17
�9 ) at the 95% confidence level, which is

comparable to the result from the boosted CC̄� analysis by CMS [26]. Another study [27] shows that the
transverse-momentum differential cross-section analysis in the on-shell Higgs region has a much better
resolution in the 2C i and 2i⌧ than this analysis. The advantage of this analysis is that the high mass region
(at the TeV level) has been exploited where new physics may arise. Figure 8 shows 2D contour projections
of �2 ln(_) on the Wilson coefficient plane in the asymptotic approximation. The results are consistent
with the SM prediction within uncertainties.

(a) (b)

(c) (d)

Figure 7: Negative log-likelihood, �2 ln(_), as a function of dimension-six EFT coefficients 7(a) 2i⌧ (Higgs-gluon)
with the linear term only, 7(b) 2i⌧ with linear and quadratic terms, 7(c) 2C i (Higgs-top modifier) with the linear
term only, and 7(d) 2C i with linear and quadratic terms for the combined analysis of the // ! 4✓ and // ! 2✓2a
channels. Only one dimension-six coefficient is fit while the other is set to 0. The dashed curves represent scans with
statistical uncertainty only while the scans with full systematic and statistical uncertainties are drawn in the solid
curves. The 1 and 2f confidence levels are calculated using the asymptotic limit.
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(at the TeV level) has been exploited where new physics may arise. Figure 8 shows 2D contour projections
of �2 ln(_) on the Wilson coefficient plane in the asymptotic approximation. The results are consistent
with the SM prediction within uncertainties.

(a) (b)

(c) (d)

Figure 7: Negative log-likelihood, �2 ln(_), as a function of dimension-six EFT coefficients 7(a) 2i⌧ (Higgs-gluon)
with the linear term only, 7(b) 2i⌧ with linear and quadratic terms, 7(c) 2C i (Higgs-top modifier) with the linear
term only, and 7(d) 2C i with linear and quadratic terms for the combined analysis of the // ! 4✓ and // ! 2✓2a
channels. Only one dimension-six coefficient is fit while the other is set to 0. The dashed curves represent scans with
statistical uncertainty only while the scans with full systematic and statistical uncertainties are drawn in the solid
curves. The 1 and 2f confidence levels are calculated using the asymptotic limit.
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• 1D and 2D limits for the 5 Wilson 
coefficients: , , , , .cH cH□ ctH ctG cHG

• Non-resonant HH production ggF production mode - 4b decay channel (126 fb-1).
• Analysis categorisations to improve sensitivity to BSM physics.

• The interpretations are performed with two EFT frameworks,
Higgs Effective Field Theory (HEFT) and SM Effective Field Theory (SMEFT).
- first LHC SMEFT interpretation for HH. 
• The different BSM scenarios are considered re-weighting the SM non-resonant 

HH ggF sample.

linear+quadratic results, one WC at a time

SMEFT@NLO

DiHiggs: HH → bb̄bb̄

https://arxiv.org/pdf/2301.03212.pdf


Eleonora Rossi20th Workshop of LHC Higgs WG -  13-15/11/2023 40

ATLAS Global combination

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.

6

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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•  Electroweak precision observables measured 
at LEP and SLC

•  Eight pseudo observables describing the 
physics at the 𝑍-pole are interpreted. 

•  ATLAS Higgs boson data (2021 combination)
• Higgs boson production and decay combined 

measurements in  STXS bins 

•  ATLAS electroweak data 
•  Differential cross-section measurements 

for diboson and Z production via VBF

Higgs Combination

WW,WZ,4l, Z+2jets combination

Precision Electroweak Measurements 
on the Z Resonance 

ATL-PHYS-PUB-2022-037

http://cds.cern.ch/record/2789544/files/ATLAS-CONF-2021-053.pdf
https://cds.cern.ch/record/2776648/files/ATL-PHYS-PUB-2021-022.pdf
https://arxiv.org/abs/hep-ex/0509008
https://arxiv.org/abs/hep-ex/0509008
https://cds.cern.ch/record/2816369/files/ATL-PHYS-PUB-2022-037.pdf
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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 

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”

http://cds.cern.ch/record/2789544/files/ATLAS-CONF-2021-053.pdf
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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

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”

https://cds.cern.ch/record/2776648/files/ATL-PHYS-PUB-2021-022.pdf
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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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•  Electroweak precision observables measured 
at LEP and SLC

•  Eight pseudo observables describing the 
physics at the 𝑍-pole are interpreted. 

•  Measurement probed with high sensitivity 
O(1 - 0.01 %)

ATLAS Global combination
ΓZ , R0

ℓ , R0
c , R0

b , A0,ℓ
FB , A0,c

FB , A0,b
FB , σ0

had

Hadronic pole cross section

Forward-backward asymmetry Ratio of partial decay widths 

EWPD in the SMEFT to dimension eight

• Tight limit provided by LEP-> only sensitive to a limited number of parameters.
• Parametrisation of EW pole observables only in the linear approximations:

- Two different fit setups: Higgs+EW and Higgs+EW+EWPO

• The likelihood is modelled as a multivariate Gaussian, both theoretical and experimental 
uncertainties are included in the covariance matrix. 

Precision Electroweak Measurements on the Z Resonance 

https://arxiv.org/pdf/2102.02819.pdf
https://arxiv.org/abs/hep-ex/0509008
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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. 
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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
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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• Additional sensitivity coming from EW measurements and EWPO, e.g. cW that cannot 
be disentangled using just  decay.H → γγ

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
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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
(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 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 
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simultaneously 26 parameters! 
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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 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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• 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.
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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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Wilson coefficients.

• Data overlap across datasets 
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relevant.

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

• Sensitivity eigenvectors instead 
of original Wilson Coefficient.

• Linear and linear+quadratic 
results.
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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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• Constraining 6 individual and 22 
linear combinations of Wilson 
coefficients - linear only results.

• 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.

33

ATLAS Global combination
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ATLAS Global combination: re-interpretation

• The open source SMEFiT has been used to reproduce 
the ATLAS EFT interpretation of LHC and LEP data.

• The SM and linear EFT cross-sections from the ATLAS 
measurement are taken and parse into the SMEFiT 
format adopting the same flavour assumptions for the 
fitting basis.

• Good agreement is obtained both in terms of central 
values and of the uncertainties of the fitted Wilson 
coefficients.

• Furthermore, similar agreement is obtained for the 
correlations between EFT coefficients.
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