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Overview

Higgs

EWTop • electroweak 𝒁(𝝂𝝂)𝜸𝒋𝒋
arXiv:2208.12741

• 𝒁𝜸𝜸 production
arXiv:2211.14171

• WW VBS
ATLAS-CONF-2023-023

• 4l VBS measurements
ATLAS-CONF-2023-024

2

Latest results

First ATLAS Global combination (Higgs+EW+EWPO):
ATL-PHYS-PUB-2022-037 (SMEFTsim + SMEFT@NLO)

• HH(4b) SMEFT + 
HEFT

arXiv:2301.03212
•  charge (rapidity) 

asymmetry: 
arXiv:2208.12095

• 4 top observation
arXiv:2303.15061 

tt̄

Sketch from R.Balasubramanian 
inspired by Ken Mimasu

https://arxiv.org/pdf/2208.12741.pdf
https://arxiv.org/pdf/2211.14171.pdf
https://cds.cern.ch/record/2859330/files/ATLAS-CONF-2023-023.pdf
https://cds.cern.ch/record/2859349/files/ATLAS-CONF-2023-024.pdf
https://cds.cern.ch/record/2816369/files/ATL-PHYS-PUB-2022-037.pdf
https://arxiv.org/pdf/2301.03212.pdf
https://arxiv.org/abs/2208.12095
https://arxiv.org/pdf/2303.15061.pdf
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Overview

Higgs

EWTop EW

arXiv:2208.12741

one at a time limits; unitarity is not preserved
Limits’ dependence on the cut-off energy (Ec)

• Measurement of the fiducial cross 
section for EWK  in the region 
of  >150 GeV - first evidence!!!

Z(νν̄)γjj
Eγ

T

fT5/Λ4

field strength
tensors

covariant 
derivative+field 
strength tensors

• Constraints on EFT coefficients are either competitive with or more 
stringent than those previously published by CMS.

• The constraints on , and  are significantly stronger 
than results previously published by ATLAS and CMS.

fT5/Λ4 fT8/Λ4 fT9/Λ4

Eγ
T

• BSM physics could induce anomalous QGCs, enhancing the cross section and 
modifying the kinematic distributions of the final-state bosons.

• The effect of new physics introduced by aQGCs can be realised using an EFT 
linearly parameterised by an effective Lagrangian.

• A clipping technique is introduced to preserve unitarity at very high parton 
centre-of-mass energies: the anomalous signal contribution is set to zero for .mZγ > Ec
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Figure 6: The ⇢
W

T distribution in the SR after the fit in the control regions. The red (green) line shows the expected
number of events in the case of non-zero EFT coe�cient 5) 0/⇤4 ( 5"0/⇤4) with the value shown in the legend. The
vertical error bars on the data points correspond to the data statistical uncertainty. Overflows are included in the
last bin. The lower panel shows the ratio of data to expected event yields. The uncertainty band corresponds to the
combination of the MC statistical uncertainty and systematic uncertainties obtained in the fit.

Table 6: Observed and expected one-dimensional limits on dimension-8 aQGC coe�cients. Limits are obtained by
setting all aQGC coe�cients except one to zero. Unitarity is not preserved.

Coe�cient Observed limit [TeV�4] Expected limit [TeV�4]

5) 0/⇤4
[�9.4, 8.4] ⇥ 10�2

[�1.3, 1.2] ⇥ 10�1

5) 5/⇤4
[�8.8, 9.9] ⇥ 10�2

[�1.2, 1.3] ⇥ 10�1

5) 8/⇤4
[�5.9, 5.9] ⇥ 10�2

[�8.1, 8.0] ⇥ 10�2

5) 9/⇤4
[�1.3, 1.3] ⇥ 10�1

[�1.7, 1.7] ⇥ 10�1

5"0/⇤4
[�4.6, 4.6] [�6.2, 6.2]

5"1/⇤4
[�7.7, 7.7] [�1.0, 1.0] ⇥ 101

5"2/⇤4
[�1.9, 1.9] [�2.6, 2.6]
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https://arxiv.org/pdf/2208.12741.pdf
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• The constraints on four of the eight operators considered are tightened by up to two 
orders of magnitude with respect to previous ATLAS analyses using 8 TeV data.

• Production of a 𝑍 boson in association with two photons in a 
phase-space region dominated by the ISR production of photons.

• Integrated and differential cross-sections measured (first time - 
differential).

• Sensitive to transverse operators involving neutral aQGCs.
•  unfolded cross-section used to set limits on dim8 WCs in EFT 

framework as it is the most sensitive to NP effects.
pℓℓ

T

 no unitarity conservation imposed

• clipping approach - EFT contribution is suppressed 
above an energy scale 𝐸c.

field strength
tensors

arXiv:2211.14171

https://arxiv.org/pdf/2211.14171.pdf
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Three families of operators (M, S - covariant derivative, T)

obtained with a unitarisation cut-o� scale of 1.5 TeV for all combinations of the operators studied. The
predicted di�erential yields of nearly all operator pairs are positively correlated, except for the pairs with
labels M0-M1 and M1-M7 which are anti-correlated. In the phase space studied, the predicted yields for
$(02 and $(1 are nearly 100% correlated, and thus a band cannot be excluded.

Table 7: Expected and observed limits on the Wilson coe�cients for various operators without any unitarisation
procedure and with a unitarisation cut-o� at the unitarity bound. The unitarity bounds for each operator as a function
of the cut-o� scale are defined for one non-zero Wilson coe�cient following Ref. [72]. The last column represents
lower and upper limits at the respective cut-o� value, where the unitarity bound and experimental bound are crossing.
Cases where no crossing with the unitarity bound was found in the scanned region above 600 GeV are labelled by "–".
The notation S02 is used to indicate that the coe�cients corresponding to the operators $(0 and $(2 are assigned
the same value. The limits on M7 were obtained without taking into account the SM-EFT interference for the EW
,

±
/ 9 9 final state.

Coe�cient Type No unitarisation cut-o� Lower and upper limit at the respective unitarity bound
[TeV�4] [TeV�4]

5"0/⇤4 exp. [-3.9, 3.8] -64 at 0.9 TeV, 40 at 1.0 TeV
obs. [-4.1, 4.1] -140 at 0.7 TeV, 117 at 0.8 TeV

5"1/⇤4 exp. [-6.3, 6.6] -25.5 at 1.6 TeV, 31 at 1.5 TeV
obs. [-6.8, 7.0] -45 at 1.4 TeV, 54 at 1.3 TeV

5"7/⇤4 exp. [-9.3, 8.8] -33 at 1.8 TeV, 29.1 at 1.8 TeV
obs. [-9.8, 9.5] -39 at 1.7 TeV, 42 at 1.7 TeV

5(02/⇤4 exp. [-5.5, 5.7] -94 at 0.8 TeV, 122 at 0.7 TeV
obs. [-5.9, 5.9] –

5(1/⇤4 exp. [-22.0, 22.5] –
obs. [-23.5, 23.6] –

5) 0/⇤4 exp. [-0.34, 0.34] -3.2 at 1.2 TeV, 4.9 at 1.1 TeV
obs. [-0.36, 0.36] -7.4 at 1.0 TeV, 12.4 at 0.9 TeV

5) 1/⇤4 exp. [-0.158, 0.174] -0.32 at 2.6 TeV, 0.44 at 2.4 TeV
obs. [-0.174, 0.186] -0.38 at 2.5 TeV, 0.49 at 2.4 TeV

5) 2/⇤4 exp. [-0.56, 0.70] -2.60 at 1.7 TeV, 10.3 at 1.2 TeV
obs. [-0.63, 0.74] –

23

(a) (b) (c)

(d)

(e) (f) (g)

Figure 10: Two-dimensional median expected (dashed line) and observed (solid line) 95% CL intervals on parameters
corresponding to the quartic operator combinations (a) M0-M1, (b) M0-M7, (c) M1-M7, (d) S1-S02, (e) T0-T1, (f)
T0-T2 and (g) T1-T2 EFT parameters with a unitarisation cut-o� scale of 1.5 TeV and unitarity bounds (green line).
The two-dimensional unitarity bounds for pairs of operators are obtained for the two non-zero Wilson coe�cients
from the eigenvalues from Ref. [72]. The 1 (green) and 2 (yellow) sigma bands indicate where the limit is expected
in 68.3% and 95.4% of the cases, respectively. The limits on M7 were obtained without taking into account the
SM-EFT interference term and EFT cross-term for the EW ,

±
/ 9 9 final state.
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Figure 10: Two-dimensional median expected (dashed line) and observed (solid line) 95% CL intervals on parameters
corresponding to the quartic operator combinations (a) M0-M1, (b) M0-M7, (c) M1-M7, (d) S1-S02, (e) T0-T1, (f)
T0-T2 and (g) T1-T2 EFT parameters with a unitarisation cut-o� scale of 1.5 TeV and unitarity bounds (green line).
The two-dimensional unitarity bounds for pairs of operators are obtained for the two non-zero Wilson coe�cients
from the eigenvalues from Ref. [72]. The 1 (green) and 2 (yellow) sigma bands indicate where the limit is expected
in 68.3% and 95.4% of the cases, respectively. The limits on M7 were obtained without taking into account the
SM-EFT interference term and EFT cross-term for the EW ,

±
/ 9 9 final state.
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2D limits at 95% CL 
obtained with a 
unitarisation cut-off 
scale of 1.5 TeV

fT1/Λ4

fT0 /Λ4

fS02 /Λ4

fS1/Λ4

on EW ,
±
,

±
9 9 and EW ,

±
/ 9 9 . When including the e�ect of the EFT operators on the EW ,

±
/ 9 9

production, the limits typically improve by by 1-4%.
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Figure 7: Data and SM expected <✓✓ distribution. Data are shown as black markers with vertical error bars
representing the statistical uncertainty. Filled histograms show contributions of various SM processes, with the outer
(inner) hatched error band corresponding to the total (statistical) uncertainty. The EFT contributions corresponding
to the M0 operator for cases when the corresponding Wilson coe�cient is set to its observed upper limit value when
no unitarisation cut-o� is applied (purple line) and for the respective observed upper limit value when the EFT
contributions above <,, > 0.7 TeV are removed (cyan line) are also shown. Overflow events are included in the
last bin. The lower panel shows the ratio between the data and SM prediction.

Prefit <✓✓ distribution overlaid with the EFT M0 operator prediction are shown in Figure 7 for cases when
no unitarisation cut-o� is applied, and for an EFT unitarisation cut-o� of 700 GeV. The boundaries of the
last <✓✓ bin are optimised to have best expected limits in case of no unitarisation cut-o�, while other bins
in the tail of the distribution are defined to improve the limits in case of unitarisation cut-o� applied.

Table 7 shows the expected and observed limits at 95% CL obtained without using any unitarisation
procedure. Figure 8 presents the evolution of these limits as a function of the cut-o� scale of the unitarisation
procedure. For clipping scales below approximately 1 TeV, zero values of the coe�cients 5"0, 5(1, 5(02,
and 5) 0 are excluded at 95% CL as seen from Figure 8. This is explained by the shape of the clipped EFT
prediction, exhibiting a peak at <✓✓ values around 400 GeV, where also an upward fluctuation in data is
present, as seen in Figure 7, which leads to a double-minimum shape of the test statistic.

Expected and observed at 95% CL two-dimensional limits on operator pairs belonging to the same group
are presented in Figure 9. Figure 10 shows two-dimensional expected and observed limits at 95% CL

22

mℓℓ

• Fiducial and differential cross sections for the electroweak and inclusive 
production of a same-sign 𝑊 boson pair in association with two jets (𝑊±𝑊± 𝑗 𝑗) 
- (analysis details in Alessandro’s talk).

• Differential  distribution with optimised binning used to set limits on EFT 
dim8 operator coefficients , , , , , , , 
and .

• Results using EFT unitarisation cut-off also provided.
• Constraints competitive with those previously published by CMS.

mℓℓ
fS02/Λ4 fS1/Λ4 fM0/Λ4 fM1/Λ4 fM7/Λ4 fT0/Λ4 fT1/Λ4

fT2/Λ4

ATLAS-CONF-2023-023

https://indi.to/Y4TmM
https://cds.cern.ch/record/2859330/files/ATLAS-CONF-2023-023.pdf
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Overview

Higgs

EWTop EW • Differential cross-sections (  and ) measured for the 
production of four charged leptons in association with 
two jets (analysis details in Chilufya's talk).

m4ℓ mjj

NEW

• Unfolded cross sections used to search for signatures of anomalous weak-boson self-
interactions using the framework of dim8 EFT.

• The WCs associated with the  and  operators are the most tightly constrained.
• Constraints with the pure dim8 contribution are more stringent than interference-only constraints.

𝒪T0 𝒪T1

• Constraints are placed on each WC after restricting the interference- and pure 
dimension-eight contributions to have 

• The 95% confidence intervals degrade by a factor of 4-5 (𝐸𝑐 = ∞ to 𝐸𝑐 = 1 TeV).
m4ℓ < Ec

field strength
tensors

ATLAS-CONF-2023-024

Wilson |Md8 |
2 95% confidence interval [TeV�4]

coe�cient Included Expected Observed
5T,0/⇤4 yes [-0.98,0.93] [-1.0,0.97]

no [-23, 17] [-19, 19]
5T,1/⇤4 yes [-1.2, 1.2] [-1.3, 1.3]

no [-160, 120] [-140, 140]
5T,2/⇤4 yes [-2.5, 2.4] [-2.6, 2.5]

no [-74, 56] [-63, 62]
5T,5/⇤4 yes [-2.5, 2.4] [-2.6, 2.5]

no [-79, 60] [-68, 67]
5T,6/⇤4 yes [-3.9, 3.9] [-4.1, 4.1]

no [-64, 48] [-55, 54]
5T,7/⇤4 yes [-8.5, 8.1] [-8.8, 8.4]

no [-260, 200] [-220, 220]
5T,8/⇤4 yes [-2.1, 2.1] [-2.2, 2.2]

no [-4.6, 3.1]⇥104 [-3.9, 3.8]⇥104

5T,9/⇤4 yes [-4.5, 4.5] [-4.7, 4.7]
no [-7.5, 5.5]⇥104 [-6.4, 6.3]⇥104

Table 2: Expected and observed 95% confidence interval for the dimension-eight Wilson coe�cients, using a
two-dimensional fit to the 4✓9 9 di�erential cross-sections measured as a function of <4✓ and <99 . Results are
presented when including or excluding the pure dimension-eight contributions to the EFT prediction.

one degree of freedom [58]. This allows the 95% confidence intervals to be constructed for each Wilson
coe�cient. The first bin of the <4✓ distribution is not used in the statistical test. This bin is insensitive
to the dimension-eight operators, but removing the bin prevents a possible overconstraint on the Wilson
coe�cients, which arises due to one very small eigenvalue of the combined <4✓ – <9 9 covariance matrix.

The 95% confidence intervals on the Wilson coe�cients in the dimension-eight e�ective field theory are
shown in Table 2. For each Wilson coe�cient, confidence intervals are shown when including or excluding
the pure dimension-eight contribution in the theoretical prediction. In all cases, the Wilson coe�cients are
consistent with zero. The Wilson coe�cients associated with the OT,0 and OT,1 operators are the most
tightly constrained. Furthermore, the constraints obtained with the pure dimension-eight contribution
included in the theoretical prediction are more stringent than those obtained with only the interference
contribution included in the theoretical calculation.

Constraints are also placed on each Wilson coe�cient after restricting the interference- and pure dimension-
eight- contributions to have <4✓ < ⇢2, where ⇢2 is a cut-o� that prevents unitarity being violated at large
energy scales. The dependence of the 95% confidence intervals on the value of ⇢2 is shown in Figure 5 for
the OT,0 and OT,1 operators. The 95% confidence intervals degrade by a factor of 4-5 when the energy
scale cut o� is reduced from ⇢2 = 1 to ⇢2 = 1 TeV. A similar trend is seen for the other operators.

Additional constraints on the Wilson coe�cients of operators in a dimension-six e�ective field theory are
presented in the Appendix.
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Figure 5: Expected and observed 95% confidence interval for the 5T,0 and 5T,1 Wilson coe�cients as a function of a
cut-o� scale, ⇢2, which restricts the interference- and pure dimension-eight- contributions to have <4✓ < ⇢2. The
constraints are obtained using a two-dimensional fit to the 4✓9 9 di�erential cross-sections measured as a function of
<4✓ and <99 .

10 Conclusion

Di�erential cross-sections are measured for the production of four charged leptons in association with two
jets, using proton–proton collision data collected by the ATLAS experiment at a centre-of-mass energy of
p
B = 13 TeV and with an integrated luminosity of 140 fb�1. This final state is sensitive to the strong 4✓9 9

process, in which the jets arise from the strong interactions, as well as the electroweak 4✓9 9 process, which
is characterised by the C-channel exchange of an electroweak boson. The measurement of 4✓9 9 production
can therefore be used to improve our understanding of both the electroweak and strong interactions that
underpin the Standard Model of particle physics. The di�erential cross-sections for 4✓9 9 production are
measured as a function of observables that collectively (i) characterise vector-boson scattering processes,
(ii) probe the polarisation, parity and charge conjugation properties of the 4✓9 9 process, and (iii) probe the
real emission of quarks and gluons from the 4✓9 9 process. The di�erential cross sections are compared to
various state-of-the-art Monte Carlo event generator predictions and the measurements are found to be
sensitive to the event-generator modelling of strong 4✓9 9 production, as well as to the EW 4✓9 9 process at
high dijet invariant mass and high values of |�q9 9 |. The di�erential cross section measurements are used
to set constraints on anomalous weak-boson self-interactions using the framework of dimension-six and
dimension-eight e�ective field theory.

17

fT0 /Λ4

https://indi.to/jgY64
https://cds.cern.ch/record/2859349/files/ATLAS-CONF-2023-024.pdf
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Evidence for the charge 
asymmetry in pp → tt̄

  • Inclusive and differential measurement of  and leptonic charge asymmetry
 &  with full Run2 dataset.

• Differential measurements provided for invariant mass, 
transverse momentum and longitudinal boost of the  system.

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

• Large improvement w.r.t   LHC 8 TeV/Tevatron results.
• Interplay between EFT sensitivity (increases for higher ) and statistical 

uncertainty (0.2% – 0.3% to 2.9%).
• Tightest limit obtained for the linear EFT approximation in the mass bin 

from 1 to 1.5 TeV.
• Constraint from the  differential  measurement  more than  a factor 2

stronger than inclusive measurement.

tt̄
Att̄

c Aℓℓ̄
c

tt̄

Att̄
c

mtt̄

Att̄
c

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

Att̄
c

arXiv:2208.12095  

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

blind direction for 
charge

asymmetry broken 
using

energy asymmetry
measurement

• The obtained EFT bounds (from charge asymmetry) are compared to those from energy asymmetry 
measurement in  production.

• QCD structure of the energy asymmetry is different due to the extra jet in  production.

- the two asymmetries probe different directions in chiral and colour space.

• Different shapes of the bounds for colour-octet operators with the same chirality scenarios: 
- charge asymmetry (dashed/solid red lines) leaves a blind direction broken by the energy asymmetry 

(dashed/solid blue lines) due to operator interference with the QCD amplitude.

tt̄j

tt̄j

Bounds on color-octet
operators

Energy Asymmetry

energy asymmetry

charge asymmetry charge asymmetry

energy asymmetry

https://arxiv.org/abs/2208.12095
https://arxiv.org/abs/2110.05453
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other WCs are fixed to SM, linear+quadratic terms included

• Limits on the Higgs oblique parameter, Ĥ, defined as the Wilson 
coefficient of the sole dim6 operator that affects the off-shell Higgs 
interaction (  cross section +  background production), are set.

• Observed upper limit at 95% CL on Ĥ=0.20: 
• coincides with the largest value that still preserves unitarity.

tt̄tt̄ tt̄H

arXiv:2303.15061

• Limits on EFT parameters extracted parameterising the  yield in 
each bin of the multivariate discriminant score distribution (used to 
separate signal and background).

tt̄tt̄

SMEFT@NLO

Accepted for journal publication

Leading uncertainties: signal modeling 
uncertainties, statistical uncertainty

• The  process (observed with a significance 
of 6.1 ) is sensitive to 4 heavy-flavour fermion 
operators,  -> BSM models 
that enhance interactions between the third-
generation quarks (Johnny’s talk).

tt̄tt̄
σ

O1
tt, O1

QQ, O1
Qt, O8

Qt

https://arxiv.org/pdf/2303.15061.pdf
https://indi.to/J9CkP
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Higgs arXiv:2301.03212

• 1D and 2D limits for the 5 Wilson 
coefficients: , , , , .cH cH□ ctH ctG cHG

• Non-resonant HH ggF production - 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

Other 2D scans in backup

https://arxiv.org/pdf/2301.03212.pdf
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• 7 HEFT benchmark models for ,  , ,   and  to probe a wide variety of characteristic 
shapes of the  spectrum.

• Advantage of HEFT: anomalous single-Higgs-boson and HH couplings defined separately.

cHHH cttH cttHH cggH cggHH
mHH

• The spread of sensitivity between the seven benchmark models reflects the different shapes of the signal  
distributions.

• BM3, BM5 and BM7 are observed to be excluded with more than 95% confidence.

mHH

• Limits competitive with ATLAS  + 
 standalone limits -> improvement 

when included in the combination

bb̄ττ
bb̄γγ

 The different variation between observed and expected limits 
is linked to a slight excess observed in the low  regionmHH

arXiv:2301.03212

cgghh : [−0.36,0.78][−0.42,0.75]

ctt̄HH : [−0.55,0.51][−0.46,0.40]

HH → bb̄bb̄

HH → bb̄ττ + bb̄γγ

 HEFTHH → bb̄bb̄

https://cds.cern.ch/record/2806411/files/ATL-PHYS-PUB-2022-019.pdf
https://arxiv.org/pdf/2301.03212.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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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.

3

•  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

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

Overview

Higgs

EWTop EW

Higgs

SMEFT interpretation (SMEFTsim and SMEFTatNLO)

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

• The fit uses sensitivity 
eigenvectors instead of original 
Wilson Coefficient. 

• Constraining 7 individual and 
17 linear combinations of 
Wilson coefficients.

• Data overlap across datasets 
checked -> remove from the 

combination whenever 
relevant.
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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.

• 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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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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• Increasing number of analyses in SM,Top and Higgs sectors providing 
interesting EFT interpretations (additional ATLAS EFT interpretations in
Chilufya's, Bo's and Adrian’s talks).

•  First Global ATLAS EFT interpretation available
(also 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.

• ATLAS + CMS: ongoing exercise to include few published input measurements and test the 
combination using consistent parameterisations and assumptions.

15

Summary

for many interesting results to come!!

https://indi.to/jgY64
https://indi.to/MHS2c
https://indi.to/7GMqc
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NEW

2D limits at 95% CL obtained 
with a unitarisation cut-off 
scale of 1.5 TeV

• Fiducial and differential cross sections for the electroweak and inclusive 
production of a same-sign 𝑊 boson pair in association with two jets (𝑊±𝑊± 𝑗 𝑗) 
- (analysis details in Alessandro’s talk).

• Differential  distribution with optimised binning used to set limits on EFT 
dim8 operator coefficients , , , , , , , 
and .

• Results using EFT unitarisation cut-off also provided.
• These constraints are competitive with those previously published by the CMS 

Collaboration.

mℓℓ
fS02/Λ4 fS1/Λ4 fM0/Λ4 fM1/Λ4 fM7/Λ4 fT0/Λ4 fT1/Λ4

fT2/Λ4

Three families of operators (M, S - covariant derivative, T)

ATLAS-CONF-2023-023

(a) (b) (c)

(d)

(e) (f) (g)

Figure 10: Two-dimensional median expected (dashed line) and observed (solid line) 95% CL intervals on parameters
corresponding to the quartic operator combinations (a) M0-M1, (b) M0-M7, (c) M1-M7, (d) S1-S02, (e) T0-T1, (f)
T0-T2 and (g) T1-T2 EFT parameters with a unitarisation cut-o� scale of 1.5 TeV and unitarity bounds (green line).
The two-dimensional unitarity bounds for pairs of operators are obtained for the two non-zero Wilson coe�cients
from the eigenvalues from Ref. [72]. The 1 (green) and 2 (yellow) sigma bands indicate where the limit is expected
in 68.3% and 95.4% of the cases, respectively. The limits on M7 were obtained without taking into account the
SM-EFT interference term and EFT cross-term for the EW ,

±
/ 9 9 final state.
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Figure 8: Evolution of the one-dimensional expected (blue dashed line) and observed (black line) limits at 95% CL
on the parameters corresponding to the quartic operators with label (a) M0, (b) M1, (c) M7, (d) S1, (e) S02, (f)
T0, (g) T1, and (h) T2 as a function of the cut-o� scale. The unitarity bounds (green line) for each operator as a
function of the cut-o� scale are defined for one non-zero Wilson coe�cient following Ref. [72]. The filled green area
corresponds to parameter values excluded either by the data at 95% CL or by the unitarity condition of the theory.
The limits on M7 were obtained without taking into account the SM-EFT interference for the EW ,

±
/ 9 9 final state.
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obtained with a unitarisation cut-o� scale of 1.5 TeV for all combinations of the operators studied. The
predicted di�erential yields of nearly all operator pairs are positively correlated, except for the pairs with
labels M0-M1 and M1-M7 which are anti-correlated. In the phase space studied, the predicted yields for
$(02 and $(1 are nearly 100% correlated, and thus a band cannot be excluded.

Table 7: Expected and observed limits on the Wilson coe�cients for various operators without any unitarisation
procedure and with a unitarisation cut-o� at the unitarity bound. The unitarity bounds for each operator as a function
of the cut-o� scale are defined for one non-zero Wilson coe�cient following Ref. [72]. The last column represents
lower and upper limits at the respective cut-o� value, where the unitarity bound and experimental bound are crossing.
Cases where no crossing with the unitarity bound was found in the scanned region above 600 GeV are labelled by "–".
The notation S02 is used to indicate that the coe�cients corresponding to the operators $(0 and $(2 are assigned
the same value. The limits on M7 were obtained without taking into account the SM-EFT interference for the EW
,

±
/ 9 9 final state.

Coe�cient Type No unitarisation cut-o� Lower and upper limit at the respective unitarity bound
[TeV�4] [TeV�4]

5"0/⇤4 exp. [-3.9, 3.8] -64 at 0.9 TeV, 40 at 1.0 TeV
obs. [-4.1, 4.1] -140 at 0.7 TeV, 117 at 0.8 TeV

5"1/⇤4 exp. [-6.3, 6.6] -25.5 at 1.6 TeV, 31 at 1.5 TeV
obs. [-6.8, 7.0] -45 at 1.4 TeV, 54 at 1.3 TeV

5"7/⇤4 exp. [-9.3, 8.8] -33 at 1.8 TeV, 29.1 at 1.8 TeV
obs. [-9.8, 9.5] -39 at 1.7 TeV, 42 at 1.7 TeV

5(02/⇤4 exp. [-5.5, 5.7] -94 at 0.8 TeV, 122 at 0.7 TeV
obs. [-5.9, 5.9] –

5(1/⇤4 exp. [-22.0, 22.5] –
obs. [-23.5, 23.6] –

5) 0/⇤4 exp. [-0.34, 0.34] -3.2 at 1.2 TeV, 4.9 at 1.1 TeV
obs. [-0.36, 0.36] -7.4 at 1.0 TeV, 12.4 at 0.9 TeV

5) 1/⇤4 exp. [-0.158, 0.174] -0.32 at 2.6 TeV, 0.44 at 2.4 TeV
obs. [-0.174, 0.186] -0.38 at 2.5 TeV, 0.49 at 2.4 TeV

5) 2/⇤4 exp. [-0.56, 0.70] -2.60 at 1.7 TeV, 10.3 at 1.2 TeV
obs. [-0.63, 0.74] –

23

Evolution of the limits as a function 
of the cut-off scale of the unitarisation
procedure.

on EW ,
±
,

±
9 9 and EW ,

±
/ 9 9 . When including the e�ect of the EFT operators on the EW ,

±
/ 9 9

production, the limits typically improve by by 1-4%.
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Figure 7: Data and SM expected <✓✓ distribution. Data are shown as black markers with vertical error bars
representing the statistical uncertainty. Filled histograms show contributions of various SM processes, with the outer
(inner) hatched error band corresponding to the total (statistical) uncertainty. The EFT contributions corresponding
to the M0 operator for cases when the corresponding Wilson coe�cient is set to its observed upper limit value when
no unitarisation cut-o� is applied (purple line) and for the respective observed upper limit value when the EFT
contributions above <,, > 0.7 TeV are removed (cyan line) are also shown. Overflow events are included in the
last bin. The lower panel shows the ratio between the data and SM prediction.

Prefit <✓✓ distribution overlaid with the EFT M0 operator prediction are shown in Figure 7 for cases when
no unitarisation cut-o� is applied, and for an EFT unitarisation cut-o� of 700 GeV. The boundaries of the
last <✓✓ bin are optimised to have best expected limits in case of no unitarisation cut-o�, while other bins
in the tail of the distribution are defined to improve the limits in case of unitarisation cut-o� applied.

Table 7 shows the expected and observed limits at 95% CL obtained without using any unitarisation
procedure. Figure 8 presents the evolution of these limits as a function of the cut-o� scale of the unitarisation
procedure. For clipping scales below approximately 1 TeV, zero values of the coe�cients 5"0, 5(1, 5(02,
and 5) 0 are excluded at 95% CL as seen from Figure 8. This is explained by the shape of the clipped EFT
prediction, exhibiting a peak at <✓✓ values around 400 GeV, where also an upward fluctuation in data is
present, as seen in Figure 7, which leads to a double-minimum shape of the test statistic.

Expected and observed at 95% CL two-dimensional limits on operator pairs belonging to the same group
are presented in Figure 9. Figure 10 shows two-dimensional expected and observed limits at 95% CL

22

mℓℓ

https://cds.cern.ch/record/2859330/files/ATLAS-CONF-2023-023.pdf
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Overview

Higgs

EWTop EW • Differential cross-sections (  and ) measured for the 
production of four charged leptons in association with 
two jets (analysis details in Chilufya’s talk).

m4ℓ mjj

NEW

• Unfolded cross sections used to search for signatures of anomalous weak-boson self-
interactions using the framework of dim6 and dim8 EFT.

• The WCs associated with the  and  operators are the most tightly constrained.
• Constraints with the pure dim8 contribution are more stringent than interference-only constraints

𝒪T0 𝒪T1

• Constraints are placed on each WC after restricting the interference- and pure 
dimension-eight contributions to have 

• The 95% confidence intervals degrade by a factor of 4-5 when the energy scale 
cut off is reduced from 𝐸𝑐 = ∞ to 𝐸𝑐 = 1 TeV.

m4ℓ < Ec

field strength
tensors

ATLAS-CONF-2023-024

Wilson |Md8 |
2 95% confidence interval [TeV�4]

coe�cient Included Expected Observed
5T,0/⇤4 yes [-0.98,0.93] [-1.0,0.97]

no [-23, 17] [-19, 19]
5T,1/⇤4 yes [-1.2, 1.2] [-1.3, 1.3]

no [-160, 120] [-140, 140]
5T,2/⇤4 yes [-2.5, 2.4] [-2.6, 2.5]

no [-74, 56] [-63, 62]
5T,5/⇤4 yes [-2.5, 2.4] [-2.6, 2.5]

no [-79, 60] [-68, 67]
5T,6/⇤4 yes [-3.9, 3.9] [-4.1, 4.1]

no [-64, 48] [-55, 54]
5T,7/⇤4 yes [-8.5, 8.1] [-8.8, 8.4]

no [-260, 200] [-220, 220]
5T,8/⇤4 yes [-2.1, 2.1] [-2.2, 2.2]

no [-4.6, 3.1]⇥104 [-3.9, 3.8]⇥104

5T,9/⇤4 yes [-4.5, 4.5] [-4.7, 4.7]
no [-7.5, 5.5]⇥104 [-6.4, 6.3]⇥104

Table 2: Expected and observed 95% confidence interval for the dimension-eight Wilson coe�cients, using a
two-dimensional fit to the 4✓9 9 di�erential cross-sections measured as a function of <4✓ and <99 . Results are
presented when including or excluding the pure dimension-eight contributions to the EFT prediction.

one degree of freedom [58]. This allows the 95% confidence intervals to be constructed for each Wilson
coe�cient. The first bin of the <4✓ distribution is not used in the statistical test. This bin is insensitive
to the dimension-eight operators, but removing the bin prevents a possible overconstraint on the Wilson
coe�cients, which arises due to one very small eigenvalue of the combined <4✓ – <9 9 covariance matrix.

The 95% confidence intervals on the Wilson coe�cients in the dimension-eight e�ective field theory are
shown in Table 2. For each Wilson coe�cient, confidence intervals are shown when including or excluding
the pure dimension-eight contribution in the theoretical prediction. In all cases, the Wilson coe�cients are
consistent with zero. The Wilson coe�cients associated with the OT,0 and OT,1 operators are the most
tightly constrained. Furthermore, the constraints obtained with the pure dimension-eight contribution
included in the theoretical prediction are more stringent than those obtained with only the interference
contribution included in the theoretical calculation.

Constraints are also placed on each Wilson coe�cient after restricting the interference- and pure dimension-
eight- contributions to have <4✓ < ⇢2, where ⇢2 is a cut-o� that prevents unitarity being violated at large
energy scales. The dependence of the 95% confidence intervals on the value of ⇢2 is shown in Figure 5 for
the OT,0 and OT,1 operators. The 95% confidence intervals degrade by a factor of 4-5 when the energy
scale cut o� is reduced from ⇢2 = 1 to ⇢2 = 1 TeV. A similar trend is seen for the other operators.

Additional constraints on the Wilson coe�cients of operators in a dimension-six e�ective field theory are
presented in the Appendix.
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Figure 5: Expected and observed 95% confidence interval for the 5T,0 and 5T,1 Wilson coe�cients as a function of a
cut-o� scale, ⇢2, which restricts the interference- and pure dimension-eight- contributions to have <4✓ < ⇢2. The
constraints are obtained using a two-dimensional fit to the 4✓9 9 di�erential cross-sections measured as a function of
<4✓ and <99 .

10 Conclusion

Di�erential cross-sections are measured for the production of four charged leptons in association with two
jets, using proton–proton collision data collected by the ATLAS experiment at a centre-of-mass energy of
p
B = 13 TeV and with an integrated luminosity of 140 fb�1. This final state is sensitive to the strong 4✓9 9

process, in which the jets arise from the strong interactions, as well as the electroweak 4✓9 9 process, which
is characterised by the C-channel exchange of an electroweak boson. The measurement of 4✓9 9 production
can therefore be used to improve our understanding of both the electroweak and strong interactions that
underpin the Standard Model of particle physics. The di�erential cross-sections for 4✓9 9 production are
measured as a function of observables that collectively (i) characterise vector-boson scattering processes,
(ii) probe the polarisation, parity and charge conjugation properties of the 4✓9 9 process, and (iii) probe the
real emission of quarks and gluons from the 4✓9 9 process. The di�erential cross sections are compared to
various state-of-the-art Monte Carlo event generator predictions and the measurements are found to be
sensitive to the event-generator modelling of strong 4✓9 9 production, as well as to the EW 4✓9 9 process at
high dijet invariant mass and high values of |�q9 9 |. The di�erential cross section measurements are used
to set constraints on anomalous weak-boson self-interactions using the framework of dimension-six and
dimension-eight e�ective field theory.

17
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https://cds.cern.ch/record/2859349/files/ATLAS-CONF-2023-024.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.

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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Overview

Higgs

EWTopTop

Evidence for the charge asymmetry in pp → tt̄
arXiv:2208.12095  

• Inclusive and differential full Run2 (139 fb ) measurements of  and leptonic charge asymmetry  & .

• Differential measurements provided for 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 w.r.t   LHC 8TeV/Tevatron results.
• Interplay between sensitivity (increases for higher ) and uncertainty

(0.2% – 0.3% to 2.9%).
• Tightest linear limit obtained in the mass bin from 1 to 1.5 TeV.
• Constraint from the  differential  measurement  more than  a factor 2

stronger than inclusive measurement.

−1 tt̄ Att̄
c Aℓℓ̄

c

tt̄

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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Evidence for the charge asymmetry in pp → tt̄
arXiv:2208.12095  

• QCD structure of the energy asymmetry not the same as for the charge asymmetry in  production due to the 
extra jet in  production.

•  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.

tt̄
tt̄j

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

• QCD structure of the energy asymmetry not the same as for the charge asymmetry in  production due to the 
extra jet in  production.

•  the two asymmetries probe different directions in chiral and colour space.

• 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.

tt̄
tt̄j

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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• EFT interpretation: dedicated samples to set limits on EFT operators describing contact interactions between 
two leptons and two quarks permitting cLFV interactions (dim6-top).

• Cross section of the cLFV process:  dependence on the square of the value of WC.

• The limits obtained on the Wilson coefficients improve upon the previous results from a re-interpretation of an 
ATLAS FCNC 𝑡𝑍𝑞 analysis (from a factor of 8 to 51) - JHEP 04 (2019) 014.

• This result complements searches for cLFV in 𝑒𝜇𝑞𝑡 interactions by the CMS Collaboration.
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• Search for charged-lepton-flavour violating 𝜇𝜏𝑞𝑡 interaction in top-quark production and 
decay.

• The analysis sensitivity is dominated by the cLFV production process; decay process 
improves the observed limits by 2.7%

Statistically dominated, dominant sys:  
modelling

t t̄

JHEP 06 (2022) 082  
CMS-PAS-TOP-22-005

http://www.apple.com/uk
https://cds.cern.ch/record/2845451/files/ATLAS-CONF-2023-001.pdf
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• EFT interpretation: use dedicated samples to set limits on EFT operators describing contact interactions 
between two leptons and two quarks permitting cLFV interactions (dim6top model).

• The cross section of the cLFV process depends on the square of the value of the relevant 
Wilson coefficient for a given value of the scale of new physics.

24

Search for charged lepton flavour violation 
in top quark decays

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

Overview

Higgs

EWTopTop ATLAS-CONF-2023-001

top-quark decay width Γ

https://cds.cern.ch/record/2845451/files/ATLAS-CONF-2023-001.pdf
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arXiv: 2304.03053

• More stringent constraints for all 
WCs when the quadratic term is 
added to the parameterization.

• Neglected contributions of higher-
dimensional operators in the EFT 
expansion.

• Correlations obtained between 
central values of EFT operators 
using the bootstrapping technique.

• Integrated and differential fiducial (first in VBF) cross-section measurements for VBF in the 𝐻𝑊𝑊 
𝑒𝜈𝜇𝜈 channel.

• The WCs are constrained one at a time using the differential distribution that is most 
sensitive to the corresponding operator ( - CP-odd, leading jet pT - CP-even) Δϕjj

• Differential cross-sections used to constrain extensions to the SM using an EFT 
approach:

SMEFTsim

(backup)

https://arxiv.org/pdf/2304.03053.pdf
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arXiv: 2304.03053

• Integrated and differential fiducial (first in VBF) cross-section measurements for VBF in the 𝐻𝑊𝑊 
𝑒𝜈𝜇𝜈 channel (139 fb ).−1

• The WCs are constrained one at a time using the differential distribution that is most 
sensitive to the corresponding operator ( - CP-odd, leading jet pT - CP-even) Δϕjj

• Differential cross-sections used to constrain extensions to the SM using an EFT 
approach:

SMEFTsim

• Correlations obtained between 
central values of EFT operators 
using the bootstrapping technique.

• Pairs of measurements can be used 
to set constraints on new and 
different models of physics 
beyond the SM, for example in 
future global fits

https://arxiv.org/pdf/2304.03053.pdf
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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

https://arxiv.org/pdf/2301.03212.pdf
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• 7 HEFT benchmark models for ,  , ,   and  to probe a wide variety of characteristic 
shapes of the  spectrum.

• Advantage of HEFT: anomalous single-Higgs-boson and HH couplings defined separately.

cHHH cttH cttHH cggH cggHH
mHH

• The spread of sensitivity between the seven benchmark models 
reflects the different shapes of the signal  distributions.mHH

• Limits competitive with ATLAS  +  
standalone limits -> improvement when included 
in the combination

bb̄ττ bb̄γγ

 The different variation between observed and expected limits 
is linked to a slight excess observed in the low  regionmHH

arXiv:2301.03212

cgghh : [−0.36,0.78][−0.42,0.75]

ctt̄HH : [−0.55,0.51][−0.46,0.40]

HH → 4b

HH → bb̄ττHH → bb̄γγ bb̄ττ + bb̄γγ

https://cds.cern.ch/record/2806411/files/ATL-PHYS-PUB-2022-019.pdf
https://arxiv.org/pdf/2301.03212.pdf
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• 7 HEFT benchmark models for ,  , ,   and  
to probe a wide variety of characteristic shapes of the  
spectrum.

• Advantage of HEFT: anomalous single-Higgs-boson and HH 
couplings defined separately.

cHHH cttH cttHH cggH cggHH
mHH

• The spread of sensitivity between the seven benchmark models 
reflects the different shapes of the signal  distributions.mHH

 The different variation between observed and expected limits 
is linked to a slight excess observed in the low  regionmHH

arXiv:2301.03212

ATL-PHYS-PUB-2022-019

• Limits competitive with  +  standalone limits 
-> improvement when included in the combination

bb̄ττ bb̄γγ

https://arxiv.org/pdf/2301.03212.pdf
https://cds.cern.ch/record/2806411/files/ATL-PHYS-PUB-2022-019.pdf
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• 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”)

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

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 processes𝑈(3)5 flavour symmetry topU3l flavour symmetry top flavour symmetry

Global combination: SMEFT parameterisation
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Global combination: 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
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https://arxiv.org/abs/2012.11343
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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.

3

•  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”

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 .

4

•  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”

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

�
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=exp syst÷
9

�
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�
, (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
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1
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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

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.

6

•  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 %)

First 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. 

https://arxiv.org/abs/hep-ex/0509008
https://arxiv.org/abs/hep-ex/0509008
https://arxiv.org/pdf/2102.02819.pdf
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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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ATLAS Global combination: one at a time
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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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• Impact of each Wilson 
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STXS bins or partial widths. 

• The impact of most Wilson 
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Analysis in parameter groups 
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SM Higgs.
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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.

13

• 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
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panel as a shaded area. For presentational clarity, the statistical uncertainty of low-precision STXS regions is clipped.

15

0.2

0.4

u
n

c.

0.4−

0.2−

0

0.2

0.4

E
F

T
/S

M
∆

=1.0
’

ll
 c

=0.5(3)

Hl
 c

=1.0
H

 c
=1.0

dH
 c

=1.0
uH

 c

ATLAS Internal

 [0,140)

 [140,180)

 [180,250)

 [250,450)

 [450,600)

 [600,1000)

[-1, -0.9375)

[-0.9375, -0.875)

[-0.875, -0.75)

[-0.75, -0.5)

[-0.5, -0.25)

[-0.25, 0)

[0, 0.25)

[0.25, 0.5)

[0.5, 0.75)

[0.75, 0.875)

[0.875, 0.9375)

[0.9375, 1)

[27,40)

[40,50)

[50,60)

[60,70)

[70,80)

[80,90)

[90,100)

[100,110)

[110,130)

[130,150)

[150,175)

[175,220)

[220,300) )
∞

[300,

[5,10)

[10,18)

[18,30)

[30,42)

[42,56)

[56,68)

[68,80)

[80,85)

[85,97)

[97,106)

[106,126)

[126,152)

[152,194)

[194,242)

[242,318)

[318,1100)

 [GeV]
T

m π/
jj

φ∆  [GeV]
l0

T
p  [GeV]

Z2
m

0.5

1

u
n
c.

1−

0.5−

0

0.5

1

E
F

T
/S

M
∆

=1.0
’

ll
 c

=0.5(3)

Hl
 c

=1.0
H

 c

=1.0
dH

 c
=1.0

uH
 c

<10

H
T

0-jet, p

<200

H
T

0-jet, 10<p <60

H
T

1-jet, p

<120

H
T

1-jet, 60<p

<200

H

T

1-jet, 120<p

<350
jj

<60, m

H
T

2-jet, p

≥

<350
jj

<120, m

H
T

2-jet, 60<p

≥

<350
jj

<200, m

H
T

2-jet, 120<p

≥

>350
jj

<200, m

H
T

2-jet, p

≥

<300

H
T

200<p
<450

H
T

300<p
>450

H

T

p   < 1-jet

<120
jj

2-jet, 60<m

≥

<350
jj

<60 || 120<m

jj

2-jet, m

≥

<200

H
T

<700, p

jj

2-jet, 350<m

≥

<200

H

T

<1000, p

jj

2-jet, 700<m

≥

<200

H
T

<1500, p

jj

2-jet, 1000<m

≥

<200

H
T

>1500, p

jj

2-jet, m

≥

>200

H
T

>350, p

jj

2-jet, m

≥

<150

V

T

W
H p

<250

V
T

W
H 150<p

<400

V
T

W
H 250<p V

T

W
H 400<p <150

V

T

ZH p

<250

V
T

ZH 150<p
<400

V
T

ZH 250<p >400

V

T

ZH p <60

H

T

 p

<200

H
T

120<p
<200

H
T

120<p
<300

H
T

200<p
<450

H
T

300<p
>450

H

T

p tH
 bb

→
H 

τ
τ →

H  W
W

→
H 

γ
γ →

H  ZZ
→

H 

0.5

1

u
n

c.

1−

0.5−

0

0.5

1

E
F

T
/S

M
∆

=0.01
HG

 c

=1.0
W

 c

=0.2
tG

 c

=0.2
bH

 c

=2.0
tH

 c

=2.0
eH

 c

 <10

H
 

T 

0-jet, p 

H
 

T 

 p≤

0-jet, 10  <60

H
 

T 

1-jet, p

 <120

H
 

T 

p≤

1-jet, 60 

 <200

H
 

T 

 p
≤

1-jet, 120

 <350

jj 

 < 60, m

H
 

T 

2-jet, p

≥

<350

jj 

 < 120, m

H
 

T 

2-jet, 60 < p

≥

<350
jj 

 <200, m

H 
T 

2-jet, 120 < p

≥

> 350

jj 

 < 200, m

H
 

T 

2-jet, p

≥

 <300

H
 

T 

200< p  <450

H
 

T 

300< p 
 
H
 

T 

 p
≤

450  

  < 1-jet

 < 120

jj 

2-jet, 60 < m

≥

 < 350

jj 

 < 60 || 120 < m

jj 

2-jet, m

≥

 < 200

H
 

T 

 < 700, p

jj 

2-jet, 350 < m

≥

 <200

H
 

T 

 < 1000, p

jj 

2-jet, 700 < m

≥

 < 200

H
 

T 

 < 1500, p

jj 

2-jet, 1000 < m

≥

 < 200

H
 

T 

 > 1500, p

jj 

2-jet, m

≥

 > 200

H
 

T 

 > 350, p

jj 

2-jet, m

≥

 < 150

V

T

W
H p 

 < 250

V
T

W
H 150 < p  < 400

V
T

W
H 250 < p V

T

W
H 400 < p 

 < 150

V
T

ZH p 

 < 250

V
T

ZH 150 < p  < 400

V
T

ZH 250 < p 

 > 400

V
T

ZH p 
 < 60

H
 

T 

 p

 <200

H
 

T 

120 < p
 <200

H
 

T 

120 < p
 <300

H
 

T 

200 < p
 <450

H
 

T 

300 < p

> 450

H
 

T 
p tH

 bb

→
H 

ττ
 

→
H 

 W
W

→
H 

γγ 
→

H 
 ZZ

→
H 

5−
10

4−
10

3−
10

2−
10

1−
10

1

u
n

c.

1−10E
F

T
/S

M
∆

=0.01
HG

 c

=1.0
W

 c

=0.2
tG

 c

=0.2
bH

 c

=2.0
tH

 c

=2.0
eH

 c

<10

H
T

0-jet, p

<200

H
T

0-jet, 10<p <60

H
T

1-jet, p

<120

H
T

1-jet, 60<p
<200

H
T

1-jet, 120<p

<350
jj

<60, m

H
T

2-jet, p

≥

<350
jj

<120, m

H
T

2-jet, 60<p

≥

<350
jj

<200, m

H
T

2-jet, 120<p

≥

>350
jj

<200, m

H
T

2-jet, p

≥

<300

H
T

200<p
<450

H
T

300<p
>450

H
T
p   < 1-jet

<120
jj

2-jet, 60<m

≥

<350
jj

<60 || 120<m

jj

2-jet, m

≥

<200

H
T

<700, p

jj

2-jet, 350<m

≥

<200

H
T

<1000, p

jj

2-jet, 700<m

≥

<200

H
T

<1500, p

jj

2-jet, 1000<m

≥

<200

H
T

>1500, p

jj

2-jet, m

≥

>200

H
T

>350, p

jj

2-jet, m

≥

<150

V
T

W
H p

<250

V
T

W
H 150<p

<400

V
T

W
H 250<p V

T

W
H 400<p

<150

V
T

ZH p

<250

V
T

ZH 150<p
<400

V
T

ZH 250<p <150

V
T

ZH 75<p >400

V
T

ZH p <60

H
T

 p

<200

H
T

120<p
<200

H
T

120<p
<300

H
T

200<p
<450

H
T

300<p
>450

H
T
p tH

 bb

→
H 

ττ
 

→
H 

 W
W

→
H 

γγ 
→

H 
 ZZ

→
H 

b

FBA
c

FBA l
FBA ZΓ bR cR LR 0

had
σ

5−
10

4−
10

3−
10

2−
10

1−
10

1

u
n

c.

1−10E
F

T
/S

M
∆

=0.01
HG

 c

=1.0
W

 c

=0.2
tG

 c

=0.2
bH

 c

=2.0
tH

 c

=2.0
eH

 c

<10

H
T

0-jet, p

<200

H
T

0-jet, 10<p <60

H
T

1-jet, p

<120

H
T

1-jet, 60<p
<200

H
T

1-jet, 120<p

<350
jj

<60, m

H
T

2-jet, p

≥

<350
jj

<120, m

H
T

2-jet, 60<p

≥

<350
jj

<200, m

H
T

2-jet, 120<p

≥

>350
jj

<200, m

H
T

2-jet, p

≥

<300

H
T

200<p
<450

H
T

300<p
>450

H
T
p   < 1-jet

<120
jj

2-jet, 60<m

≥

<350
jj

<60 || 120<m

jj

2-jet, m

≥

<200

H
T

<700, p

jj

2-jet, 350<m

≥

<200

H
T

<1000, p

jj

2-jet, 700<m

≥

<200

H
T

<1500, p

jj

2-jet, 1000<m

≥

<200

H
T

>1500, p

jj

2-jet, m

≥

>200

H
T

>350, p

jj

2-jet, m

≥

<150

V
T

W
H p

<250

V
T

W
H 150<p

<400

V
T

W
H 250<p V

T

W
H 400<p

<150

V
T

ZH p

<250

V
T

ZH 150<p
<400

V
T

ZH 250<p <150

V
T

ZH 75<p >400

V
T

ZH p <60

H
T

 p

<200

H
T

120<p
<200

H
T

120<p
<300

H
T

200<p
<450

H
T

300<p
>450

H
T
p tH

 bb

→
H 

ττ
 

→
H 

 W
W

→
H 

γγ 
→

H 
 ZZ

→
H 

b

FBA
c

FBA l
FBA ZΓ bR cR LR 0

had
σ

5−

10

4−
10

3−

10

2−
10

1−
10

1

u
n

c.

1−
10

E
F

T
/S

M
∆

=1.0
’

ll
 c

=0.5(3)

Hl
 c

=1.0
H

 c

=1.0
dH

 c

=1.0
uH

 c

<10

H
T

0-jet, p

<200

H
T

0-jet, 10<p <60

H
T

1-jet, p

<120

H
T

1-jet, 60<p

<200

H

T

1-jet, 120<p

<350
jj

<60, m

H
T

2-jet, p

≥

<350
jj

<120, m

H
T

2-jet, 60<p

≥

<350
jj

<200, m

H
T

2-jet, 120<p

≥

>350
jj

<200, m

H
T

2-jet, p

≥

<300

H
T

200<p
<450

H
T

300<p
>450

H

T

p   < 1-jet

<120
jj

2-jet, 60<m

≥

<350
jj

<60 || 120<m

jj

2-jet, m

≥

<200

H
T

<700, p

jj

2-jet, 350<m

≥

<200

H

T

<1000, p

jj

2-jet, 700<m

≥

<200

H
T

<1500, p

jj

2-jet, 1000<m

≥

<200

H
T

>1500, p

jj

2-jet, m

≥

>200

H
T

>350, p

jj

2-jet, m

≥

<150

V

T

W
H p

<250

V
T

W
H 150<p

<400

V
T

W
H 250<p V

T

W
H 400<p <150

V

T

ZH p

<250

V
T

ZH 150<p
<400

V
T

ZH 250<p >400

V

T

ZH p <60

H

T

 p

<200

H
T

120<p
<200

H
T

120<p
<300

H
T

200<p
<450

H
T

300<p
>450

H

T

p tH
 bb

→
H 

τ
τ →

H  W
W

→
H 

γ
γ →

H 
 

b

FB
A

c

FB
A

l

FBA Z
Γ bR cR

L
R

0

had
σ

5 −

10

4 −
10

3 −

10

2 −
10

1 −
10

1

u
n
c.

1 −
10
E
F
T
/S
M

∆

=1.0
’
ll

 c

=0.5 (3)

Hl
 c

=1.0
H

 c

=1.0
dH

 c

=1.0
uH

 c

<10

H
T

0-jet, p

<200

H
T

0-jet, 10<p<60

H
T

1-jet, p

<120

H
T

1-jet, 60<p

<200

H

T

1-jet, 120<p

<350
jj

<60, m

H
T

2-jet, p

≥

<350
jj

<120, m

H
T

2-jet, 60<p

≥

<350
jj

<200, m

H
T

2-jet, 120<p

≥

>350
jj

<200, m

H
T

2-jet, p

≥

<300

H
T

200<p
<450

H
T

300<p
>450

H

T

p  < 1-jet

<120
jj

2-jet, 60<m

≥

<350
jj

<60 || 120<m

jj

2-jet, m

≥

<200

H
T

<700, p

jj

2-jet, 350<m

≥

<200

H

T

<1000, p

jj

2-jet, 700<m

≥

<200

H
T

<1500, p

jj

2-jet, 1000<m

≥

<200

H
T

>1500, p

jj

2-jet, m

≥

>200

H
T

>350, p

jj

2-jet, m

≥

<150

V

T

W
H p

<250

V
T

W
H 150<p

<400

V
T

W
H 250<pV

T

W
H 400<p<150

V

T

ZH p

<250

V
T

ZH 150<p
<400

V
T

ZH 250<p>400

V

T

ZH p<60

H

T

 p

<200

H
T

120<p
<200

H
T

120<p
<300

H
T

200<p
<450

H
T

300<p
>450

H

T

ptH
 bb

→
H 

τ
τ →

H  W
W

→
H 

γ
γ →

H 
 

b

FB
A

c

FB
A

l

FB AZ
Γb Rc R

L
R

0

had
σ

5−
10

4−
10

3−
10

2−
10

1−
10

1

u
n

c.

1−10E
F

T
/S

M
∆

=0.01
HG

 c

=1.0
W

 c

=0.2
tG

 c

=0.2
bH

 c

=2.0
tH

 c

=2.0
eH

 c

<10

H
T

0-jet, p

<200

H
T

0-jet, 10<p <60

H
T

1-jet, p

<120

H
T

1-jet, 60<p
<200

H
T

1-jet, 120<p

<350
jj

<60, m

H
T

2-jet, p

≥

<350
jj

<120, m

H
T

2-jet, 60<p

≥

<350
jj

<200, m

H
T

2-jet, 120<p

≥

>350
jj

<200, m

H
T

2-jet, p

≥

<300

H
T

200<p
<450

H
T

300<p
>450

H
T
p   < 1-jet

<120
jj

2-jet, 60<m

≥

<350
jj

<60 || 120<m

jj

2-jet, m

≥

<200

H
T

<700, p

jj

2-jet, 350<m

≥

<200

H
T

<1000, p

jj

2-jet, 700<m

≥

<200

H
T

<1500, p

jj

2-jet, 1000<m

≥

<200

H
T

>1500, p

jj

2-jet, m

≥

>200

H
T

>350, p

jj

2-jet, m

≥

<150

V
T

W
H p

<250

V
T

W
H 150<p

<400

V
T

W
H 250<p V

T

W
H 400<p

<150

V
T

ZH p

<250

V
T

ZH 150<p
<400

V
T

ZH 250<p <150

V
T

ZH 75<p >400

V
T

ZH p <60

H
T

 p

<200

H
T

120<p
<200

H
T

120<p
<300

H
T

200<p
<450

H
T

300<p
>450

H
T
p tH

 bb

→
H 

ττ
 

→
H 

 W
W

→
H 

γγ 
→

H 
 ZZ

→
H 

b

FBA
c

FBA l
FBA ZΓ bR cR LR 0

had
σ

5−
10

4−
10

3−
10

2−
10

1−
10

1

u
n

c.

1−10E
F

T
/S

M
∆

=0.01
HG

 c

=1.0
W

 c

=0.2
tG

 c

=0.2
bH

 c

=2.0
tH

 c

=2.0
eH

 c

<10

H
T

0-jet, p

<200

H
T

0-jet, 10<p <60

H
T

1-jet, p

<120

H
T

1-jet, 60<p
<200

H
T

1-jet, 120<p

<350
jj

<60, m

H
T

2-jet, p

≥

<350
jj

<120, m

H
T

2-jet, 60<p

≥

<350
jj

<200, m

H
T

2-jet, 120<p

≥

>350
jj

<200, m

H
T

2-jet, p

≥

<300

H
T

200<p
<450

H
T

300<p
>450

H
T
p   < 1-jet

<120
jj

2-jet, 60<m

≥

<350
jj

<60 || 120<m

jj

2-jet, m

≥

<200

H
T

<700, p

jj

2-jet, 350<m

≥

<200

H
T

<1000, p

jj

2-jet, 700<m

≥

<200

H
T

<1500, p

jj

2-jet, 1000<m

≥

<200

H
T

>1500, p

jj

2-jet, m

≥

>200

H
T

>350, p

jj

2-jet, m

≥

<150

V
T

W
H p

<250

V
T

W
H 150<p

<400

V
T

W
H 250<p V

T

W
H 400<p

<150

V
T

ZH p

<250

V
T

ZH 150<p
<400

V
T

ZH 250<p <150

V
T

ZH 75<p >400

V
T

ZH p <60

H
T

 p

<200

H
T

120<p
<200

H
T

120<p
<300

H
T

200<p
<450

H
T

300<p
>450

H
T
p tH

 bb

→
H 

ττ
 

→
H 

 W
W

→
H 

γγ 
→

H 
 ZZ

→
H 

b

FBA
c

FBA l
FBA ZΓ bR cR LR 0

had
σ

5 −

10

4 −
10

3 −

10

2 −
10

1 −
10

1

u
n
c.

1 −
10
E
F
T
/S
M

∆

=1.0
’
ll

 c

=0.5 (3)

Hl
 c

=1.0
H

 c

=1.0
dH

 c

=1.0
uH

 c

<10

H
T

0-jet, p

<200

H
T

0-jet, 10<p<60

H
T

1-jet, p

<120

H
T

1-jet, 60<p

<200

H

T

1-jet, 120<p

<350
jj

<60, m

H
T

2-jet, p

≥

<350
jj

<120, m

H
T

2-jet, 60<p

≥

<350
jj

<200, m

H
T

2-jet, 120<p

≥

>350
jj

<200, m

H
T

2-jet, p

≥

<300

H
T

200<p
<450

H
T

300<p
>450

H

T

p  < 1-jet

<120
jj

2-jet, 60<m

≥

<350
jj

<60 || 120<m

jj

2-jet, m

≥

<200

H
T

<700, p

jj

2-jet, 350<m

≥

<200

H

T

<1000, p

jj

2-jet, 700<m

≥

<200

H
T

<1500, p

jj

2-jet, 1000<m

≥

<200

H
T

>1500, p

jj

2-jet, m

≥

>200

H
T

>350, p

jj

2-jet, m

≥

<150

V

T

W
H p

<250

V
T

W
H 150<p

<400

V
T

W
H 250<pV

T

W
H 400<p<150

V

T

ZH p

<250

V
T

ZH 150<p
<400

V
T

ZH 250<p>400

V

T

ZH p<60

H

T

 p

<200

H
T

120<p
<200

H
T

120<p
<300

H
T

200<p
<450

H
T

300<p
>450

H

T

ptH
 bb

→
H 

τ
τ →

H  W
W

→
H 

γ
γ →

H 
 

b

FB
A

c

FB
A

l

FB AZ
Γb Rc R

L
R

0

had
σ

0.5

1

u
n

c.

1−

0.5−

0

0.5

1

E
F

T
/S

M
∆

=0.2
He

 c

=0.2(1)
Hl

 c

=0.01
HB

 c

=0.02
HWB

 c

=0.02
HW

 c

=0.1
HDD

 c

=0.05
Hu

 c

=0.2
Hd

 c

=0.1(1)
Hj

 c

=0.01(3)
Hj

 c

=1.0(1)
HQ

 c

=1.0
Hbq

 c

<10

H
T

0-jet, p

<200

H
T

0-jet, 10<p <60

H
T

1-jet, p

<120

H
T

1-jet, 60<p
<200

H
T

1-jet, 120<p

<350
jj

<60, m

H
T

2-jet, p

≥

<350
jj

<120, m

H
T

2-jet, 60<p

≥

<350
jj

<200, m

H
T

2-jet, 120<p

≥

>700
jj

<200, m

H
T

2-jet, p

≥

<300

H
T

200<p
<450

H
T

300<p
>450

H
T
p   < 1-jet

<120
jj

2-jet, 60<m

≥

<350
jj

<60 || 120<m

jj

2-jet, m

≥

<200

H
T

<700, p

jj

2-jet, 350<m

≥

<200

H
T

<1000, p

jj

2-jet, 700<m

≥

<200

H
T

<1500, p

jj

2-jet, 1000<m

≥

<200

H
T

>1500, p

jj

2-jet, m

≥

>200

H
T

>350, p

jj

2-jet, m

≥

<150

V
T

W
H p

<250

V
T

W
H 150<p

<400

V
T

W
H 250<p V

T

W
H 400<p

<150

V
T

ZH p

<250

V
T

ZH 150<p
<400

V
T

ZH 250<p <150

V
T

ZH 75<p >400

V
T

ZH p <60

H
T

 p

<200

H
T

120<p
<200

H
T

120<p
<300

H
T

200<p
<450

H
T

300<p
>450

H
T
p tH

 bb

→
H 

ττ
 

→
H 

 W
W

→
H 

γγ 
→

H 
 ZZ

→
H 

b

FBA
c

FBA l
FBA ZΓ bR cR LR 0

had
σ

Preliminary
ZZWWZjjWZ

ggH VBF VH ttH,tH BREWPO

5−

10

4−
10

3−

10

2−
10

1−
10

1

u
n
c.

1−
10

E
F

T
/S

M
∆

=0.05(3)

lq
 c

=0.1(1)

lq
 c

=0.2
eu

 c

=0.2(3,1)

qq
 c

=1.0(3,8)

qq
 c

=1.0(1,8)

qq
 c

=1.0 c
<10

H
T

0-jet, p

<200

H
T

0-jet, 10<p <60

H
T

1-jet, p

<120

H
T

1-jet, 60<p

<200

H

T

1-jet, 120<p

<350
jj

<60, m

H
T

2-jet, p

≥

<350
jj

<120, m

H
T

2-jet, 60<p

≥

<350
jj

<200, m

H
T

2-jet, 120<p

≥

>350
jj

<200, m

H
T

2-jet, p

≥

<300

H
T

200<p
<450

H
T

300<p
>450

H

T

p   < 1-jet

<120
jj

2-jet, 60<m

≥

<350
jj

<60 || 120<m

jj

2-jet, m

≥

<200

H
T

<700, p

jj

2-jet, 350<m

≥

<200

H

T

<1000, p

jj

2-jet, 700<m

≥

<200

H
T

<1500, p

jj

2-jet, 1000<m

≥

<200

H
T

>1500, p

jj

2-jet, m

≥

>200

H
T

>350, p

jj

2-jet, m

≥

<150

V

T

W
H p

<250

V
T

W
H 150<p

<400

V
T

W
H 250<p V

T

W
H 400<p <150

V

T

ZH p

<250

V
T

ZH 150<p
<400

V
T

ZH 250<p >400

V

T

ZH p <60

H

T

 p

<200

H
T

120<p
<200

H
T

120<p
<300

H
T

200<p
<450

H
T

300<p
>450

H

T

p tH
 bb

→
H 

τ
τ →

H  W
W

→
H 

γ
γ →

H 
 

b

FB
A

c

FB
A

l

FBA Z
Γ bR cR

L
R

0

had
σ

0.5

1

u
n
c.

1−

0.5−

0

0.5

1

E
F

T
/S

M
∆

=0.02
HB

 c
=0.02

HWB
 c

=0.02
HW

 c

=0.1
HD

 c
=0.2

tW
 c

=0.2
tB

 c

<10

H
T

0-jet, p

<200

H
T

0-jet, 10<p <60

H
T

1-jet, p

<120

H
T

1-jet, 60<p

<200

H

T

1-jet, 120<p

<350
jj

<60, m

H
T

2-jet, p

≥

<350
jj

<120, m

H
T

2-jet, 60<p

≥

<350
jj

<200, m

H
T

2-jet, 120<p

≥

>350
jj

<200, m

H
T

2-jet, p

≥

<300

H
T

200<p
<450

H
T

300<p
>450

H

T

p   < 1-jet

<120
jj

2-jet, 60<m

≥

<350
jj

<60 || 120<m

jj

2-jet, m

≥

<200

H
T

<700, p

jj

2-jet, 350<m

≥

<200

H

T

<1000, p

jj

2-jet, 700<m

≥

<200

H
T

<1500, p

jj

2-jet, 1000<m

≥

<200

H
T

>1500, p

jj

2-jet, m

≥

>200

H
T

>350, p

jj

2-jet, m

≥

<150

V

T

W
H p

<250

V
T

W
H 150<p

<400

V
T

W
H 250<p V

T

W
H 400<p <150

V

T

ZH p

<250

V
T

ZH 150<p
<400

V
T

ZH 250<p >400

V

T

ZH p <60

H

T

 p

<200

H
T

120<p
<200

H
T

120<p
<300

H
T

200<p
<450

H
T

300<p
>450

H

T

p tH
 bb

→
H 

τ
τ →

H  W
W

→
H 

γ
γ →

H  ZZ
→

H 

0.5

1σ

1−

0.5−

0

0.5

1

E
F

T
/S

M
∆

=0.2
He

 c

=0.2(1)
Hl

 c

=0.01
HB

 c

=0.02
HWB

 c

=0.02
HW

 c

=0.1
HDD

 c

=0.05
Hu

 c

=0.2
Hd

 c

=0.1(1)
Hj

 c

=0.01(3)
Hj

 c

=1.0(1)
HQ

 c

=1.0
Hbq

 c

<10

H

T

0-jet, p

<200

H

T

0-jet, 10<p <60

H

T

1-jet, p

<120

H

T

1-jet, 60<p

<200

H

T

1-jet, 120<p

<350

jj

<60, m

H

T

2-jet, p

≥

<350
jj

<120, m

H

T

2-jet, 60<p

≥

<350
jj

<200, m

H

T

2-jet, 120<p

≥

>700
jj

<200, m

H

T

2-jet, p

≥

<300

H

T

200<p
<450

H

T

300<p >450

H

T

p   < 1-jet

<120
jj

2-jet, 60<m

≥

<350

jj

<60 || 120<m

jj

2-jet, m

≥

<200

H

T

<700, p

jj

2-jet, 350<m

≥

<200

H

T

<1000, p

jj

2-jet, 700<m

≥

<200

H

T

<1500, p

jj

2-jet, 1000<m

≥

<200

H

T

>1500, p

jj

2-jet, m

≥

>200

H

T

>350, p

jj

2-jet, m

≥

<150

V

T

W
H p

<250

V

T

W
H 150<p

<400

V

T

W
H 250<p

V

T

W
H 400<p <150

V

T

ZH p

<250

V

T

ZH 150<p
<400

V

T

ZH 250<p
<150

V

T

ZH 75<p >400

V

T

ZH p <60

H

T

 p

<200

H

T

120<p
<200

H

T

120<p
<300

H

T

200<p
<450

H

T

300<p >450

H

T

p tH
 bb

→
H 

τ
τ →

H  W
W

→
H 

γ
γ →

H  ZZ
→

H b

FB
A

c

FB
A

l

FBA Z
Γ bR cR

L
R

0

had
σ

0.5

1σ

1−

0.5−

0

0.5

1

E
F

T
/S

M
∆

=0.2
He

 c

=0.2(1)
Hl

 c

=0.01
HB

 c

=0.02
HWB

 c

=0.02
HW

 c

=0.1
HDD

 c

=0.05
Hu

 c

=0.2
Hd

 c

=0.1(1)
Hj

 c

=0.01(3)
Hj

 c

=1.0(1)
HQ

 c

=1.0
Hbq

 c

<10

H

T

0-jet, p

<200

H

T

0-jet, 10<p <60

H

T

1-jet, p

<120

H

T

1-jet, 60<p

<200

H

T

1-jet, 120<p

<350

jj

<60, m

H

T

2-jet, p

≥

<350
jj

<120, m

H

T

2-jet, 60<p

≥

<350
jj

<200, m

H

T

2-jet, 120<p

≥

>700
jj

<200, m

H

T

2-jet, p

≥

<300

H

T

200<p
<450

H

T

300<p >450

H

T

p   < 1-jet

<120
jj

2-jet, 60<m

≥

<350

jj

<60 || 120<m

jj

2-jet, m

≥

<200

H

T

<700, p

jj

2-jet, 350<m

≥

<200

H

T

<1000, p

jj

2-jet, 700<m

≥

<200

H

T

<1500, p

jj

2-jet, 1000<m

≥

<200

H

T

>1500, p

jj

2-jet, m

≥

>200

H

T

>350, p

jj

2-jet, m

≥

<150

V

T

W
H p

<250

V

T

W
H 150<p

<400

V

T

W
H 250<p

V

T

W
H 400<p <150

V

T

ZH p

<250

V

T

ZH 150<p
<400

V

T

ZH 250<p
<150

V

T

ZH 75<p >400

V

T

ZH p <60

H

T

 p

<200

H

T

120<p
<200

H

T

120<p
<300

H

T

200<p
<450

H

T

300<p >450

H

T

p tH
 bb

→
H 

τ
τ →

H  W
W

→
H 

γ
γ →

H  ZZ
→

H b

FB
A

c

FB
A

l

FBA Z
Γ bR cR

L
R

0

had
σ

0.5

1σ

1−

0.5−

0

0.5

1

E
F

T
/S

M
∆

=0.2
He

 c

=0.2(1)
Hl

 c

=0.01
HB

 c

=0.02
HWB

 c

=0.02
HW

 c

=0.1
HDD

 c

=0.05
Hu

 c

=0.2
Hd

 c

=0.1(1)
Hj

 c

=0.01(3)
Hj

 c

=1.0(1)
HQ

 c

=1.0
Hbq

 c

<10

H

T

0-jet, p

<200

H

T

0-jet, 10<p <60

H

T

1-jet, p

<120

H

T

1-jet, 60<p

<200

H

T

1-jet, 120<p

<350

jj

<60, m

H

T

2-jet, p

≥

<350
jj

<120, m

H

T

2-jet, 60<p

≥

<350
jj

<200, m

H

T

2-jet, 120<p

≥

>700
jj

<200, m

H

T

2-jet, p

≥

<300

H

T

200<p
<450

H

T

300<p >450

H

T

p   < 1-jet

<120
jj

2-jet, 60<m

≥

<350

jj

<60 || 120<m

jj

2-jet, m

≥

<200

H

T

<700, p

jj

2-jet, 350<m

≥

<200

H

T

<1000, p

jj

2-jet, 700<m

≥

<200

H

T

<1500, p

jj

2-jet, 1000<m

≥

<200

H

T

>1500, p

jj

2-jet, m

≥

>200

H

T

>350, p

jj

2-jet, m

≥

<150

V

T

W
H p

<250

V

T

W
H 150<p

<400

V

T

W
H 250<p

V

T

W
H 400<p <150

V

T

ZH p

<250

V

T

ZH 150<p
<400

V

T

ZH 250<p
<150

V

T

ZH 75<p >400

V

T

ZH p <60

H

T

 p

<200

H

T

120<p
<200

H

T

120<p
<300

H

T

200<p
<450

H

T

300<p >450

H

T

p tH
 bb

→
H 

τ
τ →

H  W
W

→
H 

γ
γ →

H  ZZ
→

H b

FB
A

c

FB
A

l

FBA Z
Γ bR cR

L
R

0

had
σ

0.5

1σ

1−

0.5−

0

0.5

1

E
F

T
/S

M
∆

=0.2
He

 c

=0.2(1)
Hl

 c

=0.01
HB

 c

=0.02
HWB

 c

=0.02
HW

 c

=0.1
HDD

 c

=0.05
Hu

 c

=0.2
Hd

 c

=0.1(1)
Hj

 c

=0.01(3)
Hj

 c

=1.0(1)
HQ

 c

=1.0
Hbq

 c

<10

H

T

0-jet, p

<200

H

T

0-jet, 10<p <60

H

T

1-jet, p

<120

H

T

1-jet, 60<p

<200

H

T

1-jet, 120<p

<350

jj

<60, m

H

T

2-jet, p

≥

<350
jj

<120, m

H

T

2-jet, 60<p

≥

<350
jj

<200, m

H

T

2-jet, 120<p

≥

>700
jj

<200, m

H

T

2-jet, p

≥

<300

H

T

200<p
<450

H

T

300<p >450

H

T

p   < 1-jet

<120
jj

2-jet, 60<m

≥

<350

jj

<60 || 120<m

jj

2-jet, m

≥

<200

H

T

<700, p

jj

2-jet, 350<m

≥

<200

H

T

<1000, p

jj

2-jet, 700<m

≥

<200

H

T

<1500, p

jj

2-jet, 1000<m

≥

<200

H

T

>1500, p

jj

2-jet, m

≥

>200

H

T

>350, p

jj

2-jet, m

≥

<150

V

T

W
H p

<250

V

T

W
H 150<p

<400

V

T

W
H 250<p

V

T

W
H 400<p <150

V

T

ZH p

<250

V

T

ZH 150<p
<400

V

T

ZH 250<p
<150

V

T

ZH 75<p >400

V

T

ZH p <60

H

T

 p

<200

H

T

120<p
<200

H

T

120<p
<300

H

T

200<p
<450

H

T

300<p >450

H

T

p tH
 bb

→
H 

τ
τ →

H  W
W

→
H 

γ
γ →

H  ZZ
→

H b

FB
A

c

FB
A

l

FBA Z
Γ bR cR

L
R

0

had
σ

0.5

1σ

1−

0.5−

0

0.5

1

E
F

T
/S

M
∆

=0.2
He

 c

=0.2(1)
Hl

 c

=0.01
HB

 c

=0.02
HWB

 c

=0.02
HW

 c

=0.1
HDD

 c

=0.05
Hu

 c

=0.2
Hd

 c

=0.1(1)
Hj

 c

=0.01(3)
Hj

 c

=1.0(1)
HQ

 c

=1.0
Hbq

 c

<10

H

T

0-jet, p

<200

H

T

0-jet, 10<p <60

H

T

1-jet, p

<120

H

T

1-jet, 60<p

<200

H

T

1-jet, 120<p

<350

jj

<60, m

H

T

2-jet, p

≥

<350
jj

<120, m

H

T

2-jet, 60<p

≥

<350
jj

<200, m

H

T

2-jet, 120<p

≥

>700
jj

<200, m

H

T

2-jet, p

≥

<300

H

T

200<p
<450

H

T

300<p >450

H

T

p   < 1-jet

<120
jj

2-jet, 60<m

≥

<350

jj

<60 || 120<m

jj

2-jet, m

≥

<200

H

T

<700, p

jj

2-jet, 350<m

≥

<200

H

T

<1000, p

jj

2-jet, 700<m

≥

<200

H

T

<1500, p

jj

2-jet, 1000<m

≥

<200

H

T

>1500, p

jj

2-jet, m

≥

>200

H

T

>350, p

jj

2-jet, m

≥

<150

V

T

W
H p

<250

V

T

W
H 150<p

<400

V

T

W
H 250<p

V

T

W
H 400<p <150

V

T

ZH p

<250

V

T

ZH 150<p
<400

V

T

ZH 250<p
<150

V

T

ZH 75<p >400

V

T

ZH p <60

H

T

 p

<200

H

T

120<p
<200

H

T

120<p
<300

H

T

200<p
<450

H

T

300<p >450

H

T

p tH
 bb

→
H 

τ
τ →

H  W
W

→
H 

γ
γ →

H  ZZ
→

H b

FB
A

c

FB
A

l

FBA Z
Γ bR cR

L
R

0

had
σ

0.5

1σ

1−

0.5−

0

0.5

1

E
F

T
/S

M
∆

=0.2
He

 c

=0.2(1)
Hl

 c

=0.01
HB

 c

=0.02
HWB

 c

=0.02
HW

 c

=0.1
HDD

 c

=0.05
Hu

 c

=0.2
Hd

 c

=0.1(1)
Hj

 c

=0.01(3)
Hj

 c

=1.0(1)
HQ

 c

=1.0
Hbq

 c

<10

H

T

0-jet, p

<200

H

T

0-jet, 10<p <60

H

T

1-jet, p

<120

H

T

1-jet, 60<p

<200

H

T

1-jet, 120<p

<350

jj

<60, m

H

T

2-jet, p

≥

<350
jj

<120, m

H

T

2-jet, 60<p

≥

<350
jj

<200, m

H

T

2-jet, 120<p

≥

>700
jj

<200, m

H

T

2-jet, p

≥

<300

H

T

200<p
<450

H

T

300<p >450

H

T

p   < 1-jet

<120
jj

2-jet, 60<m

≥

<350

jj

<60 || 120<m

jj

2-jet, m

≥

<200

H

T

<700, p

jj

2-jet, 350<m

≥

<200

H

T

<1000, p

jj

2-jet, 700<m

≥

<200

H

T

<1500, p

jj

2-jet, 1000<m

≥

<200

H

T

>1500, p

jj

2-jet, m

≥

>200

H

T

>350, p

jj

2-jet, m

≥

<150

V

T

W
H p

<250

V

T

W
H 150<p

<400

V

T

W
H 250<p

V

T

W
H 400<p <150

V

T

ZH p

<250

V

T

ZH 150<p
<400

V

T

ZH 250<p
<150

V

T

ZH 75<p >400

V

T

ZH p <60

H

T

 p

<200

H

T

120<p
<200

H

T

120<p
<300

H

T

200<p
<450

H

T

300<p >450

H

T

p tH
 bb

→
H 

τ
τ →

H  W
W

→
H 

γ
γ →

H  ZZ
→

H b

FB
A

c

FB
A

l

FBA Z
Γ bR cR

L
R

0

had
σ

0.2

0.4

u
n

c.

0.4−

0.2−

0

0.2

0.4

E
F

T
/S

M
∆

=1.0
’

ll
 c

=0.5(3)

Hl
 c

=1.0
H

 c
=1.0

dH
 c

=1.0
uH

 c

ATLAS Internal

 [0,140)

 [140,180)

 [180,250)

 [250,450)

 [450,600)

 [600,1000)

[-1, -0.9375)

[-0.9375, -0.875)

[-0.875, -0.75)

[-0.75, -0.5)

[-0.5, -0.25)

[-0.25, 0)

[0, 0.25)

[0.25, 0.5)

[0.5, 0.75)

[0.75, 0.875)

[0.875, 0.9375)

[0.9375, 1)

[27,40)

[40,50)

[50,60)

[60,70)

[70,80)

[80,90)

[90,100)

[100,110)

[110,130)

[130,150)

[150,175)

[175,220)

[220,300) )
∞

[300,

[5,10)

[10,18)

[18,30)

[30,42)

[42,56)

[56,68)

[68,80)

[80,85)

[85,97)

[97,106)

[106,126)

[126,152)

[152,194)

[194,242)

[242,318)

[318,1100)

 [GeV]
T

m π/
jj

φ∆  [GeV]
l0

T
p  [GeV]

Z2
m

0.5

1

u
n
c.

1−

0.5−

0

0.5

1

E
F

T
/S

M
∆

=0.02
HB

 c
=0.02

HWB
 c

=0.02
HW

 c

=0.1
HD

 c
=0.2

tW
 c

=0.2
tB

 c

<10

H
T

0-jet, p

<200

H
T

0-jet, 10<p <60

H
T

1-jet, p

<120

H
T

1-jet, 60<p

<200

H

T

1-jet, 120<p

<350
jj

<60, m

H
T

2-jet, p

≥

<350
jj

<120, m

H
T

2-jet, 60<p

≥

<350
jj

<200, m

H
T

2-jet, 120<p

≥

>350
jj

<200, m

H
T

2-jet, p

≥

<300

H
T

200<p
<450

H
T

300<p
>450

H

T

p   < 1-jet

<120
jj

2-jet, 60<m

≥

<350
jj

<60 || 120<m

jj

2-jet, m

≥

<200

H
T

<700, p

jj

2-jet, 350<m

≥

<200

H

T

<1000, p

jj

2-jet, 700<m

≥

<200

H
T

<1500, p

jj

2-jet, 1000<m

≥

<200

H
T

>1500, p

jj

2-jet, m

≥

>200

H
T

>350, p

jj

2-jet, m

≥

<150

V

T

W
H p

<250

V
T

W
H 150<p

<400

V
T

W
H 250<p V

T

W
H 400<p <150

V

T

ZH p

<250

V
T

ZH 150<p
<400

V
T

ZH 250<p >400

V

T

ZH p <60

H

T

 p

<200

H
T

120<p
<200

H
T

120<p
<300

H
T

200<p
<450

H
T

300<p
>450

H

T

p tH
 bb

→
H 

τ
τ →

H  W
W

→
H 

γ
γ →

H  ZZ
→

H 

|  
 E

FT
|/S

M

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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overall normalisation, 
modifications to Fermi 

constant (cHl3, cll1)

mostly affecting 
the  

branching ratio
H → γγ
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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 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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• 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

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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• 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. 
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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
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ATLAS Global combination: sensitivity studies
• 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.

31

0.2

0.4

u
n

c.

0.4−

0.2−

0

0.2

0.4

E
F

T
/S

M
∆

=0.05(3)

lq
 c

=0.1(1)

lq
 c

=0.2
eu

 c
=0.2(3,1)

qq
 c

=1.0(3,8)

qq
 c

=1.0(1,8)

qq
 c

=1.0
G

 c

=1.0(8)

tq
 c

=1.0(1,8)

Qq
 c

=2.0(8)

Qu
 c

ATLAS Internal

 [0,140)

 [140,180)

 [180,250)

 [250,450)

 [450,600)

 [600,1000)

[-1, -0.9375)

[-0.9375, -0.875)

[-0.875, -0.75)

[-0.75, -0.5)

[-0.5, -0.25)

[-0.25, 0)

[0, 0.25)

[0.25, 0.5)

[0.5, 0.75)

[0.75, 0.875)

[0.875, 0.9375)

[0.9375, 1)

[27,40)

[40,50)

[50,60)

[60,70)

[70,80)

[80,90)

[90,100)

[100,110)

[110,130)

[130,150)

[150,175)

[175,220)

[220,300) )
∞

[300,

[5,10)

[10,18)

[18,30)

[30,42)

[42,56)

[56,68)

[68,80)

[80,85)

[85,97)

[97,106)

[106,126)

[126,152)

[152,194)

[194,242)

[242,318)

[318,1100)

 [GeV]
T

m π/
jj

φ∆  [GeV]
l0

T
p  [GeV]

Z2
m

ATLA
S

D
RA

FT

0.5

1

u
n

c.

1−

0.5−

0

0.5

1

E
F

T
/S

M
∆

=0.1HVV,Vff c

=0.01
[2]
HVV,Vff c

=0.05
[3]
HVV,Vff c

=0.1
[4]
HVV,Vff c

=0.01
[5]
HVV,Vff c

=0.01
[6]
HVV,Vff c

<10

H
T

0-jet, p

<200

H
T

0-jet, 10<p <60

H
T

1-jet, p

<120

H
T

1-jet, 60<p

<200

H

T

1-jet, 120<p

<350
jj

<60, m

H
T

2-jet, p

≥

<350
jj

<120, m

H
T

2-jet, 60<p

≥

<350
jj

<200, m

H
T

2-jet, 120<p

≥

>350
jj

<200, m

H
T

2-jet, p

≥

<300

H
T

200<p
<450

H
T

300<p
>450

H

T

p   < 1-jet

<120
jj

2-jet, 60<m

≥

<350
jj

<60 || 120<m

jj

2-jet, m

≥

<200

H
T

<700, p

jj

2-jet, 350<m

≥

<200

H

T

<1000, p

jj

2-jet, 700<m

≥

<200

H
T

<1500, p

jj

2-jet, 1000<m

≥

<200

H
T

>1500, p

jj

2-jet, m

≥

>200

H
T

>350, p

jj

2-jet, m

≥

<150

V

T

W
H p

<250

V
T

W
H 150<p

<400

V
T

W
H 250<p V

T

W
H 400<p <150

V

T

ZH p

<250

V
T

ZH 150<p
<400

V
T

ZH 250<p >400

V

T

ZH p <60

H

T

 p

<200

H
T

120<p
<200

H
T

120<p
<300

H
T

200<p
<450

H
T

300<p
>450

H

T

p tH
 bb

→
H 

τ
τ →

H  W
W

→
H 

γ
γ →

H 
 

0.2

0.4

u
n
c.

0.4−

0.2−

0

0.2

0.4

E
F

T
/S

M
∆

=0.1
[1]
HVV,Vff c

=0.01
[2]

HVV,Vff c

=0.05
[3]
HVV,Vff c

=0.1
[4]
HVV,Vff c

=0.01
[5]
HVV,Vff c

=0.01
[6]
HVV,Vff c

ATLAS Internal

 [0,140)

 [140,180)

 [180,250)

 [250,450)

 [450,600)

 [600,1000)

[-1, -0.9375)

[-0.9375, -0.875)

[-0.875, -0.75)

[-0.75, -0.5)

[-0.5, -0.25)

[-0.25, 0)

[0, 0.25)

[0.25, 0.5)

[0.5, 0.75)

[0.75, 0.875)

[0.875, 0.9375)

[0.9375, 1)

[27,40)

[40,50)

[50,60)

[60,70)

[70,80)

[80,90)

[90,100)

[100,110)

[110,130)

[130,150)

[150,175)

[175,220)

[220,300) )
∞

[300,

[5,10)

[10,18)

[18,30)

[30,42)

[42,56)

[56,68)

[68,80)

[80,85)

[85,97)

[97,106)

[106,126)

[126,152)

[152,194)

[194,242)

[242,318)

[318,1100)

 [GeV]
T

m π/
jj

φ∆  [GeV]
l0

T
p  [GeV]

Z2
m

ggH VBF VH ttH,tH BR

ZZWWZjjWZ

5−

10

4−
10

3−

10

2−
10

1−
10

1

u
n

c.

1−
10

E
F

T
/S

M
∆

c LEP EW 01 =

c LEP EW 02 =

c LEP EW 03 =

c LEP EW 04 =

c LEP EW 05 =

c LEP EW 06 =

<10

H
T

0-jet, p

<200

H
T

0-jet, 10<p <60

H
T

1-jet, p

<120

H
T

1-jet, 60<p

<200

H

T

1-jet, 120<p

<350
jj

<60, m

H
T

2-jet, p

≥

<350
jj

<120, m

H
T

2-jet, 60<p

≥

<350
jj

<200, m

H
T

2-jet, 120<p

≥

>350
jj

<200, m

H
T

2-jet, p

≥

<300

H
T

200<p
<450

H
T

300<p
>450

H

T

p   < 1-jet

<120
jj

2-jet, 60<m

≥

<350
jj

<60 || 120<m

jj

2-jet, m

≥

<200

H
T

<700, p

jj

2-jet, 350<m

≥

<200

H

T

<1000, p

jj

2-jet, 700<m

≥

<200

H
T

<1500, p

jj

2-jet, 1000<m

≥

<200

H
T

>1500, p

jj

2-jet, m

≥

>200

H
T

>350, p

jj

2-jet, m

≥

<150

V

T

W
H p

<250

V
T

W
H 150<p

<400

V
T

W
H 250<p V

T

W
H 400<p <150

V

T

ZH p

<250

V
T

ZH 150<p
<400

V
T

ZH 250<p >400

V

T

ZH p <60

H

T

 p

<200

H
T

120<p
<200

H
T

120<p
<300

H
T

200<p
<450

H
T

300<p
>450

H

T

p tH
 bb

→
H 

τ
τ →

H  W
W

→
H 

γ
γ →

H 
 

b

FB
A

c

FB
A

l

FBA Z
Γ bR cR

L
R

0

had
σ

5−

10

4−
10

3−

10

2−
10

1−
10

1

u
n

c.

1−
10

E
F

T
/S

M
∆

c LEP EW 01 =

c LEP EW 02 =

c LEP EW 03 =

c LEP EW 04 =

c LEP EW 05 =

c LEP EW 06 =

<10

H
T

0-jet, p

<200

H
T

0-jet, 10<p <60

H
T

1-jet, p

<120

H
T

1-jet, 60<p

<200

H

T

1-jet, 120<p

<350
jj

<60, m

H
T

2-jet, p

≥

<350
jj

<120, m

H
T

2-jet, 60<p

≥

<350
jj

<200, m

H
T

2-jet, 120<p

≥

>350
jj

<200, m

H
T

2-jet, p

≥

<300

H
T

200<p
<450

H
T

300<p
>450

H

T

p   < 1-jet

<120
jj

2-jet, 60<m

≥

<350
jj

<60 || 120<m

jj

2-jet, m

≥

<200

H
T

<700, p

jj

2-jet, 350<m

≥

<200

H

T

<1000, p

jj

2-jet, 700<m

≥

<200

H
T

<1500, p

jj

2-jet, 1000<m

≥

<200

H
T

>1500, p

jj

2-jet, m

≥

>200

H
T

>350, p

jj

2-jet, m

≥

<150

V

T

W
H p

<250

V
T

W
H 150<p

<400

V
T

W
H 250<p V

T

W
H 400<p <150

V

T

ZH p

<250

V
T

ZH 150<p
<400

V
T

ZH 250<p >400

V

T

ZH p <60

H

T

 p

<200

H
T

120<p
<200

H
T

120<p
<300

H
T

200<p
<450

H
T

300<p
>450

H

T

p tH
 bb

→
H 

τ
τ →

H  W
W

→
H 

γ
γ →

H 
 

b

FB
A

c

FB
A

l

FBA Z
Γ bR cR

L
R

0

had
σ

EWPO

0.2

0.4

u
n

c.

0.4−

0.2−

0

0.2

0.4

E
F

T
/S

M
∆

=0.1
[1]
HVV,Vff c

=0.01
[2]

HVV,Vff c

=0.05
[3]
HVV,Vff c

=0.1
[4]
HVV,Vff c

=0.01
[5]
HVV,Vff c

=0.01
[6]
HVV,Vff c

ATLAS Internal

 [0,140)

 [140,180)

 [180,250)

 [250,450)

 [450,600)

 [600,1000)

[-1, -0.9375)

[-0.9375, -0.875)

[-0.875, -0.75)

[-0.75, -0.5)

[-0.5, -0.25)

[-0.25, 0)

[0, 0.25)

[0.25, 0.5)

[0.5, 0.75)

[0.75, 0.875)

[0.875, 0.9375)

[0.9375, 1)

[27,40)

[40,50)

[50,60)

[60,70)

[70,80)

[80,90)

[90,100)

[100,110)

[110,130)

[130,150)

[150,175)

[175,220)

[220,300) )
∞

[300,

[5,10)

[10,18)

[18,30)

[30,42)

[42,56)

[56,68)

[68,80)

[80,85)

[85,97)

[97,106)

[106,126)

[126,152)

[152,194)

[194,242)

[242,318)

[318,1100)

 [GeV]
T

m π/
jj

φ∆  [GeV]
l0

T
p  [GeV]

Z2
m

5−

10

4−
10

3−

10

2−
10

1−
10

1

u
n

c.

1−
10

E
F

T
/S

M
∆

c LEP EW 01 =

c LEP EW 02 =

c LEP EW 03 =

c LEP EW 04 =

c LEP EW 05 =

c LEP EW 06 =

<10

H
T

0-jet, p

<200

H
T

0-jet, 10<p <60

H
T

1-jet, p

<120

H
T

1-jet, 60<p

<200

H

T

1-jet, 120<p

<350
jj

<60, m

H
T

2-jet, p

≥

<350
jj

<120, m

H
T

2-jet, 60<p

≥

<350
jj

<200, m

H
T

2-jet, 120<p

≥

>350
jj

<200, m

H
T

2-jet, p

≥

<300

H
T

200<p
<450

H
T

300<p
>450

H

T

p   < 1-jet

<120
jj

2-jet, 60<m

≥

<350
jj

<60 || 120<m

jj

2-jet, m

≥

<200

H
T

<700, p

jj

2-jet, 350<m

≥

<200

H

T

<1000, p

jj

2-jet, 700<m

≥

<200

H
T

<1500, p

jj

2-jet, 1000<m

≥

<200

H
T

>1500, p

jj

2-jet, m

≥

>200

H
T

>350, p

jj

2-jet, m

≥

<150

V

T

W
H p

<250

V
T

W
H 150<p

<400

V
T

W
H 250<p V

T

W
H 400<p <150

V

T

ZH p

<250

V
T

ZH 150<p
<400

V
T

ZH 250<p >400

V

T

ZH p <60

H

T

 p

<200

H
T

120<p
<200

H
T

120<p
<300

H
T

200<p
<450

H
T

300<p
>450

H

T

p tH
 bb

→
H 

τ
τ →

H  W
W

→
H 

γ
γ →

H 
 

b

FB
A

c

FB
A

l

FBA Z
Γ bR cR

L
R

0

had
σ

8−

10

7−
10

6−

10

5−

10

4−
10

3−

10

2−
10

1−
10

110

2
10

u
n
c.

4−
10

3−

10

2−
10

1−
10

1

10

10

E
F

T
/S

M
∆

c LEP EW 01 =c LEP EW 02 =
c LEP EW 03 =
c LEP EW 04 =
c LEP EW 05 =
c LEP EW 06 =

<10

H
T

0-jet, p

<200

H
T

0-jet, 10<p <60

H
T

1-jet, p

<120

H
T

1-jet, 60<p

<200

H

T

1-jet, 120<p

<350
jj

<60, m

H
T

2-jet, p

≥

<350
jj

<120, m

H
T

2-jet, 60<p

≥

<350
jj

<200, m

H
T

2-jet, 120<p

≥

>350
jj

<200, m

H
T

2-jet, p

≥

<300

H
T

200<p
<450

H
T

300<p
>450

H

T

p   < 1-jet

<120
jj

2-jet, 60<m

≥

<350
jj

<60 || 120<m

jj

2-jet, m

≥

<200

H
T

<700, p

jj

2-jet, 350<m

≥

<200

H

T

<1000, p

jj

2-jet, 700<m

≥

<200

H
T

<1500, p

jj

2-jet, 1000<m

≥

<200

H
T

>1500, p

jj

2-jet, m

≥

>200

H
T

>350, p

jj

2-jet, m

≥

<150

V

T

W
H p

<250

V
T

W
H 150<p

<400

V
T

W
H 250<p V

T

W
H 400<p <150

V

T

ZH p

<250

V
T

ZH 150<p
<400

V
T

ZH 250<p >400

V

T

ZH p <60

H

T

 p

<200

H
T

120<p
<200

H
T

120<p
<300

H
T

200<p
<450

H
T

300<p
>450

H

T

p tH
 bb

→
H 

τ
τ →

H  W
W

→
H 

γ
γ →

H 
 

b

FB
A

c

FB
A

l

FBA Z
Γ bR cR

L
R

0

had
σ

8−

10

7−
10

6−

10

5−

10

4−
10

3−

10

2−
10

1−
10

110

2
10

u
n
c.

4−
10

3−

10

2−
10

1−
10

1

10

10

E
F

T
/S

M
∆

c LEP EW 01 =c LEP EW 02 =
c LEP EW 03 =
c LEP EW 04 =
c LEP EW 05 =
c LEP EW 06 =

<10

H
T

0-jet, p

<200

H
T

0-jet, 10<p <60

H
T

1-jet, p

<120

H
T

1-jet, 60<p

<200

H

T

1-jet, 120<p

<350
jj

<60, m

H
T

2-jet, p

≥

<350
jj

<120, m

H
T

2-jet, 60<p

≥

<350
jj

<200, m

H
T

2-jet, 120<p

≥

>350
jj

<200, m

H
T

2-jet, p

≥

<300

H
T

200<p
<450

H
T

300<p
>450

H

T

p   < 1-jet

<120
jj

2-jet, 60<m

≥

<350
jj

<60 || 120<m

jj

2-jet, m

≥

<200

H
T

<700, p

jj

2-jet, 350<m

≥

<200

H

T

<1000, p

jj

2-jet, 700<m

≥

<200

H
T

<1500, p

jj

2-jet, 1000<m

≥

<200

H
T

>1500, p

jj

2-jet, m

≥

>200

H
T

>350, p

jj

2-jet, m

≥

<150

V

T

W
H p

<250

V
T

W
H 150<p

<400

V
T

W
H 250<p V

T

W
H 400<p <150

V

T

ZH p

<250

V
T

ZH 150<p
<400

V
T

ZH 250<p >400

V

T

ZH p <60

H

T

 p

<200

H
T

120<p
<200

H
T

120<p
<300

H
T

200<p
<450

H
T

300<p
>450

H

T

p tH
 bb

→
H 

τ
τ →

H  W
W

→
H 

γ
γ →

H 
 

b

FB
A

c

FB
A

l

FBA Z
Γ bR cR

L
R

0

had
σ

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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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

