
 

















X3 ϕ6 and ϕ4D2 ψ2ϕ3

QG fABCGAν
µ GBρ

ν GCµ
ρ Qϕ (ϕ†ϕ)3 Qeϕ (ϕ†ϕ)(l̄perϕ)

QG̃ fABCG̃Aν
µ GBρ

ν GCµ
ρ Qϕ! (ϕ†ϕ)!(ϕ†ϕ) Quϕ (ϕ†ϕ)(q̄purϕ̃)

QW εIJKW Iν
µ W Jρ

ν WKµ
ρ QϕD

(
ϕ†Dµϕ

)⋆ (
ϕ†Dµϕ

)
Qdϕ (ϕ†ϕ)(q̄pdrϕ)

QW̃ εIJKW̃ Iν
µ W Jρ

ν WKµ
ρ

X2ϕ2 ψ2Xϕ ψ2ϕ2D

QϕG ϕ†ϕGA
µνG

Aµν QeW (l̄pσµνer)τ IϕW I
µν Q(1)

ϕl (ϕ†i
↔

Dµ ϕ)(l̄pγµlr)

QϕG̃ ϕ†ϕ G̃A
µνG

Aµν QeB (l̄pσµνer)ϕBµν Q(3)
ϕl (ϕ†i

↔

D I
µ ϕ)(l̄pτ

Iγµlr)

QϕW ϕ†ϕW I
µνW

Iµν QuG (q̄pσµνTAur)ϕ̃GA
µν Qϕe (ϕ†i

↔

Dµ ϕ)(ēpγµer)

Q
ϕW̃

ϕ†ϕ W̃ I
µνW

Iµν QuW (q̄pσµνur)τ I ϕ̃W I
µν Q(1)

ϕq (ϕ†i
↔

Dµ ϕ)(q̄pγµqr)

QϕB ϕ†ϕBµνBµν QuB (q̄pσµνur)ϕ̃Bµν Q(3)
ϕq (ϕ†i

↔

D I
µ ϕ)(q̄pτ

Iγµqr)

QϕB̃ ϕ†ϕ B̃µνBµν QdG (q̄pσµνTAdr)ϕGA
µν Qϕu (ϕ†i

↔

Dµ ϕ)(ūpγµur)

QϕWB ϕ†τ IϕW I
µνB

µν QdW (q̄pσµνdr)τ IϕW I
µν Qϕd (ϕ†i

↔

Dµ ϕ)(d̄pγµdr)

QϕW̃B ϕ†τ Iϕ W̃ I
µνB

µν QdB (q̄pσµνdr)ϕBµν Qϕud i(ϕ̃†Dµϕ)(ūpγµdr)

Table 2: Dimension-six operators other than the four-fermion ones.

3 The complete set of dimension-five and -six operators

This Section is devoted to presenting our final results (derived in Secs. 5, 6 and 7) for the basis

of independent operators Q(5)
n and Q(6)

n . Their independence means that no linear combination
of them and their Hermitian conjugates is EOM-vanishing up to total derivatives.

Imposing the SM gauge symmetry constraints on Q(5)
n leaves out just a single operator [20],

up to Hermitian conjugation and flavour assignments. It reads

Qνν = εjkεmnϕ
jϕm(lkp)

TClnr ≡ (ϕ̃†lp)
TC(ϕ̃†lr), (3.1)

where C is the charge conjugation matrix.2 Qνν violates the lepton number L. After the
electroweak symmetry breaking, it generates neutrino masses and mixings. Neither L(4)

SM nor
the dimension-six terms can do the job. Thus, consistency of the SM (as defined by Eq. (1.1)
and Tab. 1) with observations crucially depends on this dimension-five term.

All the independent dimension-six operators that are allowed by the SM gauge symmetries
are listed in Tabs. 2 and 3. Their names in the left column of each block should be supplemented
with generation indices of the fermion fields whenever necessary, e.g., Q(1)

lq → Q(1)prst
lq . Dirac

indices are always contracted within the brackets, and not displayed. The same is true for the

2 In the Dirac representation C = iγ2γ0, with Bjorken and Drell [21] phase conventions.

3

0-fermion and 2-fermion operators in “Warsaw basis”

Here, ; flavor indices (so  -> flavor universal)φ = H p, r, ⋯ = p = r



(L̄L)(L̄L) (R̄R)(R̄R) (L̄L)(R̄R)

Qll (l̄pγµlr)(l̄sγµlt) Qee (ēpγµer)(ēsγµet) Qle (l̄pγµlr)(ēsγµet)

Q(1)
qq (q̄pγµqr)(q̄sγµqt) Quu (ūpγµur)(ūsγµut) Qlu (l̄pγµlr)(ūsγµut)

Q(3)
qq (q̄pγµτ Iqr)(q̄sγµτ Iqt) Qdd (d̄pγµdr)(d̄sγµdt) Qld (l̄pγµlr)(d̄sγµdt)

Q(1)
lq (l̄pγµlr)(q̄sγµqt) Qeu (ēpγµer)(ūsγµut) Qqe (q̄pγµqr)(ēsγµet)

Q(3)
lq (l̄pγµτ I lr)(q̄sγµτ Iqt) Qed (ēpγµer)(d̄sγµdt) Q(1)

qu (q̄pγµqr)(ūsγµut)

Q(1)
ud (ūpγµur)(d̄sγµdt) Q(8)

qu (q̄pγµTAqr)(ūsγµTAut)

Q(8)
ud (ūpγµTAur)(d̄sγµTAdt) Q(1)

qd (q̄pγµqr)(d̄sγµdt)

Q(8)
qd (q̄pγµTAqr)(d̄sγµTAdt)

(L̄R)(R̄L) and (L̄R)(L̄R) B-violating

Qledq (l̄jper)(d̄sq
j
t ) Qduq εαβγεjk

[
(dαp )

TCuβr
] [
(qγjs )TClkt

]

Q(1)
quqd (q̄jpur)εjk(q̄ksdt) Qqqu εαβγεjk

[
(qαjp )TCqβkr

] [
(uγs )

TCet
]

Q(8)
quqd (q̄jpT

Aur)εjk(q̄ksT
Adt) Q(1)

qqq εαβγεjkεmn

[
(qαjp )TCqβkr

] [
(qγms )TClnt

]

Q(1)
lequ (l̄jper)εjk(q̄

k
sut) Q(3)

qqq εαβγ(τ Iε)jk(τ Iε)mn

[
(qαjp )TCqβkr

] [
(qγms )TClnt

]

Q(3)
lequ (l̄jpσµνer)εjk(q̄

k
sσ

µνut) Qduu εαβγ
[
(dαp )

TCuβr
] [
(uγs )

TCet
]

Table 3: Four-fermion operators.

isospin and colour indices in the upper part of Tab. 3. In the lower-left block of that table,
colour indices are still contracted within the brackets, while the isospin ones are made explicit.
Colour indices are displayed only for operators that violate the baryon number B (lower-right
block of Tab. 3). All the other operators in Tabs. 2 and 3 conserve both B and L.

The bosonic operators (classes X3, X2ϕ2, ϕ6 and ϕ4D2) are all Hermitian. Those containing
X̃µν are CP-odd, while the remaining ones are CP-even. For the operators containing fermions,
Hermitian conjugation is equivalent to transposition of generation indices in each of the fermionic
currents in classes (L̄L)(L̄L), (R̄R)(R̄R), (L̄L)(R̄R), and ψ2ϕ2D2 (except for Qϕud). For the
remaining operators with fermions, Hermitian conjugates are not listed explicitly.

If CP is defined in the weak eigenstate basis then Q−
(+)

Q† are CP-odd (-even) for all the
fermionic operators. It follows that CP-violation by any of those operators requires a non-
vanishing imaginary part of the corresponding Wilson coefficient. However, one should remem-
ber that such a CP is not equivalent to the usual (“experimental”) one defined in the mass
eigenstate basis, just because the two bases are related by a complex unitary transformation.

Counting the entries in Tabs. 2 and 3, we find 15 bosonic operators, 19 single-fermionic-
current ones, and 25 B-conserving four-fermion ones. In total, there are 15+19+25=59 inde-
pendent dimension-six operators, so long as B-conservation is imposed.

4

4-fermion operators in “Warsaw basis”

Implemented in MadGraph UFO models via SMEFTsim, SMEFT@NLO
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SMEFT approach is a global approach
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Figure 1. Schematic representation of the datasets and their overlapping dependences on the 34
Wilson coefficients included in our analysis.

riety of studies of the SMEFT, for example, in electroweak processes [106–111], flavour
physics [112–120], low-energy precision data [121–123], diboson measurements [124–131],
at dimension 8 [87, 88, 132–136] (where collider positivity constraints are particularly rele-
vant [136–140]), and its connection with UV-complete models, both at tree-level [141–147]
and one-loop [148–159]. In particular, the most recent global analyses have set constraints
on dimension-6 SMEFT operator coefficients imposed by precision electroweak data from
LEP and the Tevatron, together with Higgs and diboson data from the LHC including some
from Run 2 [160–163] 2, while separate SMEFT fits of data on the top quark have also been
performed [165–171].

We present here the first global dimension-6 SMEFT analysis to include top data and
operators in a simultaneous combination of the constraints from the Higgs, electroweak,
diboson and top sectors. We use a full set of data from LHC Run 2, in particular the latest
Higgs Simplified Template Cross Section (STXS) measurements, differential distributions
in WW diboson and Zjj measurements, and updated top observables including kinematic
distributions, tt̄, single-top and tt̄W/Z production. In addition to expanding our dataset,
improvements over previous fits include a proper computation using SMEFT@NLO [172] of
the dimension-6 contributions to Higgs gluon fusion in STXS bins and incorporating the
full SMEFT dependence in off-shell Higgs to 4 lepton decays [173]. We also provide a
self-consistent treatment of the triple-gluon operator at linear order that had been omitted
from our previous fit [97] on the basis of strong constraints at quadratic order [174–176].
We discuss two possible options for the fermion flavour structure, one assuming a flavour-
universal symmetry and the other allowing the coefficients of operators containing third-
generation fermions to vary independently through a top-specific flavour symmetry, both of

2See Refs. [15, 164] for recent SMEFT interpretations of the Higgs by ATLAS and CMS.

– 3 –

σtot = σSM+∑
i

ci
Λ2

σSM*dim−6+∑
i,j

ci cj
Λ4

σ(dim−6)2



SMEFT approach is a global approach

Figure 3. Constraints on the indicated individual and marginalised operator coefficients
Ci(1 TeV)2/⇤2 (top and third panels) and the corresponding scales ⇤ for the indicated values of
the Ci at the 95% confidence level (second and bottom panels), from a combined linear fit to the
Higgs, diboson and electroweak precision observables. In the top two panels, the bars show the 95%
CL ranges from the LHC Run 1 and early Run 2 data (light blue), current data without using the
STXS measurements (intermediate blue), and current data including STXS using either the on-shell
vector boson approximation or the full 1 ! 4 matrix elements for the 4-fermion Higgs decay modes
taken from Ref. [173] (dark blue). In the bottom two panels, the corresponding marginalised results
are indicated by yellow, orange and red bars, respectively. We also show in purple in the individual
case (grey in the marginalised case) the effect of dropping the ATLAS Z+ jets measurement.

– 23 –Figure 5. Constraints on the indicated individual and marginalised operator coefficients at the 95%
confidence level (upper and lower figures, respectively), from a combined linear fit to the top data
and electroweak precision observables. The impact of tt̄ data is highlighted by the evolution of the
constraints starting from no tt̄ data (light blue/yellow) adding Run 1 tt̄ total and differential cross-
section data (blue/pink), the corresponding Run 2 tt̄ data (purple/orange), and finally tt̄ asymmetry
measurements AFB from the Tevatron and AC from the LHC (green/red).

– 27 –

[Ellis et al 2012.02779]

Lots of work in the area! 
Tightest constraints on 

operators that affect   
couplings or  

f̄fV
h → γγ
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• Several groups performing combined fits to multiple sectors of LHC physics 
measurements (under different assumptions):

The SMEFT at the LHC: Putting all together

SMEFT

8Jorge de Blas 
University of Granada

• Several fitting frameworks available in the “market” (with different 
scopes):Ɣ
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Summary of fitting frameworks
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Publicly available fitting codes
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• SMEFT fit to EW/Higgs/diBoson: LHC Run 1 + Run 2 (~36-140 fb-1)

LHCP 2021 - Constraints on BSM from the Higgs sector 
June 10, 2021

JB, M. Ciuchini, E. Franco, S. Mishima, M. Pierini, L. Reina, L. Silvestrini, In preparation
New Physics assumptions: CP-even, U(3)5

Figure 6. Global fit to the EFT operators in the Lagrangian (19). We show the marginalized 68% probability reach for each
Wilson coefficient ci/L2 in Eq. (19) from the global fit (solid bars). The reach of the vertical lines indicate the results assuming
only the corresponding operator is generated by the new physics.

fully developed program including such contributions in the SMEFT framework, we restrict the discussion in this section to SM
uncertainties only.

In the previous sections the results for future colliders after the HL/HE-LHC era were presented taking into account
parametric uncertainties only. This was done to illustrate the final sensitivity to BSM deformations in Higgs couplings, as
given directly by the experimental measurements of the different inputs (i.e. Higgs rates, diBoson measurements, EWPO or the
processes used to determine the values of the SM input parameters). On the other hand, for this scenario to be meaningful, it
is crucial to also study the effect in such results of the projections for the future intrinsic errors. This is needed to be able to
quantify how far we will be from the assumption that such intrinsic errors become subdominant and, therefore, which aspects
of theory calculations should the theory community focus on to make sure we reach the maximum experimental sensitivity at
future colliders.

In this section we discuss more in detail the impact of the two types of SM theory errors described above, from the point
of view of the calculations of the predictions for Higgs observables. This will be done both within the k framework and also
in the context of the EFT results. For the results from the k-framework we will use the most general scenario considered in
Section 3.1, i.e. kappa-3, which allows non-SM decays. On the EFT side, we will use the scenario SMEFTPEW, where the
uncertainty associated to the precision of EWPO has already been “factorized”. In this scenario each fermion coupling is
also treated separately, thus being sensitive to the uncertainties in the different H ! f f̄ decay widths. Finally, we will also
restrict the study in this subsection to the case of future lepton colliders only (we always consider them in combination with the
HL-LHC projections. For the latter we keep the theory uncertainties as reported by the WG2 studies [10]).

In Table 9 we show the results of the k fit for the benchmark scenario kappa-3, indicating the results obtained includ-
ing/excluding the different sources of SM theory uncertainties. Similarly, Table 10 shows the results of the EFT fit for the
benchmark scenario SMEFTPEW. For the EFT results the impact of the different theory uncertainties is also illustrated in
Figure 8. As can be seen, if the SM errors were reduced to a level where they become sub-dominant, the experimental precision
would allow to test deviations in some of the couplings at the one per-mille level, e.g. the coupling to vector bosons at CLIC
in the SMEFT framework (the presence of extra decays would however reduce the precision to the 0.4% level, as shown in
the kappa-3 results). The assumed precision of the SM theory calculations and inputs, however, prevents reaching this level
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Figure 4.3. The best-fit values and 95% CL intervals for a global fit based on linear EFT calculations,
comparing the outcome of the NS and MCfit methods. We display the results corresponding to the 50
coe�cients listed in Table 2.5 (except for c¸¸ = 0), of which 36 are independent fit parameters. The
bottom panel displays the magnitude of the 95% CL intervals.

interpretation of these results in Sect. 5, here we only aim to establish that the two methods
indeed lead to equivalent results.

The comparison of Fig. 4.3 demonstrates that in general the two methods are in excellent
agreement, both in terms of best-fit values and of the corresponding uncertainties. This said,
for specific coe�cients one observes small di�erences, with MCfit in general tending to provide
somewhat looser bounds. The reason for this behaviour is that optimisation-based methods
such as MCfit can be distorted by fitting ine�ciencies, such as when the optimiser finds a
local, rather than global, minimum. This phenomenon is further illustrated in Fig. 4.4, which
compares the ‰2 distributions evaluated over replicas and posterior samples in the MCfit
and NC methods respectively. We observe that the MCfit distribution exhibits broader tails,
implying that the bounds obtained this way might in some cases be slightly over-conservative.

Fig. 4.3, as well as the corresponding benchmark comparison for fits based on quadratic
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Figure 4: Allowed 95% CL ranges for individual Wilson coe�cients fx/⇤2 from a one-
dimensional profile likelihood. We show results from Run I (red) and using the additional
Run II measurements (blue). We neglect all operators contributing to electroweak precision
observables at tree level.

symmetric and Gaussian due to the relative size of the linear and quadratic terms of the
EFT, the parametrization of the theory prediction and further e↵ects. The operators showing
the least improvement compared to Run I are OWW and OBB, reflecting the lack of high-
impact kinematic WBF measurements in the Run II data set. Moreover, OWWW only a↵ects
the gauge sector, and in Tab. 3 we see that the analysis is still dominated by a broad set of
extremely successful kinematic measurements at Run I in view of a global gauge analysis.

Finally, our global limit on the Higgs branching ratio to invisible particles is

BRinv < 38% at 95% CL, (19)

with a best-fit point of BRinv = 14%. This is significantly weaker than the limits quoted
for example by CMS [64], because our global analysis does not assume the underlying Higgs
production rates to be SM-like. Indeed, we observe a strong correlation of the invisible
branching ratio with O�2 and its universal Higgs wave function renormalization. If rather
than profiling over it we fix f�2 = 0, our limit becomes BRinv < 26% in agreement with the
experimental results. Altogether, we find that Run II systematically probes energy scales
⇤/

p
f between 400 GeV and 800 GeV through Higgs measurement.

The large improvement of the limits on OB at Run II forces us to consider the interplay
with the fermionic operators from Eq.(10) and their limits from electroweak precision data,

Eq.(13). From a scale separation point of view it is seems counter-intuitive that O(1)
�u

or O(3)
�Q

,

for which ⇤/
p
f is constrained around one order of magnitude more strongly than for OW and

much more strongly for all other operators shown in Fig. 4, should have any e↵ect on the LHC
analysis [29]. In Fig. 5 we see how the fermionic and bosonic operators a↵ect for example ZH

production. The key observation is that the fermionic operator contributes via the 3-point
qqZ and the 4-point qqHZ vertices, whereas the bosonic operators require the same s-channel
Z-propagator we see in the Standard Model. We show the corresponding Feynman diagrams
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Figure 6. Global fit to the EFT operators in the Lagrangian (19). We show the marginalized 68% probability reach for each
Wilson coefficient ci/L2 in Eq. (19) from the global fit (solid bars). The reach of the vertical lines indicate the results assuming
only the corresponding operator is generated by the new physics.

fully developed program including such contributions in the SMEFT framework, we restrict the discussion in this section to SM
uncertainties only.

In the previous sections the results for future colliders after the HL/HE-LHC era were presented taking into account
parametric uncertainties only. This was done to illustrate the final sensitivity to BSM deformations in Higgs couplings, as
given directly by the experimental measurements of the different inputs (i.e. Higgs rates, diBoson measurements, EWPO or the
processes used to determine the values of the SM input parameters). On the other hand, for this scenario to be meaningful, it
is crucial to also study the effect in such results of the projections for the future intrinsic errors. This is needed to be able to
quantify how far we will be from the assumption that such intrinsic errors become subdominant and, therefore, which aspects
of theory calculations should the theory community focus on to make sure we reach the maximum experimental sensitivity at
future colliders.

In this section we discuss more in detail the impact of the two types of SM theory errors described above, from the point
of view of the calculations of the predictions for Higgs observables. This will be done both within the k framework and also
in the context of the EFT results. For the results from the k-framework we will use the most general scenario considered in
Section 3.1, i.e. kappa-3, which allows non-SM decays. On the EFT side, we will use the scenario SMEFTPEW, where the
uncertainty associated to the precision of EWPO has already been “factorized”. In this scenario each fermion coupling is
also treated separately, thus being sensitive to the uncertainties in the different H ! f f̄ decay widths. Finally, we will also
restrict the study in this subsection to the case of future lepton colliders only (we always consider them in combination with the
HL-LHC projections. For the latter we keep the theory uncertainties as reported by the WG2 studies [10]).

In Table 9 we show the results of the k fit for the benchmark scenario kappa-3, indicating the results obtained includ-
ing/excluding the different sources of SM theory uncertainties. Similarly, Table 10 shows the results of the EFT fit for the
benchmark scenario SMEFTPEW. For the EFT results the impact of the different theory uncertainties is also illustrated in
Figure 8. As can be seen, if the SM errors were reduced to a level where they become sub-dominant, the experimental precision
would allow to test deviations in some of the couplings at the one per-mille level, e.g. the coupling to vector bosons at CLIC
in the SMEFT framework (the presence of extra decays would however reduce the precision to the 0.4% level, as shown in
the kappa-3 results). The assumed precision of the SM theory calculations and inputs, however, prevents reaching this level

24/58

Figure 4.3. The best-fit values and 95% CL intervals for a global fit based on linear EFT calculations,
comparing the outcome of the NS and MCfit methods. We display the results corresponding to the 50
coe�cients listed in Table 2.5 (except for c¸¸ = 0), of which 36 are independent fit parameters. The
bottom panel displays the magnitude of the 95% CL intervals.

interpretation of these results in Sect. 5, here we only aim to establish that the two methods
indeed lead to equivalent results.

The comparison of Fig. 4.3 demonstrates that in general the two methods are in excellent
agreement, both in terms of best-fit values and of the corresponding uncertainties. This said,
for specific coe�cients one observes small di�erences, with MCfit in general tending to provide
somewhat looser bounds. The reason for this behaviour is that optimisation-based methods
such as MCfit can be distorted by fitting ine�ciencies, such as when the optimiser finds a
local, rather than global, minimum. This phenomenon is further illustrated in Fig. 4.4, which
compares the ‰2 distributions evaluated over replicas and posterior samples in the MCfit
and NC methods respectively. We observe that the MCfit distribution exhibits broader tails,
implying that the bounds obtained this way might in some cases be slightly over-conservative.

Fig. 4.3, as well as the corresponding benchmark comparison for fits based on quadratic
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Figure 4: Allowed 95% CL ranges for individual Wilson coe�cients fx/⇤2 from a one-
dimensional profile likelihood. We show results from Run I (red) and using the additional
Run II measurements (blue). We neglect all operators contributing to electroweak precision
observables at tree level.

symmetric and Gaussian due to the relative size of the linear and quadratic terms of the
EFT, the parametrization of the theory prediction and further e↵ects. The operators showing
the least improvement compared to Run I are OWW and OBB, reflecting the lack of high-
impact kinematic WBF measurements in the Run II data set. Moreover, OWWW only a↵ects
the gauge sector, and in Tab. 3 we see that the analysis is still dominated by a broad set of
extremely successful kinematic measurements at Run I in view of a global gauge analysis.

Finally, our global limit on the Higgs branching ratio to invisible particles is

BRinv < 38% at 95% CL, (19)

with a best-fit point of BRinv = 14%. This is significantly weaker than the limits quoted
for example by CMS [64], because our global analysis does not assume the underlying Higgs
production rates to be SM-like. Indeed, we observe a strong correlation of the invisible
branching ratio with O�2 and its universal Higgs wave function renormalization. If rather
than profiling over it we fix f�2 = 0, our limit becomes BRinv < 26% in agreement with the
experimental results. Altogether, we find that Run II systematically probes energy scales
⇤/

p
f between 400 GeV and 800 GeV through Higgs measurement.

The large improvement of the limits on OB at Run II forces us to consider the interplay
with the fermionic operators from Eq.(10) and their limits from electroweak precision data,

Eq.(13). From a scale separation point of view it is seems counter-intuitive that O(1)
�u

or O(3)
�Q

,

for which ⇤/
p
f is constrained around one order of magnitude more strongly than for OW and

much more strongly for all other operators shown in Fig. 4, should have any e↵ect on the LHC
analysis [29]. In Fig. 5 we see how the fermionic and bosonic operators a↵ect for example ZH

production. The key observation is that the fermionic operator contributes via the 3-point
qqZ and the 4-point qqHZ vertices, whereas the bosonic operators require the same s-channel
Z-propagator we see in the Standard Model. We show the corresponding Feynman diagrams
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Figure 14. 95% and 68% CL bounds on top operators global fits to top pair production mea-
surements (blue), single top (green) and to the full data set from Tabs. 5 and6 (red).
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SMEFT approach is a global approach
What convinced me..Keep all operators gives eigenvectors of constraint
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3) Properly eigenvectors of constraint, not individual op limits - what are the spaces?
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