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EFT
A model independent probe of heavy New Physics

2

Standard Model

Effective Field Theory

UV physics (heavy particles)Energy
Λ

Effective Field Theory reveals high energy physics through precise 
measurements at low energy.

LSM (�) + Ldim6(�) + . . .

LSM (�)

LNP (�,Z
0, X,Q, S . . . )
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Higgs

Top Weak

ttH

tH/Zj
VH/VBF

4-tops

CPV

HH

HH

ttH

VV

tj

ttV

ttV

H

HH+j

EWPO

HH
H+j

tH/Zj

VBS

• 50 coefficients fitted: bounds varying between operators 
• Most Wilson coefficient bounds below 1 for Λ=1 TeV
• No sign of significant deviations from the SM
• Least constrained coefficients are 4-top operators 

The global aspect
SMEFT

SMEFiT3.0 Celada, Giani, Mantani, Rojo, Rossia, Thomas, EV, ter Hoeve  arXiv:2404.12809 
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SMEFT
Not just a theorists’ tool
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ATLAS CONF-2023-052

CMS-PAS-TOP-22-006

tt̄lν, tt̄ll̄, tll̄q, tHq

Higgs+EW

Top sector
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EFT pathway to New Physics
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ΔObsn = ObsEXP
n − ObsSM

n =
1

Λ2 ∑
i

c6
i (μ)a6

n,i(μ) + 𝒪 ( 1
Λ4 )

Precise experimental measurements

Precise EFT predictions
Precise SM predictions
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EFT pathway to New Physics

5

ΔObsn = ObsEXP
n − ObsSM

n =
1

Λ2 ∑
i

c6
i (μ)a6

n,i(μ) + 𝒪 ( 1
Λ4 )

Precise experimental measurements

Precise EFT predictions

UVConstraints
1

Λ2
c6

i (μ)

Precise SM predictions



E. Vryonidou HP2, 12/9/24

Aspects of EFT predictions
And how to improve them

6

Higher Orders in 1/Λ4

squared dim-6 contributions

double insertions of dim-6

dim-8/10… contributions


Higher Orders in QCD and EW

EFT is a QFT, renormalisable order-by-order 1/Λ2

𝒪(αs, αew) + 𝒪 ( 1
Λ2 ) + 𝒪 ( αs

Λ2 ) + 𝒪 ( αew

Λ2 )
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Why bother with higher orders?

7

Higher orders in SMEFT bring:

Accuracy

Precision

Improved sensitivity

Accurate knowledge of the deviations (distribution shapes, 
correlations between observables, etc.) can be the key to 
disentangle them from the SM. 

Loop-induced new sensitivity: operators entering at one-loop
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Accuracy and precision: QCD
Example 1: k-factors and shapes

8

Different shapes at NLO
Degrande, Maltoni, Mimasu, EV, Zhang arXiv:1804.07773

Different K-factors for different 
operators, different from the SM

tHj ttH

Maltoni, EV, Zhang arXiv:1607.05330

Li
ne

ar
Q

ua
dr

at
ic
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Accuracy and precision: QCD
Example 2: more k-factors and shapes

9

VVV

Different K-factors for different operators, different from the SM

El Faham, Pelliccioli, EV arXiv:2405.19083

VV

Celada, Durieux, Mimasu, EV arXiv:2407.09600
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Accuracy and precision: QCD
Example 2: more k-factors and shapes
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VVV

Different K-factors for different operators, different from the SM

El Faham, Pelliccioli, EV arXiv:2405.19083

VV

Celada, Durieux, Mimasu, EV arXiv:2407.09600
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Does NLO QCD change global fits?
Global top fits

10

Posterior distributions for Wilson 
coefficients

Significant impact of NLO for some operators


Linear level: NLO resolves non-interference 
problem for colour singlet 4-fermion operators


NLO is not necessarily more constraining but it 
is more reliable


Blue: LO


Orange: NLO 

SMEFiT3.0 Celada, Giani, Mantani, Rojo, Rossia, Thomas, EV, ter Hoeve  arXiv:2404.12809 
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Poorly constrained operators

11

Where can higher orders help?

SMEFiT3.0 Celada, Giani, Mantani, Rojo, Rossia, Thomas, EV, ter Hoeve  arXiv:2404.12809 

𝒪8
QQ = (Q̄γμTAQ)(Q̄γμTAQ)

𝒪1
QQ = (Q̄γμQ)(Q̄γμQ)

𝒪8
Qt = (Q̄γμTAQ)(t̄γμTAt)

𝒪1
Qt = (Q̄γμQ)(t̄γμt)

𝒪1
tt = (t̄γμt)(t̄γμt)

tt

t t

tb

b t Only accessible 
through 4-top and 

 measurementstt̄bb̄

Four tops observed

6.1𝜎

5.5𝜎

arXiv:2303.15061

CMS-PAS-TOP-22-013
5

Can precision help 
improve this picture? 
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“Subleading” leading contributions

12

Four tops in SMEFT: interference 

10

Interference

Four tops in SMEFT: interference 

10

Interference

Formally subleading EW effects 
are large and need to be taken 
into account

Four tops in SMEFT: interference 

10

InterferenceFour tops in SMEFT

Electroweak contributions are important Aoude, HF, Maltoni, Vryonidou, arXiv: 2208.04962

12

Four tops in SMEFT

Electroweak contributions are important Aoude, HF, Maltoni, Vryonidou, arXiv: 2208.04962

12

QCD

EW

Aoude, El Faham, Maltoni, EV arXiv:2208.04962 

QCD

EW
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New probes
4-heavy operators in top pair production

13
Complementary information to ttbb and 4top production

At NLO:

Degrande, Durieux, Maltoni, Mimasu, EV, Zhang arXiv:2008.11743 Degrande, Rosenfeld, Vasquez arXiv:2402.06528
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Improved sensitivity due to EW loops

14

New loop-induced sensitivities: EWPO and Higgs production


Bounds are competitive to 4top production 

Dawson and Giardino arXiv: 2201.09887

Z

u

u

1

FIG. 1: Sample diagram containing 4� fermion operators contributing to Z ! uu at NLO in the

SMEFT. The fermions in the loop can be any quark or lepton (heavy or light). The red circle

represents insertions of the operators of Table I.

The SM results for these observables are quite precisely known and we use the experimental

and theoretical SM results shown in Table III of Ref. [1]. The NLO SMEFT results for the

observables of Eq. 5 contain one-loop contributions from the dimension-6 operators of Table

I and the full electroweak and QCD NLO amplitudes assuming that the flavor interactions

are independent of fermion generation are in the supplemental material of Ref. [1]. Here

we focus on the e↵ects of the 4-fermion operators for on-shell 2-body Z and W decays such

as those shown in Fig. 1 and allow for an arbitrary flavor dependence in the 4�fermion

operators. When the internal fermions are top quarks, contributions that are enhanced by

factors of M2
t
/M

2
Z
arise. Such contributions contribute to Z ! bb generically through the

coe�cients, C↵,[3333], and to Z ! fif i
(where fi is a light fermion) through the coe�cients,

C↵,[33ii], etc. We note that not all combinations of generation indices arise in the NLO

calculation of the EWPO. For example, the operator O
(1)
qq occurs with i, i

0 = 1, 2, (where

i 6= i
0)

C
(1)
qq,[3333], C

(1)
qq,[33ii] = C

(1)
qq,[ii33], C

(1)
qq,[3ii3] = C

(1)
qq,[i33i], C

(1)
qq,[iii0i0], C

(1)
qq,[ii0i0i] C

(1)
qq,[iiii] . (6)

In our calculation we never encounter operators with more than 2 di↵erent flavor indices,

due to our choice of flavor structure.

The SMEFT predictions for the observables are,

O
SMEFT,LO

i
= O

SM,LO

i
+ �O

LO

i
(Cj)

O
SMEFT,NLO

i
= O

SM,NLO

i
+ �O

NLO

i
(Cj) . (7)

We present numerical results for the observables of Eq. 5 in the supplemental material

attached to this note. In the limit where the C↵,[rstp] are independent of the generation

5
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FIG. 5: Comparison of single parameter limits from loop corrections to EWPO involving 3rd

generation 4� fermion interactions with similar limits from LHC tt production[31].

In Fig. 6, we compare the current precision from the EWPO on the 3rd generation opera-

tors with that projected from a Tera-Z run at FCC-ee with an assumed integrated luminosity

of 150 ab
�1 (3 ⇥ 1012 visible Z’s) and with a Giga-Z run at the ILC with an integrated lu-

minosity of 100 fb
�1 (109 Z’s). This figure assumes that current theory uncertainties are

halved, assumes the FCC-ee precision of Table II in Ref. [35] and the ILC Giga-Z numbers

of Table 9 in Ref. [36]. Due to the polarization, for some observables the projected ILC

precision surpasses that of the FCC-ee, despite the smaller assumed luminosity.

IV. CONCLUSIONS

We have included flavor non-universal e↵ects from 4�fermion operators with at least 2

quarks into the NLO electroweak and QCD corrections to the SMEFT predictions for the

precision electroweak observables. Our results are presented in a numerical form that can

be incorporated in the global fitting programs and suggest that the flavor assumptions on

the 4� fermion operators can have a significant e↵ect. In particular we showed that the

bounds obtained from EWPO on the C
(1)
QQ

and C
(1)
Qt

operators, that appear in the EWPO

only at NLO, are competitive with respect to those obtained from current LHC tt ob-

servables. Numerical results are posted at https://quark.phy.bnl.gov/Digital_Data_
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FIG. 6: Comparison of single parameter limits from loop corrections to EWPO involving 3rd

generation 4� fermion interactions with projected Z pole limits from a Tera-Z program at the

FCC-ee[35] and with a Giga-Z ILC run[36] .
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Figure 8: Results of a single parameter fit showing the improvement in constraining power
of the HL-LHC over the current bounds from Run-II data. The limits correspond to values
of the Wilson coe�cients evaluated at the scale ⇤ = 1 TeV.

fit also reveals that the Wilson coe�cients C
(1),(8)

Qt
are somewhat decorrelated from C

+

QtQb
.

Indeed, the fact that tth and the Higgs decay h ! bb receive large NLO corrections only
from C

(1),(8)

Qt
and C

(1),(8)

QtQb
, respectively, helps to separate both sets of operators. We also

observe a relatively large correlation between the four-heavy-quark Wilson coe�cients and
C�, though this depends on the �R�3 truncation, and diminishes with the inclusion of the
quadratic terms. As announced above, we observe again the impact of including the four-
quark operators in the determination of the bound on C�, which is much more pronounced
in this four-parameter fit. In particular, the four-parameter linear fit yields a bound on C�

⇠ 3 times weaker that in the single C� fit. In appendix B we present similar correlation plots
for various two-parameter fits, where the same behaviour of the change in the correlation
with the inclusion of quadratic terms in �R�3 is found.

4.3 Prospects for HL-LHC

We now turn to examine the constraining power of the Higgs data that is expected to be
collected at the HL-LHC. For this, we use the CMS projections for the single-Higgs signal
strengths provided in refs. [61, 62] for a centre-of-mass energy of

p
s = 14 TeV and integrated

luminosity of 3 ab�1. We use the projections for the S2 scenario explained in [63]. These
assume the improvement on the systematics that is expected to be attained by the end of the
HL-LHC physics programme, and that theory uncertainties are improved by a factor of two
with respect to current values. These projections are assumed to have their central values
in the SM prediction with the total uncertainties summarised in table 3 in appendix A.13

In fig. 8 we confront the results of single-parameter fits to Run-II data for each of the four-

13
The correlation matrix for the S2 scenario can be found on the webpage [62].
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A combination of all probes can pin these coefficients down!
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EFT effects often pronounced in the tails of 
distributions

This is where EW corrections are important

In the SM NLO EW can be O(10%) at 1/2 TeV


Exact NLO EW corrections are not available in the 
SMEFT in general (some simple processes studied)

At high energy these are described by Sudakov 
logarithms ~log2 (s/mW2) and ~log (s/mW2)


Can Sudakov logs be computed and be a good 
approximation for EW corrections in the SMEFT? 
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Formalism
Denner-Pozzorini algorithm

Only depends on Born 
amplitudes and the EW charges 
of the external legs 

How about the SMEFT?

EW corrections at high energy

Denner and Pozzorini hep-ph/0010201 and hep-ph/0104127 


Born logs

leading 
soft 
collinear

subleading 
soft 
collinear

collinear parameter 
renormalisation
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Top pair production@LHC

El Faham, Mimasu, Pagani, Severi, EV, Zaro in preparation
MC implementation based on Pagani, Zaro arXiv:2110.03714, see also Lindert, Mai 2312.07927

https://arxiv.org/abs/2110.03714
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Top pair production@LHC

El Faham, Mimasu, Pagani, Severi, EV, Zaro in preparation
MC implementation based on Pagani, Zaro arXiv:2110.03714, see also Lindert, Mai 2312.07927

QCD corrections: +ve


EW corrections: -ve

https://arxiv.org/abs/2110.03714
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DY@LHC

El Faham, Mimasu, Pagani, Severi, EV, Zaro in preparation
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DY@LHC

QCD

EW

QCD+EW
K=1

El Faham, Mimasu, Pagani, Severi, EV, Zaro in preparation
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Breaking degeneracies

El Faham, Mimasu, Pagani, Severi, EV, Zaro in preparation

Adding EW corrections: 


• Changes flat directions


• Lifts flat directions

Fisher Information
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Adding EW corrections: 


• Changes flat directions


• Lifts flat directions

Fisher Information
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Better EFT predictions
Higher Orders in 1/Λ4


• squared dim-6 contributions

• double insertions of dim-6

• dim-8 contributions


Higher Orders in QCD and EW

EFT is a QFT, renormalisable order-by order in 1/Λ2


More observables:
• particle level observables

• new final states

More/less/different operators:
• different flavour assumptions

• UV inspired scenarios

𝒪(αs, αew) + 𝒪 ( 1
Λ2 ) + 𝒪 ( αs

Λ2 ) + 𝒪 ( αew

Λ2 )



E. Vryonidou HP2, 12/9/24

SMEFT computations at dimension-6 

21

ΔObsn = ObsEXP
n − ObsSM

n = ∑
i

c6
i (μ)
Λ2

a6
n,i(μ) + 𝒪 ( 1

Λ4 )

NLO QCD & loop-induced: Done (SMEFT@NLO)                    


http://feynrules.irmp.ucl.ac.be/wiki/SMEFTatNLO


NLO EW: Some examples available, progress towards automating these as well.


Degrande, Durieux, Maltoni, Mimasu, EV, Zhang arXiv:2008.11743

http://feynrules.irmp.ucl.ac.be/wiki/SMEFTatNLO
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ΔObsn = ObsEXP
n − ObsSM

n = ∑
i

c6
i (μ)
Λ2

a6
n,i(μ) + 𝒪 ( 1

Λ4 )

How about this ? μ

NLO QCD & loop-induced: Done (SMEFT@NLO)                    


http://feynrules.irmp.ucl.ac.be/wiki/SMEFTatNLO


NLO EW: Some examples available, progress towards automating these as well.


Degrande, Durieux, Maltoni, Mimasu, EV, Zhang arXiv:2008.11743

ΔObsn = ObsEXP
n − ObsSM

n = ∑
i

c6
i (μ)
Λ2

a6
n,i(μ) + 𝒪 ( 1

Λ4 )

http://feynrules.irmp.ucl.ac.be/wiki/SMEFTatNLO


E. Vryonidou HP2, 12/9/24

Running and mixing in SMEFT

22

2 Computation and Monte Carlo implementation setup

In the context of the SMEFT, cross-sections can be decomposed in the following form:

d�(µR, µF ;µ) = d�SM(µR, µF )

+
X

i

ci(µ) d�i(µR, µF ;µ) +
X

ij

ci(µ) cj(µ) d�ij(µR, µF ;µ) + ... , (2.1)

where the various Wilson coefficients are denoted ci, and the explicit dependence on non-
physical scales has been highlighted. In particular, µR denotes the SM renormalization
scale, µF the factorization scale, and µ the EFT renormalization scale.

It is worth noting that the µ dependence of d� enters through the Wilson coefficients
at all perturbative orders, and through the d�i··· at one-loop and beyond. In particular, if
SMEFT corrections are only considered at the tree level, the only µ dependence is through
the RG flow of Wilson coefficients.

The RGE of the SMEFT reads:

dci(µ)

d logµ
= �ij cj(µ), (2.2)

with �ij the anomalous dimension matrix. We note here that we focus on the QCD-induced
part of the running, i.e. we ignore terms in the anomalous dimension matrix which are not
proportional to ↵s. The � matrix is then expanded in the ↵s as:

�ij =
X

k=1

✓
↵s

4⇡

◆k

�QCD,k
ij (2.3)

Due to the large value of ↵s, we expect �QCD,1
ij to typically give the leading contribution

to the running and mixing of the Wilson coefficients at present hadron collider energies1

The solution to the RGE equation (2.2) is given by:

ci(µ) = �ij(µ, µ0) cj(µ0), (2.4)

where µ0 is a reference scale. The � matrix can be evaluated order by order in ↵s, at order
1 it reads:

�QCD,1(µ, µ0) ⌘ exp
✓Z µ

µ0

↵s(µ0)

4⇡µ0 dµ0 �QCD,1

◆
. (2.5)

The computation described above forms the basis of our Monte Carlo implementation,
which takes the form:

�QCD,1(µ, µ0) = exp
✓

1

2�0
log

↵s(µ0)

↵s(µ)
�QCD,1

◆
, �0 = 11�

2

3
nf , (2.6)

obtained by using the one-loop accurate expression for ↵s(µ) in (2.5); nf represents the
number of light flavours.

1With exceptions from supposedly subleading EW contributions case of tt̄W and 4 tops [20, 21].

– 3 –

Figure 4: Linear interference contribution at LO QCD and LO EW to the tt̄ invariant
mass differential cross-section for pp ! tt̄ at

p
s = 13TeV induced by the 2L2H color-octet

operator O
(8)
tq (top) and by the 2L2H color-singlet operator O

(1)
Qu (bottom), under the two

scale choices µ = mtop and µ = HT /2. The coefficients are set to 1 at µ0 = 2TeV and RGE
evolved. The results obtained without any running are also shown for comparison. The
SM renormalization and factorization scales µR and µF are set to HT /2. The bottom plot
shows the ratio between µ = HT /2 and µ = mtop; uncertainty is Monte Carlo.
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One loop anomalous dimension known:

(Alonso) Jenkins et al arXiv:1308.2627, 1310.4838, 1312.2014

Aoude, Maltoni, Mattelaer, Severi, EV arXiv:2212.05067

Example: Turn on 1 operator at high-scale


Compute effect on top pair cross-section Figure 3: Renormalization group flow of the tt̄ interference cross-section induced by
c(8)tq (µ0 = 2TeV) = 1 (left) and c(1)Qu(µ0 = 2TeV) = 1 (right), which are set to unity at
2 TeV, at LO QCD and LO EW. The contributions proportional to each Wilson coefficient
are drawn separately in color, and the total cross-section is drawn in black. The vertical
grey line shows mtop.

dependent point µ = HT /2.
We show results for two 4-fermion operators, one color-octet 2L2H and one color-singlet

2L2H, in Fig 4. The impact of a different scale choice is moderate for the color-octet 2L2H
operator reaching at most 10%, as already discussed above, while it amounts to a significant,
O(50%), shift for the 2L2H color-singlet operator. As expected, the difference between our
two scale choices is larger for the higher energy bins, where HT /2 � mtt̄, while the two
scales coincide at threshold as shown in the inset of Fig 4. We provide additional plots,
similar to Figure 4, for other 2L2H and 4H operators in Appendix B.

4.4 Comparison of NLO with the RGE-evolved LO

CS: === To be confirmed ===
The interference cross-sections obtained in previous Sections are leading log improved

QCD results and thus not contain all the information that would be present in a full NLO
calculation. In this Section, we aim to determine if RGE-evolved LO results can serve as
a proxy for results at NLO. To do so, we evaluate the LO and NLO QCD cross-section
for top pair production at

p
s = 13 TeV with, as above, the Wilson coefficients defined as

unity at µ0 = 2 TeV and run to a lower scale µ. We show the comparison for four selected
operators in Fig 5. Both the LO and NLO interferences are evolved under the one-loop RGE
we extracted. We note that for a formal NLO accuracy the 2-loop anomalous dimension
matrix would be needed, but this result is not yet available therefore we are only able to
employ the one-loop anomalous dimension for our comparisons.

Two features are evident from Fig 5: first, the NLO cross-section is significantly more
stable with respect to scale variations than the LO one, as expected. Second, relevant for
our comparison, RGE corrections usually improve the leading-order predictions, especially
in the case of colour-singlet operators. Starting from the initial condition at the high scale
µ0, the LO cross-section tends to run in the direction of its NLO value, growing if the NLO
is larger and decreasing if the NLO is smaller. For instance, in the case of O1

Qd, the RGE-
corrected LO cross-section and the NLO cross-section almost exactly agree at µ = mtop. In
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O(50%), shift for the 2L2H color-singlet operator. As expected, the difference between our
two scale choices is larger for the higher energy bins, where HT /2 � mtt̄, while the two
scales coincide at threshold as shown in the inset of Fig 4. We provide additional plots,
similar to Figure 4, for other 2L2H and 4H operators in Appendix B.
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s = 13 TeV with, as above, the Wilson coefficients defined as
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we extracted. We note that for a formal NLO accuracy the 2-loop anomalous dimension
matrix would be needed, but this result is not yet available therefore we are only able to
employ the one-loop anomalous dimension for our comparisons.

Two features are evident from Fig 5: first, the NLO cross-section is significantly more
stable with respect to scale variations than the LO one, as expected. Second, relevant for
our comparison, RGE corrections usually improve the leading-order predictions, especially
in the case of colour-singlet operators. Starting from the initial condition at the high scale
µ0, the LO cross-section tends to run in the direction of its NLO value, growing if the NLO
is larger and decreasing if the NLO is smaller. For instance, in the case of O1
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(a) (b)

Figure 7: 68% (solid) and 95% (dashed) allowed regions for the Wilson coefficients c8Qu and
c(8,3)Qq , left, and c8tq and c(8,1)Qq , right, under the three RGE conditions described in the text:
no running (blue), dynamical scale (orange), and fixed scale (yellow). Wilson coefficients
are evaluated at µ0 = 2TeV, the NP scale is also set to ⇤ = 2TeV. Our EFT predictions
include both the linear and quadratic terms.

Going beyond the SMEFT, the running and mixing implementation can be used for
other New Physics scenarios which involve running couplings. Our implementation already
steps in this direction, by allowing a more general RGE than the one we considered for the
SMEFT. This work paves the way for including running and mixing effects in all future
interpretations of LHC measurements.
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A Generation details

This Section contains details of our implementation of the RGE in Madgraph5_aMC@NLO,
public since version 3.4.0. As the two-loop accurate RGE is currently not fully known, our
implementation is limited to LO event generation only, to preserve the formal accuracy
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How does running and mixing impacts the constraints?

Aoude, Maltoni, Mattelaer, Severi, EV arXiv:2212.05067

More important for differential distributions & measurements with very different scales 

Top sector fit:  

RGE evolution within MC:


PS by PS point computation 
of coefficients: dynamical 
scale e.g. HT/2
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How does running and mixing impacts the constraints?

Eventually need to be taken into account in a global fit!

Higgs sector fit

See also Battaglia, Grazzini, Spira, Wiesemann arXiv: 2109.02987

Di Noi, Grober arXiv:2312.11327

Di Noi, Grober, Mandal arXiv: 2408.03252


Maltoni, Ventura, EV arXiv:2406.06670
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Precision computations important to enhance sensitivity (especially for 
unconstrained operators)


Global fit results affected by the precision of EFT predictions


Progress in computation of QCD and EW corrections, and inclusion of RGE 
effects in predictions


Aim to include more and more precise theory predictions in the fits 


